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Abstract

v

Inflammation is a key feature of obesity and
type 2 diabetes. The active vitamin D metabo-
lite, 1,25-dihydroxyvitamin D [1,25(0OH),D],
modulates the inflammation in vitro. We stud-
ied whether inflammation in adipose tissue (AT)
cultures could be reduced by incubation with
1,25(0OH),D in vitro, or by oral treatment with
vitamin D in vivo in obese subjects with low
plasma levels of 25-hydroxyvitamin D. Samples
of subcutaneous AT were stimulated with IL-13
to induce inflammation. In the in vitro study,
samples were concomitantly incubated with or
without 1,25(0OH),D, and analyzed for mRNA
and protein levels of inflammatory markers IL-6,
IL-8, and MCP-1. In the in vivo study, samples of
subcutaneous AT from obese subjects obtained

before and after treatment with 70001U of vita-
min D daily or placebo in a randomized control-
led trial were stimulated with IL-1B. The samples
were analyzed for AT gene expression and com-
pared with plasma markers of inflammation. In
the in vitro study, concomitant incubation with
1,25(0OH),D reduced mRNA levels of MCP-1 by
45% (p=0.01), of IL-6 by 32% (p=0.002), and
of IL-8 by 34% (p=0.03), and reduced secretion
of IL-8 protein by 18% (p=0.005). In vivo treat-
ment with vitamin D did not reduce AT expres-
sion or circulating levels of MCP-1, IL-6, or IL-8.
1,25(0H),D has significant anti-inflammatory
effects in AT in vitro. However, a similar reduc-
tion in AT and systemic inflammation cannot be
obtained by oral treatment with vitamin D in
obese subjects.

Introduction

v

Low plasma levels of 25-hydroxyvitamin D
(250HD) are common in obesity. Plasma levels of
250HD have been inversely associated with
obesity-related comorbidities such as insulin
resistance [1,2], metabolic syndrome [3,4], type
2 diabetes [5], and cardiovascular disease [6].
Furthermore, vitamin D seems to play a role in
both innate and adaptive immunity [7].

Adipose tissue (AT) consists of adipocytes and sur-
rounding cells such as immune cells, vascular cells,
and fibroblasts. In obesity, the AT is infiltrated with
immune cells, especially macrophages [8], and
chronic AT inflammation is a key feature of obesity,
which promotes insulin resistance [9] and cardio-
vascular disease [10]. Adipose tissue macrophages
produce proinflammatory cytokines, such as inter-
leukin 1B (IL-1B), which may also contribute to
obesity-related insulin resistance [11]. [L-1p stimu-
lates the expression and secretion of markers of
adipose tissue inflammation such as monocyte che-
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moattractant protein-1 (MCP-1) and the interleuk-
ines 6 and 8 (IL-6/IL-8) in adipose tissue cultures
[12,13]. MCP-1 is a chemokine secreted from both
adipocytes and macrophages, which is an impor-
tant factor for the recruitment of macrophages to
the adipose tissue [14,15]. AT expression and
release of MCP-1 is increased in obesity along with
other inflammation-related factors, such as IL-6 and
IL-8 [16-18]. Likewise, a decreased adipocyte pro-
duction of the anti-inflammatory and insulin-sensi-
tizing hormone adiponectin is seen in obesity
[19-21], and stimulation with IL-1B has been
shown to reduce the expression of adiponectin in
adipose tissue cultures [22].

Vitamin D is a prohormone produced in the skin
after UVB exposure. Vitamin D is hydroxylated
first into 250HD, and subsequently to 1a,25-
dihydroxyvitamin D [1,25(0OH),D], which is the
active form of the hormone. 1,25(0H),D acts
through the vitamin D receptor (VDR), a nuclear
receptor that heterodimerizes with retinoic X
receptor and binds to VDR response elements to
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initiate gene transcription [23]. VDR is abundant in almost all
cell types including adipocytes and macrophages [24]. VDR
stimulation modulates immune function [7] and has anti-
inflammatory effects in several cells types, including mesangial
cells [25], peripheral blood mononuclear cells (PBMCs) from
healthy donors [26,27] and from type 2 diabetic patients [28],
human peritoneal macrophages [29], and prostate cells [30,31].
However, data on the effects of VDR stimulation by 1,25(0H),D
in adipose tissue are limited. In one study conducted in human
isolated adipocytes, 1,25(0H),D reduced the expression and
tended to decrease the secretion of MCP-1 [32] indicating immu-
nomodulatory effects also in adipose tissue.

In the present study, we investigated the effects of 1,25(0H),D
on AT and systemic inflammation. We aimed to determine
whether 1,25(0H),D reduces the IL-1B-induced expression and
secretion of inflammatory markers IL-6, IL-8, and MCP-1 in cul-
tures of human AT fragments. Secondly, we aimed to determine
whether IL-1B-induced expression of inflammatory markers in
adipose tissue cultures as well as circulating levels of inflamma-
tory markers could be reduced by vitamin D treatment for 6
months in obese subjects with low plasma levels of 250HD.

Materials and Methods

v

Sample collection

The in vitro study: Samples of subcutaneous AT were obtained
from 8 healthy, nonobese women (age: 31.0 years; BMI: 24.9kg/
m?). Samples were collected after an overnight fast during lipo-
suction for cosmetic purposes performed in general anesthesia
at a clinic of plastic surgery. The AT was suspended in isotonic
saline and transported to the laboratory in a sterile container.

The clinical intervention; in vivo study: Samples were collected
during a randomized controlled trial investigating the effects of
high-dose vitamin D treatment in obese adults with plasma lev-
els of 250HD below 50 nmol/l. Treatment was given as oral tab-
lets of 175ug of vitamin D (cholecalciferol) or placebo for 26
weeks as earlier described [33]. Fifty-five subjects were included
in the trial. Those subjects who provided sufficient amounts of
adipose tissue for cell culture experiments at both time points
were included in the present study. Thus, we included samples
from 40 subjects (age: 40.8+7.4 years; BMI: 35.7+3.5kg/m?).
Twenty-two subjects were randomized to the vitamin D (VD)
group and 18 subjects were randomized to the placebo (PL)
group.

Blood samples for determination of inflammatory markers and
AT samples for incubation studies were collected after an over-
night fast at baseline and after treatment for 26 weeks. Subcuta-
neous abdominal AT samples were collected by liposuction,
performed at our research clinic, as previously described [12].
Briefly, the skin was anesthetized with lidocain before a small
incision was made. Then lidocain was injected into the subcuta-
neous adipose tissue, and approximately 10g of tissue were
removed by a blunt needle, to which a partial vacuum was
applied. The adipose tissue was suspended in isotonic saline and
transported to the laboratory in a sterile container.

All subjects were healthy except for their obesity and received
no medication known to affect adipose tissue metabolism. All
subjects provided written informed consent. The study was con-
ducted in accordance with the Declaration of Helsinki Il and the
guidance on Good Clinical Practice (GCP). The GCP-unit of
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Aarhus University Hospital, Denmark, monitored the clinical
trial. Approval was obtained from the Danish Medical Agency,
the Ethics committee of central Denmark and the Danish Data
Protection Agency. The trial was registered at ClinicalTrials.gov
(NCT01037140).

Cell cultures

Cell culture experiments were performed on whole-adipose tis-
sue fragments in both studies. The AT was treated essentially as
previously described [13]. In short, the AT samples were cut into
smaller pieces of approximately 10 mg each. The homogenized
adipose tissue was washed free of blood clots and free lipid with
saline, and incubated in organ cultures in medium 199. A total of
500mg of adipose tissue fragments per 5ml of incubation
medium was used per tube. Medium 199 was supplemented
with 25 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethenesul-
fonic acid] buffer; 1% bovine albumin; 1nM insulin, antipain and
leupeptin 20 ml/100 ml medium, and penicillin and streptomy-
cin (10000 IU) 1 ml/100 ml medium. The adipose tissue was pre-
incubated for 24 h. The medium was then replaced with medium
199 containing either medium 199 only, medium 199 contain-
ing IL-1B 2 ng/ml (Sigma-Aldrich, St. Louis, MO, USA) or medium
199 containing IL-1f 2 ng/ml and 100nM 1,25-dihydroxychole-
calciferol (1,25(0H),D) (Sigma-Aldrich) and then placed in a
humidified incubator and maintained at 37°C and at an atmos-
phere of 5% CO,. After incubating for 24 h, the adipose tissue and
medium were harvested, snap frozen in liquid nitrogen and kept
at -80°C and at -20°C, respectively. The medium was used for
later measurement of adipokine secretion and the tissue was
stored for RNA isolation.

In the in vivo study, the same procedures were applied for the
cultures of AT collected before and after the treatment, except
that no 1,25(0OH),D were added to the AT incubation media. All
incubations were performed in duplicate, and each data point
represents the mean of duplicate incubations.

Isolation of RNA

Total RNA was isolated from the adipose tissue fragments using
TriZol reagent (Gibco BRL, Life Technologies, Roskilde, Den-
mark); RNA was quantified by measuring absorbance at 260 and
280nm, and the inclusion criteria was a ratio >1.8. Finally, the
integrity of the RNA was checked by visual inspection of the 2
ribosomal RNAs, 18S and 28S, on an agarose gel.

Real-time RT-PCR for mRNA analysis

For real-time reverse transcriptase PCR, complementary DNA was
constructed using random hexamer primers as described by the
manufacturer (Verso cDNA Kit, VWR, Herlev, Denmark). PCR-mas-
termix, containing the specific primers, were added and real-time
quantification of genes was performed by SYBR-green real-time
reverse transcription PCR assay (KAPA SYBR Fast Universal kit, Ken-
En-Tec, Taastrup, Denmark) using a LightCycler from Roche (Roche
Diagnostics GmbH, Mannheim, Germany). The following primer
pairs were used: IL8: sense primer 5'-TTGGCAGCCTTCCTGATTTC-3'
and antisense primer 5'-AACTTCTCCACAACCCTCTG-3'. IL6: sense
primer 5-AAATGCCAGCCTGCTGACGAAG-3' and antisense primer
5'-AACAACAATCTGAGGTGCCCATGCTAC-3'. MCP1: sense primer
5'-ACTCTCGCCTCCAGCAAAGTC-3' and antisense primer 5'-TGCAA
AGACCCTCAAAACATCCCA-3'. Adiponectin: sense primer 5'-CAT-
GACCAGGAAACCACGACT-3' and antisense primer 5-TGAATGCT-
GAGCGGTAT-3". The housekeeping gene, GADPH, was amplified
using sense primer 5-AAGGTGAAGGTCGGAGTCAA-3' and anti-
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Fig. 1 Relative mRNA levels of inflammatory markers in human adipose
tissue (n=7/8). Whole adipose tissue fragments were incubated for 24 h
with IL-1B (black bars), IL-18 and 1,25(0H),D (hatched bars) or as con-
trols (blank bars). *Denotes p<0.05 vs. IL-1B alone.

sense primer 5'-AATGAAGGGGTCATTGATGG-3". All primers were
from DNA Technology (Risskov, Denmark). cDNA with specific
primers was amplified in separate tubes, and the increase in fluores-
cence was measured in real time. The threshold cycle was calculated,
and the relative gene expression was calculated essentially as
described in the User Bulletin No-2, 1997 from PerkinElmer
(PerkinElmer Cetus, Norwalk, CT, USA) using the formula:
J*2(CTtarget-CTreference) yyere k js a constant, set to 1. All samples were
amplified in duplicate. A similar set-up was used for negative con-
trols, except that the reverse transcriptase was omitted and no PCR
products were detected under these conditions.

Assays

Specific high-sensitive human ELISAs were used to measure pro-
tein concentrations in culture media (Human IL-6 Duoset,
Human IL-8 Duoset and Human MCP-1 Duoset) and in plasma
(Quantikine HS ELISA Human IL-6 kit, QuantiGlo ELISA Human
IL-8 and Quantikine ELISA Human MCP-1 kit). All assays were
from R & D Systems Europe Ltd. Abingdon, UK.

Statistics

Data are presented as mean with standard deviations (SDs) or
medians with 25" and 75" percentiles (25%; 75%) according to
the distribution of data. The distribution of data was determined
by visual inspection of QQ-plots and histograms, and data were
log-transformed to achieve normality, if appropriate. Data were
analyzed using a paired t-test, paired by experiment. Mann-
Whitney test or Student’s unpaired t-test was used to compare
differences between intervention groups in the clinical trial.
Wilcoxon Signed Rank test was applied to compare changes
within groups when normality was not achieved. Differences

were considered significant at p<0.05. Statistical analyses were
conducted using Stata version 11.2 (StataCorp LP, College Sta-
tion, TX, USA).

Results

v

Pilot studies using various doses of 1,25(0H),D identified the
concentration of 100nM 1,25(0OH),D as the concentration most
efficient in reducing IL1B-induced inflammation in the adipose
tissue cultures (data not shown). Thus, all further experiments
were carried out using this dose of 1,25(0H),D.

The in vitro study

The effects of 1,25(0OH),D on mRNA levels of inflammatory
markers in AT were investigated in AT fragments incubated with
IL-1B [£1,25(0H),D] for 24 h. Incubation with IL-1B induced a
6-fold, a 24-fold, and a 30-fold increase in the expression of
MCP-1 (p=0.009), IL-6 (p<0.001), and IL-8 (p=0.002), respec-
tively, compared to control samples (© Fig. 1).

Concomitant incubation with 100 nM 1,25(0OH),D significantly
reduced the expression of MCP-1 by 45% (p=0.01; © Fig. 1a), the
expression of IL-6 by 32% (p=0.002; © Fig. 1b), and the expres-
sion of IL-8 by 34% (p=0.03; © Fig. 1c), compared with incuba-
tion with IL-1B alone. The expression of adiponectin was not
affected by addition of either IL-1f alone (p=0.91) or in combi-
nation with 1,25(0OH),D (p=0.55; © Fig. 1d).

Protein concentrations in the culture medium were measured
after 24 h. The concentrations of MCP-1, IL-6, and IL-8 in control
samples were 10.34+5.6 ng/ml, 5.89+3.9 ng/ml, and 19.15+18.0
ng/ml, respectively. Addition of IL-1B caused a 4.6-fold increase
in secretion of MCP-1 (p=0.006), a 10-fold increase in secretion
of IL-6 (p=0.006), and a 15-fold increase in secretion of IL-8
(p=0.001; © Fig. 2).

Concomitant incubation with 1,25(0H),D reduced the IL1B-
induced secretion of IL-8 protein by 18% (p=0.005; © Fig. 2c).
The secretion of IL6 and MCP-1 protein was also reduced after
addition of 1,25(0H),D but not to significant levels in this study
(p=0.22 and p=0.27, respectively; © Fig. 2a, b).

The clinical intervention; the in vivo study

After demonstration of a pronounced anti-inflammatory effect
of vitamin D in human adipose tissue in vitro, we investigated
whether oral treatment with vitamin D in obese subjects with
low circulating levels of 250HD would affect the inflammatory
state in these subjects. We used samples from 40 healthy obese
subjects with a mean age of 41+7 years and a mean BMI of 36 +4
kg/m? treated with placebo (PL group) or vitamin D (VD group)
for 26 weeks. Treatment increased plasma 250HD from 3311
nmol/l to 110+21 nmol/l in the VD group and from 33+9 nmol/l
to 4718 in the PL group, and decreased plasma PTH (median
(25%; 75%) 5.3 pmol/l (3.6; 5.9) pmol/l to 4.5 pmol/l (3.7; 5.2)
pmol/l in the VD group, but not in the PL group, as previously
described [33].

Circulating levels of MCP-1, IL-6, IL-8, and adiponectin measured
at baseline and after treatment, and the statistical tests for the
comparison of relative changes from baseline between treat-
ment groups are shown in © Table 1. Overall, treatment with vita-
min D did not affect circulating levels of inflammatory markers.
Circulating levels of adiponectin decreased from 6.1+3.0ug/ml
at baseline to 5.9+2.6ug/ml after the intervention in the PL
group (p=0.82), and increased from 5.8 +2.3ug/mlto 5.9+ 1.9ug/
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IL-1B alone.
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ml in the VD group (p=0.26) with no significant differences
between groups (p=0.54). Plasma IL-8 were below the detection
limit of 1.6 pg/ml in 77 % of the samples at baseline, and was not
affected by treatment (PL vs. VD, p=0.46).

In vivo treatment with vitamin D on in vitro AT
inflammation

We also investigated effects of oral treatment with vitamin D on
mRNA levels of the inflammatory markers in AT. Subcutaneous
abdominal AT samples from the 40 subjects were collected
before and after the intervention and incubated for 24 h with or
without IL-1f. The expression levels of MCP-1, IL-6, and IL-8
before and after treatment with placebo (PL) or vitamin D (VD)
for 26 weeks are shown in © Fig. 3. There were no significant
differences between groups at baseline.

Stimulation of the AT fragments with IL- induced the expression
IL-6 by 19.1-fold at baseline (p <0.00001 vs. control samples).
After treatment, the IL-1B-stimulated expression of IL-6 was
decreased by 27.7% in the PL group (p=0.01) and by 29.3% in the
VD group (p=0.007) compared to baseline. However, the differ-
ences between groups were not significant (PL vs. VD, p=0.82).
Median basal expression of IL-8 decreased by 43 % in the VD group
(p=0.02 vs. baseline), but was not significantly altered in the PL
group (p=0.50 vs. baseline). However, there were no significant
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differences between relative changes between groups (PL vs. VD,
p=0.89).

Stimulation with IL-1f increased baseline expression of IL-8 by
26.8-fold (p<0.00001 vs. control samples). After treatment, the
IL-1B-stimulated expression of IL-8 was decreased by 24.5% in
the PL group (p=0.04 vs. baseline) and by 30.1% in the VD group
(p=0.002 vs. baseline). However, the differences between groups
were not significant (PL vs. VD, p=0.66). The median basal secre-
tion of IL-8 protein at baseline in the intervention study did not
significantly differ from the secretion of IL-8 protein in the con-
trol samples in the in vitro study (data not shown). The changes
in the expression of IL-6 and IL-8 did not correlate with changes
in plasma 250HD.

Discussion

v

Experimental, epidemiological, and clinical evidence have linked
inflammation to the pathogenesis of metabolic disorders
[34,35]. Dysfunctional adipose tissue with increased production
of proinflammatory cytokines may be an important contributor
in the development of insulin resistance in obesity [36,37]. This
is especially true for visceral adipose tissue, which produces
more inflammatory mediators than subcutaneous adipose tis-
sue [16,38]. Thus, treatment with anti-inflammatory agents
such as TNF-a antagonists has supported the role of inflamma-
tory cytokines in human insulin resistance [39]. The active
metabolite of vitamin D, 1,25(0H),D is another agent, which has
been shown to have anti-inflammatory effects under experi-
mental conditions. In mesangial cells, 1,25(0H),D reduced high-
glucose-induced MCP-1 expression, and this was shown to be by
areduction in the activation of NFkB, which is a critical regulator
of proinflammatory cytokine production [25]. Furthermore, in
monocytes and macrophages, 1,25(0H),D inhibited lipopolysac-
charide-induced p38 activation and thereby decreased the pro-
duction of IL-6 and TNF-a [26]. Anti-inflammatory effects have
been demonstrated with other VDR agonist and in other cells
types: 1,25(0H),D reduced TNF-a-induced IL-8 mRNA and
secreted protein in prostate cells lines [30,31], and paricalcitrol
reduced IL-8 protein in cultures of human peripheral blood
mononuclear cells at both basal and LPS-induced states [27] and
both tacalcitol and 1,25(0H),D decreased secretion of IL-6 and
IL-8 in fibroblast cultures [40].

Few studies have examined the effects of 1,25(OH),D in adipose
tissue. However, in isolated adipocytes, a reduction of MCP-1
expression was seen along with a tendency towards a decrease
in MCP-1 secretion [32]. In 3T3-adipocytes, pretreatment with
1,25(0OH),D was able to reduce the secretion of LPS-induced IL-6
protein, and in mice on high-fat diet, dietary treatment with
1,25(0H),D reduced IL-6 protein content in epididymal adipose
tissue [41]. However, the exact mechanism of how 1,25(0OH),D
might decrease adipose tissue inflammation remains elusive.

In the present study, we showed that when directly administered
to AT cultures in vitro, 1,25(0OH),D regulated the expression of
several of the inflammatory genes. We used IL-1p to stimulate an
inflammatory response in the AT, and in parallel we studied the
effects of added 1,25(0OH),D. Stimulation with IL-1f increased
the expression of MCP-1, IL-6, and IL-8, and concomitant incuba-
tion with 1,25(0OH),D reduced the expression of these proinflam-
matory cytokines, which is in agreement with findings from
other studies, as mentioned above. However, the fact that the
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Table 1 Plasma levels of inflammatory markers at baseline and at the end of study (EOS) in obese patients randomized to vitamin D 7000 U daily or placebo

for 26 weeks.

Placebo group

Baseline EOS

MCP-1 (pg/ml) 104 (90; 123) 105 (91; 134)
IL-6 (pg/ml) 2.5(1.6;3.2) 2.1(1.9; 2.8)
IL-8 (pg/ml) 2.0+1.2 1.6+0.2
Adiponectin (pg/ml) 6.1£3.0 5.9+2.6
Mean +SD or median (25 %; 75 %)
a MCP-1 b IL6 [

51 5 20

4 4 [ Basal 4

— -1 15 A

Relative mRNA levels

Baseline Placebe Vitamm D

4]
Haseline Placebo Vitamin D

expression of adiponectin was not decreased by IL-1 was in con-
trast to our expectations and to previous work [13].

When we examined the effects on protein secretion to the
media, we found that IL-1B increased the secretion of MCP-1,
IL-6, and IL-8. The addition of 1,25(0OH),D decreased IL-8 secre-
tion, but we were unable to demonstrate a statistically signifi-
cant reduction of IL-6 or MCP-1 protein secretion. This might be
explained by the fact that protein concentrations were meas-
ured in the media after 24 h, whereas a decrease in MCP-1 secre-
tion was seen when protein concentrations were measured after
48 [32]. The present data could also indicate that 1,25(0OH),D
only reduces mRNA expression, without affecting protein levels
of IL-6 or of MCP-1. However, we cannot exclude that a reduction
of IL-6 and MCP-1 protein concentrations would have been
apparent if intracellular protein concentrations had been meas-
ured instead of protein concentrations in the media.

The reduced expression of IL-1B-induced inflammatory genes in
whole adipose tissue cultures by concomitant incubation with
100nM of 1,25(0H),D could be attributed to direct effects on the
adipocytes as well as effects on macrophages within the stroma-
vascular fraction (SVF). We recently showed that the VDR was
expressed equally in isolated adipocytes and in the SVF [42]
allowing for VDR-mediated effects in both cell fractions. Anti-
inflammatory effects of VDR stimulation was shown in human
peritoneal macrophages, as both 1,25(0OH),D and other VDR ago-
nists decreased expression of TNF-ae mRNA and protein secretion
[29]. However, in THP-1 macrophages, a short-term downregula-
tion of IL-10 expression was followed by a later increase [43], and
in another study on human macrophages, 1,25(0OH),D increased
the expression of IL-1p [44], stressing the complicated role of
1,25(0H),D in regulating immune cell function. As anti-inflam-
matory effects of 1,25(0OH),D have been shown in both macro-
phages and in isolated adipocytes [32], it is plausible, that the
effects on whole adipose tissue fragments observed in our study
are a combination of effects on both the adipocytes and on the
resident macrophages. However, separate measurements of the

Vitamin D group Difference between groups

Baseline EOS p-Value
113 (91; 135) 127 (107; 146) 0.54
2.3(2.1;2.5) 2.6 (2.0;3.3) 0.96
1.7+0.4 1.7+0.3 0.46
5.8+2.3 5.9+19 0.54
L& Fig. 3 IL-1B-stimulated mRNA levels of inflam-
matory markers in human adipose tissue after
treatment with vitamin D or placebo for 26 weeks
(n=40). Whole adipose tissue fragments were
incubated for 24 h with IL-1B (black columns) or
# as controls (blank columns) at baseline and after
# treatment. *p<0.05 vs. baseline nonstimulated
samples. #p<0.05 vs. baseline IL-1B-stimulated
samples.

*

Baseline Placebo Vitamin D

secretion of inflammatory proteins from isolated adipocytes and
from the stroma-vascular cells fraction in response to 1,25(0OH),D
are needed to confirm this in future studies.

We found anti-inflammatory effects of direct VDR activation by
1,25(0H),D in vitro in adipose tissue fragments incubated with
1,25(0H),D. However, after in vivo treatment with vitamin D,
the precursor of 1,25(0OH),D, we were unable to demonstrate
neither a treatment effect on adipose tissue nor on systemic
inflammation. For all incubations samples of subcutaneous adi-
pose tissue were used, which under basal conditions have a rela-
tively low grade of inflammation. In contrast, visceral adipose
tissue has more resident macrophages and produces more
inflammatory cytokines [16,38], and is more closely related to
metabolic complications [45]. Thus, IL-1p was used to induce
inflammation in the adipose tissue cultures. We speculate that a
more pronounced anti-inflammatory effect may have been
apparent if the visceral fat was used instead of subcutaneous fat.
The lack of effect of in vivo vitamin D treatment on circulating
levels of plasma markers of inflammation is in agreement with
findings from other randomized clinical trials. In healthy adults,
treatment for 3 years with 7001U vitamin D plus calcium showed
no effect on circulating levels of IL-6 or CRP [46]. Similarly, in
healthy obese subjects, treatment for 1 year with a weekly dose
of 400001U vitamin D plus daily calcium showed no effect on
circulating MCP-1, hs-CRP, or on any of several other inflamma-
tory markers measured [47]. On the other hand, during a weight
loss trial, treatment with 3332 IU of vitamin D resulted in a
greater decrease in TNF-«, but not CRP, compared to placebo
[48]. Our findings add to the majority of these studies and do not
support that oral vitamin D treatment could be used as anti-
inflammatory agent to inhibit the proinflammatory response
from the dysfunctional adipose tissue in obesity.

In our clinical trial, subjects were treated with vitamin D supple-
ments containing vitamin D3, which is recommended for the
treatment and prevention of vitamin D deficiency [49]. We used
a dose of 7000IU per day for the treatment study, which
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increased mean plasma levels of 250HD to 110nmol/l in the
intervention group. A minor increase of plasma 250HD was seen
in the placebo group, which might have been due to seasonal
variation [33]. We did not measure plasma concentrations of
1,25(0H),D in this study. However, plasma concentrations of
1,25(0H),D are tightly regulated by PTH and plasma calcium. In
a previous study including overweight and obese subjects the
mean plasma concentration of 1,25(0OH),D was 106.1 pmol/l
(range: 10-256 pmol/l) [50]. This is in contrast to the concentra-
tion of 100 nmol/l used in our in incubations.

The steps of hydroxylation of VD into 250HD and 1,25(0H),D
occurs mainly in the liver and kidney, respectively. However,
recently extra-renal 1a-hydroxylase activity is reported in many
other tissues [51]. In fact, bioactivation of VD was shown in
human mammary adipocytes [52] and in murine 3T3-L1-adi-
pocytes [53]. But even though 1a-hydroxylation of 250HD to
1,25(0H),D can also be exerted locally for paracrine effects, it is
unknown how the plasma concentrations of 250HD correspond
to the tissue concentrations of 1,25(0H),D within the adipose
tissue in vivo. Furthermore, we have recently shown that adi-
pose tissue expression of the 25-hydroxylase CYP2]2 and the
la-hydroxylase CYP27B1 are decreased in the subcutaneous
adipose tissue in obesity [42]. Whether this results in an
impaired bioactivation of VD for paracrine effects within adi-
pose tissue in obesity, and whether this contribute to a lower
amount of available 1,25(0H),D within the AT and thereby less
VDR activation, demand further investigation. Nevertheless, we
suspect that the concentrations of 1,25(OH),D achieved in
plasma as well as within AT by vitamin D treatment, are too low
to induce effects similar to those observed with concentrations
of 100 nmol/l obtained by adding 1,25(0H),D directly to the cul-
ture medium in vitro, as we did for the incubations. Future stud-
ies should address whether anti-inflammatory effects of
1,25(0OH),D could be obtained in adipose tissue in vitro by using
concentrations similar to those obtained in plasma by vitamin D
treatment of obese subjects.

Another explanation why vitamin D treatment was unable to
decrease AT inflammation in our study could be that a sufficient
vitamin D status might only contribute to prevent the obesity-
related inflammatory changes, but when AT inflammation has
already developed, a correction of vitamin D status might not be
sufficient to reverse these changes.

A limitation of our study is that in order to demonstrate a detect-
able anti-inflammatory effect of 1,25(0H),D, samples were
stimulated with the proinflammatory IL-1B. This is a commonly
used method to create an artificial state of massive inflamma-
tion in AT cultures. However, we cannot exclude that this method
would conceal more discrete anti-inflammatory effects of vita-
min D treatment. Another limitation is the fact that the levels of
1,25(0H),D in the circulation and in AT was not measured.

The strengths of our study include the comparison of results
obtained in vitro under highly controlled conditions with results
from a clinical experiment in the setting of the randomized con-
trolled design, which allows for causative conclusions. Further-
more, the careful selection of patients both being obese and
having low levels of 250HD at baseline, distinguish the trial from
previous studies.

In conclusion, we have found anti-inflammatory effects of
1,25(0H),D in adipose tissue in vitro, but no significant anti-
inflammatory effects of vitamin D treatment in vivo was found
neither in the circulation nor in AT. Based on our findings, a sig-

Humans, Clinical

nificant reduction in AT and systemic inflammation cannot be
obtained by oral administration of vitamin D in obese subjects.

Acknowledgements
v

We thank the cosmetic surgeons at Grymers Clinic of Cosmetic
Surgery, Aarhus, Denmark. We greatly appreciate the excellent
technical assistance by Pia Hornbek and Lenette Pedersen.

Conflict of Interest
v

The authors declare that they have no conflicts of interest in the
authorship or publication of this contribution.

References
1 Forouhi NG, Luan ], Cooper A, Boucher BJ, Wareham NJ. Baseline serum
25-hydroxy vitamin d is predictive of future glycemic status and insu-
lin resistance: the Medical Research Council Ely Prospective Study
1990-2000. Diabetes 2008; 57: 2619-2625
2 Kayaniyil S, Vieth R, Retnakaran R, Knight JA, Qi Y, Gerstein HC, Perkins
BA, Harris SB, Zinman B, Hanley AJ. Association of Vitamin D With
Insulin Resistance and B-Cell Dysfunction in Subjects at Risk for Type
2 Diabetes. Diabetes Care 2010; 33: 1379-1381
3 Botella-Carretero JI, Alvarez-Blasco F, Villafruela JJ, Balsa JA, Vazquez
C, Escobar-Morreale HF. Vitamin D deficiency is associated with the
metabolic syndrome in morbid obesity. Clin Nutr 2007; 26: 573-580
4 Ford ES, Ajani UA, McGuire LC, Liu S. Concentrations of Serum Vitamin
D and the Metabolic Syndrome Among U.S. Adults. Diabetes Care
2005; 28: 1228-1230
5 Scragg R, Sowers M, Bell C. Serum 25-hydroxyvitamin D, diabetes, and
ethnicity in the Third National Health and Nutrition Examination Sur-
vey. Diabetes Care 2004; 27: 2813-2818
6 Wang TJ, Pencina M], Booth SL, Jacques PF, Ingelsson E, Lanier K, Ben-
jamin EJ, D’Agostino RB, Wolf M, Vasan RS. Vitamin D deficiency and
risk of cardiovascular disease. Circulation 2008; 117: 503-511
7 White JH. Regulation of intracrine production of 1,25-dihydroxyvita-
min D and its role in innate immune defense against infection. Arch
Biochem Biophys 2012; 523: 58-63
8 Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante
AW. Obesity is associated with macrophage accumulation in adipose
tissue. ] Clin Invest 2003; 112: 1796-1808
9 Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou (], Sole ], Nichols A, Ross
JS, Tartaglia LA, Chen H. Chronic inflammation in fat plays a crucial
role in the development of obesity-related insulin resistance. ] Clin
Invest 2003; 112: 1821-1830
10 Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular
disease. Circ Res 2005; 96: 939-949
11 Feve B, Bastard J-P. The role of interleukins in insulin resistance and
type 2 diabetes mellitus. Nat Rev Endocrinol 2009; 5: 305-311
12 Bruun JM, Pedersen SB, Richelsen B. Regulation of Interleukin 8 Produc-
tion and Gene Expression in Human Adipose Tissue in Vitro. ] Clin
Endocrinol Metab 2001; 86: 1267-1273
13 Olholm ], Paulsen SK, Cullberg KB, Richelsen B, Pedersen SB. Anti-
inflammatory effect of resveratrol on adipokine expression and secre-
tion in human adipose tissue explants. Int ] Obes (Lond) 2010; 34:
1546-1553
14 Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, Kitazawa R, Kitazawa
S, Miyachi H, Maeda S, Egashira K, Kasuga M. MCP-1 contributes to
macrophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis in obesity. ] Clin Invest 2006; 116: 1494-1505
15 Kamei N, Tobe K, Suzuki R, Ohsugi M, Watanabe T, Kubota N, Ohtsuka-
Kowatari N, Kumagai K, Sakamoto K, Kobayashi M, Yamauchi T, Ueki
K, Oishi Y, Nishimura S, Manabe I, Hashimoto H, Ohnishi Y, Ogata H,
Tokuyama K, Tsunoda M, Ide T, Murakami K, Nagai R, Kadowaki T.
Overexpression of monocyte chemoattractant protein-1 in adipose
tissues causes macrophage recruitment and insulin resistance. ] Biol
Chem 2006; 281: 26602-26614
16 Christiansen T, Richelsen B, Bruun JM. Monocyte chemoattractant pro-
tein-1 is produced in isolated adipocytes, associated with adiposity
and reduced after weight loss in morbid obese subjects. Int J Obes
2005; 29: 146-150

Wamberg L et al. Vitamin D in Adipose Tissue Inflammation... Horm Metab Res 2013; 45: 456-462

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



:5y M Humans, Clinical

17 Bruun J, Verdich C, Toubro S, Astrup A, Richelsen B. Association between
measures of insulin sensitivity and circulating levels of interleukin-8,
interleukin-6 and tumor necrosis factor-alpha. Effect of weight loss in
obese men. Eur ] Endocrinol 2003; 148: 535-542

18 Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G. Adipose tissue
tumor necrosis factor and interleukin-6 expression in human obesity
and insulin resistance. AJP - Endocrinol Metab 2001; 280: E745-E751

19 Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J-i, Hotta K,
Shimomura I, Nakamura T, Miyaoka K, Kuriyama H, Nishida M, Yamas-
hita S, Okubo K, Matsubara K, Muraguchi M, Ohmoto Y, Funahashi T,
Matsuzawa Y. Paradoxical Decrease of an Adipose-Specific Protein,
Adiponectin, in Obesity. Biochem Biophys Res Commun 1999; 257:
79-83

20 Lihn AS, Pedersen SB, Richelsen B. Adiponectin: action, regulation and
association to insulin sensitivity. Obes Rev 2005; 6: 13-21

21 Trujillo ME, Scherer PE. Adiponectin - journey from an adipocyte secre-
tory protein to biomarker of the metabolic syndrome. ] Intern Med
2005; 257: 167-175

22 Lihn AS, Bruun JM, He G, Pedersen SB, Jensen PF, Richelsen B. Lower
expression of adiponectin mRNA in visceral adipose tissue in lean and
obese subjects. Mol Cell Endocrinol 2004; 219: 9-15

23 Holick MF. Vitamin D Deficiency. N Engl ] Med 2007; 357: 266-281

24 Haussler MR, Whitfield GK, Haussler CA, Hsieh JC, Thompson PD, Selznick
SH, Dominguez CE, Jurutka PW. The nuclear vitamin D receptor: Bio-
logical and molecular regulatory properties revealed. ] Bone Miner
Res 1998; 13: 325-349

25 Zhang Z, Yuan W, Sun L, Szeto FL, Wong KE, Li X, Kong ], Li YC. 1,25-Dihy-
droxyvitamin D3 targeting of NF-kappaB suppresses high glucose-
induced MCP-1 expression in mesangial cells. Kidney Int 2007; 72:
193-201

26 Zhang Y, Leung DYM, Richers BN, Liu Y, Remigio LK, Riches DW, Goleva E.
Vitamin D Inhibits Monocyte/Macrophage Proinflammatory Cytokine
Production by Targeting MAPK Phosphatase-1. J Immunol 2012; 188:
2127-2135

27 Eleftheriadis T, Antoniadi G, Liakopoulos V, Kartsios C, Stefanidis I,
Galaktidou G. Paricalcitol reduces basal and lipopolysaccharide-
induced (LPS) TNF-a and IL-8 production by human peripheral blood
mononuclear cells. Int Urol Nephrol 2010; 42: 181-185

28 Giulietti A, van Etten E, Overbergh L, Stoffels K, Bouillon R, Mathieu C.
Monocytes from type 2 diabetic patients have a pro-inflammatory
profile. 1,25-Dihydroxyvitamin D(3) works as anti-inflammatory.
Diabetes Res Clin Pract 2007; 77: 47-57

29 Cohen ML, Douvdevani A, Chaimovitz C, Shany S. Regulation of TNF-
alpha by 1alpha,25-dihydroxyvitamin D3 in human macrophages
from CAPD patients. Kidney Int 2001; 59: 69-75

30 Bao BY, Yao J, Lee YF. 1a 25-dihydroxyvitamin D3 suppresses inter-
leukin-8-mediated prostate cancer cell angiogenesis. Carcinogenesis
2006; 27: 1883-1893

31 Nonn L, Peng L, Feldman D, Peehl DM. Inhibition of p38 by Vitamin
D Reduces Interleukin-6 Production in Normal Prostate Cells via
Mitogen-Activated Protein Kinase Phosphatase 5: Implications for
Prostate Cancer Prevention by Vitamin D. Cancer Res 2006; 66:
4516-4524

32 Lorente-Cebrian S, Eriksson A, Dunlop T, Mejhert N, Dahlman I, Astrom
G, Sjolin E, Wahlen K, Carlberg C, Laurencikiene J, Heden P, Arner P,
Ryden M. Differential effects of 1alpha,25-dihydroxycholecalciferol on
MCP-1 and adiponectin production in human white adipocytes. Eur
J Nutr 2012; 51: 335-342

33 Wamberg L, Richelsen B, Pedersen SB, Rejnmark L. The effect of high-
dose vitamin D supplementation on calcitropic hormones and bone
mineral density in obese subjects with low levels of circulating
25-hydroxy-vitamin D - results from a randomized controlled study.
Calcif Tissue Int 2012; Submitted

34 Wellen KE, Hotamisligil GS. Obesity-induced inflammatory changes in
adipose tissue. ] Clin Invest 2003; 112: 1785-1788

35 Hotamisligil GS. Inflammation and metabolic disorders. Nature 2006;
444: 860-867

36 Despres JP, Lemieux I. Abdominal obesity and metabolic syndrome.
Nature 2006; 444: 881-887

37 Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of
tumor necrosis factor-a: Direct role in obesity-linked insulin resist-
ance. Science 1993; 259: 87-91

38 Bruun JM, Lihn AS, Pedersen SB, Richelsen Br. Monocyte Chemoattract-
ant Protein-1 Release Is Higher in Visceral than Subcutaneous Human
Adipose Tissue (AT): Implication of Macrophages Resident in the AT.
] Clin Endocrinol Metab 2005; 90: 2282-2289

39 Gonzalez-Gay MA, De Matias JM, Gonzalez-Juanatey C, Garcia-Porrua
C, Sanchez-Andrade A, Martin ], Llorca J. Anti-tumor necrosis factor-
alpha blockade improves insulin resistance in patients with rheuma-
toid arthritis. Clin Exp Rheumatol 2006; 24: 83-86

40 Rostkowska-Nadolska B, Sliupkas-Dyrda E, Potyka J, Kusmierz D, Frac-
zek M, Krecicki T, Kubik P, Zatonski M, Latocha M. Vitamin D deriva-
tives: calcitriol and tacalcitol inhibits interleukin-6 and interleukin-8
expression in human nasal polyp fibroblast cultures. Adv Med Sci
2010; 55: 86-92

41 Lira F, Rosa J, Cunha C, Ribeiro E, Oller do Nascimento C, Oyama L, Mota
J. Supplementing alpha-tocopherol (vitamin E) and vitamin D3 in high
fat diet decrease IL-6 production in murine epididymal adipose tis-
sue and 3T3-L1 adipocytes following LPS stimulation. Lipids Health
Dis 2011; 10: 37

42 Wamberg L, Christiansen T, Paulsen SK, Fisker S, Rask P, Rejnmark
L, Richelsen B, Pedersen SB. Expression of vitamin D-metabolizing
enzymes in human adipose tissue - the effect of obesity and diet-
induced weight loss. Int J Obes 2012, doi:10.1038/ijo.2012.112

43 Matilainen JM, Husso T, Toropainen S, Seuter S, Turunen MP, Gynther P,
Yla-Herttuala S, Carlberg C, Vaisanen S. Primary effect of 1alpha,25(0H)
D on IL-10 expression in monocytes is short-term down-regulation.
Biochim Biophys Acta 2010; 1803: 1276-1286

44 Lee BN, Kim TH, Jun JB, Yoo DH, Woo JH, Choi §J, Lee YH, Song GG, Kim
Y, Lee JY, Sohn J, Ji JD. Upregulation of interleukin-1beta production by
1,25-dihydroxyvitamin D(3) in activated human macrophages. Mol
Biol Rep 2011; 38: 2193-2201

45 Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu CY,
Vasan RS, Murabito JM, Meigs |B, Cupples LA, D’Agostino RB Sr, O’'Donnell
(. Abdominal Visceral and Subcutaneous Adipose Tissue Compart-
ments: Association With Metabolic Risk Factors in the Framingham
Heart Study. Circulation 2007; 116: 39-48

46 Pittas AG, Harris SS, Stark PC, Dawson-Hughes B. The effects of cal-
cium and vitamin D supplementation on blood glucose and markers of
inflammation in nondiabetic adults. Diabetes Care 2007; 30: 980-986

47 Jorde R, Sneve M, Torjesen PA, Figenschau Y, Goransson LG, Omdal R.
No effect of supplementation with cholecalciferol on cytokines and
markers of inflammation in overweight and obese subjects. Cytokine
2010; 50: 175-180

48 Zittermann A, Frisch S, Berthold HK, Gotting C, Kuhn J, Kleesiek K, Stehle
P, Koertke H, Koerfer R. Vitamin D supplementation enhances the ben-
eficial effects of weight loss on cardiovascular disease risk markers.
Am ] Clin Nutr 2009; 89: 1321-1327

49 Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA,
Heaney RP, Murad MH, Weaver CM. Evaluation, Treatment, and Preven-
tion of Vitamin D Deficiency: an Endocrine Society Clinical Practice
Guideline. ] Clin Endocrinol Metab 2011; 96: 1911-1930

50 Lagunova Z, Porojnicu AC, Vieth R, Lindberg FA, Hexeberg S, Moan J.
Serum 25-Hydroxyvitamin D Is a Predictor of Serum 1,25-Dihydrox-
yvitamin D in Overweight and Obese Patients. ] Nutr 2011; 141:
112-117

51 Zehnder D, Bland R, Williams MC, McNinch RW, Howie AJ, Stewart PM,
Hewison M. Extrarenal expression of 25-hydroxyvitamin d(3)-1 alpha-
hydroxylase. ] Clin Endocrinol Metab 2001; 86: 888-894

52 Ching S, Kashinkunti S, Niehaus MD, Zinser GM. Mammary adipocytes
bioactivate 25-hydroxyvitamin D3 and signal via vitamin D3 receptor,
modulating mammary epithelial cell growth. ] Cell Biochem 2011;
112: 3393-3405

53 LiJ, Byrne ME, Chang E, Jiang Y, Donkin SS, Buhman KK, Burgess JR, Tee-
garden D. 1alpha,25-Dihydroxyvitamin D hydroxylase in adipocytes.
] Steroid Biochem Mol Biol 2008; 112: 122-126

Wamberg L et al. Vitamin D in Adipose Tissue Inflammation... Horm Metab Res 2013; 45: 456-462

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Copyright of Hormone & Metabolic Research is the property of Georg Thieme Verlag
Stuttgart and its content may not be copied or emailed to multiple sites or posted to alistserv
without the copyright holder's express written permission. However, users may print,
download, or email articles for individua use.



