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Activation of the peroxisome proliferator-activated receptor
(PPAR)-� increases lipid catabolism and lowers the concen-
tration of circulating lipid, but its role in the control of glucose
metabolism is not as clearly established. Here we compared
PPAR� knockout mice with wild type and confirmed that the
former developed hypoglycemia during fasting. This was as-
sociated with only a slight increase in insulin sensitivity but
a dramatic increase in whole-body and adipose tissue glucose
use rates in the fasting state. The white sc and visceral fat
depots were larger due to an increase in the size and number
of adipocytes, and their level of GLUT4 expression was higher
and no longer regulated by the fed-to-fast transition. To eval-
uate whether these adipocyte deregulations were secondary
to the absence of PPAR� from liver, we reexpresssed this
transcription factor in the liver of knockout mice using re-

combinant adenoviruses. Whereas more than 90% of the hepa-
tocytes were infected and PPAR� expression was restored to
normal levels, the whole-body glucose use rate remained el-
evated. Next, to evaluate whether brain PPAR� could affect
glucose homeostasis, we activated brain PPAR� in wild-type
mice by infusing WY14643 into the lateral ventricle and
showed that whole-body glucose use was reduced. Hence, our
data show that PPAR� is involved in the regulation of glucose
homeostasis, insulin sensitivity, fat accumulation, and adi-
pose tissue glucose use by a mechanism that does not require
PPAR� expression in the liver. By contrast, activation of
PPAR� in the brain stimulates peripheral glucose use. This
suggests that the alteration in adipocyte glucose metabolism
in the knockout mice may result from the absence of PPAR�
in the brain. (Endocrinology 147: 4067–4078, 2006)

PEROXISOME PROLIFERATOR-ACTIVATED receptors
(PPARs)-�, -�, and -� are fatty acid-activated nuclear

transcription factors that control numerous genes involved
in lipid metabolism (1, 2). The PPAR� isoform is expressed
mostly in tissues with high rates of fatty acid oxidation and
peroxisomal metabolism (3), such as brown fat, liver, glial
cells of the brain, and heart (4–6). Whereas the role of PPAR�
has been studied in several tissues, its function in the control
of glucose homeostasis remains unclear.

In the presence of fatty acids, fibrates, and peroxisome
proliferators, PPAR� triggers the expression of hepatic genes
controlling fatty acid uptake, mitochondrial and peroxisomal
�-oxidation, and lipoprotein assembly (7–10). Consequently,

up-regulated expression of PPAR� during the postabsorp-
tive phase and fasting (9) promotes hepatic degradation of
free fatty acids. This mechanism is thought to be of major
importance in providing energy and to supply coenzymes
for gluconeogenesis. Because during fasting the liver is the
main organ producing glucose for the rest of the body, a
functional gluconeogenic pathway is an important require-
ment for the maintenance of euglycemia. In agreement with
this observation is the fact that fasted PPAR� null mice
develop hypoglycemia and have lower hepatic glycogen
stores (11). However, the causal role of PPAR� in the liver on
the regulation of glucose production and maintenance of
normal glycemia has not been demonstrated in vivo.

PPAR� is also expressed in muscles in which its function
is also related to increased fatty acid oxidation (12, 13) and
mitochondrial metabolism. With regard to the important role
of free fatty acids in insulin resistance (14, 15), one could
suggest that PPAR� might be an important factor in the
regulation of insulin action and lipid storage. However, this
putative role is controversial. Treatment with fibrate analogs
improves insulin sensitivity in animal models of insulin re-
sistance (16). Conversely, genetic ablation of PPAR� had no
effect on insulin resistance induced by a high-fat diet (17, 18),
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nor was insulin sensitivity improved (19). This discrepancy
could be related to an incomplete analysis of the phenotype,
in which not enough parameters have been characterized to
fully interpret the data. Hence, further studies are required.

A third important regulatory organ expressing PPAR� is
the brain (20). Over recent years a considerable number of
studies have shown the importance of the brain-to-periph-
eral tissue axis in the regulation of glucose homeostasis. It has
been reported that activation of PPAR� in the brain increased
the expression of genes involved in free fatty oxidation and
ketogenesis (21–24). This effect could be attributed to the
expression of PPAR� in glial cells (25) in which it could exert
an antiinflammatory effect. With regard to the important
physiological consequences of the control of lipid oxidation
(22) and inflammation (26) in the brain, one can speculate
that cerebral PPAR� would be a key regulator of glucose
homeostasis.

We addressed the role of PPAR� in the whole body, liver,
and brain on the control of whole-body glucose metabolism
by assessing endogenous glucose production, tissue-specific
glucose clearance rates, insulin sensitivity, and fat mass dis-
tribution and characteristics in PPAR� null mice, null mice
infected with a PPAR�-expressing adenovirus, and mice
with a PPAR� activator infused into the brain. We showed
that GLUT4 was overexpressed in the adipose fat pads of the
knockout mice, and this was associated with an increase in
fat mass, glucose use rate, and insulin hypersensitivity,
which could not be reversed by reexpressing PPAR� in the
liver. Conversely, the chronic infusion of a PPAR� activator
into the brain reduced whole-body glucose use, suggesting
that the impaired glucose homeostasis was dependent on
PPAR� expression in the brain. Moreover, in the fed state, the
concentration of mRNA for neuropeptide Y (NPY) and pro-
opiomelanocortin (POMC) was increased in the hypothala-
mus of PPAR� knockout mice, whereas the fasting-to-fed
transition was not accompanied by a normal regulation of
NPY and the cocaine amphetamine regulatory transcript
(CART).

Materials and Methods
Animals

Twelve to 14-wk-old wild-type C57BL/6 (Charles River, l’Arbresles,
France) and PPAR�-null female mice of the C57BL/6 strain were used.
They were housed with an inverted dark light cycle from 0800 to 2000 h.
Mice were studied in the fed state at 1400 h. For experiments in the
fasting state, food was removed at 0800 h, and the mice were kept in a
new clean cage for the period of time indicated. All animal experimental
procedures were approved by the Rangueil Hospital Committee of the
Rangueil Hospital, Toulouse, France.

Glucose turnover studies

Under anesthesia (Fluothane), an indwelling catheter was introduced
into the femoral vein of mice, sealed under the back skin, and glued on
the top of the skull (27). The mice were allowed to recover for 4–6 d, and
they showed normal body weight and feeding behavior. The whole-
body glucose use rate was determined in basal and hyperinsulinemic
euglycemic conditions in 6 h fasted mice. In the basal state, HPLC
purified d-(3H)3-glucose (PerkinElmer, Courtaboeuf, France) was con-
tinuously infused through the femoral vein at a rate of 10 �Ci/kg�min
for 3 h. Under hyperinsulinemic conditions, insulin was infused at a rate
of 18 mU/kg�min for 3 h. To ensure a sufficient enrichment of the plasma
with d-(3H)3-glucose, the tracer was infused at 30 �Ci/kg�min. Plasma

glucose concentrations and d-(3H)3-glucose-specific activity were de-
termined in 5 �l of blood sampled from the tip of the tail vein every 10
min during the last hour of the infusions. Throughout the infusion
period, blood samples (2.5 �l) were collected from the tip of the tail vein
to measure glycemia using a blood glucose meter (Roche Diagnostic,
Meylan, France). Euglycemia was maintained by periodically adjusting
the infusion rate of a 16.5% (wt/vol) glucose solution.

Glucose release from isolated hepatocytes

Livers from mice fasted overnight were perfused through the vena
cava with a collagenase buffer as previously described (28, 29). Briefly,
the isolated hepatocytes were preincubated for 2 h at 37 C in DMEM
without glucose and containing pyruvate (1 mm), lactate (10 mm), and
isobutylmethylxanthine (250 �m, Sigma, St. Louis, MO). The cells were
then washed and incubated with the same medium also containing 0.05
�Ci of 14C-pyruvate (PerkinElmer). Thirty minutes later the supernatant
was collected, and the 14C-glucose produced was quantified after sep-
aration on ion exchange resin, as previously described (30).

In vivo glucose use index in individual tissues

To determine an index for the glucose use rate by individual tissues,
a rapid iv injection of 20 �Ci per mouse of d-(3H)-2-deoxyglucose
[d-(3H)-2DG; PerkinElmer] was performed through the femoral vein 60
min before the end of the infusion period (30, 31). Plasma d-(3H)-2DG
disappearance and glucose concentration were determined in 5-�l drops
of blood sampled from the tip of the tail vein at 0, 5, 10, 15, 20, 25, 30,
45, and 60 min after the injection. Diaphragm, heart, tibialis, vastus
lateralis, and white adipose tissues were dissected out and immediately
dissolved in NaOH to extract the d-(3H)-2DG6-phosphate.

Isotope measurements

For glucose turnover measurements, the enrichments by d-(3H-3)-
glucose were determined from total blood after deproteinization by a
Zn(OH)2 precipitation as previously described (30, 31). Briefly, an ali-
quot of the protein-free supernatant was evaporated to dryness and
mixed with scintillation fluid to determine the radioactivity correspond-
ing to d-(3H-3)-glucose. In a second aliquot of the same supernatant,
glucose concentration was measured by the glucose oxidase method
(Trinder, Sigma).

For individual tissue glucose use measurements, plasma d-(3H)-2DG
was determined from total blood after deproteinization with a Zn(OH)2
precipitation, and tissue d-(3H)-2DG and d-(3H)-2DG-6 phosphate con-
tents were determined as previously described (30, 31). Briefly, a piece
of each tissue was dissolved in 1 m NaOH at 55 C for 60–120 min and
then neutralized with 1 m hydrochloric acid. d-(3H)-2DG 6-phosphate
and d-(3H)-2DG were differentially precipitated by the use of a zinc
hydroxide (0.3 m) or a perchloric acid solution (6%) (27).

Body composition

Gonadal fat pads were carefully dissected out and weighed. The
whole carcasses were chopped and dried to a constant weight at 70 C
in potassium hydroxide (1 m) and then subsequently homogenized.
Total body fat content was determined by the Soxhlet extraction method
using petroleum benzine.

Histological analysis of gonadal fat pads and determination
of adipocyte size and DNA content

Gonadal adipose tissue was removed from each animal and fixed in
10% formaldehyde/PBS and maintained at 4 C until used in a sucrose
solution. Fixed specimens were embedded in tissue-freezing medium
and frozen in isopentane cooled with liquid nitrogen. The tissue was cut
into 14-�m sections that were mounted on slides and was stained with
hematoxylin and eosin or with oil red O. The DNA content of adipose
tissue was measured as an index of adipocyte number. Frozen gonadal
adipose tissue was incubated overnight in the presence of Proteinase K
(250 �g). Genomic DNA was purified using phenol/chloroform and
then quantified by measuring the absorbance at 260 nm.

4068 Endocrinology, September 2006, 147(9):4067–4078 Knauf et al. • Glucose Turnover in PPAR�-Null Mice

 on August 18, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


Western blot analysis

White adipose tissue was harvested in a HEPES (25 mm)-sucrose (250
mm)-EDTA (2 mm) buffer at a 1:6 weight to volume ratio. Thirty mi-
crograms of whole protein extract were separated by electrophoresis on
a 12% sodium dodecyl sulfate-polyacrylamide gel and transferred onto
a polyvinyl difluoride membrane. Red Ponceau staining was performed
to ensure of an equal loading of each lane. GLUT4 was then immuno-
detected with a specific primary antibody (Santa Cruz Biotechnology, La
Jolla, CA) and a secondary antibody linked to horseradish peroxidase
(DakoCytomation, Glostrup, Denmark) and revealed by chemilumines-
cence. Band analyses were performed by scanning the corresponding
autoradiograph. The densitometric values were obtained and quantified
using the Image Quant software (Amersham Bioscience, Lyon, France).

PPAR� recombinant adenovirus

Briefly, after mutation of the PacI site in the 3� noncoding region, the
cDNA of the murine PPAR� gene was subcloned into the pAdTrack-
cytomegalovirus shuttle vector coexpressing green fluorescent protein
(GFP). The corresponding recombinant adenoviral vector was obtained
as previously described (32). Adenovirus expressing only GFP was used
as a control (Genethon, Nantes, France). PPAR� adenoviruses were
propagated in AD-293 cells and purified by cesium chloride density
centrifugation.

Adenovirus infection

In mice bearing an intrafemoral catheter, 5.5 � 108 pfu of an adeno-
virus expressing the GFP and PPAR� were injected in a total volume of
100 �l. Six days later basal glucose turnover was assessed. At the end
of the experiment, the livers were removed and fixed with a formalde-
hyde buffer [PBS 0.1 m (pH 7.4), 4% picric acid, and 4% formaldehyde],
cryoprotected 1 night in 20% sucrose, and observed by UV to quantify
approximately the percentage of cells of infected by the adenovirus.

RT-PCR analyses

Reexpression of PPAR� in the liver was evaluated by quantitative
RT-PCR analysis. Briefly, the total RNA (500 ng) was reverse transcribed
for 1 h at 42 C in a 20-�l final volume reaction mixture containing 50 mm
Tris-HCl, 75 mm KCl, 3 mm MgCl2, 10 mm dithiothreitol, 250 mm
random hexamers (Promega, Charbonnieres, France), 250 ng oligo(dT)
(Promega), 2 mm of each deoxynucleotide triphosphate, and 100 U
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Real-
time quantitative PCR analysis was performed starting with 6.25 ng of
reverse-transcribed total RNA in a final volume of 10 �l PCR, with 0.5
�m of each primer (Invitrogen), 2 mm MgCl2, using 1 � LightCycler
DNA Master SYBR Green I mix in a light cycler instrument (Roche
Molecular Biochemicals, Mannheim, Germany). Samples were incu-
bated in the LightCycler apparatus for an initial denaturation at 95 C for
10 min, followed by 40 cycles. Each cycle consisted of 95 C for 15 sec,
58 C for 7 sec, and 72 C for 15 sec. The primers used to detect PPAR�

were 5�-CGGCCTGGCCTTCTAAACA-3� for sense and 5�-TTTGGGAA-
GAGGGTGTCA-3� for antisense oligonucleotides.

RT-PCR analyses were similarly performed to assess the concentra-
tion of hexokinase II (HKII), fatty acid synthase (FAS), and acetyl-
coenzyme A carboxylase (ACC) in white adipose depots. Total RNA
from adipose tissue samples was prepared using the RNeasy kit (QIA-
GEN, Courtaboeuf, France). The absolute concentrations of FAS, HKII,
and ACC mRNAs were determined by reverse transcription (RT) fol-
lowed by real-time PCR using a Light-Cycler (Roche Diagnostics). First-
strand cDNAs were first synthesized from 1 �g of total RNA in the
presence of 100 U of Superscript II (Invitrogen, Cergy-Pontoise, France)
using both random hexamers and oligo (dT) primers (Promega). The
real-time PCR was performed in a final volume of 20 �l containing 5 �l
of a 60-fold dilution of the RT reaction medium, 15 �l of reaction buffer
from the FastStart DNA Master SYBR Green kit (Roche Diagnostics), and
10.5 pmol of the specific forward and reverse primers (Eurobio, Les Ulis,
France). The list of the primers is: HKII forward, CAA-GCG-TGG-ACT-
GCT-CTT-CC; HKII reverse, TGT-TGC-AGG-ATG-GCT-CGG-AC; FAS
forward, GTG-CAC-CCC-ATT-GAA-GGT-TCC; FAS reverse, GGT-
TTG-GAA-TGC-TGT-CCA-GGG; ACC1 forward, GAG-CAA-GGG-
ATA-AGT-TTG-AG; and ACC1 reverse, AGG-TGC-ATC-TTG-TGA-
TTA-GC. For quantification, a standard curve was systematically
generated with six different amounts (150 to 30,000 molecules/tube) of
purified target cDNA cloned in the pGEM plasmid (Promega). Each
assay was performed in duplicate, and validation of the real-time PCR
runs was assessed by evaluation of the melting temperature of the
products and the slope and error obtained with the standard curve. The
analyses were performed using the LightCycler software (Roche Diag-
nostics). The results were presented as relative mRNA levels. Each
absolute value of the mRNA of the genes of interest was compared with
hypoxanthine guanine phosphoribosyltransferase expression in the
same RT samples.

Nutritional regulation of hypothalamic gene expression,
RNA isolation, and RT-PCR analysis

The concentration of mRNA of NPY, agouti-related protein (AgRP),
POMC, and CART in the hypothalamus was determined in control and
PPAR��/� mice during fasted and fed states (n � 5–7). Total RNA was
isolated from the hypothalami with TriPure isolation reagent (Roche), and
single-strand cDNA was synthesized from 1 �g of total RNA by using oligo
dT (RT kit; Promega). Quantitative PCR was carried out with first-strand
cDNA using the following primers for the hypothalamic peptides: NPY
sense, 5�-CAGAAAACGCCCCCAGAAC-3�, antisense, 5�-CGGGAGAA-
CAAGTTTCATTTCC-3�; AgRP sense, 5�-CGGAGGTGCTAGATCCA-
CAGA-3�, antisense, 5�-AGGACTCGTGCAGCCTTACAC-3�; POMC
sense, 5�-AGGCCTGACACGTGGAAGAT-3�, antisense, 5�-AGCAG-
GAGGGCCAGCAA-3�; CART sense, 5�-TTCCTGCAATTCTTTCCTCT-
TGA-3�, antisense, 5�-GGGAATATGGGAACCGAAGGT-3�; and as inter-
nal control RPL-19 sense 5�-GAAGGTCAAAGGGAATGTGTTCA-3�,
antisense 5�-CCTTGTCTGCCTTCAGCTTGT-3� on an ABI Prism 5700HT
sequence detection system, with SYBR green reagents (Applied Biosystems

FIG. 1. Fasting-induced hypoglycemia in
PPAR�-null mice. Blood glucose (milli-
moles) (A) and plasma insulin (microunits
per milliliter) (B) in control (open bars,
wild type) and PPAR�-null (closed bars,
PPAR��/�) mice in the fed state and after
6 and 24 h of fasting. The number of anal-
yses ranges between six and 12 mice per
group. *, Statistically different from con-
trol mice when P � 0.05.
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Inc., Foster City, CA) in duplicate, and the data were analyzed according
to the 2�ØØCT method. The identity and purity of the amplified products
was checked by analyzing the melting curve carried out at the end of
amplification. To ensure the quality of the measurements, each plate in-
cluded a negative control for each gene.

Intracerebroventricular infusion of WY14643

Chronic treatment. On d 1, the animal was anesthetized and a 1-cm
midline incision was made in the skin over the skull. The animal was
then placed on a stereotaxic apparatus and the periosteum cleaned as
previous described (30). A hole, 1 mm in diameter, was made 0.1 mm
laterally and 0.22 mm anteroposterior from the bregma, and a cannula
(Alzet, Lupertino, CA) was inserted to a depth of 1.7 mm. Two sup-
porting screws were placed bilaterally, one in the posterior quadrants
and the other one in the anterior part of the skull, and secured in place
with acrylic dental cement (Magasin Général Dentaire, Paris, France).
The cannula was filled with artificial cerebral fluid (Harvard Apparatus,
Les Ulis, France) and connected to a sealed Tygon catheter. On d 7, mice
were implanted with an intrafemoral catheter. On d 14, WY14643
[4-chloro-6-(2,3-xilidino)-2-pyrimidinylthio acetic acid; Calbiochem, San
Diego, CA], a specific PPAR� activating ligand (33) used in rodents or
the vehicle [dimethyl sulfoxide (DMSO); Sigma Aldrich, St quentin
Fallavier, France; 50% in NaCl 0.9%] were infused continuously at a rate
of 0.5 �l/h (1 mg/kg�d) using an osmotic minipump implanted sc and
connected to the intracerebroventricular catheter. On d 21 glucose turn-
over was analyzed.

Acute treatment

The first steps of the acute treatment were similar from d 1 to 14 of
the chronic procedure. On d 14, after 6 h of fasting, WY14643 or DMSO-
NaCl 0.09% was infused into the lateral ventricle of the brain over 3 h
at a rate similar to the chronic procedure.

Calculations

Calculations for glucose turnover measurements were made from
parameters obtained during the last 60 min of the infusions in steady-
state condition as previously described (20, 24). Briefly, the specific
activity of the d-(3H)3-glucose was calculated by dividing the d-(3H)3-
glucose enrichment by the plasma glucose concentration. The whole-
body glucose turnover rate was calculated by dividing the rate of
d-(3H)3-glucose infusion by the d-(3H)3-glucose-specific activity in the
plasma. Whole-body glucose clearance rates were calculated by dividing
the glucose turnover rate by the level of glycemia. For each mouse the
mean values have been calculated and averaged with values from mice
of the same group. Mice showing variations of the steady-state d-(3H)3-
glucose-specific activity greater than 15% during this time period were
excluded from the study.

Statistical analysis

Results are presented as means � se. Statistical significance of dif-
ferences was analyzed by using Student’s t test for unpaired bilaterally
distributed values of unequal variance. Two values were considered
different from each other when P � 0.05.

Results
Blood parameters

In the fed state, blood glucose concentrations were similar
in both control and PPAR�-null mice (Fig. 1A). However,
during fasting, glycemia decreased in both groups, although
this reduction was more pronounced in the PPAR�-null mice
at both 6 and 24 h of fasting. Conversely, whereas plasma
insulin concentrations were similar between groups in the

FIG. 2. EGP production and glucose
clearance rates are elevated, whereas he-
patocyte glucose production rate is normal
in PPAR�-null mice. EGP (milligrams per
kilogram per minute) (A) and glucose
clearance rates (milliliters per kilogram
per minute) (B) were assessed in 6 and
24 h fasted controls [open bars, wild type
(wt)] and PPAR�-null mice (closed bars,
PPAR��/�). The EGP rate was elevated in
PPAR�-null mice and was associated with
an increase in the rate of whole-body glu-
cose clearance. The number of analysis
ranged between five and seven mice per
group. *, Statistically different from con-
trol mice when P � 0.05. C, The glucose
release rate (10�3 mg/min�mg protein)
was assessed in isolated hepatocytes. Glu-
cose release was not different between
both groups. The analysis was carried out
with hepatocytes isolated from three mice
in each group. D, Whole body glucose
turnover stimulated by insulin (milliliters
per kilogram per minute) was increased in
PPAR��/� mice during euglycemic hyper-
insulinemic clamp. The number of analy-
sis ranged from five to seven mice per
group. *, Statistically different from con-
trol mice when P � 0.05.
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fed state, in the fasted state, they were higher in the PPAR�-
null mice than the control wild type (Fig. 1B).

In vivo and in vitro glucose fluxes

To determine whether the hypoglycemia of PPAR� null
mice was due to reduced endogenous glucose production,
we quantified the endogenous glucose production rate (EGP)
after 6 and 24 h of fasting. EGP was increased in all instances
in the PPAR�-null mice over the value of the control mice
(Fig. 2A). Because the blood glucose levels were different
between the controls and the PPAR�-null mice in the fasted
state, we calculated the blood glucose clearance rates. They
were also higher in the PPAR�-null than control mice, show-
ing that the hypoglycemia could not be caused by a reduced
EGP because EGP was actually increased but was associated
more with increased glucose use (Fig. 2B). This conclusion
was further confirmed by the assessment of glucose produc-

tion by isolated hepatocytes incubated in the presence of
pyruvate and lactate as gluconeogenic precursors. Glucose
production was not statistically different in fasted control
and PPAR�-null hepatocytes (Fig. 2C). To assess whether the
increased whole-body glucose clearance rate could be asso-
ciated with increased insulin sensitivity, we assessed insulin
action in vivo by the euglycemic hyperinsulinemic clamp
technique. Whole-body insulin sensitivity was increased by
15% in the PPAR�-null mice when compared with control
mice (Fig. 2D).

Individual tissue glucose clearance and gene expression in
the fasting state

To determine which tissue was responsible for the in-
creased whole-body glucose use in the fasted state, we as-
sessed the glucose clearance rates of individual tissues (Fig.
3A). The glucose clearance rate was increased 5-fold in go-

FIG. 3. White adipose tissue glucose clearance is increased in PPAR��/� mice. A, Individual tissue glucose clearance (nanoliters per milligram
per minute) was assessed in diaphragm (Dia), heart (Hea), tibialis anterior (Tib), vastus lateralis (Vl), and perigonadal white adipose tissue
(WAT). B, Representative Western blot analysis and quantification of GLUT4 content in vastus lateralis (Vl), brown adipose (BAT), sc (SC),
and epididymal (EP) adipose depots after 24 h of fasting. Data are expressed as mean OD (square millimeters � SE). Two representative samples
per group are shown from a cohort of five to six per group. Red Ponceau staining was performed to ensure similar loading between lanes. The
ratio of the mRNA content between hypoxanthine guanine phosphoribosyltransferase (HPRT) and ACC (C), FAS (D), and HKII (E) in EP and
sc adipose depots. *, Statistically different from control mice when P � 0.05. OD (square millimeters) represents densitometric arbitrary units.
Six mice per group were studied. KO, Knockout.
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nadal white adipose tissue of PPAR�-null mice, compared
with the controls, whereas it was not significantly different
between other tissues of control and PPAR�-null mice.

To determine whether the increased glucose clearance by
adipose tissue could be due to an up-regulation of GLUT4
expression, we evaluated the concentration of this trans-
porter by Western blot analysis in the fasted state. Figure 3B
shows that GLUT4 concentration was similar in muscle and
brown adipose tissue of both control and mutant mice. Con-
versely, it was increased by 25 and 23% over controls in sc
and epididymal adipose depots, respectively. Importantly,
in the knockout mice, sc adipose tissue, ACC mRNA (Fig. 3C)
and FAS mRNA (Fig. 3D) concentrations were increased,
whereas HKII mRNA was unchanged (Fig. 3E). Conversely,
in the epididymal adipose depot, a small but significant
decrease in ACC mRNA (Fig. 3C) was observed. We then
studied whether GLUT4 overexpression in adipose tissue
was regulated by the fed-to-fasted transition. Whereas the
fed-to-fasted transition was associated with a 90% reduction
in GLUT4 concentration in adipocytes from control mice, in
the PPAR�-null mice, the level of GLUT4 was not reduced
(Fig. 4).

Body weight, composition, and adipocyte studies

Body weight, gonadal pad weight, and total lipid content
were 15, 40, and 20% higher in PPAR�-null than age matched
control mice, respectively (Fig. 5, A–C), whereas the lean
mass was not significantly different (Fig. 5D). The total DNA
content of gonadal fat pads per gram of body weight was
increased by 30% in PPAR�-null mice (Fig. 6A), but the DNA
content per gram of gonadal tissue was reduced by 37%,
indicating therefore an increase in adipocyte size (Fig. 6B).
This was confirmed by histological analysis of sections from
gonadal fat pads, which showed white adipocytes with
larger cell diameters (Fig. 6C).

Reexpression of PPAR� in the livers of knockout mice did
not rescue the metabolic phenotype

A PPAR�-mediated expression adenovirus was used to
reexpress the gene in the liver of mutant mice (Fig. 7A). More

than 90% of the hepatocytes reexpressed the gene (Fig. 7B).
Six days after reexpression of PPAR�, the glucose turnover
rate was not different from the controls infected with a GFP-
expressing adenovirus (Fig. 7C). No other tissue was infected
by adenovirus treatment (Fig. 7D). Body weight, postpran-
dial glycemia, and insulinemia were followed over 6 d after
adenovirus injection and remained unchanged (not shown).

Effect of WY14643 infusion into the brain

PPAR� is expressed in the brain, which is a major organ
involved in the control of glucose homeostasis (9). To analyze
the role of PPAR� in the brain on the control of glucose
homeostasis, we infused WY14643 into the brain using either
osmotic minipumps for 7 d or an indwelling catheter for 3 h.

In the chronically treated mice, the whole-body glucose
turnover and glycolytic and glycogen synthesis rates were
reduced by 50–70% (Fig. 8). Similar results were observed in
acutely treated mice (Fig. 9). Furthermore, WY14643 had no
effect on glucose use in PPAR� mutant mice, and no effects
on body weight, glycemia, and insulinemia were detected
(not shown).

To further delineate the role of PPAR� in the brain for the
control of glucose use by the different tissues, we quantified
2-deoxyglucose use in wild-type mice infused with WY14643
into the brain for 3 h. The data show that 2-deoxyglucose use
was reduced in adipose depots, reaching significance in the
epididymal fat pad (Fig. 10A). Conversely, no difference was
noted in all the muscles studied (Fig. 10A) and brown adi-
pose tissue (Fig. 10B).

Neuropeptide mRNA concentrations in the hypothalamus of
wild-type and PPAR��/� mice in fast and fed states

To provide support for a role of PPAR� in the brain as a
regulator of glucose homeostasis, we performed RT-PCR
analyses to quantify the concentration of 2-orexigenic (NPY,
AgRP) and 2-anorexigenic neuropeptides (POMC, CART)
mRNAs in the hypothalamus in fed and fast conditions. In
the wild-type mice, the fed-to-fasting transition was accom-
panied by a significant increase in NPY and AgRP mRNAs
and decrease in POMC and CART mRNA concentrations in

FIG. 4. Adipose tissue GLUT4 concentration is not
reduced during fasting in PPAR��/� mice. Represen-
tative Western blot analyses of GLUT4 content in
perigonadal adipose tissue after 24 h of fasting. The
upper row corresponds to the fed condition and the
lower row to the fasted condition. The left lane of each
blot corresponds to an internal standard (Std). Lanes
1–5 correspond to different mice for each condition,
excepted for fasted PPAR� knockout mice in which
only four animals have been studied. Red Ponceau
staining was performed to ensure similar loading be-
tween lanes.
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the hypothalamus (Fig. 11, A–D). Conversely, in the mutant
mice, the mRNA concentrations of AgRP and POMC were
the only ones to follow those of the wild-type mice (Fig. 11,
A–D). Importantly, the fed mRNA concentrations of NPY
and POMC were higher in the mutant than the wild-type
mice, whereas in the fasting state, no significant differences
were noted between the two groups of mice.

Discussion

The lack of PPAR� in mice induces a dramatic hypogly-
cemia during fasting. Here we show that in the absence of
this transcription factor, whole-body glucose use, white ad-
ipose tissue glucose use, GLUT4 expression, fat mass, and
insulin sensitivity are all increased. The lack of PPAR� in the
liver was not involved in this phenotype because adenovi-
rus-mediated PPAR� reexpression in the liver did not revert
the phenotype to normal. Conversely, when a PPAR� agonist
was infused into the brain of a wild-type mouse, whole-body
and adipose tissue glucose use was reduced. Our data sug-

gest that central nervous PPAR� has an important role in the
control of whole-body glucose homeostasis.

In a first set of experiments, we assessed fasted and fed
plasma parameters and confirmed that in the PPAR�-null
mice, blood glucose levels decreased rapidly after food re-
moval and remained in the hypoglycemic range (34). This
was associated with hyperinsulinemia as previously de-
scribed when the mice were fed a normal chow (16) or a
high-fat diet (35). These confirmatory results further dem-
onstrate that glucose homeostasis is impaired in the absence
of PPAR�. Several organs have key functions in the regula-
tion of glycemia, with the liver producing glucose during the
fasting state to supply other organs. We show here that
hepatic glucose production, although increased over con-
trols, was ineffective in maintaining normal glycemia during
long-term fasting, i.e. when gluconeogenesis is fully active.
This mechanism could be related either to an impaired glu-
cose futile cycling (36), resulting in a lower capacity to pro-
duce glucose by gluconeogenesis, or to excessive peripheral

FIG. 5. Increased fat mass in PPAR��/� mice.
Body weight (grams) (A), fat pad weight (milli-
grams) (B), total body lipid (percent of body
weight) (C), and lean mass (grams) (D) of con-
trols [wild type (wt), open bars] and PPAR��/�

mice (closed bars). The number of analyses is
seven mice per group. *, Statistically different
from control mice when P � 0.05.

FIG. 6. PPAR��/� mice fat pads have more adipocytes and are of larger size. A, Gonadal fat DNA content (micrograms per gram of body weight)
of controls [wild type (wt), open bars] and PPAR��/� mice (closed bars). B, Adipocyte size index (micrograms of gonadal DNA per gram of gonadal
tissue). C, Adipocyte morphology. Hematoxylin and eosin (H&E) or oil red O staining. *, Statistically different from control mice when P � 0.05.
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glucose use. Whereas the former hypothesis has previously
been validated, we further assessed whether the second hy-
pothesis was also relevant. We found that whole-body glu-
cose use was dramatically increased during fasting in the
PPAR�-null mice. This was associated with an excessive
glucose use rate and a high GLUT4 content in perigonadal
and sc adipose depots. The increased GLUT4 was not ob-
served in either interscapular brown fat or muscles. Impor-
tantly, the fed-to-fasted transition did not affect the perigo-

nadal GLUT4 content in the knockout mouse, showing the
strong impact of the lack of PPAR� on the regulation of
GLUT4 expression. Interestingly, the increased adipose tis-
sue GLUT4 content was associated with an increased FAS
and ACC mRNA but not HKII mRNA concentration in sc
adipose depots. However, no changes or a slight decrease of
the concentration of these mRNAs was detected in the epi-
didymal adipose depot. An increased GLUT4 in adipose
tissue is sufficient in itself to increase glucose use and fat
accumulation (37). Furthermore, we show that whole-body
insulin sensitivity was increased by 15%, which could be due
solely to the increased adipose tissue GLUT4. This hypoth-
esis has been proposed previously in mice overexpressing
GLUT4 in white adipose tissue. Such mice were resistant to
streptozotocin-induced diabetes (38).

An interesting question remaining is to understand why
GLUT4 was overexpressed in white adipose depots only and
not in brown adipose depot or muscles. Hyperinsulinemia is
certainly a strong regulator of GLUT4 expression in adipose
depots (39). A slight hyperinsulinemia is observed in
PPAR��/� fasted mice and could contribute at least in part
to the mechanism. However, insulin also increases GLUT4
expression in brown adipose tissue (40), but no changes have
been observed in PPAR��/� mice. Therefore, other mecha-
nisms could be implicated, including numerous factors
linked to adipocyte differentiation or energy metabolism.
The differentiation and maintenance of adipose tissue is
driven by the transcription factor PPAR�, a member of the
nuclear receptor family (41). PPAR� heterodimerizes with
retinoid X receptor-� and controls transcription of target
genes by binding to a direct repeat-1 PPAR� response ele-

FIG. 8. A chronic infusion of a PPAR� agonist into the brain reduces
whole-body glucose turnover and glycolysis but not glycogen synthe-
sis. Basal whole-body glucose turnover (TO), glycolysis (Glycol), and
glycogen synthesis (Gln Synth) rates (milligrams per kilogram per
minute) were assessed after a 7-d chronic infusion of PPAR� agonist
(WY14643, closed bars) or DMSO-NaCl 0.9% (controls, open bars) in
mice. *, Statistically different from DMSO-infused mice when P �
0.05. Seven mice per group were studied.

FIG. 7. Reexpression of PPAR� in liver
of knockout mice does not rescue the
metabolic phenotype. A, Relative
PPAR� mRNA content in the liver of
wild-type [wild type (wt), open bars] and
PPAR�-null mice infected with GFP
(AV-GFP) or PPAR� (AV-PPAR�) ex-
pressing adenovirus (closed bars). B,
Histological representation of a liver
slice showing that more than 90% of the
hepatocytes were reexpressing the gene
in PPAR��/� mouse expressing AV-
PPAR�. White arrow shows a cen-
trolobular vein. C, Basal glucose turn-
over (milligrams per kilogram per
minute) in PPAR��/� mice infected
with AV-GFP (open bars) or AV-PPAR�
(closed bars). No difference was noted
between groups. D, Relative PPAR�
mRNA content (arbitrary units) in dif-
ferent tissues of PPAR��/� mice in-
fected with AV-GFP (open bars) or AV-
PPAR� (closed bars). The number of
analyses was six mice per group.*, Sta-
tistically different from AV-GFP-in-
fected mice or wt when P � 0.05.
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ment located in the promoter of target genes (42). Similarly,
it has been shown that liver X receptors, expressed in adipose
tissues, are involved in the regulation of adipose tissue fatty
acid metabolism, triglyceride storage, and in addition, they
increase GLUT4 expression in adipocytes (43). Therefore, one
could suggest that the elevated free fatty acid concentrations
characteristic of the PPAR��/� mice (9) could contribute to
the GLUT4 regulation. We also evaluated the consequences
of adipose tissue GLUT4 overexpression on whole-body fat
mass and showed that body weight, fat pad weight, adipo-
cyte size, and the number of adipocytes were increased in the
PPAR� knockout mice. Because the corresponding transcrip-

tion factor is not expressed, or only at trace levels, in adipose
cells (44), we surmised that the regulation of whole-body
glucose homeostasis would depend on the expression of
PPAR� in other cell types.

An important regulator of whole-body glucose homeostasis
is the liver and PPAR� is strongly expressed in hepatocytes. In
a second set of experiments, we assessed whether the PPAR�
in the liver could be responsible for the phenotypes of the null
mice. To achieve this, we reexpressed PPAR� specifically in the
liver by means of an adenovirus. In these mice, whole-body
glucose use remained elevated, showing that PPAR� in the liver
was not responsible for the entire phenotype.

FIG. 9. An acute 3-h infusion of a
PPAR� agonist into the brain reduces
whole-body glucose turnover. Basal
whole-body glucose turnover (TO), gly-
colysis (Glycol), and glycogen synthesis
(Gln Synth) rates (milligrams per kilo-
gram per minute) were assessed after a
3-h PPAR� agonist (WY14643, closed
bars) or DMSO-NaCl 0.9% (controls,
open bars) infusion in wild-type (wt)
and PPAR� knockout (PPAR��/�) mice.
*, Statistically different from DMSO-
infused mice when P � 0.05. Seven mice
per group were studied.

FIG. 10. An acute 3-h infusion of a PPAR� agonist into the brain of wild-type (wt) mice controls adipose tissue glucose use. Individual tissue
glucose use rate (nanograms per milligram per minute) was assessed during the basal state in sc (SC) and epididymal (EP) adipose depots, vastus
lateralis (Vl), tibialis anterior (Tib), and skin (A) and in brown adipose tissue (BAT) (B). *, Statistically different from DMSO-infused mice when
P � 0.05. Five mice per group were studied.
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Over recent years it has been demonstrated that the brain
is a major regulator of whole-body glucose homeostasis.
Because PPAR� is expressed in the brain, we investigated
whether the brain PPAR� could be involved in the regulation
of glucose metabolism. To do this, a third set of mice was
infused for 7 d with the agonist WY14643 into the lateral
ventricle of the brain. In these mice whole-body glucose use
was dramatically reduced, suggesting that brain PPAR�,
when activated, reduces whole-body glucose use. We could
not show a further reduction of white adipose tissue GLUT4
content because the latter is already dramatically reduced
during fasting in normal mice (not shown). Interestingly, we
performed similar experiments in which WY14643 was in-
fused acutely for 3 h into the brains of wild-type and PPAR�
mutant mice. Adipose tissue glucose use and whole-body
glucose turnover were reduced, therefore confirming the
inhibitory effect of WY14643 on the control of whole-body
glucose homeostasis. Importantly, this effect was specific
because no differences were seen when WY14643 was in-
fused into the brains of the PPAR�-mutant mice.

The regulatory effect of PPAR� in the brain could be re-
lated to its antiinflammatory effect (45). These authors
showed that lipopolysaccharide-stimulated microglial cells
have a reduced secretion of proinflammatory cytokines
TNF�, IL-6, and reduced nitric oxide production in the pres-
ence of a WY14643 analog. Because inflammatory cytokines
inhibit brain neuropeptides such as POMC (46), the regula-
tory role of cerebral neuropeptides on whole-body glucose
homeostasis (46) could consequently be impaired in the ab-
sence of PPAR�. The central regulation of whole-body glu-
cose homeostasis is mediated by the autonomic nervous sys-
tem (47). We and others have shown that nutrients and
hormones can control whole-body glucose use and hepatic
glucose production (27, 48–50). Therefore, through its reg-

ulatory effect on neuropeptides, PPAR� could control whole-
body glucose metabolism.

To challenge this hypothesis, we determined the mRNA
concentration, in the hypothalamus, of orexigenic (NPY,
AgRP) and anorexigenic (POMC, CART) peptides. Our data
show that PPAR��/� mice exhibit an increased NPY mRNA
concentration in the hypothalamus. This orexigenic neu-
ropeptide has been shown to induce obesity when infused
directly into the brain of rats (51). In that model the rats
became hyperinsulinemic, which could, at least in part, be
responsible for the increased energy storage. Hyperinsulin-
emia is a strong enhancer of GLUT4 gene expression in
adipose tissue (39). Hence, it is possible that the slight hy-
perinsulinemia observed in the PPAR��/� mice could con-
tribute to the increase in the GLUT4 content of adipose tissue.
Whether the increase NPY mRNA concentration in the
PPAR��/� mice is responsible for their hyperinsulinemia
and the increased GLUT4 expression in adipose tissue re-
mains to be determined. Furthermore, the mRNA content of
POMC in the hypothalamus was also increased in
PPAR��/� mice. POMC processing leads to the production
of �MSH, a neuropeptide shown to increase insulin sensi-
tivity (52). This feature matches the phenotype of the
PPAR��/� mice, which are hypersensitive to insulin. Again
it could be that in the absence of PPAR��/�, the increased
hypothalamic POMC concentration could be, at least in part,
responsible for the increased sensitivity to insulin. This latter
feature, associated with the excessive adipose tissue GLUT4
content, could certainly lead to increased energy storage and
fasting-induced hypoglycemia as described for the
PPAR��/� mice. AgRP and CART were also quantified.
Whereas the concentration of CART was increased during
fasting in PPAR��/� mice, its contribution to the phenotype
remains unclear.

FIG. 11. Hypothalamic NPY, AgRP,
POMC, and CART mRNA content dur-
ing the fed-to-fasting transition. The
hypothalamic mRNA content of the
genes coding for NPY, AgRP, POMC,
and CART was quantified in wild-type
(wt, open bars) and PPAR��/� (closed
bars) mice during the fed-to-fasting
transition. *, Statistically different
from wild-type mice when P � 0.05. §,
Statistically different from the corre-
sponding fed state when P � 0.05. Five
to seven mice per group were studied.
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In conclusion, the lack of PPAR� in null mice is associated,
in the fasted state, with increased whole-body glucose use,
white adipose tissue glucose use, and GLUT4 content, which
could not be explained by the lack of PPAR� in the liver.
Conversely, our data suggest, albeit indirectly, that the ab-
sence of PPAR� in the brain could contribute to the metabolic
phenotype of the PPAR� null mice.
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