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Abstract

Vitamin D deficiency, i.e., low circulating 25-hydroxyvitamin D (25(OH)D) level, has been
consistently associated with the prevalence of metabolic diseases, including types 1 and 2
diabetes. However, the causal link between low vitamin D and metabolic disturbances remains
uncertain.

In the present thesis, I report novel findings indicating that vitamin D metabolism is under strict
control by the metabolic state. Specifically, obesity represses the expression of cytochrome P450
(CYP) 2R1, the major vitamin D 25-hydroxylase responsible for the first bioactivation step in both
mice and humans. Interestingly, in humans, weight loss induced by gastric bypass surgery
increased CYP2R1 expression in the white adipose tissue.

In mouse liver, Cyp2r1 and vitamin D bioactivation was suppressed by fasting, and both type
1 and type 2 diabetes. This may consequently cause low plasma 25(OH)D levels. On the other
hand, fasting induced expression of the vitamin D catabolic enzyme CYP24A1 in the kidney.

Mechanistically, we discovered that Cyp2r1 and vitamin D bioactivation are repressed by
molecular pathways activated physiologically by fasting or pathologically in diabetes, namely, the
peroxisome proliferator-activated receptor-gamma coactivator 1-α and estrogen-related receptor
α (PGC-1α-ERRα), and the glucocorticoid receptor pathways. Moreover, the PGC-1α-ERRα
pathway is crucial for mediating the Cyp24a1 induction by fasting in the kidney.

In the current thesis, we uncover a molecular mechanism for the vitamin D deficiency observed
in diabetic patients and reveal a novel negative feedback mechanism controlling the crosstalk
between energy homeostasis and the vitamin D pathway. Importantly, our data propose that
vitamin D deficiency is a consequence, and not the cause of diabetes.

Keywords: 25-hydroxyvitamin D, adipose tissue, CYP24A1, CYP2R1, diabetes, GR,
human, liver, mice, obesity, PGC-1α, vitamin D
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Tiivistelmä

D-vitamiinin puutteen eli veren matalan 25-hydroksi-D-vitamiinin (25(OH)D) pitoisuuden on
havaittu toistuvasti assosioituvan metabolisten sairauksien, kuten tyypin 1 ja 2 diabeteksen,
ilmenemiseen. Tästä huolimatta D-vitamiinin puutteen ja metabolisten häiriöiden välinen
kausaalinen yhteys on epävarma.

Tässä väitöskirjatyössä raportoimme uusia löydöksiä, jotka osoittavat elimistön metabolisen
tilan tehokkaasti säätelevän D-vitamiinin aineenvaihduntaa. Tarkemmin ottaen lihavuus repres-
soi sytokromi P450 (CYP) 2R1:ta, D-vitamiinin tärkeintä 25-hydroksylaasia ja ensimmäistä bio-
aktivaatiovaihetta sekä hiirissä että ihmisissä. Mielenkiintoinen havainto oli, että ihmisillä maha-
laukun ohitusleikkaukseen liittyvä painonlasku sai aikaan CYP2R1:n ilmenemisen nousun val-
keassa rasvakudoksessa. Hiiren maksassa sekä tyypin 1 ja 2 diabetes että paastoaminen vähensi-
vät Cyp2r1:n ilmentymistä ja D-vitamiinin bioaktivaatiota. Tämä voi johtaa plasman 25(OH)D
pitoisuuden alentumiseen. Toisaalta paastoaminen indusoi D-vitamiinin kataboliaentsyymiä,
CYP24A1, munuaisessa.

Mekanistisella tasolla havaitsimme, että Cyp2r1 ilmentymistä ja D-vitamiinin bioaktivaatio-
ta estävät sellaiset molekylaariset säätelytiet, jotka aktivoituvat fysiologisesti paaston aikana ja
patologisesti diabeteksessa. Tällaisia ovat peroksisomi-proliferaattori-aktivaattori-reseptori γ:n
koaktivaattori 1 α:n ja estrogeeniin kaltainen reseptori α:n (PGC-1α-ERRα) sekä glukokortikoi-
direseptorin välittämät säätelytiet. PGC-1α-ERRα säätelee tämän lisäksi myös Cyp24a1:n induk-
tiota munuaisessa paaston aikana.

Tässä väitöskirjatyössä tunnistimme molekylaarisen mekanismin, joka selittää diabeetikoilla
havaitun D-vitamiinin puutteen ja löysimme aiemmin tuntemattoman negatiivisen palautemeka-
nismin, joka välittää energiahomeostaasin ja D-vitamiinijärjestelmän välistä vuorovaikutusta.
Löydöksien perusteella voidaan tehdä tärkeä johtopäätös, että D-vitamiinin puutos on diabetek-
sen seuraus, ei syy.

Asiasanat: 25-hydroksi-D-vitamiini, CYP24A1, CYP2R1, D-vitamiini, diabetes, GR,
liikalihavuus, maksa, maksa, PGC-1α
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1 Introduction  
Vitamin D is an endocrine hormone and a regulator of calcium homeostasis and 
bone formation and maintenance. However, in recent years evidence has 
accumulated, which demonstrates that vitamin D has pleiotropic functions 
(Bouillon et al., 2019; Charoenngam, Shirvani, & Holick, 2019). The health 
consequences of vitamin D deficiency include poor bone development and health 
as well as increased risk for many diseases, including types 1 and 2 diabetes, 
multiple sclerosis, cardiovascular diseases, and cancer (Muscogiuri et al., 2017). 
Interestingly, vitamin D deficiency is considered one of the most prevalent medical 
health problems worldwide (Holick, 2017).  

Exposing the skin to solar UVB light is the primary source for vitamin D; 
however, it can also be obtained to a lesser extent from diet and/or supplements. 
Both the synthesized or the ingested vitamin D is a prohormone which requires two 
enzymatic activation steps, i.e., 25-hydroxylation in the liver and 1α-hydroxylation 
in the kidney, to produce the full active vitamin D hormone, i.e., 1α,25-
dihydroxyvitamin D (1α,25(OH)2D) (Christakos, Dhawan, Verstuyf, Verlinden, & 
Carmeliet, 2016). Vitamin D status is usually evaluated by determining the main 
circulating vitamin D metabolite, i.e., 25-hydroxyvitamin D (25(OH)D) because of 
the relatively long half-life (about 2 weeks) (Jones KS et al., 2014).  

The 25-hydroxylation step takes place primarily in the liver and is catalyzed 
mainly by the cytochrome P450 2R1 (CYP2R1) enzyme ( Zhu JG, Ochalek, 
Kaufmann, Jones, & DeLuca, 2013). Recent evidence has indicated that CYP2R1 
is the predominant vitamin D 25-hydroxylase in the liver (Cheng, Levine, Bell, 
Mangelsdorf, & Russell, 2004; Zhu JG et al., 2013). In humans, a defect in the 
CYP2R1 gene has been found to cause an inherited form of vitamin D deficiency 
and rickets in children (Molin et al., 2017; Thacher & Levine, 2017). Genome-wide 
studies have identified CYP2R1 gene variants as one of the major genetic 
determinants of low 25(OH)D levels (Manousaki et al., 2017; Wang TJ et al., 2010).  

The dogma in the vitamin D field about CYP2R1 and vitamin D-25-
hydroxylation in the liver has been that CYP2R1 is constitutively expressed and is 
not under efficient metabolic control. This means that it should not be affected by 
the metabolic state in the liver. Therefore, the plasma level of 25(OH)D reflects the 
amount of vitamin D synthesis or intake (Zhu J & Deluca, 2012).  

A growing body of evidence has shown that there is a strong association 
between vitamin D deficiency and metabolic diseases, but the causal link is still 
unclear. For example, 1) almost all diabetic patients have vitamin D deficiency at 
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the time of diagnosis (Pittas, Lau, Hu, & Dawson-Hughes, 2007; SZEP et al., 2011) 
although the molecular mechanisms are unknown; 2) vitamin D deficiency is quite 
prevalent in obese subjects in epidemiological studies (Censani et al., 2013; Samuel 
& Borrell, 2014; Stein et al., 2009); and 3) clinical trials aiming to prevent the 
development of diabetes with vitamin D supplementation have been disappointing 
(Pittas et al., 2019; Van Belle, Gysemans, & Mathieu, 2013). Moreover, an intense 
debate is ongoing in the field regarding whether vitamin D deficiency causes 
diabetes or whether diabetes causes vitamin D deficiency. 

In the present thesis, we studied the cross-talk between energy homeostasis and 
vitamin D metabolism. Additionally, the study aimed to uncover the molecular 
mechanism(s) behind the vitamin D deficiency observed in diabetic patients. 
Indeed, maintaining a healthy level of vitamin D is considered to be a vital factor 
in attenuating the disease and improving the quality of life of diabetic patients. 
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2 Review of the literature  

2.1 Basics of vitamin D 

2.1.1 Vitamin D in research, statistics  

Vitamin D is a hot topic in research. A search with the term “vitamin D” in PubMed 
returns about 66,725 publications. Out of that number, more than 5000 are 
publications only about vitamin D and diabetes, with over 1000 in the last two years.  

2.1.2 Vitamin D, general aspects 

Vitamin D is a fat-soluble secosteroid hormone with two main forms: vitamin D2, 
or ergocalciferol, and vitamin D3, or cholecalciferol (Fig. 1) (Chen, Lu, & Holick, 
2010). Vitamin D2 is the plant-derived form, and it can be synthesized in response 
to ultraviolet irradiation in plants, yeast, fungi, and mushrooms (Horst, Reinhardt, 
& Reddy, 2005). Vitamin D3 is the animal-derived form, which can be synthesized 
non-enzymatically from the 7-dehydrocholesterol (7-DHC) precursor by exposure 
to sunlight UVB (wavelength 280-320 nm). When UVB hits the skin, it breaks the 
7-DHC ring leading to the production of pre-vitamin D, which is an unstable 
intermediate thermally converted into vitamin D3 (Chen et al., 2010). Vitamin D 
may be also be obtained to a lesser extent from various foods such as salmon, tuna, 
and cod liver oil or as a supplement. The fortification of foods with vitamin D is 
another common source of vitamin D (Pludowski et al., 2017). The ingested and/or 
dietary vitamin D is absorbed in the small intestine through chylomicrons 
(Blomhoff et al., 1984; Silva & Furlanetto, 2018), while the vitamin D produced 
by sunlight goes directly into the circulation.  

Importantly, either synthesized or dietary obtained vitamin D is an inactive 
prohormone which is hydroxylated and activated further in liver and kidney, to 
produce the 25(OH)D, and 1α,25(OH)2D, respectively (Christakos et al., 2016). In 
fact, both vitamin D2 and D3 were shown to be metabolized in a similar manner. 
In the blood, vitamin D and its metabolites are circulating bound with a plasma 
protein called vitamin D binding protein (VDBP) (Carpenter et al., 2013; Wang TJ 
et al., 2010). In general, the affinity of 25(OH)D to bind VDBP is higher than both 
vitamin D itself and 1α,25(OH)2D (Bouillon, Schuit, Antonio, & Rastinejad, 2019). 
The 25(OH)D2 has a lower binding affinity to VDBP, and therefore, its half-life is 
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shorter than the 25(OH)D3 (Jones KS et al., 2014). Moreover, the majority of 
vitamin D-related physiological functions are mediated by the 1α,25(OH)2D. 

Fig. 1. Chemical structures of vitamin D2 (Left) and vitamin D3 (Right). 

Fig. 2. Overview of the pathways for vitamin D synthesis, bioactivation, and inactivation. 
Part of the Fig. was drawn with the help of Servier Medical Art (www.servier.com). 
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2.1.3 D-hormone and/or D-vitamin? 

A vitamin is classically defined as an essential micronutrient which our body cannot 
synthesize. Therefore, a vitamin must be taken through diet and/or supplement. On 
the other hand, a hormone is a compound which can be synthesized in the body in 
the endocrine glands and secreted into the circulation. Since vitamin D was initially 
discovered as an essential nutrient for maintaining the skeleton, several foods such 
as milk have been fortified with vitamin D, which has helped to eliminate the 
epidemics of rickets. Thus, it was embraced as a vitamin. However, vitamin D 
should not be considered only a vitamin, but it should be recognized as a pro-
hormone produced normally in the skin by photolysis of 7-DHC through the sun’s 
UVB light.  

2.1.4 Factors affecting the vitamin D status and the challenges to 
make universal guidelines for vitamin D supplementation  

Vitamin D levels may vary depending on several clinical and environmental factors 
such as sunlight exposure, skin pigmentation, clothing, cultural habits, latitude, and 
diet (Grant et al., 2015; Haq, Wimalawansa, Pludowski, & Anouti, 2018; Płudowski 
et al., 2013; Wimalawansa, 2018b). Also, genetics can play a role in determining 
the vitamin D level. For example, large-scale genetic studies have identified 
CYP2R1 gene variants as one of the major genetic determinants of low 25(OH)D 
levels (Manousaki et al., 2017; Wang TJ et al., 2010). Altogether, all these factors 
make it difficult to make universal guidelines for vitamin D supplementation. 
Therefore, it is recommended that every country make its own guidelines. For 
example, in Finland, 400 IU/day (10 µg/day) is recommended for most age groups, 
except 800 IU/day (20 µg/day) is recommended for people over age 75 (Finnish 
Food Authority, https://www.ruokavirasto.fi/en/themes/healthy-diet/nutrition-and-
food-recommendations/special-instructions-and-restrictions/).  

A major concern about vitamin D supplementation is an increased risk of 
hypercalcemia and tissue calcifications, which is a rare condition and usually 
results from taking extremely high doses of vitamin D over a long period of time.  

2.1.5 What does vitamin D deficiency mean? 

Vitamin D status is usually evaluated by measuring the level of 25(OH)D in the 
blood. The reason behind this is the rather long half-life of 25(OH)D of about two 
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weeks (Jones KS et al., 2014). Furthermore, the 25-hydroxylation step has been 
considered not to be under efficient metabolic control, and 25(OH)D should thus 
reflect the intake of vitamin D (Zhu J & Deluca, 2012). However, in the current 
thesis, we challenge this dogma and show that metabolic regulators strictly control 
vitamin D 25-hydroxylation in the liver and extrahepatic tissues. 

In general, vitamin D deficiency means that there is a lower level of 25(OH)D 
in the blood. In fact, there is no consensus about the normal 25(OH)D concentration 
(Bouillon, 2017). Currently, there are several guidelines: for example, it has been 
suggested the vitamin D status could be defined as vitamin D deficiency if 
25(OH)D is below 20 ng/ml, insufficiency if 25(OH)D is 21 – 29 ng/ml, and 
sufficiency if 25(OH)D is 30 – 100 ng/ml (Table 1) (Holick et al., 2011). In contrast, 
other guidelines from the Institute of Medicine (IOM) suggested that the serum 
25(OH)D between 16 - 20 ng/ml (40 – 50 nmol/l, respectively) is considered to be 
vitamin D sufficiency and levels above 50 ng/ml (125 nmol/l) should be considered 
for potential adverse effects (Table 1) (Ross et al., 2011). 

Table 1. The range of plasma 25(OH)D levels suggested by the Endocrine Society and 
the Institute of Medicine. 

Vitamin D status Endocrine Society Institute of Medicine 

Deficient Below 20 ng/ml  

(50 nmol/l) 

Below 16 ng/ml  

(40 nmol/l) 

Insufficient 21 – 29 ng/ml  

(52 – 72 nmol/l) 

 

Sufficient 30 – 100 ng/ml  

(75 – 250 nmol/l) 

16 – 20 ng/ml  

(40 – 50 nmol/l) 

2.2 Molecular biology of vitamin D 

2.2.1 Cytochrome P450s involved in vitamin D metabolism  

Distinct CYP enzymes play critical roles in vitamin D bioactivation and 
degradation, namely CYP2R1, CYP27B1, and CYP24A1. Both CYP2R1 and 
CYP27B1 are responsible for bioactivation of vitamin D, while the CYP24A1 is 
responsible for the catabolism of vitamin D (Fig. 2).  
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25-hydroxylation and CYP2R1 

Several cytochrome P450 enzymes have been proposed to catalyze the vitamin D 
25-hydroxylation, such as CYP2R1, CYP27A1, CYP2D25, CYP2C11, and 
CYP3A4. However, strong evidence from genetic studies, expression data, and 
catalytic properties all suggest that CYP2R1 is the major vitamin D-25-hydroxylase 
in the liver (Cheng et al., 2004; Zhu JG et al., 2013).  

CYP2R1 is located in the endoplasmic reticulum (Zhu JG et al., 2013). A 
genetic defect in the CYP2R1 gene has been shown to cause an inherited form of 
vitamin D deficiency and rickets in children (Molin et al., 2017; Thacher & Levine, 
2017). These patients responded poorly to vitamin D supplementation but could 
benefit from 25(OH)D supplementation. Furthermore, genome-wide studies have 
identified CYP2R1 gene variants as one of the key determinants of low 25(OH)D 
levels (Manousaki et al., 2017; Wang TJ et al., 2010). In mice, Cyp2r1 knockout 
resulted in a 50% reduction of the plasma 25(OH)D, indicating that the CYP2R1 is 
the major but not the exclusive vitamin D 25-hydroxylase (Zhu JG et al., 2013). 
Interestingly, in the same study, knockout of the Cyp27a1, one of the suggested 
vitamin D 25-hydroxylases, had no further effect on the plasma 25(OH)D levels 
(Zhu JG et al., 2013). 

Despite the importance of CYP2R1 in the 25-hydroxylation step of vitamin D, 
its transcriptional regulation is poorly characterized. Recently, there is increasing 
evidence that suggests the epigenetic regulation of the genes involved in vitamin D 
metabolism, including CYP2R1 (Fetahu, Höbaus, & Kállay, 2014; Parsanathan & 
Jain, 2019; Zhou Y et al., 2014). Interestingly, the promoter of the CYP2R1 gene 
was shown to have CpG sites which could be methylated, leading to silencing the 
CYP2R1 expression (Zhou Y et al., 2014). Importantly, the methylation status of 
the promoters of both CYP2R1 and CYP24A1 was suggested to predict the response 
to vitamin D supplementation (Zhou Y et al., 2014). Furthermore, it has been 
recently demonstrated that the Cyp2r1 gene promoter was hypermethylated in the 
livers of high-fat diet (HFD) treated mice, which consequently, caused lower 
Cyp2r1 expression  (Parsanathan & Jain, 2019). The study also suggested that the 
hypermethylation of the Cyp2r1 gene in the liver of HFD-mice is linked to 
glutathione deficiency (Parsanathan & Jain, 2019). 

Besides, a few reports demonstrated the regulation of CYP2R1 expression in 
cells. For example, treating dermal fibroblast cells with phenobarbital, efavirenz, 
as well as 1α,25(OH)2D has been shown to repress CYP2R1 (Ellfolk, Norlin, 
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Gyllensten, & Wikvall, 2009). Moreover, treating testis Leydig cells with 
osteocalcin modulates CYP2R1 expression (De Toni et al., 2014). 

The 25(OH)D is generally believed to be an inactive metabolite and precursor 
for producing the full active metabolite, i.e., 1α,25(OH)2D (Bouillon et al., 2019; 
Charoenngam et al., 2019; Christakos et al., 2016). However, in recent years, 
several studies suggested that 25(OH)D can exert biological functions independent 
of 1α,25(OH)2D. Interestingly, Asano et al., demonstrated that 25(OH)D inhibits 
the activation of sterol regulatory element-binding proteins (SREBP) by inhibition 
of the SREBP partner SCAP in vitro (Asano et al., 2017). SREBPs are transcription 
factors that are key regulators of lipid homeostasis by inducing the expression of 
lipogenic genes (Shimano & Sato, 2017). The liver is the primary expression target 
of SREBPs, and they are key players during the fed response (Shimano & Sato, 
2017). Importantly, this suggests that the intrahepatic 25(OH)D might regulate the 
lipid homeostasis in the liver. Although this might indicate some biological activity 
of 25(OH)D, future studies are required to address the physiological functions of 
25(OH)D in vivo.  

1α-Hydroxylation and CYP27B1 

The mitochondrial CYP27B1 is the sole vitamin D 1α-hydroxylase responsible for 
the last activation step to produce the fully active hormone (Hewison et al., 2007). 
It has been demonstrated that the main site for CYP27B1 expression is the kidney, 
but it is expressed locally in several tissues such as skin, colon, bone, and 
parathyroid gland (Hewison et al., 2007). Although the kidney is the main 
contributor to the circulating 1α,25(OH)2D, there is evidence to support extra-renal 
production of 1α,25(OH)2D. For example, in an anephric patient with sarcoidosis,  
the patient had high levels of 1α,25(OH)2D (Barbour, Coburn, Slatopolsky, Norman, 
& Horst, 1981). Moreover, hypercalcemia in a lymphoma patient has been observed 
along with elevated levels of the circulating 1α,25(OH)2D (Rosenthal et al., 1985). 

Indeed, a genetic mutation in CYP27B1 causes vitamin D-dependent rickets 
(Type I) (Kitanaka et al., 1999; Sawada, Sakaki, Kitanaka, Kato, & Inouye, 2001). 
The regulation of CYP27B1 is the most studied step in vitamin D metabolism. For 
more details, see the next chapter below. 



 

27 

24-hydroxylation, CYP24A1, and catabolism of vitamin D 

CYP24A1 is referred to as the 1α,25(OH)2D-24-hydroxylase, and is located in the 
mitochondria (Jones G, Prosser, & Kaufmann, 2014). CYP24A1 has been 
established as the key enzyme responsible for vitamin D catabolism. Though it was 
initially thought to catalyze the 24-hydroxylation of both 25(OH)D3 and 
1α,25(OH)2D3, it is now shown to catalyze also the hydroxylation reaction at 
Carbon 23 (Fig. 2) (Knutson & DeLuca, 1974; Prosser & Jones, 2004). Additionally, 
CYP24A1 catalyzes the hydroxylation of vitamin D2 to produce polyhydroxylated 
products (Masuda, Strugnell, Knutson, St-Arnaud, & Jones, 2006). CYP24A1 
controls the amount of active vitamin D by reducing the amount of 1α,25(OH)2D 
when there is an elevated level in the circulation (Jones G et al., 2014). Furthermore, 
CYP24A1 limits the amount of 25(OH)D available for activation by CYP27B1 
(Jones G et al., 2014). 

The CYP24A1 gene is expressed mainly in the kidney; however, recent studies 
showed that the CYP24A1 gene is also expressed in all cells and tissues containing 
the vitamin D receptor (VDR) (Jones G et al., 2014). Thus, CYP24A1 could also 
modulate the intracellular levels of 1α,25(OH)2D. In fact, 50% of Cyp24a1 null 
mice die very early before the age of 3 weeks, and the other 50% had high levels 
of 1α,25(OH)2D, and had intramembranous bone lesions (St-Arnaud et al., 2000). 
Those bone lesions were resolved when the Cyp24a1/Vdr null mouse model was 
generated, which suggests they are mediated through VDR (St-Arnaud et al., 2000).  

The 24-hydroxylated metabolites of vitamin D are generally believed to be 
inactive metabolites. However, recent studies suggest a physiological role of the 
24-hydroxyvitamin D metabolite in bone development (Christakos et al., 2016; 
Jones G et al., 2014). Supporting that, Cyp24a1 null mice were shown to have 
impaired bone fracture healing, which suggested that the 24-hydroxylated 
metabolites of vitamin D are necessary for bone fracture healing  (St-Arnaud, 2010). 
Interestingly, in a recent report, the fracture repair in the Cyp24a1 null mice was 
improved by administration of 24,25(OH)2D, and not the 1α,25(OH)2D (Martineau 
et al., 2018). 

In humans, inactivating bi-allelic mutations in the CYP24A1 gene caused 
infantile hypercalcemia (Pronicka et al., 2017; Schlingmann et al., 2011). 
Furthermore, CYP24A1 mutations have been identified in adult humans and caused 
hypercalcemia, hypercalciuria, and recurrent nephrolithiasis (Cappellani et al., 
2019; Molin et al., 2015; Tebben et al., 2012).  
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The CYP24A1 is working in balance with CYP27B1 to regulate vitamin D and 
calcium homeostasis. In general, the expression of CYP24A1 is mainly dependent 
on 1α,25(OH)2D. In the absence of 1α,25(OH)2D, the CYP24A1 gene is not 
expressed, while in the presence of 1α,25(OH)2D through activation of VDR, 
CYP24A1 is expressed highly in the kidney (Christakos et al., 2016).  

Mechanistically, it has been demonstrated that mouse Cyp24a1 expression is 
upregulated by 1α,25(OH)2D through the VDR/RXR which bind to enhancer 
elements located in the proximal promoter and in the distal region downstream of 
the gene (Meyer, Goetsch, & Pike, 2010; Pike & Meyer, 2012). Binding of the 
active VDR/RXR complex to the distant enhancer elements facilitates the 
recruitment of several coactivators and chromatin modifiers, which increase the 
accessibility of chromatin. Finally, the VDR/RXR complex with the help of several 
mediators forms a loop to set up the transcription machinery around the 
transcriptional start site (TSS) to induce the transcription of the Cyp24a1 gene (Fig. 
4) (Meyer et al., 2010; Pike & Meyer, 2012).  

Interestingly, in the Vdr knockout mice, the clearance of 1α,25(OH)2D 
decreased dramatically, because of lack of ligand-activated VDR upregulation of 
the Cyp24a1 (Kato et al., 1999; Li YC et al., 1997; Van Cromphaut et al., 2001; 
Yoshizawa et al., 1997). This supported the concept that VDR is the key player 
regulating Cyp24a1 expression and verifies the catabolic role of the enzyme in 
limiting the biological activity of vitamin D. 

Both CYP27B1 and CYP24A1 are under stringent control by the hormones 
involved in the regulation of bone and mineral homeostasis, namely, 1α,25(OH)2D, 
PTH, and FGF23 (Fig. 3). In the case of low calcium levels in the blood, i.e., 
hypocalcemia, PTH is secreted from the parathyroid gland (PT) into the circulation 
and stimulates the renal production of CYP27B1, and consequently 1α,25(OH)2D 
(Conigrave, 2016). 1α,25(OH)2D through activation of the VDR mediates the 
intestinal absorption of calcium (Fleet & Schoch, 2010). Moreover, 1α,25(OH)2D 
suppresses the PTH production in the PT gland directly at the transcriptional level 
(Demay, Kiernan, DeLuca, & Kronenberg, 1992; Koszewski, Alimov, Park-Sarge, 
& Malluche, 2004; Mackey, Heymont, Kronenberg, & Demay, 1996; Russell, 
Ashok, & Koszewski, 1999) and indirectly through elevation of the blood calcium 
levels (Canaff & Hendy, 2002). Additionally, 1α,25(OH)2D controls its own 
production by inhibiting CYP27B1 (Bikle D, 2017). Moreover, 1α,25(OH)2D 
mediates the induction of CYP24A1 to limit 1α,25(OH)2D production (Jones G, 
Prosser, & Kaufmann, 2012).  
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PTH has been shown to attenuate the 1α,25(OH)2D-mediated CYP24A1 
induction in the kidney through the cAMP/PKA signaling pathway (Reinhardt & 
Horst, 1990; Shinki et al., 1992; Zierold, Reinholz, Mings, Prahl, & DeLuca, 2000). 
However, PTH, in contrast to the kidney, stimulates CYP24A1 synthesis through 
the cAMP-pathway in osteoblastic cells, which might prevent bone abnormalities 
as a result of high levels of 1α,25(OH)2D in bones (Armbrecht et al., 1998; Huening, 
Yehia, Molina, & Christakos, 2002; Yang, Hyllner, & Christakos, 2001).  

FGF23 also plays a crucial role in bone and mineral homeostasis and regulates 
the expression of genes involved in the regulation of serum phosphate as well as 
vitamin D metabolism (Bergwitz & Jüppner, 2010; Ramon, Kleynen, Body, & 
Karmali, 2010). When there is an increase in serum phosphate, FGF23 is induced 
in the osteocytes and osteoblasts. FGF23 reduces serum phosphate levels directly 
by inhibiting phosphate reabsorption in the kidney (Perwad, Zhang, Tenenhouse, 
& Portale, 2007; Shimada et al., 2004; Shimada et al., 2005), and indirectly by 
inhibiting CYP27B1 expression in the kidney which limits 1α,25(OH)2D 
production (Perwad et al., 2007; Shimada et al., 2004; Shimada et al., 2005). 
Furthermore, FGF23 reduces the circulating levels of 1α,25(OH)2D by inducing 
CYP24A1 expression in the kidney partially through VDR (Bai, Miao, Goltzman, 
& Karaplis, 2003; Inoue et al., 2005; Larsson et al., 2004; Perwad et al., 2007; 
Shimada et al., 2005). In addition to the role of vitamin D and VDR in the regulation 
of the CYP24A1, it has been shown that the xenobiotic sensor pregnane X receptor 
(PXR) might regulate the expression of CYP24A1 (Pascussi et al., 2005).  

In the current thesis, we discovered a completely novel mechanism that 
regulates the expression of Cyp24a1 at the transcriptional level and is independent 
of the VDR action. This mechanism is discussed extensively in the original 
publication I (Aatsinki et al., 2019) and in the Results and Discussion sections.  
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Fig. 3. Regulation of expression of CYP27B1 and CYP24A1 by 1α,25(OH)2D, PTH, and 
FGF23. 

2.2.2 The vitamin D receptor  

It is now believed that vitamin D controls about 3% of the human or mouse genome 
directly or indirectly (Heikkinen et al., 2011; Kriebitzsch et al., 2009; Ramagopalan 
et al., 2010; Wang T et al., 2005). It is also believed that most of the genomic 
functions of vitamin D are mediated through binding and activation of the VDR in 
the target tissues (Carlberg, Seuter, & Heikkinen, 2012). Moreover, it has been 
estimated that 1α,25(OH)2D via its receptor VDR regulates the expression of about 
2000 genes, which are involved in many physiological pathways inside the cells 
(Hossein-Nezhad, Spira, & Holick, 2013). This might also explain the non-
calcemic pleiotropic effect of vitamin D (Bouillon et al., 2019; Charoenngam et al., 
2019).  

The VDR is primarily located in the nucleus (Haussler et al., 2013) and 
preferentially binds as a heterodimer with the retinoid X receptor (RXR) to the 
vitamin D responsive element (VDRE), i.e., A/GGG/TTC/GA in the promoters 
and/or enhancers of its target genes (Carlberg et al., 1993). In the absence of the 
VDR ligand, i.e., 1α,25(OH)2D, VDR represses its target genes through association 
with different co-repressors and histone deacetylases (Polly et al., 2000). 
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The genomic VDR signaling starts with binding of the 1α,25(OH)2D to VDR 
bound to the enhancer region within the accessible chromatin leading to 
dissociation of co-repressors and recruiting several coactivators (Fig. 4) (Nurminen, 
Seuter, & Carlberg, 2019). The VDR then increases the accessibility of chromatin 
around these enhancer regions with the help of chromatin modifiers and other 
mediators (Nurminen et al., 2019). Finally, the VDR with the help of several 
mediators forms a loop which helps to activate the enhancer region around the TSS 
and stimulate the transcription of the primary vitamin D target gene (Fig. 4) 
(Nurminen et al., 2019) 

Investigations with Vdr-null mice proved that VDR is essential for vitamin D 
functions, especially in maintaining the calcium homeostasis (Y. C. Li et al., 1997; 
Yoshizawa et al., 1997). Furthermore, 1α,25(OH)2D was demonstrated to have a 
rapid and non-genomic response which can be seen, for example, on the effect on 
the calcium and chloride transport in the intestine, osteoblasts, and Sertoli cells, as 
well as insulin secretion (Haussler, Jurutka, Mizwicki, & Norman, 2011). The 
1α,25(OH)2D has a very short half-life because of the rapid inactivation by the 
VDR-responsive Cyp24a1. 

Fig. 4. Simple illustration of the VDR genomic action (Nurminen et al., 2019). The Fig. was 
drawn with the help of Servier Medical Art (www.servier.com). 
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2.3 Functions of vitamin D 

2.3.1 Skeletal functions  

The classical manifestation of vitamin D deficiency is bone deformation diseases, 
including rickets in children and osteomalacia in adults. This provides strong 
evidence that vitamin D is required for maintaining the skeleton (Fig. 5). In both 
cases, the mineralization of bones is impaired because of inadequate calcium and 
phosphate (Bell, Demay, & Burnett-Bowie, 2010; Bikle DD, 2012; Suda, 
Masuyama, Bouillon, & Carmeliet, 2015; Weaver & Peacock, 2011). The most 
well-known function of vitamin D is to maintain the calcium and phosphorus 
homeostasis in the blood (Fig. 5) (Bell et al., 2010; Bikle DD, 2012; Suda et al., 
2015; Weaver & Peacock, 2011). Additionally, PTH and FGF23 play key roles in 
that function (Jones G, 2012; Norman, 2008). Normal serum calcium levels in 
humans are maintained in a very narrow range (about 2,2-2,5 mM) (Blaine, 
Chonchol, & Levi, 2015). 

Vitamin D is unlikely to control the mineralization process directly. However, 
instead, it elevates the plasma calcium and phosphorus concentrations in the blood, 
and in turn, these elements precipitate on the bones (Fig. 5) (Bell et al., 2010; Bikle 
DD, 2012; Suda et al., 2015). Moreover, this would protect against hypocalcemia 
tetany (Gittoes, 2013). Vitamin D, through binding and activation of the VDR, 
mediates the effect on calcium homeostasis (Fig. 5). The key vitamin D target 
tissues related to calcium homeostasis are intestine, kidney, and bone (Bell et al., 
2010; Bikle DD, 2012; Suda et al., 2015). When the ionized calcium level drops in 
the blood, several anti-hypocalcemic mechanisms are activated to restore the 
normal calcium level (Bell et al., 2010; Bikle DD, 2012).  

The intestine is a key player in maintaining calcium homeostasis. Vitamin D 
increases the intestinal absorption of calcium and phosphorus (Christakos, Dhawan, 
Porta, Mady, & Seth, 2011). Studies in the Vdr null mice demonstrated that vitamin 
D maintains the bone mineral homeostasis mainly through increasing the calcium 
absorption in the intestine (Li YC et al., 1997; Van Cromphaut et al., 2001; 
Yoshizawa et al., 1997). Interestingly, the rickets phenotype in the Vdr null mice 
could be rescued by feeding mice with a rich calcium diet (Kaufmann, Lee, Pike, 
& Jones, 2015). 1α,25(OH)2D through its genomic action stimulates the intestinal 
absorption of calcium, which involves for example, calcium influx through TRPV6, 
intracellular calcium transfer by calbindin (CaBP), and calcium extrusion by the 
plasma membrane calcium ATPase (Calcium pump) (Christakos et al., 2011). 
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In case the intestinal absorption of calcium is not enough to maintain the 
normal calcium levels in the blood, PTH increases the activation of vitamin D 
(25(OH)D to 1α,25(OH)2D) (Bell et al., 2010; Bikle DD, 2012; Suda et al., 2015). 
1α,25(OH)2D with PTH in the kidney increases the renal reabsorption of calcium 
(Bell et al., 2010; Bikle DD, 2012; Suda et al., 2015).  

Additionally, 1α,25(OH)2D, and PTH could control bone turnover. In 
osteoblasts, vitamin D via binding to the VDR induces the expression of several 
genes, most importantly the RANKL gene (receptor-activating nuclear factor ligand) 
(Haussler et al., 2013; van de Peppel & van Leeuwen, Johannes P T M, 2014). 
Moreover, RANKL via binding with its receptor RANK on the monocyte lineage 
induces the formation of multinucleated mature osteoclasts (bone deforming cells) 
(Haussler et al., 2013; van de Peppel & van Leeuwen, Johannes P T M, 2014). 
Osteoclasts bind with the bone surface and secrete collagenases and hydrochloric 
acid, leading to degradation of collagen and release calcium into the bloodstream 
(Haussler et al., 2013; van de Peppel & van Leeuwen, Johannes P T M, 2014).  

To prevent 1α,25(OH)2D-mediated hypercalcemia and its complications, 
1α,25(OH)2D induces the expression of CYP24A1 to inactivate both 25(OH)D and 
1α,25(OH)2D which are consequently secreted in the bile (Cashman et al., 2015).  
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Fig. 5. Overview of the role of vitamin D in maintaining the calcium homeostasis. 
Reprinted from (Legarth, Grimm, Wehland, Bauer, & Krüger, 2018) which is the Creative 
Commons Attribution License. 

2.3.2 Non-skeletal functions 

There is a growing body of evidence for the extra-skeletal actions and benefits of 
vitamin D (Fig. 6) (Bouillon et al., 2008; Bouillon et al., 2019; Charoenngam et al., 
2019; Morris & Anderson, 2010). In general, it is supported by the observation that 
the components of the vitamin D endocrine system, for example, VDR and 
CYP27B1 exist in tissues that are not related to calcium homeostasis. It has been 
shown that VDR is expressed in cells and tissues such as keratinocytes, monocytes, 
islet cells of the pancreas, lymphocytes, promyelocytes, and ovarian cells 
(Cianferotti, Cox, Skorija, & Demay, 2007; Hummel et al., 2014; Nurminen et al., 
2019; Ooi, Chen, & Cantorna, 2012; Silvagno et al., 2010). In humans, VDR is 
expressed in almost all tissues and cells (Wang Y, Zhu, & DeLuca, 2012) (Human 
protein atlas, https://www.proteinatlas.org/ENSG00000111424-VDR/tissue). 
Additionally, many cell types express CYP27B1, which reflects the ability of those 
cells to produce 1α,25(OH)2D locally (Bikle DD, Patzek, & Wang, 2018; Jones G, 
2013). Additionally, this also reflects the extra-renal production of active vitamin 
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D (Adams & Hewison, 2012; Bikle DD et al., 2018; Jones G, 2013). Interestingly, 
the regulation of CYP27B1 expression in extra-renal tissues does not depend on 
calcium input but is regulated by several factors such as inflammatory molecules 
(Adams et al., 2014; Esteban, Vidal, & Dusso, 2004; Stoffels et al., 2006; Stoffels, 
Overbergh, Bouillon, & Mathieu, 2007). Moreover, several extra-renal tissues 
express CYP24A1, which reflects the ability of those tissues to catabolize and 
inhibit the activity of both 1α,25(OH)2D, and 25(OH)D (Adams & Hewison, 2012).  

Interestingly, vitamin D deficiency has been shown to associate with the 
prevalence of many acute and chronic diseases such as autoimmune disease, 
infectious diseases, cardiovascular diseases, some cancers, and neurodegenerative 
diseases (Table 2).  

Several pieces of evidence suggest that vitamin D is a key player in the 
regulation of immunity (Bouillon et al., 2008; Norlin et al., 2016). The first 
considerable finding was that vitamin D could induce the differentiation of pro-
myelocytes into monocytes, which suggested a crucial role of vitamin D in 
regulating immunity (Miyaura et al., 1981). This was also supported by the high 
expression of VDR in T and B-lymphocytes, macrophages, and dendritic cells.  

Interestingly, infection with a bacterial agent, for example, Mycobacterium 
tuberculosis (TB), was shown to induce the expression of VDR and CYP27B1 in 
monocytes/macrophages (Baeke, Takiishi, Korf, Gysemans, & Mathieu, 2010; 
Campbell & Spector, 2012; Sly, Lopez, Nauseef, & Reiner, 2001). The ligand-
activated VDR, in turn, induced the expression of cathelicidin, which is a peptide 
capable of inducing the destruction of the TB (Baeke et al., 2010; Campbell & 
Spector, 2012; Sly et al., 2001). Additionally, the 1α,25(OH)2D produced locally in 
the monocyte, may act on other immune cells such as activated T- & B-lymphocytes 
to regulate the cytokine and synthesis of immunoglobulin, respectively (Baeke et 
al., 2010; Campbell & Spector, 2012; Sly et al., 2001). Furthermore, it has been 
shown that treatment with vitamin D hormone could block the development of 
multiple sclerosis in experimental animals (Sintzel et al., 2018). However, the 
molecular mechanisms are poorly understood.  

Altogether, these findings support the idea that vitamin D may be crucial for 
fighting against infections and protect against autoimmunity and chronic 
inflammation (Antico, Tampoia, Tozzoli, & Bizzaro, 2012; Bergman et al., 2012; 
Iruretagoyena, Hirigoyen, Naves, & Burgos, 2015; Sabetta et al., 2010). 

1α,25(OH)2D has been demonstrated to be a vital factor in several critical 
biological processes such as cell proliferation, and hormone secretion (Fig. 6). The 
1α,25(OH)2D was shown to inhibit the expression and synthesis of PTH (Segersten 
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et al., 2002). In addition, 1α,25(OH)2D was shown to inhibit renin production in 
the kidney, which suggested that vitamin D might be crucial for maintaining the 
blood pressure (Li et YC al., 2002). Interestingly, 1α,25(OH)2D was also 
demonstrated to stimulate insulin secretion from the β-cells of the pancreas.  

Moreover, vitamin D could suppress the proliferation of cancer cells and 
induce their differentiation, raising the hope that vitamin D may be beneficial in 
treating several malignancies (Jeon & Shin, 2018). Vitamin D could also inhibit the 
proliferation of keratinocytes, so it is used to treat psoriasis (Barrea et al., 2017).  

Fig. 6. Non-skeletal functions of vitamin D (Wacker & Holick, 2013). Part of the Fig. was 
drawn with the help of Servier Medical Art (www.servier.com). 
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Table 2. Observations supporting the role of vitamin D in immunity, cardiovascular 
system, cancer, and neurodegenerative diseases 

Biological system Observations 

Immunity  Individuals with higher levels of 25(OH)D have a lower incidence of acute 

viral respiratory infections (Sabetta et al., 2010). 

*Vitamin D supplementation protected from respiratory tract infections, 

which decreases the number of antibiotic prescriptions (Bouillon et al., 

2008; Norlin et al., 2016). 

*Vitamin D deficiency may cause multiple sclerosis (Sintzel et al., 2018). 

Cardiovascular system  Vitamin D-related components are abundant in blood vessels as well as 

in the heart.  

*Seasonal associated prevalence of CVD (Marti-Soler et al., 2014). 

*The Young Finns Study, lower 25(OH)D in childhood, increases the risk of 

developing intima-media thickness (IMT), a marker for structural 

atherosclerosis (Juonala et al., 2015). 

Cancer  Women with high levels of the 25(OH)D have a lower risk of any 

invasive cancer (excluding skin cancer) (McDonnell et al., 2018). 

*Vitamin D may reduce the risk of having cancer, for instance, breast and 

colorectal cancers (Young & Xiong, 2018). 

Neurodegenerative 

diseases 

 older people with severe vitamin D deficiency had an accelerated risk of 

cognitive decline over a 6-year period (Llewellyn et al., 2010). 
*In older women, severe vitamin D deficiency predicted the onset of non-

Alzheimer´s dementia over a 7-year period (Annweiler et al., 2011). 

*Higher intake of vitamin D was associated with a lower risk of developing 

Alzheimer’s disease (Annweiler et al., 2012). 

2.4 The interplay between vitamin D and diabetes 

Diabetes is a complex and heterogeneous disease. There are several factors, 
including genetic, lifestyle, environmental, and nutritional factors that contribute 
to the disease. However, how these factors interact to cause the disease is not clear. 
The number of people diagnosed with diabetes is continuously increasing and is 
expected to reach about 600 million by 2030 (Saeedi et al., 2019). Therefore, it is 
necessary to identify easily modifiable risk factors that can be used for the primary 
prevention of diabetes. There is a vast amount of evidence that suggests that 
vitamin D deficiency is a strong risk factor for the onset of diabetes (Alam, Arul-
Devah, Javed, & Malik, 2016; Mitri, Muraru, & Pittas, 2011; Palomer, González-
Clemente, Blanco-Vaca, & Mauricio, 2008; Takiishi, Gysemans, Bouillon, & 
Mathieu, 2010; Wimalawansa, 2018a). However, the causal link is still uncertain. 
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In the next chapters, the interplay between vitamin D and type 1 and type 2 diabetes 
will be discussed. 

2.4.1 Vitamin D and type 1 diabetes  

Type 1 diabetes is a heterogeneous and chronic disease that is known to result from 
gradual autoimmune destruction of insulin-producing β-cells (Burrack, Martinov, 
& Fife, 2017). This leads to hyperglycemia because of severe deficiency or the total 
absence of insulin (Burrack et al., 2017). The auto-destruction of the β-cells 
involves the process of activation of several types of immune cells, such as 
macrophages, dendritic cells, CD4+, CD8+, and B lymphocytes (Burrack et al., 
2017). This results in an uncontrolled autoimmune response causing insulitis with 
activated CD8+ cytotoxic T lymphocytes, which are usually detected in infiltrates 
of pancreatic islets (Burrack et al., 2017). At the time of clinical diagnosis of type 
1 diabetes, 20% of the β-cell mass is usually found.  

Finland has the world highest incidence of type 1 diabetes (Tuomilehto, 2013). 
It has been shown that particular environmental exposure can trigger the 
autoimmunity of type 1 diabetes in individuals who are genetically susceptible to 
the disease. Several studies proposed a strong association between the incidence of 
type 1 diabetes and certain types of environmental elements, but the causality 
remains uncertain (Rewers & Ludvigsson, 2016). For example, dietary habits, 
vitamin D deficiency, and viral exposure are associated with the incidence of type 
1 diabetes (Knip et al., 2010; Rewers & Ludvigsson, 2016). Moreover, inadequate 
vitamin D has been strongly associated with both type 1 and type 2 diabetes and 
autoimmune diseases (Baeke et al., 2010; D. D. Bikle, 2011; Hyppönen, 2010). It 
is also supported by several epidemiological studies that associated living at a high 
latitude with decreased sun exposure and a higher incidence of type 1 diabetes 
(Baggerly et al., 2015; Bikle DD, 2011; Staples, Ponsonby, Lim, & McMichael, 
2003). In fact, vitamin D levels were shown to be lower in newly diagnosed type 1 
diabetic patients compared to matched healthy controls (Munger et al., 2013). 

Polymorphism in the vitamin D system-related genes are associated with 
type 1 diabetes 

Vitamin D system-related genes have been associated with several diseases (Penna-
Martinez & Badenhoop, 2017). For example, polymorphism of the CYP27B1 gene 
has been associated with type 1 diabetes and other autoimmune diseases (Fichna et 
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al., 2010; Lopez et al., 2004; Shahijanian et al., 2014). Additionally, the variant C 
(-1260) of the CYP27B1 gene promoter has been frequently detected in children 
with type 1 diabetes, and it was also found more frequently in patients with 
autoimmune endocrinopathies (Lopez et al., 2004). Furthermore, polymorphisms 
in the VDR gene have been associated with bone mineral density and autoimmunity 
disorders, for instance, type 1 diabetes (McDermott et al., 1997; Mukhtar, Batool, 
Wajid, & Qayyum, 2017). Additionally, VDR polymorphisms have been associated 
with type 1 diabetes in several studies in several populations, such as Caucasians 
(Fassbender et al., 2002), Bangladeshi Indians (McDermott et al., 1997), Pakistanis 
(Mukhtar et al., 2017), Japanese (Ban et al., 2001) and in Kuwaiti (Rasoul, Haider, 
Al-Mahdi, Al-Kandari, & Dhaunsi, 2019). However, in other studies, the 
association was not established, such as in the Finnish population and in another 
study of three European countries (Nejentsev et al., 2004; Turpeinen et al., 2003). 
Importantly, a polymorphism in the CYP2R1 gene has been associated with 
susceptibility to type 1 diabetes (Penna-Martinez & Badenhoop, 2017; Ramos-
Lopez, Bruck, Jansen, Herwig, & Badenhoop, 2007).  

Vitamin D modulates the immune cells 

Vitamin D has been shown to affect the innate as well as adaptive immunity, which 
could potentially be used both in the prevention and in treatment of the 
autoimmunity occurring in type 1 diabetes (Badenhoop, Kahles, & Penna-Martinez, 
2012). Interestingly, VDR expression has been detected in almost all cells of the 
immune system, for instance, macrophages, dendritic cells, and activated T cells, 
which support the role of vitamin D in regulating immunity (Bikle DD, 2011; Bruce 
& Cantorna, 2011; Tiosano et al., 2013). Furthermore, some immune cells are able 
to synthesize active vitamin D 1α,25(OH)2D (Hewison, 2010). 

Moreover, vitamin D was shown to act as an immunosuppressive agent in vitro, 
where it can suppress lymphocyte proliferation and cytokine production (Hewison, 
2010; Saggese, Federico, Balestri, & Toniolo, 1989). Therefore, it was logical to 
predict its role in preventing the development of type 1 diabetes, which is known 
to be an autoimmune disease (Bach, 1994).  

Mechanistically, vitamin D has been shown to suppress the production of 
several cytokines, which are crucial for the recruitment and activation of T-cells. 
1α,25(OH)2D inhibits the production of IL-12, which is the major driving cytokine 
toward T helper 1 (Th1) (D'Ambrosio et al., 1998). Indeed, 1α,25(OH)2D 
suppresses the maturation of Th1 by inhibiting the Th1 cytokines such as IL-2 and 
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IFN-gamma and stimulates the Th2 cytokines such as IL-4 (Boonstra et al., 2001; 
Overbergh et al., 2000; Takeuchi et al., 1998). Moreover, it modifies both T-cell 
differentiation and dendritic cell action, as well as cytokine secretion (Mathieu & 
Badenhoop, 2005). In general, vitamin D has been shown to shift the immune 
balance towards anti-inflammatory regulator T-cells. The overall consequence of 
this regulation would be the protection of insulin β-cells from auto-destruction by 
the immune system and thus protect against the development of type 1 diabetes.  

Vitamin D protects against the development of type 1 diabetes in mouse 
models of type 1 diabetes 

Pharmacological treatment with 1α,25(OH)2D was shown to modulate the immune 
system and delay the onset of diabetes in animal models (Nejentsev et al., 2004; 
Zella, McCary, & DeLuca, 2003). Vitamin D deficiency in NOD mice, a model for 
type 1 diabetes, caused oral glucose intolerance and increased the incidence of 
developing diabetes (Giulietti et al., 2004). Interestingly, treatment with 
1α,25(OH)2D reduces the incidence of both insulitis and diabetes in NOD mice 
(Mathieu et al., 1992; Mathieu, Waer, Laureys, Rutgeerts, & Bouillon, 1994). 
Indeed, 1α,25(OH)2D, or its analogs can achieve disease prevention when 
combined with a short course of an anti-T-cell immunosuppressant (e.g., 
cyclosporine A) (Casteels et al., 1998). Generally, it appeared that the maximum 
protection with 1α,25(OH)2D can be achieved before the onset of the disease, which 
means before the autoimmune destruction is initiated.  

Moreover, treatment with 1α-OH-D, the precursor for 1α,25(OH)2D, has been 
shown to partially protect against the development of type 1 diabetes induced by 
streptozotocin in mice (Inaba et al., 1992). In another study, treatment of NOD mice 
with 1α,25(OH)2D protected the mice against the development of diabetes through 
inhibition of IL-12, blocking of pancreatic infiltration of Th1 cells, and enhancing 
the regulatory CD4+CD8+ cells (Gregori, Giarratana, Smiroldo, Uskokovic, & 
Adorini, 2002). Furthermore, vitamin D also has anti-apoptotic effects on β-cells 
(Gysemans et al., 2005; Riachy et al., 2001; Takeda et al., 2012).  

A very recent study demonstrated that Vdr expression in the islet of Langerhans 
is modulated by glucose (Morró et al., 2020). Additionally, the Vdr expression was 
decreased in the islets isolated from both type 1 and type 2 diabetic mice (Morró et 
al., 2020). Remarkably, transgenic mice overexpressing Vdr were protected against 
the development of streptozotocin-induced type 1 diabetes (Morró et al., 2020). 
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Altogether, these data suggest that vitamin D might be a vital factor protecting 
against type 1 diabetes. 

Vitamin D may protect against the development of type 1 diabetes in 
human 

In humans, vitamin D supplementation during childhood may protect against type 
1 diabetes in later life (EURODIAB Substudy 2 Study Group, 1999). In the Finnish 
birth cohort, it has been shown that the dietary vitamin D intake in children was 
associated with reduced risk of type 1 diabetes (Hyppönen, Läärä, Reunanen, 
Järvelin, & Virtanen, 2001). Additionally, children with suspected rickets had a 
higher risk of developing type 1 diabetes (Hyppönen et al., 2001).  

In another study, the combination of vitamin D with metformin and sitagliptin 
improved the prognosis of a LADA (latent autoimmune diabetes in adults) patient 
with improved glycemic markers such as glucose levels and HbA1c (Rapti et al., 
2016). The patient was able to maintain a very good blood glucose profile for two 
years (Rapti et al., 2016). Additionally, it has also been shown that the combination 
of 1-α-hydroxyvitamin D with insulin therapy helps in the preservation of the β-
cell mass in a patient with LADA (Li X et al., 2009). In a recent clinical trial with 
two patients with type 1 diabetes, the combination of vitamin D supplementation 
and sitagliptin achieved a clinical remission for 4 years (Pinheiro, Pinheiro, & 
Torres, 2016; Pinheiro, Pinheiro, & Trabachin, 2018). 

Altogether, vitamin D might be a promising factor modifying the risk for 
developing type 1 diabetes; however, further studies are needed to reveal the 
causality between lower vitamin D and the development of the disease. 

2.4.2 Vitamin D and type 2 diabetes  

Type 2 diabetes is a very heterogeneous and complex disease and is now one of the 
most epidemic diseases in the world. Type 2 diabetes is characterized by three main 
features that worsen the disease: 1) insulin resistance, which means the failure of 
the body to respond to insulin, 2) failure to produce insulin in response to glucose 
stimulus, 3) an increase in glucose synthesis, i.e., gluconeogenesis and secretion by 
the liver. Insulin resistance is considered the main driver for the disease, and it 
usually precedes the onset of the disease, a condition known as the prediabetic state. 
Interestingly, vitamin D has been shown to modify the major contributors to the 
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pathogenesis of type 2 diabetes, i.e., insulin resistance, systemic inflammation, and 
impaired pancreatic β-cell function (Matfin & Pratley, 2010). 

Vitamin D deficiency is associated with the prevalence of type 2 diabetes  

Several epidemiological studies have shown an association between vitamin D 
deficiency and the prevalence of type 2 diabetes; however, the causality has been 
not established (Pittas et al., 2007; SZEP et al., 2011). Curiously, the glycemic 
control in T2DM is worse in the winter, when lower vitamin D is also reported 
(Mitri et al., 2011). Additionally, an inverse association between 25(OH)D and 
glycemic control or type 2 diabetes was reported (Alkhatatbeh & Abdul-Razzak, 
2018; Dalgård, Petersen, Weihe, & Grandjean, 2011; Husemoen et al., 2012). 
However, it was not consistent (Robinson et al., 2011).  

Furthermore, in a large cross-sectional study from the National Health and 
Nutrition Examination Survey (NHANES), an inverse association was reported 
between serum 25(OH)D and the occurrence of diabetes in a dose-dependent 
manner in non-Hispanic whites and Mexican-Americans (Scragg, Sowers, & Bell, 
2004). Additionally, the 25(OH)D levels were correlated with insulin resistance 
(Scragg et al., 2004). Moreover, an inverse association between vitamin D intake 
and serum 25(OH)D, and the prevalence of metabolic syndrome was reported (Lee 
et al., 2019).  

Interestingly, there is some evidence that vitamin D supplementation could 
prevent the onset of diabetes (Li X, Liu, Zheng, Wang, & Zhang, 2018; Sentinelli 
et al., 2016; Sergeev, 2016). For example, people with higher vitamin D 
supplementation had a lower risk for the incidence of diabetes compared to lower 
intake (Pittas et al., 2007; Scragg et al., 2004). In contrast, in a very recent 
randomized, placebo-controlled trial, vitamin D supplementations in people with 
high risk for type 2 diabetes, did not significantly lower the risk of diabetes 
compared to Placebo (Pittas et al., 2019).  

Thus, despite the strong association between low 25(OH)D levels and the 
prevalence of diabetes, the causality appears not to exist. Importantly, the current 
study proposes that vitamin D deficiency associated with diabetes is a consequence 
and not the cause of the disease. 
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Vitamin D deficiency is associated with the prevalence of obesity 

Obesity is pandemic worldwide, with serious health consequences. Obesity is a 
chronic disease that reduces the quality of life and life expectancy (Kitahara et al., 
2014). Several chronic metabolic diseases are also epidemic along with obesity, for 
instance, type 2 diabetes, dyslipidemia, and non-alcoholic fatty liver diseases. In 
general, the excess amount of the adipose tissue adversely affects almost all organs 
throughout the body, such as liver, heart, muscle, and pancreas.  

A strong association between Vitamin D deficiency and obesity has been 
demonstrated in many epidemiological studies (De Souza Silva, Pereira, Saboya 
Sobrinho, & Ramalho, 2016; Harel, Flanagan, Forcier, & Harel, 2011; Kumar, 
Muntner, Kaskel, Hailpern, & Melamed, 2009; Oliveira et al., 2014; Pereira-Santos, 
Costa, Assis, Santos, C. a. S. T., & Santos, 2015; Smotkin-Tangorra et al., 2007; 
Turer, Lin, & Flores, 2013). Moreover, it has been shown that higher BMI might 
lead to lower 25(OH)D in the blood and not vice versa (Vimaleswaran et al., 2013). 
There are several explanations for that. For example, vitamin D is lipophilic and 
can be stored in the large fat depots (Rosenstreich, Rich, & Volwiler, 1971). 
Another explanation is the volumetric dilution because of the large body size in 
obesity (Drincic, Armas, Van Diest, & Heaney, 2012).  

Vitamin D may retard the onset of weight gain by promoting energy 
expenditure through increasing fatty acid oxidation and mitochondrial metabolism 
(Marcotorchino et al., 2014). Interestingly, vitamin D has been shown to modulate 
adipocytes' lipid metabolism and adipogenesis; however, the effect varies between 
species and cell models (Abbas, 2017; Bouillon et al., 2014). Mice with the 
knockout of Cyp27b1 or Vdr are resistant to high-fat diet-induced obesity and 
display a lean phenotype with decreased fat mass (Narvaez, Matthews, Broun, 
Chan, & Welsh, 2009). This is likely because of increasing energy expenditure 
(Bouillon et al., 2014; Narvaez et al., 2009). However, in humans, lower vitamin D 
is associated with obesity. More studies are required to investigate the molecular 
links between energy homeostasis and vitamin D. 

Vitamin D deficiency might lead to insulin resistance  

The early phase of type 2 diabetes begins with insulin resistance, which means that 
the body is not responding to insulin appropriately. In epidemiological studies, 
there was an association between vitamin D and insulin sensitivity. For example, 
in one study, a significant positive association was found between the serum 
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25(OH)D and the insulin sensitivity index for the oral glucose tolerance test (OGTT) 
(Kayaniyil et al., 2011). In addition, there was a significant association between the 
serum 25(OH)D and the homeostasis model assessment for insulin resistance 
(HOMA-IR) (Kayaniyil et al., 2011). In another study, the 25(OH)D was a 
significant and independent predictor of both β-cell function and insulin sensitivity 
(Kayaniyil et al., 2010). Moreover, the VDR polymorphism has been associated 
with insulin resistance (Chiu, Chuang, & Yoon, 2001). On the other hand, some 
studies found no association between vitamin D deficiency and insulin action 
parameters (Gulseth et al., 2010).  

Moreover, both VDR and CYP27B1 are expressed in both adipose tissues and 
skeletal muscles, which play major roles in glucose homeostasis (Nimitphong, 
Holick, Fried, & Lee, 2012; Srikuea, Zhang, Park-Sarge, & Esser, 2012). The 
peripheral insulin resistance mainly affects these two tissues leading to higher 
blood glucose in diabetes (Berridge, 2017). Altogether, this suggests that vitamin 
D might affect the glucose homeostasis through its effect on muscles and adipose 
tissue.  

The molecular link between vitamin D deficiency and insulin resistance is not 
completely clear. However, there are several proposed mechanisms for how vitamin 
D deficiency could cause insulin resistance. For example, vitamin D deficiency 
may result in elevated intracellular calcium levels (Björklund, Lansner, & Grill, 
2000), which leads to the deactivation of the insulin signaling, for example, through 
dephosphorylation of glycogen synthase and Glut4 (Björklund et al., 2000). 
Vitamin D deficiency causes excessive secretion of PTH, which in turn elevates 
intracellular calcium (Khundmiri, Murray, & Lederer, 2016). Moreover, sustained 
high intracellular calcium may lead to deactivation of the insulin target cells (Kang 
et al., 2017). Interestingly, it has been demonstrated that high intracellular calcium 
acts as a negative regulator of insulin signaling through inhibition of insulin-
stimulated AKT phosphorylation (Kang et al., 2017). Furthermore, high 
intracellular calcium enhances the binding of calcium-binding protein, i.e., 
calmodulin, to the insulin receptor substrate 1 (IRS-1) (Li Z, Joyal, & Sacks, 2000). 
This binding interferes with insulin-stimulated tyrosine phosphorylation and PI3-
kinase activation (Barsony & Marx, 1988; Edelman, Thil, Garabédian, 
Anagnostopoulos, & Balsan, 1983). Additionally, high intracellular calcium 
deactivates GLUT4, the major glucose transporter in muscle, and adipose tissue 
(Reusch, Begum, Sussman, & Draznin, 1991; Worrall & Olefsky, 2002).  

Interestingly, in cultured myocytes, vitamin D treatment inhibits the insulin 
resistance caused by free-fatty acids and improves the glucose uptake in a dose-
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dependent matter through reduction of JNK activation (Zhou QG et al., 2008). 
Moreover, it was thought that vitamin D might affect insulin resistance via the 
renin-angiotensin-aldosterone system (Griz, Bandeira, Gabbay, Dib, & Carvalho, 
2014). Angiotensin II might inhibit insulin action in the vascular tissues and 
skeletal muscle and reduce glucose uptake (Sowers, 2004).  

Vitamin D modifies the systemic inflammation 

Inflammation is another main contributor to the pathogenesis of type 2 diabetes 
(Donath & Shoelson, 2011; Rehman & Akash, 2016). Inflammatory factors might 
contribute to insulin resistance or β-cell dysfunction (Donath & Shoelson, 2011; 
Rehman & Akash, 2016). It has been shown that many alterations in several 
inflammatory markers, such as tumor necrosis factor TNF and lymphotoxin A 
(LTA), are associated with the disease (Donath & Shoelson, 2011; Rehman & 
Akash, 2016). Interestingly, adipokines, such as TNF, IL-6, and adiponectin, have 
been proposed to be mediators between obesity and diabetes (Ozfirat & Chowdhury, 
2010; Pearce & Cheetham, 2010). Other inflammatory markers, i.e., IL-6, CRP, and 
PAI-1, have been observed several years before the onset of type 2 diabetes (Donath 
& Shoelson, 2011; Rehman & Akash, 2016). Importantly, vitamin D has been 
reported to modify this systemic inflammation through the reduction of the 
production of several inflammatory markers such as IL-2, IL-6, and IL-12, INFγ, 
TNF, and LTA (Ozfirat & Chowdhury, 2010; Pearce & Cheetham, 2010). Altogether, 
vitamin D might be a promising factor to reduce the systemic inflammation 
preceding the onset of diabetes.  

The role of vitamin D in the regulation of insulin secretion 

There are several observations suggesting that vitamin D might play a role in 
insulin homeostasis, for example, the presence of VDR and 1α-hydroxylase in the 
pancreatic β-cells (Bland et al., 2004; Johnson, Grande, Roche, & Kumar, 1994). 
Moreover, a VDR response element has been found in the promoter of the human 
insulin gene (Maestro, Dávila, Carranza, & Calle, 2003). Interestingly, 
1α,25(OH)2D has been shown to directly stimulate the transcription of the human 
insulin gene receptor (Maestro, Molero, Bajo, Dávila, & Calle, 2002).  

In vitamin D deficient animals, insulin secretion is reduced and can be 
normalized by vitamin D supplementation (Norman, Frankel, Heldt, & Grodsky, 
1980; Nyomba et al., 1986). A Vdr mutation in mice disrupted vitamin D signaling 
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and impaired insulin secretion accompanied by glucose intolerance (Zeitz et al., 
2003). This phenomenon was explained by a reduction in the insulin gene 
expression and impaired insulin secretion (Zeitz et al., 2003). Furthermore, 
1α,25(OH)2D has been shown to increase insulin synthesis in rat pancreatic islet 
cells (Bischoff et al., 2001). Of note, the mouse genetic background has been shown 
to be crucial, since Vdr-/- in a different background showed normal insulin 
homeostasis (Mathieu et al., 2001). Vitamin D may enhance insulin secretion and 
sensitivity through its effect on intracellular calcium (Alvarez & Ashraf, 2010). 
However, the mechanism is poorly understood and requires further investigation.  

2.5 Liver as a key player in the body’s energy metabolism  

The liver is a central player in regulating the body’s energy homeostasis (Chiang, 
2014). The liver acts as a metabolic hub to connect several tissues, including 
adipose and skeletal tissues.  

Postprandial, digested food in the form of glucose, fatty acids, and amino acids 
are absorbed in the gastrointestinal tract (GI) and transported in the blood stream 
to the liver through the hepatic portal vein. Glucose is either further metabolized to 
produce energy, or polymerized in the form of glycogen, and/or converted into 
amino acids and fatty acids in the liver. Fatty acids are usually stored in the form 
of triacylglyceride (TAG) after esterification with glycerol-3-phosphate. In turn, 
TAG is secreted into the circulation in the form of very-low-density lipoprotein 
(VLDL). Amino acids are usually used to synthesize new proteins. Additionally, 
amino acids can be further metabolized to produce energy or used to synthesize 
other biomolecules such as glucose.  

On the other hand, during fasting, the balance is shifted toward catabolic 
reactions to sustain the energy supply to the liver and other organs. The liver is a 
major supplier of energy fuel in the form of glucose and TAG, which are secreted 
into the blood and go to the brain, skeletal muscles, and other organs. Adipose tissue 
also plays a key role during fasting by releasing non-esterified fatty acids (NEFAS) 
and glycerol via lipolysis. Moreover, muscles degrade the glycogen and protein and 
release alanine and lactate, which are transported to the liver to be further converted 
into glucose via the gluconeogenesis pathway. Additionally, liver also metabolizes 
the NEFAs and generates ketone bodies, which are then released to the circulation 
and used as energy fuel during starvation periods (Chiang, 2014). 

The energy metabolism in the liver is tightly controlled by multiple hormonal, 
nutritional, energy, and neuronal signals (Chiang, 2014). Dysregulation of the 



 

47 

hepatic energy metabolism is involved in the development of several pathologies 
such as non-alcoholic liver diseases and type 2 diabetes. There are several factors 
in the liver that sense the nutritional status and energy homeostasis and 
subsequently regulate critical cell functions. Among these factors, the peroxisome 
proliferator-activated receptor-gamma (PPARγ) coactivator 1 alpha (PGC-1α) and 
the glucocorticoid receptor (GR) play a key role.  

2.5.1 PGC-1α as a key energy sensor in the liver 

PGC-1α is a transcriptional coactivator and a member of the PGC-1 coactivator 
family (Puigserver et al., 1998). PGC-1α is a crucial player in regulating cellular 
energy metabolism, including the metabolism of carbohydrates, fatty acids, and 
oxidative metabolism in various cell types. PGC-1α was originally discovered as a 
coactivator of PPARγ, which regulates the thermogenesis in brown adipose tissue 
(BAT) (Puigserver et al., 1998). It is highly expressed in the high-energy tissues 
such as muscles, brown adipose tissue, and heart (Esterbauer, Oberkofler, Krempler, 
& Patsch, 1999). Furthermore, PGC-1α has been shown to be a master regulator of 
mitochondrial biogenesis, respiration, and reactive oxygen species (ROS) 
compensation mechanisms (Liu & Lin, 2011).  

PGC-1α does not possess the ability to bind directly to DNA; instead, it 
activates nuclear receptors and other transcription factors, which in turn can bind 
with the promoter sequences of the target genes (Fig. 7). There are several nuclear 
receptors which can be activated by PGC-1α, for example, the hepatocyte nuclear 
factor 4α (HNF-4 α) (Yoon et al., 2001), estrogen-related receptor alpha (ERRα), 
PPARγ (Puigserver et al., 1998), liver X receptor (LXR) (Oberkofler, Schraml, 
Krempler, & Patsch, 2003), and PXR (Bhalla, Ozalp, Fang, Xiang, & Kemper, 
2004). 

Under normal circumstances, PGC-1α expression in the liver may be low to 
moderate (Puigserver et al., 1998). However, during fasting and uncontrolled 
diabetes, PGC-1α is highly induced in the liver (Yoon et al., 2001). PGC-1α is a 
crucial player in the regulation of glucose homeostasis in the liver. PGC-1α can 
activate the glucose synthesis pathway, i.e., hepatic gluconeogenesis, by inducing 
the expression of the rate-limiting enzymes, i.e., phosphoenolpyruvate 
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) (Yoon et al., 2001). 

The dysregulation, genetic mutations, and polymorphisms of PGC-1α have 
been associated with the onset of glucose impairment and type 2 diabetes (Ek et al., 
2001; Hara et al., 2002; Oberkofler et al., 2003). Moreover, there is a considerable 
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amount of data suggesting the involvement of PGC-1α in the pathology of the 
disease. In the whole body Pgc-1α knockout in mouse, the isolated primary 
hepatocytes did not respond to the hormonal stimulation of gluconeogenesis, as 
expected. Indeed, the expression of the two limiting enzymes, i.e., Pepck and 
G6pase, were significantly lower than in wild type hepatocytes. Furthermore, the 
liver-specific Pgc-1α knockout mouse model repressed the constitutive activity of 
the gluconeogenic genes in response to fasting, which clearly established the key 
role of PGC-1α in regulating hepatic glucose synthesis (Handschin et al., 2005). 

ERRα belongs to the orphan family of the ERR family (Xia, Dufour, & Giguère, 
2019). ERRs are key players in energy homeostasis (Xia et al., 2019). The ERRs 
regulate gene expression through binding to a specific DNA sequence, i.e., 
TCAAGGTCA in promoters of target genes (Sladek, Bader, & Giguère, 1997). To 
date, no natural ligand has been identified to activate ERRα. It has been shown that 
the activity of those nuclear receptors depends on the interaction with other 
cofactors (Xia et al., 2019). PGC-1α is known to be a crucial coactivator for ERRα 
(Gaillard et al., 2006; Schreiber et al., 2004).  

Like PGC-1α, ERRα is ubiquitously expressed in metabolically active tissues, 
for example, heart, liver, kidney, and brown adipose tissue. The PGC-1α-ERRα 
pathway regulates the expression of genes involved in mitochondrial biogenesis, 
fatty acid oxidation, TCA cycle, and oxidative phosphorylation (Fig. 7) (Gaillard 
et al., 2006; Schreiber et al., 2004).  
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Fig. 7. ERRα, through interaction with transcriptional coactivator PGC-1α, regulates 
several pathways in the liver. Part of the Fig. was drawn with the help of Servier Medical 
Art (www.servier.com).  

2.5.2 GR pathway in the regulation of hepatic energy metabolism. 

GR is a nuclear receptor regulating diverse biological actions through activation by 
cortisol (Oakley & Cidlowski, 2013). Glucocorticoids are steroid hormones 
secreted from the adrenal gland to maintain basal and stress-related homeostasis 
(Gensler, 2013). Indeed, they have a profound effect on many physiological 
functions (Oakley & Cidlowski, 2013). Pharmacological doses of glucocorticoids 
are usually used as a potent immunosuppressant for treating several diseases, 
including inflammatory, autoimmune, and lympho-proliferative diseases (Oakley 
& Cidlowski, 2013).  

It is estimated that about 3-10% of the human genome is regulated directly or 
indirectly by GR, which is ubiquitously expressed in most if not all tissues and 
organs (Kino, 2000). The unliganded GR is predominantly located in the cytoplasm 
in a large multiprotein complex. Upon activation by binding by glucocorticoids, the 
GR shuttles into the nucleus and regulates the expression of target genes by binding 
to the glucocorticoid response elements (GRE), which are composed of inverted 
hexameric palindromes separated by three nucleotide pairs 
(PuGNACANNNTGTNCPy) (Kino, 2000).  
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GR in the liver has a crucial role in regulating glycogen metabolism and 
gluconeogenesis (Whirledge & DeFranco, 2017). Liver-specific Gr KO in mice 
caused a dramatic reduction in body size (Tronche et al., 2004). Moreover, mice 
with liver-specific Gr KO showed normal glucose levels under normal conditions; 
however, they developed severe hypoglycemia upon prolonged fasting (Opherk et 
al., 2004). In another model of liver-specific Gr KO, mice showed increased insulin 
sensitivity and a reduced capacity for glycogen storage compared to the wildtype 
controls (Bose, Hutson, & Harris, 2016). Additionally, the GR in the liver was 
shown to be necessary for hepatocyte proliferation during hepatic regeneration 
(Shteyer, Liao, Muglia, Hruz, & Rudnick, 2004). 
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3 Aims of the present study 
The major objective of the study was to uncover the cross-talk between the 
metabolic state and vitamin D metabolism. Vitamin D deficiency has been 
consistently identified in diabetic patients at the time of diagnosis; however, the 
molecular mechanism(s) behind this is still unknown. Thus, it is utterly vital to 
uncover the molecular mechanism(s) behind the vitamin D deficiency in diabetics. 
Indeed, maintaining a healthy level of vitamin D is considered to be a vital factor 
in attenuating the disease and improving the quality of life of diabetic patients. 
Furthermore, this could help to develop novel therapies that could be used to 
maintain a healthy level of vitamin D and improve the treatment of diabetes.  

The broad hypothesis of this thesis is that the metabolic state regulates vitamin 
D bioactivation and, consequently, the vitamin D status in the blood.  

Specifically, the aims of the study were 

1. To study how the metabolic state in the case of fasting, type 1 diabetes, obesity, 
and type 2 diabetes affects the expression of Cyp2r1 and vitamin D 
bioactivation in the liver.  

2. To study how human obesity and weight loss affect vitamin D metabolism in 
the white adipose tissue (WAT).  

3. To elucidate the molecular mechanism involved in the fasting and diabetes 
mediated repression of Cyp2r1 in the liver and extrahepatic tissue, i.e., kidney.  

4. To elucidate the molecular mechanism involved in the fasting mediated 
induction of Cyp24a1 in the kidney.  
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4 Materials and Methods 

4.1 Sketch of the study design 

Fig. 8. Part 1 of the study. To investigate the effect of the metabolic state on vitamin D 
metabolism, rodent (mice and rats) model of fasting, mouse models of type 1, obesity, 
and type 2 diabetes were utilized. Furthermore, to study the effect of human obesity, 
adipose tissue samples were taken from female obese subjects before and after the 
gastric bypass surgery. 
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Fig. 9. Part 2 of the study. To investigate molecular mechanisms involved in the 
regulation of vitamin D metabolism, in vivo mouse models and in vitro cellular 
experiments were utilized. 

4.2 Reagents and materials 

Chemicals: All chemicals were purchased from Sigma-Aldrich.  
Animal diets: Regular chow and High-fat diet (Envigo TD.06414, 60% of 

calories from fat) were purchased from Envigo Teklad Diets, USA.  
Cell culture work: Dulbecco´s modified Eagle medium (DMEM), Penicillin-

streptomycin antibiotics, fetal bovine serum (FBS), Trypsin, phosphate-buffered 
saline (PBS), and cell culture plates were purchased from Gibco, Life technologies. 
For the mouse primary hepatocytes, William´s E medium was purchased from 
Sigma-Aldrich. FuGENE® HD Transfection Reagent (E2311) and Dual-Glo(R) 
Luciferase Assay System (E2940) were purchased from Promega (Madison, WI, 
USA).  

qPCR: All qPCR primers were purchased from Sigma-Aldrich. Taqman gene 
expression assays were purchased from Applied Biosystems, Life Technologies 
(Carlsbad, CA, USA).  
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Western blot: Antibodies: Rabbit polyclonal CYP2R1 antibody (#T2849) was 
purchased from Epitomics (Burlingame, CA, USA). Rabbit polyclonal CYP2R1 
antibody (Center, SAB1300955), and mouse monoclonal β-actin antibody (A1978) 
were purchased from Sigma-Aldrich. Rabbit polyclonal CYP24A1 antibody (H-87, 
sc-66851), and Goat anti-rabbit IgG-HRP were purchased from Santa-Cruz 
Biotechnology (Santa Cruz, CA, USA). Anti-mouse IgG-HRP was purchased from 
GE Healthcare (Little Chalfont, UK). Amersham ECL Prime Blocking Reagent 
(RPN418) and Amersham ECL start Western Blotting Detection Reagent were 
purchased from GE Healthcare, UK.  

Further detailed information about all chemicals and reagents used throughout 
the study can be found in the original publications. 

4.3 Animal experiments 

All the animal experiments were approved by the national or local animal welfare 
agencies. Throughout the study, C57BL/6 mice were used, except the 12 and 24 h 
experiments in the original publication (I) were conducted using DBA/2 male mice. 
Sprague-Dawley rats aged 8-12 weeks were either fed or fasted for 24 h (I); 
wildtype male mice or PGC-1α KO mice aged 3-4 months were used in the fasting 
experiment. All mice were male in the publication (I), while in the publication (II), 
male and female mice were used. For all animal studies done at the University of 
Oulu, animals were obtained from the Laboratory Animal Center (KEKS), 
University of Oulu, Oulu, Finland. 

4.4 Human study  

Samples from the subcutaneous adipose tissue were taken from four morbidly 
obese female patients who underwent the Roux-en-Y gastric bypass (RYGB) 
surgery. The samples were collected before and 11-19 months after the surgery and 
analyzed after obtaining informed consent from all the patients. The study was 
approved by the Ethics Committee of the Northern Ostrobothnia District (decision 
number 265/2016). 
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4.5 Cell cultures  

4.5.1 Mouse primary hepatocytes 

Mouse primary hepatocytes were prepared by a two-step collagenase liver 
perfusion protocol as described previously (Salonpää et al., 1994). Briefly, after 
perfusion, the cells were filtered and centrifuged at 400 rpm for 4 minutes, after 
which the cells were counted using a hemocytometer and cultured in William`s E 
medium containing (10% FBS, 1% penicillin-streptomycin antibiotics, 2 g/L D-
glucose and ITS (insulin 5 mg/L, transferrin 5 mg/L, sodium selenite 5 µg/L). In 
the experiments, cells were usually cultured into 6-well plates in the same medium 
but serum-free.  

4.5.2 Continuous cell lines 

HepG2 cells were obtained from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were cultured in DMEM medium (4.5 g/L glucose) 
containing 10% FBS and 1% penicillin-streptomycin. The QBI-239A (derivative 
of HEK-239A) cells were used for viral amplification and were obtained from 
Qbiogene Inc. (Carlsbad, CA, USA). 

4.6 Adenoviral treatment  

PGC-1α wildtype and mutant viruses, i.e., PGC-1α-2X9-Ad and PGC-1α-L2L3-
Ad, were prepared in our lab as described (Arpiainen et al., 2008). All adenoviruses 
were amplified in QBI-239A cells (Q-Biogen). The cells were collected by 
centrifugation, usually 48 h after infection. The viral particles were then released 
from cells by thawing and freezing cycles (3X). The viral particles were then 
purified by density gradient ultracentrifugation using iodixanol (Optiprep, Axis-
Shield PoC AS, Oslo, Norway). All other adenoviruses for overexpression or 
knockdown genes of interest were purchased from Vector Biolabs, Malvern, PA, 
USA. 
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4.7 Analysis of gene expression 

4.7.1 mRNA analysis 

Total RNAs were extracted with the cesium chloride (CsCl) centrifugation method 
(Chirgwin, Przybyla, MacDonald, & Rutter, 1979) or TRI Reagent or RNAzol 
reagent (Sigma-Aldrich) according to the manufacturer’s protocol. One µg of RNA 
was reverse transcribed to produce cDNA using p(dN)6 random primers (Roche 
Diagnostics, Mannheim, Germany) and M-MLV reverse transcriptase (Promega, 
Madison, WI, USA) or RevertAid reverse transcriptase (Thermo Fisher Scientific, 
Waltham, MA, USA).  

Gene expression was quantified by real time-quantitative PCR by using either 
SYBR Green chemistry or TaqMan chemistry (Applied Biosystems, Foster City, 
CA). The sequences for the primers and TaqMan probe sets used can be found in 
Table 3. The qPCR reactions were performed on an ABI7300 or QuantStudio qPCR 
system from Thermo Fisher Scientific. The resulting fluorescence values of the 
qPCR products were corrected by the fluorescence signals of the passive reference 
dye (ROX). The expression levels of genes of interest were normalized against 18S, 
GAPDH, or TBP control levels using the comparative CT (ΔΔCT) method. 

Table 3. Sequences of the qPCR primers 

Gene Forward (5’-3’) Reverse (5’- 3’) 
Pgc-1α GCAGGTCGAACGAAACTGAC CTCAGCCTGGGAACACGTTA 
 TCCTCCTCATAAAGCCAACC GCCTTGGGTACCAGAACACT 
 AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG 
Errα ATCTGCTGGTGGTTGAACCTG AGAAGCCTGGGATGCTCTTG 
Atp5b GGTTCATCCTGCCAGAGACTA AATCCCTCATCGAACTGGACG 
Cycs CCAAATCTCCACGGTCTGTTC ATCAGGGTATCCTCTCCCCAG 
Cyp2r1 AAACTACAACCAATGTGCTCCG CTTCCCAAGAAGGCCTCCTGT 

Pgc-1β CTCCAGGCAGGTTCAACCC GGGCCAGAAGTTCCCTTAGG 

Gr (Nr3c1) AGCTCCCCCTGGTAGAGAC GGTGAAGACGCAGAAACCTTG 

Tat TGCTGGATGTTCGCGTCAATA CGGCTTCACCTTCATGTTGTC 

Nr1d1 TCCCCAAGAGAGAGAAGCAA CTGAGAGAAGCCCACCAAAG 
Cyp27b1 TCCTGGCTGAACTCTTCTGC GGCAACGTAAACTGTGCGAA 

Cyp24a1 CTGCCCCATTGACAAAAGGC CTCACCGTCGGTCATCAGC 
Vdr GAATGTGCCTCGGATCTGTGG GGTCATAGCGTTGAAGTGGAA 
Pparγ CTCCAAGAATACCAAAGTGCGA CCTGATGCTTTATCCCCACA 
Acaca CTTCCTGACAAACGAGTCTGG CTGCCGAAACATCTCTGGGA 
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Gene Forward (5’-3’) Reverse (5’- 3’) 
Ucp1 CCATCTGCATGGGATCA GTCGTCCCTTTCCAAAGTG 
Ucp2 ATGGTTGGTTTCAAGGCCACA CGGTATCCAGAGGGAAAGTGAT 
Vdbp CCTGCTGGCCTTAGCCTTT TGCTCAAATGTGCTACTGGAAA 
Pepck GGTGTTTACTGGGAAGGCATC CAATAATGGGGCACTGGCTG 
18S rRNA CGCCGCTAGAGGTGAAATTC CCAGTCGGCATCGTTTATGG 
Tbp GAATATAATCCCAAGCGATTTG CACACCATTTTTCCAGAACTG 
Gapdh GGTCATCATCTCCGCCCC TTCTCGTGGTTCACACCCATC 
CYP2R1 GCCTCAGCTACCTCAGCATTT CCATGAAAAGAATCGCCCACC 
CYP27B1 TCCATCCTGGGAAATGTGACA ACAGGGTACAGTCTTAGCACTT 
CYP24A1 GATTTTCCGCATGAAGTTGGGT CCTTCCACGGTTTGATCTCCA 
VDR CCTTCAGGGATGGAGGCAAT GCAGCCTTCACAGGTCATAGC 
PPARG CCACTATGGAGTTCATGCTTGTG

AAGG 
TGCAGCGGGGTGATGTGTTTGAA
CTTG 

ACACA AGTGGGTCACCCCATTGTT TTCTAACAGGAGCTGGAGCC 
UCP1 AGGATCGGCCTCTACGACAC GCCCAATGAATACTGCCACTC 
UCP2 CCCCGAAGCCTCTACAATGG CTGAGCTTGGAATCGGACCTT 
GAPDH GAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 
TBP CCCGAAACGCCGAATATAAT ATCAGTGCCGTGGTTCGT 

4.7.2 Protein analysis 

The Western blot technique was used throughout the study to quantify the levels of 
the proteins of interest. For the CYP2R1 western blots, the microsomal fraction 
from liver or kidney tissues were extracted by differential centrifugation (Raunio 
et al., 1990). For CYP24A1 Western blots, total proteins were extracted from 
kidneys as described previously (Lämsä et al., 2010). 

After protein extraction, the concentrations were measured using the Bradford 
reagent (Bio-Rad, Hercules, CA, USA). The protein samples (10 – 50 µg) were 
subjected to SDS-PAGE electrophoresis (10-12%), after which the protein was 
transferred to either polyvinylidene fluoride (PVDF) or nitrocellulose using a semi-
dry device (Bio-Rad). The membranes were blocked using 5% skimmed milk or 
Amersham ECL Prime Blocking Reagent in Tris-buffered saline. Membranes were 
then treated with the antibodies against the protein of interest (primary antibodies) 
usually overnight, followed by the HRP-conjugated secondary antibody incubation 
for 1 h. The membranes were then treated with the chemiluminescent reagent, and 
bands were visualized using Odyssey Fc (LI-COR Biosciences GmbH, Germany) 
and quantified by Image Studio software (LI-COR Biosciences GmbH, Germany). 
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The quantity of the protein of interest was normalized against β-actin protein 
intensity.  

4.8 The microsomal vitamin D 25-hydroxylase activity 
measurements 

The microsomal fraction from the mouse liver tissue was prepared as described 
above. 0.5 mg/ml microsomes were incubated with 2 µM vitamin D3, followed by 
induction of the reaction by adding 0.5 mM NADPH and incubation with shaking 
for 40 minutes at 37 ℃. To stop the reaction, ice-cold acetonitrile was added (1:1 
ratio). The produced 25(OH)D was quantified using reverse-phase liquid 
chromatography (Waters Acquity UPLC instrument, Milford, MA, USA) combined 
with mass spectrometric detection (Waters XEVO T-QS triple quadrupole mass 
spectrometer, Milford MA, USA). 

4.9 Measurement of the plasma levels of the 25-hydroxyvitamin D 

25(OH)D in the mouse EDTA-plasma was measured using a Vitamin Ds EIA kit 
(Immunodiagnostic system, Tyne & Wear, UK) either by the ValiFinn company 
(Oulu, Finland) (I) or by us (II) according to the manufacturer’s protocol. 

4.10 Bioinformatic analysis  

4 kb upstream from the transcriptional start site of the mouse Cyp2r1 gene were 
scanned for ERRα binding sites using MatInspector software, Genomatix. 
According to the analysis, one potential ERRα binding site was identified in the 
proximal part. The published chromatin immunoprecipitation sequencing (ChIP-
seq) were retrieved and analyzed by using the Cistrome database and visualized 
using the University of California, Santa Cruz (UCSC) genome browser. 

4.11 Statistical analysis 

The statistical data analysis was performed using GraphPad Prism software (La 
Jolla, CA, USA). The comparison of means of two groups was performed using the 
Student’s two-tailed t-test, whereas multiple groups were compared by one-way 
ANOVA followed by Tukey’s post hoc test. The paired t-test was used to compare 
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CYP2R1 expression before and after gastric bypass surgery. Differences were 
considered significant at P < 0.05.  
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5 Results and Discussion 
In this chapter, the key findings are presented, and the full results are presented and 
discussed in the original publications. Furthermore, some additional unpublished 
data are presented. 

5.1 Vitamin D metabolism is under strict control by the metabolic 
state in mice and human 

There are several observations supporting cross-talk between energy metabolism 
and vitamin D metabolism. For example, vitamin D deficiency, namely lower 
25(OH)D, is consistently associated with the prevalence of diabetes; however, a 
causal link is still uncertain (Pittas et al., 2007; Scragg et al., 2004). Moreover, low 
25(OH)D is consistently observed in obese subjects in epidemiological studies 
(Censani et al., 2013; Samuel & Borrell, 2014; Stein et al., 2009).  

Therefore, in the present study, we aimed to study how the metabolic state 
affects vitamin D metabolism by utilizing mouse models of fasting, type 1 diabetes, 
obesity, and type 2 diabetes. To extend our study to humans, we also studied how 
obesity and weight loss induced by gastric bypass surgery affect the vitamin D 
metabolism in adipose tissue samples taken before and after the surgery. Herein are 
the main results. 

5.1.1 Fasting represses the vitamin D bioactivation in the liver and 
induces the catabolism in the kidney (I) 

We observed that Cyp2r1 was repressed significantly at mRNA and protein levels 
in the liver during fasting (I, Fig. 1A, C). Consistent with the mRNA and protein 
levels, fasting significantly reduces the liver microsomal vitamin D 25-hydroxylase 
activity (I, Fig. 1D). Interestingly, refeeding of the mice after 24 h fasting with high 
sucrose (60% calories) for 16 h normalized the Cyp2r1 expression in the liver (Fig. 
10). Altogether, this indicates that the Cyp2r1 expression in the liver is sensitive to 
the nutritional status. 

Although it was clear that fasting suppresses the vitamin D bioactivation at all 
levels, namely mRNA, protein, and functional levels, fasting did not affect the 
plasma 25(OH)D levels (I, Supplementary Fig. 1B). This is likely because of the 
long half-life of the 25(OH)D, about 2 weeks (Jones KS et al., 2014). Therefore, 
short term fasting is unlikely to have a systemic effect on vitamin D levels. Similar 
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to mice, fasting repressed the Cyp2r1 in the liver of rats compared to fed controls 
(I, Fig. 1E). 

Fig. 10. Refeeding the mice after 24 h fasting normalizes the Cyp2r1 expression in the 
liver. Fasting and refeeding experiments have been described in (Chambers et al., 2012). 
n= 4 mice/group. The box-and-whisker plots indicate the minimum, the 25th percentile, 
the median, the 75th percentile, and the maximum. In addition, the mean is indicated 
with +. Data were analyzed with the Student t-test. The Cyp2r1 mRNA was normalized 
against the reference 18S rRNA. 

On the other hand, we observed induction of Cyp24a1, the leading vitamin D 
catabolic enzyme, in the kidney during fasting (I, Fig. 5A). This agreed with a 
previous report (Hagenfeldt-Pernow, Ohyama, Sudjana-Sugiaman, Okuda, & 
Björkhem, 1994). CYP24A1 inactivates both 25(OH)D and 1α,25(OH)2D. 
Therefore, the induction of Cyp24a1 would limit the amount of both 25(OH)D and 
1α,25(OH)2D, and, consequently, limit the activation of the vitamin D receptor 
(Christakos et al., 2016).  

Altogether, these data showed that Cyp2r1 expression and vitamin D 
bioactivation in the liver and Cyp24a1 expression and vitamin D catabolism are 
under strict control by the nutritional and metabolic status. Furthermore, repression 
of Cyp2r1 in the liver and induction of Cyp24a1 in the kidney would suppress 
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vitamin D signaling in a synergistic way. The physiological consequence(s) are 
currently unknown and warrant future studies. 

Vitamin D has been shown to be a potential regulator of energy homeostasis 
(Bouillon et al., 2014). Thus, the suppression of vitamin D bioactivation by fasting 
might be a possible adjustment mechanism the animal body uses to prepare for a 
longer starvation-period and could have been of evolutionary benefit during periods 
of prolonged starvation. 

The majority of vitamin D functions are mediated through binding to the 
cognate receptor VDR. Moreover, 25(OH)D, to a lesser extent, can bind and 
activate the VDR in the VDR target tissues. However, the liver is known not to be 
a VDR target tissue. Consistent with this view, VDR was not detected in the mouse 
liver. Thus, the intrahepatic 25(OH)D may have unknown physiological functions 
independent of the classical VDR signaling.  

During the fed period, hepatic 25(OH)D might interact with other nutritional 
and metabolic sensors to adapt the liver physiology. Consistent with this idea, a 
recent study demonstrated that 25(OH)D inhibits the activation of SREBP by 
inhibition of the SREBP partner SCAP (Asano et al., 2017). SREBPs are 
transcription factors that are key regulators of lipid homeostasis by inducing the 
expression of lipogenic genes (Shimano & Sato, 2017). The liver is the major 
expression target of SREBPs, and they are key players during the fed response 
(Shimano & Sato, 2017). In this study, all work was done in the CHO-K1 (Chinese 
hamster ovary) cell line. Therefore, it still needs to be confirmed in hepatocytes and 
in the liver in vivo. Altogether, this suggests that the intrahepatic 25(OH)D might 
regulate lipid homeostasis in the liver. 

5.1.2 Fasting regulates vitamin D metabolism in extrahepatic tissues  

Interestingly, we observed that fasting not only represses Cyp2r1 in the liver but 
also in extrahepatic tissues. Fasting repressed Cyp2r1 in the kidney, visceral-
gonadal-WAT (WATvc), and BAT by 23%, 57%, and 53%, respectively, compared 
to fed control mice (II, Fig. 6A) (Fig. 11A, B). Moreover, fasting had no effect on 
the expression of the sole vitamin D 1α-hydroxylase Cyp27b1 in the kidney (Fig. 
12). Cyp27b1 was not detected in WATvc and BAT.  

To further study the effect of fasting on vitamin D biology, we analyzed the 
effect of fasting on the expression of Vdr in the kidney, WATvc, and BAT. Kidney, 
WAT, and BAT are well-known VDR target tissues, and Vdr was abundant in these 
tissues. Interestingly, fasting significantly and consistently induced Vdr in kidney 
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and BAT up to 1.5-fold, 1.9-fold, respectively (Fig. 13A, B). In the WATvc, the Vdr 
was induced on average up to 1.7-fold but did not reach statistical significance (Fig. 
13C). 

We also investigated the effect of fasting on the Cyp24a1, which is a well-
known VDR target gene. Cyp24a1 mRNA was abundant in the kidney but could 
not be reliably detected in either BAT or WATvc. As mentioned in chapter 5.1.1, 
Cyp24a1 was induced by fasting in the kidney (I, Fig. 5A).  

 

Fig. 11.  Fasting significantly repressed the Cyp2r1 in visceral white and brown adipose 
tissues. n= 8 mice/group. Note, both fed and fasted mice were part of other experiments 
and were injected with vehicle (Corn oil plus DMSO) two times i.p. (12 h interval) before 
starting the fasting period. The box-and-whisker plots indicate the minimum, the 25th 
percentile, the median, the 75th percentile, and the maximum. In addition, the mean is 
indicated with +. All data were analyzed with the two-tailed t-test. The Cyp2r1 mRNA was 
normalized against three references, i.e., 18S rRNA, Tbp, and Gapdh.  

Since fasting represses Cyp2r1 in the kidney, BAT, and WATvc, this could limit the 
local 25(OH)D levels and VDR activity. However, surprisingly, the Vdr was 
induced in the three tissues. Therefore, the interpretation of these results in the 
context of the classical vitamin D system is difficult. It is still possible the VDR 
activity might depend mainly on the systematic supply of 25(OH)D. Moreover, 
25(OH)D may have some unknown local function independent of the classical 
VDR action. Further studies are needed to clarify the physiological functions of 
this phenomenon.  
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5.1.3 Metabolic disturbances, i.e., type 1 diabetes, obesity and type 2 
diabetes repress the Cyp2r1 and vitamin D bioactivation in the 
liver and reduce the plasma 25(OH)D levels (I-II) 

Suppression of vitamin D bioactivation in the liver by fasting activated mechanisms 
has important implications in the context of metabolic diseases in humans. 
Molecular pathways activated physiologically during fasting in the liver are 
abnormally hyperactivated in diabetes (Wu et al., 2016). The classical consequence 
is an increase in glucose synthesis in the liver, namely gluconeogenesis, causing 
fasting hyperglycemia.  

To investigate the effect of diabetes on vitamin D bioactivation in the liver, we 
utilized mouse models of high-fat diet-induced obesity and streptozotocin-induced 
type 1 diabetes. The mouse model of HFD-induced obesity is usually used to study 
the effect of obesity, insulin resistance, and type 2 diabetes. The diet-induced 
obesity model was developed by feeding the mice with the HFD for 16 weeks.  
The mouse model of type 1 diabetes was developed by injecting streptozotocin 
(STZ) intraperitoneally (i.p.) (60 mg/kg) once daily for 5 consecutive days. The 
mice were kept without any further treatment for a total period of 13 weeks. 
Streptozotocin chemically resembles 2-deoxy-D-glucose but with an N-methyl-N-
nitrosourea side-chain group. STZ accumulates preferentially in the β-cells through 
the glucose transporter 2 (GLUT2) and causes β-cell cytotoxicity and finally causes 
severe insulin deficiency and type 1 diabetes (Goyal et al., 2016). The STZ induced 
type 1 diabetes model is the most common model for human type 1 diabetes since 
the pathological alterations observed in STZ-induced diabetes resemble those 
alterations observed in human type 1 diabetes (Goyal et al., 2016). 

The HFD induced obesity reduced the plasma 25(OH)D levels significantly in 
both male and female mice compared to chow controls (I, Fig. 1G) (II, Fig. 3A). 
Consistent with that, Cyp2r1 expression was suppressed significantly at the mRNA 
and protein levels by HFD feeding (I, Fig. 1F) (II, Fig. 3B). This was in agreement 
with recent studies as well (Roizen et al., 2019). Interestingly, the HFD had no 
effect on the expression of Vdbp, which is a crucial determinant of the vitamin D 
levels in the plasma (II, Fig. 3D). Thus, VDBP had no role in the observed reduction 
in the plasma 25(OH)D levels.  

In addition to obesity, type 1 diabetes induced by STZ repressed Cyp2r1 at 
mRNA and protein levels (I, Fig. 1H, I). It was not possible to investigate the effect 
of STZ induced diabetes on plasma 25(OH)D because of the limited amount of 
plasma.  
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Fig. 12. Fasting did not affect the Cyp27b1 expression in the mouse kidney. n= 8 
mice/group. Note, both fed and fasted mice were part of other experiments and were 
injected with vehicle (Corn oil plus DMSO) two times, i.p. (12 h interval) before starting 
the fasting period. Data were analyzed with the Student t-test. The Cyp27b1 mRNA was 
normalized against three references, i.e., 18S rRNA, Tbp, and Gapdh. 

Fig. 13. Fasting induces the expression of Vdr in the kidney, BAT, and WATvc. n= 8 
mice/group. Note, both fed and fasted mice were part of other experiments and were 
injected with vehicle (Corn oil plus DMSO) two times, i.p. (12 h interval) before starting 
the fasting period. All data were analyzed with the two-tailed t-test. The Vdr mRNA was 
normalized against three references, i.e., 18S rRNA, Tbp, and Gapdh. 

As discussed earlier, low 25(OH)D, namely vitamin D deficiency, is quite prevalent 
in type 1, obesity, and type 2 diabetes; however, the molecular explanations are not 
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known. So far, there are several explanations for the observed low plasma 25(OH)D 
in obese subjects. For example, trapping of vitamin D in the large adipose tissue 
because of its hydrophobicity would reduce the available vitamin D for further 
hydroxylation by the liver and the kidney (Wortsman, Matsuoka, Chen, Lu, & 
Holick, 2000). Moreover, volumetric dilution of vitamin D into the large body size 
in obese subjects has been recently proposed to be a key cause of lower plasma 
25(OH)D levels (Drincic et al., 2012). Regarding type 1 diabetes, the causes of 
lower vitamin D levels are not unknown, but they are probably related to genetic, 
dietary, and environmental factors (Knip et al., 2010; Rewers & Ludvigsson, 2016). 

The current study adds a novel cause for the observed low plasma 25(OH)D 
levels by suppression of Cyp2r1 function at the transcriptional level in the liver. 
This might have a practical implication for correcting the poor vitamin D status in 
obese or diabetic patients (Bassatne, Chakhtoura, Saad, & Fuleihan, 2019; 
Quesada-Gomez & Bouillon, 2018). Therefore, our study raises the question about 
the current guidelines for vitamin D supplementation in metabolically ill patients. 
Those patients are likely in need of a higher dose of vitamin D supplementation to 
overcome the suppression of the vitamin D 25-hydroxylation. Furthermore, 
supplementation with 25(OH)D might be a good way to restore vitamin D functions 
in diabetic patients (Quesada-Gomez & Bouillon, 2018). Whether current diabetic 
therapies restore vitamin D bioactivation is another important question that remains 
to be answered. Future studies are required to address these questions. 

5.1.4 Obesity regulates the Cyp2r1 expression in the mouse 
extrahepatic tissues (II) 

CYP2R1 was reported to be the major microsomal vitamin D 25-hydroxylase with 
the highest expression in liver and testis and much lower expression in other tissues 
(Cheng, Motola, Mangelsdorf, & Russell, 2003). In contrast to mouse, in humans, 
the CYP2R1 seems to be rather ubiquitously expressed in most tissues according to 
the human protein atlas (Uhlén et al., 2015) (II, Supplementary Fig. 1). 

According to our digital droplet PCR analysis, we observed that Cyp2r1 is 
broadly expressed and could be detected in all tissues studied (II, Fig. 4). The liver 
has the highest expression of Cyp2r1, and the level was similar in both male and 
female mice (II, Fig. 4). In the male, the testis was the organ with the second-
highest expression level of Cyp2r1 (II, Fig. 4). Interestingly, the kidney was the 
third most highly Cyp2r1 expressing organ in the male mice, and the second in the 
female mice. The Cyp2r1 expression was about 10% of the liver expression level, 
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and the amount of Cyp2r1 mRNA level was comparable in all fat depots studied, 
i.e., subcutaneous (inguinal) and visceral (gonadal) WAT as well as in BAT (II, Fig. 
4). The intestinal tract, i.e., duodenum, ileum, and colon, had the lowest expression 
(II, Fig. 4). 

We then analyzed the effect of obesity on Cyp2r1 expression in extrahepatic 
tissues, i.e., subcutaneous and visceral WAT, BAT, kidney, and the intestinal tract. 

Interestingly, the HFD feeding did not affect Cyp2r1 in the visceral WAT either 
in the male or female mice compared to chow control mice (II, Fig. 5A). This 
contrasts with other studies demonstrating the induction of Cyp2r1 in the visceral 
adipose tissue (Bonnet et al., 2019). On the other hand, Cyp2r1 was induced in the 
subcutaneous WAT of some male mice, but the effect was not significant (II, Fig. 
5B). There was no effect of the HFD on Cyp2r1 in the subcutaneous WAT of female 
mice (II, Fig. 5B). In the BAT, the HFD induced obesity remarkably repressed 
Cyp2r1 in both the male and female mice (II, Fig. 5C). 

In the kidney, the HFD induced obesity significantly repressed Cyp2r1 in both 
the male and female mice (II, Fig. 5E). Consistently, the CYP2R1 protein was 
reduced significantly in the kidney of male mice by HFD feeding (II, Fig. 5E). 
Surprisingly, the CYP2R1 protein was not detected in the female kidney despite 
higher CYP2R1 expression than in male mice. The reason for this is not currently 
clear. 

In the intestinal tract, the HFD induced obesity did not affect Cyp2r1 
expression in the duodenum (II, Fig. 5F), while it repressed CYP2R1 in the colon 
of male and female mice (II, Fig. 5H). In the ileum, the HFD had the opposite effect 
on Cyp2r1 in male and female mice (II, Fig. 5G). 

In testis, the HFD induced obesity modestly but significantly repressed Cyp2r1 
(II, Fig. 5I). In contrast, HFD induced obesity did not affect Cyp2r1 expression in 
the ovary (II, Fig. 5J). 

Altogether, these results indicate that obesity is not just regulating the Cyp2r1 
in the liver, but also the extrahepatic tissues. Moreover, the broad expression of 
Cyp2r1 in the extrahepatic tissues indicates that those tissues have the ability to 
locally convert vitamin D into 25(OH)D, which may contribute to the autocrine and 
paracrine actions (Morris & Anderson, 2010). Interestingly, the vitamin D 1α-
hydroxylase Cyp27b1 was only detected and abundant in the kidney, which 
excludes the possibility of converting the local 25(OH)D into 1α,25(OH)2D in the 
extrarenal tissues. This might also indicate that the local 25(OH)D itself has 
unknown physiological functions independent of 1α,25(OH)2D, which might be 
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related to the regulation of energy homeostasis in those tissues. However, this 
hypothesis warrants further studies. 

5.1.5 Human obesity represses CYP2R1 and vitamin D bioactivation 
in WAT (II) 

Obesity in mice suppressed CYP2R1 and vitamin D 25-hydroxylation in the liver 
and consequently caused lower plasma 25(OH)D. It remains unknown how obesity 
affects CYP2R1 expression in humans. Indeed, it has been shown that higher BMI 
might lead to lower 25(OH)D in the blood and not vice versa (Vimaleswaran et al., 
2013). Interestingly, there is consistent evidence that weight loss induced by diet 
restriction improves the vitamin D concentration (Christensen et al., 2012; Mason 
et al., 2011; Rock et al., 2012; Tzotzas et al., 2010). 

We aimed to study how obesity and weight loss promoted by Roux-en-Y gastric 
bypass (RYGB) surgery affect the expression of genes involved in vitamin D 
metabolism, especially, CYP2R1. To achieve our aim, we utilized subcutaneous 
adipose tissue samples taken from four morbidly obese female subjects before and 
11-19 months after the surgery. 

Interestingly, CYP2R1 was significantly and consistently upregulated in the 
adipose tissue samples taken after the surgery compared to samples taken before 
(II, Fig. 1A). These results indicate that obesity in humans represses the CYP2R1 
expression, and weight loss increases CYP2R1 expression in the adipose tissue.  

We also analyzed the expression of other major genes involved in vitamin D 
metabolism, namely, CYP27B1 and CYP24A1. The vitamin D 1α-hydroxylase 
CYP27B1 was significantly and consistently repressed in the samples after the 
surgery (II, Fig. 1B). In contrast, weight loss did not have any effect on the 
expression of vitamin D catabolic enzyme CYP24A1 (II, Fig. 1C). 

Whether CYP2R1 induction in the adipose tissue could contribute to the plasma 
25(OH)D levels requires further studies.  Analysis of CYP2R1 expression in the 
Human Protein Atlas revealed that CYP2R1 is rather ubiquitous in many human 
tissues (II, Supplementary Fig. 1). In mice, we observed that Cyp2r1 is broadly 
expressed in different tissues; however, the highest expression was detected in the 
liver, testis, and kidney (II, Fig. 4). Therefore, in mice, the repression of CYP2R1 
in the liver by metabolic disturbances would play a significant role in the observed 
reduction of the plasma 25(OH)D levels. However, in humans, it seems that the 
liver CYP2R1 might play a less significant role in the plasma 25(OH)D level, and 
other extrahepatic tissues might also play a role. Consistent with this interpretation, 
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it has been reported that patients with unilateral orchiectomy, due to testicular 
cancer, have lower serum 25(OH)D levels (Foresta et al., 2013). 

In humans, vitamin D is thought not to be evenly distributed between different 
fat depots. For example, vitamin D was recently reported to be accumulated more 
in the omental adipose tissue than subcutaneous abdominal adipose tissue (Carrelli 
et al., 2017). However, quantitively the amount of the subcutaneous adipose depots 
is much more than the visceral adipose tissue (Merlotti, Ceriani, Morabito, & 
Pontiroli, 2017). Thus, the subcutaneous adipose CYP2R1 could be biologically 
relevant. Since the weight loss did not affect the expression of the catabolic enzyme 
CYP24A1, we might exclude the possible degradation of the synthesized 25(OH)D.  

Therefore, we consider that induction of CYP2R1 and repression of CYP27B1 
by weight loss after surgery might direct the vitamin D metabolism toward 
producing more 25(OH)D. However, in our study, it was not possible to determine 
the effect of adipose tissue CYP2R1 on the plasma 25(OH)D levels because 
vitamin D deficiency is quite a common side effect of gastric bypass surgery 
because of the vitamin D malabsorption (Mangan, Le Roux, Miller, & Docherty, 
2019). It is also possible the vitamin D 25-hydroxylation is of importance to the 
adipose tissue itself, as it might have autocrine/paracrine functions. 

To analyze the effect of obesity and weight loss on vitamin D functions, we 
analyzed the expression of VDR in the adipose tissue before and after the surgery. 
The effect of weight loss on VDR expression was not clear. While there was a 
tendency for a decrease in the VDR expression in three patients, the effect did not 
reach statistical significance (II, Fig. 1D). Moreover, we did not observe any effect 
of the weight loss on any of the known VDR target genes in the adipose tissue, such 
as PPARG, acetyl-CoA carboxylase alpha (ACACA) and uncoupling protein (UCP) 
1 and UCP2, (Matthews, D'Angelo, Drelich, & Welsh, 2016; Saini, Zhao, Petit, 
Gori, & Demay, 2017) (II, Supplemental Fig. 2). 

In conclusion, we demonstrated that obesity repressed CYP2R1 in the adipose 
tissue and weight loss after the gastric bypass surgery rescued the CYP2R1 
expression. This might contribute positively to the plasma 25(OH)D levels. 
However, supplementation with a large dose of vitamin D is likely needed to 
overcome vitamin D malabsorption after surgery (Carlin, Rao, Yager, Parikh, & 
Kapke, 2009).  
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5.2 Fasting-activated molecular pathways regulate vitamin D 
metabolism  

5.2.1 PGC-1α-ERRα pathway represses Cyp2r1 expression (I) 

PGC-1α is a key player in regulating cellular energy metabolism, including the 
metabolism of carbohydrates, fatty acids, and oxidative metabolism in the liver. 
Under normal circumstances, PGC-1α expression in the liver is low to moderate 
(Puigserver et al., 1998). However, during fasting and uncontrolled diabetes, PGC-
1α is highly induced in the liver (Yoon et al., 2001). Therefore, we hypothesized 
that PGC-1α could mediate the repression of CYP2R1 by fasting in the liver.  

In agreement with our hypothesis, Cyp2r1 was downregulated by PGC-1α 
overexpression strongly and dose-dependently in mouse primary hepatocytes (I, 
Fig. 2A). In fact, PGC-1α is a transcriptional coactivator and does not possess the 
ability to bind to DNA directly. Instead, PGC-1α must co-activate other nuclear 
receptors and transcription factors. Therefore, to explore the mechanism in more 
detail, we have transduced two PGC-1α mutants, i.e., PGC-1α-2X9 and PGC-1α-
L2L3, into mouse hepatocytes. The PGC-1α-2X9 mutant could activate specific 
nuclear receptors, namely HNF-4α and ERRα only, while the PGC-1α-L2L3 
mutant cannot bind or activate any nuclear receptor (Gaillard et al., 2006). 
Overexpression of PGC-1α-2X9 significantly repressed Cyp2r1, similar to the 
wildtype PGC-1α (I, Fig. 2B). On the other hand, PGC-1α-L2L3 did not affect 
Cyp2r1 and even caused a modest induction (I, Fig. 2B).  

These results indicate that the activation of the nuclear receptor, most probably 
ERRα, by PGC-1α, is crucial for mediating the PGC-1α effect on CYP2R1. 
Supporting this hypothesis, several known ERRα target genes were induced in both 
the PGC-1α wildtype and the PGC-1α-2X9 mutant. Furthermore, the majority of 
the genes induced by PGC-1α-2X9 are ERRα dependent (Gaillard et al., 2006).  

To test the potential role of the ERRα-PGC-1α interaction in the regulation of 
Cyp2r1, we used several approaches. We either knocked down the Errα mRNA by 
shRNA-Ad or inhibited the ERRα protein using the ERRα inverse agonist XCT790 
combined with PGC-1α induction. In either case, abolishing the ERRα effect could 
abolish the repressive effect of PGC-1α induction on Cyp2r1 in mouse hepatocytes 
(I, Fig. 2C, D).  

To verify the role of PGC-1α in vivo, we utilized Pgc-1α knockout (KO) mice 
and wild-type littermates fed, or 12 h fasted. As expected, in the wildtype mice, 
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fasting significantly repressed Cyp2r1 in the liver, but surprisingly, the Pgc-1α KO 
did not abolish the suppressive effect of fasting on Cyp2r1 (I, Fig. 2F). 

We next considered that the chronic loss of Pgc-1α might be compensated by 
Pgc-1β, the close homolog to Pgc-1α, and the second member in the PGC-1 
coactivators family (Lai et al., 2008). Supporting this idea, Pgc-1β is induced by 
fasting, and it was more induced in the livers of Pgc-1α KO mice (Lai et al., 2008) 
(I, Fig. 2G). In general, PGC-1α and PGC-1β are thought to regulate different 
pathways, but recent reports demonstrated some functional overlap (Lai et al., 
2008). Thus, we hypothesize that PGC-1β could compensate for the chronic loss of 
Pgc-1α, or it could even play an independent role in the repression of Cyp2r1. To 
test this hypothesis, we utilized mice with liver-specific Pgc-1β knockout and 
wildtype littermates fed or 24 h fasted. Fasting again suppressed the Cyp2r1 in the 
livers of wild-type mice; however, the Pgc-1β KO in the liver did not abolish the 
effect of fasting (I, Fig. 2H).  

Although the PGC-1α-ERRα pathway was shown to be a crucial regulator of 
Cyp2r1 in the mouse hepatocytes, the Pgc-1α knockout did not prevent Cyp2r1 
suppression during fasting in vivo. This indicates that additional fasting activated 
molecular pathways are involved in the regulation of Cyp2r1 during fasting in the 
liver. 

5.2.2 Activation of GR represses Cyp2r1 in the liver and kidney (I-II) 

GR in the liver has a crucial role in regulating glycogen metabolism and 
gluconeogenesis (Whirledge & DeFranco, 2017). GR activated by cortisol is 
another key pathway controlling the fasting response in the liver and is also 
activated in diabetes (Whirledge & DeFranco, 2017). Thus, we hypothesized that 
activation of GR in the liver during fasting suppresses Cyp2r1. Additionally, we 
also tested if GR mediates the repression of Cyp2r1 in the fasted kidney. To test 
this hypothesis, we first pharmacologically activated the GR by injecting the mice 
with the synthetic cortisol analog, dexamethasone. Dexamethasone repressed 
Cyp2r1 in the liver at mRNA and protein levels (I, Fig. 3A, B). 

Interestingly, dexamethasone induces Pgc-1α, which is also known to be an 
interacting partner for the GR (Yoon et al., 2001) (I, Fig. 3A). Moreover, 
dexamethasone repressed the Cyp2r1 in the kidney (II, Fig. 6B). Altogether, these 
results indicate that the GR might play a role in the regulation of Cyp2r1 in vivo. 

To verify the role of the GR, we inhibited the GR function by the GR antagonist 
mifepristone during 12h fasting or dexamethasone treatment. Mifepristone partially 
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abolished the repression of Cyp2r1 by dexamethasone in the liver (I, Fig. 3C). 
However, in the kidney, mifepristone completely abolished the effect of 
dexamethasone on Cyp2r1 (II, Fig. 6B). In contrast, mifepristone did not 
completely abolish the repressive effect of fasting on Cyp2r1 in both liver and 
kidney (I, Fig. 3G) (II, Fig. 6C).  

These results suggest that the GR is involved in the repression of Cyp2r1 
during fasting in the liver and kidney; however, we cannot exclude an additional 
fasting activated mechanism involved in the regulation of Cyp2r1. This warrants 
future investigation. One important implication of this finding is that it might 
provide an explanation for the observed association between glucocorticoid use and 
lower 25(OH)D, i.e., vitamin D deficiency (Skversky, Kumar, Abramowitz, Kaskel, 
& Melamed, 2011).  

5.2.3 PGC-1α-ERRα pathway mediates the fasting-mediated 
induction of the Cyp24a1 in the kidney (I) 

The CYP24A1 controls the amount of active vitamin D  by reducing the amount of 
1α,25(OH)2D when there is an elevated level in the circulation (Jones G et al., 2014). 
Furthermore, CYP24A1 limits the amount of 25(OH)D available for activation by 
CYP27B1 (Jones G et al., 2014). The 24-hydroxylation takes place mainly in the 
kidney (Jones G et al., 2014). 

 In the current study, we discovered a novel molecular pathway that regulates 
the expression of Cyp24a1 in the kidney, namely the PGC-1α-ERRα pathway. 
Through microarray study after PGC-1α induction in mouse primary hepatocytes, 
we found that Cyp24a1 was among the highly induced genes (I, Table 2). The 
induction was PGC-1α-Ad dose-dependent (I, Fig. 4A).  

CYP24A1 is regulated mainly by VDR (G. Jones et al., 2012), and the VDR is 
known to interact with PGC-1α (Savkur, Bramlett, Stayrook, Nagpal, & Burris, 
2005). Therefore, we hypothesized that VDR mediates the induction of Cyp24a1 
by PGC-1α. To test that hypothesis, we treated hepatocytes with 1α,25(OH)2D 
combined with overexpression of PGC-1α. As expected, 1α,25(OH)2D induced 
Cyp24a1, but PGC-1α induced Cyp24a1 very much more than 1α,25(OH)2D (I, Fig. 
4B-D). Additionally, the combination of both did potentiate the effect (I, Fig. 4B). 
Interestingly, the CYP24A1 protein could be detected only after PGC-1α induction 
(I, Fig. 4E). These results indicate that VDR does not play a significant role in the 
regulation of Cyp24a1 in mouse primary hepatocytes. 
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Interestingly, in the mouse hepatocytes, knockdown of Errα abolished the 
Cyp24a1 induction by PGC-1α, which indicates that the PGC-1α-ERRα interaction 
is indispensable for this regulation (I, Fig. 4I).  

Although Cyp24a1 was detected in the mouse primary hepatocytes after PGC-
1α induction, it was not detected in the fasted liver in vivo. In fact, the Cyp24a1 
was abundant in the kidney as expected, and it was induced by fasting (I, Fig. 5A).  

To study the role of PGC-1α in the regulation of Cyp24a1 in the kidney, we 
analyzed kidney samples from wildtype and Pgc-1α KO mice fed or fasted. Again, 
12 h fasting-induced Cyp24a1 in the kidney, and interestingly, Pgc-1α KO 
abolished the Cyp24a1 induction by fasting (I, Fig. 5B). This indicates that PGC-
1α plays a crucial role in Cyp24a1 induction by fasting in the kidney. Moreover, 
inhibition of the ERRα by the ERRα antagonist XCT790 diminished the fasting 
mediated induction of Cyp24a1 (I, Fig. 5E).  

Altogether, this indicates that fasting induces Cyp24a1 in the kidney solely 
through the PGC-1α-ERRα signaling pathway. The physiological consequences 
during fasting and in metabolic diseases warrant further investigation. 
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6 Concluding remarks and future direction 
In the current thesis, we reported novel findings indicating a previously unknown 
regulation of vitamin D metabolism by the metabolic state in both mice and humans 
(Fig. 14). By utilizing in vivo mouse models and cellular experiments, we 
demonstrated that molecular regulators activated physiologically by fasting or 
pathologically by diabetes regulate vitamin D bioactivation and catabolism (Fig. 
14). 

The concluding remarks of the study: 

1. We demonstrated that CYP2R1 expression and vitamin D 25-hydroxylation are 
under strict regulation by the metabolic state. These data challenge the old 
dogma stating that vitamin D 25-hydroxylation is a stable step and not 
efficiently regulated. Thus, the 25(OH)D level reflects not only the vitamin D 
intake but may also be affected by the metabolic state. 

2. We identified two novel molecular mechanisms regulating vitamin D 
metabolism, i.e., the PGC-1α-ERRα pathway and GR. Those molecular factors 
are key players in mediating the fasting response and are pathologically 
hyperactivated in diabetes. We propose that the newly identified molecular 
mechanisms are behind the vitamin D deficiency observed in diabetics. 

3. We demonstrated that weight loss promoted by gastric bypass surgery 
upregulates CYP2R1 in the adipose tissue. We suggest that this represents 
recovery after the obesity-induced repression. This suggests that the adipose 
tissue actively regulates vitamin D metabolism during obesity.  

4. Our data imply that the association between obesity and vitamin D deficiency 
is not coincidental, but obesity causes vitamin D deficiency. 

5. Our study suggests that vitamin D deficiency associated with diabetes is a 
consequence, not the cause of the disease. This would be an important change 
of a paradigm and should have a significant effect on the research field. 

Finally, future studies are required to investigate further the physiological 
significance of the fasting-mediated repression of Cyp2r1 in the liver and 
extrahepatic tissues. The hepatic expression of Cyp2r1 and the vitamin D 25-
hydroxylation are nutrition-sensitive, which might indicate that the intrahepatic 
25(OH)D may be a novel nutritional sensor. Further studies are required to 
investigate the role of the hepatic 25(OH)D in the regulation of the hepatic glucose, 
cholesterol, and lipid homeostasis. This might help to discover novel functions of 
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vitamin D in the context of human pathologies such as metabolic disorders. Indeed, 
our study raises the question of the efficacy of the current vitamin D 
supplementation regimes in metabolically ill patients. Whether the current diabetic 
therapies restore the vitamin D bioactivation and rescue the plasma 25(OH)D, is 
another important question for future studies. 
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