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Abstract
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Objective: Obesity is associated with elevated oxidative
stress and low-grade systemic inflammation. We have dem-
onstrated recently that 1a,25-(OH),-D; promotes reactive
oxygen species production in cultured adipocytes, whereas
suppression of 1¢,25-(OH),-D5 by increasing dietary cal-
cium down-regulates diet-induced oxidative stress in aP2-
agouti transgenic mice. However, whether the anti-obesity
effect of dietary calcium plays a role in regulation of obe-
sity-associated inflammation is not clear.

Research Methods and Procedures: We investigated the
role of dietary calcium in the regulation of inflammatory
cytokine production in aP2-agouti transgenic mice fed low-
and high-calcium obesigenic diets and in the modulation of
cytokine production by 1®,25-(OH),-D5 in cultured murine
and human adipocytes.

Results: The high-calcium diet inhibited the expression of
pro-inflammatory factors tumor necrosis factor « and inter-
leukin (IL)-6 by 64% and 51%, respectively (p < 0.001),
in visceral fat, stimulated the expression of the anti-inflam-
matory factors IL-15 and adiponectin by 52% (p = 0.001)
and 54% (p = 0.025), respectively, in visceral fat, and
induced a 2-fold increase in IL-15 expression in soleus
muscle (p = 0.01) compared with litter mate controls on a
low-calcium diet. 1¢,25-(OH),-D; also markedly stimu-
lated the expression of tumor necrosis factor a (p < 0.001)
and IL-6 (p = 0.016) in differentiated 3T3-L1 adipocytes
and increased IL-6 (p = 0.004) and IL-8 (p < 0.001)
production in differentiated human adipocytes. These ef-
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fects were blocked by calcium channel antagonism with
nifedipine.

Discussion: These data demonstrate that 1,25-(OH),-Ds
favors inflammatory cytokine expression and inhibits anti-
inflammatory cytokine expression; accordingly, suppres-
sion of 1¢,25-(OH),-D5 by dietary calcium inhibits adipo-
cyte-derived inflammation associated with obesity.

Key words: 1,25-(OH),-D;, inflammation, calcium,
reactive oxygen species, cytokines

Introduction

Obesity is a principle causative factor in the development
of metabolic disorders such as insulin resistance, hyper-
glycemia, dyslipidemia, hypertension, and atherosclerosis
(1-3). Excess adipose tissue, particularly in the visceral
compartment, is associated with systemic oxidative stress in
humans and mice (4-6), and increased oxidative stress in
accumulated fat appears to be an important contributor to
the pathogenesis of obesity-associated metabolic syndrome
(6). Visceral adiposity is characterized by low-grade sys-
temic inflammation, and obese subjects exhibit elevated
production of inflammatory markers (7-9). Adipocytes pro-
duce a variety of biological molecules, including both in-
flammatory cytokines such as tumor necrosis factor (TNF)'
a, interleukin (IL)-6, and IL-8 and anti-inflammatory fac-
tors such as adiponectin and IL-15 (10-12). Dysregulated
production of these adipocytokines contributes to the patho-
genesis of obesity-associated metabolic syndrome. Al-
though the mechanism responsible for the development of
systemic inflammation is not clear, multiple previous stud-
ies have indicated that increased oxidative stress in accu-
mulated fat is an underlying cause of dysregulation of
adipocytokines (6,13—15).

! Nonstandard abbreviations: TNF, tumor necrosis factor; IL, interleukin; ROS, reactive
oxygen species; H,0,, hydrogen peroxide; DMEM, Dulbecco’s modified Eagle’s medium;
FBS, fetal bovine serum; PCR, polymerase chain reaction; SE, standard error; NADPH,
nicotinamide adenosine dinucleotide phosphate.
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Table 1.
mice fed low- and high-calcium diets

Body weight and fat pad weight at baseline and three weeks after diet treatment in aP2-agouti transgenic

Baseline

Three weeks after

Low calcium diet

High calcium diet

Low calcium diet  High calcium diet p

Body weight (g)* 25.28 = 0.39 24.47 + 0.47 32.96 = 0.95 28.56 = 0.57* 0.023
Body fat (g) N/A N/A 447 +0.37 2.44 + 0.23* 0.007
Subcutaneous fatf (g) N/A N/A 1.76 = 0.17 094 +0.11* 0.015
Visceral fatf (g) N/A N/A 2.48 £ 0.19 1.31 = 0.11* 0.004

* Values are mean * standard deviation, n = 10.
T Subscapular fat pad.
+ Sum of perirenal and abdominal fat pads.

p indicates significant level between animals on the basal diet and those on the high-Ca diet.

We have shown previously that dietary calcium attenu-
ates obesity by inhibiting lipogenesis, stimulating lipolysis
and thermogenesis, and increasing adipocyte apoptosis
(16,17). We have also recently demonstrated that diet-in-
duced obesity per se promotes oxidative stress and inhibi-
tion of obesity by increasing dietary calcium suppresses
oxidative stress (18). These effects are mediated by sup-
pression of 1a,25-(OH),-D5 production, resulting in inhibi-
tion of 1,25-(OH),-D;-induced stimulation of Ca®" influx
and suppression of metabolic uncoupling status in adipose
tissue (16,18). Accordingly, we have now investigated the
role of 1a,25-(OH),-D5 in regulating adipocytokine expres-
sion in murine and human adipocytes and the effects of
dietary calcium modulation of 1«,25-(OH),-D5 on cytokine
expression in an animal model of obesity. We have previ-
ously described aP2 agouti transgenic mice as a useful
model for diet-induced obesity in a genetically susceptible
human population in that they are not obese on a standard
AIN-93G diet (19) but develop mild to moderate obesity
and hyperglycemia when fed high-sucrose and/or high-fat
diets (20). We have also shown that aP2 agouti transgenic
mice exhibit significantly greater baseline reactive oxygen
species (ROS) production compared with wild-type controls
before the feeding period and that the consumption of the
obesity-promoting diet significantly increases adipose tissue
ROS production (18), indicating that aP2 agouti transgenic
mice may be utilized as an animal model to study diet-
induced obesity and oxidative stress. We, therefore, utilized
aP2 transgenic mice as the animal model to investigate the
effect of obesity and diet-induced oxidative stress on adi-
pose tissue inflammatory cytokine production after a
3-week obesity induction period on high-sucrose/high-fat
diets with either low-calcium (0.4% from CaCO;) (basal
diet) or high-calcium (1.2% from CaCO;) (high-calcium
diet) content.

Research Methods and Procedures

Chemicals

la,25-(OH),-D;  a = tocopherol, hydrogen peroxide
(H,0,), and nifedipine were obtained from Sigma (St.
Louis, MO).

Animals and Diets

At 6 weeks of age, 20 male aP2-agouti transgenic mice
from our colony were randomly divided into two groups
(10 mice/group) and fed a modified AIN 93 G diet with
sub-optimal calcium (0.4% from calcium carbonate) or high
calcium (1.2% from calcium carbonate), respectively. Su-
crose was the sole carbohydrate source, providing 64% of
energy, and fat was increased to 25% of energy with lard.
Mice were studied for 3 weeks, during which food intake
and spillage were measured daily and body weight, fasting
blood glucose, and food consumption were assessed
weekly. At the conclusion of the study, all mice were killed
under isoflurane anesthesia, and blood was collected by
cardiac puncture; visceral fat pads (perirenal and abdomi-
nal), subcutaneous fat pads (subscapular), and soleus mus-
cle were immediately excised, weighed, and used for further
study, as described below. This study was approved from an
ethical standpoint by the Institutional Care and Use Com-
mittee of The University of Tennessee.

Cell Culture

3T3-L1 preadipocytes were incubated at a density of
8000 cells/cm® (10 cm? dish) and grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) and antibiotics (adipocyte medium)
at 37 °C in 5% CO, in air. Confluent preadipocytes were
induced to differentiate with a standard differentiation me-
dium consisting of DMEM-F10 (1:1, v/v) medium sup-
plemented with 1% FBS, 1 uM dexamethasone, 0.5 mM
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isobutylmethylxanthine, and antibiotics (1% penicillin-
streptomycin). Preadipocytes were maintained in this dif-
ferentiation medium for 3 days and subsequently cultured in
adipocyte medium. Cultures were re-fed every 2 to 3 days to
allow 90% cells to reach full differentiation before chemical
treatment.

Human preadipocytes used in this study were supplied by
Zen-Bio (Research Triangle, NC). Preadipocytes were in-
oculated in DMEM/Ham’s F-10 medium (1:1, v/v) contain-
ing 10% FBS, 15 mM N-[2-hydroxyethyl]piperazine-N'-2-
ethanesulfonic acid, and antibiotics at a density of 30,000
cells/cm?. The cells were isolated from the stromal vascular
fraction of human subcutaneous adipose tissue and differ-
entiated in vitro as follows. Confluent monolayers of pre-
adipocytes were induced to differentiate with a standard
differentiation medium consisting of DMEM-F10 (1:1, v/v)
medium supplemented with 15 mM N-[2-hydroxyethyl]
piperazine-N’-2-ethanesulfonic acid, 3% FBS, 33 uM bi-
otin, 17 uM pantothenate, 100 nM insulin, 0.25 uM methyl-
isobutylxanthine, 1 uM dexamethasone, 1 uM BRL49653,
and antibiotics. Preadipocytes were maintained in this dif-
ferentiation medium for 3 days and subsequently cultured in
adipocyte medium in which BRL49653 and 1-methyl-3-
isobutylxanthine were omitted. Cultures were re-fed every 2
to 3 days until fully differentiated.

Cells were incubated in serum-free medium overnight
before chemical treatment. Chemicals were freshly diluted
in adipocyte medium before treatment. Cells were washed
with fresh adipocyte medium, re-fed with medium contain-
ing the different treatments [control; 10 nM 1¢,25-(OH),-
D5; 10 uM nifedipine; 10 nM 1¢,25-(OH),-D5 plus 10 uM
nifedipine; 100 nM H,0,; 1 uM « * tocopherol; or 100 nM
H,0, plus 1 uM « = tocopherol], and incubated at 37 °C in
5% CO, for 48 hours before analysis. Cell viability was
measured by trypan blue exclusion.

Total RNA Extraction

A total cellular RNA isolation kit (Ambion, Austin, TX)
was used to extract total RNA from cells according to the
manufacturer’s instructions.

Quantitative Real-Time Polymerase Chain Reaction
(PCR)

Adipocyte and muscle 18s, TNFe, IL-6, IL-8, IL-15, and
adiponectin were quantitatively measured using a smart
cycler real-time PCR system (Cepheid, Sunnyvale, CA)
with a TagMan 1000 Core Reagent Kit (Applied Biosys-
tems, Branchburg, NJ). The primers and probe sets were
obtained from Applied Biosystems TagMan Assays-on-
Demand Gene Expression primers and probe set collection
and utilized according to the manufacturer’s instructions.
Pooled adipocyte total RNA was serial-diluted in the range
of 1.5625 to 25 ng and used to establish a standard curve,
and total RNAs for the unknown samples were also diluted
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Figure 1: Adipose tissue TNFa expression ratio (A) and IL-6
expression ratio (B) in aP2-agouti transgenic mice fed low-calcium
(basal) or high-calcium diets. Data are normalized to 18s expres-
sion. Values are presented as mean * SE, n = 6. Means with
different letter differ, p < 0.001.

in this range. Reactions of quantitative reverse transcrip-
tion-PCR for standards and unknown samples were also
performed according to the instructions of Smart Cycler
System (Cepheid) and TagMan Real Time PCR Core Kit
(Applied Biosystems). The mRNA quantitation for each
sample was further normalized using the corresponding 18S
quantitation.

Plasma 1a,25-(OH),-D; Assay

A 10,25-(OH),-D5-vitamin D enzyme-linked immu-
nosorbent assay kit (Alpco Diagnostics, Windham, NH) was
used to measure plasma 1¢,25-(OH),-D; content according
to the manufacturer’s instructions.

Statistical Analysis

Data were evaluated for statistical significance by
ANOVA or Student’s ¢ test, and significantly different
group means were then separated by the least significant
difference test by using SPSS (SPSS Inc., Chicago, IL). All
data presented are expressed as mean * standard error (SE).
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Figure 2: Adipose tissue IL-15 expression (A), adipose adiponectin expression (B), and muscle IL-15 expression (C) in aP2-agouti
transgenic mice fed low-calcium (basal) or high-calcium diets. Data are normalized to 18s expression. Values are presented as mean * SE,

n = 6. Means with different letter differ, p < 0.03.

Results

Dietary Calcium Regulates Inflammatory Cytokine
Production in Adipose Tissue and Skeletal Muscle

Feeding the high-calcium ad libitum for 3 weeks signif-
icantly decreased weight and fat gain (Table 1) and sup-
pressed TNFa gene expression by 64% in visceral, but not
subcutaneous, fat compared with mice on the low-calcium
basal diet (Figure 1A) (p < 0.001). Similarly, IL-6 expres-
sion was decreased by 51% in visceral fat of mice on the
high-calcium diet vs. mice on the low-calcium basal diet
(Figure 1B) (p < 0.001), but this effect was absent in
subcutaneous fat. In contrast, dietary calcium up-regulated
IL-15 expression in visceral fat, with 52% increases in mice
on the high-calcium diet compared with animals on the
low-calcium diet (Figure 2A) (p = 0.001). Adiponectin
expression was similarly elevated in visceral fat of mice on
the high-calcium diet vs. mice on the low-calcium diet
(Figure 2B) (p = 0.025). The high-calcium diet also in-
duced a 2-fold increase in IL-15 expression in soleus muscle
compared with mice on the low-calcium diet (Figure 2C)
(p = 0.01).

Intracellular Calcium and 10,25-(OH),-D; Regulates
Cytokine Production in Cultured Murine and Human
Adipocytes

The high-calcium diet suppressed plasma 1«,25-(OH),-D5
(Figure 3); consequently, we investigated the role of 1¢,25-
(OH),-D5 and calcium in regulation of adipokine produc-
tion in vitro. Figure 4A shows that 1«,25-(OH),-D5 stimu-
lated TNFa expression by 135% in 3T3-L1 adipocytes,
and addition of the calcium channel antagonist nifedipine
completely blocked this effect (p < 0.001), whereas nifed-
ipine alone exerted no effect. Similarly, 1a,25-(OH),-D4
markedly increased IL-6 expression in 3T3-L1 adipocytes,
and this effect was reversed by addition of nifedipine (p =
0.016) (Figure 4B).

Similar results were observed in differentiated human
adipocytes. 10,25-(OH),-D; stimulated IL-6 and IL-8 ex-
pression by 53% and 49%, respectively (Figure 5, A,
p = 0.004; B, p < 0.001), and the addition of nifedipine
blocked this effect. We found no effect of 1«,25-(OH),-D;
or nifedipine on IL-15 (Figure 5C, p = 0.473) or adipo-
nectin expression (Figure 5D, p = 0.377) in human adipo-
cytes.
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Figure 3: Plasma 1a,25-(OH),-D5 in aP2-agouti transgenic mice
fed low-calcium (basal) or high-calcium diets. Values are pre-
sented as mean = SE, n = 10. Means with different letter differ,
p = 0.005.

ROS Exerted Direct Impact on Cytokine Production in
Cultured Adipocytes

The direct role of ROS in regulation of adipose cytokine
production was investigated in differentiated 3T3-L1 adi-
pocytes. Figure 6A shows that H,0O, increased IL-6 expres-
sion by 167% (p < 0.001) and that this effect was attenuated
by the addition of antioxidant « = tocopherol (p = 0.016),
indicating that ROS exerted a direct role in stimulation of
inflammatory cytokine production. a« * Tocopherol also
increased adiponectin production (p = 0.002), although
ROS (H,0,) was without significant effect (p = 0.06)
(Figure 6B). Similarly, there was no direct effect of ROS on
IL-15 expression; however, addition of o * tocopherol
markedly increased IL-15 by 2.2-fold (p = 0.043) (Figure
6C) compared with H,O,-treated cells, providing further
evidence that oxidative stress is involved in adipocyte cy-
tokine production.

Discussion

Previous data from our laboratory demonstrated that di-
etary calcium exerts an anti-obesity effect and suppresses
obesity-associated oxidative stress by a la,25-(OH),-D5-
mediated mechanism (16,17). We have demonstrated that
1a,25-(OH),-D5 plays a direct role in the modulation of
adipocyte Ca®™" signaling, resulting in increased lipogenesis
and decreased lipolysis (21). In addition, 1a,25-(OH),-D5 is
also involved in regulation of metabolic efficiency by mod-
ulating adipocyte uncoupling protein 2 expression (22).
Accordingly, the suppression of 1«,25-(OH),-D; by in-
creasing dietary calcium attenuates adipocyte triglyceride
accumulation and causes a net reduction in fat mass in both
mice and humans in the absence of caloric restriction
(23,24), a marked augmentation of body weight and fat loss
during energy restriction in both mice and humans (23,25-
27), and a reduction in the rate of weight and fat regain after
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energy restriction in mice (20). Given that obesity and
related disorders are associated with low-grade systemic
inflammation (28), it is possible that dietary calcium may
also play a role in modulating adipose tissue cytokine pro-
duction. Data from the present study demonstrate that di-
etary calcium decreased production of pro-inflammatory
factors such as TNFa and IL-6 and increased anti-inflam-
matory molecules such as IL-15 and adiponectin in visceral
fat. We also found that 1®,25-(OH),-D; stimulated TNF,
IL-6, and IL-8 production in cultured human and murine
adipocytes and that this effect was completely blocked by a
calcium channel antagonist, suggesting that dietary calcium
suppresses inflammation factor production in adipocyte and
that 1a,25-(OH),-Ds-induced Ca’?* influx may be a key
mediator of this effect.

Obesity is associated with increased expression of in-
flammatory markers (29), whereas weight loss results in
decreased expression and secretion of pro-inflammatory
components in obese individuals (30). Accordingly, modu-
lation of the adipose tissue mass appears to result in corre-
sponding modulation of cytokine production. TNFa and
IL-6 are two intensively studied cytokines in obesity and
have been consistently found to be increased in the white
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adipose tissue of obese subjects (31). Previous studies sug-
gest that white adipose tissue contributes a considerable
portion of circulating IL-6, with visceral fat contributing
markedly more IL-6 than subcutaneous fat (32,33). Expres-
sion of TNF« is increased in inflammatory conditions such
as obesity and cachexia and is considered a likely mediator
of insulin resistance associated with visceral adiposity
(34,35). Consistent with this, diet-induced obesity in the
present study resulted in increased expression of TNFa and
IL-6 in visceral fat, and dietary calcium attenuated these
effects.

IL-15 is highly expressed in skeletal muscle, where it
exerts anabolic effects (36). IL-15 administration reduces
muscle protein degradation and inhibits skeletal muscle
wasting in degenerative conditions such as cachexia (37).
Interestingly, IL-15 exerts the opposite effect in adipose
tissue; administration of IL-15 reduced fat deposition with-
out altering food intake and suppressed fat gain in growing
rats (38,39). IL-15 also stimulates adiponectin secretion in
cultured 3T3-L1 adipocytes (12), indicating a role for IL-15
in regulating adipocyte metabolism. These observations
suggest that IL-15 might be involved in a muscle-fat endo-

crine axis and may regulate energy use between the two
tissues (40). We previously found calcium-rich diets to
suppress fat gain and accelerate fat loss while protecting
muscle mass in diet-induced obesity and during energy
restriction, indicating that dietary calcium may similarly
regulate energy partitioning in a tissue-selective manner. In
the present study, we provide, to our knowledge, the first in
vivo evidence that dietary calcium up-regulates IL-15 ex-
pression in visceral adipose tissue and skeletal muscle and
stimulates adiponectin expression in visceral adipose tissue
in aP2 agouti transgenic mice. This suggests that dietary
calcium may also regulate energy metabolism, in part, by
modulating these cytokines in both adipose tissue and skel-
etal muscle, thereby favoring elevated energy expenditure
in adipose tissue and preserving energy storage in skeletal
muscle. However, we found no effect of 1«,25-(OH),-D5 on
IL-15 expression in human adipocytes. Because these hu-
man adipocytes were originally developed from subcutane-
ous fat, these results further support our in vivo observations
of dietary calcium regulation of adipocyte cytokine produc-
tion in a depot-specific manner, although we do not have
data from human visceral adipocytes for comparison.
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We have shown recently that 1a,25-(OH),-D5 stimulates
ROS production in cultured adipocytes and that suppression
of 1a,25-(OH),-D5 by dietary calcium also attenuates adi-
pose oxidative stress (18), suggesting a potential connection
between oxidative stress and production of inflammatory
factors. The present data demonstrate that H,O, stimulates
adipocyte IL-6 expression, and « * tocopherol inhibits this
effect. Although H,0, showed no direct effect on the ex-
pression of anti-inflammatory factors adiponectin and IL-
15, addition of « * tocopherol markedly elevated the ex-
pression of both, suggesting a direct role of oxidative stress
in regulating inflammation. Indeed, previous studies have
demonstrated that oxidative stress is augmented in adi-
posity, with ROS elevated in blood and tissue in various
animal model of obesity (6,41), whereas markers of sys-
temic oxidative stress are inversely related to plasma adi-
ponectin in human subjects (6,11). Moreover, addition of
oxidants has been shown to suppress expression of adi-
ponectin and increase expression of IL-6, monocyte che-
moattractant protein-1, and plasminogen activator inhibi-
tor-1 (11). These results indicate that a local increase in
oxidative stress in accumulated fat causes dysregulated
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production of adipocytokines. The role of adiposity in up-
regulation of oxidative stress and inflammation has been
investigated intensively. Fat accumulation stimulates nico-
tinamide adenosine dinucleotide phosphate (NADPH) oxi-
dase expression in white adipose tissue (42,43). Further-
more, NADPH oxidase 4, an isoform of NADPH oxidase, is
expressed in adipocytes, but not in macrophage (44,45). Xu
et al. (46) and Weisberg et al. (47) also reported that ROS
stimulated macrophage infiltration of obese adipose tissue
by ROS-induced monocyte chemoattractant protein-1 pro-
duction and stimulated local NADPH oxidase expression
and ROS production, indicating that both adipocytes and
macrophages contribute to elevated oxidative stress in obe-
sity.

Notably, the anti-inflammatory effect of dietary calcium
is greater in visceral than in subcutaneous fat. We have
observed previously a similar pattern in adipocyte ROS
production (18) in that ROS production and NADPH oxi-
dase expression were markedly higher in visceral fat than in
subcutaneous fat, suggesting that there may be an associa-
tion between oxidative stress and inflammation in diet-
induced obesity. Indeed, it was postulated that because
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visceral fat is more sensitive to lipolytic stimuli than adi-
pose tissue stored at other sites, turnover of triacylglycerols
and release of fatty acids into the portal circulation are
increased (48). Free fatty acids can also stimulate ROS
production by stimulating NADPH oxidase expression and
activation (11). Accordingly, obesity associated with oxida-
tive stress and inflammation may occur in a depot-specific
manner in adipose tissue, with significantly higher ROS and
inflammatory cytokines produced in visceral fat than in
subcutaneous fat (49). In summary, the present study dem-
onstrates that dietary calcium suppresses obesity-associated
inflammatory status by modulating pro-inflammatory and
anti-inflammatory factor expression, providing evidence for
the first time that increasing dietary calcium may contribute
to suppression of obesity-associated inflammation.
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