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Since evidence has appeared that « and vy isoforms of the peroxisome proliferator receptors (PPARs) are involved in the
regulation of triglyceride homeostasis and in the control of the differentiation of adipocytes that is required for the
development of obesity, a large number of studies have investigated the physiologic role of nuclear receptors in the control
of energy balance. The aim of this study was to determine the early effects of an obesity-inducing diet on the expression of
PPAR« and vy and other nuclear receptors such as all-trans retinoic acid receptor (RAR) and triiodothyronine receptor (TR),
which all form functional heterodimers with a common partner, the 9-cis retinoic acid receptor (RXR). The experiment used
a cafeteria diet where 60% of the energy was supplied as lipids. This diet was offered to young rats for 8 and 28 days and the
expression of nuclear receptors was determined at the end of each experimental time period (1) in the liver by assaying the
binding properties of RAR and TR and by quantifying mRNA levels of RARB, TRa,,, RXRa, and PPARq, and (2) in the white
adipose tissue (WAT) by quantifying mRNA levels of RARa, RXRa, TRa,B,, and PPARYy,. After 8 days of cafeteria diet a
significant decrease of RAR and TR maximal binding capacity (MBC) was observed in the liver (-20.1% and -35.0%, respec-
tively, P < .05) and the level of the mRNA of RAR was significantly decreased (-17.4%, P < .05). After 28 days of cafeteria diet,
the level of the mRNA of PPAR« and acyl-CoA oxidase (ACOX) was significantly increased (+54.5% and +37.8%, P < .01 and
P < .05, respectively), whereas the MBC of RAR and TR was significantly decreased (-16.0% and -23.4%, P < .01), as were the
mRNA levels of RARB and TRa, 3, (-28.5% and -32.0%, P < .05). The level of RXRa mRNA was unchanged. In WAT, the mRNA
level of PPARY, was significantly increased after 28 days of cafeteria diet (+49.5%, P < .05) and the mRNA levels of RAR« and
TRa, B, significantly decreased (-22.3% and -31.0%, P < .05). These results as a whole showed that a high-fat diet can induce
early modifications in the pattern of expression of nuclear receptors in the liver and the WAT. These modifications could be
compatible with an early adaptive phenomenon. Further investigations are necessary to better understanding the link
between the modifications of the pattern of expression of these receptors and plasticity of adipose tissue leading to the onset
of obesity.

Copyright © 2001 by W.B. Saunders Company

HERE IS ACCUMULATING epidemiologic evidence could be involved in the development of obesity and associated

that body weight and the prevalence of obesity are risingsyndromes in humarfsThus, the white adipocyte differentia-
rapidly in many countries A number of studies have suggested tion program has been extensively studied and the importance
that environmental factors, and notably dietary factors, areof RAR and PPAR activation in eliciting the acquisition of the
associated with obesity. Macronutrient energy distribution andadipocyte phenotype has been shéWe suggest that the
particularly calories supply from dietary fat have received excess in dietary fat often associated with the onset of obesity
attention2 Great progress has been made in knowledge of thecould induce in the early stage of overweight development of
physiological and molecular mechanisms of the various dietarythis disease, a modification in the pattern of expression of these
fatty acids in health and disease in recent yé#atty acids are  nuclear receptors.
now considered as important modulators of gene expression in The purpose of the current study was to determine whether
various tissues, such as liver and adipose tissues, in responsettte overfeeding of a fat energy-dense diet (cafeteria diet) mod-
nutritional change. Most of this transcriptional action is medi- ifies the nuclear receptor profiles. We investigated the effects of
ated by activation of specific nuclear hormone receptor, calledhis diet intake on the expression of RAR, RXR, TR, and PPAR
peroxysome proliferator-activated receptors (PPARSe- in rat liver (the major site of retinoid metabolism, but also the
cently, other nuclear modulators such as retinoids have beefajor place of fatty acid and lipoprotein metabolism) and in the
implicated in energy balance and adipose tissue developmenthite adipose tissue (WAT). Their expression was determined
through modulating gene expressfon.

The cellular action of retinoic acid is mediated by 2 types of
nuclear receptors retinoic acid receptors (RARs) and retinoid X From the Laboratory of Nutrition and Cellular Signaling, University
receptors (RXRs). RXR is the common partner for the forma-Bordeaux I, Talence, France; and the Department of Physiology and
tion of RAR, PPAR, and also triiodothyronine receptor (TR) Nutrition, University of Navarra, Pamplona, Spain.
functional heterodimers that are ligand-inducible transcription Submitted July 27, 2000; accepted April 9, 2001.
factors. Thus, the relative availability of RXR in the cell results ~ Supported in part by the Conseil flenal d'Aquitaine (Fonds Com-
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Recent evidence points out to the fact that obesity is 833405.Talence Cedex. France.
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by assaying binding properties and/or mRNA levels of the[°*H]CD367 (specific activity, 0.116 mGik). After 1 hour of incuba
isoforms that are sensitive to change in nutritional and hor-tion at 4°C, bound and free CD367 were submitted to a high-perfor-
monal status. mance size-exclusion chromatography on TSK (Tosoh Corp) gel
G3000SW column (CIL, Cluzeau, Puteaux, France) and eluted with 0.3
MATERIALS AND METHODS mol/L KH,PO,, pH 7.8. Fractions were collected and counted in a
liquid scintillation counter using Ready Safe Cocktail (Beckman In-
struments, Gagny, France) as the scintillation liquid. Nonspecific bind-
Official French regulations for the care and use of laboratory animaldng was determined by incubation in the presence of 1,000-fold excess
were followed. Six-week-old male Wistar rats were obtained from of unlabeled CD367.
IFFA-CREDO (I'Arbresle, France), and were randomly divided into 4
groups with 8 rats each, according to the type and term of diet givenExtraction of TR and Binding Assay
The animals were housed 2 rats per cage in an air-conditioned room of
mean temperature 2t 1°C and with a light/dark cycle of 12 hours:12
hours during the experiment. After 10 days of acclimation to the
housing conditions, rats (weighing 2506 g) received either a control
diet or a cafeteria diet for 8 or 28 days. The control diet was a standar
laboratory chow (AO4-type pellets from U.A.R., Villemoisson-sur-
Orge, France) . The cafeteria diet was prepared from a variety of highl - T " .
) ere performed in 0.2 mL TKEM with*f3]triiodothyronine (0.03 to
palatable human foods that induced a voluntary and spontaneous h¥5

S . . B .06 nmol/L; specific activity, 3 mGilg) for 3 hours at 20°C. The
perphagia in rats. The animals receiving the cafeteria diet were Pre.nding reaction was stonped by the addition of 0.8 mL of an ice-cold
sented daily with a fresh offering of the following items't@abacon, 9 PP y )

. S o ; owex 1X8 anion exchange resin (Sigma, St Louis, MO) suspension in
chocolate, potato chips, biscuits, and a pelleted diet in a proportion o 9 (Sig ) P

2:1:1:1:1:1 as previously publishé® All of these food constituents KEM (60 mg/mL) that binds free triiodothyronine 4T Bound and

were weighed before feeding and presented in excess. In this cafeterlfglee T; were separated by centrifugation (1,080g, 5 minutes), then

diet, energy supplied as lipids represented 60% of the total energ prot_ein-_bound and fre_ze ];radi_oactivit_y were measured. Nonspecific
. - B . 5 binding was determined by incubation in the presence of 1,000-fold
intake and these lipids consisted mainly of saturated (SFA) and MONO. - << of unlabeled.T
unsaturated fatty acids (MUFA): 45% SFA, 45% MUFA, and 10% ¥
ponur_]satL_Jrated fgtty acids (PUFA). The 2 exp_enmental time peHOdsQuantification of MRNA
used in this experiment correspond to (1) the time of exposure to the
obesity-inductive diet (8 days), and (2) the time necessary in order to Total RNA was isolated in the liver by the method of Chomczynski
observe the beginning of weight gain (28 days). Rats were weighed anénd Sacchf and in WAT using an extraction kit (RNeasy Mini Kit,
their food intake calculated daily. QIAGEN, Courtaboeuf, France). Aliguots of RNA samples were elec-
Rats were killed by decapitation (between 9 and 10 AM) either 8trophoresed through a 1% agarose denaturing gel to ensure RNA
days or 28 days after the start of dietary treatment. Blood was collectedntegrity. The mRNA was quantified, using a semiquantitative method,
and the liver and WAT were rapidly excised and washed twice in coldby reverse transcription and amplification by the polymerase chain
saline (NaCl 0.15 mol/L) solution. Portions of the liver and WAT were reaction (RT-PCR) as described by M&eiberville et at° using 10ug
immediately frozen in liquid nitrogen and stored at -80°C for subse-of total RNA and 100 U of Superscript Il reverse transcriptase (Gibco

Animals and Diets

TR extraction and binding assay were performed using the method of
Torresani and DeGrogdt. Briefly, nuclear extract was obtained from
purified nuclei with a high ionic strength TKEM buffer (400 mmol/L
Cl, 2 mmol/L EDTA, 20 mmol/L, 1 mmol/L MgCJ, Tris-HCI, pH
.9) at 0°C for 30 minutes and by subsequent ultracentrifugation at
100,000 g for 30 minutes. Incubations of nuclear proteins (o)

quent analysis. BRL, Cergy Pontoise, France) for the reverse-transcription step. PCR
was performed on 1L of the cDNA in a total volume of 18QL
Biochemicals Measurements containing 10 mmol/L Tris-HCI (pH 8.5), 2 mmol/L Mggl 50

Serum levels of cholesterol and triacylglycerol were determinedmmOVL KCl, 0.2 mmol/L of each of the dNTPs, 1.85 MBq

32
using an automatic analyzer (Systemes Synchron CX 5, Beckman[,“' P]dCT_P' 0.5 UTaqponmera§e, and jig e_ach of the forward and
Gagny, France) following routine procedures. reverse primers. The PCR reaction was carried out for 33 cycles. Each

cycle consisted of 1 minute at 95°C, 1 minute at 60°C, and 2 minutes
Receptors Preparation and Binding Studies at_72°C. For qugntitative analysis of PCR_p_rod_uctp,LﬂDCR reaction
. . i . ) mixture was withdrawn after each amplification cycle (from 7th to

All tlssge fractionations were performed at 4°C. Nuclei were |so|ated24th) and the coamplified fragment were separated by electrophoresis
as described by DeGroot and Torres8nAll subsequent steps were oy 1094 acrylamide gel. The incorporated radioactivity was visualized
performed at 0 to 4°C. The binding properties of receptors (maximalyy, 4ytoradiography, and the bands were excised from gel and quanti-
binding capacity and dissociation constalt]) were derived from ey by scintillation counting. For example, a semilogarithmic repre-
Scatchard analysis of results obtained by in vitro binding studies.  gantation of the relative amplification productséctin and PPAR,
genes measured by counting the amount?®f incorporated is illus
trated in Fig 1.

Nuclei were washed 3 times in ice-cold HMK buffer (10 mmol/L ~ The values of mMRNA were obtained by comparison with the level of
HEPES, 1.5 mmol/L MgCl 10 mmol/L KCI, pH 7.9) and then sub  an internal standardB-actin, that was simultaneously reverse-tran-
mitted to a DNase | digestion for 30 minutes at 25°C, followed by a scribed and amplified in the same test tube. For TR, the chosen primers
high-salt extraction (0.5 mol/L NaCl, final concentration). The nuclear corresponded to the 2 isoformag and 3, that encode for functional
extract was then obtained by centrifugation at 10,809for 5 minutes receptors, and for RAR, the chosen primer corresponded to RAR
as described by Daly et #.Study of RAR binding was performed isoform, which is a subtype abundant in rat liver and subject to
according to Audouin-Chevallier et'3lusing PH]CD367 (4-(5,6,7,8-  nutritional regulation. The other primers chosen corresponded to the
tetrahydro-5,5,8,8-tetramethyl-2-anthracenyl) benzoic acid), a synmRNA isoforms that were mainly represented in rat liver and WAT.
thetic analog of retinoic acid supplied by Galderma R.D (SophiaRARS, TR «,3, andp-actin primers were designed by Ne&guberville
Antipolis, Valbonne, France). Briefly, 96L of nuclear extract (con- et al1¢ Amplification of RARx, RXRa, PPARx and vy, subtypes and
taining &=200 ug proteins) was mixed with 4L of increasing con-  acyl-CoA oxidase (ACOX) was performed with the following sets of
centrations (0.025 to 0.15Qumol/L in dimethyl sulfoxide) of primers: forward 5GCTGGGCAAGTACACTACGAAC3 and re-

Extraction of RAR and Binding Assay
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Fig 1. Relative quantification of PPARy, mRNA by RT-PCR in caf-

eteria-fed rat WAT. The products of RT-PCR were resolved on 10%
acrylamide gel electrophoresis and the amount of [a-*2P]dCTP incor-
porated was counted, followed by a semilogarithmic of the relative
amplification Y. The PCR efficiency was 78%.

verse 3.GGCGAACTCCACAGTCTTAATG3, forward SGCTGGT-
GTCGAAGATGCGTGAC3 and reverse BGGTACTTGTGT-
TTGCAGTACG3, forward SGCCATCTTCACGATGCTGTCC3
TTGGTGACTTTATGGAGC3 and reverse ®CTCGATGGGCT-
TCACGTTCAG3, forward BGGTGCGGTCGGGGAAGTTGGTG3
and reverse CCTCCAGGCTGTTGATGTCCACS respectively. All
primers were purchased from GENSET (Paris, France).

Statistical Procedure

For each particular group of 8 rats, data are expressed as thezmean
SEM of four independent measures performed from 4 pools of 2 rats
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RESULTS
Animals and Metabolic Data

Rats fed the standard diet (control rats) consumed approxi-
mately 26 g/d of chow, while rats fed on the cafeteria diet
(cafeteria rats) consumed 29 g/d. Energy intake in cafeteria rats
was greater than in control rats (480 K377 KJ). The serum
cholesterol concentration was significantly increased as early as
8 days of cafeteria diett{58%) reachingt+ 138% after 28 days
of feeding while serum triglyceride concentration was un-
changed.

Rats fed the highly palatable diet for 8 days did not exhibit
a significant increase in body weight (3603 gv 303 = 4 @)
above chow-fed controls (Table 1). Twenty-eight days of caf-
eteria diet feeding resulted in a slight increase in weight gain
(404 + 7 gv385=* 5¢g,P = .06). After 1 week, the fat mass
of cafeteria diet-fed rats had significantly increased in weight
compared with controls and the same increase in fat mass was
observed after 4 weeks of cafeteria diet. However, control
animals had an increase-8 times) in WAT between 8 and 28
days similar to cafeteria diet-feeding animals (Table 1).

Effect of 8 Days Dieting Treatment on Nuclear Receptors
Expression

MBC andKd were determined by Scatchard analysis (Fig 2).
The effects of 8 days of cafeteria diet on RAR and TR binding
properties in the liver and on several hepatic nuclear receptor
MRNA levels are reported in Table 2. After 1 week on the
cafeteria diet, the MBC of liver RAR and TR significantly
decreased by 20.1% and 35.0%, respectivBly<(.05). At 1
week, only a significant decrease in the abundance of RAR
mRNA was observed (-17.4%, < .05) in the liver of cafeteria
rats (Table 2).

Determination of the expression of PPARmeasured by
PPARx and ACOX mRNA levels in rat liver) showed no
significant changes after 8 days of feeding (Table 2).

Effect of 28 Days Dieting Treatment on Nuclear Receptor
Expression

Most of the parameters measured in the liver of rats fed the
cafeteria diet for 4 weeks were affected (Table 2 and Fig 2).

All measures were conducted in duplicate. Results were compared "€ RAR and TR MBC were significantly lower (-16.0% and
using Student'st test and differences between mean values were—23.4%, respectively? < .01), as well as the abundance of the

considered significant fdP < .05.

mRNA of these receptors (-28.5% and —32.7%, respectively,

Table 1. Changes in Body Weight, Tissue Mass, and Blood Analyses in Animals Fed the Cafeteria Diet for 8 and 28 Days
Versus Chow-Fed Controls

Rats Fed 8 Days

Rats Fed 28 Days

Controls

Cafeteria Controls Cafeteria

Body weight (g) 3034
Liver/rat weight (%) 2.90 = 0.10
WAT (g) 5.3*=0.6
Serum cholesterol (mmol/L) 0.93 = 0.05
Serum triacylglycerol (mmol/L) 0.70 = 0.04

300 = 3 385+ 5 404 =7
3.20 = 0.10% 2.90 = 0.10 3.16 = 0.06*
8.7 + 0.6* 16.6 = 1.3 27.5 = 1.8*
1.47 = 0.08* 0.57 = 0.02 1.36 = 0.10*
0.68 = 0.06 1.13 £ 0.11 1.08 = 0.11

NOTE. Data are the mean values = SEM from 8 rats.

*Significantly different from control value using the Student’s t test (P < .05).
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DISCUSSION

P < .05). On the other hand, the amounts of PRABNd
ACOX mRNA were increased by 54.5%  .01) and 37.8%
(P < .05), respectively (Table 2). However, the amount of
RXR a mRNA was not affected

Results of nuclear receptors mRNA levels in WAT are

In this study, we showed that early exposure to an obesity-
inducing diet modified the pattern of expression of nuclear
receptors in liver and WAT.

reported in Fig 3. We observed a significant increase in Diet treatment rapidly affected lipid status since an in-

PPARy, mRNA (+49.5%=* 6.2%,P < .05) and a significant
decrease in TR,8,; and RARx mRNA (-31.0% = 2.3% and
-22.3%=* 2.1%,P < .05) in cafeteria rats versus controls rats.
As in the liver, the amount of RX& mRNA was not affected
in the WAT.

creased serum cholesterol concentration was observed as
early as 8 days of cafeteria diet feeding. These results are in
agreement with previous studies showing that serum choles-
terol is increased by saturated fatty acids resulting from the
consumption of an excess of dietary fatA greater increase
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Table 2. RAR and TR Expression and Abundance of RXRa, PPARq, and ACOX mRNA in the Liver of Cafeteria-Fed Rats
Versus Chow-Fed Controls

Nuclear Receptor MBC Bound
Ligand (fmol/mg nuclear

protein) mRNA Abundance (% B-actin mRNA)
Diet RAR TR RARB TRay,Bq RXRa PPAR« ACOX

8 days

Control 529 = 11 446 + 15 4.2 0.2 4.0 £0.2 235+ 13 4.1 *+0.2 222 +20

Cafeteria 422 = 10* 291 + 12* 3.5+ 0.2* 3.6 £0.2 243 +2.0 45+ 0.3 229 + 2.2
28 days

Control 560 + 11 394 = 8 5.0+ 04 46 0.5 229 +1.2 48 + 0.3 30.1 =238

Cafeteria 472 = 61 302 = 61 3.6 = 0.3* 3.1 = 0.2* 23.2+15 7.4 = 0.31 415 = 2.1*

NOTE. Data represent the mean = SEM of measures from 4 independent pools of 2 rats.
Significantly different from control value using the Student’s t test, *P < .05, tP < .01.

in WAT mass and body weight were observed later. BetweeriThis is consistent with an hypertrophy of brown adipose tissue.
8 and 28 days of feeding, control rats and cafeteria diet-fedThe adaptive thermogenic response is thought to account for
rats experienced a similar increase in WAT. Cafeteria diet-the greater capacity of young rats to resist the onset of obe-
fed rats experienced a greater development of WAT onlysity.2°
after 60 days (data not shown). At this time, the cafeteria The size of the adipose tissue can be modulated by the
diet-fed rats showed a greater weight gain compared tdormation of new adipocytes from precursor cells (adipocyte
control rats. differentiation) and/or increase in adipocyte size (adipocyte
Proenza et af noted a moderate increase in weight after 1 hypertrophy). Faust et #l showed that a significant growth of
month and a high weight gain only after 3 months of cafeteriaadipose tissue in rats fed a high-fat diet was the result of an
diet. Moreover, Rothwell and Stotksuggested that animals jncreased number of fat cells. The modulation of adipose tissue
overeating palatable food mount an early adaptive responsgeiylarity by a high-fat diet involved regulation of the genetic
using thermogenic mechanisms to limit excess energy storaggjevelopment program. Among the adipogenic factors that are
required to trigger the adipocyte differentiation, transcription
factors such as nuclear receptors probably play an important

200 role. The results of the present study argue in favor of their
mmm PPARYy, involvement.
[ RXRa. Indeed, the data obtained for WAT and liver of rats fed a
EEE RARo cafeteria diet for 28 days showed significant modifications in
* the expression in the majority of the receptors studied: a
150 - 1 TRo,B, decreased expression of TR and RAR and an increased

expression of PPAR. On the other hand, the expression of
RXR was unchanged, in agreement with Takase & kigure

4 gives a representation of the modification in the pattern of
receptors expression in liver and WAT induced by the caf-

eteria diet.

Moreover, the results obtained in the liver of rats after 8 days
of cafeteria diet indicate that modifications in the expression of
receptor are not simultaneous in that decreased RAR and TR
expression was observed before an increased in PPAR expres-
sion.

These modifications in nuclear receptor expression could be
related to adipose tissue development. Indeed, the decreased
expression of RAR and TR (which play an important role in
mediating the effects of retinoic acid [RA] and triiodothyro-
nine) may favor adipocyte proliferation in the first stage of
adipogenesis (RA was reported as a potent blocker of white
adipocyte differentiation}? while the increased expression

Fig 3. Levels of TRa,8; , RARa, PPARY,, and RXRa mRNA in the of PPARYy favor lipid accumulation in differentiated adipo-
rat WAT. Data represent the mean + SEM of measures from 4 cytes?

independent pools of 2 rats and are represented in % of control data. . . .
*Values significantly different from control values using the Stu- The biomolecular links between diet and cellular processes

dent’s ttest (P < .05). These data were obtained from WAT of rats fed ar_e nun_werou_s and not all ar? under_stc_)od, t_’Ut th_e results, ob-
a control or cafeteria diet for 28 days. tained in animals fed a weight gain-inducing diet, showed

100 +-—

% of controls

50 A

0_
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Fig 4. Patterns of expression
of nuclear receptors in liver and
WAT of rats fed a cafeteria diet

Liver White Adipose Tissue for 28 days (@) controls rats; I}

cafeteria rats).

modifications in the pattern of expression of a set of mastemodifications play an important role in the adaptive mechanism
regulators (RAR, TR, PPAR) of differentiation/proliferation induced by a high-fat diet.

processes. These modifications are in agreement with the 2 Further investigations are needed to (1) analyze the mecha-
successive steps involved in the biological phenomenon innisms linking high-fat diet and changes in the nuclear receptor
duced by a disturbance in the energy balance (ie, adipocytesxpression, and (2) assess the role played by these modifica-
differentiation and, then, lipid accumulation in these adipo-tions in the activity and plasticity of adipose tissues involved in
cytes). Thus it could be hypothesized that such nuclear receptdhe onset of obesity.
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