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CHAPTER 1

General Introduction

Obesity pandemic

The World Health Organizaton (WHO) defnes overweight and obesity as abnormal
or excessive fat accumulaton that presents a risk to human health (1). Currently, in
populaton setngs, obesity is defned by body mass index (BMI, calculated as weight in
kilograms divided by the square of height in meters (kg/m?)), a simple measure of body
fatness based on height and weight that applies to adult men and women. A BMI 225 kg/
m? is categorized as overweight and a BMI > 30 kg/m? is classifed as obese (2). Recent
fndings indicate that BMI might not be considered as an accurate marker to defne body fat
distributon and cardiometabolic risk (3, 4).

Over the last decades, the prevalence of obesity worldwide has risen enormously
and reached pandemic proportons. According to World Health Organizaton report in
2018, about 39% of adults aged 18 years and over (39% of men and 40% of women) were
overweight. Overall, about 13% of the world’s adult populaton (11% of men and 15% of
women) were obese (1). According to a recent report based on data from the Organizaton
for Economic Cooperaton and Development (OECD) (5), obesity has reached epidemic
proportons in both developed (USA (38.2%), UK (26.9%), The Netherlands (12.8%), and
Japan (3.7%) ) and developing (Brazil (20.8%), China (7.0%), India (5.0%) and Indonesia
(5.7%)) countries (6). Taken together, it is now clear that prevalence of obesity expands
in all age groups and in both sexes, irrespectve of ethnicity, geographical locatons and
socioeconomic status (7).

Obesity is strongly associated with an increased risk of Type 2 Diabetes Mellitus
(T2D), cardiovascular disease (e.g. dyslipidemia, stroke and hypertension), non-alcoholic faty
liver disease (NAFLD), musculoskeletal disorders, certain type of cancers and mental illness
(8). Nowadays, not only the Western society is afected by obesity, also many low-middle-
income countries have increased morbidity and mortality rates because of the increasing
prevalence of obesity (9). Furthermore, obesity and its co-morbidites are associated with
increased healthcare costs (partcularly secondary health care) and a reduced ability for
employment, indicatng high impact on social-economic burden (10). Thus obesity and its
related co-morbidites have now been well-recognized as a major health problem, and the
prevalence of obesity is predicted to stll increase in upcoming years thereby having a large
impact on future public health (6).

Metabolic interorgan crosstalk in obesity and insulin resistance

The underlying cause of overweight and obesity is an imbalance between
energy intake and energy expenditure, which is infuenced by genetc, microbial, neuro-
biological, behavioral, and environmental factors (11). Obesity is strongly associated with
the development of insulin resistance which is defned as an impaired acton of insulin on
its metabolic target organs such as adipose tssue (AT), liver, skeletal muscle and pancreas
(12, 13). Figure 1 illustrates the inter-organ crosstalk between these tssues under obesity-
induced insulin resistant conditons.

The adipose tssue is not only a passive fat storage organ, but is an actve metabolic
and endocrine organ (14, 15). The adipose tssue has two major functonsin lipid metabolism,
(1) to store lipid as triacylglycerol (TAG) from the uptake of meal-derived chylomicrons and
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(2) the release of non-esterifed faty acids (NEFA) to supply energy into non-adipose tssue
organs during conditons of increased energy demand (16). In the presence of a chronic
positve energy balance, the faty acid supply may exceed the storage capacity. This results
in dysfunctonal adipose tssue characterized by enlarged adipocytes (17, 18), an impaired
diferentaton of preadipocytes (i.e. adipogenesis) (19, 20), decreased adipose tssue
blood fow (16, 21, 22), chronic low-grade local infammaton (23, 24) and an impaired
lipid bufering capacity (25, 26). This impaired lipid bufering capacity is characterized by
an reduced insulin-mediated TAG extracton and a reduced insulin-mediated inhibiton
of endogenous lipolysis. The impaired inhibiton of endogenous lipolysis may be (partly)
compensated by a relatve increase in insulin secreton and thus increased circulatng insulin
concentratons (25). If the AT bufering capacity is exceeded, faty acids can spillover in the
circulaton and will be accumulated in other insulin sensitve tssues such as liver, skeletal
muscle, and pancreas, which may relate to impairment in insulin sensitvity and insulin
secreton (12, 13). Additonally, adipose tssue infammaton may result in systemic low
grade infammaton, which has also been linked to the development of insulin resistance
27).

In the liver, lipid accumulaton may be explained by (i) an increased spillover of
NEFA from subcutaneous adipose tssue (SAT) into circulaton (28), (ii) an increased fux of
FFA from visceral adipose tssue (VAT) through portal vein directng to the liver (“portal vein
hypothesis™) (29), and (iii) an increased uptake from lipoprotein remnants (28). An increased
lipogenesis due to an increased hepatec lipid supply leads to an increase of very-low-density-
lipoprotein (VLDL)-TAG secreton. Hepatc lipid accumulaton interferes with insulin signaling
in the liver, resultng in a diminished insulin-mediated suppression of VLDL producton and
secreton (26). Furthermore, hepatc insulin resistance is associated with an increased of
endogenous glucose producton and a reduced glycogen storage in the liver (30, 31).

The skeletal muscle is an important organ in peripheral insulin sensitvity since it
contributes to 70-90% of the total glucose disposal under postprandial conditons (26). An
elevated lipid supply from adipose tssue and liver to circulaton may result in an increased
muscle lipid uptake. The obese, insulin resistant state is characterized by a reduced capacity
to adapt fat oxidaton to faty acid supply (32). This leads to an increased intramuscular
lipid accumulaton, in partcular the accumulaton of bioactve lipid metabolites, which
contributes to impairments in the insulin signalling (33, 34), a subsequent reduced glucose
transporter-4 (GLUT-4) translocaton to the skeletal muscle membrane (35), and a reduced
insulin-mediated glucose uptake (36).

In pancreas, chronic exposure to elevated levels of NEFAs results in a decreased
insulin gene expression and blunted glucose-stmulated insulin secreton (GSIS) in vitro
(37). Using proton-magnetc resonance spectroscopy (:H-MRS), it has been demonstrated
that pancreatc lipid accumulaton was increased in individuals with an impaired glucose
metabolism (38). This pancreatc fat accumulaton may be associated with a decreased
glucose-stmulated insulin secreton by the beta-cells (39).

As a consequence, obesity-related insulin resistance accompanied by impairments
in insulin secreton can be progressing towards a prediabetc state and subsequently toward
T2DM (40). Prediabetes can be classifed as a state of impaired fastng glucose (IFG, fastng
glucose > 5.6 mmol/L) and/or impaired glucose tolerance (IGT, 2h oral glucose tolerance test
OGTT)-derived glucose 7.8 — 11.0 mmol/L) (41, 42). These two prediabetc states, may be
representng diferent etologies towards T2D (43).
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Obesity, insulin resistance and vitamin D status

Skin synthesis of vitamin D, stmulated by sun exposure is the major source of
vitamin D in humans. Vitamin D can also be ingested from the diet as vitamin D, and D,
(50). In form vitamin D, is commonly found in mushroom (51), whereas vitamin D, can be
found in oil-rich fsh and eggs, meat, fortfed foods (most ofen milk and dairy products,
margarine and spreads and some breakfast cereals), as well as supplementaton (50, 52).
The circulatng vitamin D 25-hydroxyvitamin D, [25(0OH)D,/calcifediol) is stll inactve untl
this has been hydroxylated (1-a-hydroxylase enzyme/CYP27B1) into 1,25-dihydroxyvitamin
D/1,250H,D, (calcitriol) in the kidney, which is the actve vitamin D metabolite (53). Both of
the actve and inactve form of vitamin D have been shown to be lipophilic as indicated by
recent studies which were able to detect both vitamin D metabolites in adipose tssue (54,
55). Vitamin D defciency (defned as having [25(0OH)D,] levels <50 nmol/L or <20 ng/mL)
(56) ofen seen in human obesity across age, ethnicity and geographical locatons (57).

Vitamin D: skeletal functon vs. extra-skeletal role in glucose and lipid
metabolism

The causal role of vitamin D defciency in bone health is well established. Vitamin
D sufciency is pivotal for normal skeletal development from utero untl childhood, and also
for maintaining bone health in adults (58). This is due to the fact that sufcient of vitamin
D levels lead to adequate calcium-phosphorus concentratons resultng in an efectve bone
mineralizaton to prevent vitamin D defciency and related diseases like rickets (59). In
adults, low 25(0H)D, and high Parathyroid hormone (PTH) also lead to low serum calcium
and phosphorus concentratons, resultng in osteomalacia, i.e., a defectve mineralizaton of
the collagen matrix causing a reducton of structural support and being associated with an
increased risk of fracture (58).

During the last couple decades, studies suggest the link between vitamin D
and chronic metabolic diseases or conditons like obesity, insulin resistance and T2DM.
Observatonal human studies have extensively documented an inverse relatonship
between vitamin D status and obesity-related insulin resistance (60). Vitamin D has been
shown to stmulate the expression of insulin receptor substrate in muscle tssue of HFD
mice, (61). Vitamin D directly actvates peroxisome proliferator actvator receptor-0 (PPAR-
0) (62), a transcripton factor involved in the regulaton of faty acid metabolism in skeletal
muscle and adipose tssue. Vitamin D may have an efect on insulin secreton by maintaining
extracellular calcium, ensuring normal calcium infux through cell membranes and adequate
calcium pool in the pancreatc beta cells (63). The role of of vitamin D in human lipid and
glucose metabolism and its defciency in obesity-associated insulin resistance has been
reviewed more extensively in chapter 2 of this thesis.

Vitamin D and adipose tssue metabolism

As indicated above, the obese insulin resistant state is also ofen associated
with low levels of serum vitamin D (Hypovitaminosis D) (64) both in children (65-67) and
adult men and women (60, 68). Adipose tssue represents a major storage reservoir for
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vitamin D, which is not surprising giving its characteristcs as a fat-soluble vitamin, although
the underlying mechanisms for the circulatng defciency in human obesity is not clearly
understood. The enlarged pool of visceral and subcutaneous AT in human obesity probably
sequestrates vitamin D and its metabolites, reducing their bioavailability (69). Beside
vitamin D uptake by adipose tssue, there also evidence of release both in mice as well as in
human adipocytes (70). A recent ex vivo data by Di Nisio et al demonstrated that a blunted
adrenaline-mediated lipolytc response, a characteristc of the obese insulin-resistant state,
was accompanied by an increased accumulaton of 25(0H)D, in human SAT from obese
donors, possibly indicatng a blunted vitamin D release (71). However, in vivo data from
human is rather limited, as more extensively discussed in chapter 2.

Vitamin D-related genes, obesity, and insulin resistance

Next to environmental (sun exposure, season) and behavioral (food intake) factors,
genetc factors may play an important role in determining serum 25(0H)D, concentratons
(72). A study in twin male showed that genetc variaton in vitamin D related metabolism
genes may explain more than 50% of the variaton in vitamin D metabolite concentratons
partcularly during winter (73). However, genome-wide associaton studies have shown
that genetc variants in vitamin D-related genes explain a modest (~10%) of variatons in
circulatng vitamin D concentratons (74-77). Genetc variatons of vitamin D receptor (VDR)
is most ofen associated with vitamin D concentraton and metabolic health outcomes (78).

Vitamin D receptor genetc variants

Human and animal data indicate that VDR is present at the RNA and protein
level in adipose tssue (AT) (79) and other insulin sensitve tssues such as liver (80) and
skeletal muscle (81), thereby contributng to vitamin D-mediated efects on glucose and
lipid metabolism in these tssues. VDR is known as a member of the superfamily of the
steroid hormone receptors and is also recognized as a nuclear transcripton factor (82). The
genomic responses to vitamin D result from the interactons between its actve metabolite
[1,25(0H),D,] and its intracellular VDR. Then, afer the binding of vitamin D, VDR forms a
heterodimer with the retnoid-X receptor (RXR) that binds to specifc vitamin D response
elements (VDRES) on DNA sequences leading to expression or trans-repression of several
VDR targets genes of which some are involved regulatng lipid and glucose metabolism (e.g.
PPAR-0, insulin receptor substrate-1) (82, 83).

The human VDR gene is located on chromosome 12q, which encodes the full-
length VDR protein. Fokl, Bsml, Apal and Tagl (SNPs) have been identfed in VDR. Ye et
al. (84) found that the VDR Taql T allele was associated with obesity in French Caucasian
individuals with early onset of type 2 diabetes. A study conducted in a Saudi Arabian cohort
identfed that the VDR Taql G allele polymorphisms were signifcantly more frequent in
obese individuals (84). In a Central-European populaton, it has been suggested that genetc
variability in the VDR region (including Fokl and Apal polymorphisms) may be an important
factor infuencing anthropometric characteristcs associated with obesity including BMI, Fat
Mass and body fat distributon (85). Furthermore, a study in Poland showed that the Bsml
variant may be associated with BMI in men (86), but not in women (87). However, larger
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genome wide studies in UK (men and women) (88) and Chinese women (89) indicate that
VDR genetc variants are unlikely a major determinant of obesity related phenotype such
as BMI, waist circumference (WC), and waist-to-hip rato (WHR). In additon, it has been
suggested that Fokl variant is related with insulin sensitvity (86). However, is it unknown
whether these VDR SNPs are associated with insulin sensitvity and to what extent these
SNPs may afect interventon outcome (vitamin D supplementaton), as was explored in
chapter 2 of this thesis.

Vitamin D supplementaton and insulin sensitvity

The link between obesity, insulin resistance and vitamin D defciency may give a
ratonal for vitamin D supplementaton (90). Therefore, increasing circulatng vitamin D levels
through either vitamin D fortfed foods or drinks (91-93) as well as oral supplementaton (94)
has been hypothesized to improve glucose metabolism and insulin sensitvity. Numerous
randomized controlled trials (RCTs) have been conducted to investgate whether vitamin
D supplementaton has a causal efect on glucose homeostasis and insulin resistance.
However, the results from these RCTs are stll inconsistent and next to only fastng glucose
measures, as well as indirect markers of insulin sensitvity are used. Some studies suggested
a benefcial efect to improve insulin sensitvity (94-96), on the other hand, studies did
not fnd any benefcial efects on glucose homeostasis and/or insulin sensitvity (97-99).
Evidence of human interventonal studies regarding the efect of vitamin D supplementaton
on glucose homeostasis and insulin sensitvity is described more detail in chapter 2 and
chapter 6 of this thesis.

Outline of thesis

This thesis describes the role of vitamin D in human overweight/obesity and whole
body and tssue-specifcinsulin sensitvity. As described earlier in this thesis, the link between
vitamin D defciency, obesity-related insulin resistance is reviewed in more detail in chapter
2. In additon, this chapter provides and an extensive overview on the etology of vitamin D
defciency in obesity-related insulin resistance, which covers vitamin D metabolism, the role
of vitamin D in (tssue-specifc) insulin resistance and in increased adiposity (both human
observatonal and interventon studies). Vitamin D is known as a fat-soluble vitamin that
may accumulate in adipose tssue.

In human with overweight/obesity, the expanded adipose tssue mass may take up
andstore vitamin D thereby representngasareservoir (metabolic sink) for vitamin D, reducing
its bioavailability. To investgate this, in chapter 3 we analyzed the uptake and release of
vitamin D metabolites [25(0H)D, and 1,25(0H),D,] across abdominal subcutaneous adipose
tssue in lean and obese men following an overnight fast and beta-adrenergic stmulaton
(to stmulate lipid hydrolysis) using state-of-the-art arterio-venous diference methodology.
In Chapter 4 investgates whether the circulatng vitamin D metabolites [25(0H)D, and
1,25(0H),D,] are associated with adipose tssue, muscle and liver insulin sensitvity using the
gold standard hyperinsulinemic euglycemic clamp in individuals with overweight/obesity.
Furthermore, vitamin D receptor (VDR) and vitamin D-metabolizing enzymes [cytochrome
450 (CYP)] expression in adipose tssue (AT) was studied in relaton to AT insulin sensitvity.
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Genetc variants in VDR have been suggested to link with obesity related insulin
resistance. In Chapter 5 extends the outcome from previous chapter 4 and describes
the associaton between genetc variatons of VDR, adiposity and (tssue-specifc) insulin
resistance as well as weight loss and weight regain in human with overweight/obesity from
DIOGENES cohort, a Pan-European, randomized, controlled dietary interventon study
investgatng the efects of dietary protein and glycemic index on weight loss and weight
maintenance. Several meta-analyses on efect of vitamin D supplementaton only focus on
markers related fastng insulin and glucose concentratons.

In chapter 2, we briefy resumed recent meta-analysis study the efect of vitamin
D supplementaton on glucose metabolism in humans. However, most meta-analyses have
been executed with fastng measures of glucose and insulin metabolism. In chapter 6 we
conducted a meta-analysis on the efect of vitamin D supplementaton on insulin sensitvity
derived from Matsuda index, insulin sensitvity index, as well as hyperinsulinemic euglycemic
clamp methodologies. Finally, in chapter 7 the results of the present thesis are discussed in
broader perspectve.
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Summary

The obese insulin resistant state is ofen associated with low circulatng
concentraton of vitamin D 25-hydroxyvitamin D, [25(0OH)D,]. Fat sequestraton of vitamin D
in the expanded obese adipose tssue mass has been pointed out as a plausible explanaton
for this circulatng vitamin D defciency. However, the putatve mechanisms behind this
hypovitaminosis D remain to be elucidated.

The presence of vitamin D receptor and vitamin D metabolizing enzymes in insulin-
sensitve organs suggests that vitamin D may be involved in glucose and lipid metabolism
and may be related to insulin sensitvity. Indeed, mainly in vitro studies support a role of
vitamin D in regulatng glucose and lipid metabolism in several insulin sensitve tssues
including adipose tssue, skeletal muscle, liver, as well as pancreatc insulin secreton. A
potental role of vitamin D in gut barrier functon and metabolism has also been suggested.
This review summarizes recent knowledge on vitamin D defciency in the etology of obesity
related insulin resistance, and discusses potental underlying mechanisms. Finally, the role
of vitamin D supplementaton on insulin sensitvity and glycemic control will be discussed
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Introducton

Obesity is a main contributor to the development of type 2 diabetes mellitus
(T2D) and cardiovascular diseases (CVD) and has become a major public health problem
worldwide (1, 2). The World Health Organizaton (WHO) has reported that more than 422
million people sufer from T2D worldwide.(3) In additon, the prevalence of prediabetes,
an intermediate conditon of fastng and/or postprandial hyperglycemia, has also been
indicated to sharply increase in several countries (4-6). Much atenton has been given to
the preventon of T2D, with emphasis on the prediabetc state. Compared to normal glucose
tolerant (NGT) people, 37% of the pre-diabetc individuals develop T2D within 4 years (7), so
maintaining their blood glucose levels in the normal range may reduce the incidence of T2D
(8,9).

Obesity is generally described as a conditon of excessive fat accumulaton, with
abdominal obesity being the leading risk factor for insulin resistance and 72D (10). Obesity—
associated health complicatons are ofen accompanied by dysfunctonal adipose tssue
(AT) rather than an increased fat mass per se, which is characterized by impairments in
lipid storage capacity, partcularly in the postprandial state. Hence the surplus energy as
triglyceride will fow over into the circulaton and result in an increased lipid supply towards
non-adipose tssue organs like the liver and the skeletal muscle (11, 12). Fat depositon
in these non-adipose tssues may result in functonal impairments that contribute to the
development of whole-body insulin resistance leading to T2D (13).

Originally, the fat-soluble vitamin D has been well known as major regulator of
calcium and phosphate homeostasis related to bone metabolism. There is considerable
evidence that vitamin D 25-hydroxyvitamin D, (250H)D,) defciency (concentraton <50
nmol/L) is associated with osteoporosis and reduced bone health (14, 15) On the other
hand, evidence is accumulatng that vitamin D has much broader non-skeletal roles in the
human body than previously thought. In line, vitamin D metabolizing enzymes and vitamin
D receptors (VDR) are expressed in several insulin-sensitve tssues, suggestng extrarenal
metabolism and actvity of vitamin D (16, 17). Obesity, insulin resistance and T2D are ofen
characterized by a relatve circulatng vitamin D defciency (hypovitaminosis D), suggestng
a role for vitamin D in the pathophysiology of obesity-related metabolic disorders (18-20).
There is accumulatng mechanistc evidence for a role of vitamin D in glucose and lipid
metabolism in insulin sensitve tssues like the adipose tssue, skeletal muscle and liver (21-
23). In this review, we discuss the latest knowledge on vitamin D metabolism as well as
its role in glycemic control and lipid metabolism. Firstly, vitamin D metabolism, receptor
expression and intracellular signaling will be discussed. Additonally, the role of the actve
vitamin D metabolite 1,25-dihydroxyvitamin D, (1,25(0H),D,) and VDR in controlling tssue
substrate metabolism and insulin sensitvity will be addressed. Subsequently, data on vitamin
D status in the obesity-related insulin resistant will be reviewed. Finally, an overview will be
given from recently published meta-analyses on the efect of vitamin D supplementaton to
improve insulin sensitvity and blood glucose control.

Vitamin D metabolism

In human, vitamin D, can be synthesized from the skin following ultraviolet B (UVB)
2






CHAPTER 2
9LWDPLQ ' GH¢(FLHQF\ LQ WKH DHWLRORJ\ RI REHVLW\ UHODWHG LQVXOLQ UHVLVWDQFH

several second messenger systems (37, 38). Interestngly, a VDRE was identfed in the
promoter of the human insulin receptor gene, indicatng vitamin D might be involved in the
transcriptonal control of insulin signaling (39).

Role of vitamin D in adipose tssue lipid metabolism

VDR mRNA expression was identfed in visceral adipose tssue (VAT) and
subcutaneous adipose tssue (SAT) of lean and obese. In VAT, expression of VDR was higher
in obese than in lean, where as no diference of VDR expression in SAT was observed (40).
In additon, VDR protein expression has recently been demonstrated in primary adipocytes
derived from obese donors (21), indicatng the possible involvement of vitamin D in AT
development and metabolism. Indeed, recent studies suggest a role of vitamin D in AT
adipogenesis, lipogenesis, lipolysis, and infammaton (21, 41-43).

Adipogenesis

An in vitro study using 3T3-L1 preadipocytes has shown that treatment with
1,25(0H),D, (10nM) suppresses the major adipogenic transcripton CCAAT enhancer binding
protein alpha/beta (CEBP O B and peroxisome proliferator actvated receptor-y (PPAR-y) ina
VDR dependent manner, resultng in inhibiton of adipogenic diferentaton (44). Of interest
1,25(0H),D, was added to the medium in the early phase of diferentaton. In contrast when
10 nM 1,25(0H),D, was added in the late phase of diferentaton, there was an increased
MRNA expression of adipogenic markers like PPAR-y, CEBP D E Faty Acid Binding Protein
4 (FABP4), and Faty Acid Synthase (FASN) in AT from human multpotent adipose-derived
stem cells (hMADS) and subcutaneous pre-adipocytes (21, 41). A recent study has suggested
1,25(0H),D, (10 nM) upregulated CEBP expression afer 24h of inducton of diferentaton
in human SGBS cells (45). It is likely that treatng cell with vitamin D at diferent stages of
diferentaton could partly explain these opposite fndings in human primary adipocytes
(21, 41) as compared to murine cell model (44). Nevertheless, taken together, these data
suggested that vitamin D might afect adipogenesis (Figure 1) at the transcriptonal level, at
least in a species specifc manner.

Lipogenesis

Incubaton of diferentated subcutaneous human adipocytes derived from male
and female donors with a wide range of BMI (25.6-50.9 kg/m?) with 10 nM 1,25(0H),D, (for
24 hours) increased the protein expression of the lipogenic enzyme faty acid binding protein
4 (FABP4), the mRNA expression of lipoprotein lipase (LPL), and increased triacylglycerol
(TAG) accumulaton as compared to control adipocytes (41). Furthermore, incubatng
human adipocytes with 5 nM 1,25(0H),D, increased FAS protein level (46). Upregulaton
of FAS by 1,25(0H),D, is likely mediated by the VDR(21) and VDR actvity may be necessary
for lipid accumulaton in the late phase of adipogenesis (47). However, in vivo injecton of
1,25(0H),D, (1g/kg/day) in Sprague-Dawley rats (16 days) did not increase mRNA expression
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of FAS in AT (48). These fndings indicate that vitamin D may modulate lipogenic enzymes
expression at least in vitro (Figure 1), therefore human in vivo studies are required to clarify
these fndings in vitro.

Lipolysis

A study by Xue et al. showed that 1,25(0H),D, (5 nM) inhibits basal and beta-
adrenergically mediated lipolysis in human adipocytes, possibly via increased intracellular
calcium levels resultng in decreased cAMP levels and a reduced hormone-sensitve lipase
(HSL) phosphorylaton (46, 49). In contrast, recent data by Chang et al. (42) and Larrick
et al(50) showed that 1,25(0H),D, increased glycerol release both under basal and beta-
adrenergically stmulated conditons in murine 3T3-L1 adipocytes (42). This increased
lipolysis was accompanied by increased mRNA expression of the lipase HSL, and markers
of fat oxidaton, and mitochondrial biogenesis/functon like carnitne palmitoyltransferase
1 (CPT1 D, PPAR D co-actvator proliferator-actvated receptor gamma coactvator 1-alpha
(PGC1 D and sirtuin 1 (SIRT1) (42). Thus, data on the efect of vitamin D and lipolysis in
human primary and murine adipocytes are stll inconsistent (Figure 1).

IvG uu Y}VW CS8}Iv r [%}l]v % E} u Y}iv

Low-grade circulatng infammaton and increased AT infltraton of immune cells
are strongly associated with local adipose tssue and whole-body insulin resistance. In vitro
studies using murine 3T3-L1 adipocytes and human pre-adipocytes have shown that pro-
infammatory markers (e.g. IL-6, MCP-1, IL-1 B and TNF- Dderived macrophage actvity is
reduced following treatment with 10 nM of 1,25(0H),D,, and this efect is partly mediated by
VDR (51, 52) In line, recent in vivo fndings in Sprague-Dawley male mice following 12-weeks
combined High Fat and Low Vitamin D Diet (HFD+LVD) have demonstrated an increase in
AT macrophage infltraton, IL-6 and TNF- DmRNA and protein expression compared to
the HFD+1000 IU Vitamin D/Kg group (53). NFKB/MAPK mediated mechanisms have been
described to explain the possible ant-infammatory acton of the VDR-ligands in murine
adipocytes, (54, 55) as well as human preadipocytes (56).

In summary, the current available in vitro and animal data indicate that vitamin D
may afect AT lipid bufering capacity by afectng adipogenic diferentaton, lipogenesis,
intracellular lipolysis, and oxidatve capacity (the later via efects on mitochondrial
biogenesis/functon). Furthermore, Vitamin D may have benefcial efects on local AT and
systemic low-grade infammaton via actvaton of NFkB/MAPK mediated pathways (Figure
1). Currently, there is a gap between data available from in vitro studies using animal-human
derived cell models and well-controlled human interventon studies.

Role of Vitamin D on muscle glucose and lipid metabolism

As indicated above, vitamin D defciency may afect AT lipid bufering capacity,
thereby altering faty acid supply to skeletal muscle and indirectly afectng muscle lipid
content (preventng lipotoxicity). Additonally, direct efects of vitamin D on skeletal muscle
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metabolism have also been described. For instance, L6 and C2C12 myotubes treated with
100 nM (24h) and 10nM of 1,25(0H),D, (72h) showed an elevated glucose transporter 4
(GLUT4), VDR and Insulin Receptor (IR) mRNA expression, but functonal efects on glucose
uptake were not determined (57, 58). In line, C2C12 mouse myotubes treated with 10nM
1,25(0H),D, for 48h ameliorated lipid-induced insulin resistance, through improved insulin
receptor substrate-1 (IRS-1) tyrosine phosphorylaton and increased serine phosphorylaton
of protein kinase B (PKB), also known as Akt (59, 60). Additonally, 1,25(0H),D, increased
mRNA content of Perilipin 2 (PLIN 2,) as well as adipose triglyceride lipase (ATGL) in C2C12
myotubes (22), indicatng an involvement of vitamin D in muscle lipolysis and intramuscular
lipid catabolism.

Furthermore, treatment of human primary muscle cells from healthy lean donors
with 10 nM 1,25(0H),D, resulted in an improved mitochondrial morphology (volume and
structure) and altered mRNA expression of genes involved in muscle glucose and lipid
metabolism like pyruvate dehydrogenase kinase 4 (PDK4) and CPT1 (61), These in vitro
animal and human data indicate that vitamin D may afect muscle insulin sensitvity via
improvement of mitochondrial functon, substrate oxidaton, and lipid turnover (Figure
1). However, future investgatons are needed to elucidate the physiological importance of
vitamin D in muscle substrate handling and insulin sensitvity in humans.

Role of Vitamin D in liver lipid and glucose metabolism

Obesity is ofen associated with excessive fat depositon in the liver causing
infammaton and hepatc insulin resistance (62). An imbalance between lipid availability
(from adipose tssue lipolysis or de novo lipogenesis) and lipid removal (via faty acid oxidaton
or triglyceride-rich lipoprotein secreton) in the liver can result in hepatc lipid accumulaton,
leading to non-alcoholic faty liver disease (NAFLD) or non-alcoholic steatohepatts (NASH)
(63).

In vivo and in vitro studies in rodents have provided insight into the putatve
mechanisms through which vitamin D may lower liver lipid accumulaton possibly via efects
on the enterohepatc circulaton and autophagy. Intrahepatc injecton of 1,25(0H),D,
(5 ng/g body weight, twice per week) for 4 weeks in HFD+VDD treated mice resulted in
an upregulaton of bile acids transport, suppressed gene expression related to hepatc
lipogenesis and proinfammatory markers, thereby improving the NASH phenotype.(23)
In line, intraperitoneal injecton of 1,25(0CH),D, (2.5 ng/g body weight 3 tmes per week)
for 4 weeks signifcantly reduced liver lipid accumulaton in mice (64). As shown in HepG2
cells, 1,25(0H),D, may ameliorate hepatc steatosis by upregulatng autophagy-related
(i.e. ATG16L1) mRNA expression, indicatng that vitamin D might induce lipophagy via the
autophagy-lysosomal pathway (64).

Nelson and colleagues showed that serum 25(0OH)D, levels are inversely associated
with hepatocyte damage, as refected by hepatocellular ballooning degeneraton, in obese
men and women with NASH (65). However, another study has reported no correlaton
between serum vitamin D and liver fat accumulaton nor liver insulin sensitvity and
infammaton in obese men and women with NASH (66). These data indicate that studies
on the associaton between vitamin D, liver fat and liver insulin sensitvity and infammaton
in humans are inconsistent, despite accumulatng mechanistc evidence from in vitro and in
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vivo rodent models (Figure 1).

Role of Vitamin D in insulin secreton

Obesity-associated insulin resistance may chronically elevate glucose and faty acids
in the circulaton accompanied by a decline in beta cell functon, resultng eventually in a
reduced insulin secreton. Therefore, improving beta cell insulin secreton or responsiveness
has a major efect on glycemic control (67, 68).

Incubaton of beta cells derived from VDD mice with 1 nM 1,25(0H),D,, pretreated
with high-glucose, resulted in a reduced mRNA and protein expression of Renin Angiotensin
System (RAS) components (69), of which involvement in insulin secreton has been
demonstrated in a T2D mice model (70). In additon, incubaton of pancreatc cell islets from
type 1 diabetc donors with 1,25(0OH),D, increased VDR expression and prevented cytokine-
induced FAS expression (mMRNA and protein), which is a mediator of beta-cells apoptosis
(71). A recent in vitro study has suggested that a VDR-ligand (Calcipotriol/derivatve of
1,25(0H),D,) may protect human R-like cells (derived from human induced pluripotent stem
cells/iPS) against interleukin 1R-mediated infammaton (72). Together, these data suggest
that vitamin D may afect pancreatc insulin secreton in a RAS dependent manner, via
inducton of beta-cell apoptosis, and may protect beta-cell from local infammaton (Figure
1). Furthermore, the putatve underlying mechanisms for the efect of vitamin D on insulin
secreton and glycemic control in human pancreatc islets remain to be determined.

Role of Vitamin D in gut

It is well-known that intestnal calcium balance can be modulated by vitamin D
through stmulatng intestnal calcium absorpton as shown in human and animal studies
(73, 74). The presence of the VDR and the expression of CYP27B1 in small and large
intestnal epithelial and immune cells indicate the biological and metabolic signifcance
of vitamin D in the human gut (75). Interestngly, it has been shown that vitamin D,
supplementaton for 4 weeks results in an increased microbial diversity and a decrease in
relative abundance of Gammaproteobacteria in the upper gastro-intestnal tract in healthy
men and women (76). Furthermore, intraperitoneal injecton of 1,25(0CH),D, (5 ng/g body
weight) for one month atenuated metabolic endotoxemia (as evidenced by lower plasma
lipopolysaccharides, LPS), and improved intestnal tght juncton integrity, as well as Paneth
cell defense in HFD+VDD fed mice (77). An elegant review by Zheng and colleagues showed
that evidence is accumulatng for a role of Vitamin D in improved beta cell functon in Type
1 Diabetes (T1D), possibly via efects on the microbiome (78). Nevertheless, the underlying
mechanisms stll need further investgatons. Overall, these fndings indicate that vitamin D
may have important roles in intestnal barrier functon, local infammaton and modulaton
of microbial compositon (Figure 1).

Vitamin D status in the obese insulin resistant state

Inverse correlatons between serum 25(0OH)D, and weight, BMI, and waist
circumference have been shown in overweight and obese adults with diferent ethnic
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showed that a decrease total body fat was not associated with increased plasma 25(0H)D,
concentraton in prediabetc individuals (84). In additon to lifestyle interventon, weight-
reducing surgery using gastric bypass only resulted in a temporal elevaton of serum 25(0H)
D, levels, which decreased again one month afer surgery (85). Furthermore, two systematc
reviews and one meta-analysis concluded that weight loss interventons showed only
marginal changes in serum 25(0H)D, following signifcant weight and body fat loss (86, 87).
Thus, the above studies provide inconsistent evidence on the relaton between AT mass
and the circulatng levels of serum 25(0H)D,. Therefore, it may be that the ofen observed
circulatng vitamin D defciency in obesity is more complex than previously thought and
cannot be solely explained by increased sequestraton/diluton in the expanded AT mass.

Of interest, recent ex vivo data by Di Nisio et al (88) demonstrated that a blunted
adrenaline mediated lipolytc response, a characteristc of the obese insulin resistant state
was accompanied by increased accumulaton of 25(0H)D, in human subcutaneous adipocytes
from obese donors, possibly indicatng a blunted vitamin D release. Thus, there may be an
important link between an impaired lipid mobilizaton/turnover and an atenuated vitamin
D release from the AT in obese-insulin resistant individuals which remains to be investgated
in more detail.

Vitamin D, blood glucose control and insulin sensitvity

The potental efects of vitamin D on glucose homeostasis and insulin sensitvity have
been studied in numerous human cross-sectonal and interventon studies. The majority of
these cross-sectonal studies showed a positve associaton of serum 25(0H)D, levels with insulin
sensitvity measures derived from a hyperinsulinemic euglycemic clamp test(89, 90) or indirect
markers such as Matsuda index (91), or Quanttatve Insulin Sensitvity Index (QUICKI)(92, 93).
A negatve associaton was observed with Homeostatc Model Assessment of Insulin Resistance
(HOMA-IR)(93) or 2-hour Oral Glucose Tolerance Test (2h OGTT) (94), However, in most studies the
relatonship between serum 25(0H)D, and markers of insulin sensitvity/resistance atenuated
(95, 96) or even disappeared (94, 97) afer adjustment for markers of adiposity (including BMI,
and/or body fat percentage). This indicates that the associaton between vitamin D defciency
and degree of insulin resistance in obese individuals, may be mediated mainly by the increased
body weight and changes in body compositon.

Evidence from human interventon studies

Obesity-associated with circulatng vitamin D defciency may cause a decreased vitamin
D bioavailability. Therefore, increasing circulatng vitamin D levels by means of supplementaton,
is expected to afect tssue functon and insulin sensitvity in the obese resistant state. As
shown in table 1, eight meta-analyses published between 2012 and 2018 (98-105) of human
interventon carried out between 1980 and 2017 showed an increased plasma vitamin D 250HD,
concentraton following supplementaton, but the majority of these meta-analyses suggested
insufcient evidence to no efects on glycemic control and insulin sensitvity/resistance. The
included interventons were performed across diferent ethnicites, in both sexes, and with a
broad spectrum of vitamin D doses, modes of administraton, treatment duraton and most ofen
used surrogate markers of insulin resistance.
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Table 1. Meta-analyses of RCTs regarding the efect of vitamin D supplementaton on insulin
sensitvity and glucose metabolism

Investigators (Year) N trials included Study Populations Markers of glucose & insulin (effect size) Outcome
— ~FPQSMD-0.02,95%CI—0.1010 0.06;P=0.59
Georgeetal.(2012)  15RCTérom 1984to 2010 ﬁ:‘g"em‘"m NGTand i MA-IRSMD-0.07:95%C1:—0.20t0 0.06:P=0.30 Noeffect
- HbA19(SMD0.03;95%Cl:~0.18to 0.23;P=0.81)
T2RCT®etween2007and — ) ~FPQSMD-0.10;95%CI—0.2610 0.07;P=0.25
keet al. (201 : :
Jamkeetal.(2015) 55, Subjectswith Obesity 1y |rSMD0.04:95%C1-—0.44t0 0.52;P=0.86) Noeffect
~FPQWMD-3.59;95%CI:7.9410 0.76,P=0.11 —
Lietal.(2018) gglR?cwetweenzoosand Subjectswith T2D - HOMA-IRSMD-0.57,95%Cl > i X 15 §} >1X1i¢ L’:/Si;‘::c'zm
- HbA1QWMD-0.11;95%Cl:0.35t0 0.13;P=0.38)
~FPQSMD-0.27;95%Cl:8. 110 -1.6;P=0.002 —
Mirhosseiniet al.(2017) ggﬁcn’emee"moga”d Subjectswith T2D - HOMA-IRSMD:-0.66:95%Cl:1.06t0 -0.26;P=0.001 S\Iji:ill‘linet
- HbA19(SMD:-0.30;95%Cl:0.45t0 -0.15;P<0.001)
~FPQWMD-0.46,95%CI—0. 7410 —0.19;P=0,001 —
Mirhosseiniet al.(2018) ggffn’etwee"moga"d Prediabetes - HOMA-IRWMD~0.39;95%Cl:~0.68t0 —0.11;P=0.007 :\t‘i:';i':
- HbA1QWMD-0.48;95%Cl:~0.79to ~0.18;P=0.002)
~FPQMD-0.10,95%CI—0.1810 —0.03;P=0.006
Poolsupet al. (2016) 10RCTéetween2007and Subjectswith Prediabetes - HbA1QMD—0.89;95%Cl:—1.54to —0.23;P=0.008 Insufficient
petal. 2014 (basedon IFGor IGT) - HOMA-IRMD-0.06;95%Cl|:-0.36t0 0.24;P=0.69 evidence
- 2hOGTTMD-0.23;95%Cl:~0.65t0 0.19;P=0.28)
. 36 RCThetween1984and Subjectswith NGT, - HOMA-IRMD-0.04;95%CI:-0.03to0 0.22;P=0.77
1. (2014 € Noeff
Seidzetal.(2014) 55 PrediabetesT2D - HbALQMD—0.05,95%C1:—0.12to 0.03;P=0.20) oeffect
24RCTdetween2007and - FPQSMD>1X{idV 69 /W >iXii § Insufficient

Wuetal. (2017) Subjectswith T2D

2016 - HbA1SMD>1 X1V 6A9 /W >iXdi §} >iXif\evMeAdeXiiie

Abbreviatons: 20GTT: 2-hour Oral Glucose Tolerance Test; FPG: Fastng Plasma Glucose; HOMA-IR: Homeostatc
Model Assessment of Insulin Resistance; HbA1C: Glycated Haemoglobin; IGT: Impaired Glucose Tolerance; MD:
Mean Diference; NGT: Normal Glucose Tolerance; SMD: standardized mean diference; WMD: weighted mean

diference; T2D: Type 2 Diabetes.

Focusing on humans with obesity, a meta-analysisin 1181 subjects with overweight/
obesity (100), including sub-analysis based on dosage (high vs. low), duraton (long term vs.
short term), and group (vitamin D defcient vs. non-defcient) showed no efect of vitamin
D supplementaton on glucose metabolism and insulin resistance. Furthermore, subgroup
analysis suggested that insulin resistance is improved in non-obese as compared to obese
subjects (102-104). Together, these data may point towards no direct causality between
circulatng vitamin D concentraton and development of insulin resistance in humans with
obesity.

Conclusion and future recommendatons

This review reports that obesity and insulin resistance are ofen associated
with circulatng vitamin D defciency, which may be partly explained by an increased
sequestraton/diluton in the expanded AT mass. Additonally, vitamin D metabolism within
the AT may also be altered as refected by a down-regulaton of vitamin D metabolizing
enzymes and the fnding of an impaired (lipolysis-mediated) release of vitamin D 25(0H)D,,.
However, further studies are needed to determine the underlying mechanism in humans
with obesity.

The role of vitamin D in tssue specifc glucose and lipid metabolism is stll under
debate in humans. Data from mostly murine and in vitro studies indicate that vitamin D
possibly contributes to the improvement of AT lipid bufering or fat storage capacity and may
reduce the pro-infammatory state, but data are not entrely consistent and human evidence
is lacking. Vitamin D has also been implicated in muscle insulin signaling, intramuscular
lipid parttoning as well as liver infammaton and steatosis. However, these (murine) in
vitro fndings have not been followed by consistent human in vivo evidence on whole-body
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and peripheral (muscle, liver and adipose) insulin sensitvity. Overall, the current published
meta-analyses do not support the use of vitamin D supplementaton for improving glycemic
control and insulin sensitvity in overweight/obese humans. Nevertheless, it should also be
noted that a universal approach (one size fts all) for vitamin D defciency related-insulin
resistance may not be appropriate. Perhaps ethnic/geographical locaton and genetc
variatons of vitamin D-related metabolism (106, 107) may infuence responses to, and
benefts of, vitamin D supplementaton (104, 108). Therefore, further evaluaton of genetc
determinants of vitamin D status among diferent ethnic/geographical groups and metabolic
phenotype may enable the identfcaton of populaton subgroups, which may beneft from
vitamin D supplementaton. Finally, combining vitamin D supplementaton with other modes
of interventon (e.g. diet, exercise, polyphenols, or other micronutrients) might provide new
strategies for the treatment and preventon of insulin resistance in humans but this needs to
be investgated under well-controlled human setngs.
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Abstract

Obesity is characterized by a blunted lipolytc response in abdominal subcutaneous
adipose tssue (SAT) and low circulatng vitamin D levels. Here, we investgated whether an
impaired SAT lipolytc response coincides with an impaired SAT vitamin D release in eight
lean and six obese men. 25-hydroxyvitamin D, [25(OH)D3] and 1,25-dihydroxyvitamin D,
[1,25(0H),D,] fuxes across SAT were measured using arterio-venous blood sampling in
combinaton with AT blood fow measurements afer an overnight fast and during 1-hour
intravenous infusion of the non-selectve B-adrenergic agonist isoprenaline (20 ng.kg FFM2.
min). 1,25(0H),D, was released across abdominal SAT during isoprenaline infusion in lean
[-0.01 (-0.04 to 0.00) pmol*100g tssue*min?, P=0.017 vs. zero fux], but not in obese men
[0.01 (0.00 to 0.02) pmol*100g tssuel*min-, P=0.116 vs. zero fux], and accompanied by
an impaired isoprenaline-induced lipolytc response in abdominal SAT of obese versus lean
men. Isoprenaline had no signifcant efects on net 25(0H)D, release across abdominal
SAT and plasma vitamin D metabolites in lean and obese men. To conclude, a blunted
isoprenaline-mediated lipolysis is accompanied by reduced release of 1,25(0OH),D, vitamin D
across abdominal SAT in obesity.
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Introducton

Obesity is associated with adipose tssue (AT) dysfuncton, which is characterized
by adipocyte hypertrophy, AT infammaton and impaired lipid metabolism, thereby
contributng to insulin resistance (1). Noteworthy, obesity is ofen characterized by low
circulatng vitamin D levels (2). In line, studies have described an inverse associaton
between body mass index (BMI) and circulatng concentraton of the inactve vitamin D
metabolite 25-hydroxyvitamin D, (25(0H)D,) (3). Obesity-associated insulin resistance is
ofen accompanied by dysfunctonal adipose tssue (AT), which might also contribute to
increased vitamin D sequestraton and an impaired vitamin D release in human obesity (4).

Uptake and sequestraton of vitamin D in the expanded obese AT mass may partly
contribute to the relatvely low vitamin D concentratons in the circulaton in obesity (5),
although the underlying mechanism is not yet clearly understood. Furthermore, evidence in
rodents suggests that vitamin D may also be released from adipose tssue into the circulaton
(6). Obesity is characterized by increased lipid storage in the form of triacylglycerol (TAG),
mainly in adipose tssue. Catecholamine stmulaton leads to an increase in adipose
tssue lipolysis, thereby resultng in the hydrolysis of TAG stored in lipid droplets (1). Since
vitamin D is a lipophilic vitamin that has been postulated to accumulate in adipose tssue,
deliberaton of TAG may coincide with release/mobilizaton of vitamin D metabolites from
adipose tssue (7). In line with our hypothesis, Di Nisio et al have shown that adipose
tssue derived from obese individuals releases less vitamin D ex vivo when stmulated with
adrenaline compared to lean subjects. In the later study, impaired mobilizaton of vitamin
D coincided with blunted catecholamine-induced lipolytc response, determined by glycerol
release into the medium. Nevertheless, other mechanisms like competton between some
free faty acids and vitamin D for binding sites to vitamin D binding protein (DBP) (8) or a
role of adipose tssue blood fow (ATBF) in relaton to both lipolysis and vitamin D release
may possibly be involved. Therefore, it is temptng to speculate that low circulatng vitamin
D levels in human obesity might be due to an increased uptake and/or a blunted release
of vitamin D across abdominal subcutaneous AT (SAT), which may occur concurrently with
the ofen observed blunted catecholamine-mediated lipolysis (9). However, it remains to
be determined whether R-adrenergic stmulaton induces vitamin D 25(0H)D, [inactve
metabolite] as well as 1,25(0H),D, [actve metabolite] release across human SAT in vivo.

In the present study, using arterio-venous methodology, we investgated (1) the
efect of R-adrenergic stmulaton on net release of vitamin D 25(0H)D, [inactve] and
1.25(0H),D, [actve metabolite] across abdominal SAT in lean and obese men, and (2)
whether an impaired release of vitamin D across obese abdominal SAT is accompanied by a
blunted lipolytc response in obese men.

Methods
Study partcipants

The partcipants of this study were a subset of previous study (Jocken et al, 2008).
Eight lean (BMI <25 kg/m?) and six obese (BMI >30 kg kg/m?) men were included in this
analysis. Inclusion criteria for both groups were that partcipants had to be weight-stable
(weight change <3.0 kg) for at least 3 months prior to the study, were in good health as
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assessed by medical history, were free of any medicaton and spent not more than 3h of
organized sports actvites a week. Exclusion criteria were smoking, cardiovascular disease,
type 2 diabetes mellitus, liver or kidney malfuncton, use of medicaton known to afect body
weight and glucose metabolism, or untreated hypertension. The Medical Ethical Commitee
of Maastricht University (MEC-03-179) approved the study which was performed according
to the procedures set by the latest version of the Declaraton of Helsinki, and writen
informed consent was obtained from all partcipants.

Study Design

In this study, partcipants were allowed to perform only light-intensity physical
actvity (for examples: walking slowly (in the ofce), sitng in front of computer/TV, and no
sports actvites) 2-3 prior to the test day. All partcipants were asked to refrain from drinking
alcohol and to perform no strenuous exercise for 24 h before the study. Partcipants came
to the university and underwent arterio-venous (A-V) blood sampling across abdominal
SAT afer an overnight fast and afer 1 hour intravenous infusion of the nonselectve
R-adrenergic agonist isoprenaline (20 ng (kg FFM)™* min™), as previously described (9).
Circulatng concentratons and fuxes across abdominal SAT of glycerol and vitamin D were
measured following a 3 hour primed (3umol.kg-1) constant infusion of [H,]glycerol (0.2
umol.kg-1.min-1). Blood samples were taken simultaneously from the arterialised venous
blood was sampled from a superfcial dorsal hand vein and adipose vein at three baseline
tme points (190, t105 and t120 min) and at three tme points during the last 30 min of
isoprenaline infusion (t150, t165 and t180 min). Adipose tssue blood fow (ATBF) was
monitored contnuously using the **¥Xe wash-out technique. Lean and obese subjects were
studied throughout the year in random order, thus the comparison between groups was not
confounded by seasonal variaton.

Laboratory analysis

Blood samples were transferred into ice-chilled polypropylene tubes and were
centrifuged (1000 g, 4 °C, 10 min). Plasma was immediately frozen in liquid nitrogen and
safely stored at -80 °C untl analyses. It has been previously demonstrated that when
immediately frozen (at -80°C), vitamin D metabolites are stable for many years (10-14).
Vitamin D 25(0OH)D, and 1,25(0H),D, levels were measured in arterialized and venous
plasma samples. Plasma samples at tme-points t90, t105 and t120 min (steady state for
lipolysis at baseline) and t150, t165 and t180 min (steady state for lipolysis during 1ISO) were
pooled because of a lack of sample material at the same tme point for all subjects. There
was a steady state at baseline as well as during 1SO so that pooling was justfed. Vitamin D
metabolites were analyzed using liquid-chromatography tandem-mass spectrophotometry
(LC-MS/MS) (15). Stable isotope enrichment of glycerol was measured using GC-MS as
described previously (9).

Calculatons

Net vitamin D 25(0H)D, and 1,25(0H),D, fuxes across SAT were calculated by
multplying arterial-venous (A-V) concentraton diferences by adipose tssue plasma fow,
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as described in other contexts (9, 16). Tissue blood fow during baseline is an average of
tme-points t90, t105, t120 min and during ISO is an averaged of t150, t165 and t180 min.
Plasma fow was calculated as tssue blood fow multplied by (1 — haematocrit/100), with
haematocrit expressed as a fracton. Positve fuxes indicate net uptake from the circulaton,
whereas negatve fuxes indicate net tssue release into the circulaton. The SAT total
glycerol uptake was calculated as described previously according to the steady state Steele’s
equaton. Abdominal SAT total glycerol release was calculated by subtractng abdominal SAT
net glycerol fux to abdominal SAT total glycerol uptake (9).

Statstcal Analysis

Subjects characteristcs were normally distributed, data are presented as mean
+ standard deviaton (SD), and diferences between lean and obese were tested using
Student’s unpaired t test. Since vitamin D metabolites, net fuxes, and adipose tssue blood
fow were not normally distributed, a non-parametric Mann-Whitney test was used for
group comparisons. The efects of B-adrenergic stmulaton within groups were tested using
the Wilcoxon signed-rank test, and data presented as median (range). Kruskal Wallis test
was performed in order to analyze the diference between groups. A Spearman correlaton
was performed to analyse the relatonships between vitamin D fuxes, glycerol, NEFA and
circulatng vitamin D levels. Statstcal calculatons were performed with SPSS for Macintosh
(version 21.0; SPSS, Chicago, IL, USA).

RESULTS
Subject characteristcs

Table 1 shows that lean and obese subjects had a comparable age. By defniton,
BMI, body fat percentage, body fat mass as well as homeostasis model assessment for insulin
resistance (HOMA-IR) were signifcantly higher in obese compared with lean partcipants (all
P<0.01).
Adipose tssue blood fow (ATBF)

Table 1. Characteristcs of partcipants

Characteristcs Lean (N=8) Obese (N=6)
Age (years) 50+9 53+9
BMI(kg/m’) 237+13 32.3+2.2%*
Waist (cm) 88.9+3.1 110.2 £ 7.3**
WHR 0.9+0.03 1.0 £0.03*
BF(%) 21.5+3.0 31.8+1.6**
FM (kg) 16.2+2.0 314 £4.5%*
HOMA:-IR 18+0.7 3.6+1.0*

*P<0.01; **P<0.001, values are mean + SD )
&U } C ( SV DI/U } C u s ]Jv AV &DU ( § u ¢V KD r/ZU Z}ure}istincé;
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Adipose tssue blood fow (ATBF) was comparable between lean and obese
individuals at baseline (P=0.108). As expected, Isoprenaline signifcantly increased ATBF both
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Discussion

Obesity is ofen associated with vitamin D defciency, which has been suggested to
relate to insulin resistance and an impaired metabolic health (4). Recent studies in humans
have demonstrated that vitamin D (including its metabolites) accumulates and might be
metabolised in adipose tssue (17-19). It has been shown that at least 35% of circulatng
vitamin D is likely sequestered in human subcutaneous adipose tssue (20). It was recently
demonstrated that beside vitamin D uptake by adipose tssue there also can be signifcant
release both in mice as well as human adipocytes (21). The later fndings suggest that
beside an increased sequestraton of vitamin D in AT, also an impaired release (22), may
contribute to the accumulaton of vitamin D in adipose tssue and to the ofen observed
reduced circulatng vitamin D concentratons in obesity.

In the present study, we investgated in vivo fuxes of 25(0H)D, and 1,25(0H),D,
across abdominal SAT for the frst tme afer an overnight fast and during short-term
R-adrenergic stmulaton in lean and obese men using the arterio-venous balance
methodology. We observed that net vitamin D 1,25(0OH),D, release across abdominal SAT
during B-adrenergic stmulaton was signifcantly higher in lean as compared to obese men,
suggestng a blunted vitamin D 1,25(0H),D, release across abdominal SAT in obese men in
vivo. In contrast, no signifcant 25(OH)D, release across SAT was observed in lean or obese
men following an overnight fast or during R-adrenergic stmulaton. The later fndings may
be in contrast with recent ex vivo data, which showed a more pronounced reducton in
25(0H)D, content in SAT derived adipocytes in lean compared to obese donors following
adrenaline stmulaton, possibly pointng towards a blunted 25(0H)D, release in obese SAT
(22). Unfortunately, in that study only measured vitamin D 25(0H)D, tssue content and not
25(0H)D, or release in the medium. By using ex vivo cultures, the adipocytes are withdrawn
from their natural local hormonal microenvironment, which may also partly explain the
diferences with the present in vivo fndings.

The reason for the blunted SAT release of 1,25(0H),D, and not 25(0OH)D, in obese
individuals remains to be determined. Factors like variaton in ATBF theoretcally resultng in
adiferental supply of vitamin D carriers to SAT or diferences in circulatng NEFA, interfering
with the binding of vitamin D to its carrier could possibly explain the diference in vitamin D
release. However, the ISO-induced increase in blood fow as well as circulatng NEFA were
not diferent between groups. Moreover, the above mechanisms would not explain why
the diferental release is only observed for 1,25(0OH),D, and not for 25(OH)D, Vitamin D
1,25(0H),D, is a ligand for vitamin D receptor (VDR), and it has been shown that vitamin
D receptor (VDR) expression is increased in SAT of individuals with obesity (23). From the
later, it could be speculated that vitamin D 1,25(0OH),D, binds to a higher extent to VDR
within SAT in individuals with obesity, resultng in less spillover of vitamin D 1,25(0H),D, in
the circulaton in obese individuals but not in lean, which stll needs further investgaton.

Of interest, the observed blunted release of 1,25(0OH),D, across abdominal SAT that
we found in the present study was accompanied by (but not correlated with) a blunted
glycerol release in SAT of obese men. The later fnding as well as the fact that the blunted
lipolysis only coincides with a blunted release of 1,25(0H),D, and not 25(0OH)D, does not
support the idea that it is in the obese individuals observed impaired TAG hydrolysis that
drives a blunted release of vitamin D metabolites. The exact relatonship between the
impaired 1SO-induced lipolysis and 1,25(0H),D, release and to what extent they are co-
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regulated remains to be determined.

Furthermore, although net 1,25(0H),D, release was observed during acute
R-adrenergic stmulaton, no changes in plasma vitamin D 1,25(0H),D, (arterialized)
concentraton were observed. Itis likely that following this short-term (1 hour) ISO infusion,
the contributon of 1,25(0H),D, release per unit adipose tssue may be relatvely too small
to induce signifcant changes in circulatng vitamin D concentratons. We have estmated
this based on several assumptons for the amount of total body water (72% of fat free mass
and 10% of fat mass is water) and extra cellular water (38% of total body water) (24) and
we took into account the half-life of 1,25(0H),D, (25). Based on these assumptons, the
estmated percentage contributon of total vitamin D 1,25(0OH),D, release across adipose
tssue to plasma concentratons during isoprenaline stmulaton ranged between 0 and 4%.
This relatvely small contributon might partly explain why no signifcant increase in plasma
vitamin D 1,25(0OH)D, afer -adrenergic stmulaton was observed in the present study.

We have measured vitamin D 25(0H)D, and 1,25(0OH),D, metabolites based on their
proposed importance in human metabolism and health (26). However, there are several
other vitamin D metabolites such as 24,25-dihydroxyvitamin D [24,25(0H),D,] (27) and
3-epi-25(0OH)D (28). The role of the later vitamin D metabolite (29) in human is currently
unknown and warrants investgaton. A limitaton of the study is that we were, unfortunately,
unable to measure adipose tssue vitamin D content, which would be interestng to take into
account in future studies. Whether long-term interventons that actvate SAT lipolysis and
vitamin D release (e.g. weight loss (30) and exercise (7)) might afect circulatng vitamin D
concentratons needs to be investgated in more detail. In conclusion, our unigue in vivo
data show that R-adrenergic stmulaton induces release of actve vitamin D metabolite
across abdominal SAT. In the present study, a blunted catecholamine-mediated lipolysis was
accompanied by a decreased 1,25(0H),D, (actve metabolite) release across abdominal SAT
in obese men. Future studies are warranted to elucidate to what extent this blunted vitamin
Drelease may afect circulatng vitamin D concentratons in obese humans.
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Supplemental Table S1. Spearman correlaton coefcient between net vitamin D release
and arterialized glycerol, arterialized NEFA levels, arterialized vitamin D 1,25(0H),D, during
ISO concentratons.

- - Arterialized
Arterialized Glycerol Arterialized NEFA 1,25(0H),D,
1.25(CH),D, fux during . _ _
ISO-stmLiIaaton 0.402 (P=0.154) 0.341 (P=0.233) 0.240 (P=0.409)

Data are presented as correlaton coecient (P value).
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Abstract

Context: Vitamin D defciency in obesity has been linked to insulin resistance. However,
studies that examined the associaton between plasma 25-hydroxyvitamin D, [25(0OH)D,] as
well as plasma 1,25-dihydroxyvitamin D, [1,25(0H),D,] and tssue-specifc insulin sensitvity
are scarce. Furthermore, vitamin D receptor (VDR) and vitamin D-metabolizing enzymes
(CYPs) expression in adipose tssue (AT) might afect AT insulin sensitvity.

Objectve: To investgate the associaton between BMI and plasma 25(0OH)D,, plasma
1,25(0H),D,, and AT VDR; between plasma 25(0OH)D, ,1,25(0H),D,, and AT VDR and tssue-
specifc insulin sensitvity in overweight/obese individuals.

Design and Patents: This analysis included 92 adult individuals (BMI: >25 kg/m?). A two-
step hyperinsulinemic-euglycemic clamp with a [6,6-°H,]-glucose tracer was performed to
assess tssue-specifc insulin sensitvity. Abdominal subcutaneous AT (SAT) mRNA expression
of VDR and CYP was determined using gRT-PCR.

Settng: University Medical Centre.

Main Outcome Measures: Plasma 25(0OH)D,, 1,25(0H),D,, 1,25(0H),D,/25(0H)D, rato, SAT

273!

AT VDR and CYPs mRNA, and tssue-specifc insulin sensitvity.

Results: BMI was inversely associated with plasma 25(0H)D, (3= -0.274, P=0.011) but not
with plasma 1,25(0H),D,. Plasma 25(0H)D, was not related to CYPs or VDR expression in SAT.
Plasma 1,25(0H),D, and 25(0OH)D, were not related with tssue-specifc insulin sensitvity.
Interestngly, SAT VDR mRNA was negatvely associated with AT insulin sensitvity (3=-0.207,
P=0.025),

Conclusions: BMI was inversely associated with 25(0H)D, concentratons, which could not
be explained by alteratons in SAT VDR and CYP enzymes. Plasma vitamin D metabolites
were not related to tssue-specifc insulin sensitvity. However, VDR expression in SAT was
negatvely associated with AT insulin sensitvity.
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Introducton

Obesity has reached epidemic proportons in both developed and developing
countries (1). Body fat accumulaton and in partcular an impaired adipose tssue (AT)
functon, which is commonly observed in obesity, has been linked to the development of
metabolic syndrome, insulin resistance, type 2 diabetes and cardiovascular diseases (2, 3).
Of interest, obesity is ofen characterized by low plasma 25-hydroxyvitamin D, [25(0H)D,]
levels (<50 nmol/L). This plasma vitamin D defciency in obese individuals has been suggested
to contribute to obesity-related metabolic disorders such as insulin resistance and type 2
diabetes (4, 5). However, evidence from human observatonal data is not consistent. Recent
studies have shown a negatve associaton between plasma or serum vitamin D 25(0H)D,
levels and whole-body insulin resistance, as estmated from the Homeostatc Model for
Insulin Resistance (HOMA-IR), which was independent of body mass index (BMI) in both
men and women (6, 7). In contrast, other studies have shown no associaton between
serum 25(0H)D, and insulin resistance (HOMA-IR) in obese humans (8, 9). It has been
hypothesized that mainly adiposity itself may determine the observed relatonship between
plasma vitamin D defciency and insulin resistance, due to sequestraton of vitamin D in the
enlarged AT mass (10). Furthermore, it has been proposed that the diference in vitamin D
concentratons between lean and obese individuals may be explained by volumetric diluton
in obesity, with body weight explaining 13% of the variance in vitamin D concentratons (11).
Finally, it has been postulated that an altered vitamin D metabolism in AT may contribute to
vitamin D defciency and insulin resistance (12).

Indeed, AT is actvely involved in vitamin D metabolism, which is underlined by the
expression of vitamin D-metabolizing enzymes (CYP) and the vitamin D receptor (VDR) in
AT (13). The vitamin D receptor (VDR) belongs to the nuclear receptor family and mediates
efects of vitamin D at the gene transcripton level (14). In murine adipocytes, the actve
vitamin D metabolite (1,25(0OH),D,) may increase sirtuin 1 (SIRT1) and the NAD*/NADH,
thereby afectng cellular energy metabolism (15). Furthermore, it has previously been
reported that VDR expression is comparable in visceral AT (VAT) and subcutaneous AT (SAT)
of obese individuals (16), although the expression of vitamin D-metabolizing enzymes
(CYP) was decreased in SAT of obese individuals (16). Currently, it is not clear whether
VDR expression is altered in the obese insulin resistant state and whether alteratons in AT
expression of VDR or vitamin D metabolizing enzymes relate to vitamin D defciency and/or
AT insulin resistance. Recent meta-analyses have shown that vitamin D supplementaton had
no signifcant efects on whole-body insulin resistance and insulin secreton in overweight/
obese individuals (17, 18). Taken together, the contributon of vitamin D defciency to
whole-body and tssue-specifc insulin resistance remains to be established, and it is unclear
whether a possible associaton is independent of body mass index (BMI) and/or body fat
percentage (19, 20). Moreover, most studies that examined the associaton between vitamin
D and insulin sensitvity did not use the gold-standard hyperinsulinemic euglycemic clamp
to determine insulin sensitvity (21). Additonally, most of the studies on the relatonship
between vitamin D and insulin sensitvity have measured the inactve metabolite of vitamin
D, 25(0H)D, (7, 9, 22), instead of its actve metabolite, 1,25(0H),D, or the actve/inactve
metabolite rato. Finally, data on AT vitamin D metabolism in the obese insulin resistant state
is scarce.

Therefore, in the present study, we investgated vitamin D metabolites (both inactve
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and actve forms) as well as AT expression of genes involved in vitamin D metabolism in
overweight/obese men and women who underwent a 2-step hyperinsulinemic euglycemic
clamp with a [6,6-°H,]-glucose tracer to investgate adipose tssue, liver and skeletal muscle
insulin sensitvity. Firstly, we investgated whether obesity (BMI) is related to plasma actve,
inactve vitamin D concentratons or the rato between both. Subsequently, we investgated
whether putatve alteratons in plasma vitamin D metabolites in obesity may be mediated
by an altered expression of AT VDR or vitamin D-metabolizing enzymes. Secondly, we
investgated whether plasma vitamin D and AT expression of VDR relates to tssue-specifc
insulin sensitvity and, if so, whether these relatonships are independent of BMI, age and
sex. Finally, we investgated whether an altered AT vitamin metabolism may relate to AT
insulin sensitvity.

Subjects and Methods
Subjects

The study partcipants were men and women with Caucasian ethnicity, recruited
at the Maastricht University Medical Center*, Maastricht, The Netherlands. Inclusion and
exclusion criteria of these partcipants are described elsewhere in more detail (23, 24). The
subjects gave writen informed consent for their partcipaton, and the study was reviewed
and approved by the local Medical Ethical Commitee of Maastricht University Medical
Center®.

Two-step hyperinsulinemic-euglycemic Clamp

A two-step hyperinsulinemic—euglycemic clamp combined with a [6,6-°H,]-glucose
tracer (Cambridge Isotope Laboratories) was performed to analyze the insulin-mediated
suppression of Free Faty Acids (FFAs; representng AT insulin sensitvity) (25), insulin-
stmulated rate of disappearance (Rd) of glucose (peripheral/muscle insulin sensitvity),
and insulin-mediated suppression of Endogenous Glucose Producton (EGP) (hepatc
insulin sensitvity) (26). A bolus injecton of 2.4 mg [6,6-°H,]-glucose/kg was administered,
contnued with [6,6-°H,]-glucose infusion at 0.04 mg/ (kg x min). Afer 2 hr, low-dose insulin
was infused at 10 mU/m?/min for 2 hr (27), followed by high-dose insulin at 40 mU/m?/min
for 2 hr (28). By variable co-infusion of a 17.5% glucose soluton, enriched by 1.1% tracer,
plasma glucose concentratons were maintained at 5.0 mmol/I. For calculaton of steady-
state kinetcs, additonal blood samples were taken in the last 30 min of each step (0, 10, and
40 mU/m2/min insulin) (23). The Rd was calculated during the 0 and 40 mU/m?2/min insulin
infusion, whereas calculatons for insulin-mediated suppression of EGP and free faty acids
was performed during 0 and 10 mU/m?2/min insulin infusion, as relatve percentage (%) of
suppression during 10 compared with 0 mU/m?2/min (24). Blood samples were taken from a
superfcial dorsal hand vein, which was arterialized by using a hot-box (~50°C).

Adipose Tissue Biopsy and Analysis

An abdominal subcutaneous AT biopsy was taken under local anesthesia following
an overnight fast, as described before (23). The AT sample was washed in sterile saline,
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immediately frozen in liquid nitrogen, and maintained at - 80°C untl further analysis. For
RNA isolaton, the tssue was placed in Trizol (Qiagen) and then mixed by means of an ultra
turrax homogenizer. Total RNA was extracted using phenol-chloroform extracton method
and described in more detail elsewhere (16).

Adipose tssue gene expression

For real-tme quanttatve PCR, cDNA was generated using an iScript cDNA synthesis
kit, according to the instructons of the manufacturer (Bio-Rad Laboratories). PCR-master
mix, containing the specifc primers, was added and real-tme quantfcaton of genes was
performed by SYBR-green real-tme reverse transcripton PCR assay (Bio-Rad iQ SYBR green
mix) using a MylQ Real tme PCR cycler (Bio-Rad). The primer pairs that were used are
described in Supplemental Table S1. 18S was used as a housekeeping gene and data were
calculated using delta CT method (16).

Biochemical analysis

Blood was collected into pre-chilled tubes and centrifuged at 1,000 g, and
plasma was snap-frozen and stored at ~80°C untl analyses. Tracer enrichment of rate of
disappearance (Rd) and endogenous glucose producton (EGP) were determined using
gas chromatography-mass spectrometry (26). Plasma glucose and FFA were determined
using commercial available colorimetric assays on a Cobas Fara auto-analyzer (Roche,
Switzerland). Plasma insulin was measured with a double-antbody radioimmunoassay
(Millipore). Plasma concentratons of vitamin D 25(0H)D, and 1,25(0H),D, were determined
using liquid-chromatography tandem-mass spectrophotometry (LC-MS/MS), as described
before (29).

Statstcal Analysis

All contnuous variables were checked for normal distributon. Variables with a
skewed distributon were square root transformed (plasma vitamin D concentraton and
SAT VDR mRNA) or natural logarithmic (In) transformed (SAT vitamin D enzymes, CYP2J2,
CYP27A1, CYP27B1, and CYP24A1) to satsfy conditon of normality.

First, simple regression analysis was performed with plasma vitamin D metabolites
or VDR and vitamin D-metabolizing enzymes as dependent variables, and BMI as independent
variable. Subsequently, multple regression analysis was performed with age and sex added
as independent variables.

Secondly, simple regression analysis was performed with hepatc, peripheral,
or AT insulin sensitvity as dependent variables, and plasma 25(0H)D,,1,25(0H),D, or
1,25(0H),D,/25(0H)D, rato as independent variables (Model 1). Next, BMI, age, and sex
were added to the model as independent variables (Model 2). Finally, simple regression
analysis was performed to relate SAT VDR gene expression and AT insulin sensitvity.
Subsequently, multple regression analysis was conducted to test whether SAT VDR gene
expression might relate to AT insulin sensitvity, independent of age, BMI and sex. Interacton
between covariates in the multple regression analyses was also tested, and no interacton
was found. All data were analyzed using SPSS for Mac version 22.0 (SPSS, Chicago, IL, USA)

57



I'yR &ill-a&a014 &i3y1001-y0S &1-4 &Si 14 LU £ nonps
Results
/KIHI00SINEa0a 27 addzRe LIH0ILI-yia
TYIKU2LI2Y SN0 1-yR Y Siil-0260 OKIMI-0iSIaa0a 20 1t LIHOLI-yGE 1S LNSaSyasSR ly
¢I-6S o ¢KS Y 22U 27 dleRe UHs0ILIlYIa GSIS Y Sy oTysez it &K 135 lily3SR 6SiaSSy

o 1yR ch 8SHIET 1yR . al lil-y3SR 6SigSSy Hpon IyR oyic IEIKY“® ¢KS YSIyLEIY I HpOhlU
D, oAyI 0a0S YSuI toAuSu ozyosya I- 32)/ 214 pc¢n yY 21k ol yasv MH¢C T MHHOC yY 2fK[uZ muK

{ZOASue Odzdl 201 oF pn yY 2tk [0 6onie

¢1-6tS Mo ZKIHI-00SIIE0a 27 (KS {idRe t1Ia0iLII-yla oy'T hH

Variable Mean + SD Range
135 6aSHia pnto b modc e T co
{SE sal-fSakcSY 14540 THaKHNC

-ali3ky™) ontc b Hit HpoN ¢ oytc
21 OMOarY TSISY0S 600 M0 b MH TT C MHC
21 lll-e2 o b nom JIOT ¢ MOH
Cl-aay3 lyaditly 0Y § ko Mot b cty Hly ¢ onto
Claay3 30243 6Y Y 26kl pic b nic nin ¢ Top
HK3f0023S 6YY 21kt cip b my 00 ¢ MMOH
IThallw odc b Mty T ¢ yby
Lyadtlyry SRIHISR aLLISaai2y 27 9Dz 0 pric b My’ PoH ¢ T
LyadzthytY SRA-ISR adzLILNSE8I2y 2F CCY42 0 pHit b HAto cim ¢ v
Lyadiflyiga YiztiSR wR oY 2t 13" min MO HT b Mnty Moy G poidh
Hpoh 105 0y'Y 2(K[1 Iyl 0305 Y Sil-0261iS0 pcon b HMic MHIC G MHHIC
MZHpoh |U D, oLJYsz[Z 10008 Y'Siil-026iS0  mncto b Heon pnod ¢ HApoN
¢KS | Oa(Z)SKA\/l 0a0S Y Siil-621liS ll-e2 HOH b ntd min ¢ cip

'ytSaa 20K SI51aS y2iSRI #1028 1S (KS Y Sly'c {56 Tt LI aOALJIyﬁaﬂS 1S /1-6:01-811-yo 1 66NSaI- 22yaf 9Dt SyR238y2dza
30245 Li2Rdz0a2yT CCII TISS TI-g8 IORT Thatnwl K2Y S24il-ad Y 2RSt 1-435aaY Syl yadty ISalail-yOST wRi IS 27
Jiz02aS Rial-LLSHII yoso

153200192y 6Si6SSy . al IR LtlaY |- lil-Y'ly 5 02y0Sylil-e2y”

¢1-6tS He 5SISHY lyTytia 27 LIEFAY I Hpoh 105  MIHpoh 1,D, I'yR (KS mHpdh 10, D kHpdh 105 lil-o2

.al gla ySEIIe(ZJSfe I-332011-1SR liK Litl-aY'I- HPON 105, 6alR G T' mnoHonl fz /L
1onn 6natnnHil €' nonomit odzd RIR y20 NSEIHIS ik LtlaYI- MHpOh 16,D, IyR (KS ll-020 adifallfS
NSFNSaaRY” Iy1-f8ald aK2aSR KI4 KS NStl-e2yaKiL) oSigSSy . al IyR LAYl Hpoh 105,

58



remained signifcant afer adjustment for age and sex (std 3= -0.274, P=0.011) (Table 2).

Associaton between BMI and vitamin D-related gene expression in SAT

BMI was positvely associated with SAT VDR gene expression (std R =0.223, 95%Cl
0.00 (0.44), P=0.047, Table 3). It is well established that VDR expression is regulated by
1,25(0H),D, (31). However, the strength of the associaton between BMI and AT VDR gene
expression did not change (std B = 0.213, 95%CI -0.11 (0.44), P=0.062) afer adjustment for
plasma 1,25(0H),D, (actve metabolite), age and sex. No signifcant associatons were found
between BMI and SAT expression of vitamin D metabolizing enzymes (CYP2J2, CYP27AL,
CYP27B1, CYP24A1) (Supplemental Table S2).

Table 3. Determinants of vitamin D receptor expression in abdominal SAT

SAT VDR gene expression

B 95% Cl Walue Adj. R?

Model 1
BMI 0.223 0.00 (0.44) 0.047 0.036
Model 2
BMI 0.213 0.11 (0.44) 0.062 0.138
Plasma 1,25(0OH),D, 0.019 -0.19 (0.23) 0.855
Age 0.251 0.01 (0.51) 0.057
Sex:

Men 0 0

Women -0.327 -0.99 (0.34) 0.332

Plasma vitamin D 25(0OH)D, and SAT expression of VDR and vitamin D enzymes

Table 4. Relatonship between plasma vitamin D defciency and SAT expression of VDR and
Vitamin D-Metabolizing enzymes

Plasma 25(OH)D,
(inactve metabolite)

I 95% Cl P Value Adj. R?
Model 1
BMI 0.234 0.44 (-0.02) 0.031  0.043
Model 2
BMI 0.234 -0.48 (0.09 0.059  0.028
SAT VDR mRNA 0.142 -0.09 (0.38 0.232
Model 3
BMI -0.252 -0.54 (0.03 0.083 0.018
CYP2J2 mRNA 0.022 -0.23(0.28 0.861
Model 4
BMI 0.254 -0.52 (0.01 0.061  0.029
CYP27A1 mRNA 0.105 -0.13(0.34 0.373
Model 5
BMI 0.189 -0.48 (0.10 0.203  0.009
CYP27B1 mRNA 0.139 -0.12 (0.39 0.282
Model 6
BMI -0.248 -0.54 50.04% 0.092 0.021
CYP24A1 mRNA 0.079 -0.18 (0.33 0.539

Next, we investgated the relatonship between plasma 25(0H)D, levels and the
expression of VDR and enzymes related to vitamin D metabolism in SAT. Abdominal SAT
expression of VDR and vitamin D-metabolizing enzymes was not associated with plasma
25(0H)D, level (Supplemental Table S3). Additonally, we investgated whether the
negatve relatonship between BMI and plasma 25(0H)D, may be mediated by alteraton
in AT expression of VDR or vitamin D-metabolizing enzymes. As indicated in Table 4,
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R =-0.207, 95% CI -0.39 (-0.03), P=0.025), which was independent of age, sex, and BMI
(Table 6). No associatons were found between SAT expression of vitamin D-metabolizing
enzymes and AT insulin sensitvity (data not shown).

Discussion

In the present study, we demonstrated for the frst tme that (1) BMI was negatvely
associated with of plasma 25(0OH)D, but not with plasma 1,25(0H),D,, nor itsrato; (2) Plasma
vitamin D 25(OH)D, defciency was neither related to changes in SAT vitamin D-metabolizing
enzymes nor SAT VDR gene expression; (3) plasma 25(0H)D,, 1,25(0H),D,, and the actve/
inactve metabolite rato were not signifcantly associated with hepatc, peripheral or AT
insulin sensitvity, (4) SAT VDR gene expression was negatvely associated with AT insulin
sensitvity.

We found that BMI was one of the major determinants of plasma 25(0H)D,
concentraton (inactve metabolite), whilst BMI was neither associated with plasma
1,25(0H),D, concentraton (actve metabolite) nor with the actve/inactve metabolite
rato. This might be explained by the increased leptn concentratons in obese individuals,
which may suppress renal conversion of vitamin D 25(0H)D, to 1,25(0H),D, indirectly by
stmulaton of osteoblast and/or osteocyte FGF23 producton (32). In line, a recent large
meta-analysis, which included 21 adult cohorts, clearly demonstrated that a higher BMI is
accompanied by lower 25(0H)D, status (33). In additon, previous data in morbidly obese
women has also shown that BMI was inversely related with 25(0H)D, level but not with
1,25(0H),D, (29). It has been postulated that these low plasma 25(0H)D, levels in obese may
be partly explained by increased blood volume due to the larger body size(i.e. volumetric
diluton) or sequestraton of vitamin D in the expanded body fat depot (10, 11). However,
vitamin D may afect skeletal muscle mass (34) as well as bone mass (35). Therefore, it is
important to distnguish between the relatonship between vitamin D and BMI or adipose
tssue mass. Unfortunately, in the present study we did not assess body compositon.
Therefore, it is unclear whether the observed associaton between Vitamin D and BMI
refects the relatonship with adipose tssue mass per se. The later needs to be investgated
in more detail in future research.

Alteratons in AT vitamin D metabolism might be implicated in plasma vitamin
D defciency (36). However, in the present study, we did not fnd a signifcant associaton
between SAT VDR gene expression and plasma 25(0H)D, concentraton. Furthermore, the
expression of the vitamin D-metabolizing enzymes (CYP) in SAT was not signifcantly related
to plasma 25(0H)D, levels. In contrast, previous fnding have shown a positve correlaton
between CYP27A1 expression in VAT and plasma 25(0H)D, (16) In additon, Wamberg et
al.(16) showed that obesity is characterized by a decreased expression of the 25-hydroxylase
CYP2J2 and the la-hydroxylase CYP27B1 in SAT. Whereas the catabolic CYP24A1 does not
difer between lean and obese women. However, the expression of catabolic CYP24A1
increased afer weight loss (16), suggestng a higher vitamin D turnover in the SAT of
obese subjects following weight loss. We cannot exclude that gene expression of vitamin
D-metabolizing enzymes may be diferent between the SAT and VAT (16), which might partly
explain the lack of associaton between plasma 25(0H)D, with SAT gene expression in the
present study. In the present study, SAT VDR expression was positvely associated with BMI
which is in line with previous fndings in VAT (7), indicatng that VDR expression is increased
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in both SAT and VAT in obesity. However, the physiological relevance of this upregulaton
needs to be elucidated in future research. The SAT is by far the body’s largest fat depot, and
an important mass efect on vitamin D metabolism, is therefore, more likely compared to
the VAT.

Recent meta-analyses have shown no efect of oral vitamin D3 supplementaton
on glucose metabolism and insulin resistance/secreton (17, 37). Here, we found that
plasma 25(0OH)D,, 1,25(0H),D, concentraton, and the 1,25(0H),D./25(0H)D, rato were
not signifcantly associated with hepatc, peripheral, or AT insulin sensitvity in overweight/
obese men and women. Taken together, our data suggest that plasma vitamin D defciency
is not related to insulin resistance in overweight/obese men and women, assessed using
the gold-standard hyperinsulinemic-euglycemic clamp. Finally, we observed that higher
SAT VDR gene expression was associated with lower AT insulin sensitvity independent of
BMI, age, and sex, and explained 14% of the variance in AT insulin sensitvity. Recent study
has suggested that the associaton between insulin resistance related diseases and VDR
polymorphisms was more pronounced in dark-pigmented Caucasians and Asians but not
in white-pigmented Caucasian (38). However, it needs to be investgated whether these
genetc and our observed transcriptonal diferences also translate into functonal changes
at the protein level. Furthermore, it has been shown that VDR mRNA expression is positvely
associated with local infammaton in human SAT and VAT (39). However, further studies are
needed to investgate whether the observed associaton between SAT VDR expression and
AT insulin sensitvity is at least partly explained by AT infammaton.

In conclusion, obesity is associated with lower plasma 25(0H)D, (inactve
metabolite), but not with plasma 1,25(0OH),D, (actve metabolite) nor 1,25(0H),D./25(0H)
D, rato. This plasma vitamin D defciency was not related changes in AT expression of
vitamin D metabolizing enzymes (CYP) nor VDR. Neither plasma 25(0OH)D,, 1,25(0OH),D,
concentraton or 1,25(0H),D./25(0H)D, rato were associated with hepatc, adipose tssue,
and peripheral insulin sensitvity in overweight/obese men and women. Interestngly, SAT
VDR gene expression was negatvely associated with AT insulin sensitvity, and future studies
are needed to unravel the molecular mechanisms by which nuclear and membrane-bound
VDR interact with insulin acton in abdominal SAT.
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Abstract

Background: Vitamin D has been suggested to afect peripheral insulin sensitvity. Evidence
regarding the efect of vitamin D supplementaton on insulin sensitvity is stll confictng.

Purpose: This meta-analysis aimed to assess the efect of vitamin D supplementaton on
insulin sensitvity in humans with or at risk of insulin resistance.

Data source and study selecton: PubMed, Web of Science, Embase, CINAHL, and Cochrane
library were systematcally searched for randomized controlled trials (RCTs) from 1980 untl
31 December 2018, reportng treatment efects of vitamin D supplementaton on insulin
sensitvity.

Data extracton: The main outcome of interest was the change in insulin sensitvity, derived
from the gold standard hyperinsulinemic euglycemic clamp or the Matsuda index derived
from Oral Glucose Tolerance Test (OGTT) and insulin sensitvity index from Intravenous
Glucose Tolerance Test (IVGTT). We extracted data on the standardized mean diference
(SMD) between the vitamin D treatment and placebo groups in change from baseline of
insulin sensitvity.

Data synthesis: Eighteen RCTs were included in this meta-analysis comparing vitamin D
supplementaton (n= 612) with placebo (n=608). Vitamin D supplementaton had no efect
on insulin sensitvity (SMD: -0.01; 95% CI: -0.12, 0.10; P= 0.87, 1= 0%). Visual inspecton of
funnel plot symmetry did not suggest potental publicaton bias.

Limitatons: The number of individuals who partcipated in the included studies was
relatvely small possibly due to the invasive character of the measurement (e.g. clamp).

Conclusions: This meta-analysis provides no evidence that vitamin D supplementaton has a
benefcial efect on peripheral insulin sensitvity in people with or at risk of insulin resistance.
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Introducton

The Internatonal Diabetes Federaton (1) has reported that the worldwide
diabetes prevalence in the adult populaton reached 8.8% (424.9 million people) in 2017.
The majority (87-91%) of these diabetes cases concerns type 2 diabetes. Type 2 diabetes
has become a major public health concern due to its complicatons. It decreases quality of
life and increases mortality risk (2). Additonally, about 7.3% of the adult populaton (352.1
million people) sufers from prediabetes (1). Prediabetes is defned by increased fastng
glucose and/or impaired glucose tolerance (postprandial hyperglycemia), which are both
strongly associated with obesity (3). Moreover, postprandial hyperglycemia is a major risk
factor for developing type 2 diabetes (4).

Obesity, prediabetes, and type 2 diabetes are ofen characterized by low circulatng
levels of vitamin D (vitamin D defciency) (5). Indeed, based on cross sectonal studies,
vitamin D defciency has been linked with an impaired insulin sensitvity in humans (6).
Furthermore, people with low vitamin D levels (7) may be at greater risk to develop type 2
diabetes. Of interest, the vitamin D receptor, which mediates the functon of vitamin D, is
also expressed in insulin-sensitve tssues (including adipose tssue, muscle, and pancreas)
(8-10). Therefore, currently non-skeletal functons of vitamin D in insulin-sensitve organs
are being investgated.

Several plausible mechanisms have been proposed to explain a potental role of
vitamin D in improving insulin sensitvity (6, 11). In adipose tssue, vitamin D may afect lipid
metabolism (12) and may reduce infammaton (13). Vitamin D may afect pancreatc insulin
secreton via protecton of beta-cells from local infammaton (14). Vitamin D may also afect
insulin secreton, which is mediated by a calcium-dependent mechanism (15). Inadditon, it
has been demonstrated that vitamin D afects skeletal muscle metabolism, insulin sensitvity
and lipid compositon (16, 17). Thus, increasing circulatng vitamin D concentraton might
be expected to have benefcial efects on tssue energy and substrate metabolism thereby
contributng to an improvement of whole-body insulin sensitvity.

In recent years, several meta-analyses (18-23) have been conducted to investgate
the efect of vitamin D supplementaton on whole-body insulin sensitvity. However, the
fndings from these reports are inconsistent. From the six meta-analyses published between
2015 and 2018, 4 studies (18-21) indicated insufcient evidence/no efect on glycemic
control and insulin resistance whereas 2 studies (22, 23) indicated suffcient evidence for
an improvement of glycemic control and insulin sensitvity. Moreover, these meta-analyses
have been focusing only on glucose homeostasis under fastng conditons by studying
parameters such as homeostatc model assessment of insulin resistance (HOMA-IR), fastng
glucose, fastng insulin, and Glycated haemoglobin 1c (HbAlc) as main outcome measures.
Of importance, the skeletal muscle is considered as an important organ in peripheral insulin
sensitvity as it afects 70-90% of total glucose disposal under postprandial conditons
(non-fastng conditons) (24, 25). Studies have shown that vitamin D may afect skeletal
muscle substrate metabolism and insulin sensitvity (16, 17). Thus, increasing circulatng
vitamin D concentraton by means of supplementaton might be expected to have benefcial
efects during postprandial conditons by improving skeletal muscle glucose handling/
insulin sensitvity. Therefore, we undertook a systematc review and meta-analysis of RCTs
to delineate the impact of vitamin D supplementaton on insulin sensitvity derived from
the gold standard hyperinsulinemic euglycemic clamp or from a mult-sampled oral or
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sensitvity index derived from intravenous glucose tolerance test (IVGTT), subsequent to
vitamin D administraton in individuals with or at risk of insulin resistance. The secondary
outcome was the change in 2-hour postprandial glucose concentraton and/or area under
the curve (AUC) glucose during an OGTT.

A comprehensive literature search’s [PubMed/Medline (Medical Literature
Analyses and Retrieval System Online), Cochrane library, Web of Science, Embase database
(OVID) and The Cumulatve Index to Nursing and Allied Health Literature (CINAHL) was
performed to identfy artcles from 1980 untl 31 December 2018. The main keywords
used were overweight, obesity, prediabetes, type 2 diabetes mellitus, vitamin D, insulin
sensitvity, insulin resistance, blood glucose. These keywords were combined with Boolean
operators (e.g. OR, AND, NOT), and all Fields or Medical subject subheading (MeSH) terms.
This set of search terms was slightly modifed when searching in every database due to a
diferent system and technical limitatons (Supplemental Table S1).

Eligible studies met the PICOS (Patents/partcipants, Interventon, Comparison/
control group, Outcome, and Study Design) criteria: (1) study was a randomized controlled
trial; (2) study populaton consisted of individuals with elevated (risk for) insulin resistance
(overweight, obesity, prediabetes, polycystc ovary syndrome (PCOS), and type 2 diabetes
without complicatons); (3) partcipants were > 18 years; (4) interventons were vitamin D
supplementaton vs the appropriate placebo; (5) vitamin D supplementaton dose was daily,
weekly, or monthly; (6) trial length was = 2 months; (7) serum 25(OH)D level was measured;
(8) insulin sensitvity was measured by Matsuda index derived from an OGTT and/or insulin
sensitvity index derived from IVGTT, or by a hyperinsulinemic euglycemic clamp at the
beginning and at the end of the trial; and (9) study was published in English.

Following the search, duplicates were removed. A total of 18 studies were included
in this systematc review (Figure 1). Exclusion criteria were as follows: (1) non clinical trial
studies; (2) studies without outcome of insulin sensitvity derived from mult-sampled oral
glucose tolerance test or hyperinsulinemic euglycemic clamp; (3) study populatons with
end-stage renal disease (kidney disease), cancers, gestatonal diabetes, Non-alcoholic
steatohepatts (NASH), cardiovascular diseases complicatons, infectous diseases; (4)
interventon periods of < 2 months; (5) vitamin D supplementaton provided as a single
dose; and (6) study performed in children and/or adolescents (<18 years).

Titles and abstracts were screened by two authors (A.P. and M.A.v.B.). Final study
selecton, based on the inclusion criteria, was done by two authors (A.P. and M.A.v.B.) and
approved by another author (E.E.B.). Any disagreements between the authors were resolved
through discussion with the fourth author (JW.E.J.).

Data extracton and management

Data were extracted by two authors (A.P., M.A.v.B.). Data extracted from each
study included the following items: frst author, reference, year of publicaton, country of
study, study design, inclusion criteria, sample size, form of vitamin D, dose and frequency
of vitamin D supplementaton, any co-supplementaton (e.g. diet or calcium), treatment
control group, duraton of supplementaton, partcipants’ characteristcs [n, sex (% male),
age, BMI, ethnicites], comorbidites, baseline and follow-up serum 25(0OH)D levels and
outcome measures (e.g. M value or glucose infusion rate (GIR) or insulin-mediated glucose
uptake derived from clamp, Matsuda index, Insulin sensitvity index, 2h glucose or AUC
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glucose from an OGTT)] (Table 1). The corresponding author of an eligible publicaton was
contacted by e-mail for additonal data when relevant. Any further necessary calculatons
on study data, such as convertng measurement units or calculatng standard deviaton (SD),
was conducted by the frst author (A.P.) and checked by another author (M.A.v.B.). Serum
25(0OH)D levels were collated in nmol/L; a multplicaton factor of 2.456 was used to convert
25(0H)D levels from ng/mL to nmol/L. 2-hour glucose tolerance test glucose concentratons
(2h-glucose) were collated in mmol/L; we used a multplicaton factor of 0.0555 to convert
glucose levels from mg/dL to mmol/L, as appropriate (27).

Quality assessment

The quality of selected RCTs was assessed independently by two authors (A.P.,
M.A.v.B.) using the risk of bias checklist (RoB) from the Cochrane Collaboraton (28). The
quality assessments of the checklist included (1) bias from randomizaton process (random
sequence generaton and allocaton concealment), (2) bias due to deviatons from intended
interventons (blinding of partcipants and personnel), (3) bias due to missing outcome data,
(4) bias from measurements of the outcome, (5) bias from selecton of reported result, and
other sources of bias. Each criterion could be answered in three ways: “low risk” (adequate
informaton), “unclear risk” (if there was unclear informaton), and “high risk” (if there was
a high concern). Study quality and the risk of bias in the eligible RCTs was systematcally
assessed using sofware Review Manager 5.3 (The Nordic Cochrane Centre, The Cochrane
Collaboraton, Copenhagen, Denmark, 2014).

Data synthesis and statstcal analysis

To calculate the efect size of each study, we used the mean change and SD of
the outcome measures from baseline to the end of the interventon in the control and
interventon groups (29). When the outcome measure was reported as mean and 95%
confdence interval [CI] or mean and standard error of mean (SEM), values were estmated
using Cochrane Review Manager 5.3 sofware (The Nordic Cochrane Centre, The Cochrane
Collaboraton, Copenhagen, Denmark, 2014) (30). If the outcome measures were reported
in median, range or 25"-75%" percentles (P25-P75), mean and standard SD values were
estmated using formulas published by Wan et al (31). If the outcome measures were only
reported in fgures, we used sofware to estmate the value. SDs of the mean diference
were estmated using the following formula: SD = square root [(SD pre-treatment)?+ (SD
post-treatment)?) - (2R * SD pre-treatment * SD post-treatment)]. Because the pretest—
postest correlaton coefcients (r) were not reported in studies, an r value of 0.5 was
assumed throughout this meta-analysis (30). If a study included more than two interventon
groups (e.g. two diferent doses of vitamin D), which were compared with one placebo
(control) group, the number of subjects of the control group was divided by the number
comparisons. If the outcome measurement was performed at multple tme-points afer the
interventon period, we only used frst tme-point afer the interventon (29).

The efect size is reported as standardized mean diference with its 95% confdence
interval (Cl) (26, 32). Standardized mean diference is used as a summary statstc in meta-
analysis when the studies all assess the same outcome but measure it in a variety of ways (in
this study for example, all studies measured insulin sensitvity but use diferent methodology
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i.e. clamp or Matsuda index or insulin sensitvity index). A random-efects model was used
to estmate outcomes. Heterogeneity was assessed using the I? (I square) statstc, indicatng
what proporton of the variaton in observed efects across studies is due to the variaton
in true efects, with values above 60% indicatng substantal heterogeneity. A p-value <
0.05 is considered statstcally signifcant (29). The analysis was performed and generated
using Cochrane Review Manager 5.3 sofware (The Nordic Cochrane Centre, The Cochrane
Collaboraton, Copenhagen, Denmark, 2014). The PRISMA checklist was used as a guide for
checking the quality of our systematc review (Supplemental Table S2).

Publicaton Bias
Publicaton bias was analyzed by visual inspecton of the funnel plots.
Meta regression and sensitvity analysis

If the heterogeneity was >60%, additonal analyses were conducted. Meta-
regression analysis and sensitvity analysis using the leave-one-out method (removing one
study each tme and repeatng the analysis) were applied to gain insight into the source of
the heterogeneity (29).

Results
ANSUC ZE & E]eY o

In total, 18 RCTs (33-50) published between 2011 and 2018 with 1220 partcipants
were included in the current meta-analysis. Characteristcs of the studies are summarized
in Table 1. The studies were conducted in the United States of America (n=5), Canada (n=1),
Iran (n=1), India (n=1), Malaysia (n=1), Australia (n=2), The Netherlands (n=1), Denmark
(n=1), Norway (n=1), Finland (n=1), Sweden (n=1), Austria (n=1), and Italy (n=1). Most stud-
ies included both men and women, except two studies that included only women (43, 45)
and two other studies that included only men (44, 50). Among the 18 studies, 8 enrolled
several ethnic populatons (mult-ethnicity) (33, 36-38, 40, 46-48), two enrolled individuals
from African-American ethnicity (34, 44) two enrolled in Asians (43, 45), one enrolled par-
tcipants from Middle-Eastern countries (35), and fve studies did not provide informaton
about ethnicity (39, 41, 42, 49, 50). Sixteen trials were in partcipants with overweight, obe-
sity, prediabetes, type 2 diabetes, or metabolic syndrome, two of these trials also included
apparently healthy partcipants (40, 50), while partcipants in the two other trials had PCOS
(Polycystc Ovary Syndrome) (45) or a history of GDM (Gestatonal Diabetes Mellitus) (43).
Studies used diferent cut-ofs for baseline vitamin D levels: nine studies (34, 37-40, 45-47)
recruited individuals with vitamin D levels <50 nmol/L, and the others (33, 35, 36, 41, 42, 44,
48-50) included individuals with vitamin D levels <75 nmol/L at the beginning of trial (Table
1). Mean serum vitamin D 25(OH)D concentratons at baseline varied from 19.2 nmol/L (45)
t0 59.9 nmol/L (33) in vitamin D-supplemented groups and 16.9 nmol/L (45) to 61.4 (33) in
placebo groups. The mean oral dose of vitamin D was 4,608 IU per day (range 1,200 IU (37)
to 12,695 IU (36) per day), with the majority of studies providing daily doses < 4000 U (33,
34, 37-39, 41, 43, 45, 46, 48-50). The duraton of vitamin D supplementaton ranged from 2
(42) to 12 months (44).
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Table 1. Characteristcs of randomized-controlled trial studies included in the meta analysis (contnued)

Qud N subjects Vitamin Dlevels | Vitamin Dlevels | Type of vitamin D;|  Analytical Duration
Author (Year) o S"_N_‘_ TP Sex Ethnicity BMI c@i& Health status at Baseline after intervention | mode of delivery; | measures of (month) Outcome measured
(nmol/L) {nmol/L) and dose (IU/day) vitamin D
. N ) dw =inkoFiKg,. . o Insulin sensitivity
Mitri et al. (2011) | USA 23/24 M/F | Multi-ethnic I. - HT Ema_“_mcmﬁmm. :o.m_ a,é A6X6F ifGhange from m\:mB_: DS; oral; LC-MS 4 index (FIVGTT), 2h
Asian) /1&'U , T HAKOY9- . 2000
baseline) glucose (OGTT)
ww oikaFPasw tTiRAaFikna
Prediabetes or
early T2D (HbA1c| dw siXorix| . . | :
L EE] s dx ha 67160 ok (& vil @ v ihoxsxss-v  |doyvioxorilechange from | Vi@minDSiorabl g 3 [Matsudaindex, 2h-
O o . 4000 glucose (OGTT)
AlS ulv  TAEK, . baseline)
Dfi vu}ol>
WW idXTFifwv iX6Fix
First degree
relatives of T2D; L .
L JRNN i - o iy N . Vitamin D3; Matsuda index, AU
IE i § IfE viilti DI& D] or d Ev H _a_mrc_< TAYEW TOXAFIfXi dw & sz_wm_mmoﬂ“w_mmooo CLIA 2 Glucose (OGTT)
D6f vu}lol>
Prediabetes
WW T6XTFifXi WW ipXO6FfAdXd
Multi-ethnic Prediabetes;
Davi MB et o o - . R N | Visamin D3; oral; Mat; index, 2h-
avidson eta h~ Aolfi D IgHispanic and H 7dA s]S u]lv TA4HEW AOXOFIifiXnA dw i oﬁmoém_,c_uw,%ﬂm LC-MS 3 atsuda index
(2013) ) X o~ 1Toon glucose
African-Americar D6f vu}lol>
WW AdXOFfTXnh WW [FdXO0FioXo
Multi-ethnic |'FG or IGT; Vitamh N . 1 . L
OCosterwerffetal e 7 g ofy « afine  |ovdmdean, Hid ifi~K,» Difdw iAXiFiife < wﬂw%w ol cms 4 |nsulin sensitvity
(2014) . 0 index, 2h-glucose
Suriname, Turke}) nmol/L
WW TTXTFi§Xi WW TiKiFiAXi
Gagnon et al sIs ulv TAAK,: Vitami ; oral;
g : HeSE o] irifa DI& Dpodir szv] |pAmmaitorsuldw soxiFilxi dw odx4 _qu%% 1 cua 6 Matsuda index
(2014) )
Prediabetes
WW 81XTFifXi WW 8|XdFioXi
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Table 1. Characteristcs of randomized-controlled trial studies included in the meta analysis (contnued)

25(0H)D 12.5-75
nmol/L

7142

N fitami Baseli N Type of vitamin D; Analytical .
Author (Year) _OmM“n__M: zﬁﬂwﬁww Sex Ethnicity BMI (kg/nf) Health status n Jﬂ_m\“ ine ”\_g_ﬂﬁ”ﬂ__”ﬂwﬂ mode of delivery; | measures of ”___H_nﬂw_ Outcome measured
and dose (1U/day) vitamin D
T2D; Vitamin D N .
) . Vitamin D3; oral;|
Kampmann et al. (2014) Denmark 08-Jul F NR 25 25(0OH)D <50 T.3L0:498 T.104.9+1908 6400 ELISA 3 M-value derived from clamp
nmol/L
P.348+388 P3214388
Mitchell et al. (2015) USA 40/50 w/E | Multi-etinic Median 25 |VI8MIN D 250Mp 1. 1) 6.175 T107.34299 Vitamin DZ; oralf - - v 3 Insulin sensitivity index (FIVG
<50 nmol/L. 7142
P.449:175 P.499+249
Prediabetes;
. T1: +27.7+17.2 (Ch: fro T1 Vitamin D3;
[Tuomainen etal. (2015) | Finland 242120  MF NR 25 Vitamin D 25(0H)Mean T+P baseline: 57.0 + 11.0 +27.7+17.2 (Change tamin D3 et c.cean) 5 Matda index
baseline) oral; 1600
<75 nmol/L
T2: +45.0+23.4 (Change from T2 Vitamin D3; HPLC-CEAD) 5 Matda ndex
baseline) oral; 3200
P: +4.1£17.3
Prediabetes or dri
naive diabetes;
L HbAlc 7.9%; FP| . . Median change (IQR) T: +42.0] Vitamin D3; oral;] .
(Wagner et al. (2016) Sweden 21/22 M NR 32 <9 mmol/L: Vitami fMedian (IQR) T: 43.0 (36.0-50.0)] (32.0-50.0) 4285 CLIA 2 GIR derived from clamp
D 25(0H)D <75
nmol/L
P: 43.0(37.0-54.0) P: 0.0(-7.0-11.0)
History of GDM
during last
pregnancy6-48
months . Median change (IQR) T: +51.1] Vitamin D3; oral;]
Yeow et al. (2015) Malaysia 13/13 H Asian 23-31 postpartum; Median (IQR) T: 35.6 (25.6-43.9) (39.9-76.1) 4000 ECLIA 6 Insulin sensitivity index, 2h-gluct
hypovitaminosis
(Vitamin D 25(OH|
15-50 mol/L)
P: 35.1(21.6- 40.7) P: 0.2 (-10.18-11.8)
Fasting glucose 5B-
6.9 mmol/L; HbAL o
: - Vitamin D2; oral;| .
Barengolts et al. (2015) USA 87/86 M | African-Americagh 28-39 5.7-6.4%; Vitamin] T.367+117 T.1201+459 CLIA 12 Matsda index

se
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Table 1. Characteristcs of randomized-controlled trial studies included in the meta analysis

N subjects Vitamin D levels at Vitamin D levels Type of vitamin D; Analytical Duration
Author (Year) | Study location I Sex Ethnicity BMI (kg/m?) Health status . after intervention mode of delivery; measures of Outcome measured
(TX/PX) Baseline (nmol/L) Lo (month)
(nmol/L) and dose (IU/day) vitamin D
Garg et al. . PCOS, vitamin D 25(0H)D w w 9LWDPLQ ' JRU Matsuda index, AUC
(2015) QGLD ) $VLDQ <50 nmol/L 7 7 mvrnw/ 6 Glucose
P:16.9+6.1 P:16.7+5.8
Mousa et al. Australia 28126 MIE Multi-ethnic H 1A Vitamin D 25(OH)D <50 7 . 7 . 9LWDPLQ RU mmum M-value derived from
(2017) nmol/L clamp
3 “ 3 “
Multi-ethnic
Gulseth et al. o 7\SH GLDEHWHYV LWDPLQ ' N 9LWDPLQ "'
(2017) 1RUZD\ 0 ) [J(Nordic w.:a D &i 25(0H)D <50 nmoliL % 7 RUDO RIA 6 GIR derived from clamp
South-Asians)
3 “ 3 «
Lerchbaum et al. $XVWULD 0 15 0HGLDQ Vitamin D 25(OH)D <75 Median (IQR) T: 52.0 [Median (IQR) T: 107.0] 9LWDPLQ R c\woo 5 Matsuda index, AUC
(2017) nmol/L + + 2857 Glucose
3 + 3 E:

. 9LWDPLQ ' 2+ " Mean change . B
Moreira-Lucas et| &DQDGD 0) oxowL HWKQLF QPRO / DQG +E$ HRI N & 7 9LWDPLQ xrﬁm‘m_m 6 Matsuda index, AUC
al. (2017) WR Glucose

3 “ 3
Insulin mediated glucose
v . '
Cefaloetal. | wpoLp o) |15 ! 60,0 NI P SLWDRLQ . 7. 9LWDPLQ " | RUDQ uptake, AUC Glucose
(2018) 25(0H)D <75 nmol/L (from OGTT)
3 “ 3 «

Abbreviatons: 25(0H)D, 25-hydroxyvitamin D; AUC, Area Under Curve; BMI, body mass index; CLIA, chemiluminescence immunoassay; ECLIA, electro-chemiluminescence immunoassay; FPG,
Fastng Plasma Glucose; GIR, Glucose Infusion Rate; HbAlc, Glycated haemoglobin; IFG, Impaired Fastng Glucose; IGT, Impaired Glucose Tolerance; LC-MS, Liquid Chromatography-Mass Spectro-
F, Female; NR, Not Reported; RIA, Radioimmunoassay; Tx/Px, Treatment/Placebo group; T, Treatment; P, Placebo. §mean+SE

photometry; M, Mal
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insulin resistance. In this meta-analysis, vitamin D supplementaton had no signifcant efect
on insulin sensitvity derived from a hyperinsulinemic euglycemic clamp or the Matsuda
Index derived from an OGTT and/or Insulin sensitvity index from IVGTT. Additonally, no
signifcant changes in 2h glucose or AUC glucose during an OGTT were observed following
vitamin D supplementaton.

In our analysis, study populatons were ofen characterized by the presence of
overweightorobesity (33-39,41-44,46-49), accompanied with baseline serum concentratons
of 25(0OH)D <50 nmol/L (33-44, 46-50) or <75 mmol (35, 36, 41, 42, 44, 49, 50). Indeed, it has
been described that human obesity ofen coincides with low circulatng vitamin D 25(0H)
D levels (5). Several mechanisms, such as uptake/sequestraton of vitamin D within adipose
tssue (51) and volumetric diluton due to increased body volume (52) may explain the link
between obesity and low vitamin D levels. Furthermore, a comprehensive systematc review
by Auter and colleagues suggests that the low serum vitamin D levels could also be due to
the chronic low grade infammaton which is an important characteristc of individuals with
obesity and T2D (53). Thus, vitamin D supplementaton in human overweight/obesity could
be expected to increase serum vitamin D 25(0OH)D levels. In this meta-analysis we showed
that vitamin D supplementaton increased the mean vitamin D 25(0OH)D level of treatment
group in all studies, although with considerable heterogeneity. Additonal meta-regression
analysis showed that some of the heterogeneity is explained by dose, but not by treatment
duraton. Nevertheless, in our meta-analysis, improving vitamin D 25(0OH)D concentratons
did not translate into an improvement in insulin sensitvity and glucose metabolism. In the
present meta-analysis, we included only studies using standardized methodologies (non
fastng measures of insulin sensitvity), either by mult-sampled OGTTs or IVGTTs (33-38, 40,
41, 43-45, 48, 50) or the gold standard hyperinsulinemic euglycemic clamp (39, 42, 46, 47,
49). Our meta-analysis, which shows no efect of vitamin D supplementaton on peripheral
insulin sensitvity and postprandial glucose handling, supports several other fndings which
used fastng indices of insulin sensitvity (e.g. HOMA-IR) (18, 19).

It has been shown that postprandial glycaemia is strongly associated with obesity
(3), and predicts cardiovascular events among insulin resistant individuals (4, 54). Wood
et al. (55) and Manson et al. (56). have shown that vitamin D supplementaton did not
result in the preventon of cardiovascular events. The most recent work by Pitas et al. (57)
showed that vitamin D supplementaton (4000 IU) did not result in a signifcantly lower risk
of diabetes, assessed by 2h OGTT in 2423 individuals. The skeletal muscle is a key organ for
peripheral insulin sensitvity as it is responsible for the majority of glucose disposal during
postprandial conditons (24, 58). Although efects of vitamin D on glucose responsiveness,
insulin receptor substrate (59) and insulin sensitvity (17), muscle mitochondria biogenesis
(16) as well as lipid metabolism (17) have been documented at the transcriptonal and
post-translatonal level in vitro, our analysis shows no efect on postprandial glucose
concentratons suggests that these benefcial efects do not translate into benefcial efects
at the functonal level. Studies have shown that vitamin D may afect insulin secreton (15,
33) rather than insulin sensitvity per se. Vitamin D may contribute to normalizaton of
extracellular calcium, ensuring normal calcium fux through cell membranes and regulate
the beta-cell calcium pool (15). Nevertheless, whether there is sufcient evidence that
vitamin D supplementaton may improve insulin secreton in postprandial conditon (e.g.
dispositon index) needs further investgaton. Furthermore, there is only one trial included
in this meta analysis, by Cefalo et al. (49), which reported a signifcant increase of insulin
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sensitvity derived from a clamp afer vitamin D supplementaton. Of note, in that study
vitamin D supplementaton was combined with a low-calorie diet interventon, yet the
sample size of this study was relatvely small. Therefore, whether combining vitamin D
supplementaton with diet restricton may improve insulin sensitvity in humans with or at
risk of insulin resistance needs further investgaton in a well-controlled study.

When interpretng the results, several factors should be taken into consideraton.
The optmal tme of interventon and dose that are necessary to evaluate the efects of
vitamin D supplementaton on parameters related to glucose metabolism and insulin insulin
sensitvity is not well established. We showed that neither dose nor treatment duraton
were associated with changes in insulin sensitvity and postprandial glucose. It also should
be noted that the results could be afected by other factors such variaton in age, season (19)
and ethnicity (23) as well as tssue-specifc metabolism and insulin resistance (60). A recent
meta-analysis in type 2 diabetes populatons by Li et al. (23) has suggested that vitamin
D supplementaton may have more benefcial efects in individuals from Middle eastern
ethnicity as compared to other ethnicites, but some of the included studies on which this
suggeston was based were of questonable quality. In this meta-analysis, we could not
perform subgroup analysis based on ethnicity because 8 out of 18 trials (33, 36-38, 40, 46-
48) were conducted in mult-ethnic populatons, whereas 5 other studies (39, 41, 42, 49,
50) did not report any informaton about ethnicity. In additon, the heterogeneity regarding
the change in serum vitamin D levels may also be partly explained by compliance that was
achieved during interventon, which we were unable to ascertain in more detail. Another
limitaton might be that the number of individuals who partcipated in the included studies
was relatvely small possibly due to the invasive and expensive character of the measurement
(e.g. clamp). Despite the fact that the number of studies using clamps, the gold standard for
the measurement of insulin sensitvity, was relatvely small (only 5 studies), the outcome
on insulin sensitvity derived from clamps was similar to the outcome based on the results
from OGTTs and IVGTTs (13 studies). In additon, 3 studies that met our inclusion criteria and
used a clamp (61-63) were published in 2019, afer the window for being included in the
meta analysis. Afer repeatng the meta-analysis with in total 21 studies (3 studies in 2019
and the original 18 studies), the outcome did not change (Supplemental fgures S3A-C). In
conclusion, this systematc review provides no evidence that supplementaton with vitamin
D has a benefcial efect on peripheral insulin sensitvity, as determined by hyperinsulinemic
euglycemic clamp, the Matsuda or insulin sensitvity index, and postprandial glucose
concentratons afer an OGTT in people with, or at risk for insulin resistance.
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Supplemental Tables

Supplemental Table S1. The search terms for each database

No

Database

Search terms

PubMed

("overweight"[MeSH Terms] OR "overweight"[All Fields]) OR (“obesity"[MeSH
Terms] OR "obesity"[All Fields]) OR Obes[All Fields] OR “prediabetc state"[MeSH
Terms] OR (“"prediabetc"[All Fields] AND “state"[All Fields]) OR “prediabetc
state"[All Fields] OR "prediabetes"[All Fields] OR ("diabetes mellitus, type
2"[MeSH Terms] OR "type 2 diabetes mellitus"[All Fields] OR “diabetes mellitus,
type 2"[All Fields]) OR (“insulin resistance"[MeSH Terms] OR (“insulin”[All Fields]
AND ‘"resistance"[All Fields]) OR "insulin resistance"[All Fields]) OR ("insulin
resistance"[MeSH Terms] OR (“insulin"[All Fields] AND "resistance"[All Fields])
OR "insulin resistance"[All Fields] OR (“insulin“[All Fields] AND "sensitvity"[All
Fields]) OR "insulin sensitvity"[All Fields]) OR ("blood glucose"[MeSH Terms] OR
("plasma blood"[All Fields] AND “glucose"[All Fields]) OR "blood glucose"[All Fields]
OR ("glucose"[All Fields] AND "blood"[All Fields]) OR "glucose, blood"[All Fields])
AND ("vitamin d"[MeSH Terms] OR "vitamin d"[All Fields] OR "cholecalciferol"[All
Fields]) AND (Randomized Controlled Trial[ptyp] AND "humans"[MeSH Terms])

Cochrane

(overweight OR obesity OR obese OR prediabetes OR type 2 diabetes mellitus)
AND (vitamin D OR vitamin D3 OR vitamin D2) AND (insulin sensitvity OR insulin
resistance) AND (glucose control OR blood glucose)

Embase

(blood glucose, insulin resistance, insulin sensitvity, non insulin dependent diabetes
mellitus, obesity, prediabetes, supplementaton, vitamin d, cholecalciferol)
using a combinaton of mult-feld search in all felds and EMTREE

Web of Science

(overweight OR obesity OR prediabetes OR type 2 diabetes mellitus) AND (vitamin
D OR vitamin D3 OR vitamin D2) AND (insulin sensitvity OR insulin resistance) AND
(plasma glucose OR OGTT)

CINAHL

(overweight OR obesity OR obese OR prediabetes OR type 2 diabetes mellitus) AND
(vitamin D OR 25 hydroxyvitamin D OR vitamin D3 OR vitamin D2) AND (insulin
sensitvity OR insulin resistance) AND (blood glucose OR glucose control)
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Supplemental Table S2. The PRISMA (2009) Checklist

Reported

# Checkli m
on page #
TITLE
Title | l| Identify the report as a systematic review, meta-analysis, or both. 1
ABSTRACT
Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility
Structured summar, articipants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and 2|
implications of key findings; systematic review registration num
INTRODUCTION
Rationale 3|Describe the rationale for the review in the context of what is already known. 3
_— Provide an explicit statement of questions being addressed with reference to participants, interventions, comp
Objectives X 4
outcomes, and study design (PICC
METHODS
Protocol anc Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available 4
registration registration information including registration numbt
Eligibility criteria Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years cc 5
9 language, publication status) used as criteria for eligibility, giving ratic
. escribe all information sources (e.g., databases with dates of coverage, contact with study authors to
Information sourceq L BN 5)
additional studies) in the search and date last searc
Search Present full electronic search strategy for at least one database, including any limits used, such that it 54
repeated. !
Study selection tate the.pmcess for selecll.ng studies (i.e., screening, eligibility, included in systematic review, and, if af 7
Jincluded in the meta-analysis
Data collectior Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any pri 74
process for obtaining and confirming data from investigato !
. List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assum
Data items PR 7.8
simplifications made
Risk of bias i 19) Describe methods used for assessing risk of bias of individual studies (including specification of whether this 8
|individual studies at the study or outcome level), and how this information is to be used in any data syn
Summary measure: 3 State the principal summary measures (e.g., risk ratio, difference in means). 8,9
. Describe the methods of handling data and combining results of studies, if done, including measures of consigtency
Synthesis of results 2 ) 9
(e.qg., ) for each meta-analysi
. R rt
Se opic Checl em SOl
on page #
Risk of bias across 1 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selectiv 9
studies reporting within studies).
Additional analyses escnbe methods of.z.iddmonal analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, 9
which were pre-specifiec
RESULTS
. ive numbers of studies screened, assessed for eligibility, and included in the review, with reasons for excl 9 (ang
Study selection . . X .
each stage, ideally with a flow diagra Figure 1
Study characteristids or §ach stugy, .present characteristics for which data were extracted (e.qg., study size, PICOS, follow-up p¢ 910 11
provide the citations
Risk of bias withi . . . . .
stjdigs bias wit 19| Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). 12]
Results of individuz For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data 1011
studies lintervention group (b) effect estimates and confidence intervals, ideally with a forest !
Synthesis of resultd 1 Present results of each meta-analysis done, including confidence intervals and measures of consistency. 10,1
RISk. of bias acro: 22| Present results of any assessment of risk of bias across studies (see Item 15). 12]
|studies
Additional analysis 43 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Iten] 16]). 12|
DISCUSSION
Summary o 24 Summarize the main findings including the strength of evidence for each main outcome; consider their reley 12 t0 14
evidence key groups (e.g., healthcare providers, users, and policy ma
Lo Discuss limitations at study and outcome level (e.qg., risk of bias), and at review-level (e.g., incomplete re
Limitations AR : ) 15
identified research, reporting bias
Conclusions 26| Provide a general interpretation of the results in the context of other evidence, and implications for future reseprch.
FUNDING
Eundin 2 escribe sources of funding for the systematic review and other support (e.g., supply of data); role of funder 16
9 systematic review

From: Moher D, Liberat A, Tetzlaf J, Altman DG, The PRISMA Group (2009). Preferred Reportng Items for
Systematc Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): €1000097. doi:10.1371/journal.
pmed1000097. For more informaton, visit: www.prisma-statement.org
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Supplemental Table S3. Results of meta-regression analyses with dose, duraton and change in vitamin D level as independent variables and vitamin D level, insulin
sensitvity, and postprandial glucose response as dependent variables.
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Supplemental fgures S1A-B. Risk of bias analysis (A) The analysis of the individual studies included in the systematc
review and meta-analysis. Green dot = low risk of bias; yellow dot = unclear risk of bias; red dot = high risk of bias
(B) The summary of the risk of bias analysis.
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CHAPTER 6
7KH Ht HFW RI YLWDPLQ ' VXSSOHPHQWDWLRQ RQ LQVXOLQ VHQVLWLYLW\ D VIVWHPDWLF UHYLF

(A)

(B)

(€

Supplemental fgures S2A-C. Funnel plot of RCTs the efect of vitamin D supplementaton on (A) insulin sensitvity;
(B) postprandial glucose; (C) serum vitamin D levels. Symmetrical funnel plots suggest publicaton bias is unlikely.
RCTs, randomized controlled trials; SE(SMD) Standard Error of Standardized Mean Diference.

123



Supplemental fgures S3A-C. Forest plots and funnel plots afer repeatng the meta-analysis with in total 21 stud-
ies (additonal 3 studies in 2019 and the original 18 studies) of the efect of vitamin D on: (S3A) insulin sensitvity;
(S3B) postprandial glucose; (S3C) serum vitamin D levels.
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CHAPTER 7

General Discussion




General Discussion

The increasing prevalence of obesity substantally leads to an increased risk for
the development of insulin resistance, type 2 diabetes mellitus, cardiovascular diseases
(hypertension and stroke), and certain types of cancer. In additon, obesity and obesity-
associated health complicatons might contribute to a reduced quality of life (1). Obesity
is ofen characterized by low vitamin D 25(0OH)D, concentratons (also known as vitamin D
defciency or hypovitaminosis D) as indicated by a recent populaton-based study reportng
42.5% vitamin D defciency among individuals with BMI t 30 kg/m? (2). The underlying
mechanism linking vitamin D 25(OH)D, and obesity is stll unclear (3), whereas reports
on the link between vitamin 1,25(0H),D, concentratons and obesity are inconsistent (4,
5). Additonally, in the past decades, insulin resistance and type 2 diabetes mellitus (T2D)
have been linked with vitamin D defciency (6). The US Natonal Health Survey (NHNES)
2001-2006 showed that obese individuals with vitamin D defciency had higher risk for the
development and maintenance of insulin resistance as compared to obese individuals with
sucient vitamin D levels (7).

Therefore, in the present thesis we investgated whether and how vitamin D is related
to insulin sensitvity in human obesity. At frst, we investgated whether uptake and release
of vitamin D by abdominal SAT is impaired in obese individuals and may thereby possibly
contribute to the reduced circulatng vitamin D levels in vivo in human obesity (chapter
3). Next, we aimed to gather (mechanistc) insight into the associaton between circulatng
vitamin D metabolites [25(0OH)D, and 1.25(0H),D,] and gene-expression of vitamin
D-related metabolism within SAT and tssue-specifc insulin sensitvity in overweight/obese
humans (chapter 4). Furthermore, we examined whether genetc variaton in the vitamin
D receptor is related to tssue-specifc insulin sensitvity in overweight/obesity individuals
in the large Pan-European dietary interventon trial (DiOGenes) (chapter 5). Finally, we
conducted a meta-analysis of human randomized controlled-trials to investgate whether
there is sufcient evidence that vitamin D may afect insulin sensitvity derived from the
gold standard hyperinsulinemic euglycemic clamp or from the Matsuda or insulin sensitvity
indices derived from OGTT or IVGTT respectvely (chapter 6).

Associaton of circulatng vitamin D, obesity and insulin resistance

The prevalence of low circulatng vitamin D 25(0H)D, levels ( 50 nmol/L) has been
reported to be about 40.7% in individuals with obesity and insulin resistance (2). In line with
these data, about 45.7% of obese-insulin resistant individuals in our study (chapter 4) were
classifed as vitamin D defcient. The above data suggest that vitamin D 25(0H)D, defciency
is a commonly observed characteristc in obese insulin resistant individuals. However, it is
unclear whether vitamin D defciency is associated with obesity (BMI) or insulin resistance
per se.

In chapter 4, we conducted a cross sectonal analysis in overweight and obese
individuals with either normal or impaired glucose metabolism to investgate whether
obesity (BMI) is related to plasma vitamin D metabolites [25(0H)D, and 1.25(0H),D, or
the rato between both in overweight/obese individuals. We demonstrated that BMI was
negatvely associated with circulatng vitamin D 25(0H)D, but not with the actve metabolite
of vitamin D [1.25(0H),D,]. The associaton between BMI and vitamin D 25(0H)D, remained
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signifcant afer adjustment for age and sex. This fnding is consistent with other fndings,
indicatng an inverse correlaton between plasma 25(0H)D, concentraton and BMI across
age, diferent ethnicites and in a range of geographic locatons (8-11).

In contrast to our fndings, a previous study in individuals with a wide range of BMI
(mean rSD=32.0 * 6.8; estmated range from 18.4 to 45.6 kg/m?) (12) and a recent study in
middle-aged sedentary adults demonstrated a negatve correlaton between BMI and actve
metabolite of vitamin D [1.25(CH),D,] independent of age and sex (5). These discrepancies
could possibly be explained by the diferent BMI ranges of these studies (i.e., our cohort
mean rSD= 30.6 r2.9; range 25.5 38.6 kg/m?vs. The FIT-AGEING study (5) mean rSD=
26.7 r3.8; estmated range 19.1 34.3 kg/m2).

Inchapter 4, we extended our cross sectonal analysis, to determine whether vitamin
D metabolites relate to tssue-specifc insulin sensitvity and whether these relatonships are
independent of BMI, age, and sex. We observed that none of vitamin D metabolites [25(OH)
D, nor 1,25(0H)D, nor its rato] were associated with hepatc, muscle nor adipose tssue
insulin sensitvity derived from the gold standard two-steps hyperinsulinemic euglycemic
clamp technique. Further correcton for BMI did not change the outcome. In line, Ter Horst
et al (4), also observed no associaton between vitamin D 25(0H)D, and insulin sensitvity
determined by a gold standard two-steps hyperinsulinemic euglycemic clamp in human
obesity.

As mentoned above there is a large amount of observatonal studies that
investgated the link between vitamin D defciency and insulin resistance, but the outcomes
are inconsistent (chapter 2). Analyses of the Natonal Health and Nutriton Examinaton
Survey 1989-1994 (NHANES IIl) disclosed that serum 25(0OH)D, was inversely associated
with diabetes risk and measures of insulin resistance in general populaton (13). Further
cross-sectonal analysis from populaton-based study (NHANES 2001-2006), has shown
that the interacton between low serum 25(0H)D, and high BMI may explain 47% of insulin
resistance cases as assessed by HOMA-IR (7). Signifcant associatons have been reported
between circulatng 25(0H)D, and hyperglycemic clamp-induced insulin response in normal
glucose tolerant (obese/overweight) individuals of various ethnic backgrounds (14). In
contrast, a study conducted in a European populatons with metabolic syndrome, showed
that serum vitamin D 25(0OH)D, levels were not associated with insulin acton and glucose
metabolism derived by intravenous glucose tolerance test (IVGTT) afer correcton for BMI
(15). In additon, other recent studies have shown no associaton between vitamin D 25(0OH)
D, and HOMA-IR and Matsuda index afer adjustment for BMI (15-18).

Of note, vitamin D 25(0OH)D, stll needs to be hydroxylated to produce its hormonally
actve metabolite 1,25(0H),D, (19). Mechanistcally, vitamin D 1,25(0H),D, may directly
afect insulin signaling (20) and/or glucose stmulated pancreatc insulin secreton (21).
However, as mentoned above, We observed no associaton between 1,25(0H)D, markers
of tssue insulin sensitvity in chapter 4. In contrast, a recent observatonal study suggested
1,25(0H),D, is independent of age, sex, and BMI for features of metabolic syndrome (MetS)
(22). However, data on the associaton of 1,25(0H),D, and metabolic markers is limited,
possibly due to technical issues and vitamin D 1,25(0H),D, stability over longer period of
tme (23, 24).

Taken together, the majority data suggests that vitamin D 25(0H)D, defciency is
merely associated with BMI but not with indices of insulin resistance. Notably, studies using
hyperinsulinemic euglycemic clamps, IVGTT as well as the Matsuda index do not report
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an associaton between vitamin D 25(0OH)D, defciency and insulin resistance in line with
our data in chapter 4. Nevertheless, whether vitamin D defciency is associated with insulin
sensitvity in subgroups based on ethnicity, sex and metabolic health status needs to be
studied further. Data on the associaton between1,25(0H),D,, BMI and insulin resistance is
stll inconsistent and warrant further investgaton.

Adipose tssue mass and metabolism in relaton to vitamin D defciency
(inactve and actve metabolite)

As reviewed in the chapter 2, an altered vitamin D metabolism within adipose
tssue (25) and an increased sequestraton of vitamin D in adipose tssue (26) may partly
explained vitamin D defciency in obesity. Furthermore, the diluton of vitamin D 25(0OH)D,
due to a higher volume of distributon in obese individuals has been proposed as underlying
mechanism for low serum 25(0H)D, concentratons in obesity (27).

In chapter 2, we described that there is evidence showing that vitamin D-related
metabolism is altered in obese SAT (25). Wamberg et al. observed a decreased RNA
expression of 25-hydroxylase enzymes in SAT of obese compared with lean women (25).
Interestngly, a recent study using the murine 373-L1 adipocyte model demonstrated that
adipocytes are capable of convertng vitamin D, precursor into vitamin D 25(0OH)D,, but
this conversion occurs to a lesser extent in insulin resistant adipocytes due to a reduced
expression of the 25-hydroxylaton enzyme (28). Together, these data may suggest that large
quanttes of vitamin D, are stored as the natve compound, presumably in body fat, and are
only slowly released as vitamin D 25(0H)D, due to less efcient 25-hydroxylaton in SAT in
the obese insulin resistant state (29).

However, in chapter 4, further analysis revealed that the associaton between BMI
and plasma vitamin D 25(OH)D, levels in overweight and obese individuals did not change
afer adjustment for the SAT gene expression of the 25-hydroxylases CYP2J2, CYP27A1; and
the 1-alpha-hydroxylase enzyme CYP27B1. Our study also did not fnd any associatons
between vitamin D 1.25(0H),D, levels and the expression of 25- or 1-alpha-hydroxylase
enzymes within SAT. Thus, our results may suggest that BMI and adiposity and not an altered
adipose tssue metabolism is the main determinant for circulatng vitamin D 25(OH)D,and D
1.25(0H),D, levels in overweight/obese individuals. However, we cannot exclude that other
hydroxylase enzymes might be involved in vitamins D metabolism in human SAT, which
needs to be investgated in more detail in future research.

Of note, in chapter 4 we only investgated expression of vitamin D enzymes in the
abdominal SAT. A study in obese women showed that the expression of the 25-hydroxylaton
enzymes (CYP27A1, CYP27B1) was higher in VAT compared to SAT and positvely correlated
with circulatng vitamin D 25(0OH)D, concentraton (25). Therefore, whether vitamin D
25(0H)D, hydroxylaton may be regulated diferently depending on AT depot as well as the
relatve contributon of AT vitamin D precursor (stored as natve compound) to circulatng
25(0H)D, concentraton in obese-insulin resistant state needs further investgaton.

It was two decades ago, that Wortsman et al documented that vitamin D, (a
precursor for inactve vitamin D metabolite/25(0H)D,) is sequestered in adipose tssue of
obese individuals (26). Furthermore, not only the precursor vitamin D, (30) but also the
metabolite vitamin D 25(0H)D, has been shown to accumulate in abdominal SAT (31). Of
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interest, an impaired release of vitamin D, (pre-vitamin D) and vitamin D 25(CH)D, has been
documented from subcutaneous adipocytes of obese donor compared lean ex vivo (28).
This impairment of vitamin D release was co-existng with an impaired lipolytc response
following beta-adrenergic stmulaton in adipocytes from obese donors (28).

To investgate the contributon of vitamin D metabolites from abdominal adipose
tssue, we measured vitamin D metabolites using arterio-venous blood sampling across
abdominal SAT in combinaton with AT blood fow measurements in chapter 3. We did
not observe signifcant in vivo vitamin D 25(0H)D, release across SAT of lean or obese
men following an overnight fast and during acute [3-adrenergic stmulaton. However, we
observed ablunted release of actve vitamin D metabolite 1.25(0OH),D, following 3-adrenergic
stmulaton in obese but not in lean men. Of interest, 1,25(0H),D, is a ligand for vitamin D
receptor (VDR), and it has been shown that VDR expression is increased in abdominal SAT
of individuals with obesity (32). In line, our data (chapter 4) showed a positve associaton
between BMI and VDR expression in abdominal SAT. Taken together, it could be speculated
that vitamin D 1,25(0OH),D, binds to a higher extent to VDR within SAT in individuals with
obesity, resultng in less spillover/release of vitamin D 1,25(0H),D, in the circulaton in obese
but not in lean individuals, which stll needs further investgaton.

The exact associaton between the impaired -adrenergic stmulated lipolysis
and vitamin D release and to what extent they are interconnected remains to be largely
determined. Among the physiological factors stmulatng release of free faty acids (FFAS)
from adipose tssue, exercise contributes to the greatest proporton (33). During exercise,
lipolytc hormones (such as catecholamines and atrial natriuretc peptde (ANP)) (34, 35) and
ATBF are increased (36). Several cross-sectonal studies report a positve correlaton between
serum 25(0OH)D, concentratons and higher physical actvity independent of BMI (37, 38).
Interestngly, a recent RCT (39) has observed an elevated serum 25(0OH)D, concentratons in
lean individuals in response to 30 minutes cycling exercise. This increased circulatng 25(0H)
D, was observed immediately post-exercise and even persisted for 24 hours. Therefore,
whether exercise has an efect on 25(0H)D, and 1.25(0H),D, concentratons - potentally via
improved intracellular metabolism (e.g. hydroxylaton) and mobilizaton of adipose tssue-
derived vitamin D warrants further investgaton.

Another type of interventon that induces lipolysis is weight loss induced via caloric
restricton in lifestyle interventons (40). Recently, a 1-year lifestyle interventon in obese
individuals resulted in a 26% increase in circulatng 25(0H)D, along with a 26% decrease
in VAT and 18% decrease in SAT volume (37). This increased 25(0OH)D level correlated
inversely with changes in both SAT and VAT (37). Furthermore, an increased expression of
the catabolizing enzyme CYP24A1 was observed in SAT of obese individuals following weight
loss (25). As CYP24A1 degrades both 25(0H)D, and 1.25(0H),D, (41), this may suggest a
higher turnover of both 250HD, and 1.25(0H),D, following weight loss. Further research
is needed to understand vitamin D dynamics (uptake and release) across diferent adipose
tssue depots and under physiological challenges like weight loss and exercise.

Vitamin D and insulin sensitvity

Data from literatures regarding the efect of vitamin D supplementaton on insulin
sensitvity and glucose homeostasis are stll inconsistent as reviewed in chapter 2. The
majority of these meta-analyses have used a surrogate marker of insulin sensitvity such us
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HOMA-IR. In chapter 6, we conducted a systematc review and meta-analysis to determine
the efect of vitamin D supplementaton on insulin sensitvity in individuals with or at risk of
insulin resistance.

As reviewed in chapter 2, mainly in vitro and animal data suggest a potental
role of vitamin D in insulin-sensitve organs. In adipose tssue, vitamin D may afect lipid
metabolism (42) and may reduce infammaton (43). Vitamin D may afect pancreatc
insulin secreton via an immunometabolic protecton of beta-cells (44) as well as calcium-
dependent mechanisms (45). In additon, it has been demonstrated that vitamin D afects
skeletal muscle substrate and energy metabolism, insulin sensitvity and lipid compositon
(46, 47). More importantly, skeletal muscle afects 70-90% of postprandial glucose disposal
and is therefore a key organ in in the regulaton of glucose homeostasis and whole body
insulin sensitvity.

Thus, increasing circulatng vitamin D concentraton by means of supplementaton
might be expected to have benefcial efects during fastng and postprandial conditons
by improving skeletal muscle glucose handling/insulin sensitvity. However, in chapter
6, despite the fact that in all supplementaton studies increased concentratons of
serum vitamin D 25(0OH)D were observed, our meta-analysis indicated no evidence that
supplementaton with vitamin D has a benefcial efect on peripheral insulin sensitvity,
as determined by hyperinsulinemic euglycemic clamp, the Matsuda or insulin sensitvity
index nor on postprandial glucose levels. Furthermore, when we also take into account the
3 papers that were published since we complete our meta—analysis in 2019 (48-50) (that
met our inclusion criteria and used a clamp), the results do not change (chapter 6). Thus,
although mechanistc evidence of vitamin D on glucose responsiveness, insulin receptor
substrate (20) and insulin sensitvity (47), muscle mitochondria biogenesis (46) as well as
lipid metabolism (47) have been documented at the transcriptonal and post-translatonal
level in vitro, our analysis indicate that these do not translate into benefcial functonal in
vivo efect on peripheral insulin sensitvity and postprandial glucose concentratons.

It might be argued that the partcipants from included studies (chapter 6) were not
defcient enough to observe any major efects of vitamin D supplementaton. In chapter 6,
the mean serum vitamin D 25(OH)D concentratons at baseline varied from 19.2 nmol/L to
59.9 nmol/L in vitamin D-supplemented groups and 16.9 nmol/L to 61.4 in placebo groups.
Currently, there is a major discussion on the cut-of point for vitamin D defciency. Circulatng
25(0H)D, concentraton < 25/30 nmol/L or 25-50 nmol/L are defned as severe defcient or
defcient (51-53), whereas circulatng 25(0H)D, concentraton between 50 to 75 nmol/L and
> 75 nmol/L are considered as suffcient (52-55). However, the Endocrine Society defnes
vitamin D sufcient when circulatng 25(0H)D, levels > 75 nmol/L (51).

When we re-analyzed 9 out of 18 studies with mean baseline serum vitamin D
levels <30 nmol/L, the outcome remains unchanged, suggestng no evidence that vitamin
D supplementaton improves peripheral insulin sensitvity in individuals with a low vitamin
D status. Most (but not all) RCTs included in our meta-analysis recruited partcipants with
BMI > 25 kg/m? and almost all RCTs administrated vitamin D, as supplementaton. It has
been suggested that large quanttes of vitamin D, may potentally be stored in body fat,
and are only slowly released as vitamin D 25(0OH)D, (29). In these partcular individuals,
weight loss has been shown to increase 25(0OH)D, levels (25, 37), and potentally increases
the availability of vitamin D 25(0OH)D, for muscle tssue. Therefore, combining vitamin D,
supplementaton and weight loss in relaton to efects on peripheral insulin sensitvity may
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warrant further investgaton in more detail.

The VDR gene expression, genetc variants and obesity-insulin resistance

Inchapter 2, we reviewed that there is strong evidence that vitamin D afects adipose
tssue functon via its transcripton factor VDR, although the efects may vary between
species and cell models used (56, 57). In chapter 4, we observed that higher abdominal
SAT VDR gene expression was associated with a reduced AT insulin sensitvity independent
of BMI, age, sex, and explained 14% of the variance in AT insulin sensitvity. Recent cross
sectonal data, showed that BMI (32, 58) and HOMA-IR (58, 59) are positvely associated
with subcutaneous adipose tssue VDR gene expression. This relatonship of higher VDR in
AT and obesity might be a primary (genetc) defect or more secondary to the obese insulin
resistant state and mediated by several factors, including vitamin D status and low-grade
infammaton. Vitamin D 25(0H)D, defciency/insufciency might lead to an infammatory
process (60, 61) which could subsequently promote VDR expression. Of interest, in vitro
data reported that the infammatory factor TNF-alpha can increase expression and actvity
of VDR in keratnocytes (62), indicatng that VDR levels in abdominal SAT may be elevated
in response to obesity-associated adipose tssue infammaton. However this needs to be
investgated in more detail in human adipocytes.

Polymorphisms in the VDR gene, namely, Taql, Bsml, Apal, and Fokl, have been
identfed and may be associated with VDR actvity and human obesity (63). In chapter 5, we
investgated whether genetc variants of VDR are associated with obesity phenotypes in the
DiOGenes study, a Pan-European multcenter, randomized, controlled dietary interventon
study (64). In chapter 5, we showed that variants in VDR Taql and Apal are associated with
elevated BMI, (contributng 0.9 kg/m2 per risk allele), WC (3 cm per risk allele) or FM (2 kg
per risk allele) at baseline. In concordance with these results, the VDR Tagl was associated
with a higher risk of obesity in Greek individuals with BMI <30 and 230 kg/m? (contributng 3
kg/m? per risk allele) (65). Our results are in line with some (65-67), but not all studies (68, 69)
and discrepancies between studies may be partly explained by individuals’ characteristcs
(including diferences in the range in BMI, WC, FM, sex, ethnicity).

In chapter 5, we also investgated whether VDR genetc variants are associated
with tssue-specifc IR and abdominal SAT gene expression (VDR gene and genes related
AT remodeling, lipid metabolism, and infammaton). VDR polymorphisms were not
associated with hepatc nor muscle insulin sensitvity index at baseline. However, the Fokl
VDR polymorphism was associated with adipose tssue insulin resistance (Adipo-IR) as well
as elevated circulatng FFA (contributng 79 pmol/L per risk allele) at baseline (chapter 5).
In line a recent meta-analysis showed that VDR polymorphisms may be associated with
insulin resistance (i.e. HOMA-IR) only in Asian and dark-pigmented Caucasian but not in
white Caucasian (70), which may suggest ethnic-diferences. Currently, it is unclear whether
the associaton between Fokl variants and Adipo-IR or FFA is related to circulatng vitamin D
concentraton or vitamin D status, which warrants further investgaton.

Furthermore, our eQTL analysis observed no major efect of VDR SNP variants on
abdominal SAT VDR or VDR target gene transcripton (chapter 5). This may suggest that VDR
genetc variants are not a major determinant of VDR gene expression within abdominal SAT
of overweight/obese individuals as observed in chapter 4. Finally, in chapter 5 we also did
not fnd any efects of VDR variants on body weight change, and tssue-specifc IR indices
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following weight loss and weight maintenance, suggestng that the VDR genetc variants may
not relate to dietary interventon outcome. Of interest, the Fokl polymorphism is located on
the exon in the coding region of the VDR gene, resultng in diferent translaton initaton
sites (TIS) and giving rise to a full-length VDR protein or a three amino acid shorter VDR
protein variant (71), having higher transcriptonal actvity (72, 73). Therefore, future studies
need to investgate how these VDR variants afect functonal VDR actvity in human adipose
tssue and other insulin sensitve tssues such as gut, liver and muscle.

Interestngly, a recent GWAS study in two independent cohorts has shown that
genetc variaton in VDR (rs7974353) is associated with overall microbial 3 diversity (74).
Further analysis indicated that Parabacteroides (phylum Bacteroidetes) and unclassifed
Enterococcaceae (phylum Firmicutes) were signifcantly correlated with the VDR gene
expression in the gut enterocytes (74). The fact that VDR is highly expressed in intestnal
tssue (mainly in enterocytes) (75), and that gut microbiota do not express VDR may suggest
an indirect relatonship between vitamin D, VDR expression and gut microbiota compositon,
which warrants further investgaton.

Main outcomes of this thesis and future perspectves

The following gives an overview of the main outcomes of this thesis as well as
several perspectves for future research,

1. We showed that BMI was inversely associated with vitamin D 25(0OH)D3
concentratons which could not be explained by alteratons in abdominal
SAT vitamin D-metabolizing enzymes. In the present study, plasma vitamin
D metabolites [25(0H)D3 and 1,25(0H)2D3] were not related to hepatc,
muscle, and adipose tssue insulin sensitvity. These data suggest that BMI
but not insulin resistance is the main determinant of vitamin D 25(0OH)D3
concentratons in obesity (chapter 4).

2. A blunted catecholamine-mediated lipolysis was accompanied with a
decreased 1,25(0OH)2D3 but not vitamin D 25(0OH)D3 release across abdominal
SAT in obese men, but did not afect circulatng 1,25(0H)2D3 concentraton in
obese men (chapter 3). Additonally, VDR expression in abdominal SAT was
positvely associated with BMI indicatng an increased VDR expression in
obesity (chapter 4). Whether a blunted 1,25(0H)2D3 release might be linked
with anincreased VDR expression in obese SAT stll needs further investgaton.
Of interest, we showed that abdominal SAT VDR expression is negatvely
associated with AT insulin sensitvity (chapter 4). Whether this is a primary
defect or more a secondary phenomenon of the obese insulin resistant state
(e.g. low-grade infammaton) needs to be investgated in future research.

3. The VDR polymorphisms are unlikely to play a primary role in tssue-specifc
insulin resistance (chapter 5). However, VDR polymorphisms were associated
with markers of adiposity including BMI, WC and FM. Of interest, a recent
study from an Asian populaton (76) demonstrated that VDR polymorphisms,
the fat mass and the obesity-associated FTO gene afected weight-loss
following 6-months dietary and exercise interventon, indicatng that VDR
polymorphisms may interact with other gene polymorphisms in determining
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interventon-induced weight loss. Therefore, whether and how VDR genetc
variants in combinaton with other risk alleles afect lifestyle interventon-
induced weight loss needs further investgaton.

Our systematc review and meta-analysis from RCTs (conducted between
1980 - 2019 year) using Matsuda Index, Insulin sensitvity Index, and gold
standard hyperinsulinemic euglycemic clamp showed no efect of vitamin D
supplementaton on insulin sensitvity or postprandial glucose metabolism in
individuals with or at risk of insulin resistance (chapter 6).

However, itispossible thatvitamin D supplementaton may have abenefcial
efecton other cardiometabolic risk factor like low-grade infammaton. Recent
systematc reviews and meta-analyses (77, 78) reported small, but signifcant,
decreases in high-sensitvity C-reactve protein (hs-CRP) and Tumor Necrosis
Factor alpha (TNF-a) concentratons following vitamin D supplementaton. It
has been shown recently from a Mendelian Randomizaton study, that hs-CRP
is one of 4 infammatory biomarkers in 3 independent clusters (ILs, adhesion
molecules, acute-phase proteins) which was inversely associated with serum
25(0H)D, concentraton (79). Further studies are warranted to investgate
whether vitamin D supplementaton may have benefcial efects on obesity-
related infammatory markers or might be benefcial in the preventon and
treatment of immune-related disease like cancer and infammatory bowel
disease (IBD) (80, 81). In line, It has been recently suggested that vitamin D
may also link to the gut metabolism relatng to local gut infammaton and
gut microbiota compositon (82). A recent RCT suggested that vitamin D plays
a role in maintaining the intestnal permeability and reducing systemic CRP
concentratons (83). Further, there appears to be a bi-directonal interplay
between the gut microbiota, vitamin D and intestnal infammaton (84). The
available evidence suggests that the gut microbiome is responsive to both
vitamin D defciency and/or supplementaton. However, the precise nature
of the mechanisms in the context of obesity related metabolic disorders is
unclear and further investgatons are warranted.

Finally, recent fndings suggest that the efect of vitamin D supplementaton
on metabolic health may be afected by VDR genetc variants (85, 86). Several
studies also indicate benefcial efects on metabolic health by combining
vitamin D supplementaton and other modes of interventon such as lifestyle-
induced weight loss (i.e. diet and exercise) (87-89). Therefore, further studies
with more personalized (sub-group, i.e. carrier and non-carriers of VDR SNPs)
approaches and combining vitamin D supplementaton with other modes
of interventon might provide new strategies towards a more personalized
approach for treatment and preventon of insulin resistance in humans.
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summary

Currently, the global prevalence of obesity has doubled over decades across socio-
economic and demographic status. At the same tme, vitamin D insu®ciency and defciency
are major public health issue worldwide, where the prevalence of vitamin D defciency was
estmated high in obesity regardless of ethnicity, age and sex. Evidence from observatonal
studies suggests a negatve correlaton between body mass index (BMI) and circulatng
vitamin D 25(0H)D, levels. Up to now, the vitamin D status in the general populaton is
based on circulatng vitamin D 25(0H)D, (inactve metabolite) concentratons. Furthermore,
vitamin D defciency has also been reported to relate to whole-body insulin resistance. Of
note, the development of insulin resistance is caused by a complex inter-organ crosstalk,
including several insulin sensitve tssues such as the liver, the skeletal muscle, and the
adipose tssue (AT). In this thesis, we aimed to investgate the link between vitamin D status
and (tssue-specifc) insulin sensitvity in human obesity.

Chapter 2 provides an extensive literature review of studies that have examined
the efects of vitamin D on glucose and lipid metabolism, as well as infammaton in insulin
sensitve tssues such as the liver, skeletal muscle, AT, pancreas, and the gastro-intestnal
tract. The majority of the data about the efects of vitamin D in these tssues were derived
from animal or in vitro studies, with oFen inconsistent fndings. From human observatonal
studies, more evidence supports the associaton between vitamin D and obesity-related
insulin resistance. However, from human randomized clinical trials (RCTs), evidence for a
causal role is debatable. Most of RCTs used surrogate markers such as Homeostatc model
assessment of insulin resistance (HOMA-IR) to defne insulin resistance and did not take
into account ethnic diferences. Based on our extensive literature review we concluded that
vitamin D defciency may be associated with obesity through several mechanisms including
sequestraton in the AT, an impaired vitamin D related metabolism within AT, and a blunted
release of vitamin D from AT. However, the link between vitamin D with (tssue-specifc)
insulin sensitvity warrants further investgaton, using more standardized (state-of-the-art)
methodologies such as hyperinsulinemic-euglycemic clamps or insulin sensitvity indices
derived from an OGTT.

Sequestraton of vitamin D metabolites in the excessive amount of AT in conditons
of increased adiposity is one of the mechanisms that may explain the low circulatng vitamin
D 25(0H)D, levels in human obesity. Vitamin D is a fat-soluble vitamin, and ex vivo evidence
from obese AT donors suggests that vitamin D release from the AT obese is blunted following
lipolytc stmulaton with adrenaline. Therefore, we hypothesized that in human obesity
the ofen observed blunted catecholamine-mediated lipolysis coincides with a blunted
release of vitamin D metabolites in vivo. Therefore, in chapter 3, we analyzed vitamin D
(inactve) 25(0H)D, and (actve)1.25(0H),D, fuxes across the abdominal subcutaneous
adipose tssue (SAT) of obese compared to lean men, in relaton to changes in circulatng
vitamin D levels and local AT lipolysis. We observed that both net glycerol release (marker of
lipolysis) and net release of the actve vitamin D metabolite 1,25(0H),D, across abdominal
SAT during B-adrenergic stmulaton were signifcantly reduced in obese as compared to
lean men, suggestng a blunted vitamin D 1,25(0H),D, release and an impaired lipolysis
across abdominal SAT in obese men in vivo. In contrast, no signifcant release of the inactve
vitamin D metabolite 25(0H)D, across SAT was observed in lean or obese men following an
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overnight fast or during B-adrenergic stmulaton, possibly indicatng an impaired AT vitamin
D metabolism (hydroxylaton of 25(OH)D,) in human obesity. Total adipose tssue mass may
be an important determinant of circulatng vitamin D levels as it has been proposed that a
sequestraton of vitamin D in the expanded adipose tssue mass may be a responsible factor
for the vitamin D defciency in obesity. Additonally, an altered vitamin D metabolism in AT
may also contribute to vitamin D defciency and insulin resistance.

In chapter 4, we investgated (1) whether obesity (BMI) is related to circulatng
vitamin D levels (actve, inactve and rato), and whether alteratons in plasma vitamin D
metabolites may be mediated by an altered AT expression of VDR or vitamin D-metabolizing
(hydroxylaton) enzymes; (2) whether plasma vitamin D and AT expression of VDR relates to
tssue-specifc (adipose tssue, liver and skeletal muscle) insulin sensitvity determined by
a 2-step hyperinsulinemic-euglycemic clamp with a [6,6-*H,]-glucose tracer; (3) Finally, we
investgated whether an altered AT vitamin D metabolism may relate to AT insulin sensitvity.
We demonstrated that (1) BMI was negatvely associated with of plasma 25(0H)D, but not
with plasma 1,25(0H),D,, nor itsrato; (2) Plasma vitamin D 25(0OH)D, defciency was neither
related to changes in SAT vitamin D-metabolizing enzymes nor SAT VDR gene expression;
(3) plasma 25(0OH)D,, 1,25(0CH),D,, and the actve/inactve metabolite rato were not
signifcantly associated with hepatc, peripheral or AT insulin sensitvity; (4) Interestngly,
SAT VDR gene expression was negatvely associated with AT insulin sensitvity (as indicated
by % suppression of systemic FFA). Therefore, future studies are needed to unravel the
molecular mechanisms by which nuclear and membrane-bound VDR interacts with insulin
acton and lipolysis in abdominal SAT.

Twin and familial studies from past decades have demonstrated a nontrivial
heritability of both obesity and circulatng vitamin D concentratons. Moreover, several
large-scale genome-wide associaton studies (GWAS) have discovered associatons with key
vitamin D enzymes and serum levels of vitamin D. Therefore, we hypothesized that VDR
genetc variants may be associated with adiposity, whole body insulin resistance and the
development of T2D. However, whether these VDR variants may also afect AT vitamin D
metabolism and human SAT at the transcriptonal level is unknown. In chapter 5, we tested
the hypothesis that VDR genetc variants are associated with obesity phenotypes, tssue-
specifc insulin resistance and changes in the SAT transcriptome. Therefore, we included
553 overweight/obesity men and women from DiOGenes study, a mult-center, randomized
double-blind controlled dietary interventon trial in 8 European countries. We estmated
hepatc insulin resistance (HIRI) and muscle insulin sensitvity (MISI) using insulin and
glucose concentratons from a 5 tme-points oral glucose tolerance test (OGTT) and adipose
tssue insulin resistance (Adipo-IR) from fastng insulin and free faty acids levels. We found
that Taql and Apal genetc variants were associated with markers of adiposity including BMI,
WC, and Fat Mass. However, the VDR genetc variants were not associated with HIRI or
MISI. Variants in Fokl VDR were associated with Adipo-IR as well as elevated circulatng
FFA. However, cis and trans eQTL analysis demonstrated no major efects of these VDR
polymorphisms on the SAT transcriptome, indicatng that the putatve mechanisms of acton
remain to be determined. The VDR polymorphisms did not relate to changes in body weight
and insulin resistance as result of the dietary interventon.

Several plausible mechanisms to explain a potental role of vitamin D in improving
insulin sensitvity have been described in chapter 2, including its efects on skeletal muscle
substrate metabolism, insulin sensitvity and lipid compositon. Importantly, the skeletal
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muscle is recognized as key organ in peripheral insulin sensitvity as it afects 70-90% of
total glucose disposal under postprandial conditons (non-fastng conditons). Based on the
conclusions derived from our review in chapter 2, we conducted a systematc review and
meta-analysis on the efect of vitamin D supplementaton on insulin sensitvity in individuals
with or at risk of insulin resistance (Chapter 6). We systematcally searched and performed a
meta-analysis from studies (published between 1980 and 2018) that met the PICOS (Patents/
partcipants, Interventon, Comparison/control group, Outcome, and Study Design) criteria:
(1) study was a randomized controlled trial; (2) study populaton consisted of individuals
with elevated (risk for) insulin resistance (overweight, obesity, prediabetes, polycystc ovary
syndrome (PCOS), and type 2 diabetes without complicatons); (3) partcipants were > 18
years; (4) interventons were vitamin D supplementaton vs the appropriate placebo; (5)
vitamin D supplementaton dose was daily, weekly, or monthly; (6) trial length was > 2
months; (7) serum 25(0OH)D level was measured; (8) insulin sensitvity was measured by
Matsuda index derived from an OGTT and/or insulin sensitvity index derived from IVGTT,
or by a hyperinsulinemic-euglycemic clamp at the beginning and at the end of the trial. This
systematc review (chapter 6) provides no evidence that supplementaton with vitamin D has
a benefcial efect on peripheral insulin sensitvity, as determined by the hyperinsulinemic-
euglycemic clamp, the Matsuda or insulin sensitvity index, and postprandial glucose
concentratons afer an OGTT in people with, or at risk for insulin resistance.

In conclusion, we found that BMI but not insulin sensitvity (in the liver, muscle, or
adipose tssue) is the main determinant of circulatng vitamin D 25(OH)D, concentraton.
However, the VDR gene expression in abdominal SAT is associated with adipose tssue insulin
sensitvity, Whether this is a primary defect or more a secondary phenomenon of the obese
insulin resistant state (e.g. chronic low-grade infammaton) needs to be investgated in future
research. Furthermore, a blunted vitamin D 1,25(0H),D, release and an impaired lipolysis
across abdominal SAT in obese men was observed in vivo following 3-adrenergic stmulaton.
Further studies are stll needed to investgate whether this impaired release of vitamin D
1,25(0H),D, might be linked with changes in the VDR expression in abdominal SAT of obese
individuals or possibly due to an impaired AT vitamin D metabolism (i.e. hydroxylaton) in
human obesity. In additon, The VDR polymorphisms are unlikely to play a primary role in
tssue-specifc insulin resistance. Finally, our meta-analysis showed no efect of vitamin D
supplementaton on insulin sensitvity or postprandial glucose metabolism in individuals with
or at risk of insulin resistance. Nevertheless, it is possible that vitamin D supplementaton
may have a benefcial efect on other cardio-metabolic risk factor like chronic low-grade
infammaton and may have benefcial efects on gut microbiota compositon/diversity and
intestnal health. Further studies with more specifc approaches by taking into account
genetc variatons of the VDR and combining vitamin D supplementaton with other modes
of interventon might provide new strategies towards a more personalized approaches for
treatment and preventon of insulin resistance in humans.
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Ringkasan

Prevalensi obesitas di dunia telah berlipat ganda tanpa memandang status sosial-
ekonomi dan demografs. Pada saat yang sama, kekurangan vitamin D juga merupakan
masalah kesehatan masyarakat. Prevalensi kekurangan vitamin D diperkirakan tnggi pada
orang dengan obesitas tanpa memandang etnis, usia dan jenis kelamin. Bukt dari studi
observasional menunjukkan korelasi negatf antara indeks massa tubuh (IMT) dan kadar
vitamin D 25(0OH)D, darah. Kekurangan vitamin D juga dilaporkan berhubungan dengan
resistensi insulin. Perkembangan resistensi insulin dapat terjadi secara spesifk di beberapa
organ yang sensitf terhadap insulin sepert hat, otot, dan jaringan adiposa. Dalam tesis ini,
kami bertujuan untuk menyelidiki hubungan antara status vitamin D dan sensitvitas insulin
yang spesifk (di otot, hat, dan adiposa) pada orang yang obesitas.

Bab 2 berisi tnjauan literatur yang luas mengenai berbagai studi yang telah
menelit efek vitamin D pada metabolisme glukosa dan lemak, serta infamasi pada organ
yang sensitf terhadap insulin sepert hat, otot, adiposa, pankreas, dan saluran pencernaan.
Sebagian besar data-data tersebut berasal dari studi pada hewan coba atau studi in vitro
(menggunakan sel model), dengan temuan yang tdak konsisten. Dari studi pengamatan di
manusia, terdapat cukup bukt yang mendukung hubungan antara vitamin D dan resistensi
insulin terkait obesitas. Akan tetapi, dari uji klinis acak pada manusia (randomized control
trial/RCT), peran vitamin D terhadap resistensi insulin masih diperdebatkan. Sebagian besar
RCT menggunakan biomarker tdak langsung sepert penilaian model homeostasis resistensi
insulin (HOMA-IR) untuk menentukan resistensi insulin. Berdasarkan tnjauan literatur
kami yang luas, kami menyimpulkan bahwa kekurangan vitamin D mungkin dapat dikaitkan
dengan obesitas melalui beberapa mekanisme termasuk sekuestrasi vitamin D di jaringan
adiposa, gangguan metabolisme vitamin D di jaringan adiposa, dan gangguan/hambatan
pelepasan vitamin D dari jaringan adiposa. Namun, hubungan antara vitamin D dengan
sensitvitas insulin yang spesifk (di jaringan adiposa, otot, dan hat) memerlukan investgasi
lebih lanjut, menggunakan metodologi yang lebih terstandarisasi (mutakhir) sepert teknik
hyperinsulinemic-euglycemic clamp atau indeks sensitvitas insulin yang berasal dari
beberapa tahap pengambilan glukosa darah setelah tes oral cairan glukosa (oral glucose
tolerance test).

Sekuestrasi vitamin D metabolit dalam jumlah berlebihan di adiposa yang terjadi
seiring peningkatan adipositas (penumpukan jaringan lemak/adiposa) diduga menjadi
salah satu mekanisme yang dapat menjelaskan rendahnya sirkulasi vitamin D 25(0H)D,
pada obesitas. Vitamin D adalah vitamin yang larut dalam lemak, dan studi ex vivo dari
jaringan adiposa laki-laki pendonor yang obesitas menunjukkan bahwa terjadi hambatan
pelepasan vitamin D setelah distmulasi dengan adrenalin. Kami menduga bahwa pada
secara in vivo, orang yang obesitas mengalami gangguan pelepasan lemak yang dimediasi
katekolamin, bersamaan dengan itu juga terjadi hambatan pelepasan vitamin D metabolit
dari jaringan adiposa. Dalam bab 3, kami menganalisis vitamin D 25(0H)D, dan 1,25(0H),D,
fuks dari jaringan adiposa subkutan di bagian perut laki-laki yang obesitas dibandingkan
dengan laki-laki normal. Kami mengamat bahwa pelepasan gliserol (salah satu penanda
proses pelepasan lemak/lipolisis) dan pelepasan vitamin D 1,25(0H),D, dari jaringan
adiposa subktan selama stmulasi beta agonis isoprenaline secara signifkan lebih rendah
pada laki-laki yang obesitas dibandingkan dengan laki-laki normal, mengindikasikan terjadi
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hambatan pelepasan lemak dan vitamin D 1,25(0H),D, pada obesitas. Sebaliknya, tdak
ada pelepasan signifkan dari metabolit vitamin D 25(0H)D, dari jaringan adiposa subkutan
di bagian perut pada laki-laki obesitas atau normal, setelah puasa semalam atau selama
stmulasi beta agonis isoprenaline. Hal ini mungkin mengindikasikan gangguan metabolisme
vitamin D (hidroksilasi 25(OH)D,) di jaringan adiposa pada orang yang obesitas. Total massa
jaringan adiposa mungkin merupakan determinan pentng dari kadar vitamin D darah, dan
mungkin merupakan faktor yang bertanggung jawab atas defsiensi vitamin D pada obesitas.
Gangguan metabolisme vitamin D pada obesitas mungkin juga berkontribusi terhadap
defsiensi vitamin D dan resistensi insulin.

Dalam bab 4, kami menyelidiki (1) apakah obesitas (dilihat dari Indeks Massa
Tubuh/IMT) terkait dengan sirkulasi kadar vitamin D (metabolit yang aktf, tdak aktf dan
rasionya), dan apakah perubahan kadar vitamin D dimediasi oleh ekspresi gen enzim-
enzim dalam metabolism vitamin D serta reseptor vitamin D; (2) apakah kadar vitamin D
tubuh dan ekspresi gen enzim-enzim vitamin D serta gen reseptor vitamin D di jaringan
adipose berhubungan dengan sensitvitas insulin di berbagai jaringan (jaringan adiposa,
hat, dan otot). Sensitvitas insulin di jaringan spesifk tersebut diukur dengan teknik gold
standard hyperinsulinemic-euglycemic clamp dengan pelacak radio-isotop glukosa yang
stabil [6,6-°H,]-glukosa; (3) Kami juga menyelidiki apakah enzim-enzim metabolisme vitamin
D di jaringan adiposa juga berhubungan dengan sensitvitas insulin yang spesifk di hat,
otot, dan jaringan adiposa. Kami menunjukkan bahwa (1) IMT berhubungan negatf dengan
kadar 25(0H)D, tetapi tdak dengan vitamin D 1,25(0H),D,, atau rasionya; (2) Kekurangan
vitamin D 25(0H)D, tdak berhubungan dengan ekspresi gen enzim-enzim metabolisme
vitamin D atau ekspresi gen reseptor vitamin D; (3) Kadar vitamin D 25(0H)D,, 1, 25(0H)
,D,, dan rasionya tdak berhubungan dengan sensitvitas insulin yang spesifk di hat, otot,
atau jaringan adiposa; (4) Menariknya, ekspresi gen reseptor vitamin D berhubungan
negatf dengan sensitvitas insulin di jaringan adiposa. Oleh karena itu, studi yang lebih
detail diperlukan untuk mengungkap mekanisme molekuler bagaimana reseptor vitamin D
berinteraksi dengan aksi insulin, serta pemecahan lemak khususnya di jaringan adiposa.

Studi genetk, dari beberapa dekade terakhir telah menunjukkan heritabilitas
nontrivial dari obesitas dan konsentrasi vitamin D. Selain itu, beberapa studi asosiasi genomik
skala besar (GWAS) menunjukkan hubungan dengan variasi genetc dari enzim-enzim vitamin
D dan kadar vitamin D darah. Oleh karena itu, kami berhipotesis bahwa variasi genetk
reseptor vitamin D mungkin juga berhubungan dengan adipositas, resistensi insulin seluruh
tubuh serta diabetes tpe 2. Namun, apakah variasi reseptor vitamin D ini mempengaruhi
transkripsi berbagai gen di jaringan adiposa pada manusia belum diketahui. Dalam bab 5,
kami menguji hipotesis bahwa varian genetk reseptor vitamin D terkait dengan obesitas,
resistensi insulin yang spesifk di hat, otot, dan jaringan adiposa, serta mempengaruhi
transkripsi genetk di jaringan adiposa dari bagian abdomen (perut). Kami menganalisis 553
pria dan wanita yang kelebihan berat badan / obesitas dari studi DiOGenes, sebuah studi
klinis intervensi diet di 8 negara Eropa. Kami menganalisis resistensi insulin di hat (Z %o Y
insulin resistance index/HIRI) dan sensitvitas insulindiotot (upts 0 Jvepo]v ¢ ve]YA]SC ]
MISI) berdasarkan konsentrasi insulin dan glukosa dari uji toleransi glukosa oral (OGTT) 5
ttk waktu (0, 30, 60, 90, 120 menit) serta resistensi insulin jaringan adiposa( %o} Yeep
insulin resistance index/Adipo-IR) berdasarkan kadar insulin puasa dan asam lemak bebas
dalam darah puasa. Kami menemukan bahwa varian genetk Tagl dan Apal berhubungan
dengan marker adipositas termasuk IMT, lingkar pinggang, dan massa lemak. Tidak ada

148



varian genetk reseptor vitamin D yang berhubungan dengan HIRI atau MISI. Varian genetk
Fokl resptor vitamin D berhubungan dengan Adipo-IR serta peningkatan kadar asam lemak
bebas. Namun, analisis cis- dan trans- eQTL tdak menunjukkan ada pengaruh dari variasi
genetk reseptor vitamin D ini pada transkripsi genetk di jaringan adiposa, menunjukkan
bahwa mekanisme keterkaitan varian genetk reseptor vitamin D dengan resistensi insulin
di jaringan adiposa masih harus ditelit lebih lanjut. Pada studi kami, variasi genetk reseptor
vitamin D juga tdak berhubungan dengan perubahan berat badan dan resistensi insulin
setelah di intervensi diet.

Beberapa mekanisme mungkin dapat menjelaskan potensi vitamin D dalam
meningkatkan sensitvitas insulin telah dijelaskan pada Bab 2, termasuk efeknya pada
aksi reseptor insulin, komposisi lemak, dan metabolisme di jaringan otot. Lebih utamanya
adalah otot merupakan organ kunci dalam sensitvitas insulin di jaringan tepi (perifer)
karena mempengaruhi 70-90% dari total penggunaan glukosa di bawah kondisi postprandial
(kondisi non-puasa). Berdasarkan ulasan kami di Bab 2, kami melakukan tnjauan sistemats
dan meta-analisis tentang efek suplementasi vitamin D pada sensitvitas insulin pada
individu dengan atau berisiko resistansi insulin (Bab 6). Kami secara sistemats mencari dan
melakukan meta-analisis dari studi (diterbitkan antara 1980 dan 2018) yang memenuhi
kriteria PICOS (P Y vApasien/peserta penelitan, IvS E A Antefwensi yang diberikan,
control/kelompok pembanding/plasebo, Outcomes/hasil/luaran yang diukur, dan Study
design/desain penelitan) kriteria: (1) desain studi adalah RCT; (2) populasi penelitan terdiri
dari individu dengan/berisiko resistensi insulin (obesitas, prediabetes, sindrom ovarium
polikistk (PCOS), dan diabetes tpe 2 tanpa komplikasi); (3) pasien berusia > 18 tahun; (4)
intervensi adalah suplementasi vitamin D vs plasebo yang sesuai; (5) dosis suplemen vitamin
D adalah harian, mingguan, atau bulanan; (6) lama studi adalah = 2 bulan; (7) kadar vitamin
D 25(0OH)D diukur; (8) sensitvitas insulin diukur dengan indeks Matsuda yang berasal dari
OGTT atau indeks sensitvitas insulin yang berasal dari tes toleransi glukosa intravenous
(IVGTT), atau hyperinsulinemic-euglycemic clamp di awal dan di akhir percobaan. Tinjauan
sistemats dan meta analisis ini (bab 6) menunjukkan tdak ada efek suplementasi vitamin
D terhadap sensitvitas insulin, yang diukur oleh metode gold standard hyperinsulinemic-
euglycemic clamp, indeks Matsuda atau indeks sensitvitas insulin, serta tdak berefek
menurunkan konsentrasi glukosa postprandial setelah OGTT pada orang dengan/berisiko
mengalami resistensi insulin.

Sebagai kesimpulan, kami menemukan bahwa IMT (bukan sensitvitas insulin di
hat, otot, atau jaringan adiposa) merupakan determinan utama kadar vitamin D 25(OH)D..
Selanjutnya, ekspresi gen reseptor vitamin D pada jaringan adipose subkutan berhubungan
dengan sensitvitas insulin di jaringan adiposa, Perlu ditelit lebih lanjut apakah kaitan
tersebut merupakan gangguan primer atau lebih merupakan fenomena sekunder dari
keadaan resisten insulin pada orang obesitas (misalnya sebagai akibat peradangan kronis
tngkat rendah). Terjadi hambatan pelepasan vitamin D 1,25(0H),D, dan gangguan lipolisis
pada jaringan adipose subkutan pada laki-laki obesitas secara in vivo setelah stmulasi
katekolamin. Penelitan lebih lanjut masih diperlukan untuk menyelidiki apakah hambatan
pelepasan vitamin D 1,25(0H),D, ini mungkin terkait dengan perubahan ekspresi reseptor
vitamin D pada jaringan adiposa subkutan pada obesitas atau mungkin karena gangguan
metabolisme vitamin D pada obesitas. Kemudian, variasi genetk reseptor vitamin D tdak
berperan utama dalam resistensi insulin di jaringan hat, adiposa dan otot. Pada meta-
analisis, tdak ada efek suplementasi vitamin D terhadap sensitvitas insulin atau penurunan
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kadar glukosa postprandial pada individu dengan atau berisiko resistansi insulin. Namun,
suplementasi vitamin D mungkin memiliki efek terhadap faktor risiko kardio-metabolik
lainnya sepert kemungkinan menurunkan peradangan kronis dan mungkin memiliki efek
terhadap keanekaragaman mikrobiota usus serta kesehatan intestnal (usus). Studi lebih
lanjut dengan pendekatan yang lebih spesifk dengan mempertmbangkan variasi genetk
metabolisme vitamin D dan kombinasi berbagai intervensi mungkin memberikan strategi
baru menuju pendekatan yang lebih personal untuk pencegahan resistensi insulin pada
manusia.

150



Valorization

Obesity prevalence is increasing worldwide and ofen coincides with circulatng
vitamin D defciency and whole-body insulin resistance. The present thesis describes how
obesity-related phenotypes, vitamin D concentratons as well as vitamin D-related genes
link to insulin resistance. The valorizaton potental of the work described in this thesis will
be discussed in terms of societal and economic relevance, the implicatons for the scientfc
community and health care professionals, actvites/products, including future planning and
realizaton.

Societal and Economic Relevance

Obesity is associated with type 2 diabetes mellitus, cardiovascular diseases (mainly
heart disease and stroke), diabetes, musculoskeletal disorders (especially osteoarthrits — a
highly disabling degeneratve disease of the joints), some types of cancers, depression and a
reduced quality of life (1), and more recently it was identfed as a major risk factor for fatal
COVID-19 (2). Obesity is a chronic metabolic disorder resultng from an energy imbalance,
by which a long-term positve energy balance leads to the storage of excess energy as body
fat (3). Furthermore, obesity is ofen characterized with vitamin D defciency. Putatve
mechanisms, linking obesity, vitamin D, and insulin resistance are described in this thesis,
including obesity, vitamin D defciency, adipose tssue dysfuncton, and tssue-specifc insulin
sensitvity.

Our study showed that the prevalence of vitamin D 25(0H)D, defciency [based
on Endocrine Society cut-of value < 50 nmol/L] in our study was about 45.7%, and BMI is
the main determinant of vitamin D 25(0H)D, concentraton in individuals with overweight/
obesity (chapter 4), indicatng that obesity-associated vitamin D defciency could be
recognized as an important public health concern. Ensuring sufcient circulatng vitamin D
25(0H)D, level is essental to maintain general health but also may be of importance in the
management of obesity, and the preventon of insulin resistance and T2D.

Oral and intravenous vitamin D supplementaton have been suggested to efectvely
increase circulatng vitamin D 25(0OH)D, level. Our meta-analysis showed that vitamin D
supplementaton is an efectve means to increase circulatng vitamin D 25(0OH)D, level,
despite substantal heterogeneity (chapter 6). However, more research is needed to study
the eFcacy and bioavailability of diferent types (and routes of administraton) of vitamin D
supplementaton to more efectvely increase serum vitamin D levels in overweight/obesity.

We did not fnd any associatons between circulatng vitamin D levels with hepatc,
muscle, and adipose tssue insulin sensitvity assessed by hyperinsulinemic-euglycemic
clamp (chapter 4). Furthermore, our meta-analysis showed no benefcial efect of vitamin D
supplementaton on the improvement of insulin sensitvity (chapter 6), suggestng no direct
causality between vitamin D defciency and whole body and tssue specifc insulin resistance
in human obesity.

Our study using arterio-venous diference techniques across abdominal sub-
cutaneous adipose tssue (SAT) showed that there was an impaired release of actve vitamin
D metabolite in obese men (chapter 3). In additon, we observed that VDR expression in
abdominal SAT is increased in obesity and associated with adipose tssue insulin sensitvity
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(chapter 4). This may suggest that adipose tssue may be a key target organ to improve
vitamin D metabolism in the context of human obesity. Furthermore, currently a project
on exercise-mediated Vitamin D mobilizaton sequestered in the human adipose tssue
(Vita-DEx project) is ongoing (4). If exercise might be benefcial to mobilize vitamin D from
adipose, then this may have implicatons regarding the management/treatment of a low
vitamin D status in obesity.

Scientfc Community

The content of the chapters in this thesis have been presented at natonal scientfc
meetngs (i.e. NASO spring meetng and ADDRM meetng) and internatonal conferences
(The 25™ and 26 European Congress on Obesity). The results have also been discussed
to health professionals and colleagues inside and outside the scientfc community with
the purpose to discuss the medical and societal consequences of obesity and vitamin D
defciency. Moreover, the studies described in this thesis have been published or will become
available to the scientfc community through publicaton in peer-reviewed journals.

The fndings presented in this thesis, may be of value for health care professionals
(e.g. physicians and dietcians). Given that fact that the incidence of vitamin D defciency is
considerable high (>40%) among obese individuals, this may possibly have consequences
for recommended nutritonal intake. However, a recent RCT reported 750 g/week of
salmon was not sufcient to prevent a decrease in serum 25-hydroxyvitamin D [25(0OH)
D,] in autumn in South-Western Norway in adults with overweight/obesity (5). These data
suggest that increasing vitamin D intake from diet only, may not be adequate to improve
circulatng vitamin D 25(0OH)D, level in obese individuals. Furthermore, although Vitamin
D supplementaton increased circulatng vitamin D levels 25(0OH)D, levels, nevertheless,
this did not translate to improved whole-body insulin sensitvity (chapter 6). Therefore,
a combinaton mode of interventons (e.g. exercise and nutriton) and more personalized
strategies should be explored in future research.

Actvites/Products and Innovaton

In this thesis, we combined state-of-the-art methodology including: hyper-
insulinemic-euglycemic clamp, adipose tssue gene expression using qRT-PCR , plasma
vitamin D and vitamin D fuxes analysis using gold standard LC/MS-MS measurement,
adipose tssue blood fow measurements (i.e. xenon washout technique), arterio-venous
balance technique, PCR-based genetc variant analysis in combinaton with subcutaneous
adipose tssue transcriptomic, which together gave important insights in obesity related
vitamin D metabolism. Furthermore, we have also conducted a systematc review and
meta-analysis in this thesis, providing one of the highest levels of evidence in human clinical
research to date.

Planning and Realizaton

The causal relatonship between vitamin D and obesity related metabolic health is stil under
debate. Although, from studies described in this thesis, the direct link between vitamin D
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and overall metabolic health (non-skeletal functon) may not be mediated by tssue-specifc
insulin signaling/sensitvity pathways. However, the link between Vitamin D and metabolic
health may be partly mediated via its efects on gut microbiota compositon/diversity and
gut health (6). This is supported by the presence of VDR expression in human enterocytes
and from a recent genome wide associaton study that suggests a potental link between VDR
variants and gut microbiota diversity (7). However, future studies are needed to investgate
in more detail the relatonship between vitamin D, gut microbiota, gut health, and its efects
on host metabolic health.

Results from this thesis should encourage future Vitamin D research, for instance,
how genetc variants (chapter 5) in vitamin D metabolisms (VDR and CYP) may infuence
the metabolic outcome of vitamin D supplementaton. This will pave the way for studies
with more personalized (sub-group, i.e. carrier and non-carriers of VDR SNPs) approaches.
In additon, combining vitamin D supplementaton with other modes of interventon (i.e.
exercise / dietary interventon induced weight loss) might provide new strategies towards a
more personalized approach for obesity related vitamin D defciency treatment.

Last but not least, while obesity has been suggested as one of the major
comorbidites of covid-19 (2), vitamin D defciency is a common feature in obesity, and
may also be a determinant of covid-19 outcome. More studies warrant to explore the link
between vitamin D defciency, obesity, and covid-19 which is highly relevant given the
current pandemic our society and scientfc community is dealing with.
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