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Abstract

Background/Aims: Calcium and dairy proteins have been
postulated to explain why the intake of dairy products cor-
relates inversely with body mass index in several popula-
tions. We have shown that a high-calcium diet with whey
protein attenuates weight gain and now we describe the ef-
fects of this diet on adipose tissue gene expression. Meth-
ods: Nine-week-old C57BI/6J mice were divided into two
groups (n = 10/group). The control diet was a standard high-
fat diet (60% of energy) low in calcium (0.4%). The whey pro-
tein diet was a high-calcium (1.8%), high-fat diet with whey
protein. After the 21-week treatment, adipose tissue tran-
script profiling (2 mice/group) was performed using Affyme-
trix Mouse Genome 430 2.0. Results: The high-calcium diet
with whey protein altered the expression of 129 genes (£ 1.2
fold). Quantitative RT-PCR analysis confirmed the significant
up-regulation of Adrb3 (p = 0.002) and leptin (p = 0.0019) in
the high-calcium whey group. Insulin and adipocytokine
signaling pathways were enriched among the up-regulated

genes and the fatty acid metabolism pathway among the
down-regulated genes. Conclusions: High-calcium diet
with whey protein significantly modifies adipose tissue gene
expression. These preliminary findings reveal that targets of
a high-calcium diet with whey protein include genes for
Adrb3 and leptin, and help to explain how the intake of dairy
products might attenuate obesity.

Copyright © 2008 S. Karger AG, Basel

Introduction

The inverse association between dairy calcium intake
and body mass index has been found in several cross-sec-
tional and longitudinal studies [1-5]. High-calcium diet
has also been demonstrated to inhibit weight gain in both
rats and mice [6-8]. Increased calcium intake has also
been established to effectively accelerate weight loss both
in rodents [7, 9] and humans [10, 11]. However, not all the
calcium interventions have been successful in modulat-
ing body weight [12-14].

The mechanism by which dietary calcium affects body
weight is still controversial. Calcium intake has been sug-
gested to modity adipocyte metabolism via 1,25(0OH),-
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D;-vitamin, which increases the adipocyte intracellular
calcium content [15]. This active form of vitamin D has
been shown to promote lipogenesis in adipocytes by in-
creasing the expression and activity of fatty acid synthase
(FAS) [16]. The increased intracellular calcium on the
other hand has been shown to exert antilipolytic effects
through activation of phosphodiesterase [17]. In addition
1,25(0OH),-Ds-vitamin has been shown to act on its nu-
clear receptors and inhibit uncoupling protein 2 (UCP2)
expression in adipocytes and regulate thermogenesis and
UCP2 overexpression-induced apoptosis [18, 19].

In a recent human study, modification of serum
1,25(0OH),-D;-vitamin concentration did not lead to sig-
nificant changes in the expression of essential genes re-
lated to fatty acid metabolism [20]. However, a 1-week
intervention with high-calcium dairy diethasbeen shown
to reduce fat tissue FAS expression in comparison with a
low-calcium diet [21]. Another mechanism, which has
been suggested to explain the effects of calcium on body
weight, is the capacity of calcium to form insoluble soaps
with fatty acids and thereby reduce the absorption of fat
[8, 22, 23]. However, it is controversial whether the fat-
binding capacity of calcium is large enough to explain the
effects seen in the intervention studies.

The intervention studies which have successfully dem-
onstrated the anti-obesity effect of calcium have repeat-
edly shown that the effect of calcium from dairy sources
is superior to the effect of supplemental calcium [6, 9, 24].
So far, the mechanisms explaining this difference are not
understood. It has been suggested that dairy products
contain bioactive peptides, which might modulate adi-
pose tissue metabolism, energy expenditure or satiety
signals [15]. Dairy products are known to contain bioac-
tive peptides, e.g. with ACE-inhibitory properties, opi-
oid-like activities and mineral-binding and antithrom-
botic properties [25]. However, it is presently unclear how
these or other dairy-derived peptides affect adipose tis-
sue metabolism.

We have previously shown that a high-calcium, high-
fat diet containing whey protein isolate (WPI) inhibits
body weight and fat tissue gain in C57Bl/6] mice fed a
high-fat diet, a widely used model of diet-induced obesity
[23]. However, the knowledge on the mechanisms of ac-
tion of the whey protein diet on fat tissue metabolism is
still sparse. Whey protein has been shown to affect satiety
at least acutely, but in this animal model WPI did not de-
crease the cumulative energy intake during the 21-week
treatment period. A high-calcium diet with WPI in-
creased fecal fat excretion, which may partly explain the
inhibitory effect on weight gain.

Calcium- and Whey-Protein-Induced
Changes in Gene Expression

In this paper, we clarify the effect of a high-calcium
diet with whey protein on fat tissue metabolism using
microarray technology. We show that a high-calcium
diet with whey protein significantly regulates adipose
tissue gene expression, including leptin and adrenergic
receptor expression, in C57Bl/6] mice fed a high-fat
diet.

Methods

Animals and Diets

The animals and treatments have been described in detail in
our publication describing the effects of high-calcium diets on
weight gain [23]. In brief, 8- to 9-week-old male C57Bl/6] mice
were purchased from Harlan (Horst, The Netherlands). After a
1-week acclimatization period, the body-weight-matched mice
(25.6 = 0.1 g) were divided into two groups (n = 10/group) receiv-
ing modified high-fat diets (60% of energy from fat). The high-
calcium whey group received a high-fat diet (D05031104M; Re-
search Diets, New Brunswick, N.J., USA) with 1.8% CaCO; and
all protein (18% of energy) from WPI (Alacen™ 895; NZMP,
Auckland, New Zealand). The control group received a high-fat
diet (D05031101M; Research Diets) with 0.4% CaCO; and all pro-
tein (18% of energy) from casein isolate (Alacid 714; New Zealand
Milk Products, Santa Rosa, Calif., USA). At the end of the 21-week
treatment period, the body weight (44.1 = 1.1 g) and body fat
content (41.6 £ 0.6%, measured by DEXA, Lunar PIXImus, GE
Healthcare, Chalfont St. Giles, UK) were significantly lower (p <
0.05) in the high-calcium whey group than in the control group
(48.1 £ 0.8 gand 44.9 * 0.8%).

At the end of the treatment period, the animals were rendered
unconscious with CO,/0, (95%/5%; AGA, Riihimiki, Finland)
and decapitated, and the epididymal fat pads were dissected. The
distal end of the fat pad was fixed in 10% formalin and embedded
in paraffin with routine techniques. The rest of the epididymal fat
pads were snap-frozen in liquid nitrogen and stored at -80°C un-
til analyzed.

Immunohistochemical Staining for F4/80 and Determination

of the Adipocyte Cross-Sectional Area

Sections (5 wm) of paraffin-embedded adipose tissue sam-
ples were cut with a microtome and mounted on charged glass
slides, deparaffinized in xylene and stained for F4/80 expres-
sion according to the indirect peroxidase-conjugated streptavi-
din procedure with an anti-F4/80 monoclonal antibody [F4/80
antibody (CI: A3-1) ab6640; Abcam, Cambridge, UK]. For each
individual mouse adipose depot, three different high-power
fields were analyzed. The total number of nuclei and the num-
ber of nuclei of F4/80-expressing cells were counted for each
field. The fraction of F4/80-expressing cells for each sample was
calculated as the sum of the number of nuclei of F4/80-express-
ing cells divided by the total number of nuclei in sections of a
sample. The adipocyte cross-sectional area was determined for
each adipocyte in three fields per sample using Leica QWin
Standard software (Leica Microsystems Imaging Solutions,
Cambridge, UK).
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Table 1. The effect of dietary calcium and dairy proteins on the adipose tissue gene expression profile in diet-induced obesity: up-
regulated genes in the high-calcium whey group in comparison with controls

Gene ID Gene title Gene symbol GO biological process description Fold
change
vs. control

66153  F-box only protein 36 Fbx036 Ubiquitin cycle 2.24

11556 Adrenergic receptor, 33 Adrb3 Diet-induced thermogenesis/negative regulation of body size ~ 2.02

207304 HECT domain containing 1 Hectd1 Protein modification/ubiquitin cycle 1.57

18555 PCTAIRE-motif protein kinase 1 Pctkl Protein amino acid phosphorylation 1.51

110198  Aldo-keto reductase family 7, member A5 Akr7a5 Carbohydrate metabolism/aldehyde metabolism 1.49

(aflatoxin aldehyde reductase)
19082 Protein kinase, AMP-activated, Prkagl Fatty acid biosynthesis/response to stress/lipid biosynthesis 1.49
71 noncatalytic subunit

13854 Epsin 1 Epnl Endocytosis 1.48

20624 Elongation factor Tu GTP binding domain Eftud2 Nuclear mRNA splicing, via spliceosome/mRNA processing/  1.47

containing 2 protein biosynthesis

319322 Splicing factor 3b, subunit 2 Sf3b2 mRNA processing 1.45

52563 CDC23 (cell division cycle 23, yeast, homolog) ~ Cdc23 Ubiquitin cycle/cell cycle/mitosis/cell division 1.41

70549 Talin 2 TIn2 Cell adhesion 1.36

171567  Non-metastatic cells 7, protein expressed Nme7 GTP biosynthesis/UTP biosynthesis/CTP biosynthesis/ 1.35

nucleotide metabolism

214585  RIKEN cDNA 6030465E24 gene 6030465E24Rik  Aromatic compound metabolism 1.34

54151 Cysteine and histidine rich 1 Cyhrl Ubiquitin cycle 1.34

67819  Derl-like domain family, member 1 Derll ER-associated protein catabolism/retrograde protein 1.33

transport, ER to cytosol

17758 Microtubule-associated protein 4 Mtap4 Microtubule-based process/negative regulation of 1.33

microtubule depolymerization

14252 Flotillin 2 Flot2 Cell adhesion 1.32

13424 Dynein cytoplasmic 1 heavy chain 1 Dynclhl Proteolysis/microtubule-based movement 1.32

27967 Calcium homeostasis endoplasmic reticulum Cherp Calcium ion homeostasis/negative regulation of cell 1.31

protein proliferation/RNA processing

18035 Nuclear factor of k light chain gene enhancer Nfkbia Protein import into nucleus, translocation/regulation of cell ~ 1.30

in B-cells inhibitor, proliferation/negative regulation of Notch signaling pathway

67474 Synaptosomal-associated protein Snap29 Intracellular protein transport 1.30

19165 Presenilin 2 Psen2 Cell fate specification/Notch signaling pathway/positive 1.29

regulation of apoptosis/proteolysis during protein
maturation/amyloid precursor protein catabolism

53413 Exocyst complex component 7 Exoc7 Protein transport/exocytosis 1.29

16598 Kruppel-like factor 2 (lung) Klf2 Positive regulation of transcription, DNA dependent 1.29

56032  Tumor suppressor candidate 4 Tusc4 Negative regulation of progression through cell cycle 1.28

11651 Thymoma viral proto-oncogene 1 Aktl Carbohydrate metabolism/insulin signaling pathway/ 1.28

regulation of protein biosynthesis/transport/inflammatory
response/protein ubiquitination/protein catabolism/negative
regulation of apoptosis/regulation of survival gene product
activity

235344  SNFI-like kinase 2 Snf1lk2 Regulation of insulin receptor signaling pathway/protein 1.28

kinase cascade

18016  Neurofibromatosis 2 Nf2 Negative regulation of protein kinase activity/regulation of 1.28

cell proliferation/intercellular junction assembly and
maintenance/negative regulation of progression through
cell cycle

106068  Solute carrier family 45, member 4 Slc45a4 Phosphoenolpyruvate-dependent sugar phosphotransferase ~ 1.28

system

107723 Solute carrier family 12, member 6 Slc12a6 Ton transport/amino acid transport/regulation of progression 1.27

through cell cycle/regulation of cell volume

15461 Harvey rat sarcoma virus oncogene 1 Hrasl Endocytosis/small GTPase mediated signal transduction/ 1.26

cell aging/cell proliferation/protein biosynthesis

17913 Myosin IC Myolc Transport/cytoskeleton organization and biogenesis 1.26

22031 TNF receptor-associated factor 3 Traf3 Signal transduction/regulation of apoptosis 1.26

20364 Selenoprotein W, muscle 1 Sepwl Cell redox homeostasis 1.26

22793 Zyxin Zyx Cell adhesion 1.26

207304 HECT domain containing 1 Hectd1 Protein modification/ubiquitin cycle 1.25

109689  Arrestin, 3, Arrbl Signal transduction/regulation of G-protein-coupled receptor 1.25

protein signaling pathway
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Table 1 (continued)

Gene ID  Gene title Gene symbol GO biological process description Fold
change
vs. control

19274  Protein tyrosine phosphatase, receptor type, M Ptprm Protein amino acid dephosphorylation/transmembrane 1.25

receptor protein tyrosine phosphatase signaling pathway

18813 Proliferation-associated 2G4 Pa2g4 Regulation of transcription, DNA dependent/ 1.24

rRNA processing/regulation of protein biosynthesis

69226 Sorting nexing 24 Snx24 Transport/intracellular signaling cascade 1.22

69051 Pyrroline-5-carboxylate reductase family, Pycr2 Electron transport/amino acid biosynthesis 1.21

member 2
252875  c¢DNA sequence BC020002 BC020002 Transport 1.21
53625  UDP-GIcNAc:BGal B-1,3-N- B3gnt2 Protein amino acid glycosylation 1.20
acetylglucosaminyltransferase 2

116748 U7 snRNP-specific Sm-like protein LSM10 Lsm10 Nuclear mRNA splicing, via spliceosome/histone mRNA 1.20

3’-end processing

21769 Zinc finger, AN1-type domain 3 Zfand3 Microtubule-based movement/protein polymerization 1.20

Extraction of RNA and Microarray Procedure

Total RNA from the epididymal fat pads of 2 control mice and
2 high-calcium, whey-protein-fed mice were collected with
TRIzol (Invitrogen, Carlsbad, Calif., USA), purified with the
RNeasy Mini Kit (Qiagen) and measured at 260 and 280 nm. RNA
quality was analyzed with a Bioanalyzer. RNA (5 .g) was reverse
transcribed to cDNA and tagged with biotin with one-cycle target
labeling and control reagents (Affymetrix) and hybridized ac-
cording to the standard protocol using four Mouse Genome 430
2.0 arrays (Affymetrix) in total, representing over 30,000 mouse
transcripts. GeneChip Scanner 3000 (Affymetrix) was used for
scanning. The complete data set is available from the NCBI Gene
Expression Omnibus database and gene expression profiling data
comply with the MIAME standard (minimum information about
a microarray experiment; accession No. GSE9280).

The data were pre-processed with the robust multichip algo-
rithm [26], normalized per chip to the median and analyzed with
Genespring 7.2. (Agilent, Santa Clara, Calif., USA). The 10,235
genes detected to be present in the data from all four microarrays
were passed to further analysis. Differentially expressed probe
sets were selected based on filtering by the fold change (£1.2-fold)
between the control group and the high-calcium whey group, re-
sulting in 1,067 up-regulated and 1,075 down-regulated identifi-
ers. The probe sets passing the initial filtering were further in-
spected using parametric statistical analysis not assuming equal
variances (Welch-type t test) with p < 0.05 as a threshold for sig-
nificance. The lists of the obtained up- and down-regulated probe
sets were inspected for the enriched Gene Ontology (GO) terms
and the pathways of the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) among the genes using the ‘DAVID 2006’ pro-
gram [27]. Furthermore, the genes were clustered based on the
GO terms in order to detect possible subgroups of co-expressed
genes with certain functions using the “TAFFEL [28]. The pre-
dicted TF binding sites for the regulated genes were downloaded
from the cisRED database [29]. The transcription factors were
listed for 40 out of the 64 up-regulated genes.

Calcium- and Whey-Protein-Induced
Changes in Gene Expression

Epididymal Adipose Tissue Gene Expression Analysis by

Quantitative Real-Time PCR Assay

The increased expression of leptin and 3;-adrenergic receptor
(Adrb3) in the adipose tissue of mice fed a high-calcium diet with
whey protein was independently verified by quantitative real-
time PCR (qQRT-PCR). Total RNA from the epididymal fat pads
was collected with TRIzol (Invitrogen, Carlsbad, Calif., USA),
treated with DNAse 1 (deoxyribonuclease 1, Sigma, St. Louis,
Mo., USA) and reverse transcribed to cDNA by incubation for 50
min at 45°C with the presence of reverse transcription enzyme
(ImProm-II"™ Reverse Transcription System, Promega). cDNA
(1 1) was subjected to qRT-PCR (Lightcycler; Roche Diagnostics,
Neuilly-sur-Seine, France) for detection of leptin, Adrb3 and 18S
mRNAs. 18S served as housekeeping gene. The samples were am-
plified using FastStart DNA Master SYBR Green 1 (Roche Diag-
nostics) in the presence of 0.5 wM of the following primers: leptin
forward AGACCGGGAAAGAGTG and reverse GCCATAGTG-
CAAGGTT; Adrb3 forward ACCAACGTGTTCGTGACT and
reverse CAGCTAGGTAGCGGTCCA, and 18S forward ACATC-
CAAGGAAGGCAGCAG andreverse TTTTCGTCACTACCTC-
CCCG. The PCR amplifications consisted of a 10-min incubation
at 95°C, following 43 cycles of 15 s at 95°C, annealing for 5 s at
59°Cand 10 s at 72°C for leptin; a 10-min incubation at 95°C fol-
lowing 37 cycles of 15 s at 95°C, annealing for 5 s at 58°C and
10 s at 72°C for Adrb3; a 10-min incubation at 95°C following 26
cycles of 15 s at 95°C, annealing for 5 s at 66°C and 10 s at 72°C
for 18S. The quantities of leptin, Adrb3 and 18S PCR products
were quantified with an external standard curve amplified from
purified PCR product.
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Table 2. The list of genes which were down-regulated (>1.2 fold) in the adipose tissue of the high-calcium whey group in comparison
with controls (only the genes associated with GO terms of the biological process category are listed)

GeneID  Gene title Gene GO biological process description Fold
symbol change
vs. control
226139 COX15 homolog, cytochrome C oxidase Coxl15 Protein complex assembly 0.56
assembly protein (yeast)
20210 Serum amyloid A3 Saa3 Acute-phase response 0.59
12894 Carnitine palmitoyltransferase 1a, liver Cptla Lipid/fatty acid metabolism 0.61
229211 Acyl-coenzyme A dehydrogenase family, Acad9 Electron transport 0.65
member 9
668101 Similar to SIRP B1 isoform 2 LOC668101 Intracellular signaling cascade/positive regulation of 0.65
phagocytosis
54607 Suppressor of cytokine signaling 6 Socs6 Regulation of cell growth/cell glucose homeostasis/ 0.65
intracellular signaling cascade/negative regulation of signal
transduction
13167 Diazepam binding inhibitor Dbi Transport 0.66
15950 Interferon activated gene 203 1fi203 Immune response/regulation of transcription from RNA 0.66
polymerase II promoter/regulation of transcription, DNA
dependent
55932 Guanylate nucleotide binding protein 4 Gbp4 Immune response 0.67
17329 Chemokine (C-X-C motif) ligand 9 Cxcl9 Inflammatory response/immune response 0.67
11770 Fatty acid binding protein 4, adipocyte Fabp4 Cytokine production/negative regulation of protein kinase 0.68
activity/transport/negative regulation of transcription/
cholesterol homeostasis/positive regulation of inflammatory
response
22359 Very low density lipoprotein receptor Vidlr Lipid metabolism/lipid transport/endocytosis/steroid 0.69
metabolism/cholesterol metabolism
14081 Acyl-CoA synthetase long-chain family Acsll Lipid metabolism/fatty acid metabolism 0.69
member 1
108682 Glutamic pyruvate transaminase (alanine Gpt2 Biosynthesis 0.70
aminotransferase) 2
17449 Malate dehydrogenase 1, NAD (soluble) Mdh1 Glycolysis/tricarboxylic acid cycle/malate metabolism 0.70
22710 Zinc finger protein 52 Zfp52 Regulation of transcription, DNA dependent 0.71
11800 Apoptosis inhibitor 5 Api5 Transport/anti-apoptosis 0.71
19211 Phosphatase and tensin homolog Pten Protein amino acid dephosphorylation/regulation of 0.71
apoptosis, cell migration and of the progression through cell
cycle/negative regulation of protein kinase B signaling cascade/
regulation of cyclin-dependent protein kinase activity/negative
regulation of cell proliferation/regulation of protein stability/
negative regulation of focal adhesion formation
320267 Far upstream element (FUSE) binding Fubp3 Positive regulation of transcription from RNA polymerase II ~ 0.72
protein 3 promoter
26358 Aldehyde dehydrogenase family 1, Aldhla7 Metabolism 0.72
subfamily A7
11740 Solute carrier family 25 (mitochondrial Slc25a5 Transport, mitochondrial transport 0.74
carrier, adenine nucleotide translocator),
member 5
14062 Coagulation factor II (thrombin) receptor F2r Signal transduction/G-protein-coupled receptor protein 0.75
signaling pathway/blood coagulation
19744 RAS-homolog enriched in brain Rheb Small GTPase mediated signal transduction/protein transport  0.76
28006 DNA segment, Chr 6, Wayne State D6Wsull6e Phosphate metabolism 0.77
University 116, expressed
14359 Fragile X mental retardation gene 1, Fxrlh Muscle development 0.77
autosomal homolog
27362 DnaJ (Hsp40) homolog, subfamily B, Dnajb9 Protein folding 0.77
member 9
16403 Integrin a6 Itga6 Cell adhesion/integrin-mediated signaling pathway 0.78
76338 RAB2B, member RAS oncogene family Rab2b ER to Golgi vesicle-mediated transport/small GTPase 0.78
mediated signal transduction/protein transport
14645 Glutamate-ammonia ligase (glutamine Glul Glutamine biosynthesis/nitrogen compound metabolism 0.78
synthetase)
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Table 2 (continued)

GeneID  Gene title Gene GO biological process description Fold
symbol change
vs. control
22359 Very low density lipoprotein receptor Vidir Lipid metabolism, transport, endocytosis, steroid metabolism, 0.79
cholesterol metabolism
19038 Peptidylprolyl isomerase C Ppic Protein folding 0.79
18970 Polymerase (DNA directed), B Polb DNA replication/base excision repair, gap-filling/ 0.79
anti-apoptosis/response to DNA damage stimulus/cell death
19248 Protein tyrosine phosphatase, non-receptor ~ Ptpnl2 Protein amino acid dephosphorylation 0.80
type 12
84092 Ubiquitin-specific peptidase 8 Usp8 DNA topological change/ubiquitin-dependent protein 0.80
catabolism/Ras protein signal transduction
57279 Solute carrier family 25 (mitochondrial Slc25a20 Transport 0.80
carnitine/acylcarnitine translocase),
member 20
26413 Mitogen-activated protein kinase 1 Mapkl MAPKKK cascade/protein amino acid phosphorylation/ 0.81
response to DNA damage stimulus/cell cycle/signal
transduction/organ morphogenesis/cytosine metabolism
69125 CCR4-NOT transcription complex, Cnot8 Regulation of transcription, DNA dependent 0.81
subunit 8
72065 RAP2C, member of RAS oncogene family Rap2c Small GTPase mediated signal transduction/protein transport  0.82
67030 Fanconi anemia, complementation group L~ Fancl DNA repair/ubiquitin cycle/gametogenesis/regulation of cell ~ 0.82
proliferation
319625 Galactose mutarotase Galm Galactose metabolism 0.82
14105 FUS interacting protein (serine-arginine Fusipl Regulation of nuclear mRNA splicing, via spliceosome/ 0.82
rich) 1 mRNA export from nucleus
72183 Sorting nexin 6 Snx6 Intracellular protein transport/intracellular signaling cascade ~ 0.82
14130 Fc receptor, IgG, low affinity IIb Fcgr2b Negative regulation of type I hypersensitivity/defense 0.83
response/immune response/cell surface receptor linked signal
transduction/humoral defense mechanism/negative regulation
of B cell proliferation/antigen presentation, exogenous antigen
via MHC class II/mast cell activation/positive regulation of
phagocytosis/negative regulation of immune response
13136 CD55 antigen Cd55 Immune response/complement activation, classical pathway/  0.83
innate immune response
56428 Mitochondrial carrier homolog 2 (C. elegans) Mtch2 Transport 0.83
67974 RIKEN cDNA 5730405109 gene 5730405I09Rik Regulation of progression through cell cycle 0.83
71881 RIKEN c¢DNA 2310001A20 gene 2310001A20Rik  Biosynthesis 0.83
67204 Eukaryotic translation initiation factor 2, Eif2s2 Protein biosynthesis/translational initiation 0.83
subunit 2 (B)
Results The most highly enriched biological pathways among

Changes in Adipose Tissue Gene Expression

A high-calcium diet with whey protein altered the ex-
pression of 129 Affymetrix probe sets corresponding to
the same number of genes (>1.2-fold change in the ex-
pression). The amount of up- and down-regulated genes
in the whey group in comparison with the control group
was almost equal (64 up-regulated and 65 down-regu-
lated). The 45 up-regulated genes associated with GO
terms of the biological process category are presented in
table 1. The 48 down-regulated genes associated with bi-
ological process category GO terms are shown in ta-
ble 2.

Calcium- and Whey-Protein-Induced
Changes in Gene Expression

the altered genes were the insulin and adipocytokine sig-
naling pathway and the fatty acid metabolism pathway.
The complete list of the enriched categories for the up-
and down-regulated genes is presented in online supple-
ment table 1 (www.karger.com/doi/10.1159/000151238).
The data related to the predicted and conserved tran-
scription factor binding sites among the up-regulated
genes are also presented as supplementary material
(www.karger.com/doi/10.1159/000151238).
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Insulin Signaling Pathway

The biggest number of up-regulated genes was en-
riched in the KEGG insulin signaling pathway, which
contained five reporters with over 1.2-fold changes and
fourteen genes with a smaller or non-significant differ-
ence in the expression. The significantly up-regulated
reporters in the insulin signaling pathway correspond-
ed to the genes encoding Flot2 (flotillin 2), Exoc7 (exo-
cyst complex component 7), Prkagl (AMP-activated
protein kinase), Aktl (serine/threonine protein kinase)
and Ras (Harvey rat sarcoma virus oncogene). On the
other hand, Rheb (RAS homolog) was significantly
down-regulated and there was a downward trend in the
expression of Pik3rl (phosphatidylinositol 3-kinase,
PI3-kinase) and Ppplr3c (protein phosphatase 1) genes,
but the difference between the groups was not statisti-
cally significant.

Adipocytokine Signaling Pathway

The second biggest number of up-regulated genes was
found in the adipocytokine signaling pathway. This path-
way contained three significantly up-regulated genes
(Prkagl, Aktl and Nfkbia). In addition, we inspected the
microarray data for other genes associated with the adi-
pocytokine KEGG pathway and found trends towards
up-regulation in the high-calcium whey group in the ex-
pression of leptin (1.17-fold, p = 0.30) and several other
genes presented in figure 1. On the other hand, Cptla
(carnitine palmitoyltransferase 1) was significantly down-
regulated together with Acsll (long-chain acyl-CoA syn-
thetase, family member 1), as listed in online supplement
table 2 (www.karger.com/doi/10.1159/00151238). Several
key genes in both insulin and adipocytokine signaling
pathways are presented in figure 1.

Fatty Acid Metabolism Pathway

The expression of Cptla, Acsll and Acad9, genes re-
lated to fatty acid metabolism, were strongly and signifi-
cantly decreased (p = 0.01, p = 0.01 and p = 0.049, respec-
tively).

Fig. 1. Microarray data for the genes in the pathway coined from
the central genes in the KEGG pathways ‘insulin signaling path-
way’ and ‘adipocytokine signaling pathway’. The figure is modi-
fied from the pathway presented in KEGG [51]. Genes with no
microarray data are shown in italics. Abstractions are presented
with rounded grey shapes. * Genes with a *1.2-fold change in be-
tween groups.

Calcium- and Whey-Protein-Induced
Changes in Gene Expression

Identification and Verification of Target Genes

Based on the expression data and the pathways associ-
ated with altered genes, we identified two interesting up-
regulated genes in the microarray data that may transmit
alterations in metabolism in the fat tissue. The putative
targets were [3;-adrenergic receptor and leptin, which
could be related to the inhibition of fat tissue gain in the
high-calcium whey group.

The mRNA abundances of these genes were confirmed
by qRT-PCR. According to the microarray data, the ex-
pression of Adrb3 was significantly up-regulated (p =
0.03), whereas the 1.17-fold increase in the leptin expres-
sion did not reach statistical significance (p = 0.33). In
accordance with the microarray data, qRT-PCR analysis
confirmed the 2.3-fold up-regulation in the expression of
Adrb3 in the high-calcium whey group (p = 0.0002;
tig. 2a). Also, the leptin mRNA expression was 2.1 times
greater in the high-calcium whey group than in the con-
trol group (p = 0.02), confirming the upward trend found
in the microarray data (fig. 2b).

Macrophage Infiltration and Adipocyte Size

To identify and quantitate macrophages within adi-
pose tissue, we immunohistochemically stained sections
for the F4/80 antigen. There was no difference between
the groups in the amount of F4/80-expressing cells in the
adipose tissue (31.7 = 3.7% in the high-calcium whey
group and 28.2 * 4.3% in the control group, p = 0.55).
The mean adipocyte cross-sectional area was significant-
ly smaller in the high-calcium whey group than in the
control group (7,458 * 147vs. 8,012 £ 156 p,mz,p =0.01;
tig. 3).

Discussion

In this paper, we explored the effects of a whey-pro-
tein-containing, high-calcium diet on adipose tissue
gene expression. The microarray analysis of two repre-
sentative samples per group revealed significant chang-
es in the expression of 129 genes, with a similar amount
of up- and down-regulated genes in the high-calcium
whey group in comparison with the controls. Based on
the microarray and qRT-PCR results, adipose tissue of
mice fed a high-calcium diet with whey protein was
found to have significantly up-regulated expression of
Adrb3 and leptin. Furthermore, in line with the altera-
tions in these two genes, there was enrichment of up-
regulated genes in the insulin and adipocytokine sig-
naling pathways and enrichment of down-regulated

J Nutrigenet Nutrigenomics 2008;1:240-251 247



p = 0.002
1
g 5x107 o 1
S
2 4x1075
[oR
v
@ -
; 3x1075
)
2 2x1075
g
k)
t 1x1075
Q
Whey + Ca
a

Control

p=0018

0.04 1

0.03
v
o0
<
£ 0.02
o
et

0.01

0
Whey + Ca Control

b

Fig. 2. Effect of a high-calcium diet with whey protein on Adrb3 (a) and leptin mRNA expression (b) in the
epididymal adipose tissue of C57Bl/6] mice (n = 10/group) fed a high-fat diet. Values are presented as means *

SEM.
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Fig. 3. Effect of a high-calcium diet with whey protein on the ad-
ipocyte cross-sectional area (CSA) in the epididymal adipose tis-
sue of C57Bl/6] mice (n = 10/group) fed a high-fat diet. Values are
presented as means = SEM.

genes in the fatty acid metabolism pathway. These re-
sults are in line with the physiological outcome, and
thus increase confidence in the data and suggest that the
discovered alterations in the transcriptome may be
largely valid.
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The B;-subtype of adrenergic receptor is known to
play an important role in energy homeostasis through its
effect on lipolysis and thermogenesis, and there has been
a lot of interest in developing selective (3;-adrenergic re-
ceptor agonists as anti-obesity drugs [30]. Interestingly,
high-fat feeding has been demonstrated to suppress the
expression of Adrb3 in the adipose tissue of C57Bl/6]
mice [31, 32] as well as other mouse models of obesity [33].
However, in this study, a high-calcium diet with whey
protein was able to restore the expression of Adrb3 in the
adipose tissue of C57Bl/6] mice fed a high-fat diet at a
significantly higher level than in obese controls, and thus
to prevent the detrimental effect of a high-fat diet on the
expression of this receptor.

Interestingly, we found significantly higher leptin ex-
pression in the whey group, which had significantly less
body fat than the obese control group. In fact, there was
no difference in leptin expression between the group fed
a low-fat diet and the obese control group (data not
shown). In line with our finding, leptin expression has
been shown to be disturbed in C57Bl/6] mice fed a high-
fat-diet [34, 35]. In comparison with the obesity-resistant
A/J-mice, C57Bl/6] mice fed a high-fat diet had signifi-
cantly less leptin expression in relation to fat mass. Con-
sequently, it can be argued that the high-calcium diet
with whey protein changed the expression of leptin in the
direction of an obesity-resistant mouse strain. Twelve-
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week leptin supplementation has been shown to slow, but
not totally prevent, diet-induced obesity in C57Bl/6]
mice, and leptin supplementation has been demonstrated
to have more effect on energy expenditure than energy
intake in these mice [36]. The precise signals mediating
the regulation of leptin expression and secretion are un-
clear, but insulin is known to play an important role [37].
Leptin secretion from the adipocytes is stimulated by in-
sulin and stimulation of the (;-adrenergic receptor is
known to inhibit insulin-stimulated leptin secretion [38].
Leptin expression is also involved in the adipocytokine
signaling pathway, which according to the microarray
data had the second biggest cluster of significantly up-
regulated genes.

Both leptin and adrenergic signaling are relevant to
the sensitivity of insulin signaling, a pathway which, ac-
cording to the microarray analysis, was enriched with the
largest number of up-regulated genes. Insulin signaling
in the adipocytes occurs via the interplay of the insulin
receptor and its substrates like IRS-1 and PI3-kinase,
whose activation leads to translocation of GLUT4-con-
taining vesicles and subsequent increase in glucose up-
take [39, 40]. The obesity-induced impairment in adipose
tissue insulin signaling has been shown to be related to a
decrease in GLUT-4 expression [41]. Impaired IRS-1 sig-
naling to PI3-kinase has also been observed [42].

Whey protein intake has been linked to insulin me-
tabolism previously, but we show for the first time the ef-
fect of whey protein on the level of adipose tissue gene
expression. Whey protein is known to have a greater
postprandial insulinotrophic effect than casein [43, 44].
The insulinotrophic effect of whey protein is likely to be
mediated through rapid amino acid absorption, a sub-
stantial amount of certain insulinotrophic amino acids
(leucine, isoleucine, valine, lysine and threonine) and the
inhibition of dipeptidyl peptidase IV in the intestine,
which leads to an increased concentration of incretin
hormones [45, 46]. It is also of note that an increase in
adipocyte size results in increased insulin resistance, at
least in vitro [47, 48]. Thus, smaller adipocyte size in the
high-calcium whey group could also partly explain the
clustering of up-regulated genes in the insulin signaling
pathway.

The microarray data indicated that the expression of
genes related to fatty acid metabolism, Cptla, ACS and
Acad9, were all strongly and significantly decreased.
Cptlais considered to be one of the key enzymes regulat-
ing free fatty acid oxidation, and its function in liver and
muscle has been widely studied [49, 50]. However, under-
standing of the role and regulation of adipose tissue

Calcium- and Whey-Protein-Induced
Changes in Gene Expression

Cptla expression in C57Bl/6 mice fed a high-fat diet is
still sparse. The role of ACS and Acad9 gene expression
in adipose tissue or obesity has not been intensively in-
vestigated. ACS is involved in facilitating long-chain fat-
ty acid transport across the plasma membrane, and the
exact role of Acad9 has thus far not been reported. Hence,
the importance of these preliminary findings remains to
be elucidated.

Taken together, we have shown for the first time that
whey protein together with calcium supplementation not
only inhibits the accumulation of fat during a high-fat
diet, but also significantly modulates the gene expression
of visceral adipose tissue. Whey protein and calcium
feeding showed a protective effect against a high-fat diet-
induced decline in Adrb3 expression and corrected leptin
expression in the direction normally seen in an obesity-
resistant mouse strain, i.e. changes which are likely to
contribute to the inhibition of weight gain. Significant
up-regulation of leptin and Adrb3 expression is also con-
nected with the insulin-signaling pathway, which ac-
cording to the microarray data was enriched with up-
regulated genes. As the microarray analysis was per-
formed from two replicates per experimental group, the
findings related to significantly regulated pathways can
be considered preliminary. Hence, the influence of a
high-calcium diet with whey protein on insulin and adi-
pocytokine signaling and fatty acid metabolism path-
ways warrants further studies.
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