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ABSTRACT:Calorie restriction (CR) exerts remarkable, beneficial effects on glucosehomeostasis bymechanisms that
are not fully understood. Given the relevance of white adipose tissue (WAT) in glucose homeostasis, we aimed at
identifying the main cellular processes regulated inWAT in response to CR in a pathologic context of obesity. For
this, a gene-expression profiling studywas first conducted inmice fed ad libitum or subjected to 40%CR.We found
that thegenenetworkrelated tomitochondriawas themosthighlyupregulated inWATbyCR.Tostudy the role that
increased mitochondrial biogenesis plays on glucose homeostasis following CR, we generated a mouse model
devoid of the coactivators peroxisome proliferator-activated receptor g coactivator 1 (PGC-1)a and PGC-1b spe-
cifically inadipocytes.Our results showthatmice lackingPGC-1s inadipocytesareunable to increasemitochondrial
biogenesis in WAT upon CR. Despite a blunted induction of mitochondrial biogenesis in response to calorie
deprivation, mice lacking adipose PGC-1s still respond to CR by improving their glucose homeostasis. Our study
demonstrates that PGC-1 coactivators are major regulators of CR-induced mitochondrial biogenesis in WAT and
that increased mitochondrial biogenesis and oxidative function in adipose tissue are not required for the im-
provement of glucosehomeostasismediatedbyCR.—Pardo, R.,Vilà,M., Cervela, L., deMarco,M.,Gama-Pérez, P.,
González-Franquesa, A., Statuto, L., Vilallonga, R., Simó, R., Garcia-Roves, P. M., Villena, J. A. Calorie restriction
preventsdiet-induced insulin resistance independentlyofPGC-1-drivenmitochondrial biogenesis inwhite adipose
tissue. FASEB J. 33, 2343–2358 (2019). www.fasebj.org
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Dysregulation of white adipose tissue (WAT) function, as
it occurs in obesity, is associated with a variety of meta-
bolic derangements, including insulin resistance, glucose
intolerance, hyperlipidemia, and hepatic steatosis (1).

Thesemetabolic alterations lie beneath thedevelopment of
severe obesity-associated comorbidities, such as cardio-
vascular disease, certain types of cancer, and type 2 dia-
betes (T2D), which result in increased morbidity and
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mortality among obese individuals. In this regard, the
prevalence of T2D has grown steadily in close association
with the rise of obesity, and currently, T2D has become a
major health problem of epidemic proportions (2).

As a key endocrine and lipid storage organ,WATplays
a central role in the control of glucose homeostasis. In an
obesogenic environment, reducedenergyexpenditureand
excessive calorie intake favor the accumulation of triglyc-
erides in WAT, ultimately leading to hypertrophic and
dysfunctional adipocytes. Several cellular processes in
WAT contribute to adipocyte-specific and whole-body
insulin resistance. For example, sustained nutrient over-
load of adipocytes in obese subjects results in an altered
endocrine function and the inability of fat cells to store
lipids further in an efficient manner, leading to ectopic
lipid deposition and impaired insulin signaling (3). In-
terestingly, mitochondrial dysfunction has also been sug-
gested to contribute to insulin resistance by favoring the
accumulation of lipid intermediates that disrupt proper
insulin signaling (4). In addition, activation in hypertro-
phic adipocytes of stress signaling pathways, such as en-
doplasmic reticulum stress, enhanced reactive oxygen
species production, or hypoxic responses, results in in-
creased cell death and triggers a chronic low-degree in-
flammatory response in WAT characterized by increased
recruitment of immune cells, enhanced macrophage po-
larization toward the classically activated macrophages
(M1) proinflammatory type, and augmented secretion of
proinflammatory cytokines (5). The secretion of in-
flammatory cytokines (e.g., TNF-a, IL-1b, IL-6) by both
adipocytes and infiltrated macrophages leads to the acti-
vation of the JNK and IKK-NF-kB pathways that directly
impair insulin signal transduction and cause insulin re-
sistance (6). Although numerous studies have provided
compelling evidence that supports a role of adipose lip-
otoxicity and inflammation in the pathogenesis of insulin
resistance, the contribution of other processes, such as im-
paired mitochondrial function, remains to be elucidated.

Nutritional interventions have proven very efficient
in reducing excessive fat accumulation and reverting
obesity-associated diseases, including insulin resistance.
Calorie restriction (CR), defined as a 20–50% reduction in
calorie intake, is the only lifestyle intervention known to
extend lifespan in a wide variety of species, from yeast to
primates (7). The mechanisms by which CR delays aging
are not fully understood, but the remarkable effects that
CR has on health—delaying the onset and progression of
numerous pathologies, including insulin resistance and
T2D—may contribute to extend a lifespan. In this regard,
given the difficulty of patients to adhere to a long-termCR
regime, the identificationof themechanismsandprocesses
that mediate the beneficial effects of CR is crucial for the
identification of new target molecules and the develop-
ment of new therapies based on drugs that mimic CR.
However, the key processes modulated by CR in WAT
have not been fully characterized, and their relevancewith
regard to the control of glucose homeostasis remains to be
defined.

In this study, we have performed a gene-expression
profiling analysis in WAT of mice subjected to CR and
identifiedmitochondrial biogenesis as themostupregulated

process in response to CR. With the consideration of the
tight correlation betweenmitochondrial mass and insulin
sensitivity reported in humans and animal models
[reviewed in Zamora and Villena (8)], we aimed at in-
vestigating first, the mechanisms that regulate mito-
chondrial biogenesis in response to CR and second,
whether the increase in mitochondrial mass and oxida-
tive function inWAT is necessary for the improvement in
glucose homeostasis exerted by CR.

MATERIALS AND METHODS

Animal studies

Adipose-specific peroxisome proliferator-activated receptor
g coactivator 1 (PGC-1)a/PGC-1b double-knockout mice
(PGC-1a/b-FAT-DKO) were obtained by crossing double-
homozygous peroxisome proliferator-activated receptor g coac-
tivator (Ppargc)1aflox/flox, Ppargc1bflox/flox mice with transgenic
mice expressing Cre recombinase under the control of the
adipocyte-specific adiponectin promoter (AdipoQ-Cre) (9).
The generation ofPpargc1aflox/flox andPpargc1bflox/floxmice has
been previously described, and mice had been backcrossed
for at least 10 generations with C57BL6/J mice to ensure a
homogeneous genetic background (10, 11). Mice were housed
in a temperature-controlled environment at 21°C, subjected
to a 12/12 h light/dark cycle and fed a standard diet
(2018 Tecklad Global 18% Protein Rodent Diet; Harlan Labo-
ratories, Indianapolis, IN, USA), unless otherwise stated.
In all experiments, Cre-negative PGC-1a/b-FAT-DKO litter-
mates were used as wild-type (WT) controls. For the gene-
expression profiling study, WT C57BL6/J male mice were
used.

For theCR experiments, allmicewere individually caged and
started receiving a high-fat (HF) diet (45% kcal fat, 35% kcal
carbohydrates, 20%kcalprotein;ResearchDiets,NewBrunswick,
NJ, USA) at the age of 7 wk. At the age of 8 wk, mice were
randomly assigned to ad libitum (AL) or CR groups. During the
following week, CR animals received 80% of the food eaten by
theirALcounterparts.Afterwards,CRmice started receiving60%
of the food eaten by AL animals. Mice were subjected to 40% CR
for a period of 12 wk.

All procedures involving animals were conducted according
to the European Union Ethical Guidelines and approved by the
AnimalExperimentation andEthicsCommittee ofVall d’Hebron
Research Institute (12/11 CEEA).

Microarray analysis

Gene-expression profiling in WAT of AL and CR mice was per-
formed as previously described (12). In brief, total RNA was
isolated from inguinal WAT of C57BL6/J WT mice fed AL or
subjected to CR (n = 5) with Trizol reagent, further purified us-
ing the RNeasy Mini kit (Qiagen, Germantown, MD, USA) and
then used to synthesize sense single-stranded DNA with the
Ambion WT Expression kit (Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s instructions. Labeled
single-stranded DNA was hybridized onto Mouse Gene 1.0 ST
arrays (Thermo Fisher Scientific). The arrays were scanned, and
the resulting images were processed with the Microarray Anal-
ysis Suite 5.0 software package (Thermo Fisher Scientific). The
data obtained were analyzed by the Unit of Statistics and Bio-
informatics fromtheValld’HebronResearch Institute (Barcelona,
Spain) using Bioconductor software (https://www.bioconductor.
org/) to generate a list of genes differentially expressed inWATof

2344 Vol. 33 February 2019 PARDO ET AL.The FASEB Journal x www.fasebj.org

https://www.bioconductor.org/
https://www.bioconductor.org/
http://www.fasebj.org


CR mice. A gene-enrichment analysis was performed using
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) Bioinformatics Database functional an-
notation tool (https://david.ncifcrf.gov/summary.jsp) (13) and the
Gene Set Enrichment Analysis (GSEA) method (http://software.
broadinstitute.org/gsea/index.jsp) (14) to identify the main bi-
ologic processes and gene networks regulated by CR in WAT.

Real-time quantitative RT-PCR

Total RNAwas used to synthesize cDNAwith SuperScript II RT
(Thermo Fisher Scientific) and oligo-dT. Gene expression was
determined by real-time quantitative RT-PCR (qRT-PCR) using
SYBR green dye and gene-specific primers as described in Pardo
et al. (11).

Western blot

Protein extracts from inguinal WAT or interscapular brown ad-
ipose tissue (BAT) were prepared in homogenization buffer
(50mMTris-HCl, 150mMNaCl, 1%Nonidet P-40, 5mMEGTA,
5 mMEDTA, 1 mMPMSF) containing protease inhibitors.WAT
or BAT protein extracts (15–30 mg) were subjected to electro-
phoresis in a 12% or 15% SDS-PAGE and transferred to a PVDF
membrane. Immunodetection was performed with specific an-
tibodies against aconitase 2 (ACO2; ab71440, 1:1000; Abcam,
Cambridge, United Kingdom), cytochrome C oxidase subunit
IV (COXIV; 4844, 1:1000; Cell Signaling Technology, Danvers,
MA,USA), succinate dehydrogenase complex subunit B (SDHB;
ab84622, 1:1000; Abcam), NADH:ubiquinone oxidoreductase
subunit B9 (NDUFB9; ab106699, 1:1000; Abcam), mitochondrial
ATP synthetase b subunit (ATP5b; ab85068, 1:1000; Abcam),
a-tubulin (11H10, 1:1000; Cell Signaling Technology), and
cyclophilin A (CYPA; BML-SA296, 1:5000; Enzo Life Sciences,
Farmingdale, NY, USA). For detection of uncoupling protein
1 (UCP1; ab10983, 1:3000 Abcam), protein extracts (50 mg) from
inguinal WAT were used. Horseradish peroxidase-conjugated
goat anti-rabbit-purified IgG was used as a secondary antibody
(172-1013, 1:10,000; Bio-Rad, Hercules, CA, USA).

Mitochondrial DNA content

Relative quantification of mitochondrial DNA (mtDNA) in
WAT was performed by qRT-PCR using 2 ng total DNA as a
template and specific primers to amplify cytochrome C oxi-
dase subunit II (COXII; mtDNA) and receptor-interacting
protein 140 (nuclear DNA). The detailed procedure has been
described in Villena et al. (15).

High-resolution respirometry

Mitochondrial respiration was assessed in freshly isolated WAT
by high-resolution respirometry in an Oroboros Oxygraph-2k
system (Oroboros Instruments, Innsbruck, Austria) (16). In brief,
WAT was first mechanically permeabilized in respiratory me-
dium (0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate,
10 mM KH2PO4, 20 mM HEPES, and 110 mM sucrose, pH 7.1)
using a PBI-Shredder SG3 (Pressure BioScience, South Easton,
MA,USA) in the presence of digitonin (8 mM). The equivalent of
80 mg wet tissue was added to the experimental chamber con-
taining respirationmedia (described above), supplementedwith
1 g/L fatty acid-free bovine serum albumin. LEAKL respiration
was measured by the addition of NADH-linked substrates
(complex I linked) malate (2 mM) and pyruvate (10 mM) in the
absence of ADP [denoted as leak respiration in the absence of

ADP and the presence of 2 mM malate and 10 mM pyruvate
(PML) in figures]. Oxidative phosphorylation (oxphos) capacity,
OXPHOSP, was quantified by the addition of ADP (5 mM),
followed by additions of glutamate (10 mM) for additional
oxidation of reduced substrates through complex I [oxphos
capacity in the presence of 5 mM ADP and 10 mM glutamate
(PMGP)] and succinate (complex II linked; 10 mM) for con-
vergent electron flow through both NADH-linked and
succinate-linked pathways [oxphos capacity in the presence of
5mMADP, 10mMglutamate, and 10mMsuccinate (PMGSP)].
Subsequently, carbonylcyanide-4-(trifluoromethoxy)-phenyl-
hydrazone (FCCP) was titrated to achieve maximum flux
through the electron-transfer system (ETSE; respiratory state
determined in the presence of FCCP), fueled by the oxidation of
substrates through complex CI and CII in the presence of
0.5mMFCCP [(PMGSE); 0.5mM]. Finally, we inhibited electron
transport through complex I [maximum flux through the ETS
fueled by the oxidation of substrates through CII in the pres-
ence of 0.5 mM FCCP (SE)] and III by the sequential addi-
tion of rotenone (0.5mM) and antimycinA (2.5mM), respectively.
The remaining oxygen flux after inhibition with antimycin
A (O2 flux independent of ETS) was subtracted from the
values of each of the previous steps. Oxygen flux values
were expressed relative to tissue wet weight per second
(JO2, pmol O2/mg/s).

Serological analysis

Serum was obtained from blood of PGC-1a/b-FAT-DKO mice
(food withheld for 5h) and WT littermates either fed AL or sub-
jected to CR. Insulin was assayed with an ultra-sensitive mouse
insulin ELISA kit (Crystal Chem, Zaandam, The Netherlands).
Free fatty acids were determined with the NEFA-C kit (Wako
Chemicals, Neuss, Germany). Triglycerides and total cholesterol
were measured using colorimetric commercial kits (FAR Diag-
nostics, Pescantina, Verona, Italy).

Glucose and insulin tolerance tests

Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs)
were performed as detailed in Enguix et al. (10). For GTTs, mice
first had food withheld for 12 h. After an intraperitoneal in-
jection of 2 g/kg glucose, glycemia was determined at 0, 15,
30, 60, 90, and 120min, using aContour XTglucometer (Bayer,
Leverkusen, Germany). ITTs were performed on mice that
had food withheld for 5h and were injected with 0.9 U/kg
insulin, and blood glucose levels were determined at the same
time intervals specified for the GTT.

Analysis of insulin signaling

After withholding food overnight, mice were first anesthetized
and then intravenously injectedwith 1U/kg insulin.After 3min,
samples from WAT, liver, and skeletal muscle (gastrocnemius/
soleus) were obtained, snap frozen, and stored at 280°C for
subsequent analysis. Samples from the same tissues were
obtained before the injection of insulin and were used as non-
stimulated controls. Protein extracts from tissues were obtained
inRIPAbuffer (50mMTris, pH=8.0, 150mMNaCl, 1%Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing a pro-
tease and phosphatase inhibitor cocktail. Protein extracts
(15–30 mg) were subjected to SDS-PAGE and immunoblotted
with specific antibodies against total protein kinase B (AKT;
9272, 1:1000; Cell Signaling Technology), AKT phosphorylated
at residue Thr308 (2965, 1:1000; Cell Signaling Technology), and
CYPA (BML-SA296, 1:5000; Enzo Life Sciences).
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Statistical analysis

Data are presented as means 6 SEM. Statistical significance was
assessed using an unpaired Student’s t test or an ANOVA, fol-
lowed by Tukey post hoc test.

RESULTS

Effects of CR on gene expression in WAT

To identify the main gene networks regulated by CR in
WAT, we subjected mice to a 40% CR regime over a
12-wk period (Fig. 1A).Whereasmice fedALwith aHF

diet rapidly gained weight and became obese, CR mice
fed the same diet remained lean throughout the exper-
imental period (Fig. 1B). As expected, AL mice became
glucose intolerant, whereas CR mice were protected
from the deleterious effects of a HF diet on glucose
metabolism (Fig. 1C).

To gain insight into the potential mechanisms and bi-
ologic pathways affected by CR in WAT, we conducted a
gene-expression profiling study in inguinal WAT of AL
and CR mice using DNA microarrays. We found 3740
genes differentially expressed in WAT of CR mice (P ,
0.05), 1494 of which were upregulated and 2244 down-
regulated. Gene-enrichment analyses revealed that the
genenetwork related tomitochondriawas themost highly
over-represented among the upregulated genes (Fig. 2A
and Table 1). On the other hand, gene ontology (GO)
categories related to extracellular matrix (ECM) were
highly over-represented among the genes downregulated
in WAT in response to CR (Fig. 3A, left, and Table 1), al-
though with lower statistical significance, we also found
that GO categories related to the immune system (i.e., in-
flammatory response,P=2.8E29; chemotaxis,P=9.4E27;
wound healing, P = 1.8E25) were significantly over-
represented among the genes downregulated by CR (Fig.
3B, left).

qRT-PCR confirmed that mRNA expression of genes
related to mitochondrial function, including genes of
the oxphos system, the tricarboxylic acid cycle, and
fatty acid oxidation, was highly increased in response
to CR (Fig. 2B). The mRNA increase correlated with
elevated levels of mitochondrial proteins (Fig. 2C).
Such increase in the relative amount of mitochondrial
proteins (mitochondrial protein content/protein unit
of WAT) translates into a net increase in the absolute
content ofmitochondrial proteins in the inguinalWAT
depot as a whole (mitochondrial protein content/
WAT depot), despite the reduction in WAT mass im-
posed by CR (Supplemental Fig. S1A). Consequently,
even ifWATmass is reduced in calorie-restrictedmice,
the increase in absolute mitochondrial protein content
makes WAT a potential net contributor to oxidative
metabolism in response to CR. Furthermore, we also
found that CR increased mtDNA content by almost
3-fold (Fig. 2D), indicating that CR-induced mitochon-
drial gene expression was accompanied by an increase
of mitochondrial mass in WAT. Moreover, CR also
caused a severe reduction in the expression of genes
encoding for structural proteins of the ECM, such as
collagens, or genes involved in the remodeling of the
ECM, such as metallopeptidases (Fig. 3A, right). Fur-
thermore, a generalized decreased in the expression of
genes related to the immune system was observed
in WAT of calorie-restricted mice (Fig. 3B, right).
These include both proinflammatory (Il-6, Ccl2, Ccl7)
and anti-inflammatory genes (Il-13, Il-33), as well
as markers of inflammatory M1 macrophages (Cd11c,
Nos2) and anti-inflammatoryM2macrophages [arginase 1
(Arg1)].

Increased mitochondrial mass and function have
been proposed as main determinants of whole-body
insulin sensitivity, but the role that mitochondria play

Figure 1. CR prevents the development of diet-induced obesity
and glucose intolerance. At the age of 7 wk, individually caged
WT C57BL6/J mice started receiving a HF diet (45% kcal from
fat), and 1 wk later, they were randomly assigned to AL or CR
groups. CR mice received 60% of the food eaten by AL animals
for a period of 12 wk. A) Food intake of AL and CR mice. B)
Body weight was measured weekly throughout the experimental
period. C) GTTs (2 g/kg) were performed on AL and CR mice
that had food withheld for 12 h. Results are expressed as means6
SEM (n = 10–12 animals/group). *P , 0.05, **P , 0.01.
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in the control of glucose homeostasis is still a matter
of debate. For this reason, among other cellular
processes regulated by CR, we decided to investigate
the contribution of mitochondria to the metabolic
effects of CR.

PGC-1 coactivators regulate CR-induced
mitochondrial biogenesis in WAT

The coordinated induction of mitochondrial genes in re-
sponse to CR was associated with an increase in the ex-
pression of PGC-1a and PGC-1b coactivators (Fig. 2E).
Because PGC-1s appears to regulate mitochondrial bio-
genesis redundantly (17),we first aimedat investigating to
which extent both types of PGC-1 are indeed required for

the induction of mitochondrial biogenesis in response to
CR. For this, we generated a new knockout mouse model
simultaneously devoid of PGC-1a and PGC-1b in adipo-
cytes (PGC-1a/b-FAT-DKO). The disruption of Ppargc1a
andPpargc1bgenes resulted inan;75–80%decrease in the
expression of PGC-1a and PGC-1bmRNA inWAT and a
.95% reduction in BAT (Fig. 4A). PGC-1a/b-FAT-DKO
mice exhibited a 30–50% reduction in the basal mRNA
levels of mitochondrial genes in WAT (Fig. 4B) that cor-
related with reduced levels of mitochondrial proteins
(Fig. 4C). We next examined by high-resolution respi-
rometry how mitochondrial respiration in WAT was af-
fected by the lack of PGC-1s (Fig. 4D). We found that
adipose PGC-1a/b-FAT-DKO mitochondria exhibited a
reduction in the electron flux through complex I (PMGP) in
the coupled state,whenpyruvate/glutamatewereused as

Figure 2. CR induces mitochondrial biogenesis in WAT. A) Gene-set enrichment analysis identified genes related to
mitochondria as being differentially upregulated in inguinal WAT of WT mice subjected to 40% CR. B) mRNA expression of
mitochondrial genes in inguinal WAT was assessed by qRT-PCR. C) Western blot of protein extracts from inguinal WAT of mice
fed AL or subjected to 40% CR. The results obtained from 2 independent cohorts of mice are shown. Densitometric
quantification of Western blots from the 2 cohorts of mice (n = 9 animals/group) is depicted (right). D) mtDNA content was
assessed by qRT-PCR in total DNA isolated from inguinal WAT. E) mRNA levels of transcriptional coactivators PGC-1a and PGC-
1b were assessed by qRT-PCR. Results are expressed as means 6 SEM (n = 5–6 animals/group). Acadl, acyl-CoA dehydrogenase
long chain; Acadvl, acyl-CoA dehydrogenase very long chain; Cpt1b, carnitine palmitoyltransferase 1B; Uqcr10, ubiquinol-
cytochrome C reductase, complex III subunit X. *P , 0.05, **P , 0.01.
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substrates in the presence ofmalate andADP. Sequential
addition of succinate allowed us to determine conver-
gent electron flux through NADH- and succinate-linked
pathways (PMGSP), whichwas also impaired inWAT of
PGC-1a/b-FAT-DKO mice. Likewise, maximum elec-
tron transport capacity with substrates fueling the ETS
through ETS complexes CI and CII (PMGSE) or only
through CII after inhibiting CI with rotenone (SE) was re-
duced inWAT of PGC-1a/b-FAT-DKOmice. Altogether,
these results support a crucial role for PGC-1 coactivators
in the maintenance of basal mitochondrial biogenesis
and oxidative function in WAT.

Given the fact that CR-induced mitochondrial bio-
genesis was paralleled by an increase in the expression of
PGC-1a and PGC-1b, we next investigated whether si-
multaneous lack of both coactivators could affect the
process ofmitochondrial biogenesis in response toCR. For
this, WT and PGC-1a/b-FAT-DKO mice were either fed
AL with a HF diet or subjected to a 40% CR for 12 wk.
PGC-1a and PGC-1b expression was confirmed to in-
crease inWATofWTmice in response toCR (Fig. 5A) and
correlated with an increase in the expression of mito-
chondrial genes, both at the mRNA and protein levels
(Fig. 5B, C and Supplemental Fig. S1B). However, en-
hanced mitochondrial gene expression in response to
CR was severely blunted in WAT of PGC-1a/b-FAT-
DKO mice (Fig. 5B, C and Supplemental Fig. S1B).
Likewise, the increase in mtDNA content on CR was
impaired in mice lacking PGC-1 coactivators (Fig. 5D).

In addition, we found that CR enhanced WAT oxida-
tive function inWTmice, an effect that was impaired in
PGC-1a/b-FAT-DKO mice (Fig. 5E).

Basal mitochondrial biogenesis and Ucp1
expression are regulated by PGC-1
coactivators in BAT but not by CR

Consistentwith thewell-knownroleofPGC-1coactivators
in the thermogenic functionof brownadipocytes (18), BAT
of PGC-1a/b-FAT-DKO mice showed an increase in the
accumulation of triglycerides, a clear indication of poor
thermogenic activity (Fig. 6A). As expected, lack of PGC-1
coactivators in brown adipocytes resulted in a severe de-
crease in the expression of genes encoding for mitochon-
drial proteins, including Ucp1 (Fig. 6B). The expression
levels of mRNA correlated with lower levels of mito-
chondrial proteins (Fig. 6C). However, unlike inWAT,we
did not observed any induction byCR of the expression of
genes encoding for PGC-1a, PGC-1b, or mitochondrial
genes,with the exception ofCoxIV, inwhich its expression
was found to be mildly but significantly increased in re-
sponse to food deprivation (Fig. 6D). Furthermore, Ucp1
mRNA levels were not affected by CR, although its basal
expressionwas entirely dependent onPGC-1 coactivators.
Similar findings were observed at the protein levels, with
mitochondrial proteins, including UCP1, not being af-
fected or even mildly reduced by CR (Fig. 6E and

TABLE 1. Gene-enrichment analysis of differentially expressed genes in WAT of mice subjected to 40% CR was performed using the DAVID
Bioinformatics Database functional annotation tool

Ontology GO ID GO term Genes (n) P (,1.0E210)

Upregulated genes
CC GO:0005739 Mitochondrion 250 5.5E2102
CC GO:0005743 Mitochondrial inner membrane 110 3.4E272
BP GO:0055114 Oxidation-reduction process 109 3.6E243
BP GO:0008152 Metabolic process 77 4.3E231
MF GO:0016491 Oxidoreductase activity 84 2.1E228
BP GO:0006629 Lipid metabolic process 73 3.3E228
CC GO:0070469 Respiratory chain 30 3.6E228
BP GO:0006631 Fatty acid metabolic process 42 2.9E225
CC GO:0005759 Mitochondrial matrix 40 7.4E221
CC GO:0005747 Mitochondrial respiratory chain

complex I
22 1.9E219

BP GO:0006099 Tricarboxylic acid cycle 16 3.9E215
MF GO:0051287 NAD binding 17 2.2E211

Downregulated genes
CC GO:007006 2 Extracellular exosome 343 4.4E245
CC GO:0031012 ECM 84 1.8E233
CC GO:0005578 Proteinaceous ECM 81 9.6E229
CC GO:0005576 Extracellular region 217 4.4E225
CC GO:0005615 Extracellular space 193 4.8E224
BP GO:0007155 Cell adhesion 88 1.6E219
BP GO:0001525 Angiogenesis 55 5.6E217
MF GO:0005515 Protein binding 366 4.3E215
MF GO:0008201 Heparin binding 39 7.1E214
BP GO:0030335 Positive regulation of cell migration 45 2.6E213
MF GO:0005178 Integrin binding 30 1.4E212
MF GO:0005509 Calcium ion binding 94 2.5E212
MF GO:0005518 Collagen binding 22 2.2E211

BP, biologic process; CC, cellular component; MF, molecular function.
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Supplemental Fig. S2). Altogether, these data suggest
that basal mitochondrial biogenesis in BAT is highly
dependent on PGC-1 coactivators but that brown adi-
pocytemitochondrial gene expression and thermogenic
activity are not enhanced by CR, contrary to what we
observed in WAT.

CR does not induce browning of WAT

It has been recently reported that CR induces the re-
cruitment of brown adipocyteswithinWAT depots. It has
also been suggested that such a browning process could
contribute to the positive effects that CR has on glucose
homeostasis (19). InWTmice, despite careful examination
of histologic preparations of WAT, no cells with the char-
acteristic morphology of brown adipocytes were found in
mice subjected to CR (Fig. 7A). Nevertheless, at the mo-
lecular level, a very modest and variable increase in the
Ucp1 and cell death-inducing DNA fragmentation factor
a-like effector A (Cidea) but not PR domain zinc finger
protein16 (Prdm16)mRNAlevelswasobserved inWATof
CR mice (Fig. 7B). The mild induction of Ucp1 and Cidea
mRNA was completely blunted in PGC-1a/b-FAT-DKO
mice (Fig. 7C). Importantly, despite themoderate increase
in mRNA levels, we were unable to detect UCP1 protein
in WAT of WT and PGC-1a/b-FAT-DKO mice, irre-
spective of the nutritional treatment (Fig. 7D), indicating

that detectable browning of WAT does not occur in re-
sponse to CR.

CR-induced mitochondrial biogenesis is not
required for the improvement in glucose
homeostasis exerted by CR

Increased mitochondrial biogenesis in WAT has been
suggested to be instrumental in the amelioration of insulin
resistance by certain pharmacological or lifestyle inter-
ventions [reviewed in Zamora and Villena (8)]. The dra-
matic induction of mitochondrial biogenesis in response
to CR suggests that enhanced mitochondrial oxidative
function in WAT could be required by CR to exert its
beneficial effects on glucose homeostasis.

PGC-1a/b-FAT-DKO mice did not exhibit differences
in body weight when either fed a regular chow diet (data
not shown) or a HF diet (Fig. 8A), neither did they show
differences in the weight of major organs, including dif-
ferent depots of WAT, BAT, liver, and gastrocnemius
muscle (Fig. 8B). In WT and PGC-1a/b-FAT-DKO mice,
CR intervention similarly reduced the weight of BAT,
liver, and all depots of WAT with the exception of epi-
didymal WAT, which remained almost unaffected by CR
(Fig. 8B). No differences were found in the gastrocnemius
muscle, indicating that lean mass was not affected by the
lack of PGC-1s or by the nutritional intervention.

Figure 3. CR reduces the expression of genes related to ECM remodeling and inflammation. Genes related to ECM (A) and the
inflammatory response (B) were found to be downregulated in WAT of mice subjected to CR. Gene expression was
validated by qRT-PCR. Results are expressed as means 6 SEM (n = 5–6 animals/group). Adam12, ADAM metallopeptidase
domain 12; Adamts5, ADAM metallopeptidase with thrombospondin type 1 motif 5; Col, collagen; Mmp19, matrix
metalloproteinase 19. *P , 0.05, **P , 0.01.
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AL feeding with a HF diet induced severe glucose in-
tolerance and insulin resistance in bothWT and PGC-1a/
b-FAT-DKO mice (Fig. 9A, D). Although it has been
speculated that impaired WAT mitochondrial function
could lead to thedevelopment of insulin resistance,wedid
not observe significant differences in insulin sensitivity
between WT and PGC-1a/b-FAT-DKO mice fed AL
when an ITT was performed (Fig. 9D, F). Likewise, no
significant differences were found betweenWT and PGC-
1a/b-FAT-DKO mice fed AL in their capacity to clear
glucose from circulation during an intraperitoneal GTT
(Fig. 9A,C).When subjected toCR,bothWTandPGC-1a/
b-FAT-DKO mice improved whole-body glucose toler-
ance and insulin sensitivity to the same extent (Fig. 9A–F).

Consistent with a healthiermetabolic status, bothWT and
PGC-1a/b-FAT-DKO mice exhibited a similar reduction
in fasting glucose, insulin, and lipid levels when subjected
to CR (Table 2).

Although whole-body glucose homeostasis did not
appear altered in PGC-1a/b-FAT-DKOmice, it is possible
that impaired mitochondrial function in adipocytes could
lead to adipose tissue-specific insulin resistance.However,
as shown in Fig. 9G, insulin administration led to a similar
increase in AKT phosphorylation in WAT of both WT
and PGC-1a/b-FAT-DKOmice, indicating that impaired
mitochondrial biogenesis and oxidative function do not
impair insulin signaling inWAT.Moreover, in agreement
with the general improvement in insulin sensitivity

Figure 4. Adipose-specific lack of PGC-1a and PGC-1b coactivators leads to reduced mitochondrial gene expression and
reduced mitochondrial respiration in WAT. A) mRNA expression of PGC-1a (left) and PGC-1b (right) in tissues of WT and
PGC-1a/b-FAT-DKO mice was analyzed by qRT-PCR (n = 4–5 animals/group). B) Mitochondrial gene expression in inguinal
WAT of WT and PGC-1a/b-FAT-DKO mice analyzed by qRT-PCR (n = 10–12 animals/group). C ) Western blots of
mitochondrial proteins in inguinal WAT of WT and PGC-1a/b-FAT-DKO mice (left). Densitometric quantification of blots
(right). D) Mitochondrial respiration in inguinal WAT was assessed by high-resolution respirometry (PML, PMGP, PMGSP,
PMGSE, and SE). Results are expressed as means 6 SEM (n = 5 animals/group). JO2, oxygen flux value; Nd2, NADH
dehydrogenase subunit 2. *P , 0.05, **P , 0.01.
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observed, CR notably improved insulin-stimulated AKT
phosphorylation in WAT of WT animals. Despite the in-
ability of PGC-1a/b-FAT-DKO mice to increase mito-
chondrial mass and oxidative function in response to CR,
WAT of mice lacking PGC-1 coactivators normally re-
spond to insulin stimulation by increasing AKT phos-
phorylation to the same extent asWT. Similar resultswere
obtained in liver and skeletal muscle (Fig. 9G).

DISCUSSION

CR is well known for having positive effects on glucose
homeostasis, improving whole-body insulin sensitivity,

and enhancing insulin-dependent glucose uptake in skel-
etal muscle, liver, and WAT (20, 21). Still, the precise
mechanisms by which CR improves diet-induced insulin
resistance have not been defined.

Several studies in rodents and humans have reported
an increase in mitochondrial gene expression in both hu-
man and rodent tissues (22–25). However, the effect of CR
on mitochondrial biogenesis has remained controversial,
and other studies have reported the lack of any change in
mitochondrial protein content induced by low-caloric re-
gimes (26). Our gene-expression profiling study reveals
that CR dramatically enhances the expression of genes
related to oxidative metabolism and promotes mitochon-
drial biogenesis in mouse WAT, joining ranks with other

Figure 5. CR-induced mitochondrial biogenesis in WAT is dependent of PGC-1 coactivators. A, B) mRNA expression of PGC-1a
and PGC-1b coactivators (A) and genes encoding for mitochondrial proteins (B) in WAT of WT and PGC-1a/b-FAT-DKO mice
fed AL or subjected to CR were analyzed by qRT-PCR (n = 10–12 animas/group). C) Western blots of mitochondrial proteins
in inguinal WAT from 2 independent cohorts of mice. Densitometric analysis of blots from the 2 cohorts of mice is shown in
the graph. D) mtDNA content in WAT. E) Mitochondrial function in inguinal WAT of AL and CR mice was assessed by
high-resolution respirometry (PML, PMGP, PMGSP, PMGSE, and SE). Results are expressed as means 6 SEM (n = 6–8 animals/
group). *P , 0.05, WT vs. PGC-1a/b-FAT-DKO mice; #P , 0.05, AL vs. CR; **P , 0.01 WT vs. PGC-1a/b-FAT-DKO mice; ##P ,
0.01, AL vs. CR.
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Figure 6. PGC-1 coactivators but not CR regulate mitochondrial biogenesis in BAT. A) Gross morphologic aspect of interscapular
BAT of PGC-1a/b-FAT-DKO mice and WT littermates (left). Histologic sections of BAT were stained with hematoxylin/eosin
(right). B) Expression of mitochondrial genes in interscapular BAT of WT and PGC-1a/b-FAT-DKO mice (n = 6 animals/group)
was assessed by qRT-PCR. C) Western blots of mitochondrial proteins in BAT of WT and PGC-1a/b-FAT-DKO mice (left).
Densitometric quantification of blots (right). D) mRNA expression of PGC-1a and PGC-1b coactivators and genes encoding for
mitochondrial proteins, including Ucp1, in BAT of WT and PGC-1a/b-FAT-DKO mice fed AL or subjected to CR was analyzed by
qRT-PCR (n = 4 animas/group). E) Western blots of mitochondrial proteins in BAT of WT and PGC-1ab-FAT-DKO mice fed AL
or subjected to CR (left). Densitometric analysis of blots is shown (right). Results are expressed as means6 SEM. *P, 0.05, WT vs.
PGC-1a/b-FAT-DKO mice; #P , 0.05, AL vs. CR; **P , 0.01. Cycs, cytochrome C, somatic.
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studies to support a positive effect of CRonmitochondrial
metabolism. The coordinated increase in mitochondrial
gene expression appears as a common signature of CR in
many tissues, but its physiologic implications with regard
to the health benefits exerted by CR had not been ade-
quately addressed before. In this study, we show that CR-
induced mitochondrial biogenesis in WAT depends on
the transcriptional activity of PGC-1 coactivators, un-
equivocally demonstrating that PGC-1 acts as a master
regulator of mitochondrial biogenesis (17), also in re-
sponse to low-calorie intake. Several studies had pointed
toward PGC-1a as a major regulator of mitochondrial

biogenesis induced by CR based on the observation that
PGC-1a mRNA levels are increased in rodents and hu-
mans subjected to mid- or long-term CR (23, 25, 27).
However, only a recent study has provided experimental
evidence that supports the involvement of PGC-1a in the
regulation of mitochondrial genes during CR in skeletal
muscle. In that study,with the use ofmuscle-specific PGC-
1a knockout mice, Finley et al. (28) demonstrated that the
mitochondriogenic response observed in skeletal muscle
upon CR was blunted in the absence of PGC-1a. In our
study, the use of amousemodel simultaneously devoid of
PGC-1a and PGC-1b in adipocytes does not allow

Figure 7. Analysis of the PGC-1-de-
pendent browning of WAT in re-
sponse to CR. A) Hematoxylin/eosin-
stained histologic sections of inguinal
WAT from AL and CR mice. B)
mRNA expression of brown adipo-
cyte markers in inguinal WAT from
AL and CR mice was assessed by
qRT-PCR. C) mRNA expression of
brown adipocyte markers in inguinal
WAT of WT and PGC-1a/b-FAT-DKO
mice, either fed AL or subjected to
CR assessed by qRT-PCR. D) Western
blot of UCP1 in protein extracts of
inguinal WAT from WT and PGC-1a/
b-FAT-DKO mice fed AL or subjected
to CR. Five micrograms of protein
extracts from BAT was used as posi-
tive control for UCP1. Fifty micro-
grams of protein extracts from WAT
of WT mice treated with 10 mg/kg
rosiglitazone for 10 d was used as a
positive control of WAT browning.
Results are expressed as means 6 SEM

(n = 6–7 animals/group). *P , 0.05,
WT vs. PGC-1a/b-FAT-DKO mice;
#P , 0.05, AL vs. CR. MWM, MW
marker. Prdm16, PR domain zinc finger
protein 16.
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discrimination ofwhich one of the two coactivators acts as
the main driver of mitochondrial gene expression in re-
sponse to CR in WAT. Still, in white adipocytes, a co-
operative contribution between PGC-1a and PGC-1b to
the control of mitochondrial gene expression in response
to CR is very likely. Indeed, first, both PGC-1a and PGC-
1b mRNA levels are induced in WAT in response to CR;
second, we have previously shown that PGC-1b appears
to have a dominant role over PGC-1a in the regulation of
mitochondrial gene expression in white adipocytes (10,
11); and third, contrary towhat itwaspreviouslyassumed,
PGC-1b also plays an important role in the dynamic reg-
ulation of mitochondrial gene expression in response to
cues that prompt for increased mitochondrial oxidative
function [i.e., thiazolidinediones (TZDs)] beyond its well-
known role in the maintenance of basal mitochondrial
mass (10).

Our study provides experimental evidence that places
PGC-1 coactivators as central elements that integrate the
input of different regulatory signals to modulate mito-
chondrial biogenesis in response to CR. Such signals acti-
vated by nutrient/energy deprivation include Sirtuin 1
(Sirt1), aNAD+-dependent deacetylase; AMPK, anAMP/
ADP-activated kinase; and eNOS, all of which are acti-
vated by CR. Thus, increase in the deacetylation (29, 30)
and phosphorylation (31) by Sirt1 and AMPK, re-
spectively, would lead to the transcriptional activation of
PGC-1s, whereas increased NO production by eNOS
would enhance the expression of, at least, PGC-1a (25).
The integration of all of these regulatory signals would
result in a net boost of PGC-1 coactivators transcriptional
activity and the consequent increase in mitochondrial
biogenesis in response to CR.

Numerous studies have shown the existence of a tight
correlation between insulin sensitivity and mitochondrial
mass/oxidative function in skeletal muscle and WAT
[reviewed in Zamora and Villena (8)]. Consequently, mi-
tochondrial oxidative capacity has been considered a
strongpredictor of insulin sensitivity (32). In this regard, it
is worth noting that several therapeutic interventions that
improve glucose homeostasis are associated with in-
creased mitochondrial biogenesis and oxidative function
in WAT. For example, TZDs, a family of anti-diabetic

drugs, have been shown to induce mitochondrial bio-
genesis, specifically in WAT of genetically and diet-
induced insulin resistance and T2D animal models (33,
34), aswell as in humans (35, 36), concomitantlywith an
improvement in insulin sensitivity. Likewise, treat-
ment of rodent models with resveratrol or selective
synthetic activators of Sirt1 has been reported to im-
prove insulin resistance in close association with an
increase in mitochondrial biogenesis and function in
WAT, skeletal muscle, and liver (37, 38). Based on this
tight association, it has been suggested that the increase
of mitochondrial mass in WAT and/or other tissues
would be one of the major mechanisms by which
CR contributes to the reversal of insulin resistance.
However, our data, showing that mice lacking PGC-1
coactivators fail to increase adipose mitochondrial
biogenesis but still retain their full capacity to improve
whole-body glucose tolerance and insulin sensitivity in
response to CR, strongly support the notion that en-
hanced mitochondrial function in adipocytes is not
absolutely required for the positive effects that CR ex-
erts on glucose homeostasis. These findings are in line
with a previous study inwhich by using amousemodel
with partial deficiency in mitochondrial function as a
result of the adipose-specific deletion of PGC-1b, we
demonstrated that rosiglitazone-induced mitochondrial
oxidative capacity inWATwasnot essential for the insulin-
sensitizing effects of TZDs (10).

The adipose-specific nature of our PGC-1a/b-FAT-
DKO mouse model raises the question of whether CR
could improve whole-body glucose homeostasis by en-
hancing mitochondrial function in insulin target tissues
other thanWAT.Although this appears plausible, a study
in muscle-specific PGC-1a knockout mice demonstrated
that despite failure to increase mitochondrial mass and
oxidative metabolism in skeletal muscle, muscle-specific
PGC-1a knockout mice responded to CR by improv-
ing glucose tolerance and insulin sensitivity to the
sameextent as theirWTcounterparts (28). This is similar to
what we described here for PGC-1a/b-FAT-DKOmice in
WAT. Therefore, besides being a distinctive signature of
CR in many tissues, altogether, these studies demonstrate
a clear dissociation between CR-induced mitochondrial

Figure 8. Lack of PGC-1 coactivators does not alter body weight or adiposity. Body (A) and tissue (B) weight of WT and PGC-1a/
b-FAT-DKO mice, either fed AL or subjected to CR for 12 wk. All animals were fed the same HF diet (45% kcal fat, 35% kcal
carbohydrates, 20% kcal protein). Results are expressed as means 6 SEM (n = 5–6 animals/group). ##P , 0.01, AL vs. CR.
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biogenesis in WAT/muscle and the beneficial effects
that this nutritional intervention exerts on glucose
homeostasis.

If the induction of mitochondrial biogenesis and oxi-
dative function in WAT and muscle are not required to
ameliorate diet-induced insulin resistance in response to
CR, then thequestion isbywhichothermeansCRexerts its
beneficial effects on glucose homeostasis? Very recently, it
has been reported that CR induces browning of WAT, an
effect that appears to be mediated by an enhancement of
type 2 immune response (19) and that has been associated
with metabolic improvement during CR. Consistent with
this observation, we were able to observe a moderate in-
crease in the mRNA levels of brown adipocyte markers,
such as Ucp1 and Cidea, in response to CR. However, de-
spite the changes observed in mRNA, the failure to find
brown-like adipocytes and detectable levels of UCP1
protein within WAT of CR mice rather suggest that the
browning of WAT in response to CR is negligible and
irrelevant from a thermogenic point of view (39). Our data
are further supported by a recent study in obese humans
that also reported the absence of browning in response to
CR (40). The lack of significant browning induced by CR
contrasts with the tangible browning capacity of other

agents, such as TZDs, which we showed were capable of
inducing detectable levels of UCP1 in WAT (9, 10).
Moreover, induction of UCP1mRNA inWAT in response
to CR appears blunted in PGC-1a/b-FAT-DKO mice, in
agreement with the relevant role of PGC-1 coactivators in
brown adipocyte differentiation and function (18). Still,
PGC-1a/b-FAT-DKOmice improve glucose homeostasis
in response to nutrient deprivation to the same extent as
WT mice. Therefore, regardless of the magnitude of the
browning induced byCR, our results strongly support the
notion that brown adipocyte recruitment in WAT is not
required for the effects of CR on glucose homeostasis.

It is also well known that PGC-1 coactivators are re-
quired for proper BAT function, controllingmitochondrial
biogenesis during the course of adipocyte differentiation
and the expression of the thermogenic program in re-
sponse to low environmental temperatures (17). In agree-
ment with the crucial role of PGC-1 coactivators in BAT,
our PGC-1a/b-FAT-DKOmice exhibit a severe reduction
in the levels of mitochondrial proteins and UCP1 in BAT
that leads to a massive accumulation of triglycerides
within brown adipocytes as a result of their incapacity
to oxidize fatty acids properly into mitochondria and
perform thermogenesis. Although reduced BATmass and

Figure 9. Impaired mitochondrial biogenesis in mice devoid of PGC-1 in adipose tissues does not prevent the amelioration of
glucose homeostasis in response to CR. A, B) GTTs (2 g/kg) in WT and PGC-1a/b-FAT-DKO mice, either fed AL (A) or
subjected to CR (B). C) Area under the curve (AUC) of GTTs. D, E) ITTs (0.9 U/kg) in WT and PGC-1a/b-FAT-DKO mice,
either fed AL (D) or subjected to CR (E) for 12 wk. F) Area under the curve of ITTs. G) Tissue-specific insulin signaling. Total and
phosphorylated (p-) Akt was detected by Western blot in protein lysates of inguinal WAT, liver, and gastrocnemius muscle from WT and
PGC-1a/b-FAT-DKO mice, either fed AL or subjected to CR, which were treated with an insulin bolus after having food withheld for 12 h.
CYPA was used as loading control. Results are expressed as means 6 SEM (n = 5–6 animals/group). #P # 0.05, ##P # 0.01, AL vs. CR.
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impaired thermogenic activity have been correlated with
higher body weight and impaired insulin sensitivity in
rodents and humans (41–43), our results show that dys-
functional BAT in mice lacking PGC-1 coactivators is not
sufficient to bring about an obese or insulin-resistant
phenotype. Importantly, contrary to what we observed in
WAT, CR does not induce mitochondrial biogenesis in
BATnordoes it increaseUCP1 expression, suggesting that
CRdoes not activate brown adipocyte thermogenesis. The
lack of response of UCP1 expression to CR is consistent
with other studies reporting that UCP1 content or activity
inBAT isunchanged (44)or even reduced (19, 45) in rodent
models subjected to long-term, low-calorie intake, aneffect
that appears to be intended to increase calorie efficiency
and maintain energy balance. The lack of induction of
mitochondrial biogenesis andUCP1 protein levels in BAT
in response to CR, strongly suggests that BAT does not
play a relevant role in mediating the metabolic effects of
CR.

Our study identified genes related to ECM remodeling
and the immune system, as 2 gene networks significantly
downregulated by CR in WAT. The microenvironment
provided by ECM proteins is essential for proper devel-
opment and function of adipose tissue, as ECM remodel-
ing is fundamental forWATtoadapt tochangingnutritional
conditions (46). Thus, whereas ECM proteins are required
for proper differentiation of precursors cells into fully func-
tional adipocytes, excessive deposition of ECMproteins
(i.e., fibrosis) restrains migration of precursor cells and
adipocyte hypertrophy, compromising adipose tissue
expandability. Regarding the potential role of ECM in
metabolic diseases, it has been shown that increased
expression in WAT of ECM genes, including collagen
(COL)6A3 and matrix metalloproteinase 9, associates
with increased body mass and tissue inflammation in
humans (47, 48), 2 major risk factors for the develop-
ment of insulin resistance and T2D. Consistent with an
important role of adipose ECM in determining insu-
lin sensitivity, mice that overexpress endotrophin, a
cleavage product of COL6A3, develop WAT fibrosis
and exhibit insulin resistance when fed a HF diet, an
effect that is reversed after endotrophin neutralization
(49). Likewise, obese COL6A3 knockout mice show an
improvement in insulin sensitivity (50). Based on the
positive effects that the reduction of ECM in WAT has
on whole-body glucose homeostasis, it is plausible to
speculate that CR may improve insulin resistance, at

least in part, by downregulating the expression of genes
encoding for ECM proteins and reducing fibrosis.

The anti-inflammatory effect of CR in WAT could also
bean important contributor to the improvementofglucose
homeostasis. It is well known that obesity-linked insulin
resistance isassociatedwithlow-degreechronic inflammation
of WAT, which is characterized by increased recruitment of
M1 macrophages and other immune cells, elevated levels of
proinflammatory cytokines, and the activation ofNF-kB and
JNK pathways that directly inhibit insulin signaling
(51). The reduction in the expression of inflammatory
cytokines (i.e., Il-1b and Il-6) or chemokines (i.e., Ccl2
and Ccl7), together with the decrease, albeit not signif-
icant, in the levels of M1 proinflammatory macrophage
markers (Cd11c and Nos2) that we observed in WAT of
mice subjected to CR is in line with other studies dem-
onstrating that CR reduces WAT inflammation in ro-
dents (52, 53) and humans (54). Recent evidence suggests
thatCRenhancespolarizationofmacrophages toward the
alternativeM2 anti-inflammatory phenotype (19), a switch
that appears to contribute significantly to the improvement
of insulin sensitivity (55). Contrary to what has been re-
ported by Fabbiano et al. (19), the expression of anti-
inflammatory cytokines (i.e., Il-13 and Il-33) and M2
markers (i.e., Arg1) was reduced by CR in our study. This
argues against an enhancement of macrophage polariza-
tion by CR, but it certainly indicates that reduced calorie
intake decreases macrophage recruitment induced by HF
feeding in WAT. The discrepancy between our study and
the one fromFabbiano et al. (19) is unclear, but thedifferent
dietary regime (HF diet vs. regular chow) could have
contributed to the different outcomes regarding not only
macrophage polarization but also browning of WAT.
Nevertheless, the evidences provided on the immune re-
sponse to CR suggest that attenuation of diet-induced in-
flammation in WAT could contribute to the improvement
of glucose homeostasis in response to CR.

In summary, our study has identified mitochondrial
biogenesis as themain process positively regulated by CR
in WAT. With the use of a new mouse model that simul-
taneously lacks the expression of PGC-1a and PGC-1b
coactivators specifically in adipocytes, we have demon-
strated that PGC-1 coactivators control the process of
mitochondrial biogenesis in WAT in response to CR.
Furthermore, we have shown that the induction of mito-
chondrial biogenesis and enhancement of mitochondrial
oxidative function inWATarenot required for thepositive

TABLE 2. Serological parameters in WT and PGC-1a/b-FAT-DKO mice fed AL with a HF diet or
subjected to 40% CR for 12 wk

Parameter

AL CR

WT PGC-1a/b-FAT-DKO WT PGC-1a/b-FAT-DKO

Glucose, mg/dl 203.5 6 6.4 222.2 6 11.5 161.3 6 14.4* 173.8 6 11.8*
Triglycerides, mg/dl 55.17 6 3.37 49.42 6 3.02 45.42 6 2.69† 44.05 6 2.33
Free fatty acids, mM 0.71 6 0.06 0.73 6 0.09 0.62 6 0.08 0.59 6 0.05
Cholesterol, mg/dl 267.7 6 19.1 224.2 6 19.6 174.1 6 10.4* 154.7 6 9.4*
Insulin, ng/ml 4.88 6 0.45 3.45 6 0.28‡ 1.80 6 0.22* 1.25 6 0.12*

Data are expressed as means 6 SEM. †P # 0.05, AL vs. CR; ‡P # 0.05, WT vs. PGC-1a/b-FAT-DKO
mice; *P # 0.01.
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effects that CR exerts on glucose homeostasis. These
findings support thenotion thatmitochondrial function in
WAT is dissociated from insulin sensitivity, both under
basal conditions and in response to CR. The mechanisms
by which CR improves adipose and whole-body insulin
sensitivity still remain to be defined, but our findings that
pathways related to ECM and the immune response are
alsomodulated by CRwould deserve further exploration
tounveil their relevance in themetabolic effects exertedby
low-calorie intake.
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