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Abstract

Vitamin D is an essential micronutrient, playing a vital role in the regulation of calcium
homeostasis and bone metabolism. In recent years, vitamin D has been increasingly recognized
for its regulatory functions in immunomodulation, anti-inflammation, cellular proliferation and
differentiation. The pandemic vitamin D deficiency has been associated with an increasing risk for
several metabolic diseases. However, the effects of vitamin D deficiency and its supplementation
on the underlying molecular mechanisms of these diseases are poorly understood. This thesis
focuses on the effect of vitamin D on the regulation of molecular and metabolic signaling
pathways involved in adipose tissue inflammation and hepatic insulin resistance.

Study I examined the effect of vitamin D on the downregulation of inflammatory signaling
pathways in adipose tissue. Vitamin D inhibited the translocation of the transcriptional factor
NFκB as well as inhibiting the expression of inflammatory cytokines in human adipocytes
differentiated from mesenchymal stromal cells (MSCs) and mature adipocytes isolated from intra-
abdominal fat biopsies.

In Study II, induction of vitamin D deficiency via a deficient diet impaired systemic glucose
homeostasis and insulin sensitivity in lean and obese mice. Subsequent vitamin D re-
supplementation restored the insulin sensitivity and ameliorated the hepatic tissue inflammation
and oxidative stress in vitamin D deficient lean but not obese mice.

In Study III, lower vitamin D levels were associated with a higher incidence of the metabolic
syndrome in a cross-sectional cohort of older subjects living at latitude 65° North.

In conclusion, vitamin D has an important role in modulating the molecular pathways involved
in adipose tissue inflammation and insulin resistance in hepatic tissue. Adequate levels of vitamin
D are necessary for the regulation of metabolic pathways to maintain body homeostasis. The
generated data provide novel insights into the cellular mechanisms of vitamin D and represent a
basis for oral vitamin D supplementation in the prevention of metabolic diseases.

Keywords: 1α,25(OH)₂D₃, 25OHD, adipocytes, inflammation, insulin resistance,
metabolic syndrome, population study, type 2 diabetes, vitamin D, vitamin D deficiency
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Tiivistelmä

D-vitamiini on välttämätön mikroravinne, jolla on tärkeä tehtävä kalsiumin homeostaasin ja luun 
aineenvaihdunnan säätelyssä. Viime vuosina D-vitamiinin on todistettu osallistuvan yhä useam-
piin säätelytoimintoihin liittyen immuunivasteeseen, tulehduksen torjuntaan sekä solujen jakau-
tumiseen ja erilaistumiseen. Maailmanlaajuisesti yleinen D-vitamiinin puutostila on yhdistetty 
useiden aineenvaihduntasairauksien kohonneeseen riskiin. D-vitamiinin puutoksen ja D-vitamii-
nilisän käytön vaikutusta näiden sairauksien molekyylimekanismeihin ei kuitenkaan tunneta vie-
lä tarkemmin. Tämä opinnäytetyö keskittyy D-vitamiinin vaikutukseen rasvakudoksen tulehduk-
sessa ja maksan insuliiniresistenssissä olevien molekyyli- ja metabolisten signalointireittien sää-
telyssä.

Tutkimuksessa I tarkasteltiin D-vitamiinin vaikutusta rasvakudoksen tulehduksellisten sig-
nalointireittien hillitsemiseen. D-vitamiini inhiboi transkriptionaalisen tekijän NFκB:n siirtymis-
tä ja tulehduksellisten sytokiinien ilmentymistä ihmisen mesenkymaalisista stroomasoluista 
(MSC) erilaistetuissa rasvasoluissa sekä sappirakkoleikkausten yhteydessä otetuista rasvanäyt-
teistä eristetyissä kypsissä rasvasoluissa.

Tutkimuksessa II havaittiin, että D-vitamiinin puutoksen aiheuttaminen puutteellisen ruoka-
valion avulla heikensi verenkierron glukoositasapainoa ja insuliiniherkkyyttä sekä hoikilla, että 
liikalihavilla hiirillä. Sitä vastoin D-vitamiini lisäravinteena palautti insuliiniherkkyyden ja lie-
vitti maksakudoksen tulehdusta sekä oksidatiivista stressiä D-vitamiini puutteellisilla hoikilla 
hiirillä, mutta ei liikalihavilla hiirillä.

Tutkimuksessa III selvisi, että kohortissa matalammat D-vitamiinitasot ovat yhteydessä suu-
rempaan metabolisen oireyhtymän esiintyvyyteen iäkkäämmillä koehenkilöillä, jotka elävät poh-
joisella pallonpuoliskolla (65° N).

Yhteenvetona voidaan todeta, että D-vitamiinilla on tärkeä säätelevä rooli rasvakudostuleh-
duksen ja insuliiniresistenssin molekyylireittien kontrolloinnissa maksakudoksessa. Riittävät D-
vitamiinitasot ovat välttämättömiä aineenvaihduntareittien säätelyssä kehon homeostaasissa. 
Tutkimuksen tulokset tarjoavat uusia näkökulmia D-vitamiinin roolista solumekanismien sääte-
lyssä ja perustan D-vitamiinilisien käytöstä aineenvaihduntasairauksissa.

Asiasanat: 1α,25(OH)₂D₃, 25OHD, D-vitamiini, D-vitamiinin puute, 
insuliiniresistenssi, metabolinen oireyhtymä, rasvasolut, tulehdus, tyypin 2 diabetes, 
väestötutkimus





 

Day, before a day, a lovely old day 
I had a tiny, memories to carry all the way 
 
Fluttering dreams we’re like unanchored flies 
risen n fallen with blowing wind bouncing on to sky 
tracing the future with its tangling wings 
Flying over n dazzling among twinkling stars 
 
Day, this very day, a mighty day 
I had a nasty, struggles to bare all the way 
 
Thunder storms, roaring hefty shower 
Swept the fly, wetly wings tilting down 
Dreams we’re drown in sloppy ditch 
Hopes was gazing upwards, to fly again 
 
Day, after today, will be a cherishing new day 
I have a plenty, moments to make all the way 
 
Soon springs will end, sun will come 
Winds will swing, wings will flap 
Dreams are eternal, amend their way 
One has gone, hundreds are ready to fly 
 
Day, coming days, hoping a cheerful way 
Make me a happy destined pathway 
 
“Dreams will never shatter, if we love them” 
- Mutt SJ 

 
 

 
 
 

 
 

To my family 
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1 Introduction 
Vitamin D has been increasingly recognized for its pleiotropic functions beyond 
the maintenance of musculoskeletal health, such as immune modulation, cellular 
proliferation as well as an involvement in insulin secretion and action. Molecular 
and epidemiological studies have revealed the protective role of vitamin D in 
several diseases such as diabetes, hypertension, cardiovascular diseases (CVD), 
and some cancers. This essential hormone is mainly obtained by exposure to 
sunlight and to a minor extent from foods like fatty fish, egg yolk; meat/mushrooms 
also contain measurable amounts (Huotari & Herzig, 2008). In the northern 
latitudes, solar radiation is not sufficient for nearly half of the year, and therefore, 
vitamin D must be obtained from nutritional sources or from supplementation 
(Andersen et al., 2005; Maxwell, 1994). In Northern Finland (Oulu 65˚N), the 
season for cutaneous pre-vitamin D production by sunlight is even shorter. A study 
conducted in the late 1990s in Finland observed that one-third of the young adult 
population was vitamin D deficient during winter (C. J. Lamberg-Allardt, Outila, 
Karkkainen, Rita, & Valsta, 2001) However, some recent studies have suggested 
that vitamin D insufficiency, defined as 25-hydroxyvitamin D3 (25OHD) 
concentrations below 75nmol/L, may affect every other apparently healthy adult in 
the developed countries (Michael F. Holick, 2007), reaching an alarmingly high 
levels in winter and spring (Hyppönen & Power, 2007). An inverse relationship 
exists between the concentration of 7-dehydrocholesterol in the epidermis and age 
(MacLaughlin & Holick, 1985). The peak circulating concentrations of vitamin D 
in the elderly are only about 30% of those of young subjects after a similar exposure 
to simulated sunlight (M. F. Holick, Matsuoka, & Wortsman, 1989). Despite the 
presence of ample sunshine throughout the year, the prevalence of hypovitaminosis 
D is widespread in developing countries, regardless of their latitude (Arabi, El 
Rassi, & El-Hajj Fuleihan, 2010). This indicates that vitamin D deficiency is not 
only due to low exposure to sunlight but also to a lower intake than recommended 
(Calvo & Whiting, 2003; Michael F. Holick, 2007; Samuelson, 2000; R. Vieth et 
al., 2007). 

 Vitamin D deficiency mainly causes childhood rickets; in the adult, it can 
exacerbate osteopenia and osteoporosis, cause osteomalacia and muscle weakness 
and increase in the risk of fracture (Michael F. Holick, 2007). Recently, the 
pandemic hypovitaminosis D status has been linked with the several metabolic 
illnesses such as insulin resistance, type 2 diabetes, low grade chronic inflammation, 
obesity as well as hypertension including CVD. These inter-dependent risks are 
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collectively referred to as the metabolic syndrome  (Earthman, Beckman, Masodkar, 
& Sibley, 2012; Forouhi et al., 2012; Hurskainen, Virtanen, Tuomainen, Nurmi, & 
Voutilainen, 2012; Jablonski, Chonchol, Pierce, Walker, & Seals, 2011; Miettinen 
et al., 2014). Nonetheless, both observational and randomized control trials (RTC) 
have reported contradictory results (Sitian He et al., 2018; Manson et al., 2019; 
Mousa et al., 2017; Pittas et al., 2019; Verrusio et al., 2017; Zuk, Fitzpatrick, & 
Rosella, 2016), indicating that the health benefits of the vitamin D supplementation 
are still unclear (Ryan, 2007).  The active hormone i.e. 1α,25 dihydroxyvitamin D3 

(1,25(OH)2D3), exerts its biological and molecular actions in most tissues through 
its receptor, the vitamin D receptor (VDR) (Haussler, Jurutka, Mizwicki, & Norman, 
2011). Recently interest has focused on the molecular actions of vitamin D in the 
major metabolically active tissues (adipose tissue – where it is involved in 
inflammation, liver and muscle – where it has been linked with insulin resistance) 
(Chen, Villalta, & Agrawal, 2016; S. Cheng et al., 2016; Ding, Wilding, & Bing, 
2013; George, Kumar, Antony, Jayanarayanan, & Paulose, 2012a). Still today, the 
molecular mechanisms of vitamin D in the regulation of signaling pathways (e.g. 
inflammation, insulin resistance) and the associated metabolic disease have not 
been well addressed.  

The main objective of this thesis was to investigate the role of vitamin D in the 
signal mechanisms involved in adipose tissue inflammation and insulin resistance 
in the liver. By unraveling cellular mechanisms, it is believed that this thesis will 
help to improve our understanding of the benefits of vitamin D on the function and 
homeostasis in metabolically active tissues. In addition, findings from this study 
provide novel insights into the molecular aspects of inflammation, insulin 
sensitivity and glucose metabolism. Furthermore, they will hopefully contribute to 
health policies about vitamin D i.e. this vitamin should be recognized as an 
important and recommended nutritional supplement in the general population to 
help counteract the increasing incidence of metabolic diseases. 
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2 Review of the Literature  

2.1 Vitamin D 

2.1.1 Vitamin D history and metabolism 

The early 19th century was the crucial period in the discovery of vitamins as 
remedies for several diseases caused by  avitaminoses were revealed (E.V. 
McCollum & Davis, 1913). The word “Vitamin” is derived from the term “vital 
amine or vitamins” coined by the Polish-born US biochemist Casimir Funk in 1912 
after his discovery of -NH2 containing essential micronutrients which promoted 
better health (Funk & others, 1912). The first scientific discovery of vitamin D was 
reported by the British nutritionist Sir Edward Mellanby in 1919, inspired by the 
discovery of the fat-soluble vitamin A made by the American nutritional chemist 
McCollum in 1916 (E. V. McCollum & Davis, 1914). Mellanby fed rachitic dogs 
cod liver oil and incorrectly concluded that the fat-soluble vitamin A present in cod 
liver oil had cured the rickets (Mellanby, 1919). Later in 1922, McCollum 
recognised that the anti-rachitic properties of cod liver oil were not due to vitamin 
A but instead to a new fat-soluble vitamin which he named vitamin D (Elmer Verner 
McCollum, Simmonds, Becker, & Shipley, 1922). At about the same time in Vienna, 
a series of clinical studies demonstrated that in rachitic children, exposure to either 
sunlight or artificial ultraviolet light could cure their rickets (Chick et al., 1923; 
Huldschinsky, 1919). Since both sun exposure and the cod liver oil prevented 
rickets, irradiation of  rats with ultraviolet light showed anti-rachitic properties 
were due to the activation of a sterol fraction (Hess & Weinstock, 1924; Steenbock 
& Black, 1924). This led to the isolation and identification of the various forms of 
vitamin D and their metabolites.  

Adolf Windaus, a German chemist, along with his collaborators Rosenheim 
and Hess, discovered and crystallized 7-hydrocholesterol, the precursor of vitamin 
D3 (Windaus & Bock, 1937; Windaus, Linsert, Lüttringhaus, & Weidlich, 1932). 
Adolf Windaus received the Noble Prize in chemistry for his studies on sterols and 
their connection to vitamins in 1928. Until the 1950s, it had been assumed that 
vitamin D did not have to undergo any alteration in order to induce its physiologic 
functions. In 1955, Kodicek and his associates chemically synthesized radioactive 
vitamin D and demonstrated that vitamin D was metabolized to its biologically 
active or the precursor of an active form called 25OHD or calcidiol (25 
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hydroxyvitamin D3) (Kodicek, 1955). Horsting and DeLuca confirmed that 25OHD 

is primarily formed in liver by 25-hydroxylation (Horsting & DeLuca, 1969). Later 
in the 1960s, Kodicek and his associates demonstrated that radiolabelled 25OHD 

was rapidly metabolized to a more polar metabolite 1,25(OH)2D3 or calcitriol 
(1α,25 dihydroxyvitamin D3) (Kodicek, 1960). Further experiments confirmed that 
1,25(OH)2D3 is the active form, i.e. the molecule that stimulates intestinal calcium 
absorption and mobilization calcium from bone (M. F. Holick, Schnoes, & DeLuca, 
1971; M. F. Holick, Schnoes, DeLuca, Suda, & Cousins, 1971; M.F. Holick, 
Semmler, Schnoes, & DeLuca, 1973).   

Synthesis and Metabolism 

Vitamin D, also known as calciferol, includes several fat-soluble secosterols, with 
vitamin D3 (cholecalciferol) and vitamin D2 (ergocalciferol) being the two most 
important forms. Vitamin D3 is synthesized from 7-dehydrocholesterol in the skin 
after exposure to ultraviolet B (UVB, 280-315nm) irradiation and to a minor extent 
absorbed in the intestine from food. Vitamin D2 is mainly produced in plants and 
mushrooms by ultraviolet irradiation. Both vitamin D3 and vitamin D2 are 
commercially used for food fortification or as dietary supplements.  

7-Dehydrocholesterol or pro-vitamin D in the stratum spinosum and stratum 
basale of the epidermal skin undergoes upon exposure to the UVB (280-315nm) 
rapid photolysis to form pre-vitamin D3 (M. F. Holick et al., 1980). Pre-vitamin D3 

is thermodynamically transformed to vitamin D3 by nonenzymatic isomerization; 
at higher temperatures, there is more isomerization of pre-vitamin D3 to vitamin D3 

(M. F. Holick, Tian, & Allen, 1995; Tian & Holick, 1999). The isomerisation of 
pre-vitamin D3 to vitamin D3 takes longer time with a half-life of 2.5 hours (Tian, 
Chen, Matsuoka, Wortsman, & Holick, 1993). Thus, after UVB exposure, the 
circulating vitamin D3 concentrations are at their maximum level within 12-24 
hours (J. S. Adams, Clemens, Parrish, & Holick, 1982; Clemens, Adams, Nolan, & 
Holick, 1982). 

Vitamin D3, synthesized either in the skin, or obtained as vitamin D2 from diet, 
binds in the blood circulation to vitamin D binding protein (DBP) (Fig. 1). The 
DBP bound vitamin D is transported to liver and undergoes hydroxylation at 
carbon-25 position by the microsomal cytochrome P450 25-hydroxylase enzyme 
(CYP2R1) to form 25-hydroxyvitamin D3 (25OHD) or the calcidiol metabolite 
(Olson, Knutson, Bhattacharyya, & DeLuca, 1976). 25OHD3 is the major 
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circulating, but inactive, metabolite with a half-life of approximately 2-3 weeks (K. 
S. Jones et al., 2014); it is currently used as the biomarker of the vitamin D status.  

Fig. 1.  Vitamin D biosynthesis and metabolism. VDR: vitamin D receptor; RXR: retinoid 
X receptor. 

The 25OHD3 is transported to kidney and undergoes a second hydroxylation at the 
C-1 position, mediated by 1α-hydroxylase (CYP27B1) to form the biologically 
active hormone, 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) or calcitriol (Fraser 
& Kodicek, 1970; M. F. Holick, Schnoes, DeLuca, et al., 1971). In comparison to 
25OHD, 1α,25(OH)2D3 has a short half-life of 10 - 20 hours (Glenville Jones, 2008; 
Levine et al., 1985). The renal synthesis of 1α,25(OH)2D3 is tightly regulated by 
two counter-acting hormones: parathyroid hormone (PTH) and fibroblast-like 
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growth factor-23 (FGF23): 1α,25(OH)2D3 production is up-regulated by PTH, 
while FGF23 downregulates its synthesis (Galitzer, Ben-Dov, Lavi-Moshayoff, 
Naveh-Many, & Silver, 2008). Renal 1α,25(OH)2D3 production is regulated by high 
serum phosphate levels, which inhibit FGF23 (Bergwitz & Jüppner, 2010). The 
kidneys express higher levels of 24-hydroxylase (CYP24A1) with both 24-
hydroxylase and 23-hydroxylase activity (M. F. Holick et al., 1972). The 24-
hydroxylase activity results in the formation of a biologically inactive metabolite 
24,25-dihydroxyvitamin D3 or calcitroic acid, whereas 23-hydroxylase activity 
produces in the biologically active 1,25-26,23 lactone (M. F. Holick & DeLuca, 
1974). The 1α-hydroxylase enzyme is expressed in several extra-renal tissues, but 
the enzyme is controlled by local growth factors and cytokines, limiting its 
contribution to the circulating 1α,25(OH)2D3 concentrations (Dusso, Brown, & 
Slatopolsky, 1994). The 1α,25(OH)2D3 synthesized in the kidney and bound to DBP 
is distributed to the several target tissues, where it interacts with the nuclear vitamin 
D receptor (VDR) and exerts both genomic and non-genomic responses (Haussler 
et al., 2011). 

Vitamin D receptor  

VDR is a member of nuclear receptor superfamily, belonging to the class II 
subgroup receptors based on their dimerization and DNA binding properties 
(Mangelsdorf et al., 1995). VDR is a ligand dependent receptor, heterodimerizing 
with the retinoid X receptor (RXR) and binding to direct repeats (Stunnenberg, 
1993). The VDR has a similar modular structure as the other nuclear receptors with 
five regions: A variable N-terminal activation domain 1 (A/B), a conserved DNA 
binding domain (DBD) (C) for binding to discrete DNA sites known as vitamin D 
response elements (VDREs), a variable hinge region (D), a conserved 
1α,25(OH)2D3 ligand binding domain (LBD) (E) which serves RXR for 
dimerization, and a variable C-terminal region (F) (Rochel, Wurtz, Mitschler, 
Klaholz, & Moras, 2000).  

The VDR is found in the majority of tissues in the body like skin, stomach, 
mammary gland, placenta, pancreas, pituitary, mammary gland, brain, ovaries, 
testis, heart, liver, skeletal muscle, prostate and immune (G. Jones, Strugnell, & 
DeLuca, 1998). The identification of the VDR and the expression of vitamin D 
metabolising hydroxylation enzymes i.e. CYP2R1, CYP27B1 in these tissues are 
important in mediating the non-classical functions of vitamin D e.g. cell 
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proliferation, differentiation, apoptosis and immunity (Umar, Sastry, & Chouchane, 
2018; Zehnder et al., 2001).  

VDR is a transcription factor; it mediates all the genomic actions of 
1α,25(OH)2D3. The activation of VDR by 1α,25(OH)2D3 results in 
heterodimerization with the RXR, the VDR-RXR complex translocates to the 
nucleus and interacts with VDREs binding sites present near a promoter of the 
specific gene and subsequently it regulates the genomic actions (Carlberg, Seuter, 
& Heikkinen, 2012). VDREs sequences are highly variable, the direct repeat 3 
(DR3, hexanucleotides repeat separated by 3 nucleotides) sequences have the 
highest affinity for VDR (Schräder, Bendik, Becker-André, & Carlberg, 1993). The 
binding of VDR to the VDREs involves several co-activators such as CREB 
binding protein (CBP) and steroid receptor coactivators (SRC) with intrinsic 
histone acetyltransferase (HAT) activity (Watson, Fairall, & Schwabe, 2012). The 
HAT plays an important role in making the promoters more accessible to the 
transcription machinery by disruption or loosening of the chromatin structure and 
ultimately regulating the VDR mediated gene transcription (MacDonald, Baudino, 
Tokumaru, Dowd, & Zhang, 2001). The stimulation by 1α,25(OH)2D3 in in vitro 
cell culture models resulted in a 2 to 10 fold increase in the abundance of VDR 
binding sites in the genome (5000 - 20000), called as cistrome (Nurminen, Seuter, 
& Carlberg, 2019). The VDR regulates the expression of about 700 genes involved 
in multiple biological responses such as cell proliferation, differentiation and 
apoptosis in a wide range of tissues (Carlberg, 2019).  

The rapid activities of 1α,25(OH)2D3 is significantly shorter in non-genomic 
actions in comparison to the genomic synthesis of mRNA and translation into 
proteins. These activities include modulation of influx and efflux of intracellular 
calcium stores through the activation of cellular signalling pathways via the 
calcium channel membrane proteins TRPV6 (transient receptor potential cation 
channel), phosphate kinases and phosphatases (Haussler et al., 2011; Hii & Ferrante, 
2016). It is known that 1α,25(OH)2D3 activates a multifunctional glucose-regulated 
and redox-sensitive protein superfamily receptor known as membrane-associated 
rapid response steroid (MARRS) binding receptor and in this way, it exerts non-
genomic actions (Khanal & Nemere, 2007). The 1α,25(OH)2D3-VDR complexes 
stimulate the activation of signalling messengers such as protein kinase C which 
initiate secondary signalling messengers such as calmodulin and calcium ions 
triggering the rapid opening of cellular voltage-gated calcium channels (Lipp & 
Reither, 2011).  
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2.1.2 Functions of vitamin D  

Vitamin D is primarily known for its anti-rachitic properties (M. F. Holick, Schnoes, 
DeLuca, et al., 1971). The classical function of vitamin D is to maintain adequate 
calcium and phosphorus levels required for cellular physiology and bone 
mineralization (Hii & Ferrante, 2016). Calcitriol binds to VDR and increases the 
absorption of intestinal calcium and phosphorus by inducing the expression of 
epithelial TRPV6 calcium channels and sodium/phosphate (NaPi) cotransporter 
(Bergwitz & Jüppner, 2010). Calcitriol increases the efficiency of intestinal calcium 
absorption from 15% to 30 – 40% and phosphorus from 50% up to 80% (Christakos, 
Dhawan, Porta, Mady, & Seth, 2011). A vitamin D deficiency results in low serum-
ionized calcium levels which stimulates the synthesis and secretion of parathyroid 
hormone (PTH), leading to hyperparathyroidism (Michael F. Holick, 2007). 
Conversely, increased circulating serum calcium levels are associated with the 
higher 25OHD levels and PTH secretion. Elevated PTH levels stimulate the 
production of calcitriol in the kidney by activating CYP27B1 as well as increasing 
the absorption of intestinal calcium and decreasing renal phosphorus resorption 
(Christakos, 2012; Michael F. Holick, 2007).  

The VDR is found in the majority of body tissues e.g. skin, stomach, mammary 
gland, placenta, pancreas, pituitary, brain, ovaries, testis, heart, liver, skeletal 
muscle, prostate as well as the immune system (G. Jones et al., 1998). The 
identification of the VDR and the expression of vitamin D metabolising 
hydroxylation enzymes CYP2R1, CYP27B1 in these tissues are evidence that 
vitamin D exerts many non-classical functions e.g. an involvement in cell 
proliferation, differentiation, apoptosis and immunity (Umar et al., 2018; Zehnder 
et al., 2001).   

2.1.3 Vitamin D status 

Vitamin D status is determined by measuring the circulating concentration of the 
most abundant vitamin D metabolite 25OHD in the body. 25OHD has a long half-
life i.e. 2-3 weeks and it reflects both endogenously produced as well as the dietary 
ingested vitamin D. The Institute of Medicine (IOM) (Institute of Medicine (US) 
Committee to Review Dietary Reference Intakes for Vitamin D and Calcium, 2011) 
and the Endocrine Society (Michael F. Holick et al., 2011) have defined thresholds 
for vitamin D status (deficiency, insufficiency and sufficiency) primarily for bone 
health outcomes  (Table 1).  
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Table 1. Vitamin D status classification. 

25OHD Deficiency (nmol/L) Insufficiency (nmol/L) Sufficiency (nmol/L) 

Institute of Medicine ≤ 30 30 - 50 ≥50 

Endocrine Society ≤ 50 50 – 75 ≥75 

The defined threshold values differ due to the differences in the studies included in 
the reviews, interests of the study investigators and interpretations of data. The 
Finnish national nutrition recommendations are in line with the IOM definition and 
state that circulating levels of at least 50 nmol/L are sufficient for health (National 
Nutrition Council, 2014). The European Society for Clinical and Economic Aspects 
of Osteoporosis and Osteoarthritis (ESCEO) has suggested that a value  of 50 
nmol/L 25OHD should be used as the minimal serum concentration in patients with 
osteoporosis and recommends a minimal level of 75 nmol/L 25OHD for those with 
elevated risks of bone health e.g. the elderly population (Rizzoli et al., 2013). In 
several other studies, 25OHD levels >75 nmol/L have been most commonly used 
to define sufficiency for outcomes other than bone health (Reinhold Vieth, 2011). 
Nonetheless, no consensus about a definition of vitamin D deficiency, insufficiency 
and sufficiency thresholds has been achieved; this is urgently needed as it would 
avoid further misunderstandings by the general public. 

Vitamin D deficiency 

Vitamin D deficiency is a pandemic (Michael F. Holick, 2017) with over a billion 
people worldwide affected by either vitamin D deficiency or insufficiency (Michael 
F. Holick & Chen, 2008). This deficiency derives from several factors: 1) Reduced 
cutaneous synthesis during aging (MacLaughlin & Holick, 1985). 2) Increased 
melanin skin pigmentation (Slominski & Postlethwaite, 2015). 3) Limited intake 
of vitamin D rich food (Michael F. Holick, 2017), 4) Obesity mediated 
sequestration (Abbas, 2017). 5) Insufficient sun exposure (Michael F. Holick, 
2008b), especially in people living in Northern latitudes due to reduced UV 
radiations and indoor work (Hassi, Sikkila, Ruokonen, & Leppaluoto, 2001; 
Huotari & Herzig, 2008).  

Vitamin D deficiency is primarily associated with the poor musculoskeletal 
health and causes rickets in children as well as exacerbating osteomalacia and 
osteoporosis in adults. Several prospective and retrospective studies have evaluated 
circulating 25OHD concentrations and offered support for the concept that vitamin 
D deficiency increases the risk of several chronic diseases, such as type 2 diabetes, 
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obesity, cardiovascular disease, hypertension and cancer (Susan Cheng et al., 2010; 
Forouhi et al., 2012; Giovannucci, 2009; Jablonski et al., 2011).  

2.1.4 Vitamin D Supplementation and recommendation 

A good intake of vitamin D rich food and vitamin D supplementation are therefore 
highly recommended (Spiro & Buttriss, 2014). Due to the short daylight time from 
fall to spring and the low dietary intake of vitamin D, there is an increased risk of 
vitamin D deficiency in Finland (Männistö, Ovaskainen, & Valsta, 2003). Food 
fortification is an effective way to improve the vitamin D status in the general 
Finnish population (Itkonen & Lamberg-Allardt, 2016). In contrast, in other 
countries with more sunlight, simple sunbathing of 30 min would be sufficient 
(Michael F. Holick, 2008a). 

The most commonly fortified food products include milk (dairy and plant 
based), fat spreads/margarine, yogurt, cheese slices, juices and cereals. In an 
attempt to increase vitamin D intake by fortification of food, the Finnish National 
Nutrition Council endorsed a nutritional policy in 2003 with vitamin D added to fat 
spreads and other milk products (C. J. E. Lamberg-Allardt, Kärkkäinen, Uotila, & 
Natri, 2003). The fortification level was increased in 2010 with 1 ug vitamin D per 
100 ml in milk products and 20 ug per 100g in fat spreads (Lehtonen-Veromaa et 
al., 2008). In addition, the new guidelines include recommendations for a daily 
vitamin D intake from food and supplements. These fortification increased the 
average vitamin D intake in the Finnish adult population; however in 65–74 years 
old elderly women, the mean vitamin D intake from food was only 9 µg/day, which 
is still below the recommended daily vitamin D intake (Helldán et al., 2013). 

Vitamin D supplementation is recommended in many other countries but the 
amounts vary (Spiro & Buttriss, 2014). In Finland, vitamin D supplementation is 
recommended for individuals at a level of 10 μg per day (400 IU) throughout the 
year, if fortified milk products and fat spreads are not consumed daily (National 
Nutrition Council, 2014). The Nordic Nutrition Recommendations are also in line 
with the Finnish recommendations of 10 μg per day (Ministerråd, 2013) and for 
adults older  than 75 years, they are doubled i.e.  20 μg per day. The North American 
Institute of Medicine (IOM) recommends a higher amount of 15 μg per day (600 
IU) (Institute of Medicine (US) Committee to Review Dietary Reference Intakes 
for Vitamin D and Calcium, 2011). The upper intake level of vitamin D for adults 
is 100 μg per day (Nordic Council of Ministers, The European Food Safety 
Authority (EFSA), IOM (EFSA Panel on Dietetic Products, 2010; Institute of 
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Medicine (US) Committee to Review Dietary Reference Intakes for Vitamin D and 
Calcium, 2011; Ministerråd, 2013). 

2.2 Vitamin D, obesity and adipose tissue 

2.2.1 Obesity and adipose tissue 

According a World Health Organization (WHO) report issued in 2015, the 
prevalence of obesity has increased worldwide ranging from <6% in Japan to >30% 
in the United States in adults across OECD (Organisation for Economic 
Cooperation and Development) countries (WHO, 2016). The fundamental cause of 
obesity is the increased consumption of energy-dense foods (high in fat and sugars) 
combined with a sedentary lifestyle. Obesity substantially increases the risk of a 
range of severe disorders, such as type 2 diabetes, cardiovascular diseases, 
inflammatory diseases, Alzheimer’s diseases, dementia  and some forms of cancer 
(Despres & Lemieux, 2006). Body mass index (BMI) (weight in kg/height in m2) 
is the most widely used formula for distinguishing between overweight (BMI: 25 - 
29.9 kg/m2) and obesity (BMI: ≥30 kg/m2) categories from the underweight (BMI: 
<18.5 kg/m2) and normal weight (BMI: 18.5 – 24.9 kg/m2) categories in health 
screenings and epidemiological surveys. However, BMI is only a moderately 
reliable measure of adiposity (Yanovski, 2018), instead bioimpedance 
measurements or Dual-energy X-ray absorptiometry (DXA) scans are better ways 
to determine fat mass and fat free mass. 

Adiposity is defined as percentage body fat with the excess body fat leading to 
dysfunctional adipose tissue and thus accounting for its role in the origin of obesity 
related disorders. These include a further expansion of adipose tissue depots, 
dysregulation of the secretion of adipokines or cytokines, increased release of fatty 
acid and decreased storage of triglycerides and hormonal resistance (e.g. insulin) 
(Halberg, Wernstedt-Asterholm, & Scherer, 2008; Maury & Brichard, 2010).   

Adipose tissue  

Adipose tissue is a crucial organ in the regulation of energy homeostasis and 
metabolic health (Rajala & Scherer, 2003). It is no longer considered as a simple 
energy storage organ; it is now known to function as an endocrine organ, capable 
of secreting more than 260 different biologically active proteins/peptides (Lehr et 



32 

al., 2012; Miner, 2004). Over-nutrition with a positive energy balance induces 
adipose tissue expansion; this is a remarkable process characterized by the 
enlargement of adipocyte size known as hypertrophy and the increase in the number 
of adipocytes known as hyperplasia (Arner & Spalding, 2010). An excess of 
adipose tissue or obesity has been associated with insulin resistance, hyperglycemia, 
dyslipidemia, hypertension and systemic low‐grade inflammation (K. F. Adams et 
al., 2006; Gaal, Mertens, & Block, 2006; Kahn, Hull, & Utzschneider, 2006). 
Obesity together with these associated comorbidities has been termed as the 
metabolic syndrome (Despres & Lemieux, 2006).  

Adipose tissue has long been recognized as the major storage site of the 
lipophilic hormone, vitamin D. Thus, adiposity is commonly associated with 
vitamin D insufficiency due to its sequestration and decreased bioavailability in 
circulation (Wortsman, Matsuoka, Chen, Lu, & Holick, 2000). Clinical studies 
suggest that circulating 25OHD and 1,25α(OH)2D3 levels are inversely associated 
with BMI and these associations are stronger in abdominal adiposity (Carlin et al., 
2006; Susan Cheng et al., 2010; Konradsen, Ag, Lindberg, Hexeberg, & Jorde, 
2008). The relationship between adiposity and hypovitaminosis D is unidirectional 
and has been well demonstrated from 21 adult cohorts using a Mendelian 
randomization approach: The increase in BMI was causally related to decreased 
25OHD concentrations, whilst there was no evidence or minimal effects for higher 
25OHD levels lowering BMI (Vimaleswaran et al., 2013). Interestingly, the 
expression of VDR and vitamin D metabolizing enzymes (CYP27B1 and CYP2R1) 
in adipocytes provide intriguing insights into the regulation of adipose tissue 
physiology and functions (Wamberg et al., 2013). Both cellular and rodent models 
have demonstrated that vitamin D can regulate several adipose tissue transcription 
factors as well as controlling lipid accumulation during adipocyte differentiation 
(Dix, Barcley, & Wright, 2018). Vitamin D and its metabolites are well established 
as immunomodulators i.e. they can influence adipokine production in adipocytes 
and regulate the inflammatory response in adipose tissue (Abbas, 2017). There are 
several recent findings highlighting the importance of vitamin D in adipose tissue 
proliferation, energy homeostasis, fat metabolism and inflammation in obesity (Fig. 
2). 
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Fig. 2. Vitamin D and adipose tissue. Adapted from review article (IV) under the terms 
of the Creative Commons Attribution License. 

2.2.2 Adipose tissue inflammation 

NFκB signalling 

The Nuclear Factor-kappa B (NFκB) family of inducible transcription factors 
mediates a group of genes involved in diverse biological processes of the immune 
and inflammatory responses (Oeckinghaus & Ghosh, 2009). The NFκB members 
are a family of five structurally related proteins, including NFκB1 (also known as 
p50), NFκB2 (also known as p52), RelA (also known as p65), RelB and c-Rel. 
These proteins form homo- or hetero-dimers binding to specific DNA elements, 
known as κB enhancer and which regulate the transcription of their target genes 
(S.-C. Sun, Chang, & Jin, 2013). The activation of NFκB involves two major 
signalling pathways, the canonical and non-canonical (or alternative) pathways, 
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depending on the presence of negative or positive regulatory elements (Fig. 3) (S.-
C. Sun & Liu, 2011). 

Fig. 3. NFκB pathway. Canonical and non-canonical NFκB pathways are represented in 
the left and in the right of the figure respectively. The canonical pathway activation is 
mediated by various ligands such as cytokine (e.g. TNFα, IL6), microbial components 
(LPS), or growth factors. The activation relies on the phosphorylation of IκBα by the IKK 
complex and subsequent proteasomal degradation. Consequently, the P65/P50 
complex translocates to the nucleus where it induces the transcription of target genes. 
In the non-canonical pathway, activation of IKKα is stimulated by the NFκB-inducing 
kinase (NIK). Furthermore, the complex NIK-IKKα phosphorylates the P100 subunit and 
mediate proteasomal degradation. This results in the generation of the subunit P52 and 
subsequent activation and translocation of the P52-RelB complex, which induces the 
transcription of target genes. 
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The primary mechanism for the canonical pathway activation is based on the 
negative regulation of IκBα, resulting in p65/p50 heterodimers retained in the 
cytoplasm in a latent state thereby inhibiting their nuclear translocation and binding 
to DNA. Several stimuli including cytokines, growth factors, mitogens, microbial 
components (LPS) and stress agents (ROS) promote the activation of the IKK 
kinase complex (Lawrence, 2009, p.; Y.-C. Lu, Yeh, & Ohashi, 2008; S.-C. Sun & 
Ley, 2008). Upon activation, IKK phosphorylates IκBα on its serine residues and 
triggers the ubiquitination and subsequent IκBα degradation in the proteasomes. 
This results in a rapid translocation of p65/p50 complex into the nucleus and the 
induction of transcription of target genes by binding to the enhancer or promoter 
regions of specific DNA sequences (Lawrence, 2009).  

The non-canonical pathway selectively responds to a specific group of stimuli, 
including ligands of a subset of TNFR superfamily members (LTβR, BAFFR, 
CD40 and RANK) and relies on NFκB-inducing kinase (NIK). NIK activates the 
IKK-α complex to mediate p100 phosphorylation. This leads to the proteasome-
dependent ubiquitination of p100 and the degradation of its C-terminal IκB-like 
structure, resulting in the generation of mature NFκB2 p52 and the nuclear 
translocation of the non-canonical NFκB complex p52/RelB (Senftleben et al., 
2001; Vallabhapurapu & Karin, 2009).   

The two pathways of NFκB differ in their signalling mechanisms, but 
functionally, the canonical NFκB is involved in almost all aspects of immune 
responses, while the non-canonical pathway regulates specific functions of the 
adaptive immune system (S.-C. Sun & Liu, 2011). 

2.2.3 Vitamin D and adipose tissue inflammation  

Vitamin D and the regulation of inflammation in adipose tissue 

Hyperplasia and hypertrophy of adipocytes result in increased adipose tissue mass, 
leading to obesity. These morphological changes cause an imbalanced blood flow 
in the tissue leading to hypoxia, inflammation and macrophage infiltration 
(Goossens, 2008; Trayhurn & Wood, 2005). The adipocyte tissue inflammation is 
characterized by reduced anti-inflammatory adiponectin secretion and increased 
secretion of proinflammatory cytokines such as interleukin (IL) 6, IL-8, TNF-α, 
resistin and MCP1 (Maury & Brichard, 2010; Vlasova et al., 2010; Wellen & 
Hotamisligil, 2003).  
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Vitamin D is known to modulate both innate and adaptive immune responses 
(Lemire, 2000). Several in vitro studies in mouse 3T3-L1 cell line and human 
adipocytes have revealed the inhibitory effects of 1,25(OH)2D3 on chronic 
inflammation of adipose tissue (Table 2).  

Table 2. Effect of 1,25(OH)2D3 on inflammatory responses in adipocyte models.  

Cell type 1,25(OH)2D3 Mechanism of action Reference 

3T3-L1 and Human adipocytes 

(differentiated from 

subcutaneous preadipocytes)   

Increased IL-6 & TNFα in 3T3-L1  

Increased IL-6 and IL-8 in human 

adipocytes  

Obesity (Silver Spring). 2007 

Feb;15(2):340-8. 

3T3-L1 and Human adipocytes 

(differentiated from 

subcutaneous preadipocytes)   

Increased CD14, MIF, M-CSF, MIP, 

TNFα, IL-6 and MCP-1 

J Nutr Biochem. 2008 Jun;19(6):392-

9. 

Human adipocytes 

(differentiated from 

subcutaneous preadipocytes)   

Regulated nearly 140 genes favoring 

inflammation and oxidative stress 

J Nutrigenet 

Nutrigenomics. 2008;1(1-2):30-48. 

3T3-L1 and Swiss mice on HFD 

supplemented with vitamin D3 

(0.05mg/kg of diet) 

Reduction of IL-6 in both cell culture 

medium and tissue EFP 

Lipids Health Dis. 2011 Feb 

27;10:37. 

Pre-adipocytes isolated from 

human subcutaneous WAT 

Reduction in MCP-1 and adiponectin Eur J Nutr. 2012 Apr;51(3):335-42. 

3T3-L1 and Human 

preadipocytes  

Decreased IL-6, MCP-1, IL-1β and 

inactivation of NFκB by inducing IκBα, 

decreased p38 phosphorylation 

Mol Nutr Food Res. 2012 

Dec;56(12):1771-82. 

Human subcutaneous adipose 

tissue fragments  

Reduction in MCP-1, IL-6 and IL-8. Horm Metab Res. 2013 

Jun;45(6):456-62. 

Human preadipocytes Reduction in MCP-1, IL-8 and IL-6 and 

inactivation of NFκB by upregulation of 

IκBα  

Int J Obes (Lond). 2013 

Mar;37(3):357-65. 

Human preadipocytes 

differentiated into mature 

adipocytes  

Reduction in MCP1, IL-8, RANTES, IL-

6 and IL-1β 

Increased IκBα levels and reduced 

NFκB p65 phosphorylation results in 

inhibition of NFκB 

Decreased phosphorylated p38 MAPK 

PLoS One. 2013 Apr 24;8(4):e61707. 

 

Adapted from review article (IV) under the terms of the Creative Commons Attribution License. 
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Some of the initial studies were performed in 3T3-L1 and human adipocytes with 
1,25(OH)2D3 with conflicting results (X. Sun, Morris, & Zemel, 2008; X. Sun & 
Zemel, 2007, 2008). There is recent evidence clearly demonstrating that 
1,25(OH)2D3 can reduce the secretion of proinflammatory cytokines from adipose 
tissue and cause a down-regulation of adipose tissue inflammation. 

Fig. 4. Vitamin D regulation of adipose tissue inflammation. Adapted from review article 
(IV) under the terms of the Creative Commons Attribution License. 

Differentiated adipocytes 1,25(OH)2D3 from stromal cell of human subcutaneous 
white adipose tissue reduced TNF-α induced MCP-1 secretion and suppressed anti-
inflammatory adiponectin secretion without any effect on its transcription (Lorente-
Cebrian et al., 2011). In a randomized controlled trial including fifty-five obese 
subjects, oral supplementation of 1,25(OH)2D3 7000 IU per day over 26 weeks 
reduced IL-1β induced expression of MCP-1, IL-6 and IL-8 in in vitro culture of 
subcutaneous adipose tissue fragments. In contrast, the in vivo 1,25(OH)2D3 
treatment neither affected inflammation markers in the circulation nor in the 
adipose tissue (Wamberg et al., 2013). In high fat diet fed mice, dietary 
supplementation of 1,25(OH)2D3 (0.05 mg/kg of diet) reduced their IL-6 protein 
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levels in epididymal adipose tissue. Similar effects of 1,25(OH)2D3 were seen in an 
in vitro 3T3-L1 cell line stimulated by LPS (Lira et al., 2011). 

The anti-inflammatory effects of vitamin D in adipose tissue involves 
activation of classical NFκB and translocation of p65 to nucleus mediated by 
degradation of IκBα (Tourniaire et al., 2013) and the involvement of the MAPK 
(mitogen-activated protein kinase) signal transduction pathways (Ding et al., 2013).  
In addition, several other studies have confirmed the involvement of NFκB 
suppression and dephosphorylation of p38 on MAPK in mouse and human 
adipocyte models (Ding et al., 2013; Gao, Trayhurn, & Bing, 2013; Marcotorchino 
et al., 2012).   

In summary, 1,25(OH)2D3 has been shown to reduce inflammatory chemokine 
and cytokine secretion in human and mouse adipocytes. 1,25(OH)2D3 strongly 
suppresses the activation of the NFκB and MAPK signalling mediators of the 
inflammatory pathways and inhibits downstream proinflammatory gene 
transcription pathways (Fig. 4). Sufficient vitamin D levels in adipose tissue are 
beneficial in ameliorating the low-grade chronic inflammation and associated 
metabolic health complication such as insulin resistance and metabolic syndrome.  

2.3 Vitamin D and insulin resistance 

2.3.1 Insulin signalling 

Pancreatic β-cells secrete insulin, a major metabolism regulating hormone in 
response to elevated glucose concentrations in the blood circulation. The main 
function of insulin is to control blood glucose levels by inhibiting hepatic glucose 
production and stimulating glucose uptake in liver, muscle and adipose tissue 
(Beale, 2013). Insulin binds to insulin receptors situated on the cellular plasma 
membrane; these are abundantly expressed on insulin sensitive cells (adipocytes, 
myocytes, neurons and hepatocytes).  

The insulin receptor, a tyrosine kinase receptor, consists of two extracellular 
α-subunits for insulin binding and two transmembrane β-subunits with intracellular 
protein tyrosine kinase activity. After insulin has bound to the α-subunit, the insulin 
receptor undergoes auto-phosphorylation of its tyrosine residues in the intracellular 
β-subunits. The activated insulin receptor phosphorylates tyrosine residues in one 
of the six insulin receptor substrates (IRS 1-6) and activation of IRS (Taniguchi, 
Emanuelli, & Kahn, 2006) (Fig. 5). Once activated, phosphorylated IRS-1 protein 
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activates phosphatidylinositol 3 kinase (PI3K) which is recruited into the plasma 
membrane, where it catalyses the conversion of the plasma lipid 
phosphatidylinositol-3,4,5-diphosphate (PIP2) to phosphatidylinositol-3,4,5-
triphosphate (PIP3) by phosphorylation. PIP3 in turn recruits both 3-
phosphoinositide-dependent protein kinase 1 (PDK1) and protein kinase B (PKB, 
also known as AKT) to the cell membrane, where PDK1 activates AKT. AKT plays 
a central role in mediating most of insulin’s downstream effects (Shepherd, 2005).  

 

Fig. 5. Insulin signalling pathway in insulin responsive tissues.  Elevated glucose levels 
in circulation stimulate pancreatic β-cells insulin secretion. Insulin binds to the insulin 
receptor and regulates several important metabolic pathways involved in glucose 
homeostasis (gluconeogenesis and glycogen synthesis), Lipid homeostasis 
(lipogenesis and lipolysis), cellular growth and differentiation (protein synthesis). 

AKT activation allows its re-localization to the cytosol and activates translocation 
of vesicles containing glucose transporter 4 (GLUT4) to the cell membrane, 
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possibly via activation of a 160 kDa AKT substrate (40). GLUT4 is the main 
transporter of glucose involved in insulin stimulated glucose uptake (Sakamoto & 
Holman, 2008). AKT also phosphorylates and inactivates glycogen synthase kinase 
3 (GSK3), which results in the activation of enzyme glycogen synthase (GS) and 
an increase in glycogen synthesis to store excess glucose in the cell. During basal 
conditions, GSK3 phosphorylates and inactivates GS, but upon insulin stimulation, 
the inhibition of GSK3 induces the activation of GS (Ferrer et al., 2003). In the 
same manner, glycogen synthase kinase-3 controls the activity of guanine 
nucleotide exchange initiation factor eIF2B, an essential participant in the initiation 
of protein translation. Thus, the inactivation of GSK3 by AKT promotes protein 
synthesis, making the amino acids less available for gluconeogenesis (Welsh & 
Proud, 1993; Welsh et al., 1997). In addition, AKT is also involved downregulation 
of gluconeogenesis as a third pathway via phosphorylation and inactivation of the 
forkhead box O1 (FOXO1) transcription factor. Phosphorylation of FOXO1 results 
in the inhibition of FOXO1 translocation to the nucleus and down-regulation of 
transcription of phosphoenolpyruvate carboxykinase (PEPCK), glucose 6 
phosphatase (G6P) and other gluconeogenic genes (J. Lee & Kim, 2007; Woodgett, 
2001). AKT is also involved in the activation of mammalian target of rapamycin 
(mTOR), stimulates protein synthesis through the activation of p70 ribosomal S6 
kinase (p70S6K) and the inhibition of eIF4E binding protein (eIF4EBP) (Welsh & 
Proud, 1993). In adipose tissue, the activation of mTOR by AKT promotes de novo 
lipogenesis by fatty acid (FA) uptake and synthesis through the activation of 
transcription factors, sterol regulatory binding protein 1C (SREBP-1c), fatty acid 
synthase (FASN) and acetyl-CoA carboxylase (ACC). Simultaneously, insulin 
decreases lipolysis of stored TGs by AKT mediated activation of cAMP 
phosphodiesterase 3B (PDE3B), which decreases cAMP levels and inhibits the 
activation of hormone sensitive lipase (HSL) (Caron, Richard, & Laplante, 2015).  

2.3.2 Insulin resistance and type 2 diabetes 

Insulin resistance  

Insulin resistance is a reduced cellular response to insulin in normally sensitive 
tissues. This inability leads to reduced absorption of glucose from blood and 
thereby increased glucose concentrations and the progression towards type 2 
diabetes (Lebovitz, 2001).  Insulin plays a vital role in the promotion of glucose 
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uptake/utilization in several vital organs, especially in skeletal muscle, liver and 
adipose tissue are the main insulin sensitive organs (Gancheva, Jelenik, Álvarez-
Hernández, & Roden, 2018; Zand, Morshedzadeh, & Naghashian, 2017). Insulin 
resistance is often classified as 1) hepatic insulin resistance, characterized by the 
failure of insulin to suppress the glucose output from liver and 2) peripheral insulin 
resistance, characterized by the failure of insulin to promote glucose uptake in 
peripheral tissues (skeletal muscle and adipose tissues) (Samuel & Shulman, 2016). 
Several mechanisms have been proposed as possible causes underlying the 
development of insulin resistance including nutritional, physiological and genetic 
abnormalities (Beale, 2013; Samuel & Shulman, 2012). 

Type 2 Diabetes  

Type 2 diabetes is a complex chronic metabolic disorder, resulting from 
abnormalities in both insulin secretion and action (K. G. Alberti & Zimmet, 1998). 
With the progression of insulin resistance, insulin production from pancreatic β-
cell increases (hyperinsulinemia) to compensate for the decline in the responses to 
insulin. This results in an inhibition of phosphorylation of insulin signal-
transduction molecules and inefficient glucose transporter 4 (GLUT4) mediated 
glucose utilization. Initially, this elevated insulin production helps to normalize the 
rising blood glucose levels, but when overproduction of insulin can no longer 
compensate for insulin resistance, glucose levels start to rise, resulting in type 2 
diabetes (McGarry, 2002). In type 2 diabetes, insulin resistance becomes more 
severe and fasting glucose levels continue to increase and as a net result, pancreatic 
β-cells start to die, leading to reduced insulin production. In the end phase of the 
disease, due to this lack of insulin, the cells can no longer utilize the glucose, 
resulting in overt hyperglycaemia (McGarry, 2002). 

In addition to insulin resistance as the leading causal factor, there are other 
factors associated with the progression of type 2 diabetes such as obesity, low grade 
chronic inflammation, oxidative stress, ROS production and mitochondrial 
dysfunction. Elevated blood glucose levels lead to vascular dysfunction, causing 
complications such as retinopathy, nephropathy, myocardial infraction and 
cerebrovascular diseases (Iozzo et al., 2002; Lazar, 2005; Massi-Benedetti & 
Federici, 1999; Pillarisetti & Saxena, 2004; Pradhan, 2007).   
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2.3.3 Vitamin D on insulin signalling and sensitivity 

Several key components such as inflammation and oxidative stress are associated 
with the pathogenesis of insulin resistance.  The expression of VDR on the 
pancreatic β-cells and all insulin responsive tissues especially on liver, skeletal 
muscle and adipose tissue has been proposed as a novel physiological role for the 
vitamin in insulin signalling and glucose homeostasis. Vitamin D improves insulin 
sensitivity, either by inducing pancreatic β-cells insulin secretion or by enhancing 
insulin response in liver, muscle and adipose tissue or by both mechanisms. 

In the pancreas, 1,25(OH)2D3 acts as immunomodulator and protects β cells 
from detrimental immune attacks. In addition, 1,25(OH)2D3 indirectly regulates 
immune responses of several immune cells including dendritic cells, macrophage 
and T-lymphocytes (Mathieu & Adorini, 2002). Furthermore, 1,25(OH)2D3 is 
involved in the regulation of the calcium flux and initiates the depolarization-
stimulated insulin release via vitamin D dependent calcium-binding protein, 
calbindin-D28K (Sooy et al., 1999).  

Insulin sensitivity  

1,25(OH)2D3 promotes insulin sensitivity in liver, skeletal muscle and adipose 
tissue through insulin induced glucose uptake via VDR signalling. Similar to the β 
cells, 1,25(OH)2D3 affects the extracellular calcium levels to maintain normal 
calcium influx into the cells and to regulate energy homeostasis via uncoupling 
protein 2 (UCP2) and coordinated control of lipogenesis and lipolysis in adipocytes 
(Shi, Norman, Okamura, Sen, & Zemel, 2001, 2002). In muscle cells, 1,25(OH)2D3 
increases the mobilization of calcium from sarcoplasmic reticulum to cytosol 
through voltage-gated calcium channels and via VDR mediated activation of 
steroid receptor coactivator complex (SRC), resulting in the activation of PI3K and 
the downstream PI3K dependent signalling pathway (Buitrago, González Pardo, & 
de Boland, 2002; Vazquez & de Boland, 1996). 1,25(OH)2D3 influences insulin 
sensitivity by playing a key role in the stimulation of insulin receptor gene 
expression via the VDRE in the promoter region of the human insulin receptor (IR) 
gene (B. Maestro, Molero, Bajo, Dávila, & Calle, 2002; Begoña Maestro, Dávila, 
Carranza, & Calle, 2003). In addition, 1,25(OH)2D3 treatment was reported to 
increase the expression of insulin receptors as well as enhancing insulin activity in 
liver and adipose tissue of streptozotocin (STZ) induced diabetic rats (Calle, 
Maestro, & García-Arencibia, 2008). Additionally, 1,25(OH)2D3 induced insulin 
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receptors expression with increased PI3K activity, activation of IRS proteins and 
stimulation of protein kinase C (PKC) (Withers & White, 2000). Recent cellular 
and mouse studies suggest that 1,25(OH)2D3 upregulated glucose uptake through 
activation of SIRT1/IRS1 and SIRT1/AMPK pathways in both muscle and adipose 
tissue (Manna, Achari, & Jain, 2017, 2018). In murine skeletal myotubes, 
1,25(OH)2D3 activated insulin receptor and the AKT/mTOR-dependant pathway, 
resulting in increased protein synthesis (Salles et al., 2013).  

Liver is a key target tissue for insulin’s action; insulin regulates glucose 
metabolism through both gluconeogenesis and glycogenolysis. Furthermore, 
insulin regulates lipids metabolism via the synthesis of fatty acids and controls the 
amounts of lipids in the circulation through lipoprotein synthesis. Hepatic insulin 
resistance develops first, followed by resistance in muscle and later in adipose 
tissue (Kleemann et al., 2010; Kraegen et al., 1991; Wilkes, Bonen, & Bell, 1998). 
Vitamin D3 treatment in diabetic STZ rats evoked an increased expression of the 
insulin receptor, improved insulin sensitivity and enhanced glucose uptake by 
down-regulating lipid peroxidase (LPO) mediated oxidative stress (George, Kumar, 
Antony, Jayanarayanan, & Paulose, 2012b). Vitamin D deficiency induced insulin 
resistance in 1α-hydroxylase knockout mice and down-regulated hepatic insulin 
signalling IRS1, AKT and GLUT4 protein expression via the activation of 
proinflammatory cytokines. 1,25(OH)2D3 supplementation in these mice improved 
insulin sensitivity and reversed all of the disturbances in the signalling proteins 
(Cui et al., 2017). In leptin receptor knockout diabetic db/db mice and human 
hepatic HepG2 cells, 1,25(OH)2D3 treatment improved glucose and lipid 
metabolism by increasing cytosolic calcium concentrations through activation of 
the Ca2+/CaMKK /AMPK (calcium/calmodulin-dependent protein kinase 
kinase/5’-AMP activated protein kinase) pathway. Furthermore, the administration 
of 1,25(OH)2D3 attenuated HFD induced liver fat accumulation and this was 
associated with an improved circulating lipid profile and a down-regulation of the 
enzymes controlling lipogenesis such as sterol regulatory element binding protein-
1c (SREBP-1c), acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). 
Conversely, 1,25(OH)2D3 upregulated hepatic fatty acid oxidative enzymes  like 
peroxisome proliferator-activated receptor α (PPARα) and carnitine 
palmitoyltransferase-1 (CPT-1) (Kang et al., 2015; Yin et al., 2012). Several 
cellular and rodent models have demonstrated the molecular mechanism of vitamin 
D on the insulin sensitivity and its effect on insulin signal transduction, but more 
concrete molecular evidence is warranted to clarify the effect of vitamin D in the 
alleviation of insulin resistance. 
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2.4 Vitamin D and Metabolic syndrome 

2.4.1 Metabolic syndrome (MetS) 

The MetS is a major public health problem all around the world and it is highly 
prevalent in the adult population (Cameron, Shaw, & Zimmet, 2004). The MetS is 
a constellation of metabolic abnormalities, including glucose intolerance (impaired 
fasting glycemia), central obesity, insulin resistance, dyslipidaemia (increased 
triglyceride (TG) levels and decreased high-density lipoprotein (HDL) cholesterol 
levels) and hypertension (K. G. Alberti, Zimmet, Shaw, & Group, 2005). MetS 
significantly increases the risk of overt type 2 diabetes and cardiovascular diseases 
(Cornier et al., 2008; Despres & Lemieux, 2006; Pradhan, 2007).  

MetS was proposed by Reaven as “Syndrome X or the insulin resistance 
syndrome” in 1988. He considered insulin resistance as a central component of the 
syndrome along with hypertension, dyslipidaemia with an increased risk for type 2 
diabetes and cardiovascular diseases (Reaven, 1988). Obesity was never part of 
Reaven’s definition but it was later included in the definition proposed by the World 
Health Organization (WHO) Diabetes Group in 1991 (K. G. Alberti & Zimmet, 
1998). Later in 2001, the National Cholesterol Education Program (NCEP): Adult 
Treatment Panel III (ATP III) proposed a definition focused more explicitly on the 
risk of cardiovascular disease. The presence of any three of five components 
constitutes a diagnosis of MetS: central obesity, raised blood pressure, raised TG, 
low HDL cholesterol, and fasting hyperglycaemia (Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults, 2001). In 2006, 
The International Diabetes Federation (IDF) proposed another definition for MetS 
with central obesity as an essential element along with different waist 
circumference thresholds for different race/ethnicity groups (K. G. M. M. Alberti, 
Zimmet, & Shaw, 2006). Later in 2009, the IDF along with several organizations 
(including the AHA, the NHLBI, the World Heart Federation, the International 
Association for the Study of Obesity, and the International Atherosclerosis Society) 
standardized the criteria used to define MetS: waist circumference, elevated 
glucose level, blood pressure, TG and reduced HDL cholesterol. Central obesity is 
no longer an obligatory component, though it is proposed that a waist measurement 
should be used as a screening tool with the presence of any of three qualifying 
criteria demanded for the diagnosis of MetS (K. G. M. M. Alberti et al., 2009) 
(Table 3). 
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Table 3.  MetS definition – International Diabetes Federation (IDF) – 2005. 

Component Reference Values 

Participant to be diagnosed to have MetS, must have: 

Central obesity (defined as waist 

circumference)  

≥ 94 cm for men and ≥ 80 cm for women* 

Plus, any two of the listed factors:  

Triglycerides (TG) ≥150 mg/dL (>1.7 mmol/L) 

HDL (high-density lipoprotein) cholesterol ≤40 mg/dL for men and ≤50 mg/dL for 

women 

Blood pressure ≥130 / ≥85 mmHg 

Fasting plasma glucose ≥100 mg/dL 

* with ethnic-specific waist circumference cut-points 

2.4.2 Vitamin D status and MetS 

The increased prevalence of vitamin D deficiency has been associated with 
impaired metabolic health. Both cellular and animal studies have revealed the 
beneficial effects of vitamin D and its supplementation on the regulation of 
abnormalities in the metabolic tissues and stimulated interest in investigating the 
role of vitamin D in MetS and its components (i.e. increased central obesity, 
triglycerides, blood pressure, plasma glucose and reduced HDL cholesterol). 

Several epidemiological studies have indicated that the associations between 
vitamin D status and the prevalence of MetS and/or its components are inconsistent. 
Some studies have found an association between low 25OHD concentrations and 
MetS or its components (Akter et al., 2017; Bea et al., 2015; Ford, Zhao, Li, & 
Pearson, 2009; Hyppönen, Boucher, Berry, & Power, 2008; L. Lu et al., 2009; Maki 
et al., 2012; Moy & Bulgiba, 2011; Pham, Ekwaru, Setayeshgar, & Veugelers, 2015; 
Reis, von Mühlen, & Miller, 2008; Vitezova et al., 2015), whilst other studies did 
not detect any associations (Bonakdaran et al., 2016; Hjelmesaeth, Røislien, Hofsø, 
& Bollerslev, 2010; Kim, Lim, Kye, & Joung, 2012; McGill, Stewart, Lithander, 
Strik, & Poppitt, 2008; Reis, Mühlen, Kritz-Silverstein, Wingard, & Barrett-Connor, 
2007; Rueda, Fernández-Fernández, Romero, Martínez de Osaba, & Vidal, 2008). 
It is known that abdominal obesity and insulin resistance are the key drivers of the 
cardiometabolic risk including dyslipidaemia, hypertension and they play a pivotal 
role in the development of the metabolic syndrome  (Cornier et al., 2008; Grundy, 
2007). In a cross-sectional study with 13,642 participants from the National Health 
and Nutrition Examination Survey 2001- 2006 (NHANES) the prevalence of MetS 
was analysed in 8241 participants and the risk of diabetes from 12,194 participants; 
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after exclusion for missing data, the investigators reported that circulating 25OHD 
levels less than 30 nmol/L were significantly associated i.e. by 45.5%, with the risk 
of MetS, and by 11.6% for diabetes. Participants with 25OHD levels more than 75 
nmol/L had significantly lower MetS components including waist circumference, 
triglycerides, insulin resistance and higher HDL cholesterol levels (Ganji, 
Tangpricha, & Zhang, 2020). A meta-analysis including 18 prospective studies with 
210,107 participants showed that a higher vitamin D status was associated with a 
lower relative risk (RR) of MetS 0·86 (95% CI 0·80, 0·92), insulin resistance 0·84 
(95% CI 0·64, 1·12) and type 2 diabetes 0·81 (95% CI 0·71, 0·92) (Khan, Kunutsor, 
Franco, & Chowdhury, 2013). In another meta-analysis of observational and RCTs 
through 2007, inverse associations were reported with low vitamin D status, 
calcium or dairy intake and the prevalence of the metabolic syndrome or type 2 
diabetes with odd ratios of 0.36 (95% CI 0.16 – 0.80) (Pittas, Lau, Hu, & Dawson-
Hughes, 2007).  

Cardiovascular diseases are characterized by an adverse lipid profile which are 
associated with hypertension; these point to a strong association with 
hypovitaminosis D. In a systemic review comprising of 22 cross-sectional studies 
and 10 placebo-controlled double-blind intervention trials, it was found that the 
serum 25OHD concentration was inversely associated with the serum triglycerides 
levels and there was also a positive association with the circulating HDL cholesterol 
levels in the cross-sectional studies (Jorde & Grimnes, 2011). In addition, a meta-
analysis, including 99,745 participants from 28 cross-sectional and observational 
studies found that the higher the levels of circulating 25OHD, the lower the risk of 
cardiometabolic disorders with an odd ratios (OR) 0.57 (95% CI 0.48–0.68) and a 
43% reduction in cardiometabolic outcomes (Parker et al., 2010). Furthermore, 
higher 25OHD levels significantly associated with a reduced prevalence of MetS, 
with an OR=0.49 (95% CI 0.38-0.64) from the 8 studies examining middle-aged 
and elderly subjects (Parker et al., 2010). Similarly, other authors have noted that 
higher 25OHD levels were associated with a significant improvement in the lipid 
profile and hypertension by increased HDL, reduced TG and blood pressure (Chon 
et al., 2014; Hjelmesaeth et al., 2010; Jablonski et al., 2011; L. Lu et al., 2009). 
Lower 25OHD levels were associated with an atherogenic lipid profile in a very 
large database of lipids measurements involving 20,360 adult subjects from the US 
(Lupton et al., 2016). Another recent meta-analysis of 11 cohort studies with 43,320 
participants and 27 RCTs with 3,810 participants, established a significant dose 
response relationship between low vitamin D status and an increased risk of 
hypertension. However,  there have been failures to show similar significant 
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associations in RCTs involving vitamin D interventions (D. Zhang et al., 2020). 
Conversely, in a RCT consisting of 80 MetS subjects supplemented with high-dose 
vitamin D supplementation 50,000 IU per week, significant reductions were 
detected only in the serum TG levels after 4 months (Salekzamani et al., 2016). In 
addition, supplementation with vitamin D, 33000 IU at two week intervals in 100 
hypertensive patients did cause a significant decrease in systolic blood pressure 
(Goel & Lal, 2011). A large meta-analysis reviewed 81 interventional studies 
published between 1997- 2017, with a total of 9993 participants, involving 4951 
placebo and 5042  individuals in the vitamin D supplemented group with a daily 
dose ranging from 400 IU - 12000 IU and durations from 3 months to 5 years. The 
findings from a meta-analysis demonstrated that vitamin D supplementation in the 
intervention group improved serum 25OHD levels and significantly lowered blood 
pressure, TG, total cholesterol and increased HDL cholesterol (Mirhosseini, 
Rainsbury, & Kimball, 2018).  Similar findings on the reduction of systolic and 
diastolic blood pressure with vitamin D supplementation were reported only in a 
subgroup of more than 50-years old vitamin D deficient subjects from a meta-
analysis study involving 17 RCTs with 1687 participants, but not in the pooled 
meta-analysis (Silu He & Hao, 2019).  

The association between vitamin D deficiency and MetS and the benefits of 
vitamin D supplementations in reducing the prevalence of MetS and its components 
are inconclusive. The inconsistent evidence might be due to the different clinical 
cut-off values for serum 25(OH)D i.e. using the values issues either by the Institute 
of Medicine (IOM) or those of the Endocrine Society to define the vitamin D status 
during the analysis of the outcome. In addition, the variations may be attributable 
to the study populations such as participants’ age, geographical location, lifestyle 
factors, regional dietary and seasonal differences, food fortification and use of 
vitamin D supplements. It is evident that more and better designed vitamin D 
supplementation trials are warranted in order to clarify the causality between a low 
vitamin D status and the presence of MetS.   
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3 Aim of the study 
The main objective of the study was to unravel the molecular signalling 
mechanisms behind the beneficial effects of vitamin D on inflammation and insulin 
resistance in metabolically active tissues. Vitamin D deficiency is pandemic and 
associated with several metabolic diseases especially, insulin resistance, type 2 
diabetes and obesity. Therefore, the public health implications of vitamin D 
deficiency are potentially enormous. It is clearly important to establish how vitamin 
D regulates cellular signalling in metabolically active tissues.  Additionally, the 
associations of vitamin D with the prevalence of the metabolic syndrome were 
examined in elderly subjects living at 65° Northern latitude. 

Specifically, the aims of the study were: 

1. To investigate the effect of vitamin D on the adipose tissue inflammation in 
human cellular adipocyte models. 

2. To study the effect of vitamin D deficiency and supplementation on insulin 
resistance in a mouse model and to elucidate the molecular signalling pathways 
utilized by insulin in hepatic tissue.   

3. To analyse the association between vitamin D and metabolic syndrome in 
elderly subjects living at 65° Northern latitude. 
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4 Material and methods 
The material and methods used in this thesis are summarized below. Detailed 
descriptions with references can be found in the original articles listed as I-III. 

4.1 Reagents and antibodies 

All chemicals, reagents and medium used in cell culturing and animal experiments 
such as minimum essential medium alpha, Eagle modification (α-MEM), 
Dulbecco's modified Eagle's medium (DMEM), phosphate buffered saline (PBS), 
L-glutamine, hydroxyethylpiperazineethanesulfonic acid (HEPES), bovine serum 
albumin-fraction V (BSA), dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), 
indomethacin, lipopolysaccharide (LPS from Escherichia coli, serotype 026:B6), 
1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), fibronectin, vitamin D3 solution 
(cholecalciferol), HEPES, NaCl, sucrose, KCl, EDTA, IGEPAL, TritonX 100, 
dithiothreitol (DTT), EGTA, tetrasodium pyrophosphate, NaF, β-glycerophosphate, 
tris-HCl, sodium pyrophosphate, hydrochloric acid (HCl), sodium hydroxide 
(NaOH), Na3VO4, PMSF, NP-40, H2O2, sodium deoxycholate, formaldehyde, 
blocking reagent (1% BSA, 0.05% Tween-20), 4’,6-diamidino-2-phenylindole 
dihydrochloride (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). The antibiotic solutions for cell culture penicillin and streptomycin were 
from Invitrogen (Carlsbad, CA, USA). The human Actrapid insulin was from Novo 
Nordisk (A/S, Denmark).  The Ficoll-Paque Plus from Amersham Biosciences 
(Little Chalfont, UK), heat-inactivated fetal bovine serum (FBS) from Biowest 
(Nuaillé, France). The protease inhibitor cocktail (cOmplete ULTRA Tablets) and 
enzyme collagenase type I were from Roche (Basel, Switzerland). The protein 
bioassay reagent was obtained from Bio-Rad (CA, USA). QIAzol lysis reagent 
from Qiagen (Venlo, Netherlands). RT-PCR reagents, FastStart Universal SYBR 
Green Master reagent and EagleTaq Universal Master Mix (ROX) were from 
Roche (Basel, Switzerland). The TaqMan gene expression assays from Applied 
Biosystems (CA, USA) and Sybr detection primers were from TAG Copenhagen 
(Frederiksberg, Denmark). The custom rodent diets were purchased from Research 
Diets Inc. (NJ, USA) and the blood glucose monitor One Touch Ultra glucometer 
was purchased from LifeScan Inc. (NJ, USA).  

The primary antibodies, anti-IκBα, anti-pIκBα, anti-α-tubulin. anti-NFκB p65 
(sc-7151), anti-AKT, anti-pAKT (Ser473), anti-FOXO1, anti-pFOXO1 (Ser256), 
anti-GSK3β, anti-pGSK3β (Ser9) and anti-GAPDH were purchased from Santa 
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Cruz Biotechnology (CA, USA). The HRP-conjugated anti-IgG secondary 
antibody was from Thermo Fisher Scientific (MA, USA). The fluorophore-
conjugated Alexa Fluor 488 anti-rabbit IgG was from Invitrogen (CA, USA). 
Nitrocellulose, PVDF membrane were from Merck Millipore (Darmstadt, Germany) 
and nylon membrane was from Pall Corp (MI, USA).  

The commercial enzyme immunoassay and biochemical kits were purchased 
from the corresponding companies as follows: Milliplex mouse cytokine multiplex 
kit and Rat/Mouse Insulin ELISA kit from Millipore (MO, USA). The 25OHD 
enzyme immunoassay (EIA) detection kit from Immunodiagnostic Systems GmbH 
(Frankfurt, Germany), the certified vitamin D metabolites standard reference 
material-972 (SRM-972; level I - IV) from National Institute of Standards and 
Technology (NIST) (Maryland, USA).  The thiobarbituric acid reactive substances 
(TBARS) and catalase (CAT) assay kits were from Cayman Chemical Company 
(MI, USA). The glucose hexokinase (HK) assay kit was from Sigma-Aldrich (MO, 
USA). The chemiluminescent blots detection kits Pierce™ ECL from Thermo 
Fisher Scientific (MA, USA) and Amersham ECL™ Advance from GE Healthcare 
Bio-Sciences AB (Uppsala, Sweden). The NFκB EMSA kit was from Panomics Inc 
(CA, USA).  The RNA extraction kits, RNeasy Mini kit, were purchased from 
Qiagen (Hilden, Germany) and the NucleoSpin RNA kit from Macherey-Nagel 
GmbH & Co.KG (Düren, Germany). The cDNA synthesis kits, iScript cDNA 
synthesis kit was obtained from Bio-Rad (CA, USA) and SensiFast™ cDNA 
Synthesis kit from Bioline (London, UK).   

4.2 Cellular models (I) 

Primary cell cultures from human bone marrow (mesenchymal stromal cells) and 
human adipose tissue (mature adipocytes) were used as the experimental in vitro 
adipocyte models. 

4.2.1 Mesenchymal stromal cells (I) 

Human bone marrow-derived mesenchymal stromal cells (hMSCs) were isolated 
from bone marrow aspirates of healthy male and female donors with ages ranging 
from 13 to 87 years, who underwent routine orthopaedic surgical procedures as 
described previously (Leskelä et al., 2003). The study was approved by the local 
ethical committee (Northern Ostrobothnia Hospital District, Finland) and the donor 
subjects signed written consent after being adequately informed.  
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The hMSCs were isolated by Ficoll density gradient centrifugation (Ficoll-
Paque Plus, Amersham Biosciences, Little Chalfont, United Kingdom), and washed 
twice in minimum essential medium alpha, Eagle modification (α-MEM: Sigma-
Aldrich, St. Louis, MO, USA), supplemented with 10% heat-inactivated fetal 
bovine serum (FBS; Biowest, Nuaillé, France). Cells were transferred into 175 cm2 
ventilated culture flasks to select the MSCs, based on adhesion to the plastic surface 
(BD Biosciences, Allschwil, Switzerland) and cultured for 24 hours in α-MEM 
containing 10% FBS supplemented with 20 mM hydroxyethylpiperazine-
ethanesulfonic acid (HEPES; Sigma-Aldrich), 100 U/ml penicillin, 0.1 mg/ml 
streptomycin (Invitrogen, Carlsbad, CA, USA) and 2 mM L-glutamine (Sigma-
Aldrich) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. After cell-
attachment, culture medium was replaced with fresh medium with half of the 
medium replaced every third day during the expansion until near-confluence. The 
hMSCs from passage 2 to 5 were used in the experiments. 

4.2.2 Mature adipocytes (I) 

Human white subcutaneous adipose tissue (approx. 1 to 3 grams) was obtained 
from patients undergoing elective abdominal surgery or gall bladder removal 
(cholecystectomy) in Oulu University Hospital, Oulu, Finland. The study protocols 
were approved by the ethical committee of Oulu University Hospital, Finland. 
Patients participated in the study signed an informed consent document after being 
thoroughly explained about the experimental procedures.  

The adipose tissue was freed of connective tissue and visible blood vessels, 
washed with the phosphate buffered saline (PBS; Sigma-Aldrich) containing 50 
IU/ml penicillin and 50 μg/ml streptomycin (Invitrogen) and minced into small 
pieces with scissors under sterile condition. The adipose tissue was then digested 
with collagenase type I (1 mg/ml; Roche, Basel, Switzerland) containing 2% 
bovine serum albumin (BSA) fraction V (Sigma-Aldrich), 50 IU/ml penicillin, and 
50 μg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a shaking water 
bath for 60 mins. Digestion was stopped by diluting the digestion medium with 
PBS containing 1% BSA, 50 IU/ml penicillin, and 50 μg/ml streptomycin and the 
cells filtered through a 250 μm nylon mesh. The cell suspension filtrate was slowly 
centrifuged at 300 g for 5 min and floating mature adipocytes were collected using 
wide bore pipette tips. The cells were washed twice with PBS containing 1% BSA, 
50 IU/ml penicillin, and 50 μg/ml streptomycin and the centrifugation step repeated. 
The concentrated mature adipocytes were then counted and suspended in 
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Dulbecco's modified Eagle's medium with 4.5 mg/ml glucose (DMEM; Sigma-
Aldrich) containing 10% FBS (Biowest) 50 IU/ml penicillin, and 50 μg /ml 
streptomycin (Invitrogen). The mature adipocytes were seeded (30,000 cells/well) 
into cell culture plates and incubated overnight at 37°C in 95% air and 5% CO2. A 
half of the medium was carefully removed from the cultured mature adipocytes and 
replaced with the fresh medium containing the different treatments for the 
experiments. 

4.2.3 hMSCs adipogenesis (I) 

Human mesenchymal stromal cells (hMSCs) were seeded at 50000 cells/cm2 into 
either 24- or 12-or 6-well cell culture plates with DMEM, containing 10% FBS, 
100 U/ml penicillin, 0.1 mg/ml streptomycin (Invitrogen) and incubated at 37°C in 
an atmosphere of 95% air and 5% CO2 for 3 days or until the cells had become 
confluent (~100%).  

Fig. 6. hMSCs adipocyte differentiation protocol (I). 
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After reaching confluence, adipogenic differentiation was induced by exposure to 
3 cycles (18 days) of an adipogenic cocktail consisting of adipogenesis induction 
medium (AIM) and adipogenesis maintenance medium (AMM) without the usage 
of peroxisome proliferator-activated receptor γ (PPARγ) ligand to avoid the anti-
inflammatory effects of thiazolidinedione (e.g. rosiglitazone) (Fig. 6). Each cycle 
lasted 6 days, including 3 days of AIM and 3 days of AMM. The AIM contained 
DMEM, 4.5 mg/ml glucose, 50 IU/ml penicillin, and 50 µg/ml streptomycin, 10% 
FBS, 1 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.2 mM 
indomethacin (Sigma-Aldrich), and 1.7 µM Actrapid insulin (Novo Nordisk, A/S, 
Denmark). The AMM contained DMEM, 4.5 mg/ml glucose, 10% FBS and 1.7uM 
insulin.  After the end of three cycles in the adipogenic cocktail, the 70% of hMSCs 
had differentiated into adipocytes. The cells were replaced with fresh AMM on 18th 
day and continued to be cultured for another three days or up to the 21st day. The 
differentiation of adipocytes was confirmed by Oil Red O staining and 
photomicrographic images were taken (I, Fig.1). At the end of the adipogenic 
differentiation, the adipocytes were used in the experiments.  

4.2.4 LPS induction and 1,25(OH)2D3 treatment (I) 

Lipopolysaccharide (LPS, from Escherichia coli, serotype 026:B6; Sigma-Aldrich) 
was used for the induction of inflammation in adipocytes in order to mimic the 
chronic inflammatory state of adipose tissue. The hMSCs differentiated adipocytes 
were exposed to LPS (Sigma-Aldrich) in fresh cell culture medium at 10 
logarithmic (log10) concentrations starting from 100pg/ml to 1μg/ml for 24 hours. 
In a different set of experiments, hMSCs differentiated adipocytes were induced 
with a single dose of LPS 10ng/ml (shown to be a non-toxic optimal concentration 
to induce the inflammatory response) and concomitantly treated with 1α,25-
Dihydroxyvitamin D3 (1,25(OH)2D3; Sigma-Aldrich) with log10 concentrations 
starting from 100pM to 100nM in cell culture medium for 24 hours. In separate 
experiments, both mature adipocytes and hMSCs differentiated adipocytes were 
preincubated with 100nM 1,25(OH)2D3 for 24 hours, followed by the addition of 
LPS (10 ng/ml) for another 24 hours. After the treatment periods, the cell culture 
supernatants were collected and stored at -70°C for further protein secretion 
analysis.  

In a similar manner, after the preincubation with a physiologically relevant 
dose of 100nM 1,25(OH)2D3 for 24 hours in both mature adipocytes and hMSCs 
derived adipocytes, the LPS (10 ng/ml) induction was performed for either 6 hours 
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or 1 hours respectively. Subsequently, the adipocytes were used for studying 
downstream signaling pathways using RT-PCR, Western blotting, confocal 
microscopy and electro- mobility shift assay (EMSA) techniques.  

4.3 Mouse study (II)  

Inbred C57BL/6NCRl mice were used as an animal model for the in vivo study. 

4.3.1 Study design (II) 

Sixty, 6-week old male inbred C57BL/6NCRl mice were purchased from the 
laboratory animal center of Oulu University, Oulu, Finland. All mice were housed 
individually in separate cages (1 mouse/cage) and maintained on 12-hour light/dark 
cycles (lights off at 6am) with ad libitum food and water access. During the 
acclimatization and experimentation, incandescent bulbs were used for the light 
period (12 hour: 6pm to 6am) to avoid the cutaneous vitamin D synthesis in the 
animals. 

Fig. 7. Schematic representation of the design of the mouse study (II). i.p, 
intraperitoneal. 
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Table 4. Composition of experimental diets used in the mice study (II). 

Diet CD CDVDD WD WDVDD 

Product #  D98121701 D12100802  D12079B  D12100801  

%  gm  kcal  gm  kcal  gm  kcal  gm  kcal  

Protein  17 17 17 17 20 17 20 17 

Carbohydrate  71 73 71 73 50 43 49 42 

Fat  4 10 4 10 21 40 21 41 

Total    100   100   100   100 

kcal/gm  3.91   3.88   4.68   4.64   

Ingredient                  

Casein, 80 Mesh  195 780 195 780 195 780 195 780 

DL-Methionine  3 12 3 12 3 12 3 12 

Corn Starch  404.4 1618 404.4 1618 50 200 50 200 

Maltodextrin 10  100 400 100 400 100 400 100 400 

Sucrose  341 1364 341 1364 341 1364 341 1364 

Cellulose, BW200  50 0 50 0 50 0 50 0 

Milk Fat, 

Anhydrous  

0 0 0 0 200 1800 200 1800 

Corn Oil  52.5 473 52.5 473 10 90 10 90 

Ethoxyquin  0.04 0 0.04 0 0.04 0 0.04 0 

Mineral Mix 

S10001  

35 0 35 0 35 0 35 0 

Calcium 

Carbonate  

4 0 4 0 4 0 4 0 

Vitamin Mix 

V10001  

10 40 0 0 10 40 0 0 

Vitamin Mix 

V13201, no added 

vitamin D  

0 0 10 0 0 0 10 0 

Choline Bitartrate  2 0 2 0 2 0 2 0 

Cholesterol  0 0 0 0 1.5  0 1.5 0 

FD&C Yellow Dye 

#5  

0.05 0 0.05 0 0 0 0 0 

FD&C Red Dye 

#40  

0 0 0.05 0 0 0 0.05 0 

FD&C Blue Dye 

#1  

0.05 0 0 0 0 0 0 0 

Total  1197.04 4686 1197.04 4646 1001.54 4686 1001.59 4646 

After an acclimatization period of 1 week, the mice were divided into four groups 
for the experiments, two groups (n=10) receiving vitamin D containing diets and 
two groups (n=20) on a vitamin D deficient diet with a similar baseline body weight. 
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All four groups of mice were fed with the respective four different diets, low fat 
control diet D98121701 (CD, 10% kcal, n=10), high fat western diet D12079B 
(WD, 40% kcal, n=10), a corresponding vitamin D deficient low fat control diet 
D12100802 (CDVDD, 10% kcal, n=20) and a vitamin D deficient high fat Western 
diet D12100801 (WDVDD, 40% kcal, n=20) (Research Diet Inc; New Brunswick, 
NJ, USA) for 15 weeks (Table 4). After feeding mice with the respective diets for 
15 weeks, the CDVDD and WDVDD fed mice were subdivided into two subgroups 
(n=10) and one of the deficient subgroup from each group was re-supplemented 
(CDVDD-S, WDVDD-S) with 50ng/mouse of vitamin D3 (cholecalciferol, Sigma-
Aldrich) administered by intraperitoneal injection every alternate day (3 
times/week) for 6 weeks with a continuation of the respective feeding diets (Fig. 
7). At the end of the experiment on week 22, the mice were sacrificed, and organs 
were collected. 

4.3.2 Insulin and glucose tolerance test (ITT and GTT) (II) 

The insulin tolerance test (ITT) and glucose tolerance test (GTT) were performed 
at the end of 8- and 12- weeks in the experimental mice fed with four different diets. 
The mice were deprived of food for 6 hours prior to both ITT and GTT procedures. 
In the ITT, mice were given intraperitoneal injections of 0.5U/kg human insulin 
(Actrapid, Novo Nordisk, A/S, Denmark) and in the GTT, they were challenged 
with intraperitoneal injections of 1g/kg glucose immediately after the basal blood 
glucose measurement. During both ITT and GTT procedures, blood samples were 
taken by the saphenous vein puncture method and the blood glucose concentrations 
were measured at 0, 15, 30, 45, 60, 90- and 120-minutes intervals using One Touch 
Ultra glucometer (LifeScan, Johnson & Johnson, NJ, USA). At selected time points 
in the ITT and GTT (0-minute (basal), 30-, 60- and 90-minute), the blood samples 
were collected into EDTA (anticoagulant, Sigma-Aldrich) containing tubes, the 
tubes centrifuged at 6000 rpm for 5 minutes and plasma samples separated and 
stored at -70 °C prior to the biochemical determinations. 

4.3.3 Necropsy and tissue collection (II) 

At the end of the study on 22-week, the mice were anesthetized by isoflurane and 
blood collected into EDTA tubes from the retro-orbital plexus. The mice were 
sacrificed immediately after blood collection by cervical dislocation. The blood 
samples were centrifuged at 6000 rpm for 5 min under 4°C, and final plasma 
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samples were separated and stored at -70°C to await the biochemical measurements. 
The animals were dissected and tissue samples including liver, different adipose 
tissue, pancreas, skeletal muscle, brain, hypothalamus, mesenteric artery and 
intestine were collected and tissue weights were recorded. The samples were snap 
frozen immediately in liquid nitrogen and then stored at -70°C for further tissue 
analysis.  

4.4 Human cohort data (III)  

The Oulu 1945 cohort (Oulu45) subjects were born and are living in the city of 
Oulu, Finland. This is a cross-sectional study population with older subjects who 
were examined from 2001 to 2015. 

4.4.1 Study population and protocol (III) 

The present cross-sectional study population consisted of the subjects from the 
Oulu 1945 cohort. This prospective cohort study data collection was conducted 
between 2001–2015 for assessing the prevalence of type 2 diabetes and associated 
glucose abnormalities. All of the participants in the cohort were born in 1945, 
inhabitants of the city of Oulu, Finland and living in Oulu in 2001 (N=1332, 614 
men and 718 women) were invited. The baseline data collections were carried out 
during the years 2001–2002. In 2013, 904 subjects were re-invited for the follow-
up data collection; of these, 706 participated in the study (Fig. 8). The data 
collections were carried out during the years 2013-2015. The study III original 
article was based on these follow-up data. The mean age of participants was 69.0 
years with SD ± 0.5. A structured questionnaire was sent by mail to all participants 
during data collection. The questions in the questionnaire were mainly related to 
the following parameters: vitamin D supplementation, lifestyle factors such as 
smoking habits, alcohol consumption, education, medications, mental status and 
health. Based on their responses to the questionnaire, the participants who regularly 
or occasionally used supplements containing vitamin D were categorized as 
vitamin D supplemented and considered in the analysis as “vitamin D 
supplemented”.  

During the data collection, laboratory measurements, clinical examinations 
were conducted from all the study participants. Participants were given adequate 
instructions about the laboratory measurement. After an overnight fast, blood 
samples were drawn from the participants to permit measurement of fasting 
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parameters such as glucose and an oral glucose tolerance test (OGTT) was 
performed. The habitual physical activity was measured objectively with a wrist-
worn acceleration meter (Polar Active, Polar Electro, Oulu, Finland). From the 
plasma samples, biochemical analysis (e.g. concentrations of triglycerides (TG), 
total cholesterol, high- and low-density lipoproteins (HDL and LDL) were 
measured. 

Fig. 8. Study flowchart. 

Participants were considered to have T2D either if they had been diagnosed earlier 
or if they had diabetes medication or fasting blood glucose (FBG) value 
≥7.0mmol/L or the 2-hour OGTT blood glucose (2h BG) value ≥11.1mmol/L. 
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Participants were considered to have impaired fasting glucose (IFG) if they had a 
fasting blood glucose of 6.1 to 6.9mmol/L or impaired glucose tolerance (IGT) if 
they had 2h BG of 7.8 to 11.1mmol/L. All other participants were considered as 
normal glucose tolerance (NGT) subjects. 

4.5 Biochemical analysis (I, II, III)  

4.5.1 25OHD measurements (II, III) 

Vitamin D status was determined by measuring the circulating 25OHD levels either 
from plasma samples of mice or human serum samples. The samples were thawed 
on ice, centrifuged at 10000 rpm for 10 min and the samples were measured using 
the 25OHD enzyme immunoassay (EIA) detection kit (Immunodiagnostic Systems 
GmbH, Germany) following the manufacturer's protocol. The accuracy of the 
25OHD measurement with the EIA kit was assessed by including Standard 
Reference Material-972 (SRM-972; level I - IV) a certified material obtained from 
National Institute of Standards and Technology, United States (NIST, USA) in 
measurements from each kit. In addition, an internal plasma sample was included 
in each kit assay; it is referred to as internal control sample.   

4.5.2 Liver glycogen estimation (II) 

The liver glycogen content was determined by an acid hydrolysis method with 
minor modifications as reported previously (P. Zhang, 2012). For each liver sample, 
glycogen was determined in a set of pre-weighed labeled 1.5 ml Eppendorf tubes 
with a locking lid containing either 500µL of 2M hydrochloric acid (HCl) or 500µL 
of 2M sodium hydroxide (NaOH) (for control measurements) which were boiled in 
a water bath for 5 mins. Equal amounts of frozen mice liver samples (20 - 40 mg) 
were weighed and transferred to the hot HCL or NaOH containing tubes and tissue 
samples were boiled for another 1 hour in the water bath with intermittent vigorous 
shaking of the tubes to achieve the complete hydrolysis. The hydrolyzed liver tissue 
samples were neutralized by the addition of either 500µL of 2M NaOH or HCl, 
accordingly. The hydrolyzed tubes were centrifuged at 13000 G for 10 min and the 
supernatant was collected into a new set of labeled tubes. The liver glycogen acid 
hydrolysis product glucose was determined by glucose hexokinase (HK) assay kit 
(Sigma-Aldrich) following the manufacturer’s protocol. Briefly, the glucose 
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concentrations in supernatant were converted into glucose-6-phosphate (G6P) in 
the presence of ATP by HK enzyme. The G6P is oxidized by glucose-6-phosphate 
dehydrogenase in the presence of NAD to form NADH and a reduction of colorless 
probe to colored product, measured by colorimetry at 450 nm. The liver glycogen 
content from the acid hydrolysis was expressed as micromoles glucosyl units/ per 
gram wet liver weight. 

4.5.3 Cytokine and insulin measurements (I, II) 

Plasma cytokines levels were measured using the Milliplex mouse cytokine 
(Millipore, St Charles, MO, USA) multiplex kit on a Bioplex 200 platform based 
on Luminex xMAP technology (Bio-Rad Laboratories Inc., CA, USA). The plasma 
samples were centrifuged for 10 min at 13000 G under 4°C. The plasma cytokine 
levels were determined according to the manufacturer’s instructions and the results 
were automatically calculated using Bio-Plex Manager Software with five-
parameter logistic equations.  

Mouse fasting plasma insulin levels were quantified using the Rat/Mouse 
Insulin ELISA kit (Millipore) by following the manufacturer’s instructions. The 
mouse fasting insulin levels were used for calculating the homeostatic model 
assessment for insulin resistance (HOMA-IR) according to the formula: fasting 
insulin (µU/l) X fasting glucose (nmol/L)/22.5. 

4.5.4 Oxidative stress markers measurement (II) 

The oxidative stress maker malondialdehyde (MDA) levels and antioxidant 
enzyme catalase (CAT) activity were determined from the mouse liver protein 
lysate samples using the thiobarbituric acid reactive substances (TBARS) and CAT 
assay kits (Cayman Chemical Company, Ann Arbor, MI, USA) by following the 
manufacturer’s instructions. The TBARS kit uses thiobarbituric acid (TBA) to react 
with MDA to form the MDA-TBA complex under high temperature (90-100ºC) 
and acidic conditions. Briefly, 100μl of tissue lysate was mixed with 100μl of SDS 
solution and 4 ml color reagent containing TBA, acetic acid and sodium hydroxide. 
The samples were boiled in a water bath for 1h, cooled and absorbance was 
measured at 530 nm using colorimetric plate reader (VarioskanFlash, Thermo-
Scientific). The concentrations of MDA were calculated and expressed in µM.  

CAT as an antioxidant marker protein catalyzes the dismutation of superoxide 
radicals into molecular oxygen and hydrogen peroxide. The CAT assay kit uses the 
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peroxidase function of CAT as an estimation of the enzymatic activity. The CAT 
enzyme reacts with methanol in the presence of an optimal concentration of 
hydrogen peroxide (H2O2) and produces formaldehyde. The production of 
formaldehyde was measured at 540 nm (VarioskanFlash, Thermo-Scientific) by 
using the Purpald chromogen (4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole). A 
unit of catalase is defined as the amount of enzyme that causes the formation of 1.0 
nmol of formaldehyde per minute at 25ºC. The CAT activity in mice liver protein 
lysates was expressed as nmol/min/ml. 

4.6 RNA isolation and quantitative real-time PCR (I, II) 

RNeasy Mini kit or QIAzol lysis reagent (Qiagen, Hilden, Germany) was used to 
isolate total RNA from hMSCs differentiated adipocytes and mature adipocytes 
respectively. NucleoSpin RNA kit (Macherey-Nagel GmbH & Co. KG, Germany) 
was used to isolate total RNA from mice liver by following the manufacturer’s 
protocol. The iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) was used 
for both human adipocyte models. SensiFast™ cDNA Synthesis kit (Bioline, 
London, UK) was used for the mouse liver and first-strand cDNA was synthesized 
from 1 μg total RNA. Real-time quantitative PCR (qPCR) was performed on ABI 
7300 real-time PCR system (Applied Biosystems, CA, USA) using the using 
TaqMan gene expression assays (Applied Biosystems) primer and probes for the 
human adipocytes cDNA and FastStart Universal SYBR Green Master reagent 
(Roche, Basel, Switzerland) and specific gene primers for mouse liver cDNA 
samples. The endogenous control human 18s rRNA and mouse Gapdh 
housekeeping gene primers were used as a reference to normalize the gene 
expressions in the respective models. The relative gene expressions were calculated 
by the comparative threshold method (ddCt). 

4.7 Protein extraction and Western blotting (I, II) 

After LPS and 1α,25(OH)2D3 treatments, cells were washed twice in ice-cold PBS 
and scraped into 1 mM EDTA solution. The cell suspension was centrifuged at 3000 
rpm for 5 min and lysed in 500 µl of harvest buffer containing 10 mM HEPES, pH 
7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% TritonX 100, 1 mM 
dithiothreitol (DTT), 10 mM tetrasodium pyrophosphate, 100 mM NaF, 17.5 mM 
β-glycerophosphate, 1 mM PMSF (Sigma-Aldrich)  and protease inhibitor cocktail 
(PIC) (cOmplete ULTRA Tablets, Roche, Basel, Switzerland) by incubating in an 
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ice bath for 5 mins. The cell lysates from adipocytes were centrifuged for 10 mins 
at 1000 rpm and cytoplasmic protein in the supernatant was separated from the 
nuclear pellet, aliquoted and stored at -70°C.  

The nuclear pellets were washed and centrifuged at 14000 rpm for 15 min 
using wash buffer containing 10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 
0.1 mM EGTA, 1 mM DTT, 1 mM PMSF and PIC. The nuclear lysate was extracted 
from the nuclear pellets by suspension in nuclear extract buffer containing 10 mM 
HEPES, pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% IGEPAL, 1 
mM DTT, 1 mM PMSF and PIC by vortexing for 15 min at 4°C, followed by 
centrifugation at 14000 rpm for 10 min. The nuclear lysate was then aliquoted and 
stored at -70°C. The frozen mice liver tissues (approx. 60 mg) were lysed with 
radioimmunoprecipitation assay (RIPA) lysis buffer containing 20 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium 
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM 
Na3VO4 (Sigma-Aldrich) and protease inhibitors (Roche) and homogenized in an 
ice bath. The tissue lysates were sonicated and centrifuged under 4°C at 15000 rpm 
for 10 mins. The mouse liver protein lysates from the supernatant were collected, 
aliquoted and stored at -70°C. 

The protein concentrations from both the cytoplasmic lysate and nuclear 
extracts from adipocytes as well as liver protein lysate samples from mice were 
measured using Bio-Rad protein assay (Bio-Rad) and further used for the protein 
expression analysis in Western blot.  

Western blotting 

Equal amounts of cytoplasmic proteins were separated by SDS-polyacrylamide gel 
electrophoresis, transferred to nitrocellulose and immunoblotted with primary 
antibodies: anti-IκBα, anti-pIκBα, anti-α-tubulin (Santa Cruz Biotechnology Inc., 
Santa Cruz, CA, USA) antibodies and visualized with the Amersham ECL™ 
Advance Western Blotting Detection Kit (GE Healthcare Bio-Sciences AB, 
Uppsala, Sweden).  

Liver protein lysates (40μg) were boiled with loading buffer, separated by 
SDS-PAGE and transferred to the PVDF membrane (Merck Millipore, Darmstadt, 
Germany). The blots were blocked with 5% nonfat dry milk, probed with primary 
antibodies at 4°C overnight and incubated with HRP-conjugated anti-IgG 
secondary antibody (Thermo Fisher Scientific, MA, USA). The immunoreactive 
protein bands were visualized using the enhanced chemiluminescence kit (Pierce™ 
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ECL, Thermo Fisher Scientific, MA, USA) and relative intensities of protein bands 
were quantified using ImageJ. Antibodies against AKT, phospho-AKT (Ser473), 
FOXO1, phospho-FOXO1 (Ser256), GSK3β, phospho-GSK3β (Ser9), inhibitory 
kappa B alpha (IκBα), phospho-IκBα and GAPDH were purchased from Santa 
Cruz Biotechnology (Santa Cruz Biotechnology Inc., Santa Cruz Inc, CA, USA). 

4.8 Immunofluorescence and electro-mobility shift assay (I)  

hMSCs were seeded onto fibronectin coated glass coverslips and placed in a 24 
well cell culture plate (50000 cells/cm2). The cells were differentiated into 
adipocytes and then the cells were subjected to the treatments described earlier in 
the culture protocols. Adipocytes were exposed to 4% formaldehyde (Sigma-
Aldrich) for 30 mins after pre- and post-washes with PBS. The adipocytes were 
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) and then exposed to 
blocking reagent (1% BSA, 0.05% Tween-20) (Sigma-Aldrich) to reduce the 
unspecific binding of antibodies.  Adipocytes were incubated overnight with 
primary antibody anti-NFκB p65 (sc-7151; Santa Cruz), followed by 1-hour 
incubations with the Alexa Fluor 488 anti-rabbit IgG (Invitrogen). The nuclei were 
counterstained by incubating with 1 mg/ml of 4’,6-diamidino-2-phenylindole 
dihydrochloride (DAPI; Sigma-Aldrich) for 5 min.  The coverslips were mounted 
onto glass slides using Immunomount medium. The fluorescence images were 
captured at 40X magnification using a laser confocal microscopy (Olympus 
FluoView FV1000; Olympus, Tokyo, Japan). 

Electro-mobility shift assay (EMSA)  

EMSAs were performed using Panomics’ EMSA kit for NFκB. The kit consisted 
of biotin-labeled double-stranded oligonucleotides for the consensus binding site 
of the NFκB nucleotide (5´-CATCGGAAATTTCCGGAAATTTCCGGA 
AATTTCCGGC-3´) (Panomics, Fremont, CA, USA). The biotin labelled 
oligonucleotides were incubated with 6µg nuclear protein extracts from the treated 
hMSCs differentiated adipocytes and mature adipocytes for 30 min at 15°C 
(treatment protocol described above in the study protocol). The protein-DNA 
complexes were resolved by electrophoresis on 6% nondenaturing polyacrylamide 
gels and transferred to a nylon membrane (Pall Corp., Ann Arbor, MI, USA) using 
the electrophoresis unit (Bio-Rad).  The biotin-labeled protein-DNA complexes 
were visualized by chemiluminescence using horseradish peroxidase reagent and 
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images were captured by an Image Reader Fuji LAS-3000 CCD system (Fujifilm, 
Tokyo, Japan). 

4.9 Statistical analysis (I, II, III)  

The statistical analysis was performed using GraphPad Prism, version 4.0 and 7.0 
(GraphPad Software, San Diego, CA, USA) for cell culture and rodent studies (I 
and II). The significant differences between control and test groups were analyzed 
with unpaired, 1-tailed t tests or 1-way ANOVA (Tukey’s multiple comparison test) 
and the results are presented as mean ± SEM (I and II). 

The clinical data statistical analyses (III) were done using the statistical 
software R version 3.2.3 (R Core Team 2015 http://www.Rproject.org) and SPSS 
(Statistical Package for Social Science, IBM SPSS Inc. Chicago, IL). The clinical 
data statistical analyses (III) were performed using the statistical software R version 
3.2.3 (R Core Team 2015 http://www.Rproject.org) and SPSS (Statistical Package 
for Social Science) version 21.0 (IBM, Armonk, NY, USA). The Kruskal-Wallis 
test was used for the comparison of continuous variables between groups and the 
ANCOVA used for comparing vitamin D status among the study participants. The 
Chi-square test was used to test the frequency differences and the Spearman’s rho 
was used to compare continuous variables. Multiple regression analysis was 
performed to assess linear associations between 25OHD levels and MetS before 
and after adjusting for the season of sampling, BMI, lifestyle factors and gender. 
The results are presented as mean ± SD for continuous variables and percentages 
(%) for categorical variables (III). A value of p <0.05 was regarded as statistically 
significant in all the analyses (I, II and III).  

4.10 Ethical considerations (I, II, III)  

The ethical committee of the Northern Ostrobothnia Hospital District approved this 
study in compliance with the national guidelines and legislation and the Declaration 
of Helsinki. The protocols for obtaining abdominal and subcutaneous adipose tissue 
and bone marrow cells were approved by Committee of Pohjois-Pohjanmaan 
Sairaanhoitopiirin kuntayhtymä, LUPA 127/2010 (I and III). 

The study protocol was approved by the Ethics Committee of the Faculty of 
Medicine, University of Oulu, Finland. All study participants were adequately 
informed about the purpose of the study and a written consent was obtained. The 
data and questionnaires are in locked storage.  
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Animal studies were approved by the Institutional Animal Care and Use 
Committee of the Provincial Government. The animal protection legislation 
(62/2006, 36/2006 and HE32/2005) was adhered to and all procedures were 
conducted in accordance with the guidelines set by the European Union Directive 
2010/63/EU and the European Community Council Directives 86/609/EEC (study 
II).  
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5 Results 

5.1 1α,25(OH)2D3 and regulation of adipose tissue inflammation (I)  

Article I investigated the effect of 1α,25(OH)2D3 on the downregulation of the LPS 
induced inflammatory signaling pathway in vitro using two human adipocyte 
models. 

5.1.1 Inhibition of LPS stimulated interleukin 6 (IL6) 

LPS stimulation induced inflammation in both hMSC-derived and mature 
adipocytes models. To analyse the extent of the inflammation, we measured the 
level of IL6 as a representative biomarker. In hMSC-derived adipocytes, LPS 
stimulation (0.1 ng/ml to 1000 ng/ml) significantly induced a dose-dependent IL6 
protein secretion from 10±0.3 ng/ml to 48±4.6 ng/ml in comparison with the basal 
IL6 secretions 5±0.04 ng/ml (I, Fig. 2A). The concurrent treatment of 1,25(OH)2D3 
(0.1 nM to 100 nM) and LPS 10 ng/ml for 24h in hMSC-derived adipocytes 
significantly reduced LPS induced IL6 secretions in a dose- dependent manner by 
up to 26% (I, Fig. 2B).   

The 24h preincubation of 1,25(OH)2D3 (100 nM) followed by the LPS (10 
ng/ml) stimulation for 24h resulted in a reduction of IL6 secretion in both hMSC-
derived (24% vs LPS 10 ng/ml, p<0.05) and mature adipocyte (35% vs LPS 10 
ng/ml, p<0.05) models (I, Fig. 3A & 3B). The corresponding LPS stimulated (1h 
or 6h) expressions of IL6 mRNA in both adipocyte models were significantly 
inhibited by 1,25(OH)2D3 (100 nM) after 24h preincubation (hMSC-derived: 5.3-
fold vs 3.7-fold, p<0.05; mature adipocytes: 3.1-fold vs 2.0-fold, p<0.05) (I, Fig. 
3C & 3D).   

In summary, the concurrent or pre-incubations of 1,25(OH)2D3 significantly 
reduced both protein and mRNA expressions of the LPS-induced proinflammatory 
cytokine, IL6, in hMSC-derived and mature human adipocyte models. 

5.1.2 Suppression of NFκB activation  

NFκB activation is the crucial event in the LPS-induced stimulation of several 
inflammatory genes including IL6. To further investigate the effect of 1,25(OH)2D3 

on the regulation of the LPS-induced canonical NFκB activation and the possible 
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contribution of proinflammatory cytokine production, the phosphorylation of 
serine residues on IκBα was studied by Western blot analysis.  

In both adipocyte models, LPS induction (10 ng/ml) resulted in an increase in 
the phosphorylation of IκBα protein subunits and consequently activation of NFκB 
signalling. The 1,25(OH)2D3 preincubation inhibited LPS-induced IκBα 
phosphorylation. The Western blot relative protein densities showed remarkable 
differences in the ratio of pIκBα/IκBα protein levels in both hMSC-derived 
(1.9±0.5 vs 0.8±0.4) and mature adipocyte (1.4±0.01 vs 0.9±0.06) models (I, Fig. 
4A).   

5.1.3 Inhibition of NFκB subunit P65 translocation  

The LPS-induced NFκB activation resulted in the translocation p65/p50 into the 
nucleus and promoted the transcription of proinflammatory cytokines through 
binding to their specific promotor sequences on DNA. We hypothesized that 
1,25(OH)2D3 would inhibit the production of IL6 via NFκB activation. To confirm 
the effects of 1,25(OH)2D3, the translocation of p65 subunits of NFκB and DNA 
binding activity upon LPS stimulation in adipocytes were determined by 
immunofluorescence and EMSA.  

The immunofluorescence staining of hMSC-derived adipocytes with the p65 
antibody upon LPS (10 ng/ml) stimulation demonstrated the translocation of NFκB 
subunits p65 from cytoplasm to nucleus. In adipocytes preincubated with 
1,25(OH)2D3, LPS-induced p65 nuclear translocations were blocked (I, Fig. 4B). 
Similarly, the EMSA results demonstrated that the DNA-binding activity of NFκB 
was significantly increased in the nuclear extracts from both LPS-induced hMSC-
derived and mature adipocytes, while preincubation with 1,25(OH)2D3 showed a 
markedly reduced DNA-binding activity of NFκB (I, Fig. 4C).  

5.2 Role of vitamin D on insulin resistance in mice (II)  

Article II addressed the effect of vitamin D status on insulin resistance and the 
regulation of hepatic insulin signaling pathways in either vitamin D depleted or 
replete diet induced lean and obese mice. 
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5.2.1 Vitamin D deficiency induced insulin resistance  

Mice fed with the vitamin D depleted control (CDVDD) or the Western (WDVDD) 
diet induced vitamin D deficiency: The circulating plasma 25OHD levels in 
CDVDD and WDVDD were significantly decreased in comparison to the 
respective control diet fed mice (II, Fig. 1c). 

The ITT from CDVDD mice demonstrated severe insulin resistance (II, Fig. 
1a) and the corresponding AUC values of the blood glucose levels were 
significantly higher in the lean CDVDD, obese WD and WDVDD mice in 
comparison to the CD mice (II, Fig. 1b). The results indicate that vitamin D 
deficiency in lean mice induced insulin resistance, while in obese mice, vitamin D 
deficiency was only an additional and minor contributor to the insulin resistance 
induced by the high energy diets.   

5.2.2 Effects of vitamin D supplementation  

Vitamin D supplementation for 6 weeks restored the circulating 25OHD levels in 
both lean and obese VDD insulin resistant mice (II, Fig. 1c). However, the 25OHD 
levels in obese mice were lower than those assayed in the lean mice. In addition, 
the supplementation significantly improved insulin sensitivity and glucose 
tolerance in lean CDVVD-S mice, but not in obese WDVDD-S mice in comparison 
to the respective vitamin D deficient mice (II, Fig. 1e-h). Vitamin D 
supplementation significantly increased glucose homeostasis scores in lean 
CDVDD-S mice (II, Fig. 1d). These results indicate that the vitamin D 
supplementation can improve insulin sensitivity in lean vitamin D deficient mice, 
but not in obese mice. 

5.2.3 Regulation of hepatic signalling pathways  

Subsequently, we investigated the possible mechanism for the vitamin D induced 
insulin resistance and improvement of insulin sensitivity in lean vitamin D 
supplemented mice by analyzing the signaling pathways in mouse liver.  

Vitamin D deficiency and obesity significantly reduced the liver glycogen 
contents in WD, CDVDD, WDVDD and WDVDD-S in comparison to CD mice. 
Vitamin D supplementation attenuated the reduction of hepatic glycogen contents 
in lean CDVDD-S in comparison to CDVDD mice (II, Fig. 2a). This was evident 
in the protein expressions of the lean CDVDD mice; they demonstrated significant 
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reductions in AKT induced GSK3β phosphorylation and a subsequent reduction in 
liver glycogen contents. On the contrary, vitamin D supplementation increased 
GSK3β phosphorylation accompanied by enhanced liver glycogen contents in 
CDVDD-S mice (II, Fig. 2c, d).  

In addition, WD, WDVDD and CDVDD mice showed a clear increase in 
mRNA expressions of hepatic gluconeogenic genes Pepck and G6pase in 
comparison to CD mice. Vitamin D supplementation inhibited the expressions of 
Pepck and G6pase genes up-regulation in CDVDD-S mice (II, Fig. 2b).  

In line with the transcriptional activation of Pepck and G6pase genes and 
suppression of hepatic gluconeogenesis, the upstream AKT/FOXO1 signaling 
pathway proteins were investigated. AKT protein phosphorylation and 
subsequently the extent of the AKT target FOXO1 protein phosphorylation were 
significantly increased in CDVDD-S mice and conversely the phosphorylation 
mediated activations of both AKT and FOXO1 proteins were significantly inhibited 
in CDVDD, WD, WDVDD and WDVDD-S mice (II, Fig. 2c, d). Vitamin D 
supplementation in CDVVD mice inhibited hepatic gluconeogenesis and glycogen 
reduction. These results provide mechanistic evidence to explain how the 
alleviation of vitamin D deficiency by vitamin D supplementation was able to 
combat the induced hepatic insulin resistance.  

5.2.4  Hepatic inflammation, oxidative stress and steatosis  

Oxidative stress and inflammation are key contributors to hepatic insulin resistance. 
We therefore investigated the effects of vitamin D on these mediators of hepatic 
insulin resistance.  

The activity of the antioxidant enzyme, CAT, was significantly reduced in the 
liver of vitamin D deficient insulin resistant WD, CDVDD, WDVDD and 
WDVDD-S mice (II, Fig. 3a) and the corresponding lipid peroxidation byproduct 
i.e. the MDA contents, were increased in comparison to the levels in the CD mice 
(II, Fig. 3b). CDVDD-S mice showed a significant restoration of liver CAT enzyme 
activity and a major reduction in the level of MDA (II, Fig. 3a, b). The results 
suggest that vitamin D supplementation had been able to improve the antioxidant 
capacity of CDVDD mice.  

Inflammation is triggered by oxidative stress and results in the induction of 
insulin resistance. Western blots revealed a significant increase in the 
phosphorylation of IκBα protein expression levels in the liver of WD, CDVDD, 
WDVDD and WDVDD-S mice (II, Fig. 3c). In contrast, CDVDD-S mice showed 
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a significant decrease in the relative density ratios of pIκBα/IκBα (II, Fig. 3d). In 
line with these results, the circulating levels of inflammatory cytokines IL1β, 
RANTES, MCP1, IL6 and TNFα and the expression levels of the corresponding 
hepatic Il1β, Rantes, Mcp1, Il6 and Tnfα mRNAs were significantly reduced in 
CDVDD-S mice (II, Fig. 4a-f), suggesting that vitamin D supplementation had 
reduced liver inflammation in CDVVD mice. 

In addition, vitamin D supplementation remarkably reduced lipogenic mRNA 
expressions of Srebp1c, Acc, Fasn and Pgc1α as well as hepatic fat accumulation 
in CDVDD-S mice in comparison to the WD, CDVDD, WDVDD and WDVDD-S 
mice (II, Fig. 5a-c).    

5.3 Vitamin D status and metabolic syndrome association (III)  

Article III examined the importance of vitamin D in elderly subjects living at a 65° 
Northern latitude with respect to the development of the metabolic syndrome. 

5.3.1 Characteristics of cohort and their vitamin D status  

The baseline, anthropological and biochemical characteristics of the cohort are 
presented in Table 5. The vitamin D status of the cohort subject was assessed by 
measuring serum 25OHD levels: Only 20.6% of the subjects were vitamin D 
sufficient, 57.6% were vitamin D insufficient and 21.9% were vitamin D deficient 
according to the Endocrine Society classifications. The vitamin D status in study 
population was significantly associated with several baseline characteristics such 
as gender, season of blood sampling, vitamin D supplementation and physical 
activity (p<0.05). The vitamin D status showed significant inverse associations 
with BMI, WC, fasting glucose, fasting insulin, total cholesterol, TG levels, 
HOMA-IR parameter (p<0.05). HOMA-S scores were positively associated with 
the vitamin D sufficiency status (p<0.001) Lipid parameters such as TG, total and 
LDL cholesterol significantly associated with low 25OHD levels and this 
association remained significant (p<0.05) even after adjusting for BMI and baseline 
characteristics. 
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5.3.2 MetS and vitamin D supplementation effects  

Vitamin D supplementation in the study populations was assessed for associations 
with MetS and its components. From 320 subjects with MetS, 82% of the 
individuals were either vitamin D deficient or insufficient. WC was significantly 
associated with a low vitamin D status, with 26% of subjects being deficient and 
55% being insufficient (P<0.001). Significantly, those subjects with low levels of 
vitamin D displayed associations with many components of MetS: TG, HDL, BP, 
and FBG (III, Table 3).  

The supplementation of vitamin D was associated with a lower incidence of 
MetS and its components. Subjects without vitamin D supplementation had more 
MetS (58%) in comparison to subjects who were consuming vitamin D 
supplements (42%). Subjects without vitamin D supplementation showed 
significant correlations with one or more components of MetS except for TG (III, 
Table 3). 

5.3.3 Risks factors for low vitamin D levels  

We analyzed the risk factors associated with insufficient vitamin D status (25OHD 
≤75 nmol/L) using multiple regression analysis as shown in Fig. 9. Lack of vitamin 
D supplementation (OR=6.29; 95% CI, 3.82-10.11; p=<.0001) and winter season 
(OR=3.46; 95% CI, 2.01-5.97; p=<.0001) were important risk factors for low 
vitamin D levels. The presence of MetS (OR=1.70; 95% CI, 1.15-2.53; p=0.008) 
was one of the significant risk factors for low vitamin D levels and this remained 
significant even after adjustment for season of sampling (November to April), 
vitamin D supplementation and gender of the subjects (OR=1.65; 95% CI, 1.08-
2.53; p=0.021). 
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Fig. 9. Forest plot for the risk of low vitamin D levels (<75nmol/L). Adjusted odds ratios 
and their 95% confidence interval. 
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6 Discussion 
Our results demonstrate the importance of vitamin D in the inhibition of adipose 
tissue inflammation and the restoration of disturbed hepatic insulin signaling 
pathways. Furthermore, a low vitamin D status was associated with the prevalence 
of the metabolic syndrome in elderly subjects living at a northern latitude, 65° 
North (Oulu, Finland). 

6.1 Vitamin D and adipose tissue inflammation (I)  

Study I showed that 1α,25(OH)2D3 downregulated adipose tissue inflammation in 
cellular models of human adipocytes. 1α,25(OH)2D3 inhibited LPS induced NFκB 
signaling in hMSCs derived and human mature adipocytes by reducing the extent 
of phosphorylation of IκBα and blocking the translocation of NFκB into the nucleus, 
thereby reducing the secretion of IL6. Adipose tissue secretes several 
cytokines/adipokines, acting as pro or anti-inflammatory mediators. Increased 
adiposity has been associated with changes in the inflammatory milieu which leads 
to a condition of low grade chronic inflammation, thereby significantly 
contributing to adipose tissue dysfunction and on to the pathogenesis of obesity 
associated diseases (Trayhurn & Wood, 2005; Wellen & Hotamisligil, 2003). The 
proinflammatory cytokines, such as TNFα, IL1β, IL6 and MCP1 play a 
fundamental role in the initiation and progression of the low-grade chronic 
inflammation present in obesity (Coppack, 2001; Maury & Brichard, 2010). IL6 is 
one of the most important pro-inflammatory cytokines and it has been associated 
with obesity-induced metabolic complications (Allen & Febbraio, 2010; Rotter, 
Nagaev, & Smith, 2003). In obese insulin resistant individuals, the circulating IL6 
levels are elevated (Fried, Bunkin, & Greenberg, 1998). In principle, the use of 
inflammatory mediators such as LPS and pro-inflammatory cytokines (TNFα, 
IL1β) has been established to mimic the respective induction of the inflammation 
and the production of several cytokines in cellular models (Hoareau et al., 2006; 
Hoch et al., 2008; Nehmé & Edelman, 2008; Sumbayev et al., 2013). In our study, 
LPS exposure (10 ng/ml) detected increased IL6 secretions in hMSCs differentiated 
adipocytes and isolated mature adipocytes. 

Vitamin D is well-known for its immunomodulatory functions in several 
immune cells and regulation of autoimmune diseases (Mathieu & Adorini, 2002). 
Several in vitro studies have demonstrated the anti-inflammatory properties of 
1α,25(OH)2D3 such as decreasing inflammatory cytokine secretion in adipocytes 
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(Gao, Trayhurn, & Bing, 2013; Lorente-Cebrian et al., 2012; Marcotorchino et al., 
2012) and monocytes (Matilainen et al., 2010; Y. Zhang et al., 2012). In line with 
these findings, our study clearly demonstrated a reduction in the LPS stimulated 
IL6 secretion as well as lowered expressions in both hMSCs differentiated and 
isolated mature adipocytes models (I, Fig. 3).    

1,25(OH)2D3 and NFκB signaling  

The activation of transcription factor NFκB plays a crucial role in the initiation of 
inflammatory responses in adipose tissue (Tourniaire et al., 2013). 1,25(OH)2D3 
has been shown to stabilize IκBα levels and decrease NFκB activation in 
macrophages and keratinocytes by reducing the extent of IκBα phosphorylation 
(Cohen-Lahav, Shany, Tobvin, Chaimovitz, & Douvdevani, 2006; Riis et al., 2004) 
with a down-regulation of the expression the inflammatory cytokines via inhibition 
of NFκB nuclear translocation (Tan, Wen, & Liu, 2008).  In addition, experiments 
in mice with VDR deletion have shown that this deletion contributes to the 
activation of NFκB (Wu, Xia, Liu, & Sun, 2010). Furthermore, embryonic 
fibroblast cells from VDR ablated mice exhibited reduced IκBα protein levels and 
increased amounts of the proinflammatory cytokine TNFα (Wu et al., 2010). Our 
observations are in accordance with those reports, demonstrating that 1,25(OH)2D3 
reduced LPS induced phosphorylation of cytoplasmic IκBα protein levels and 
inhibited the IκBα protein degradation in adipocytes. Furthermore, we have 
confirmed that 1,25(OH)2D3 inhibited the nuclear translocation of the NFκB 
subunit p65 and reduced the amount of the proinflammatory cytokine IL6 being 
secreted in human adipocyte models as detected by EMSA and 
immunofluorescence (I, Fig. 4A, B) analysis.   

In summary, 1,25(OH)2D3 attenuated LPS stimulated adipose tissue 
inflammation by inhibiting NFκB signal transduction pathway (Fig. 10A) thus 
demonstrating the important role of vitamin D in regulating low-grade chronic 
inflammation in adipose tissue. 

6.2 Vitamin D and hepatic insulin sensitivity in mice (II)  

Adipose tissue chronic inflammation is characterized by increased secretions of 
proinflammatory cytokines and an impaired inhibition of lipolysis by insulin, 
resulting in increased circulating levels of proinflammatory cytokines, free fatty 
acids (FFAs) and glycerol (Samuel & Shulman, 2012, 2016). Glycerol is the main 
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substrate for hepatic gluconeogenesis and FFAs are an important energy source. 
Excess FFAs accumulate in insulin responsive peripheral tissues such as liver, 
leading to an elevated hepatic acetyl-CoA content and increased pyruvate 
carboxylase (PC) activity with enhanced gluconeogenesis. This typically results in 
the dyslipidemia associated with adiposity (Perry et al., 2015; Sears & Perry, 
2015a). The accumulation of lipids and inflammation triggers insulin resistance by 
interfering with insulin signaling and further contributes to the progression to type 
2 diabetes and its complications. Vitamin D has been clearly shown to attenuate 
both adipose tissue inflammation and insulin resistance.  

Study II provided evidence that vitamin D re-supplementation has significant 
effects on insulin signaling by improving glucose tolerance and hepatic insulin 
sensitivity in vitamin D deficient lean mice (CDVDD), but not in their obese 
vitamin D deficient counterparts (WDVDD). The effect of vitamin D to improve 
hepatic insulin sensitivity in CDVDD mice was attributable to an increased 
glycogen synthesis via AKT/GSK3β and decreased gluconeogenesis mediated 
through AKT/FOXO1 signaling pathways.  

Vitamin D status, supplementation and insulin resistance 

Based on the epidemiological and rodent studies, it is believed that decreased 
circulating 25OHD levels exacerbate impaired glucose tolerance and furthermore 
a vitamin D deficiency is associated with the risk of insulin resistance and T2D 
(Forouhi et al., 2012; Kong et al., 2014; Roth et al., 2012). We found that blocking 
cutaneous vitamin D synthesis and feeding mice a vitamin D deficient Western diet 
(WDVDD) or a control vitamin D deficient diet (CDVDD) for 15 weeks induced 
vitamin D deficiency (II, Fig. 1c). This resulted in impaired glucose homeostasis 
and insulin resistance in both lean and obese mice (II, Fig. 1a,b). In vitamin D 
deficient mice, intraperitoneal re-supplementation of vitamin D (50ng/mouse/3 
times a week) for 6 weeks improved insulin sensitivity and glucose homeostasis (II, 
Fig. 1d-h) in the lean CDVDD mice. This is support for the beneficial effects of 
vitamin D supplementation on insulin sensitivity and represents a novel way to 
reduce the complications of insulin resistance (Benetti et al., 2018; Kheder et al., 
2017; Liu, Lv, Ning, Yang, & Zhu, 2016; Meerza, Naseem, & Ahmed, 2012; 
Mostafa, Nasra, Zahran, & Ghoneim, 2016; Sisley et al., 2016; Takiishi et al., 2014). 
Conversely and importantly, vitamin D supplementation had no effect in WDVDD 
mice. The ineffectiveness of vitamin D supplementation was not surprising in 
WDVDD mice due to the deleterious effects of  consumption of a Western diet with 
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exacerbated adiposity (Heinonen et al., 2014).  Thus, vitamin D supplementation 
was ineffective in combatting insulin resistance in these obese animals. This may 
explain the discrepancies in the vitamin D supplementation trials in improving 
glucose intolerance in obese patients, although other beneficial health care effects 
might be possible, even if they are below a measurable threshold. In any case, all 
subjects with low vitamin D levels should receive vitamin D supplementation.   

Vitamin D supplementation and hepatic insulin signaling 

Liver is the key insulin responsive tissue; it responds acutely to insulin by reducing 
glucose levels and produces most of the extracellular glucose (Titchenell, Chu, 
Monks, & Birnbaum, 2015; Titchenell, Lazar, & Birnbaum, 2017). The insulin 
signaling mechanism in liver is well established: Insulin mediates gluconeogenesis 
by regulating the PI3K/AKT/FOXO1 signaling pathway and glycogen synthesis 
through the PI3K/AKT/GSK3β signaling pathway (Barthel & Schmoll, 2003; J. 
Lee & Kim, 2007). Insulin suppresses the downstream gluconeogenic enzymes 
PEPCK and G6Pase by activating PI3K/AKT. Active AKT suppresses FOXO1, a 
member of the forkhead family of transcription factors and reduces its 
transcriptional activity via phosphorylation. On other hand, insulin induces the 
activation of AKT which phosphorylates GSK3β and inactivates it, resulting in an 
activation of glycogen synthesis by active glycogen synthase (GS) enzyme. 
Vitamin D has been shown to downregulate the FOXO1 proteins in osteoblasts 
(Eelen et al., 2013). The deletion of VDR in mice and in skeletal muscle cells 
resulted in increased FOXO1 expression and treatment with vitamin D was able to 
inhibit FOXO1 expression in C2C12 myotubes (Chen et al., 2016). According to 
our findings, the hepatic expressions of two gluconeogenic enzymes, PEPCK and 
G6Pase, were increased in vitamin D deficient (CDVDD and WDVDD) mice. The 
vitamin D supplementation in CDVDD-S mice significantly reduced 
gluconeogenesis via AKT/Foxo1 mediated PEPCK and G6Pase down-regulation 
and there was also enhanced glycogen synthesis via AKT/ GSK3β mediated GS 
activation (II, Fig. 2a-d).   

Vitamin D, hepatic inflammation, lipogenesis and oxidative stress 

Adipose tissue lipolysis and inflammatory cytokine secretions result in an 
excessive FFA influx to liver and lead to increased lipogenesis (dyslipidemia) and 
endoplasmic oxidative stress (Gregor & Hotamisligil, 2011; Hotamisligil, Shargill, 
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& Spiegelman, 1993). The endoplasmic oxidative stress increases the production 
of intracellular reactive oxygen species (ROS) due to the triggering of NFκB 
signaling and the subsequent production of inflammatory cytokines (Bowie & 
O’Neill, 2000). The increased dyslipidemia and inflammation contribute to a 
disruption in insulin signaling and to the progression towards insulin resistance in 
the liver (Perry et al., 2015; Sears & Perry, 2015b). The anti-inflammatory (Wöbke, 
Sorg, & Steinhilber, 2014) and anti-oxidant (Ke et al., 2016; Wiseman, 1993) 
functions of vitamin D are now well established. The knockdown of vitamin D 
metabolizing enzyme 1α-hydroxylase human hepatocytes evoked an oxidative 
stress with impaired insulin signaling and downregulation of GLUT4 (Tao et al., 
2017). In a rat MetS model, vitamin D treatment reduced the circulating 
malonaldehyde (MDA), a lipid peroxidation marker (Mostafa et al., 2016). In line 
with these findings, we found that mice fed with our two vitamin D deficient diets 
(CDVDD, WDVDD) as well as WD diet had a reduced hepatic activity of the anti-
oxidant enzyme CAT and increased hepatic MDA levels (II, Fig. 4A). Vitamin D 
re-supplementation in CDVDD mice improved the hepatic CAT activity and 
reduced the MDA levels, demonstrating the anti-oxidative functions of vitamin D 
in insulin resistant hepatic tissue. Previously in studies I and IV, we had 
demonstrated a vitamin D-induced reduction of inflammation in adipose tissue 
mediated through the inhibition of downstream NFκB and MAPK inflammatory 
signaling pathways (Mutt, Hyppönen, Saarnio, Järvelin, & Herzig, 2014; Mutt et 
al., 2012). Furthermore, in BALB/c mice and Sprague-Dawley rats, a long-term 
dietary vitamin D deficiency increased the hepatic expressions of the 
proinflammatory cytokines (Roth et al., 2012; Zhu et al., 2015).  In line with these 
findings, we found that the vitamin D deficiency and WD feeding increased the 
phosphorylation of IκB protein in liver, thereby allowing the NFκB nuclear 
translocation with the induction of a series of pro-inflammatory genes and protein, 
including IL1β, RANTES, MCP1, IL6 and TNFα (II, Fig 5).  Vitamin D 
supplementation stabilized IκB protein levels by reducing its phosphorylation in 
the liver of the CDVDD-S mice as well as inhibiting the expression of the 
downstream pro-inflammatory cytokines (II, Fig. 4B).  Our results indicate that 
vitamin D supplementation can effectively reduce the level of hepatic inflammation 
in vitamin D deficient insulin resistance mice.  

Several studies have reported that vitamin D deficiency induces the expression 
of several lipogenic genes in hepatic tissue, resulting in increased de novo 
lipogenesis and further hepatosteatosis (fatty liver) in vitamin D deficient rodent 
models (Borges, Salles, Bringhenti, Mandarim-De-Lacerda, & Aguila, 2018; Kang 
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et al., 2015; Kong et al., 2014; Roth et al., 2012; Su et al., 2016). Insulin resistance 
is associated with the increased hepatic lipogenesis  encountered in obesity (Smith 
et al., 2020). We found that vitamin D deficient WDVDD, CDVDD as well as the 
mice fed the WD exhibited increased hepatic Srebp, Acc and Fasn lipogenic gene 
expressions and a clear lipid accumulation in hepatic tissue (II, Fig. 6A). Vitamin 
D supplementation reduced both the expressions of hepatic Srebp, Acc and Fasn 
genes and lowered lipid accumulation in CDVDD-S mice (II, Fig. 6B), suggesting 
that vitamin D supplementation had been beneficial in attenuating hepatic 
lipogenesis and insulin resistance in lean mice. 

In summary, study II demonstrated that vitamin D deficiency induces insulin 
resistance in lean mice. Vitamin D re-supplementation in vitamin D deficient 
insulin resistant lean mice significantly improved the animals’ sensitivity towards 
insulin. Our data revealed the mechanisms of vitamin D in regulating hepatic 
insulin resistance involved increasing glycogen synthesis via AKT/GSK3β and 
decreasing gluconeogenesis via AKT/FOXO1 signaling pathways. Furthermore, 
vitamin D supplementation in lean CDVDD-S mice reduced hepatic inflammation 
via an inhibition of NFκB signalling, a lowering of oxidative stress as well as by 
reducing the levels of lipogenesis genes (Fig. 10B). These findings reveal novel 
mechanistic insights into how vitamin D supplementation may be of benefit in the 
treatment of diabetes in lean subjects in the future. 

6.3 Vitamin D status and MetS associations in older cohort (III)  

Insulin resistance and subsequent hyperinsulinemia are linked to the development 
severe metabolic health consequences such as obesity, dyslipidemia, hypertension, 
CVD and type 2 diabetes, collectively referred to as MetS (Hauner, 2002). Insulin 
resistance is considered as one of the common risk factors associated with the MetS 
(Ferrannini, 2006; Natali & Ferrannini, 2004). Several investigators have reported 
that low circulating 25OHD levels are associated with the components of MetS 
(impaired glucose tolerance, obesity, dyslipidemia, low HDL cholesterol and high 
blood pressure) and thus the risk of either vitamin D insufficiency or deficiency 
plays a role in the pathogenesis of MetS (Akter et al., 2017; Al-Dabhani et al., 2017; 
Aquino et al., 2018; Arai et al., 2010; Verrusio et al., 2017).  

In study III, we observed that a significant majority (80.2%) of elderly subjects 
(69 years) living at a latitude of 65° North were either vitamin D deficient or 
insufficient (<75nmol); these findings are in accordance with previous studies from 
Northern Europe (Andersen et al., 2005; Hurskainen et al., 2012; C. Lamberg-
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Allardt, Viljakainen, & Group, 2006; Nurmi et al., 2005; Palaniswamy et al., 2017). 
Moreover, due to aging, the capacity of the skin to synthesize vitamin D3 declines 
and ability of intestinal dietary vitamin D absorption becomes reduced (Gallagher, 
2013; MacLaughlin & Holick, 1985). The prevalence of vitamin D deficiency is 
higher in elderly populations irrespective of their geographical location (Cauley et 
al., 2008; Lips, 2001; Mithal et al., 2009; Neo & Kong, 2016). There are cross-
sectional studies demonstrating that higher circulating 25OHD levels are inversely 
associated with the prevalence of MetS in elderly populations (Oosterwerff, 
Eekhoff, Heymans, Lips, & van Schoor, 2011; Vitezova et al., 2015). Similar to 
these findings, we found significant associations between the low vitamin D status 
and the MetS in our cohort of elderly individuals. Furthermore, the vitamin D 
supplementation records from our cross-sectional elderly cohort revealed that 
vitamin D supplementation had a more beneficial outcome on reducing MetS and 
its components.  

Vitamin D and MetS components 

Central obesity is one of key components of MetS and to the development of insulin 
resistance (Despres & Lemieux, 2006). The increased adiposity leads to 
dysregulation of cytokine or adipokine secretions and contributes to the 
inflammation of adipose tissue.  There is an interplay between adiposity and the 
chronic presence of inflammatory cytokines in the development of insulin 
resistance, dyslipidaemia and high blood pressure (Ferrannini, 2006).  A low 
vitamin D status has been significantly associated with central obesity and along 
with an increased fat mass, there is a progressive decrease in circulating 25OHD 
levels (Arunabh, Pollack, Yeh, & Aloia, 2003; Earthman et al., 2012; Yeum, 
Dawson-Hughes, & Joo, 2018). It has been speculated that the low vitamin D status 
in obesity is due to the sequestration of the lipophilic vitamin D in adipose tissue 
(Wortsman et al., 2000) or inefficient distributions of 25OHD levels due to larger 
volume of adipose tissue in obese individuals (Drincic, Armas, Van Diest, & 
Heaney, 2012). Furthermore, the bi-directional Mendelian randomization analysis 
reported that higher BMI leads to lower 25OHD levels, suggesting that obesity is a 
causal risk factor for vitamin D deficiency (Vimaleswaran et al., 2013). 
Consequently, hypovitaminosis D in obese subjects will be more predisposed to 
dyslipidaemia, hypertension and insulin resistance; thus a significant risk of MetS 
(Awad, Alappat, & Valerio, 2012).  In our cross-sectional elderly cohort, we found 
that 25OHD levels were inversely associated with BMI, WC, levels of fasting 
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glucose, fasting insulin, total cholesterol, TG and the HOMA-IR concentrations. In 
addition, we found that low 25OHD levels were significantly associated with TG, 
total cholesterol and LDL-c independent of BMI (Table 5). These findings are in 
line with reports from other elderly cohorts i.e. that higher circulating 25OHD 
levels are associated with a lower prevalence of MetS and its components, 
including triglycerides, waist circumference, fasting glucose and higher HDL 
cholesterol levels (S. J. Lee et al., 2019; Vitezova et al., 2015).  

Clinicians recommend highly the use of vitamin D supplements, dietary 
consumption of vitamin D fortified and vitamin D rich foods in order to reduce the 
risk of vitamin D deficiency. Several studies have been evaluated and it has been 
proven that an intake of 400 – 1000 IU/day should be sufficient to achieve serum 
25OHD concentrations above 50 nmol/L in general populations (Bouillon et al., 
2013; Gallagher, Sai, Templin, & Smith, 2012; Rizzoli et al., 2013). In 2003, 
Finland introduced a food fortification policy on vitamin D and the amount of the 
fortification was doubled in 2010, after reports of the non-improvement in the 
vitamin D levels of the Finnish population (Helldán et al., 2013; C. Lamberg-
Allardt et al., 2006; Männistö et al., 2003). Epidemiological studies have shown 
that vitamin D supplementation has been beneficial in reducing the risk of MetS 
and its components (Mirhosseini et al., 2018; Verrusio et al., 2017).  In our cross-
sectional study, we aimed to clarify the impact of vitamin D supplementation on 
MetS and its components by using questionnaire data on vitamin and mineral 
supplements from our study cohort. We observed that those elderly subjects 
utilizing vitamin D supplementation had significantly lower incidences of MetS 
and its components WC, blood pressure fasting glucose and improved HDL 
cholesterol (III, Table 3). In addition, we found that the risk of vitamin D deficiency 
was significantly lower in supplemented elderly subjects, even taking into account 
the season of blood sampling and the presence of MetS (Fig. 9).  

In summary, sufficient 25OHD levels (>75nmol/l) were associated with a 
lower prevalence of MetS and its components in our elderly cohort living in the 
region of Northern Finland (Oulu, latitude 65° North). Our data suggests that 
vitamin D supplementation is highly recommended in order to achieve the 
beneficial effects of higher serum 25OHD levels (Fig. 10C). 

6.4 Future aspects  

Vitamin D is a secosteroid hormone which plays a vital role in the regulation of 
metabolic health. Vitamin D exerts its biological actions through its interaction with 
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the VDR, which is expressed in several cell types.  More and more studies 
emphasizing the importance of the vitamin D in cellular signaling pathways have 
appeared, providing novel mechanistic insights into the pathogenesis of metabolic 
diseases. Thus, as a way of combatting the increase metabolic diseases and 
correcting the pandemic of vitamin D deficiency, our health policies on vitamin D 
need to be strengthened i.e. nutritional supplementation should be recommended 
for the general population.  

In this thesis, vitamin D and its molecular mechanisms were examined with 
respect to the regulation of inflammation and insulin resistance, and furthermore 
the effects of vitamin D supplementations and its potential associations with the 
MetS were studied. The findings from study I suggest that vitamin D plays an 
important role in reducing the inflammation in adipose tissue. It is hypothesized 
that the lipophilic vitamin D is sequestered in adipose tissue as adiposity increases 
and its bioavailability in the circulation decreases (Hengist et al., 2019). However, 
important topics such as how efficient is the conversion of circulating inactive 
25OHD into 1α,25(OH)2D3 (the active form of vitamin D) in adipose tissue in vivo, 
how is it sequestered in adipose tissue and how best can it attenuate the 
inflammation in the adipose tissue of obese subjects need to be clarified.  

Study II demonstrated that vitamin D deficiency induced insulin resistance 
whereas its re-supplementation improved hepatic insulin sensitivity only in vitamin 
D deficient lean mice, but not in their obese counterparts. These novel findings in 
vitamin D supplemented lean mice suggest that re-supplementation has a beneficial 
effect on the attenuation of type 2 diabetes, which warrant the initiation of 
prospective trials in lean diabetic individuals. In addition, a better understanding of 
how vitamin D regulates insulin signaling pathways in other insulin-responsive 
tissues (adipose and muscle tissues) is a topic for future research.  

Furthermore, in our study, the beneficial effects of vitamin D re-
supplementation were overridden by high energy diet feeding; in the obese vitamin 
D deficient mice, there was only a partial effect in reducing the levels of 
inflammatory cytokines and lipogenesis. These findings demand the execution of 
well-designed diet-induced obese (DIO) pre-clinical studies to understand the 
effects of vitamin D supplementation and the molecular properties of vitamin D in 
individuals consuming a diet with high-energy foods.  

In the cross-sectional cohort study III, higher vitamin D levels were associated 
with lower risks of MetS and questionnaire-based data of vitamin D 
supplementation point to the beneficial effects on MetS and its components in 
elderly subjects. Nevertheless, intervention studies with larger populations and 
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longer follow-up times will be needed to evaluate this potential association in 
greater detail. 
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7 Conclusions 
The present thesis investigated the effect of vitamin D on the regulation of 
molecular pathways in adipose tissue inflammation and insulin resistance in hepatic 
tissue.  The results obtained demonstrate that vitamin D deficiency is associated 
with metabolic complications and furthermore that adequate vitamin D levels 
alleviate the risk factors of developing factors involved in the metabolic syndrome 
such as inflammation and insulin resistance.  

Based on the results, the following conclusions can be drawn: 

1. 1α,25(OH)2D3 inhibits LPS induced proinflammatory cytokine IL6 secretion 
in human MSCs derived and isolated mature adipocytes models in vitro. 

2. 1α,25(OH)2D3 inhibits LPS stimulated IL6 secretion through an attenuation of 
IκBα phosphorylation and further inhibition of NFκB nuclear translocation. 

3. Vitamin D deficiency induces insulin resistance in mice but its 
supplementation improves glucose tolerance and insulin sensitivity only in 
lean vitamin D deficient mice (CDVDD). 

4. Vitamin D supplementation improves hepatic insulin sensitivity by decreasing 
gluconeogenesis via AKT/FOXO1 and by increasing glycogen synthesis via 
activation of AKT/GSK3β pathways in lean CDVDD mice. 

5. Vitamin D supplementation in CDVDD mice attenuates hepatic inflammation 
via NFκB inactivation by reducing IκBα phosphorylation, hepatic oxidative 
stress via increased catalase activity and hepatic lipogenesis by inhibiting the 
expressions of lipogenic genes e.g. Srebp1, Acc, Fasn.  

6. Low vitamin D levels are significantly associated with the risk of MetS in an 
elderly cohort of subjects living in a northern latitude, 65° North (Oulu). 

7. Vitamin D supplementations in the elderly subjects of our cohort were 
associated with beneficial effects on components of the MetS. 
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Fig. 10. Schematic summary of the effect of vitamin D on signaling pathways of 
inflammation in human adipose tissue (A), insulin sensitivity in mouse hepatic tissue 
(B) and risks of MetS associations to vitamin D deficiency and supplementation in 
elderly subjects (C). Blunt arrows indicate inhibitory effects (A); Red upward arrows 
indicate stimulatory effects and green downward arrows indicate inhibitory effects (B & 
C). 
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