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Abstract

Aim: Weight loss reduces risk factors associated with obesity. However, long-term metabolic improvement remains a
challenge. We investigated quantitative gene expression of subcutaneous adipose tissue in obese individuals and its
relationship with low calorie diet and long term weight maintenance induced changes in insulin resistance.

Research Design: Three hundred eleven overweight and obese individuals followed a dietary protocol consisting of an 8-
week low calorie diet followed by a 6-month ad libitum weight-maintenance diet. Individuals were clustered according to
insulin resistance trajectories assessed using homeostasis model assessment of insulin resistance (HOMA-IR) index. Adipose
tissue mRNA levels of 267 genes selected for regulation according to obesity, metabolic status and response to dieting was
assessed using high throughput RT-qPCR. A combination of discriminant analyses was used to identify genes with
regulation according to insulin resistance trajectories. Partial correlation was used to control for change in body mass index.

Results: Three different HOMA-IR profile groups were determined. HOMA-IR improved during low calorie diet in the 3
groups. At the end of the 6-month follow-up, groups A and B had reduced HOMA-IR by 50%. In group C, HOMA-IR had
returned to baseline values. Genes were differentially expressed in the adipose tissue of individuals according to groups but
a single gene, CIDEA, was common to all phases of the dietary intervention. Changes in adipose tissue CIDEA mRNA levels
paralleled variations in insulin sensitivity independently of change in body mass index. Overall, CIDEA was up-regulated in
adipose tissue of individuals with successful long term insulin resistance relapse and not in adipose tissue of unsuccessful
individuals.

Conclusion: The concomitant change in adipose tissue CIDEA mRNA levels and insulin sensitivity suggests a beneficial role
of adipose tissue CIDEA in long term glucose homeostasis, independently of weight variation.
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Introduction a pro-inflammatory, diabetogenic and atherogenic status [3].
Thus, AT represents a key tissue in the study of obesity-related
complications.

Carefully monitored weight-control diets favorably affect
parameters of the metabolic syndrome and delay the onset of
diabetic complications. As a main target tissue during dietary

[2]. ) ) ) ) interventions, adaptations occurring in AT are likely to have a
The adipose tissue (AT) is a tissue devoted to energy storage as profound impact on the whole body response.
triglycerides. An overload of the buffering capacities of AT leads to

Insulin resistance (IR) and type 2 diabetes are strongly
assoclated with excess fat mass. This is reversible with weight loss
[1]. However, the extent to which weight loss reduces IR is
heterogeneous and the improvement in IR is not stable over time
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Up to now, gene expression remains the most powerful method
to comprehensively explore molecular adaptations from minute
amounts of tissue [4]. Pattern of gene expression has shown
promising potential for identifying undiscovered aspects of the
secretory and metabolic aspects of various tissues including AT
[5].

Here, we investigated whether individuals respond differently to
the same dietary intervention regarding IR. We hypothesized that
AT gene profiling would help identifying novel biomarkers that
underline long term changes in IR with weight loss.

Methods

Ethics Statement

The project Diet, Obesity and Genes (DiOGenes) 1s a pan-
European study which was approved by the ethics committees
of each of the 8 European centers participating to the program.
Written informed consent was obtained from each patient
according to the local ethics committee of the participating
countries: 1, Medical Ethics Committee of the University
Hospital Maastricht and Maastricht University, The Nether-
lands; 2, The Committees on Biomedical Research Ethics for
the Capital region of Denmark, Denmark; 3, Suffolk Local
Research Ethics Committee, UK; 4, University of Crete Ethics
Committee, Greece; 5, the Ethics Commission of the Univer-
sity of Potsdam; 6, Research Ethics Committee at the
University of Navarra, Spain; 7, Ethical Committee of the
Institute of Endocrinology, Czech Republic; 8, Ethical
Committee to the National Transport Multiprofile Hospital
in Sofia, Bulgaria.

Intervention trial

DiOGenes is a multicentre dietary intervention study. The
protocol for this trial and supporting CONSORT checklist are
available as supporting information; see Checklist S1 and Protocol
S1. The DiOGenes study started January 2005 and enrollment
began November 2005 in the first two centres, followed later in the
autumn of 2006 of the other 6 centres. In 2006, clinical trials
registration became highly recommended and ClinicalTrials.gov
registry DiOGenes certification occurred October 2006 (registra-
tion no. NC'T00390637), before registration became mandatory
according to the 59th World Medical Association general assembly
(Seoul, Republic of Korea, October 2008). Design and dietary
intervention have been described in detail previously [6] (Protocol
S1 and Checklist S1). Briefly, from January 2006 to August 2007,
overweight and obese adults participated in a dietary program
with 8-week low calorie (3.3-4.2 MJ/d) diet (LCD) using
commercial meal replacements (Modifast, Nutrition et Santé,
France) and up to 400 g of vegetables. Individuals achieving at
least 8% of initial body weight loss were randomized to a 6-month
weight maintenance with ad &bitum diet (WMD) consisting in one
of four reduced fat diets that differed in glycemic index of
carbohydrates (low or high) and protein content (low or high), or a
control diet according to National Dietary Guidelines in the
participating countries. Target intakes in the low protein diets
were 10-15% energy intake for proteins and 57-62% for
carbohydrates and, in high protein diets, 23-28% energy intake
for proteins and 45-50% energy intake for carbohydrates. During
WMD, in 2 centers, the individuals were provided dietary
instruction plus free foods. At the remaining 6 centers, they
received dietary instruction. Dietary intake was assessed at
screening (prior to baseline), four weeks after the beginning of
WMD and at the end of WMD. The subjects were asked to
complete a 3-day weighed food record, including 2 week days and
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1 week-end day. All dietary records were validated by a
nutritionist. Despite low glycemic index diets were targeted to a
reduction of 15 glycemic index points compared with the high
glycemic index diets, the mean glycemic index in the low glycemic
index groups was only 5 units lower than that in the high glycemic
index groups [6]. Physical activity was assessed using Baecke
questionnaire that discriminate 3 distinct dimensions: work, sports
and leisure activities [7]. Physical activity was calculated as the
sum of the individual Baecke indexes. At each clinical investigation
day (CID) (i.e. at baseline (CID1), after LCD (CID2) and after
WMD (CID3)), bio-clinical data were collected, blood was
sampled and a needle biopsy of abdominal subcutaneous AT
was performed. Detailed method for sampling and data collection
in the DiOGenes trial has previously been published [8]. IR was
assessed using the homeostatic model assessment (HOMA-IR)
calculated as [fasting glucose (mM)xfasting insulin (mU/1)/22.5]
[9]. The authors confirm that all ongoing and related trials for this
intervention are registered. Figure 1 displays the organizational
flowchart through the trial protocol and the individuals® selection
from the DiOGenes cohort for the present study.

Adipose tissue gene expression

The 267 genes, the corresponding biological functions and the
strategy used for selection are summarized in Table S1. These
transcripts were selected from previous published and unpublished
DNA microarray analyses on limited number of individuals as
described in [10]. The list of genes extracted from microarray data
includes 102 genes previously shown as markers of subcutaneous
AT from obese insulin resistant subjects with metabolic syndrome
[11], 56 genes described as markers of subcutaneous AT from lean
individuals [11], 44 markers of weight changes after caloric
restriction [12], 40 genes selected from previous caloric restriction
induced weight loss studies [13,14], and 25 unpublished predictors
of weight change to distinguish between those subjects that will
regain weight after LCD from those that will succeed weight
maintaining based on the AT transcriptome at baseline or after the
caloric restriction phase. These genes encoded proteins involved in
various pathways including metabolism (40% of the transcripts),
immune response (22%), signal transduction (17%), cell and tissue
structure (5%), transport (4%) and response to stress (2%).

Total RNA isolation, cDNA synthesis and massive parallel
real-time PCR using microfluidic qPCR device (Biomark
Dynamic Array, Fluidigm) were performed as previously
described [10]. Messenger RNA levels were normalized to
GUSB mRNA, using the comparative cycle threshold (Ct),
972 method. The present study was based on a subgroup of
311 obese individuals (107 men and 204 women) with bio-
clinical and adipose tissue gene expression data available at each
CID (Figure 1).

Statistical analysis

R software (version 2.14.0) was used for hierarchical clustering,
Random Forests (RF), sparse Partial Least Square Discriminant
Analysis (sPLS-DA) and partial correlations, along with different R
packages. Conventional statistical analyses (Kolmogorov—Smir-
nov, ANOVA, Kruskal-Wallis, Wilcoxon, Mann and Whitney and
x? tests) were carried out with SPSS Statistics version 17.0 for
windows (SPSS Inc., Chicago, IlI).

Individuals’ grouping was performed using hierarchical cluster-
ing analysis on a matrix composed of two synthetic variables, V1
and V2. V1 was calculated as the difference in HOMA-IR
between end of LCD and baseline, and V2 as the difference in
HOMA-IR between the end of WMD and the end of LCD. The

Euclidean distance was used as a measure of similarity and the
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DiOGenes dietary intervention
1209 individuals screened for participation

Excluded (n=271)
] “| « Not meeting inclusion criteria

[ Enrollment

| 938 included before 8-week LCD phase (CID1)

Excluded (n=165)

K Withdrew (n=157)

"| « Not having a weight loss 28% during
] LCD phase (n=8)

[ Allocation

773 Randomized to 6-month WMD (CID2)

!
. ' . |

| LP-LGI diet (n=150) | ‘ LP-HGI diet (n=155) | | HP-LGI diet (n=159) | | HP-HGI diet (n=155) | | Control diet (n=154) |

[ Follow-Up ]
\4 A 4 A\ 4 A4 A4
Dropped out (n= 44) Dropped out (n= 58) Dropped out (n= 35) Dropped out (n= 48) Dropped out (n= 40)
Completed (n=106) Completed (n=97) Completed (n=124) Completed (n=107) Completed (n=114)

v
| 548 completed the intervention (CID3)

[ Analyses ] Excluded based on unavailability in at least one
CID of (n=237):

+ Bio-clinical data

+ AT total RNA

+ Quality checked AT gene expression data

A 4

A 4

311 individuals with bio-clinical and gene expression data available at each CID (107 men, 204 women)

]

Clustering according to Excluded based on (n=95): Relationship to
. . »| « Border-line individuals
HOMA-IR trajectories + Wrong group assignation change in HOMA-IR

A 4
‘ 216 individuals (74 men, 142 women) |

| | | ! !

Group A (n=94) Group B (n=48) Group C (n=74).,-' Improved Non-improved
~. - Sl | HOMAR HOMA-IR
N, between CID1 | | between CID1
N and CID3 and CID3
* - (n=231) (n=80)

Figure 1. Flowchart for individuals’ selection from the DiOGenes cohort. Participants entering subsequent phases of the study as well as
dropouts are indicated in total. AT, adipose tissue; CID, clinical investigation day; HGI, high glycemic index; HOMA-IR, Individual Homeostasis Model
Assessment of Insulin Resistance; HP, high protein; LCD, low calorie diet; LGI, low glycemic index; LP, low protein; WMD, weight maintenance diet.
doi:10.1371/journal.pone.0098707.9001

Ward’s method was chosen as agglomeration criteria. The homogeneous clusters resulting in a final analysis of 216
dendrogram obtained was cut in 3 groups. Groups were then individuals.

hand-cleaned from border line individuals and wrong group Gaussian distribution of data was tested using the Kolmogorov—
assignation (based on HOMA-IR trajectories) to get more Smirnov test. Group comparisons were made using the % one-
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way ANOVA (normally distributed data), Kruskal-Wallis, Wil-
coxon (paired data) and Mann and Whitney (unpaired data) tests
(non-normal data) with Bonferroni correction. Significance cut-off
was set at 0.01 which is lower than the Bonferroni adjusted p value
(0.0167).

Two multivariate discriminant analyses were used to identify the
important variables (i.e. mRNA levels) for group classification: RF
(R package : randomFores) and sPLS-DA (R package : mexOmics). RF
is an ensemble of classification trees calculated on random subsets
of the data, using a subset of randomly selected variables for each
split in each classification tree. Mean Decreased Gini (MDG) is
used as an indicator of importance of the variables. The sPLS-DA
is based on the PLS approach in which there is only one
dependent variable chosen to represent the class/group member-
ship. The variable influence on projection (VIP) indicates the
influence of each variable on the discrimination between the
different groups. These two methods were chosen because of their
complementarity: sPLS-DA is a method taking place in a linear
framework whereas RF is a nonlinear one. To improve
classification power, when comparing baseline to the end of the
dietary intervention, groups A and B (individuals with reduction in
IR) were compared to group C. During LCD and WMD, because
the variations in HOMA-IR were different in the 3 groups, no
group aggregation was made. For each phase of the dietary
intervention, the most important transcripts in the classification
were ranked according to decreasing VIP or MDG. A classifica-
tion score was calculated as the sum of the rank for each gene.
Partial correlations were computed to assess direct correlations
independently of other confounding variable, i.e. change in body
mass index (BMI) [15].

O#A

O#A O#A

Change in HOMA-IR (% of baseline)
)
o

BAS LCD

WMD

Human Adipose Tissue CIDEA as Marker of Insulin Sensitivity

Results

Clustering of obese subjects according to insulin
resistance trajectories

Clustering analysis identified 3 groups of individuals (total
number =216) which showed different profiles of change in
HOMA-IR during the whole dietary intervention (Figure 2).

At baseline, there was no significant between group difference in
bio-clinical parameters except for blood pressure, fasting plasma
glucose and insulin, and HOMA-IR (Table 1). Groups A, B and C
encompassed 62, 42 and 35% of IR individuals, respectively, with
a value >2.3 defining IR state in obese individuals [16].
Proportions of IR individuals were different between groups A
and C. Individuals from group C had higher blood pressure than
those from group A or B, but overall were normotensive. No
intergroup difference was found for center, sex, or diet during
WMD (data not shown).

Changes in bio-clinical characteristics during the 2 phases of the
dietary intervention according to groups are displayed in Table 2.
During LCD, HOMA-IR significantly decreased in all groups.
During WMD, HOMA-IR further decreased in group B and
increased in groups A and C. At the end of dietary intervention,
groups A and B had a lower HOMA-IR than at baseline, and
group C had slightly higher HOMA-IR than baseline (Figure 2).
During WMD total energy intake slightly increased. There was no
group difference in changes in dietary intake during the two
phases. There was a slight increase in physical activity during LCD
in groups A and C, but no significant change during WMD.
During LCD, anthropometric parameters decreased similarly in
the 3 groups and remained stable during WMD. There was no
mtergroup difference in weight change during the entire dietary
intervention. No intergroup difference was found for total dietary

—o¢—Group A
—i& -Group B

Yy T Group C

Figure 2. Clustering of insulin resistance profiles in obese individuals during the dietary intervention (n=216). Individual Homeostasis
Model Assessment of Insulin Resistance (HOMA-IR) changes during an 8-week calorie restriction (LCD) and a 6-month weight maintenance diet
(WMD) were clustered, resulting in 3 groups. The panel shows mean HOMA-IR changes expressed as change after LCD and at the end of the 6-
montho weight maintenance (WMD) vs. baseline (BAS) values according to groups. The black line shows the HOMA-IR profile for group A (n=94). The
dashed line shows the HOMA-IR profile for group B (n=48). The dotted line shows the HOMA-IR profile for group C (n=74). The A, B, and C are the
mean of HOMA-IR changes in each clustered group. &: p<<0.05, data different in group A. A: p<<0.05, data different in group B. #: p<<0.05, data
different in group C. §: p<<0.05, data difference between groups. Values are means * SEM.

doi:10.1371/journal.pone.0098707.9002
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intake or physical activity at each clinical investigation day (data
not shown).

Variation in HOMA-IR during dietary intervention is
related to adipose tissue CIDEA

The relationship between AT gene expression and the HOMA-
IR response in the 3 groups was investigated using sPLS-DA and
RF during each phase of the dietary intervention. Genes with the
top 5 classification scores were considered (Table 3). CIDEA was
found in top 5 ranking in all phases. In order to control for body
weight changes, partial correlations were computed. Only genes
with significant class prediction potency independent of changes in
BMI were taken into account. When adjusting for change in BMI,
CIDEA was the only gene with change in mRNA levels allowing
distinction of individuals with alleviated IR from those who did
not.

The changes in CIDEA mRNA levels according to groups
during dietary intervention mirrored the evolution of insulin
sensitivity (Figure 3). During LCD, AT CIDEA mRNA levels
increased in groups A and C. During WMD, CIDEA mRNA levels
decreased i group C only. Overall, from baseline to WMD,
CIDEA mRNA levels increased only in group A.

In the whole data set of 311 individuals, we could explore the
relationship between changes in AT CIDEA mRNA levels and
variations in HOMA-IR during the entire dietary intervention.
Two hundred thirty one individuals improved insulin sensitivity

PLOS ONE | www.plosone.org

Table 1. Bioclinical parameters of the 3 groups at baseline.

Group A Group B Group C P-value
n 94 48 74
men/women 34/60 12/36 28/46
Age (years) 43+6 42*7 42+6 0.81
Total Energy Intake (kJ/d) 8734+3027 8780+2682 9787+3728 0.08
Physical Activity 8.2+0.8 8.1+0.9 7.9+0.9 0.29
HOMA-IR 3320 24+13 23%11 abe
Glucose (mmol/l) 53+07 50+0.7 51+06 2BE
Insulin (WIU/ml) 13.7£7.0 10.7x5.4 10.0+4.6 a b c
Weight (kg) 99.6£19.6 99.2+14.8 101.5£17.0 0.43
BMI (kg/m?) 344+48 34.8+4.7 35.0+5.2 0.62
Waist (cm) 108.7+13.7 105.3%x12.3 108.1£11.6 0.36
Fat Mass (%) 40.0£7.5 423*83 39.2+8.7 033
SBP (mmHg) 126.7+14.0 120.9+14.2 131.0£15.7 &
DBP (mmHg) 76.5+10.5 73.1£11.9 80.8*+11.4 acd
Triglycerides (mmol/l) 1.4%0.6 1.2+0.6 1.5+0.7 0.13
Total Cholesterol (mmol/l) 50+1.1 4710 48+0.9 0.65
HDL-C (mmol/l) 1.2+0.3 1.2£0.3 1.2+0.3 0.32
LDL-C (mmol/l) 3.1+0.9 29+0.9 29+0.8 0.56
Adiponectin (ug/ml) 8.9*3.6 9.7%33 9.5%53 0.22
CRP (mg/ml) 42+3.8 34+25 4.0+3.7 0.73
Fructosamine (uM) 206.0+25.5 206.9+£31.0 209.4+19.3 0.73
%2 test was used for comparison between observed and expected distribution. Kruskal-Wallis rank sum test stands for variance among 3 clusters:
4, significant difference among the 3 groups. Significance is set at 0.05. Mann and Whitney test stands for comparison between 2 groups:
b, significant difference between A and B;
<, significant difference between A and C.
9, significant difference between B and C. Significance is set at 0.01, after adjustment for multiple comparisons.
HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; SBP, systolic blood pressure; DBP, diastolic blood pressure; CRP, C reactive protein. Values are means +
filzi.ﬂ0.1371/journal.pone.0098707.t001

(fold change HOMA-IR <1) and 80 had no decrease in HOMA-
IR between baseline and the end of WMD (fold change HOMA-
IR >1). As shown on figure 4, individuals that improved insulin
sensitivity during dietary intervention increased AT CIDEA
mRNA levels by 47% (p value<<0.0001) while those who returned
to the original HOMA-IR value had no significant change in
CIDEA gene expression (p value =0.228).

Discussion

Hypocaloric weight-reducing diets improve the metabolic
profile of obese patients. However, the reasons for the limited
longstanding success of dieting remain poorly understood. Here
we focused on AT gene profiling and show regulation of CIDEA as
associated to changes in IR independently of weight change during
a two-phase longitudinal dietary program including a low calorie
diet-induced weight reduction and subsequent follow-up.

The present analysis is an ancillary study to the DiOGenes trial
which focused on body weight control after caloric restriction [6].
Here, we studied a subgroup of the DiOGenes cohort and focused
on changes in IR. The IR was assessed using the HOMA-IR index
which is calculated from fasting plasma glucose and insulin.
HOMA-IR primarily reflects hepatic insulin resistance, while the
hyperinsulinemic euglycemic glucose clamp mainly reflects muscle
insulin resistance [17]. Despite HOMA-IR is not the gold standard
method to assess insulin sensitivity compared to the hyperinsulin-
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Table 3. List of top 5 genes for classification.

Human Adipose Tissue CIDEA as Marker of Insulin Sensitivity

DI Score LCD Score WMD Score
PCK2 4 NPAS3 6 PKM2 3

E2F4 5 SLC19A2 12 CIDEA 16
ACTR3 12 C1QB 21 EMILIN2 16
CIDEA 13 GATM 24 ENO1 17
LDLR 17 CIDEA 25 GAPDH 22

DI, dietary intervention; LCD, low calorie diet; WMD, weight maintenance diet.

doi:10.1371/journal.pone.0098707.t003

emic euglycemic glucose clamp it is an easy-to-use tool which has
proved robust in large-scale clinical trials [18,19].

First, 3 groups were defined according to HOMA-IR profiles
during the two phases of the dietary intervention, resulting in the
study of 216 individuals sourced from the 311 obese patients group
(Figure 1). There was no difference in daily calorie intake between
the 3 groups at baseline, after LCD and after WMD. Metabolic
status of volunteers at baseline was similar in each group, except
systolic and diastolic blood pressures that were higher in group C.
This could argue for a higher susceptibility to type 2 diabetes in
individuals from group C. However, these ranges of systolic and
diastolic blood pressure are considered as normal, since they
remain smaller than 140/90 mmHg [20].

Then, the use of discriminant analyses to find the transcripts
most related to subject’s grouping showed CIDEA as the most
consistent transcript related to groups. The changes in CIDEA
mRNA levels mirrored changes in insulin sensitivity. To further
extend and validate the relationship of AT CIDEA expression to
insulin sensitivity the whole data set of 311 individuals was
investigated according to change in HOMA-IR among the entire
dietary intervention (from baseline to the end of WMD),
independently of groups.

0,6 - * * *
0,4

0,2 -

oLeo
mRWMD

AT CIDEA fold change (log2)

Group A Group B Group C

Figure 3. Human adipose tissue CIDEA gene expression
according to insulin resistance profiles (n=216). Relative CIDEA
mRNA levels in subcutaneous adipose tissue were plotted according to
groups compared to baseline, after 8 weeks low calorie diet (LCD, white
bars), and after 6 months of weight maintenance diet (WMD, black
bars). AT, adipose tissue; HOMA-IR, Homeostasis Model Assessment of
Insulin Resistance. *: p<<0.05, difference between baseline and the end
of LCD or WMD. Values are means * SEM.
doi:10.1371/journal.pone.0098707.9003
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Score is the mean of the ranking from sparse Partial Least Square Discriminant Analysis and Random Forests based on Variable Influence on Projection and Mean
Decreased Gini, respectively. Bold indicate genes with correlation independent from change in body mass index (n=216).

CIDEA encodes a member of the cell death—inducing DNA
fragmentation factor 45-like effector (CIDE) proteins, which is
expressed in both brown and white fat [21]. Originally described
as involved in apoptosis, CIDEA plays important roles in the
development of metabolic disorders [22] and lipid metabolism
[23].

A higher CIDEA mRNA level was found in the AT from obese
individuals compared to lean ones [24]. Transcriptome studies of
human AT also showed CIDEA as the most up-regulated gene
after calorie restriction induced weight loss [25] that returned to
baseline during weight maintenance [26] and was down-regulated
with overfeeding [27]. The calorie restriction induced up-
regulation was specific to individuals successful in body weight
maintenance compared to those regaining the weight they had lost
[28]. The reversal of CIDEA expression after dieting when calories
are reintroduced while body weight is stable, shown in a subgroup
of 40 obese women, indicates that during diet-induced weight loss,
calorie restriction per se, rather than weight reduction, has the
major impact on CIDEA expression [29].

Here we found a negative relationship between regulation of
CIDEA in AT and change in IR both during (LCD) and after
calorie restriction (WMD). The link between AT CIDEA and
msulin sensitivity in obese humans has been described in a cross-
sectional study showing higher CIDEA mRNA levels in AT of
insulin-sensitive compared to BMI-matched IR obese individuals
[16]. The present study is based on a two-phase longitudinal trial

a 0.4+ *
()]

2 0.3 T
S 02-
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Figure 4. Adipose tissue CIDEA gene expression according to
improvement of insulin sensitivity during dietary intervention
(n=311). CIDEA mRNA levels fold change (FC) in subcutaneous
adipose tissue were plotted according to FC in HOMA-IR during the
entire dietary intervention. AT, adipose tissue; HOMA-IR, Homeostasis
Model Assessment of Insulin Resistance. *: p<<0.05, difference between
baseline and the end of dietary intervention. Values are means = SEM.
doi:10.1371/journal.pone.0098707.g004
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including calorie restriction and long-term follow-up. The strength
of this study is that the AT gene profiling is based on a large cohort
of carefully characterized individuals. Another mainstay is the
study design of the trial that includes an ad lLbitum follow-up
corresponding to a program with clinical relevance to obese
individuals.

At the end of the calorie restriction phase, groups with largest
IR improvement of had higher CIDEA mRNA level in AT,
compared to baseline. During the second phase 6-month follow-
up, only the group who increased HOMA-IR again showed a
decreased CIDEA gene expression. The independence of the
relationship between change in insulin sensitivity and AT CIDEA
regulation from body mass change is noteworthy.

The observation that CIDEA is an AT marker of insulin
sensitivity raises the question of the potential role of CIDEA in
insulin sensitivity but does not establish a cause and effect
relationship. However, previous investigations provide some
evidence on the functional effect of CIDEA regulation in AT.

CIDEA is a multifunctional protein probably depending on
intracellular localization. Overexpression in 3T3-L1 cells induced
an increase in fatty acid oxidation and decrease in glucose
transport [30]. CIDEA co-localizes with perilipins, which are lipid
droplet proteins [16]. Fat droplet proteins regulate many cellular
but also whole body processes [31,32]. Cidea null mice have
smaller adipocytes and are resistant to diet-induced obesity [33].
In human white preadipocytes, depletion of CIDEA increased
basal lipolysis, supporting the idea that CIDEA protects lipid
droplet [24]. Overexpression promoted triglyceride accumulation
[34]. In a cohort of 367 individuals, the AT lipolytic capacity was
positively associated to HOMA-IR [35]. When adjusted for BMI,
a significant part of the variance in HOMA-IR remained
explained by AT lipolysis. Furthermore, in a 2-year follow-up of
obese patients after bariatric surgery, the higher was the decrease
in AT lipolytic capacity the stronger was the improvement in IR
[35]. In the present study, CIDEA regulation during dictary
intervention was independent of body mass. Altogether, the
increase in AT CIDEA mRNA levels is likely to explain IR
improvement through a decreased AT lipolysis or fatty acids
oxidation. The AT lipolytic capacities of the individuals enrolled in

References
1. Wing RR, Lang W, Wadden TA, Safford M, Knowler WC, et al. (2011) Benefits

of modest weight loss in improving cardiovascular risk factors in overweight and
obese individuals with type 2 diabetes. Diabetes care 34: 1481-1486.

2. Tuomilehto J, Lindstrom J, Eriksson JG, Valle TT, Hamalainen H, et al. (2001)
Prevention of type 2 diabetes mellitus by changes in lifestyle among subjects with
impaired glucose tolerance. The New England journal of medicine 344: 1343—
1350.

3. Sun K, Kusminski CM, Scherer PE (2011) Adipose tissue remodeling and
obesity. The Journal of clinical investigation 121: 2094-2101.

4. Lappalainen T, Sammeth M, Friedlander MR, Hoen PA, Monlong J, et al.
(2013) Transcriptome and genome sequencing uncovers functional variation in
humans. Nature 501: 506-511.

5. Keller MP, Attie AD (2010) Physiological insights gained from gene expression
analysis in obesity and diabetes. Annual review of nutrition 30: 341-364.

6. Larsen TM, Dalskov SM, van Baak M, Jebb SA, Papadaki A, et al. (2010) Diets
with high or low protein content and glycemic index for weight-loss
maintenance. The New England journal of medicine 363: 2102-2113.

7. Baecke JA, Burema J, Frijters JE (1982) A short questionnaire for the
measurement of habitual physical activity in epidemiological studies. The
American journal of clinical nutrition 36: 936-942.

8. Larsen TM, Dalskov S, van Baak M, Jebb S, Kafatos A, et al. (2010) The Diet,
Obesity and Genes (Diogenes) Dietary Study in eight European countries - a
comprehensive design for long-term intervention. Obesity reviews : an official
journal of the International Association for the Study of Obesity 11: 76-91.

9. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, et al. (1985)
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 28: 412
419.

PLOS ONE | www.plosone.org

Human Adipose Tissue CIDEA as Marker of Insulin Sensitivity

the present dietary program has not been studied during the
course of the present trial. The investigation of a potential link
between IR and AT CIDEA deserve future research.

One can hypothesize that change in IR observed during dietary
intervention is due to CIDEA overexpression-induced increase in
fatty acid oxidation and/or decreased lipolytic capacities. The
present study cannot answer the question whether CIDEA
regulation is causative or consequence of changes in IR.
Nevertheless, this is the first report of a link between human AT
CIDEA regulation and insulin sensitivity, independently of weight
change. Collectively, these results provide new data that CIDEA
regulation in AT is related to insulin sensitivity. The potential of
CIDEA induction in the treatment of obesity-related complica-
tions deserve future research.

Supporting Information

Table S1 Description of the 267 target genes.
(DOCX)

Protocol S1 Detailed study protocol of the DiOGenes
trial.

(PDF)
Checklist S1 CONSORT checklist of the DiOGenes
trial.
(DOC)

Acknowledgments

We acknowledge the GenoToul GeT PlaGe and Ge'T TQ) core facilities for
expertise in high throughput gene profiling. We thank Marion Vanier for
helpful statistical analyses, Marion Combes and Jean-Jos¢ Maoret for
outstanding technical assistance in gene expression study.

Author Contributions

Conceived and designed the experiments: WHMS, DL, NV. Performed
the experiments: EM. Analyzed the data: EM, SD, CLG, NV. Wrote the
paper: EM, SD, WHMS, DL, NV.

10. Viguerie N, Montastier E, Maoret JJ, Roussel B, Combes M, et al. (2012)
Determinants of human adipose tissue gene expression: impact of diet, sex,
metabolic status, and cis genetic regulation. PLoS genetics 8: €¢1002959.

11. Klimcakova E, Roussel B, Kovacova Z, Kovacikova M, Siklova-Vitkova M, et
al. (2011) Macrophage gene expression is related to obesity and the metabolic
syndrome in human subcutaneous fat as well as in visceral fat. Diabetologia 54:
876-887.

12. Marquez-Quinones A, Mutch DM, Debard C, Wang P, Combes M, et al. (2010)
Adipose tissue transcriptome reflects variations between subjects with continued
weight loss and subjects regaining weight 6 mo after caloric restriction
independent of energy intake. The American journal of clinical nutrition 92:
975-984.

13. Capel F, Klimcakova E, Viguerie N, Roussel B, Vitkova M, et al. (2009)
Macrophages and adipocytes in human obesity: adipose tissue gene expression
and insulin sensitivity during calorie restriction and weight stabilization.
Diabetes 58: 1558-1567.

14. Capel F, Viguerie N, Vega N, Dejean S, Arner P, et al. (2008) Contribution of
energy restriction and macronutrient composition to changes in adipose tissue
gene expression during dietary weight-loss programs in obese women. The
Journal of clinical endocrinology and metabolism 93: 4315-4322.

15. de la Fuente A, Bing N, Hoeschele I and Mendes P (2004) Discovery of
meaningful associations in genomic data using partial correlation coefficients.
Bioinformatics 20: 3565-3574.

16. Puri V, Ranjit S, Konda S, Nicoloro SM, Straubhaar J, et al. (2008) Cidea is
associated with lipid droplets and insulin sensitivity in humans. Proceedings of
the National Academy of Sciences of the United States of America 105: 7833~
7838.

17. Abdul-Ghani MA, Jenkinson CP, Richardson DK, Tripathy D, DeFronzo RA

(2006) Insulin secretion and action in subjects with impaired fasting glucose and

July 2014 | Volume 9 | Issue 7 | e98707



20.

21.

22.

23.

impaired glucose tolerance: results from the Veterans Administration Genetic
Epidemiology Study. Diabetes 55: 1430-1435.

. Antuna-Puente B, Disse E, Rabasa-Lhoret R, Laville M, Capeau J, et al. (2011)

How can we measure insulin sensitivity/resistance? Diabetes & metabolism 37:
179-188.

. Bonora E, Targher G, Alberiche M, Bonadonna RC, Saggiani F, et al. (2000)

Homeostasis model assessment closely mirrors the glucose clamp technique in

the assessment of insulin sensitivity: studies in subjects with various degrees of

glucose tolerance and insulin sensitivity. Diabetes care 23: 57-63.

Chalmers J, MacMahon S, Mancia G, Whitworth J, Beilin L (1999) 1999 World
Health Organization-International Society of Hypertension Guidelines for the
Management of Hypertension. Guidelines Subcommittee. Journal of hyperten-
sion 17: 151-183.

Lin SC, Li P (2004) CIDE-A, a novel link between brown adipose tissue and
obesity. Trends in molecular medicine 10: 434—439.

Gong J, Sun Z, Li P (2009) CIDE proteins and metabolic disorders. Current
opinion in lipidology 20: 121-126.

Yonezawa T, Kurata R, Kimura M, Inoko H (2011) Which CIDE are you on?
Apoptosis and energy metabolism. Molecular bioSystems 7: 91-100.

. Nordstrom EA, Ryden M, Backlund EC, Dahlman I, Kaaman M, et al. (2005) A

human-specific role of cell death-inducing DFFA (DNA fragmentation factor-
alpha)-like effector A (CIDEA) in adipocyte lipolysis and obesity. Diabetes 54:
1726-1734.

. Dahlman I, Linder K, Arvidsson Nordstrom E, Andersson I, Liden J, et al.

(2005) Changes in adipose tissue gene expression with energy-restricted diets in
obese women. The American journal of clinical nutrition 81: 1275-1285.

. Johansson LE, Danielsson AP, Parikh H, Klintenberg M, Norstrom F, et al.

(2012) Differential gene expression in adipose tissue from obese human subjects
during weight loss and weight maintenance. The American journal of clinical
nutrition 96: 196-207.

PLOS ONE | www.plosone.org

28.

30.

31.

32.

33.

34.

Human Adipose Tissue CIDEA as Marker of Insulin Sensitivity

. Alligier M, Gabert L, Meugnier E, Lambert-Porcheron S, Chanseaume E, et al.

(2013) Visceral fat accumulation during lipid overfeeding is related to
subcutaneous adipose tissue characteristics in healthy men. The Journal of
clinical endocrinology and metabolism 98: 802-810.

Mutch DM, Pers TH, Temanni MR, Pelloux V, Marquez-Quinones A, et al.
(2011) A distinct adipose tissue gene expression response to caloric restriction
predicts 6-mo weight maintenance in obese subjects. The American journal of
clinical nutrition 94: 1399-1409.

Gummesson A, Jernas M, Svensson PA, Larsson I, Glad CA, et al. (2007)
Relations of adipose tissue CIDEA gene expression to basal metabolic rate,
energy restriction, and obesity: population-based and dietary intervention
studies. The Journal of clinical endocrinology and metabolism 92: 4759-4765.
Laurencikiene J, Stenson BM, Arvidsson Nordstrom E, Agustsson T, Langin D,
et al. (2008) Evidence for an important role of CIDEA in human cancer
cachexia. Cancer research 68: 9247-9254.

Brasaemle DL (2007) Thematic review series: adipocyte biology. The perilipin
family of structural lipid droplet proteins: stabilization of lipid droplets and
control of lipolysis. Journal of lipid research 48: 2547-2559.

Greenberg AS, Coleman RA, Kraemer FB, McManaman JL, Obin MS, et al.
(2011) The role of lipid droplets in metabolic disease in rodents and humans.
The Journal of clinical investigation 121: 2102-2110.

Zhou Z, Yon Toh S, Chen Z, Guo K, Ng CP, et al. (2003) Cidea-deficient mice
have lean phenotype and are resistant to obesity. Nature genetics 35: 49-56.
Christianson JL, Boutet E, Puri V, Chawla A, Czech MP (2010) Identification of
the lipid droplet targeting domain of the Cidea protein. Journal of lipid research
51: 3455-3462.

Girousse A, Tavernier G, Valle C, Moro C, Mejhert N, et al. (2013) Partial
inhibition of adipose tissue lipolysis improves glucose metabolism and insulin
sensitivity without alteration of fat mass. PLoS biology 11: e1001485.

July 2014 | Volume 9 | Issue 7 | e98707



