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Adipose tissue metabolism and inflammation are differently
affected by weight loss in obese mice due to either a high-fat diet
restriction or change to a low-fat diet
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Abstract Restriction of a high-fat diet (HFD) and a
change to a low-fat diet (LFD) are two interventions that
were shown to promote weight loss and improve parame-
ters of metabolic health in obesity. Examination of the
biochemical and molecular responses of white adipose
tissue (WAT) to these interventions has not been per-
formed so far. Here, male C57BL/6JOlaHsd mice, har-
boring an intact nicotinamide nucleotide transhydrogenase
gene, were fed a purified 40 energy% HFD for 14 weeks to
induce obesity. Afterward, mice were divided into three
dietary groups: HFD (maintained on HFD), LFD (changed
to LFD with identical ingredients), and HFD-CR (restricted
to 70 % of the HFD). The effects of the interventions were
examined after 5 weeks. Beneficial effects were seen for
both HFD-CR and LFD (compared to HFD) regarding
physiological parameters (body weight and fat mass) and
metabolic parameters, including circulating insulin and
leptin levels. Macrophage infiltration in WAT was reduced
by both interventions, although more effectively by HFD-
CR. Strikingly, molecular parameters in WAT differed
between HFD-CR and LFD, with increased activation of
mitochondrial carbohydrate and fat metabolism in HFD-
CR mice. Our results confirm that restriction of the amount
of dietary intake and reduction in the dietary energy
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content are both effective in inducing weight loss. The
larger decrease in WAT inflammation and increase in
mitochondrial carbohydrate metabolism may be due to a
larger degree of energy restriction in HFD-CR, but could
also be due to superior effectiveness of dietary restriction
in weight loss strategies.
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Introduction

Obesity would be less of a problem if it was not a major
risk factor for non-communicable diseases such as car-
diovascular diseases, type 2 diabetes, and some sorts of
cancer (Burton et al. 1985). Obesity is a condition of
superfluous white adipose tissue (WAT) mass. Next to its
function as an energy reservoir, WAT is recognized as an
endocrine organ responsible for secretion of adipocyto-
kines (Kershaw and Flier 2004; Wang et al. 2008). Chan-
ges in this secretory function of adipose tissue have been
associated with obesity and with dysfunction of the adipose
tissue. Adipose tissue dysfunction may result in ectopic
lipid deposition which is detrimental for normal tissues
(Zhou and Grill 1994). Together with a state of chronic
low-grade inflammation, an increased risk of development
of non-communicable diseases is created.

To improve or even restore health in an obese condition,
a negative energy balance is needed, leading to fat mass
reduction and thus to weight loss. Indeed, a small weight
reduction of 5 % already leads to improved health out-
comes (Goldstein 1992). This can be achieved by either
restriction of calorie intake maintaining the same dietary
composition, or by a reduction in fat intake, that is, by
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changing the macronutrient composition of the consumed
diet. Both have been shown to be successful in humans:
Caloric restriction (CR) improves glycemic control (Heil-
bronn et al. 1999), and reduction in fat intake, without
intentional restriction of energy intake, induces weight loss
(Astrup et al. 1997). The optimal macronutrient composi-
tion of weight reducing diets is still under debate.

When allowed ad libitum access to a high-fat diet (HFD),
C57BL/6] mice develop insulin resistance and obesity in
resemblance to disease progression in humans (Surwit et al.
1988). Like in humans, weight loss in diet-induced obese
rodents can be obtained with various diet intervention
strategies. However, only few studies investigated this from
a nutritional point of view. Reduction in body weight, fat
mass, and several metabolic parameters was obtained using
a standard percentage of CR, a 30 % reduction, of a HFD
(Kalupahana et al. 2011), without changing the macronu-
trient composition. A substantial improvement of an obese
condition, reduction in body weight and improvement of
insulin sensitivity, was also obtained by a reduction in the
fat percentage in the diet (i.e., by a change from a HFD to a
LFD) (Muurling et al. 2002). These studies showed that
dietary energy restriction and dietary fat reduction are both
effective in weight reduction in diet-induced obesity (DIO).
However, a number of questions remain. In particular, it is
not known how these interventions impact adipose tissue at
the functional and molecular level and to which extent this
differs between these intervention strategies. This infor-
mation is important in the development of dietary anti-
obesity interventions.

The aim of this study is to compare the effects on adi-
pose tissue of two different body weight loss strategies: a
standard 30 energy% (en%) CR (i.e., energy restriction of
HFD) and a change from ad libitum HFD to ad libitum
LFD (i.e., restriction of fat intake). These interventions
were done using purified diets containing the same ingre-
dients, with only the amounts of carbohydrate and fat
differing between the diets. C57BL/6JOlaHsd mice were
used. Similar to other C57BL/6J sub-strains, C57BL/6JO-
laHsd is sensitive to DIO (Surwit et al. 1988). This sub-
strain has an intact nicotinamide nucleotide transhydro-
genase (Nnt) gene, which is in contrast to most C57BL/6J
sub-strains that were used in other studies investigating
weight loss by HFD restriction or a change to LFD. Intact
and functional NNT was recently shown to be important
for cellular redox control (Ronchi et al. 2013).

In this study, the interventions started from an obeso-
genic condition, that is, after 14 weeks of HFD feeding. The
effects of both interventions were examined after 5 weeks,
which we expected to be at the end of the adaptation period
based on previous studies (Hoevenaars et al. 2013a).

We report here that a 30 en% restriction of a HFD
induces more pronounced effects than a change to LFD, in
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particular, regarding WAT inflammation and expression of
mitochondrial carbohydrate metabolism genes.

Materials and methods
Animal study and diets

Male wild-type C57BL/6JOlaHsd mice were purchased from
Harlan (Horst, The Netherlands) at 8 weeks of age and were
housed individually in a controlled environment (12 h light/
dark cycle, 55 % humidity, temperature at 22 °C). Access to
water and food (Research Diet Services BV, Wijk bij Du-
urstede, The Netherlands) was ad libitum and renewed every
week. Mice were acclimatized to the housing conditions for
four weeks on a low-fat 10 en% purified diet (LFD; Supple-
mental table 1). During a 14 week run-in, mice were given a
40 en% high-fat purified diet (HFD; Supplemental table 1) to
induce obesity. After the run-in, 36 mice were stratified on
body weight into 3 groups: HFD continued on HFD, LFD was
changed to the purified LFD, and HFD-CR received 70 % of
the individual HFD consumption—as measured over weeks
1012 during the run-in—on a daily basis 2 h before the start of
the dark phase. Indirect calorimetry was performed for HFD
and HFD-CR mice after 4 weeks of intervention as published
(Hoevenaars et al. 2013a). After 5 weeks of intervention at the
ageof 31 weeks, all mice were killed. All analyses are based on
12 mice per dietary group, except for histological analysis
(n = 5-6) and indirect calorimetry (n = 3-6). Body weight
and food intake were monitored weekly. The experimental
protocol was approved by the animal welfare committee of
Wageningen University, Wageningen, The Netherlands.

Tissue collection

Food was removed 2 h before mice were killed in the
morning. Mice were anesthetized by 5 % isoflurane inha-
lation. Blood was collected in Mini collect serum tubes
(Greiner Bio-one, Longwood, FL) via orbital exsanguina-
tion and processed as published (Hoevenaars et al. 2013a).
After blood collection, mice were killed by cervical dis-
location. The left portion of epididymal and peri-renal
WAT (eWAT and pWAT, respectively) were isolated,
weighed and snap frozen in liquid nitrogen, and stored at
—80 °C. The right-sided portions of eWAT were fixed
overnight in 4 % paraformaldehyde, washed with 70 %
ethanol, and subsequently embedded in paraffin.

Adipose tissue morphology
Paraffin-embedded eWAT was sectioned at 5 pm and

immunohistochemically stained to measure mean adipocyte
area as published (Hoevenaars et al. 2013b). Macrophage
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infiltration was determined as a marker for tissue inflam-
mation. Briefly, eWAT sections were deparaffinized and
incubated with a monoclonal antibody against the macro-
phage marker MAC-2 (Cedarlane Laboratories Limited,
Burlington, Ontario, Canada), using chemicals from Vector
laboratories, Burlingame, California, United states, unless
stated otherwise. Briefly, endogenous peroxidase was
inactivated by incubation for 30 min in 1 % H,O, in
methanol. Sections were rinsed with PBS after which they
were blocked with 5 % normal goat serum in PBS-BSAc
(Aurion, Wageningen, The Netherlands). Sections were
incubated overnight at 4 °C with a monoclonal anti-MAC2
antibody (diluted 1:5000 in PBS-BSAc). Next, sections
were rinsed in PBS and incubated for 60 min at room
temperature (RT) with a secondary goat anti-rat biotinyla-
ted antibody diluted 1:200 in PBS-BSAc, rinsed again, and
incubated for 60 min at RT with Vectastain Elite ABC
reagent (dilution 1:1000). After rinsing, the sections were
incubated for 2 min at RT with 3,3’-diaminobenzidine
solution (dilution 1:200), rinsed, counter stained with
hematoxylin QS, and mounted with VectaMount. Cells
were considered to stain positively for MAC-2 when a
brown substrate was present in the cytoplasm of the cells.
Tissues were examined under an Axioskop 2 light micro-
scope (Zeiss, Gottingen, Germany), and digital images were
taken using an Axiocam MRC 5 camera (Zeiss). The
number of crown-like structures (CLS) was counted per
1,000 adipocytes per mouse, and macrophage infiltration
was expressed as a total number of CLS per 100 adipocytes.

Serum measurements

Serum levels of leptin and insulin were measured using the
mouse serum adipokine milliplex multianalyte kit (Milli-
pore Corporation, Billerica, MA) according to the manu-
facturers’ protocol using the Bio-Plex 200 system (Biorad,
Veenendaal, The Netherlands). Serum glucose was deter-
mined by the GOD-PAP colorimetric assay (Roche diag-
nostics, Woerden, The Netherlands). Serum free fatty acids
(FFA) levels were measured using the NEFA-C kit (Wako
chemicals, GmbH, Neuss, Germany). Volumes were scaled
down to analyze samples with a microplate reader (BioTec
Synergy HT, Bad Friedrichshall, Germany). All measure-
ments were performed in duplicate and averaged.
Homeostatic assessment of insulin resistance (HOMAZ2-IR)
was calculated using fasting glucose and insulin levels as
published using the excel program [http://www.dtu.ox.ac.
uk/homacalculator/index.php; (Levy et al. 1998)].

RNA/DNA isolation and cDNA synthesis

RNA isolation was performed as published (Van Scho-
thorst et al. 2005). All samples were purified with RNeasy

columns (Qiagen) according to the manufacturers’
instructions.

Total DNA was extracted from homogenized eWAT by
digestion with proteinase K in a lysis buffer (50 mM Tris—
HCL, pH 7.5, 0.5 % SDS and 12.5 mM EDTA, pH 8.0).
Homogenate samples were incubated overnight at 56 °C.
Proteinase K was inactivated by a 10-min incubation at
70 °C. Samples were then incubated with 40 pg/ml RNAse
A (Sigma-Aldrich, St. Louis, USA) for 1 h at 37 °C. After
centrifugation, the aqueous phase was mixed and extracted
with an equal amount of phenol—chloroform-isoamylacohol
and twice with chloroform. DNA was precipitated by 96 %
ethanol and sodium acetate (3 M, pH 5.2). DNA was
washed with 750 pl of cold 70 % ethanol, air-dried, and re-
suspended in 30 pl of RNAse/DNAse-free water. RNA/
DNA concentration and purity were assessed with the
Nanodrop spectrophotometer (IsoGen Life Science, Maar-
sen, The Netherlands). RNA integrity was checked by
capillary zone electrophoresis (Experion, Bio-Rad). DNA
concentration was adjusted to 40 ng/ul with RNAse/
DNAse-free water. RNA of all individual samples was
reversely transcribed using the iScript cDNA synthesis kit
(Bio-Rad).

Gene expression by quantitative RT-PCR (qRT-PCR)

Differential transcript expression was assessed by qRT-PCR
using iQ SYBR Green Supermix (Bio-rad) and the MyIQ
single-color real-time PCR detection system (Bio-rad). A
standard curve for all transcripts including reference tran-
scripts was made using serial dilutions of a pool prepared
from all cDNA samples. Relative levels of gene expression
were obtained using two reference genes (Ribosomal protein
s15 (Rps15) and Calnexin (Canx)) in duplicate and averaged.
Target genes, primer sequences, and annealing temperatures
are shown in Table 1. The expression of the gene of interest
was normalized against the geometrical mean of the refer-
ence genes Rpsl5 and Canx which were chosen based on
stable gene expression levels (geNorm, Ghent University
Hospital, Ghent, Belgium).

Mitochondrial density

Relative mitochondrial density was determined as the ratio
of mitochondrial DNA to nuclear DNA, as published
(Lagouge et al. 2006). The mean of the control group
(HFD) was set as 1.0. The primer pair’s sequences used
were as follows: mitochondrial DNA (forward) 5'-CCGCA
AGGGAAAGATGAAAGAC-3 and (reverse) 5'-TCGTTT
GGTTTCGGGGTTTC-3' (Lagouge et al. 2006); nucleic
DNA (forward) 5-CTTAGAGGGACAAGTGGCGTTC
and (reverse) 5'-CGCTGAGCCAGTCAGTGTAG-3' (Park
et al. 2009).
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Table 1 Primer sequences and

Genes Forward primer 5'-3’ Reverse primer 53 T (°C)
annealing temperature of
primers used for quantitative Canx*  GCAGCGACCTATGATTGACAACC GCTCCAAACCAATAGCACTGAAAGG  58.5
RT-PCR Cptla  AAAGATCAATCGGACCCTAGACA CAGCGAGTAGCGCATAGTCA 60.0
Cptlb  ACCCCTAAGGATGCCATTCTTG ~ GCGGAAGCACACCAGGCAGTA 57.0
Esra ATCCAGGGGAGCATCGAGTA AAAGGCAAAGGGTCCACCTC 60.0
Fasn AGTTAGAGCAGGACAAGCCCAAG TTCAGTGAGGCGTAGTAGACAGTG  60.0
Mpcl GACTTTCGCCCTCTGTTGCT GCAGATGGCCGCTTACTCAT 58.5
Mpc2  ACCTACCACCGACTCATGGA AGTTTCTCTGCAGGTCTGGC 60.0
Lipe TGGAACTAAGTGGACGCAAGCC ~ TCAAGGTATCTGTGCCCAGTAAGC — 58.0
Pdhal  CTGCCTATTGCAGGTCTGGT CTTCTCGAGTGCGGTAGCTT 60.0
Pdhb GAAAGGCAAGGGACCCACAT CCTCCTTCCACAGTCACGAG 60.0
Pdk1 GCTACTCAACCAGCACTCCTT GGTCGCTCTCATGGCATTCT 60.0
Popla2  ACCACCCTTTCCAACATGCTACC — GCTACCCGTCTGCTCTTTCATCC 58.0
Ppargcla CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC 60.0
Rpsl5*  CGGAGATGGTGGGTAGCATGG  ACGGGTTTGTAGGTGATGGAGAAC  58.5
Genes denoted with an asterisk  q100,8  ACTTCGAGGAGTTCCTTGCG TGCTACTCCTTGTGGCTGTC 58.0

were used as reference genes

Citrate synthase activity

Snap-frozen eWAT was homogenized in liquid nitrogen
and diluted to a fixed protein concentration of 0.8 pg/pl in
PBS-0.5 % Triton X-100 buffer containing 1 % protease
inhibitor cocktail. Citrate synthase (CS) activity was
measured spectrophotometrically using the CS Assay Kit
(Sigma-Aldrich) according to the manufacturers’ protocol.
Briefly, eWAT homogenates were transferred to 10 mM
DNTB (5,5'-dithiobis-(2-nitrobenzoic acid)) and 30 mM
acetyl-CoA. CS activities were measured for 60 min at
412 nm at 25 °C after addition of 10 mM oxaloacetate. CS
activities were then calculated using the slope of the linear
increase according to the manufacturer’s protocol. The
mean of the control group (HFD) was set as 1.0.

Liver triglycerides

Triglyceride kit reagent (triglycerides Liquicolor Kkit,
Human, Wiesbaden, Germany) was used according to
protocol as described (Hoek-van den Hil et al. 2012). Snap-
frozen liver was homogenized and dissolved in a 10 mM
Tris, 2 mM EDTA, and 0.25 M sucrose buffer with pH 7.5.
Input was corrected for wet tissue weight.

Statistical analysis

Data are expressed as mean £+ SEM; statistical analyses
were performed with GraphPad Prism 5.04 (Graphpad
software, San Diego, CA, USA). All measurements within
the different treatment groups were checked for normality
with D’ Agostino & Pearson normality test. gqRT-PCR data
was log2-transformed before statistical analysis. Normal
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distributed data were analyzed by one-way analysis of
variance and Tukey’s multiple comparison post hoc ana-
lysis. Test results of serum FFA and gene expression data
of Esrra, Ppargcla, Mpcl, Mpc2, Pdhal, Pdhb, Pdkl, and
Fasn were not normally distributed and therefore analyzed
by nonparametric Kruskal-Wallis test and Dunn’s multiple
comparison post hoc test. P < 0.05 was considered
significant.

Results
LFD and HFD-CR decreased body weight and adiposity

Body weight of DIO mice declined immediately after the
change from HFD to either HFD restriction (HFD-CR) or
LFD. Mean body weight stabilized after 3 weeks in LFD
mice, while it further declined till the end of the 5-week
intervention period in HFD-CR mice (Fig. 1a). There were
no differences in eWAT and pWAT weights between LFD
and HFD-CR mice, but both were significantly lower than
control HFD mice (Fig. 1b, c¢). In contrast, weight gain/loss
was significantly different between all group comparisons;
HFD gained 4.2 £ 0.5 g, while LFD and HFD-CR lost
414+ 04¢g and 9.0 £0.5 g (p <0.0001), respectively,
due to the intervention. Cumulative food intake (Kcal)
during the 5-week intervention was also different between
all group comparisons (Fig. 2). Although mean dietary
energy intake level was the lowest in HFD-CR, the con-
tribution of lipids to total energy availability from the diet
remained clearly higher for HFD-CR mice in comparison
with LFD mice (Fig. 2). Indirect calorimetry revealed a
clear cyclic pattern in respiratory exchange ratio (RER) for
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Fig. 1 Changes in body weight (a) and adipose tissue mass of
14-week DIO mice, followed by a 5-week diet intervention of
ad libitum high-fat diet (40 en% fat, HFD), ad libitum low-fat diet (10
en% fat, LFD), or restricted high-fat diet (30 % restriction of HFD,
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Fig. 3 Respiratory exchange ratio (RER) of 14-week DIO mice,
followed by a 5-week continuation of ad libitum high-fat diet (40 en%
fat, HFD), or a 5-week restricted high-fat diet (30 % restriction of
HFD, HFD-CR). Grey area represents the dark phase. Data are
mean = SEM (n = 3-6)

HFD-CR mice. RER is higher when mice are fed (indica-
tive for glycolysis and lipogenesis), and RER is reduced
when mice are fasted (indicative for fat oxidation). In
comparison, mice fed HFD ad libitum show a dampened
diurnal rhythm (Fig. 3).

Representative pictures of these CLS are shown in Fig. 4c.
Serum parameters

Health status was also determined by measuring serum
levels of insulin, glucose, leptin, and FFA. Serum insulin
levels were significantly lowered in LFD and HFD-CR
(Fig. 5a). Glucose levels were significantly lower for HFD-
CR (Fig. 5b). The calculated HOMAZ2-IR insulin resistance
index showed a similar significant reduction for LFD and
HFD-CR (Fig. 5¢), indicating a similar improvement in
glucose homeostasis for the two dietary interventions.
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Fig. 4 Adipose tissue
morphology. a Mean adipocyte
area after a 5-week diet
intervention of high-fat

ad libitum diet (40 en% fat,
HFD), low-fat ad libitum (10
en% fat, LFD), or high-fat
restriction (30 % restriction of
HFD, HFD-CR). b Observed
number of crown-like structures
(CLS) expressed per 100
adipocytes, as a measure for
macrophage infiltration.

¢ Representative pictures of
MAC-2-stained white adipose
tissue for HFD, LFD, and HFD-
CR. Data are mean + SEM

(n = 5-6). *p < 0.05,

*#%kp < 0.001

Fig. 5 Serum and tissue
parameters. a Insulin levels,

b glucose levels, ¢ calculated
HOMAZ2-IR insulin resistance
index, d leptin levels, and e free
fatty acids (FFA) levels in
serum, and f triglyceride levels
in liver of mice after a 5-week
diet intervention of high-fat

ad libitum diet (40 en% fat,
HFD), low-fat ad libitum (10
en% fat, LFD), or high-fat
restriction (30 % restriction of
HFD, HFD-CR). Data are
mean £ SEM (n = 12, except
for liver triglycerides n = 8).
*p < 0.05, ***p < 0.001
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Moreover, a significant reduction was observed for serum
leptin levels and FFA (Fig. 5d, e), suggesting improvement
in lipid homeostasis as well. This is also shown in liver
where the amount of liver triglycerides is reduced in both

groups (Fig. 5f).
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Mitochondrial density was not affected

by both interventions

Caloric restriction of HFD or a switch to LFD did, unex-
pectedly, not affect eWAT mitochondrial density (Fig. 6a).
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Fig. 6 Mitochondrial density in eWAT after a 5-week diet interven-
tion of high-fat ad libitum diet (40 en% fat, HFD), low-fat ad libitum
(10 en% fat, LFD), or high-fat restriction (30 % restriction of HFD,
HFD-CR) as measured by the mitochondrial DNA copy number
versus the nuclear DNA by g-PCR and citrate synthase (CS) activity
assay. Data are mean = SEM (n = 10). Ratio of mtDNA/nDNA and
CS activity levels of HFD mice was set to 1.0

This was also reflected by equal levels of eWAT CS
activity (Fig. 6b).

Gene expression in eWAT was altered mainly by HFD-
CR

To investigate the molecular consequences of the dietary
interventions for metabolic functions in WAT, we selected
target genes for metabolism-related pathways: mitochon-
drial biogenesis, carbohydrate metabolism, fat metabolism,
and inflammation. HFD-CR has been reported to increase
mitochondrial metabolism (Duivenvoorde et al. 2011; Ni-
soli et al. 2005) which is induced by estrogen-related
receptor alpha (ESRRA), which is linked to oxidative
metabolism, and peroxisome proliferator activated receptor
gamma co-activator 1 alpha (PPARGCIA), which is a
master regulator of mitochondrial biogenesis (Scarpulla
2008). We observed increased expression of Ppargcla for
HFD-CR and LFD (compared to HFD) with the largest
increase in HFD-CR. In contrast, Esrra expression levels
were not significantly changed relative to the HFD control,
although HFD-CR showed significantly higher expression
relative to LFD (Fig. 7a). Pyruvate is the end product of
glycolysis and a major substrate for the tricarboxylic acid
(TCA) cycle in mitochondria, which leads to ATP forma-
tion, fatty acid synthesis, or via malate to glyceroneogen-
esis. Recently, the genes and transcripts for the
heterocomplex of mitochondrial pyruvate carrier and
importer (MPC) have been identified (Herzig et al. 2012).
We analyzed the nutritional transcript regulation for both
isoforms Mpcl and Mpc2. Here, only a significant up-
regulation of Mpcl was found as a result of HFD-CR
(Fig. 7b). Mpc2 expression levels were not significantly
changed relative to the HFD control, although HFD-CR

showed a higher expression relative to LFD (Fig. 7b). After
import into mitochondria, pyruvate needs to be converted
into acetyl-CoA for use in the TCA cycle. Pyruvate
dehydrogenase El alpha 1 (Pdha-1) and pyruvate dehy-
drogenase (lipoamide) beta (Pdhb) catalyze this reaction,
and we observed an up-regulation of both Pdha-1 and Pdhb
in HFD-CR but not in LFD mice, compared to the HFD
control. Previous studies in our laboratory have shown a
strong up-regulation of pyruvate dehydrogenase kinase,
isoenzyme 1 (Pdkl) as a result of long-term HFD-CR
(Duivenvoorde et al. 2011). In support, 5 weeks of HFD-
CR also showed a significant up-regulation of Pdkl, but not
in LFD (Fig. 7b). Next to carbohydrate metabolism, we
investigated crucial transcripts of fat metabolism. As a
measure of fat synthesis, we measured fatty acid synthase
(Fasn), which showed an up-regulation upon HFD-CR
only. We found no effects by either dietary intervention on
mitochondrial import of fatty acids preceding mitochon-
drial fatty acid oxidation, assessed by carnitine palmitoyl
transferase 1 alpha and beta (Cptla and Cptlb, respec-
tively) gene expression levels (Fig. 7c).

In adipose tissue, the rate limiting enzyme for lipolysis
is encoded by adipose triglyceride lipase officially named
patatin-like phospholipase domain containing 2 (Azgl/
Pnpla2). Tts expression is regulated by nutritional status
and is associated with rates of adipose tissue lipolysis. In
contrast, levels of hormone-sensitive lipase (Hsl/Lipe) are
not regulated by nutritional status and are decreased in
acute fasting and increase after prolonged restriction
(Zechner et al. 2009). Here, we show that levels of lipolysis
are not affected by the restriction, although there seems to
be a tendency for increased levels in the HFD-CR mice as
compared to the LFD mice (Fig. 7d).

To investigate inflammatory status of the adipose tissue,
S100 calcium-binding protein a8 (S700a8) transcript levels
were investigated. We show a reduction in both weight loss
strategies LFD and HFD-CR (Fig. 7).

Discussion

In this study, a 14-week period of high-fat feeding was used
to induce DIO in male C57BL/6JOlaHsd mice. From this
starting point, we intervened with a standard percentage of
restriction (30 %) of intake of a purified high-fat diet (40
en% fat, HFD-CR) or with a change to a purified low-fat diet
(10 en% fat, LFD). These interventions strategies were
applied for 5 weeks to mediate weight loss and improve
health. Our findings confirmed the beneficial effects of both
strategies, HFD-CR and LFD, with regard to physiological
(body weight and adiposity) and metabolic parameters
(insulin, HOMAZ2-IR, leptin, and FFA). Macrophage infil-
tration in eWAT was reduced by both interventions. The
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Fig. 7 Gene expression
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observed difference is in line with the difference that is seen
between genetically obese and lean mice (Cinti et al. 2005).
Remarkably, the decrease by HFD-CR was more pro-
nounced, whereas the reduction in adipocyte size is com-
parable to the LFD. Similarly, eWAT expression of, in
particular, mitochondrial carbohydrate metabolism genes
was more affected by HFD-CR than by LFD.

Recent studies have shown that adipose tissue inflam-
mation plays an important role in the pathogenesis of
obesity as reviewed by Goossens (Goossens 2008). As
there was no statistical difference in fat mass, mitochon-
drial density, and insulin resistance between HFD-CR and
LFD mice, we expected to find no differences in eWAT
infiltration by macrophages. However, we noticed that
there was a higher reduction in CLS by HFD-CR compared
to LFD which corresponded with reduced transcript levels
of s100a8. This confirms the findings of Wang et al. (2011)
who showed a reduction by HFD-CR of chemokines
CCL2/monocyte chemoattractant protein-1 (MCP-1) and
CXCL2/macrophage inflammatory protein-2 (MIP-2)
mRNA expression levels (which act on monocytes and
neutrophil granulocytes, respectively), and CDIlc+/
CD11b+ cells (marker for activated macrophages or den-
dritic cells), independent of body weight.

Despite the same amount of fat mass after the restriction
period, HFD-CR mice did not only display a stronger
reduction in macrophage infiltration, but also had a more
prominent regulation of mitochondrial biogenesis, lipid
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synthesis, and, especially, carbohydrate metabolism. HFD-
CR did not result in a change in intake of a specific mac-
ronutrient, but rather reduced overall macronutrient intake,
resulting in a lower energy intake. The change to LFD on
the other hand changed macronutrient intake and con-
comitantly lowered energy intake. While carbohydrate
intake was higher in the LFD than in HFD-CR (and in HFD
for that matter), fat intake was lower (Fig. 2). These data
strongly suggest that in particular the lowering of energy
intake, and not so much the lowering of fat intake, is of
primary importance to obtain beneficial metabolic effects
of a diet intervention. Our results, however, contrast with
previous studies showing that when HFD is restricted to the
caloric intake of LFD fed mice, insulin resistance and
hepatic steatosis are not prevented (de Meijer et al. 2010;
Petro et al. 2004). The lack of more pronounced effects of
the LFD may be due to a stronger decrease in energy intake
during HFD restriction compared to the LFD (even though
fat intake was higher in HFD-CR).

Alternatively, differences between the previous studies
and our study may be explained by the use of different
C57BL/6J sub-strains, with (our study) or without a func-
tional Nnt gene. Although all C57BL/6J mice are known for
their susceptibility to DIO (Nicholson et al. 2010), differ-
ences in macronutrient handling are likely to exist between
different sub-strains in view of the role of NNT in, for
example, the TCA cycle (Gameiro et al. 2013) and insulin
release from pancreatic beta-cells (Freeman et al. 2006).
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A major difference in feeding regimen is whether the
animals eat ad libitum (LFD mice) or whether they receive
their food as a restricted single portion (HFD-CR mice).
Feed was provided to the HFD-CR mice once a day prior to
the dark phase. The mice consumed their portion very
rapidly and were subsequently “fasted” until the next
feeding time. This is supported by indirect calorimetry data
showing that restricted mice shift to a cyclic pattern in
which the initial phase shows increased fatty acid synthesis
(RER > 1.1), followed by prolonged fatty acid oxidation
(RER = 0.7) as observed by ourselves (Fig. 3) and others
(Bruss et al. 2010). The emergence of this cyclic pattern by
time-restricted feeding has recently been proposed as a
non-pharmacological intervention that could prevent
obesity and its associated diseases (Hatori et al. 2012).

Another possibility is that the rate of restriction or the
difference in protein intake is responsible for the differ-
ences found between LFD and HFD-CR. In a recent study
on rats, it was shown that energy restriction, but not diet
composition and protein level, impacted weight loss and
adiposity (Chevalier et al. 2013). In humans, ad libitum
access to food with a variety in the macronutrient com-
position promotes dietary adherence during weight loss and
maintenance (Abete et al. 2010). Energy restriction, how-
ever, has shown consistently to produce weight loss and
beneficial health effects. Extrapolation of our results on
mice to the human situation remains difficult as we do not
really mimic free-living conditions in this experiment (i.e.,
only one sort of diet is available).

The long fasting period due to the feeding regimen is
further substantiated by decreased serum levels of FFA
(Fig. 4e), which have shown to be correlated to the rate of
lipolysis and fatty acid flux in adipose tissue (Duncan et al.
2007). Altogether, these findings suggest that food
restriction forces the animals into a highly dynamic met-
abolic pattern, which may contribute to increased meta-
bolic flexibility, possibly contributing to the enhanced
health effects in the HFD-CR regimen.

The expression profile of eWAT showed enhanced
mitochondrial carbohydrate metabolism as well as increased
lipogenesis (Fasn) in HFD-CR (Fig. 7). It is striking that the
two intervention groups are not regulated in a similar way,
even though LFD mice are in the same physiological state as
HFD-CR mice. Our molecular profiles showed no effects on
mitochondrial fatty acid beta-oxidation as carnitine palmi-
toyl transferase transcripts were not regulated. But we do see
an increase in Fasn regulation, indicative of fatty acid bio-
synthesis. Together with the increase in carbohydrate
metabolism, this may suggest a shift to metabolism of car-
bohydrates, possibly to prevent energy depletion from WAT.
Alternatively, it may be associated with a higher turnover of
triglycerides in WAT as has also been observed after long-
term HFD-CR (Duivenvoorde et al. 2011).

PPARGCIA is considered to be the master regulator of
mitochondrial biogenesis. A strong body of evidence
shows that increased expression of Ppargcla is associated
with increased mitochondrial density in response to calorie
restriction (Duivenvoorde et al. 2011; Higami et al. 2004;
Linford et al. 2007). Here, we show a strong up-regulation
of Ppargclo as a response to HFD-CR. However, we do
not see this reflected in levels of mitochondria as measured
by ratio of mitochondrial to nuclear DNA nor by CS
activity. This could indicate that PPARGCI1 A is stimulated
via a different regulation pathway. Alternatively, the
absence of an increased mitochondrial density may be due
to the time frame of the current study, and it may be
speculated that increased mitochondrial density will follow
changes in Ppargcla and will become evident only after
long-term HFD-CR. Although most papers show a strong
correlation between measurements of mitochondrial den-
sity in WAT, one recent study reported a lack of associa-
tion between several measured mitochondrial parameters
(Cyt ¢, COXIV, Core 1, ATPS, and Ppargcla) in several
organs, including WAT upon (LFD) CR in Wistar rats
(Hancock et al. 2011). To be able to interpret markers of
mitochondrial density, it is important to understand the
relation between these markers in time.

In summary, using a mouse model of DIO, we demon-
strated differential effects of LFD and HFD-CR weight loss
strategies on inflammatory status of eWAT and on
molecular mitochondrial carbohydrate and lipid metabo-
lism of eWAT. From a physiological point of view, it
seems that there is little difference in response between
LFD and HFD-CR as both interventions mediate a more
healthy profile. However, with a focus on molecular reg-
ulation, HFD-CR showed a more evident response by
increasing both fat and carbohydrate metabolism, together
with a more pronounced reduction in eWAT inflammation.
Therefore, HFD-CR might be a more effective approach.
This, however, needs to be confirmed in future experiments
in mice and humans.
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