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Contribution of Energy Restriction and Macronutrient
Composition to Changes in Adipose Tissue Gene
Expression during Dietary Weight-Loss Programs in
Obese Women

Fredeéric Capel, Nathalie Viguerie, Nathalie Vega, Sébastien Dejean, Peter Arner, Eva Klimcakova,
J. Alfredo Martinez, Wim H. M. Saris, Claus Holst, Moira Taylor, Jean M. Oppert,
Thorkild 1. A. Sarensen, Karine Clément, Hubert Vidal, and Dominique Langin®

Context: Hypoenergetic diets are used to reduce body fat mass and metabolic risk factors in obese
subjects. The molecular changes in adipose tissue associated with weight loss and specifically
related to the dietary composition are poorly understood.

Objective: We investigated adipose tissue gene expression from human obese women according
to energy deficit and the fat and carbohydrate content of the diet.

Design and Setting: Obese subjects recruited among eight European clinical centers were followed
up 10 wk of either a low-fat (high carbohydrate) or a moderate-fat (low carbohydrate) hypoen-
ergetic diet.

Subjects: Two sets of 47 women in each dietary arm were selected among 648 subjects matched for
anthropometric and biological parameters.

Main Outcome Measure: We measured adipose tissue gene expression changes in one set using a
candidate gene approach. The other set was used to survey 24,469 transcripts using DNA microar-
rays. Results were analyzed using dedicated statistical methods. Diet-sensitive regulations were
confirmed on the other set of subjects.

Results: The two diets induced similar weight loss and similar changes for most of the biological
variables except for components of the blood lipid profile. One thousand genes were regulated by
energy restriction. We validated an effect of the fat to carbohydrate ratio for five genes (FABP4,
NR3CT, SIRT3, FNTA, and GABARAPLZ) with increased expression during the moderate-fat diet.

Conclusions: Energy restriction had a more pronounced impact on variations in human adipose
tissue gene expression than macronutrient composition. The macronutrient-sensitive regulation of
asubset of genes may influence adipose tissue function and metabolic response. (J Clin Endocrinol
Metab 93: 4315-4322, 2008)

besity is a global health problem of increasing severity be-

cause of the associated risk of life-threatening health
complications such as cardiovascular disease, type 2 diabetes,
and cancer. Moderate weight loss has repeatedly proved to be
beneficial with a reduced risk of type 2 diabetes (1). It is widely
recommended to decrease energy intake to reach these objec-
tives, but there remains a long-standing debate over the optimal
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macronutrient composition of the diet. Various weight loss out-
comes have been reported with hypoenergetic diets with different
amounts of fat and carbohydrate (2-4).

Proper glucose and lipid homeostasis depends on adipose tis-
sue metabolism, which is altered in response to obesity-induced
changes in adipose tissue gene expression. Modification of gene
expression toward a nonobese profile could contribute to the

Abbreviations: aRNA, Amplified RNA; BMI, body mass index; Cy, cyanine dyes, HOMA,
homeostasis model assessment; Inserm, Institut National de la Santé et
Meédicale; LF, low-fat, high-carbohydrate diet; MF, moderate-fat, low-carbohydrate diet
NUGENOB, Nutrient-Gene Interaction in Human Obesity; RT-qPCR, RT-quantitative
SAM, significance analysis of microarray
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beneticial effects of weighe loss (3). In vitro studies identified
several classes of transcription factors mediating the impact of
fat and glucose on the regulation of gene expression (6, 7). More-
over, much progress has been achieved in the understanding of
the merabolic effects of calorie restriction (8). However, the in
o molecular adaprations of adipose tissue during energy de-
privation and in response to macronutrients are mostly un-
known. The characterization of dietary signatures that influence
the risk of diet-related diseases may help in identifying new po-
tential risk factors and indicators of effects of dietary compo-
nents (9). Such information is lacking for dietary treatment of
obesity. The complexity of the response of obese subjects sug-
vests that large cohorts and specific technical and statistical tools
should be used.

I'he Nutrient-Gene Interaction in Human Obesity (NUGENOB)
study trial, a large randomized intervention carried out in 771
ohese subjects to compare the effects of a low-fat/high-carbohy-
drate and a moderate-fat/low-carbohydrate hypoenergetic diet,
ts deally suited to address the respective influence of calorie
restriction and macronutrient composition on adipose tissue
sene expression (10). Two gene expression studies have already
been performed in the NUGENOB program. On a subset of the
cohortand without a whole genome approach, a limited number
of genes were shown regulated by calorie restriction, and none
could be identified as diet-sensitive genes (11, 12). Using the two
dietary arms of the NUGENOB cohort and a pangenomic DNA
microarray approach combined with specific statistical and
bioinformatic tools, we investigated the regulation of transcript
levels according to energy deficit and the fat to carbohydrate
ratio. The work was completed by a candidate gene approach
and cross-validation on an independent set of subjects using RT-
quantitative PCR (RT-qPCR).

Subjects and Methods

Subjects and study design

Subjects were participants in the European multicenter NUGENOB
study (wwwonugenaob.org). Subjects were randomly assigned to 10-wk
dietary intervention of two hypoenergetic diets: a low-fat, high-carbo-
hvdrate diet (LF) or a moderate-fat, low-carbohydrate diet (MFj. Both
diers were designed to provide 600 kcal/d less than the individual's es-
timated energy requirement. Fat provided 20-25 and 40-45%, carbo-
hvdrates provided 60-63 and 40-45% of total energy in the LI and the
MU diet, respectively. Both diets derived 15% of total energy from pro-
tem. Details on volunteer recruitment, dietary intervention, and com-
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FIG. 1. Schematic representation of experimental design. A tota! of 771 obese
subjects were enrolled in a 10-wk dietary intervention comparing a LF and MF
hypoenergetic diets. Among the 648 subjects who completed the program, 47
subjects were selected within each dietary group and further randomly assigned
to set 1 or 2. Set 1 was used for the candidate gene study and the validation of
biomarkers from set 2. Set 2 was used for pangenornic DNA microarray analys:s
and validation of biornarkers obtained in set 1

pliance as well as procedures about the measurements of anthropometric
and blood parameters were previously described (10).

From a total of 771 participants, 648 completed the intervention,
among whom 47 women per diet were selected, matched for high quality
of adipose tissue RNA, weight, height, body mass index (BMI), waist 1o
hip ratio, energy intake, fat, carbohydrate, protein, and alcohol energy
intakes before the intervention and similar changes in weight, BMI, per
cent of body fat mass, and energy intake during the intervention. Fach
dietary group was randomly divided into two similar sets of subjects {Fig.
1). Set I was used for a candidate gene approach using RT-gPCR, which
was further confirmed on set 2 [experiments performed by the Institut
National de la Santé et de la Recherche Médicale (Inserm) Lyon
laboratory].

Set 2 was used for microarray experiments and RT-qPCR measure-
ments (experiments performed by the Inserm Toulouse laboratory ). Re-
sults from set 2 were confirmed on set | by RT-gPCR in the Inserm Lyon
laboratory. Experiments in each laboratory were performed with differ-
ent RT-qPCR technical platforms (see below).

Subcutaneous adipose tissue biopsy and total
RNA preparation

An abdominal sc fat specimen (~1 g) was obtained by needle aspi-
ration under local anesthesia after an overnight fast before and after the
dietary intervention. Biopsies were washed and stored in RNA Later
preservative solution (QIAGEN, Courtaboeuf, France) at =80 C unul
analysis. Total RNA was extracted using the RNeasy total RNA minikit
(QIAGEN) in the Inserm Toulouse laboratory. Total RNA concentration
and integrity were estimated using Agilent 2100 bioanalyzer (Agilent
Technologies, Massy, France).

hicing
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Microarray experiments

One pg of total RNA from each sample from set 2 was amplified with
RNA kit (Ambion, Austin, TX). Quantity and quality
of amplified RNA (aRNA) were systematically checked using an Agilent
2100 broanalyzer. Fluorescent targets were synthesized from 1 pg of
aRNA with cyanine dyes (Cy) using the CyScribe first-strand ¢DNA
(Amersham Biosciences, Orsay,
probes obtained before and after the dietary intervention for a same
subject were c()hvln'idirtd on L‘D’\'»’\
ing 41,76l
WM %.\.mim d.e dx /). l)\ ¢ \\'\’ll(vh of aRN\ lal )leg was done to remove
dve-hias effect. For half of the subjects, aRNA from the fat biopsy ob-

the MessageAmp

postlabeling kit France). Fluorescent

:myenumic microarrays contain-

ore dietary intervention was labeled with Cy3, whereas Cy$
aRNA from the biopsy obtained after the intervention. For

atned befe
was used tor
the second half of subjects, the labeling was reversed.
Hybridization was performed according to the standard protocol
described  elsewhere  (hrp//emgmestanford.edu/pbrown/protocols/
index) with shight modifications, Arrays were scanned using a GenePix

000A scanner (Axon Instruments-Molecular Devices, Sunnyvale, CA).

Data analysis

Images were analyzed usm;: Genepix pro 5.0 software (Axon Instru-
The loess normalization smoothing proce-
dure was applied for mtcnsn} normalization using the Limma package
and Cy3 were filtered
2.5 times above the background signal. The sp

ments-Molecular Devices

with R software. Intensity ratios between Cy5

USING an average intensicy

rhe log, ratio was set to 1 afrer data normalization. Clones with more
than five missing values within each dietary group were excluded from
the Jog, Cy5 to Cy3 signal

abeling was reversed, values were multiplied by — 1.

iwalysis. Thus, ratios were retrieved for
spots. When |
funcuon of regulated genes was done usmy the Protein
(PANTHER) database

the biological process ontology. For genes dnwn»regu lated

yvsis of the

as Through Evolutionary Relationships (
with focus on
by calorie restriction, biological processes overrepresented among the list
st ditferenually expressed genes were considered significant at P <2 0.035,
determined by the binomial statistic with Bonferroni correction for mul-
uple testing, We performed further analysis using the Ingenuity Pathways
Analysissoftware 6.0 (Ingenuity Systems, Redwood City, CA) to identify
networks between these genes.

mRNA level measurements by RT-qPCR

First-strand cDNA was synthesized from | pg of adipose tissue total
RNA ¢
po }1&% ) according to the SuperScript 11 reverse transcriprase kit (In-
vitrogen, Cergy-Pointoise, France). All measurements were performed in
duplicate using the Svbergreen method and Applied Biosystems 7500
real-time PCR (Applied Biosystems, Foster City, CA) system (Inserm
foulousel ora Roche Light Cycler (Roche Diagnostics, Meylan, France)
{Inserm Lyon). mRNA expression level was normalized by 185

frer deoxyribonuclease treatment using random hexamers and

SVSIem

rRNA expression.

Statistical analysis
Biological and anthropometric parameters were compared between
sets and dietary groups by ANOVAL All changes (anthropometric, bio-

jcem.endojournals ¢

logical parameters, mRNA levels) during energy restriction were ana
lyzed by paired-sample ¢ test. Diet effect on the change in variables alter
dietary intervention was analyzed by a univariate general linear model on
the measurement after energy restriction with an adjustment for mica
surement before energy restriction (13).

To analyze microarray experiments, the significance analysis of mi
croarray (SAM) procedure was used to compare the two dietary groups
and analyze gene expression changes induced by energy restriction (14).
Next, two distinct statistical methods were used to identify the genes
differentially regulated in response to the two diets. Random forests (13
16) and nearest shrunken centroids (17
in the context of microarray data analysis, including a feature selection

7) are two classifiers, already usul

mechanism that enable to extract the most discriminative genes. In the
random forest clmsifier genes can be ordered according to their impor-
tance based on the change in classification accuracy whcn expression
ratio value is random]y permuted in the other dietary group.”
was applied on normalized after-to-before expression ratios from mi-
croarray features without missing data among the 48 microarray ¢xper-
iments. The nearest shrunken centroids merhod (included in the Predic
tion Analysis of Microarray software) improve the more usual nearest

This method

centroid method, which computes an average gene expression (centrond)
for each gene in each group divided by the within-class sb for that gene.
This method was used on normalized expression ratios of the 100
over up- and down-regulated transcripts by each dietary program as
determined with SAM. To select transcripts for RT-qPCR validauon
analysis, the effect of the diets on after-to-before dietary intervention

Most

gene expression ratio was analyzed by Student £ test. Pearson correlation
coefficient was determined on log-transtormed data with normal disiri
bution to study relationship of gene expression and plasma parameters
Spearman rho correlation coefficient was used on data without normal
distribution.

Results

Subject characteristics
Comparison of the two dictary groups is presented on Table
1. Averaged fat and carbohydrate intakes before the d

letary pro-

gram (35 and 46% of total energy intake, respectively) were
similar between the LF and MF groups. During energy restric-
tion, in the LF group, about 23 and 59% of total energy supply
was derived from fatand carbohydrates, respectively. In the MF
group, about 42 and 41% of total energy was derived from fat
and carbohydrates, respectively. The differences in fat or carbo-
hydrate intakes berween the two dietary groups were highly sig-
nificant. There was no difference in energy intake derived from
proteins.

Before the 10-wk dietary intervention, LF and MF groups had
similar BMI, fac-free mass, fat mass, waist to hip ratio, blood
lipid and cholesterol profile, leptinemia, insulinemia, and glvee

mia (Table 2}. Energy restriction induced a significant and sim-

TABLE 1. Mac

ronutrient intake of subjects before and during the LF and MF energy restricted diets

LF (n = 47) MF (n = 47)
Intake Before During Before During
Energy intake (ke 1951 = 66 1459 = 38" 19387 = 67 1585 & 327
Energy from fat (%) 345 + 1.1 23,3 = 0.47 358 = 0.9 419 = 0.4°
Energy from cholesterol (%) 476 + 1.2 59.0 + 0.67 459 = 1.1 41.3 = Q.5
: y from protein (%) 164 % 0.5 175 & 0.4 6.8 2 0.5 T/ o

Differences be

s during the dietary intervention

between the giets

on groups were determined by variance analysis
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TABLE 2. Characteristics of subjects following a LF and MF diets

LF (n = 47) MF (n = 47)
Parameters Before After Before After
371 2 1.2 384 = 1.1
941+ 18 873 & 1,87 96.8 + 1.7 89.9 + 1.6°
351 £ 65 32.5.% 0,57 355+ 06 33.0 =0.67
53.0 & 0.8 51.5 %08 54.2 = 0.7 52.4 Q.17
410+ 1.2 358 & 1.27 42.7 £1.3 375 & 1.27
43306 406 + 0.6* 437 + 0.6 414 + 0.¢6°
0.86 + 0.01 0.84 + 0.01° 0.86 + 0.01 0.84 = 0.01°
1003 + 71 1032 # 73 1031 & 76 901 + 53%°
Fr atty acids (umol/liter) 538 & 19 526 ¢ 18 525 %19 527 24
i (umol/liter) 113 + 11 119 =13 17 = 12 110 =
terol (mmol/iter) 490 + 0.14 448 +0.12° 5.04 + 0.11 4.79
sterol (mmol/liter) 1.20 = .08 1.06 £ 0.04° 1719 &= 0.05 T8
sterol (mmol/iter) 3.25 =013 2,98 & 0129 3.38 % 01 3.5 o
lesterol (mmolditer) 0.29 +0.02 0.30 + 0.02 0.29 = 0.02 0.26 *
Insulin (ul/mb 960+ 078 8.21 + 0.70¢ 9.82 = 0.96 8.40 = 0.92°
(ng/mty 338+ 19 22.0 % 1.5° 331+ 19 209 % 1.57
nol/liter) 287 i 17 299 + 25°? 205 = 21 253 + 207
nmolditer) 5.20 £ 0.05 5.13 = 0.07 527 *0.07 5.17 = 0.07°
nsulin secretion 116 = 10 102 = 09 110 = 09 99 + 09
sulin resistance 2.24 + 019 1.92 +0.187 2.36 + 0.25 200 * 0277

before vs after the dietary intervention

0.05 for change following the intervention between the diets,

ilar weighe loss (6.8 = 0.2 kg), fat mass (—5.2 = 0.2 kg),
fat-free mass (= 1.6 + 0.2 kg), and BMI (=2.5 = 0.1 kg . m™?)

decrease in the two dietary groups. Mean values for plasma cor-
tsol {+ 58 1.41 = 0.46 pU/ml), and
V=120 7 0.8 ng/ml) levels and the insulin resistance index

= 20 nmol/liter), insulin (

tept

homeostasis model assessment (HOMA) (—=0.34 = 0.12) were
alsosignificantly and similarly modulated by the LF and MF diet.
As observed inthe whole population of the NUGENOB program
101, changes m plasma levels of triacylglycerols and cholesterol
fractions differed between the two dietary groups.
Fhe LF and MF groups were divided to constitute two sets of

subjects (Fig. 1), There was no difference between sets 1 and 2

wding food intake, anthropometric and biological parame-
cers, Changes induced by the diets were similar in the two sets

tdata not shown).

Changes in candidate gene expression in adipose tissue
during low-calorie diets

Information related to the selected genes is presented in sup-
plementary Table 1, published as supplemental data on The
Endocrine Society’s Journals Online Web site at http:/jcem.
endojournals.org. Selection was based on experimental evidence
of i vitro or in vivo regulation of mRNA levels by fatty acid or
glucose i adipocytes or potential activation during energy re-
striction. Nuclear or membrane receprors, transcriptional mod-
ulators, and secreted factors that may be activated by a hypoen-
ergetic diet were also considered.

Phe effects of the two hypoenergetic diets were determined on
wadipose nssue mRNA levels by RT-gPCR inset 1. The mRNA
fevels of stearoyl-CoA desaturase (SCD), acetyl-coenzyme A car-
boxvlase-a (ACACA), fatry acid synthase (FASN), and adipo-

v HDL, High-density ipoprotein, LDL, low-density ipoprotein; VLDL, very low-density lipoprotein, FFM, fat-free mass; FM, fat mass

nutrin (ADPN) were significantly reduced afrer a LF or a MF dier
(Fig. 2). Five genes, fatty acid binding protein 4 (FABP4), liver X
receptor-o (LXRa), adipose triglyceride lipase (ATG), and sir-
tuin 2 and 3 (SIRT2, SIRT3), showed a differential expression
berween the diets. When the two sets of subjects were combined
(n = 43-47 for cach diet), a diet effect was observed for the five
genes (P <2 0.05).

Variations in global gene expression in adipose tissue
during calorie restriction

To gain a global insight on changes in gene expression, pan
genomic microarray analysis was performed on adipose tissue
samples from set 2 (Fig. 1). As a preliminary approach, the SAM
two-class unpaired procedure was used to compare changes in-
duced between the LF and MF diets and showed no significant
difference in gene expression. We next performed the analvsis of
the effect of energy restriction on the entire set combining the MF
and LF groups. With a false discovery rate of S and 10%, onc and
81 cDNA clones were up-regulated, and 925 and 1283 clones
were down-regulated during energy restriction, respectively
(supplementary Table 2).

To validate these data, we quantified adipose tissue mRNA
levels by RT-qPCR before and after cach dietin ser 2 for 10 genes
with similar expression changes in both diets. We selected six
down-regulated genes: glycerol-3-phosphate acyltransterase mi-
tochondrial (GPAM), hydroxysteroid 178-dehydrogenase 12
(HSD17 p12), aldolase C fructose-bisphosphate (ALDOC),
cyclin D1 (CCNDI), NAD(P)H dehydrogenase quinone 1
(NOQO1),and enoyl coenzyme A hydratase domain-containing |
(ECHD). The four remaining genes were up-regulated genes:
proline-rich nuclear receptor coactivator 1 (PNRC1), glutathi-
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e the detary intervention, 1, P < 0.05 between the two diets

one peroxidase 3 (GPX3),alcohol dehydrogenase 1C(ADHI1C),
ind N-deacervlase/N-sulfotransferase 1 (NDSTT). Except for
NDSTI, results were in complete agreement with microarray
data (Table 3). Moreover, the down-regulation of SCD and
ACACA mRNA levels detected with microarray experiments
was in accordance with the decrease observed in the two dietary
sroups of set 1 by RT-qPCR (Fig. 2). Energy, lipid, and carbo-
hvdrate metabolisms are the main biological processes involving
aenes down-regulared by calorie restriction (Fig. 3). The most
relevant and dense nerworks assembled by Ingenuity Pathways
Analysis with down-regulated genes (see supplementary Figure
I, published as supplemental data on The Endocrine Society’s
fournals Online Web site at heep://jcem.endojournals.org, and
supplementary Table 3) are related o lipid metabolism, cellular

ention ratio of adipose tissue mRNA expression estimated by RT-gPCR in the two dietary groups on set 1. %, P <2 0 05 after v

assembly, organization, and small molecule biochemistry. Net-
work 1 illustrates possible coregulation of electron transport
chain complex I and acyl CoA synthase. Network 2 shows that
TNF« could play a central role in the interaction between en-
zymes involved in B-oxidation and fat storage. The third net-
work shows linkage between electron transport chain complex
IV, heat shock proteins, and the release of cytochrome c.

Identification of transcripts regulated by dietary intake
The candidate gene analysis revealed genes differentially reg
ulated in the two diets. We extended our study using whole-
genome DNA microarray analysis of set 2 to analyze whether
more transcripts could be detected. We used vwo statistical meth-

TABLE 3. Changes in adipose tissue gene expression during a 10-wk hypoenergetic diet

Ratio of gene expression levels

Gene Symbol Gene name Microarray RT-qPCR
Stearoyl-CoA desaturase (3-9-desaturase) 0.62 = 0.05 0.48 = 0.06"
Aldolase C, fructose-bisphosphate 0.76 = 0.05 0.70 = 0.06"
Glycerol-3-phosphate acyitransterase, mitochondrial 0.78 = 0.05 0.70 = 0.04°
Enoyl coenzyme A hydratase domain-containing 1 0.81 = 0.03 0.73 + 0.04°
cyclin D1 0.82 £ 0.03 0.85 = 0.04
NAD(P)H dehydrogenase, quinone 1 0.84 = 0.02 0.82 £ 0:057
Hydroxysteroid (17-8) dehydrogenase 12 0.85 + 0.02 0.86 = 0.04°
Acetyl-coenzyme A carboxylase-a 0.96 £ 0.02 0.83 = 0.07°
julated genes
PNRC1 Proline-rich nuclear receptor coactivator 1 1.12 % 003 1.24 = 0.087
GPX3 Glutathione peroxidase 3 (plasma) 1.14 = 0.04 1.38 £ 0.12°
ADH1C Alcohol dehydrogenase 1C (class 1), y-polypeptide 1.24 + 0.06 1.13 + 0.067
NDST1 N-deacetylase/N-sulfotransferase 1 1.25 + 0.06 0.87 + 0.05”

Changes in MRNA levels were determined using microarrays and RT-qPCR before and after energy restriction in set 2 (n = 48), except for SCD and ACACA genes for
which RT-gqPCR measurements were performed in set 1 (n = 43). Data represent means =+ sen (ratio of mRNA ievels after the dietary intervention divided by values
before the dietary intervention)

P 005, before vs. after dietary intervention
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potential markers of macr

obtained (supplementary Table 4). Independently, Prediction
Analvsis of Mic

cxpression induced by cach diet. Different values of thresh-

roarray idenafied the most specific changes in

d shrinkage were tested and the best accuracy of class predic-
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DNA

The transeripts identified by the two methods map to 84

clones (supplementary Table 5).

aencs. Combining the output from microarray and candidate
sene approaches 89 genes could be responsive to changes of the
tat to carbohvdrate ratio of energy-restricted diet. Ontological
classification identified eightgenes involved in oncogenesis, 12 in
apoptosis, 24 i signal transduction, seven in cell cycle control,
three in anglogenesis, and nine in lipid and steroid metabolism
the 84 genes identified by the microarray approach as
ditferentially expressed according to the macronutrient content
of the diet, we restricted the list excluding clones not linked to
known genes i the GenBank database. Morcover, only clones

difference in after-to-before energy re-

presenting a significant
striction expression ratio between the MF and LF groups were

sclected. A list of 12 genes was obrained (supplementary Table 6).

Confirmatory analyses of biomarkers

F'o validate the accuracy of the sclection methods, adipose
tissue mMRNA levels of the 12 selected genes were quantified
by RT-qPCR in samples

According to the general linear model anal-

before and afrer dictary intervention

from set 2 (g, I

vois, a ditferendal effecr of dier (2 <2 0.1) tended to be confirmed
tor nuclear receptor subfamily 3, group C, member 1 (NR3C1),

(GABARAPL2), or-
phosphatase and ten-
FNTA),

GABA A recepror-associated protein-like 2
nit im ¢ decarboxylase antizyme 2 (OAZ2),
e (PTEN), farnesyltransferase CAAX box « (

Vitamin metabolism 9
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g y Yy [

t “hed pathways are shown with the number of genes

area), carbohydrate metabolism {gridded area), lipid metabolism {ine-filled area), and other metabolism (white area)

Main classes of processes are combined as follows. energy

and amyloid-BA4 precursor protein (APP). A similar trend was
observed onset 1 for FNTA (P = 0.06), NR3CT (P = 0.08), and
GABARAPL2 (P < 0.05). If the two sets of subjects were com-
bined (n = 43-47 for each diet), we detected a significant etfect
of the macronutrient composition of the dict on .ﬁ\"'R HO.
GABARAPL2 (both at P <2 0.01), and FNTA (P <
pression change. After an adjustment for BMI and o(hm* match-

05) ex-

ing criteria, similar results were obtained (data not shown).
Using candidate gene and pangenomic approaches, cross-val-
idation on two independent sets of subjects and stringent statis
tical procedures, a differential expression of five gencs, FABPH
SIRT3, NR3C1, GABARAPI2, and FNTA, was observed be-
tween LF and MF diets (Fig. 4). Of note, a strong correlation was
found between NR3CT and FABP4 mRNA levels (rho = 0.41
P <20.0001,n = 89). We studied the relationship in diet-induced
changes of plasma lipid (Table 2) and mRNA levels (Fig. 4) of
parameters influenced by the composition of the dict on the en-
tire group of subjects (n = 91). NR3CI expression correlated
0.25, P

0.02, respectively) whereas GABARAP] 2

with total and low-density hp()pmremﬂch()lcstcml (r
0.02andr=0.24,P =
expression correlated with total and high-density lipoprotein-cho-
= 0.22, P = 0.04 and r = 0.23, P = 0.0

lesterol (r 3, respectively).

Discussion

Concomitant with the escalating prevalence of obesity has been
the rise in the use of hypocaloric diets to induce weight loss, many
of which alter macronutrient composition, especially the pro-
portion of fat and carbohydrate (18). The i vivo adaptations to
calorie restriction and to changes in diet composition are poorly
understood, although the molecular bases of such adaptations
are being unraveled (7, 8). We performed on a large group of
subjects an extensive analysis of the effect of two hypoenergetic
diets with different fat to carbohydrate ratios on adipose tissue
gene expression. The subjects were divided into two sets to iden-
tify and validate the variations in mRNA levels.
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ingly documented (19, 20). SIRT3 deacery-

4 @ O Low fat diet lates the mitochondrial enzyme, accrvl-

— El  Moderate fat dict coenzyme A synthetase 2, thereby allowing

80 A the entry of carbon from acetate, generated

1 60 ! r—'1 following a dict enriched with fat, into the

rJ T 1 tricarboxylic evele (21, 22), This step might

140 2 J b r—1—| [_L] g 5 l beimportant during times of food limitation

: - il M A Y_l r—T1 s T = to both harvestdictary acerate and make usc

= ‘ | I ?% rTI ! of acetate generated by the liver during ke-
5 1.00 4 | % I [ A mérj : ¥ L togenesis (23).

= 28 _ - . Wealso showed a differential regulation of

£ 0801 : wx 5 FABP4 by the two diets. FABP4 is involved in

nand =* the intracellular traffic of fatty acids in the adi-

pocyte and could be a critical mediator of in-

040 4 setl set? st set? set ] set2 ssel ser2  setl et sulin sensitivity (24). An increased FABP4 ¢x-

FABPA ENTA GABARAPL2 NR3C SIRT3 pression may allow proper handling of the

FIG. 4. Vanations in adipose tissue mRNA expression of transcripts requlated by macronutrient content of
(n = 19-24 values/group) of after-to-before dietary
o of adipose tissue mMRNA expression estimated by RT-qPCR in the two sets and dietary
fter vs. before the dietary intervention. t, P< 0.1, t1, P< 0.05

{iet. Bar charts represent means * s

01, ** P«

ed bars represent sets 1 and 2, respectively

As reported for variations in clinical parameters (10), we
found a predominant impact of energy restriction and/or weight
loss over macronutrient composition on adipose tissue gene
cxpression. Compared with the previous studies on the
NUGENOB cohort restricted to a subset of subjects and limited
number of wanscripts, the list of genes regulated by energy re-
striction is considerably expanded by our microarray analysis

1, 125, Inagreement with these studies, the vast majority of the
cenes are down-regulated during the diets. Among the most
down-regulated transcripes are genes involved in lipid, carbohy-
drate,and energy metabolism, which represented the majority of
wenes regulated during the hypocaloric diets. The genes included
rate-limiting enzvmes of de novo lipogenesis such as FASN and
ACACA involved in saturated farty acid synthesis; SCD, fatty
acid desaturase 1 and 2 (FADST, FADS2) involved in unsatur-
ated fatey acid synthesis; and ELOVL family member S, elonga-
tion of long chain fatty acids (ELO VLS), a long-chain fatry acid
clongasc. A decrease in triacylglyceerol storage capacity was also
suggested by the down-regulation of ADPN, GPAM, and li-
poprotein lipase (LPL).

Another important result of this study is the differential
ording to the dietary far to car-
I'his was achieved because of our unique
FABP4, NR3Cl,
ENTA,showed areproducible differential

cxpression of rranscripts ace
bohvdrate ratio.

xpernmental design. Five wranseripts, SIRT3,
GABARAPIL2, and
expression between the two diets. Of note, the genes showed
asimilar pattern of regulation, i.e. up-regulation or no change
during the dicr with an clevated proportion of lipids and
down-regulavion or no change during the low-fat diet. Ex-
pression of these genes was 15-65% higher in the MF than the
LF dict.

I'he regulation of SIRT3 is of interest in the context of met-
abolic adaprations to various fat and carbohydrate intakes.
SIRT3 is found in the matrix of the mitochondrion, the impor-
tance of which in the adapration to encrgy restriction is increas-

flux of fatty acids. The gene is induced by farty
acids in adipocytes, an effect likely to be me
diated by peroxisomal proliferator-activared
receprors (235, 26).

Increased expression of the glucocort-
coid receptor NR3CI could increase the
cortisol-mediated transcriptional activity, contriburting to the
regulation of FABP4 and potentially other glucocorticoid recep-
tor targets (27). The very high correlation between NR3C/ and
FABP4 gene expression supports this notion. These transcrip
tional effects could modify the metabolic profile induced
weight loss as suggested by the correlation between NR3CT ad-
ipose tissue gene expression and plasma cholesterol parameters.

The relationship between macronutrients and GABARAPL.2
and FNTA has never been documented. GABARAPL2 modu-
lates intra Golgi transport through an interaction with soluble
N-cthylmaleimide-sensitive factor attachment protein receptor
complexes (28), which was described to contml adipocyte
GLUT4 translocation in response to insulin (29, 30). The role of
the farnesyltransferase FNTA in adipose tissuc rcmuins clusive.
Of note, it has been suggested that farnesylation of proteins may
influence adipose tissue development (31).

To increase the relevance of this work, highly stringent cri-
teria were applied to transcripts identified as sensitive to dictan
intake. It is highly likely that other genes selected by the classi-
fication and prediction methods show real differential expres-
sion between the MF and LF diets.

To conclude, during hypoenergetic diets, the primary deter-
minant of changes in adipose tissue gene expression is encrgy
restriction rather than the composition in fat and carbohydrate,
The regulation in energy metabolism-related processes and co-
regulatory pathways may explain the variations in anthropo:
metric and biological parameters. However, the macronutrient
content of the diets influences expression of a subset of genes,

which may contribute to differennal response in blood lipid profile.
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