
Haploinsufficiency of the retinoblastoma protein gene reduces diet-induced
obesity, insulin resistance, and hepatosteatosis in mice

Josep Mercader,1 Joan Ribot,1 Incoronata Murano,2 Søren Feddersen,3 Saverio Cinti,2 Lise Madsen,4,5

Karsten Kristiansen,3,5 M. Luisa Bonet,1 and Andreu Palou1

1Laboratory of Molecular Biology, Nutrition, and Biotechnology, Universitat de les Illes Balears and Centro de Investigación
Biomédica en Red Fisiopatologı́a de la Obesidad y Nutrición, Palma de Mallorca, Spain; 2Department of Molecular
Pathology and Innovative Therapies, Faculty of Medicine, University of Ancona (Politecnica delle Marche), Ancona, Italy;
3Department of Biochemistry and Molecular Biology, University of Southern Denmark, Odense, Denmark; 4National Institute
of Nutrition and Seafood Research, Bergen, Norway; and 5Department of Biology, University of Copenhagen,
Copenhagen, Denmark

Submitted 12 March 2009; accepted in final form 28 April 2009

Mercader J, Ribot J, Murano I, Feddersen S, Cinti S, Madsen
L, Kristiansen K, Bonet ML, Palou A. Haploinsufficiency of the
retinoblastoma protein gene reduces diet-induced obesity, insulin
resistance, and hepatosteatosis in mice. Am J Physiol Endocrinol
Metab 297: E184–E193, 2009. First published May 5, 2009;
doi:10.1152/ajpendo.00163.2009.—Brown adipose tissue activity dis-
sipates energy as heat, and there is evidence that lack of the retino-
blastoma protein (pRb) may favor the development of the brown
adipocyte phenotype in adipose cells. In this work we assessed the
impact of germ line haploinsufficiency of the pRb gene (Rb) on the
response to high-fat diet feeding in mice. Rb�/� mice had body
weight and adiposity indistinguishable from that of wild-type (Rb�/�)
littermates when maintained on a standard diet, yet they gained less
body weight and body fat after long-term high-fat diet feeding
coupled with reduced feed efficiency and increased rectal temperature.
Rb haploinsufficiency ameliorated insulin resistance and hepatoste-
atosis after high-fat diet in male mice, in which these disturbances
were more marked than in females. Compared with wild-type litter-
mates, Rb�/� mice fed a high-fat diet displayed higher expression of
peroxisome proliferator-activated receptor (PPAR)� as well as of
genes involved in mitochondrial function, cAMP sensitivity, brown
adipocyte determination, and tissue vascularization in white adipose
tissue depots. Furthermore, Rb�/� mice exhibited signs of enhanced
activation of brown adipose tissue and higher expression levels of
PPAR� in liver and of PPAR� in skeletal muscle, suggestive of an
increased capability for fatty acid oxidation in these tissues. These
findings support a role for pRb in modulating whole body energy
metabolism and the plasticity of the adipose tissues in vivo and
constitute first evidence that partial deficiency in the Rb gene protects
against the development of obesity and associated metabolic distur-
bances.

brown adipose tissue; white adipose tissue; energy metabolism; ge-
netic animal model

THE RETINOBLASTOMA PROTEIN (pRb), encoded by the Rb gene,
plays an important role in the control of cell cycle, apoptosis,
and cell differentiation (7, 23). In particular, pRb is involved in
the control of adipocyte biology. Both inhibitory and stimula-
tory effects of pRb on white adipogenesis have been described
in adipocyte cell models. On the one hand, there is evidence
that active pRb may behave as a transcriptional corepressor of
peroxisome proliferator-activated receptor (PPAR)� (8), a nu-

clear receptor pivotal for adipogenesis (31). On the other hand,
it has been shown that white adipocyte precursor cells lacking
pRb exhibit a defective adipose conversion in response to
standard hormonal stimulation (3, 5, 33), a defect that can be
bypassed by ligand (rosiglitazone)-induced activation of
PPAR� (14). Active pRb may facilitate adipogenesis by
triggering permanent cell cycle exit required for terminal
differentiation (35), by enhancing the transcriptional activ-
ity of the proadipogenic CCAAT/enhancer-binding proteins
(C/EBPs) through a direct protein-protein interaction (5, 25,
26, 29), and through effects on mitogen-activated protein
kinase pathways (13).

In addition, pRb appears to exert an inhibitory effect spe-
cifically on brown adipogenesis and has been proposed to act
as a molecular switch between white and brown adipocyte
differentiation (12). Unlike wild-type precursor cells, precursor
cells lacking pRb differentiate in culture into adipocytes that
express brown adipocyte-specific genes, such as the uncou-
pling protein 1 (UCP1) gene and the PPAR coactivator-1�
(PGC-1�) gene, and have an increased mitochondrial content
(12). Modulated absence or inactivation of pRb appears to
provide a window permissible for brown adipocyte differ-
entiation that is critically dependent on an increased sensi-
tivity of the differentiating cells to cAMP (12). Lack or
inactivation of pRb may also facilitate the remodeling of
white adipocytes toward a brown-like phenotype in vivo. In
fact, it has been shown that adipose tissue-specific homozy-
gous ablation of the Rb gene in adult mice leads to the
acquisition of brown adipose tissue (BAT)-like features in
white adipose tissue (WAT) depots (6) and that treatments
promoting increased oxidative metabolism in white adipo-
cytes (both in vivo and in cell models), such as cold
exposure or retinoic acid administration, are accompanied
by a downregulation of the expression and/or inactivation of
the pRb (12, 21, 22, 29).

Effects of pRb in modulating adipogenesis and the metabolic
plasticity of adipose tissues may have important implications
for whole body energy metabolism. In this work, we have used
mice with germ line haploinsufficiency of the Rb gene (Rb�/�

mice) that, unlike Rb�/� mice, are viable (2, 16) as an as-yet
unexplored model to study the role of pRb in energy metabo-
lism and adipocyte biology in vivo, and we present novel
evidence that Rb haploinsufficiency confers protection against
diabesity after long-term high-fat diet feeding.
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MATERIALS AND METHODS

Animals

Wild-type (Rb�/�) and Rb1tm1Tyj (Rb�/�) C57BL/6J mice were
from the Jackson Laboratory (Bar Harbor, ME). All Rb�/� mice and
wild-type control mice used in this work were from litters obtained by
mating Rb�/� females to wild-type males. Litters were genotyped by
PCR of DNA extracted from tail biopsies using primers sets as
indicated by the provider. Unless otherwise indicated, animals were
housed at 22°C with a 12:12-h light-dark cycle (lights on at 0800) and
free access to food and water.

Experimental Design

Feeding experiments. Three conditions were studied: 1) 7-wk-old
Rb�/� (n � 8) and Rb�/� (n � 7) male mice fed from weaning until
euthanization a standard chow diet with 8% of the energy as fat
(Panlab, Barcelona, Spain), 2) 19-wk-old Rb�/� (n � 7) and Rb�/�

(n � 7) male mice fed the standard chow until 7 wk of age and
thereafter a high-fat diet with 45% of the energy as fat (HFD45; from
Research Diets, New Brunswick, NJ), and 3) 25-wk-old male (n � 9)
and female (n � 10) Rb�/� and male (n � 6) and female (n � 6)
Rb�/� mice fed the standard chow until 7 wk of age and thereafter a
high-fat diet with 60% of the energy as fat (HFD60; also from
Research Diets). Energy intake was estimated on a per-cage basis
from the actual amount of food consumed by the animals and its
caloric equivalence. Rectal temperature was measured within the first
4 h of the light cycle using a digital thermometer (RS, Barcelona,
Spain). Animals were killed by decapitation under fed conditions
within the first 2 h of the light cycle. Liver, skeletal muscle (gastroc-
nemius), interscapular BAT, and WAT depots were dissected,
weighed, and frozen at �80°C until analysis. Serum was prepared
from blood collected from the neck and stored at �20°C until
analysis.

Cold experiment. Fourteen-week-old Rb�/� (n � 9) and Rb�/�

(n � 10) female mice maintained on the standard chow diet were
acclimated to thermoneutrality (30°C) for 14 days before being placed
in a cold room (6°C). Rectal temperature was measured at the
indicated times of exposure to the cold. All animal experimentation
was conducted in accord with accepted standards of humane animal
care, and the protocols were approved by the University of the
Balearic Islands Bioethics Committee.

Light Microscopy, Morphometric Analysis,
and UCP1 Immunohistochemistry

Tissue samples (pituitary, lung, liver, BAT, inguinal WAT, and
retroperitoneal WAT) from wild-type and Rb�/� mice were fixed by
immersion in 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH 7.4, overnight at 4°C, dehydrated, cleared, and paraffin
embedded so that the plane of section corresponded with the one of
the wider surfaces. Three-micrometer-thick sections at the same level
were obtained and stained with hematoxylin-eosin to assess morphol-
ogy. No signs of neoplasia were found in tissues of Rb�/� mice
examined at the end of the HFD60 feeding period. The area of
unilocular adipocytes was measured on hematoxylin-eosin-stained
adipose tissue sections, at �20 magnification under the light micros-
copy, using the Nikon Lucia Image program. Immunohistochemical
demonstration of UCP1 was performed in BAT sections according to
the avidin-biotin-peroxidase complex method (15) using a polyclonal
anti-rat UCP1 antibody raised in sheep as primary antibody (kindly
provided by Dr. D. Ricquier, Paris, France). Negative controls were
performed by substituting the primary antibody with sheep IgG. No
cross-reaction with UCP2 and UCP3 was observed in tissues express-
ing the highest levels of UCP2 (liver) and UCP3 (skeletal muscle).

Blood Parameters

Serum insulin, leptin, and total adiponectin concentrations were
measured using enzyme-linked immunosorbent assay kits (from DRG
Instruments, Marburg, Germany; R & D Systems, Minneapolis, MN;
and Phoenix Europe, Karlsruhe, Germany, respectively). Serum non-
esterified fatty acids (NEFA), triacylglycerol, and glycerol levels were
measured using enzymatic colorimetric kits (Wako Chemicals, Neuss,
Germany; and Sigma, Madrid, Spain). Blood glucose was measured
using an Accu-Chek Glucometer (Roche Diagnostics, Barcelona,
Spain).

Assessment of Glucose Tolerance and Insulin Resistance

Glucose tolerance was assessed as described previously (10). In-
sulin resistance was assessed by the homeostatic model assessment for
insulin resistance (HOMA-IR) after the animals had been submitted to
a 6-h fast (from 2400 to 0600). Although originally developed and
validated in humans, evidence has been presented that HOMA-IR can
be used as a surrogate index to roughly determine insulin sensitivity
and resistance in mice (17). HOMA-IR score was calculated from
fasting insulin and glucose concentrations as described (20).

Tissue Lipids

Total tissue lipids were extracted and quantified according to a
previously published procedure (30). Triacylglycerol content was
measured in the lipid extract using a commercial enzymatic kit
(Sigma).

Gene Expression Analysis

Total RNA was extracted from tissues using Trizol reagent (In-
vitrogen, Carlsbad, CA) according to the supplier’s instructions.
mRNA expression levels were analyzed by real-time PCR using the
LightCycler System with SYBR Green I sequence nonspecific detec-
tion (Roche Diagnostics, Mannheim, Germany) on cDNA synthesized
from total tissue RNA. The sequences of the primer sets used are
compiled in Supplemental Table S1 (Supplemental Material for this
article can be found at the AJP-Endocrinology and Metabolism web
site). Relative gene expression was calculated using the 2��CT method
(18), with 	-actin as reference gene.

Immunoblotting Analysis

UCP1 was analyzed in BAT samples by immunoblotting as de-
scribed (22), using rabbit anti-mouse UCP1 antibody (Alpha Diag-
nostics, San Antonio, TX) as primary antibody and horseradish
peroxidase-conjugated anti-rabbit IgG antibody (Amersham Bio-
sciences) as secondary antibody. Amido black B10 staining of blots
prior to development provided visual evidence for equal loading and
blotting of proteins. For pRb analysis, preparation of extracts from
mouse tissue, electrophoresis, blotting, and visualization was per-
formed essentially as described (14). As primary antibodies, mouse
anti-human pRb antibody (PharMingen, San Diego, CA) and rabbit
anti-mouse Brg-1 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) were used at a 1:1,000 and 1:500 dilution, respectively. Second-
ary antibodies were horseradish peroxidase-conjugated anti-mouse or
anti-rabbit IgG antibodies (DAKO, Glostrup, Denmark).

Statistical Analysis

Data are expressed as means 
 SE. Statistical significance of
differences between genotype groups was assessed by two-tailed
Student’s t-test, or, where indicated, two-way ANOVA was used to
determine the significance of effects of genotype, sex, and possible
genotype � sex interactions. Threshold of significance was set at P �
0.05.
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RESULTS

Rb Haploinsufficiency Confers Relative Protection Against
High-Fat Diet-Induced Obesity

Seven-week-old Rb�/� mice fed regular chow had body
weight and fat content indistinguishable from wild-type control
littermates, as did Rb�/� mice fed HFD45 for 12 wk from 7 wk
of age (data not shown). However, after a prolonged dietary
challenge (18 wk on HFD60 from 7 wk of age), Rb�/� mice
attained 10% lower body weight and 22 (males) to 30%
(females) lower percentage of body fat than wild-type litter-
mates (Fig. 1A). Individual fat pad weights (Fig. 1B), mean
adipocyte size (Fig. 1C), and leptinemia (Table 1) were lower in
the Rb�/� mice. Body weight gain in Rb�/� and Rb�/� mice
first began to diverge after several weeks on HFD60 (Fig. 2A).
Cumulative food intake was unchanged in the Rb�/� males
and slightly reduced (by 6% at the end of the HFD60 feeding
period) in the Rb�/� females compared with wild-type controls
(Fig. 2B). Feed efficiency (body weight gained/calories con-

sumed) was consistently lower in the Rb�/� mice than in
wild-type littermates along the feeding period with HFD60
(Fig. 2C). Rectal temperature measured in the last week of
HFD60 feeding was significantly higher in the Rb�/� mice
(Fig. 1D). Of note, rectal temperature was already increased or
tended so in (female) Rb�/� mice fed the standard chow diet
(37.6 
 0.2 vs. 36.6 
 0.4°C; n � 9–10/group, P � 0.058) and
in (male) Rb�/� mice fed HFD45 for 12 wk (39.2 
 0.2 vs.
38.7 
 0.1°C; n � 7/group, P � 0.026), when there were no
differences in body weight and adiposity between Rb genotype
groups. In addition, Rb�/� mice maintained on standard chow
better resisted the transient drop in rectal temperature that
accompanies exposure to a cold environment (Fig. 1E).

Rb Haploinsufficiency Confers Relative Protection Against
High-Fat Diet-Induced Insulin Resistance

After 14 wk on HFD60, compared with wild-type sex-matched
littermates, Rb�/� male mice exhibited better glucose tolerance
(Fig. 3A) and were more insulin sensitive and less insulin resistant,

Fig. 1. Haploinsufficiency of the retinoblastoma protein gene (Rb) reduces obesity after high-fat diet feeding and increases energy expenditure. A: body weight,
body fat content, and %fat in wild-type and Rb�/� mice after 18 wk on a high-fat diet with 60% of the energy provided as fat (HFD60). B: comparison of gonadal
white adipose tissue (gWAT), inguinal WAT (iWAT), retroperitoneal WAT (rWAT), and interscapular BAT (iBAT) weights/body weights between wild-type
and Rb�/� mice after 18 wk on HFD60. C: mean adipocyte sectional area in rWAT of wild-type and Rb�/� mice after 18 wk on HFD60. D: rectal temperature
in wild-type and Rb�/� mice after 17 wk on HFD60. E: time course of rectal temperature in wild-type and Rb�/� female mice fed standard chow upon exposure
to a cold environment (6°C). Data are the mean 
 SE of 6–10 animals/group (A, B, and D), 3 animals/group (C), and 9–10 animals/group and time point (E).
Open bars, wild-type mice; filled bars, Rb�/� mice. * and **Different from wild-type group (P � 0.05 and P � 0.01, respectively; Student’s t-test). G and S,
significant effect of genotype and sex, respectively, in 2-way ANOVA (P � 0.05).
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as indicated by a 2.4-fold lower HOMA-IR index (Fig. 3B). These
effects were not found in the female mice, in which glucose
tolerance and insulin sensitivity after HFD60 were not as impaired
as in the males [note that, 3 h after glucose injection, blood
glucose levels had returned to basal values in the wild-type
females but remained high in the wild-type males (Fig. 3A) and
that the HOMA-IR index was much higher in the male than in the
female wild-type mice (Fig. 3B)].

In line with a link between Rb haploinsufficiency and
improved insulin sensitivity, after 18 wk on HFD60 Rb�/�

male mice displayed significantly reduced serum NEFA levels
and a trend toward reduced fed insulinemia in the face of
unchanged glycemia compared with wild-type littermates (Ta-
ble 1). These changes were absent or attenuated in the Rb�/�

female mice (Table 1). Serum triacylglycerol, glycerol, and
total adiponectin levels after HFD60 were not affected by Rb
haploinsufficiency in either sex (Table 1). Of note, 7-wk-old
Rb�/� male mice fed the standard chow diet already displayed
reduced fed insulinemia (0.75 
 0.14 vs. 1.06 
 0.17 �g/l,
P � 0.023) in the face of unchanged glycemia (10.8 
 1.2 vs.
10.9 
 0.9 mM) compared with wild-type littermates, sugges-
tive of a higher insulin sensitivity in the Rb heterozygous mice.

Rb Haploinsufficiency Confers Relative Protection Against
High-Fat Diet-Induced Hepatosteatosis

Macroscopic appearance of liver (paler in the wild-type
mice) and morphological examination of liver sections showed
that hepatosteatosis after 18 wk on HFD60 was markedly
reduced in Rb�/� male mice compared with wild-type controls
(Fig. 4, A and B). In accordance, liver total lipid content and
triacylglycerol content were reduced in the Rb�/� male mice
by 60 and 47%, respectively (Fig. 4C). Hepatosteatosis after
HFD60 was not apparent in the females (Fig. 4B), in which the
effect of Rb haploinsufficiency on liver lipids was not as
marked as in the males (Fig. 4C). Absolute liver weight, but
not liver weight as percentage of body weight, was lower in
Rb�/� mice of both sexes than in wild-type littermates (Fig.
4D). Skeletal muscle triacylglycerol content after HFD60 was
unaffected by the Rb genotype (data not shown).

Rb-Haploinsufficient Mice Have Reduced pRb Protein
Expression Levels in Adipose Tissues and Signs of Increased
Metabolism After High-Fat Diet Feeding Compared
With Wild-Type Mice

Gene expression changes in line with increased metabolism
were found in WAT depots of the Rb�/� mice after 18 wk on

HFD60, in keeping with their reduced development of dietary
obesity compared with wild-type littermates. This is shown in
Fig. 5 for the inguinal WAT depot; similar results were
obtained in the retroperitoneal WAT depot (Supplementary
Table S2). In particular, inguinal WAT of Rb�/� mice pre-
sented with four- to sixfold increased mRNA levels of PGC-
1�, a transcriptional cofactor for expression of the UCP1 gene
and genes related to mitochondria biogenesis and function (11,
27), and of cytochrome oxidase subunit II (COX-II), a com-
ponent of the mitochondrial respiratory chain, and with more
modestly yet significantly increased mRNA levels of nuclear
respiratory factor 1 (NRF1), a PGC-1�-coactivated transcrip-
tion factor for mitochondria-related nuclear genes, including
the NRF1 gene itself (19); PRDM16, a marker of the brown
adipocyte lineage that may function as an activator of PGC-1
isoforms through protein-protein interactions (34); and cAMP-
dependent protein kinase A (PKA) regulatory subunit I� (RI�),
whose enrichment can trigger changes in PKA holoenzyme
composition, resulting in a lower threshold for activation by
cAMP (1, 4). Expression of the forkhead transcription factor
FOXC2, which positively controls the RI� gene and whose
enforced expression in adipose tissues of transgenic mice
results in WAT-to-BAT transformation and a lean phenotype
(1), was increased in the retroperitoneal WAT of the Rb�/�

mice (Supplementary Table S2) and tended to be increased in
the inguinal WAT of the female mutants (Fig. 5). A stimulatory
effect of Rb haploinsufficency on UCP1 mRNA levels in WAT
depots did not reach statistical significance (Fig. 5 and Sup-
plementary Table S2). Histological examination suggested in-
creased vascularization in WAT of the Rb�/� mutants (not
shown) that was supported by increased expression of vascular
endothelial growth factor (VEGF) mRNA both in the inguinal
and the retroperitoneal depot (Fig. 5 and Supplementary Table
S2). Interestingly, together with the increased expression of
energy metabolism-related genes we found an increased
expression of the proadipogenic/lipogenic transcription fac-
tor PPAR� in WAT depots of the Rb�/� mice (Fig. 5 and
Supplementary Table S2). Importantly, expression levels of
pRb protein in WAT depots as measured by immunoblotting
were reduced in Rb�/� mice to approximately one-half of
the levels found in wild-type littermates (shown in Fig. 6 for
the inguinal depot).

As in WAT, signs of increased metabolism relative to
wild-type littermates were apparent in BAT of the Rb�/� mice
after HFD60. First, morphological examination revealed a
reduced lipid content and lipid droplet size in BAT of the Rb�/�

Table 1. Serum parameters in the fed state in Rb�/� and wild-type mice after 18 wk of being fed a high-fat diet where 60%
of the energy was provided as fat

Males Females

2-Way ANOVAWild type Rb�/� Wild type Rb�/�

Glucose, mM 7.02
0.34 6.63
0.39 8.2
0.28 7.3
0.92
Insulin, �g/l 2.92
0.76 1.74
0.52 0.60
0.07 0.64
0.18 S (P � 0.002)
Leptin, ng/ml 62.6
5.0 40.6
8.9 20.3
4.0 10.7
1.3 G (P � 0.009), S (P � 0.000)
Adiponectin, �g/ml 16.8
1.2 13.4
0.9 22.9
0.6 23.8
1.3 S (P � 0.000)
Triacylglycerol, mg/dl 140
10 169
30 86
8 96
13 S (P � 0.000)
NEFA, mM 1.45
0.10 1.08
0.09* 1.01
0.07 1.21
0.12 G � S (P � 0.005)
Glycerol, mg/ml 0.51
0.05 0.50
0.08 0.32
0.05 0.49
0.11

Data are the mean 
 SE of 6–10 animals/group. Rb, retinoblastoma protein gene; S, effect of sex; G, effect of genotype; G � S, interaction between sex and
genotype; NEFA, nonesterified fatty acids. *Different from sex-matched wild-type group (P � 0.05; Student’s t-test).
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mice, which was particularly evident in the males (Fig. 7A). In
addition, BAT of the Rb�/� mice contained increased levels of
UCP1 protein as measured by immunoblotting, an effect that
reached statistical significance in the males (Fig. 7B). Finally,
at the mRNA level, BAT of the Rb�/� mice exhibited an
increased expression of RI�, in line with a more easily acti-
vated thermogenesis, as well as of PRDM16, and, in the
females, also NRF1 (Supplementary Table S2).

We also compared the expression of selected genes in liver
and skeletal muscle of Rb�/� and Rb�/� male mice after 18
wk on HFD60 in an attempt to evaluate the eventual contribu-
tion of changes in lipid metabolism in these tissues to the
reduced obesity and improved metabolic profile observed in

the Rb�/� male mice. The mRNA levels of PPAR�, which
plays a critical role in the transcriptional control of fatty acid
oxidation in liver (9), and of acyl-coenzyme A oxidase 1
(ACOX1), a PPAR� downstream target and a rate-limiting
enzyme of peroxisomal fat oxidation, were both significantly
increased in the liver of the Rb�/� mice (Fig. 8). Strikingly, the
mRNA levels of the lipogenic transcription factor sterol regula-
tory element-binding protein-1c (SREBP-1c) and its target gene
fatty acid synthase (FAS) were also increased in the liver of the

Fig. 2. Body weight gain (A), cumulative food intake (B), and energy effi-
ciency (C) in wild-type and Rb�/� mice along with 17 wk of HFD60. Body
weight gain data are the mean 
 SE of 6–10 animals/group. Cumulative food
intake and energy efficiency were calculated on a per-cage basis and are the
mean 
 SE of 2–3 cages/group (3–4 animals/cage). *Different from sex-
matched wild-type group (P � 0.05; Student’s t-test).

Fig. 3. Rb haploinsufficiency improves glucose tolerance and reduces insulin
resistance after high fat-diet feeding in male mice. A: blood glucose profile
following a glucose load in wild-type and Rb�/� mice after 14 wk on HFD60.
B: homeostatic model assessement for insulin resistance (HOMA-IR) score in
wild-type (open bars) and Rb�/� (filled bars) mice after 14 wk on HFD60.
Data are the mean 
 SE of 6 animals/group. G � S, significant effect of the
interaction between genotype and sex in 2-way ANOVA (P � 0.05). *Differ-
ent from sex-matched wild-type group (P � 0.05; Student’s t-test).
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Rb�/� mice compared with wild-type littermates (Fig. 8). In
skeletal muscle, Rb�/� mice had increased mRNA levels of
PPAR� (relative expression to 	-actin: 1.89 
 0.17 vs. 1.19 

0.22, P � 0.038), suggestive of an increased capability for fatty
acid oxidation (9), yet other fatty acid catabolism-related
proteins examined, such as PGC-1�, muscle-type carnitine
palmitoyl transferase I, ACOX1, uncoupling protein 3, acetyl-
CoA-carboxylase 2, and fatty acid transporter CD36, were
similarly expressed at the mRNA level regardless of the Rb
genotype (data not shown).

Rb-Haploinsufficient Mice Have Increased PGC-1�
Expression in WAT Compared With Wild-Type Mice
of Equal Adiposity

Metabolic changes allowing resistance to diet-induced obe-
sity could already have been present in the Rb�/� mice before
changes in adiposity relative to wild-type littermates became
evident. To test this, we performed gene expression analysis in
WAT and BAT samples of Rb�/� and wild-type male mice of
equal body adiposity (mice unchallenged with a high-fat diet or

Fig. 4. Rb haploinsufficiency reduces hepatosteatosis after high-fat diet feeding in male mice. A: macroscopic appearance of liver in wild-type and Rb�/� male
mice after 18 wk on HFD60. B: hematoxylin-eosin staining of liver sections in wild-type and Rb�/� mice after 18 wk on HFD60. C: total lipid and triacylglycerol
content in liver of wild-type and Rb�/� mice after 18 wk on HFD60. D: absolute liver weights and liver weights/body weights in wild-type and Rb�/� mice
after 18 wk on HFD60. Open bars, wild-type mice; filled bars, Rb�/� mice. Data are the mean 
 SE of 6–10 animals/group. * and **Different from sex-matched
wild-type group (P � 0.05 and P � 0.01, respectively; Student’s t-test).
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challenged with HFD45 during 12 wk). Expression levels of
PGC-1� mRNA in inguinal WAT were already higher in the
Rb�/� mice in the absence of a dietary challenge (relative
expression to 	-actin: 1.85 
 0.24 vs. 1.10 
 0.24, P � 0.045)

and, more markedly, after HFD45 (relative expression to 	-ac-
tin: 2.75 
 0.55 vs. 0.93 
 0.23, P � 0.024). No differences
between Rb�/� and wild-type mice regarding BAT mRNA levels
of thermogenesis-related genes (UCP1, PGC-1�, FOXC2) were
detected under these conditions (data not shown). Levels of
PPAR� mRNA in inguinal WAT were similar in both Rb
genotype groups prior to high-fat diet feeding and higher in the
Rb�/� mice after HFD45 (mRNA expression relative to 	-ac-
tin: 2.05 
 0.31 in Rb�/� mice vs. 1.16 
 0.17 in wild-type
mice, P � 0.019).

DISCUSSION

Results in this work provide first evidence that germ line Rb
haploinsufficiency confers protection against the development
of diet-induced obesity and obesity-associated metabolic dis-
turbances (hepatosteatosis, systemic insulin resistance) after
long-term high-fat diet feeding. Collectively, our data suggest
that reduced dietary obesity in Rb�/� mice is attributable to
increased energy expenditure and reduced feed efficiency cou-
pled with increased BAT activity and energy metabolism in
WAT. Recently, adipose tissue-specific homozygous ablation
of the Rb gene in adult mice, using the loxP-CreERT2 technol-
ogy with expression of a tamoxifen-inducible Cre recombinase
driven by the adipocyte-specific aP2 promoter, was shown to
protect against high-fat diet-induced diabesity because of in-
creased energy expenditure linked to mitochondrial activation
in BAT and WAT (6). The current investigation adds insight
into the physiological relevance of the pRb in the regulation of

Fig. 5. Expression of selected genes in iWAT of Rb�/� and wild-type mice after 18 wk of HFD60. mRNA level data are given as expression relative to 	-actin
and are the mean 
 SE of 6–10 animals/group. Open bars, wild-type mice; filled bars, Rb�/� mice. Two-way ANOVA. PGC-1�, peroxisome proliferator-
activated receptor-� (PPAR�) coactivator-1�; NRF1, nuclear respiratory factor 1; PRDM16, PR domain zinc finger protein 16; FOXC2, forkhead box C2;
COX-II, cytochrome oxidase subunit II; RI�, cAMP-dependent protein kinase A regulatory subunit I�; UCP1, uncoupling protein 1.

Fig. 6. Retinoblastoma protein (pRb) protein levels in iWAT from Rb�/� or
wild-type mice. pRb protein levels were determined by immunoblotting, as
described in MATERIALS AND METHODS in WAT samples from 4-mo-old Rb�/�

or wild-type male mice fed a standard chow diet. Brg-1 served as a control for
total homogenate protein loaded and blotted. The bar diagram corresponds to
the densitometric scan of the top blot.
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whole body energy metabolism by revealing similar effects in
a more physiological model of generalized partial deficiency
throughout development. In addition, our work is the first to
suggest that partial pRb deficiency may also be associated with
increased fatty acid oxidation in nonadipose tissues (liver and
skeletal muscle) in the context of a challenge with a high-fat
diet.

Differences in WAT gene expression between Rb�/� and
wild-type mice after HFD60 are in keeping with observed end
points (reduced obesity and increased body temperature in the
Rb�/� mice) and in line with an inhibitory action of pRb on the
expression of brown adipocyte marker genes (6, 12, 33). Thus,
in parallel with a reduced content in pRb protein, WAT depots
of Rb�/� mice displayed an increased expression at the mRNA
level of several genes related to mitochondrial biogenesis/
function and uncoupling activity (PGC-1�, NRF1, COX-II,
UCP1), cAMP sensitivity (FOXC2, RI�), and brown adipocyte

determination (PRDM16). In particular, PGC-1� gene expres-
sion was markedly increased in WAT depots of Rb�/� mice
both before and after high-fat diet feeding, which is in keeping
with a report showing that pRb negatively regulated the
PGC-1� gene promoter in differentiated 3T3-L1 white adipocytes
(33). WAT depots of the Rb�/� mice also exhibited signs of
increased vascularization (including increased VEGF mRNA
levels), a feature that can contribute to support increased
metabolism and to dissipate the heat produced thereof. Signs of
a more active BAT in the Rb�/� mice after HFD60 were also
evident, in keeping with their reduced development of dietary
obesity compared with wild-type littermates, namely reduced
lipid content and increased expression of UCP1 protein and
RI� mRNA. In addition, higher mRNA expression levels of
PPAR� and ACOX1 in liver and of PPAR� in skeletal muscle
are suggestive of a relatively increased capability for fatty acid
oxidation in these tissues in the Rb�/� mice under a high-fat
diet.

Rb haploinsufficiency resulted in the amelioration of high-
fat diet-induced hepatosteatosis and insulin resistance in the
male mice, in which these disturbances were much more
marked than in the female mice. Thus, even if our experimental
design was not intended to analyze sex-dependent responses to
a high-fat diet, our results strongly suggest that female
C57BL/6J mice are less prone than males to developing dietary
obesity-linked disturbances, in keeping with findings in rats
(24) and with observations in humans (28). Improved systemic
insulin sensitivity after HFD60 in Rb�/� male mice relative to
wild-type littermates was unrelated to differences in the circu-
lating levels of the insulin-sensitizing hormone adiponectin or
muscle triacylglycerol content and may be secondary to their
reduced body fat, particularly liver fat, and circulating NEFA
levels (36). The possibility that the pRb status impacts on
insulin sensitivity through more direct mechanisms cannot be
discarded since Rb�/� mice fed regular chow already display
signs of increased systemic insulin sensitivity (they maintained
normoglycemia at reduced insulinemia) in the absence of
differences in body adiposity relative to wild-type littermates.
In this context, it is of note that increased activation of
components of the insulin-signaling pathway has been reported

Fig. 8. Expression of fatty acid oxidation and lipogenesis-related genes in liver
of Rb�/� and wild-type male mice after 18 wk of HFD60. mRNA levels data
are given as expression relative to 	-actin and are the mean 
 SE of 6–9
animals/group. Open bars, wild-type mice; filled bars, Rb�/� mice. *Different
from wild-type mice, P � 0.05, Student’s t-test; **different from wild-type
mice, P � 0.001, Student’s t-test. CPT I-L, carnitine palmitoyl transferase I
liver type; ACOX1, acyl-coenzyme A oxidase 1; SREBP-1c, sterol regulatory
element-binding protein-1c; FAS, fatty acid synthase; SCD1, stearoyl-coen-
zyme A desaturase-1.

Fig. 7. A: hematoxylin-eosin staining of iBAT sections of wild-type and
Rb�/� mice after 18 wk on a HFD60 also showing immunohistochemical
detection of UCP1 (brown). B: UCP1 protein levels in iBAT of Rb�/� mice
(filled bars) compared with sex-matched wild-type littermates (open bars) after
18 wk on HFD60. UCP1 was determined by immunoblotting. Data are the
mean 
 SE of 6–9 animals/group and are expressed relative to the mean value
of the sex-matched wild-type group, which was set as 100%. *Different from
sex-matched wild-type group (P � 0.05; Student’s t-test).
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in Rb-deficient compared with wild-type mouse embryonic
fibroblasts (13).

Simultaneously increased capabilities for adipogenesis/lipo-
genesis and fatty acid oxidation in critical tissues detected in
this work suggest a possible explanation for the requirement of
a prolonged dietary challenge to evidence a reduced adiposity
in the Rb�/� mice, although signs of increased metabolism
(increased rectal temperature, cold tolerance, and PGC-1�
expression in WAT) were already present in these mutants
when they were maintained on regular chow or fed a high-fat
diet for shorter periods. In particular, we found the mRNA
expression levels of PPAR� to be increased along with that of
energy metabolism-related genes in WAT depots of the Rb�/�

mice after different periods of high-fat diet feeding as well as
evidence of increased capabilities for both lipogenesis (in-
creased SREBP-1c and FAS expression) and fatty acid oxida-
tion (increased PPAR� and ACOX1 expression) in the liver of
the Rb�/� mice compared with wild-type littermates. Increased
expression of lipogenic genes in WAT and liver may reflect an
enhanced sensitivity of these tissues to the lipogenic effects of
insulin in the Rb�/� mice. The increased PPAR� expression in
WAT of Rb�/� mice may also reflect derepression of PPAR�
in the setting of partial Rb deficiency, since pRb can block the
transcriptional activity of liganded PPAR� (8) and activation
of PPAR� can result in increased PPAR� mRNA levels, as
certain PPAR� target genes (e.g., C/EBP�) encode proteins
known to transactivate the PPAR� gene promoter (32). A
prolonged dietary challenge appears to create conditions under
which the effects on energy expenditure finally prevail.

In summary, the findings in this work support a role for pRb
modulating energy metabolism and the responses to long-term
high-fat diet feeding by showing that pRb haploinsufficiency
protects obesity-prone C57BL/6J mice against high-fat diet-
induced obesity and its related complications of insulin resis-
tance and hepatosteatosis.
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