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Received 11 June 2005; accepted 29 September 2005

Abstract

The adiponectin receptors, AdipoR1 and AdipoR2, are thought to transmit the insulin-sensitizing effects of adiponectin, an adipokine

secreted by adipocytes. Modifications of their expression in insulin-sensitive tissues (skeletal muscle, liver, and adipose tissue) could

therefore play a role in the control of insulin sensitivity and the development of insulin resistance. Recent data in mice supported this

possibility. We examined whether the expression of adiponectin receptors (messenger RNA [mRNA] concentrations) is controlled in vivo in

rats (Wistar) by nutritional factors (high-fat [HF] vs high-carbohydrate diet, fasting vs fed state) and whether this expression is decreased in

an experimental model of insulin resistance, the obese Zucker rat. In Wistar rats, neither an HF diet nor fasting modified the mRNA

concentrations of AdipoR1 in muscle, liver, or adipose tissue; the only modification observed was a decrease (P b .05) in AdipoR2 mRNA

level in the liver of rats fed with an HF diet. In obese Zucker rats compared with their lean controls, neither AdipoR1 nor AdipoR2

expression was modified in muscle. AdipoR2 expression was slightly decreased in adipose tissue, whereas the expression of both AdipoR1

and AdipoR2 was increased (P b .05) in the liver of obese Zucker rats. In conclusion, contrary to what was reported in mice, the expression

of adiponectin receptors in rats is poorly responsive to changes in nutritional conditions and is not decreased in a model of insulin

resistance. These results do not support an important role for the expression of AdipoR1 and AdipoR2 in the modulation of sensitivity

to insulin.

D 2006 Elsevier Inc. All rights reserved.
1. Introduction

In addition to its role of storage of energy in triglyceride

(TG) droplets, adipose tissue communicates with other

tissues and participates in the regulation of important

physiological functions through the secretion of various

humoral mediators [1,2]. Adiponectin is one of the numerous

proteins secreted by adipocytes that have effects on glucose

and lipid metabolism and can therefore modify insulin

sensitivity and, for some of them, energy balance [2,3]. The

expression of adiponectin is reduced in human obesity [4]

and in rodent models of insulin resistance [5]. Its plasma

concentration decreases during the development of obesity-

associated insulin resistance in rhesus monkeys [6]. More-

over, high plasma adiponectin levels in humans appear to

reduce the risk of development of type 2 diabetes mellitus

[7,8]. Lastly, adiponectin reverses insulin resistance in

several rodent models [5]. Therefore, adiponectin improves
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sensitivity to insulin and has protective effects against

the development of type 2 diabetes mellitus. In addition,

it has some anti-inflammatory and anti-atherogenic proper-

ties [9,10]. Adiponectin exerts its metabolic effects at

least in part through a stimulation of the adenosine 5V-
monophosphate–activated protein kinase, which then in-

creases both glucose uptake and fatty acid oxidation rates

[11,12], and of the nuclear receptor peroxisome proliferator–

activated receptor (PPAR) a [3], which promotes lipid

oxidation. These effects are considered to be mediated by

2 related but distinct receptors for adiponectin, AdipoR1 and

AdipoR2, that have been recently cloned and characterized

[13]. They are expressed in liver, adipose tissue, skeletal

muscle [13], macrophages [14], and pancreatic beta cells

[15]. Interfering with the expression of these receptors

impairs the metabolic effects of adiponectin [13]. Therefore,

in addition to adiponectin expression and plasma concentra-

tion levels, the expression level of the receptors AdipoR1

and AdipoR2 in target tissues may play a role in the control

of insulin sensitivity. Actually, the expression of adiponectin

receptors was found reduced in insulin-resistant ob/ob mice
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[16] and in diabetic db/db mice [17]. In humans, Civitarese

et al [18] found that skeletal muscle ADIPOR1 and

ADIPOR2 expression levels were reduced in people with a

family history of type 2 diabetes mellitus and that these

expression levels were correlated positively with insulin

sensitivity. On the other hand, Debard et al [19] found no

decrease of ADIPOR1 and ADIPOR2 messenger RNA

(mRNA) concentrations in the skeletal muscle of type 2

diabetic patients compared with healthy subjects. Taken

collectively, however, these results support the idea that

increasing the expression of AdipoR1/AdipoR2 could

improve insulin sensitivity and reduce the risk of appearance

of type 2 diabetes mellitus.

At the present time, little is known about the regulation

of AdipoR1/AdipoR2 expression. Chinetti et al [14] found

that LXR agonists increased the mRNA concentrations of

ADIPOR1 and ADIPOR2 in human macrophages, whereas

agonists of PPARa and PPARc increased only the expres-

sion of ADIPOR2. These PPAR agonists had no effect on

the expression of adiponectin receptors in human skeletal

muscle [20]. Growth hormone stimulated the expression of

AdipoR2 in 3T3-L1 adipocytes [21]. With respect to a

possible control by metabolic and nutritional factors, oleate

stimulated the expression of adiponectin receptors in

pancreatic beta cells [15], and it has been reported that

AdipoR1/AdipoR2 expression increased in fasted mice

while decreasing in refed mice [16,17]. These last studies

also provided in vivo and in vitro evidence for a suppressive

action of insulin on AdipoR1/AdipoR2 expression [16,17].

On the other hand, Staiger et al [22] found no effect of

insulin on ADIPOR1 expression in human and murine

myotubes. We determined in the present report whether

AdipoR1/AdipoR2 expression, as appreciated by the mea-

surement of mRNA concentrations, was modified in the

liver, skeletal muscle, and adipose tissue of rats by

variations in nutritional conditions (high-carbohydrate

[HCHO] vs high-fat [HF] diet and fasted state vs fed state).

Given the results reported in mice suggesting that a

decreased expression of adiponectin receptors could partic-

ipate in the development of insulin resistance [16,17], we

also determined whether these mRNA concentrations were

modified in a genetic model of insulin resistance, the obese

Zucker rat.
2. Materials and methods

2.1. Protocols

Male Wistar rats (4 weeks old), male obese Zucker rats,

and their lean littermates (10 weeks old) were obtained from

Charles River (L’Arbresle, France). All rats were housed in

an animal facility with controlled temperature and a 12-hour

light/dark cycle (light on at 7:00 am and off at 7:00 pm) and

had unlimited access to water. Wistar rats were first fed

during 4 weeks with a standard chow diet. They were then

divided into 2 groups. One group was fed during 6 weeks
with an HCHO diet (n = 8) (70% CHO, 10% fat, diet

D12450B of Research Diets, New Brunswick, NJ) and the

other group was fed for 6 weeks with an HF diet (n = 8)

(20% CHO, 60% fat with saturated and monounsaturated

fatty acids, diet D12492 of Research Diets). All rats had

free access to food and water. Glucose tolerance test (GTT,

1 g/kg IP) was performed in all rats after 5 weeks of HCHO

or HF diet, 16 hours after food withdrawal. At the end of the

6 weeks of controlled diet, Wistar rats were studied either in

the fed state (n = 4) or after a 48-hour fast (n = 4). Lean

(n = 10) and Zucker (n = 10) rats were fed for 1 week with

a standard chow diet and were studied in the fed state (n = 5)

or after a 48-hour fast (n = 5). In all rats, after anesthesia,

blood was sampled, and perirenal adipose tissue, muscles of

the pelvic limb (flexor digitorum superficialis), and liver

were quickly removed and snap frozen in liquid nitrogen.

Samples were stored at �808C until analysis.

2.2. Measurements of mRNA levels

Total RNA was extracted from liver and adipose tissue

samples using the RNeasy total RNA kit (Qiagen, Courta-

boeuf, France) and from muscles by Trizol (GIBCO, Cergy

Pontoise, France) with the addition of treatment with

DNAse. Concentrations and purity were verified by mea-

suring optical density at 260 and 280 nm. Their integrity

was checked by agarose gel electrophoresis. AdipoR1 and

AdipoR2 mRNA concentrations were measured by reverse

transcriptase–polymerase chain reaction, with cyclophilin

as reference, using specific primers (for Adipor1, forward

AGATGGGCTGGTTCTTCCTCAT and reverse CAGA-

CAACTCAGACTCTTCCTC; for AdipoR2, forward ATG-

TTTGCCACCCCTCAGTA and reverse CAGATGTCACA-

TTTGGCAGG; for cyclophilin, forward CCTGCTTTCA-

CAGAATTATTCCAG and reverse CATTTGGCATGGA-

CAAGATGCCAG). The general method is comparable to

the one previously published [23,24]. In short, mRNA was

reverse transcripted using thermostable reverse transcrip-

tase (Tth DNA polymerase, Promega, Charbonnières,

France), and complementary DNA was amplified by

TaqDNA polymerase (Invitrogen, Cergy Pontoise, France).

The number of PCR cycles was 24 for cyclophilin and

AdipoR1/AdipoR2. Products were analyzed on agarose gel.

2.3. Metabolite and hormone concentrations

Plasma insulin concentrations were measured by en-

zyme-linked immunosorbent assay (Crystal Chem, Downers

Grove, IL). Plasma glucose, nonesterified fatty acids

(NEFAs), cholesterol, and TG concentrations were mea-

sured by enzymatic method [25].

2.4. Statistics

Results are shown as mean and SEM. Comparisons

between groups were performed by 1-way analysis of

variance followed by the Newman-Keuls test to locate the

specific differences.



Fig. 1. Evolution of blood glucose concentration during the GTT (1 g/kg IP)

in Wistar rats fed for 6 weeks with an HCHO or an HF diet. *P b .05 vs the

corresponding sampling time of the other group.
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3. Results

3.1. Wistar rats

The body weight gain and the final weight of the rats fed

with the HF or the HCHO diet were not different either in

the fed state or after a 48-hour fasting (data not shown).

Glucose and insulin concentrations were decreased by

fasting in both groups, without differences between the

HF and HCHO groups (Table 1). Plasma TG was also

decreased by fasting and not different between the HF and

HCHO groups. However, rats fed with the HF diet had

higher plasma NEFA concentrations in the fed state

(P b .05); this difference disappeared after the 48-hour

fast (Table 1), which induced a rise in NEFA levels in both

groups. Compared with the HCHO group, the HF group had

a decrease in glucose tolerance (Fig. 1) with higher glucose

levels at 15 and 30 minutes (P b .05) and increased area

under the curve (P b .05).

The mRNA concentrations of AdipoR1 and AdipoR2 are

shown in Fig. 2. In the fed HCHO group, AdipoR1 and

AdipoR2 were expressed to comparable levels in adipose

tissue as well as in liver without difference between these

tissues despite a trend for lower AdipoR1 mRNA concen-

trations in liver. AdipoR1 mRNA levels were much higher

in muscles than those of AdipoR2 mRNA (P b .05) and

were higher than AdipoR1 mRNA concentrations in both

liver and adipose tissue (P b .05). There were no differ-

ences in AdipoR2 mRNA concentrations between muscles,

liver, and adipose tissue. Compared with the HCHO diet and

the fed state, respectively, neither the HF diet nor a 48-hour

fast modified AdipoR1 or AdipoR2 mRNA concentrations

in muscle or adipose tissue despite a trend for higher muscle

AdipoR2 mRNA levels in the HF group. AdipoR1

expression was also unchanged in liver by the fasting or

the HF diet. The only modification observed was a decrease

of AdipoR2 mRNA concentrations in the liver of rats fed

with an HF diet; this decrease was found both in the fed

(P b .01) and fasted (P b .05) states.

3.2. Zucker fatty and lean rats

Obese Zucker rats had, as expected, higher concentra-

tions of plasma TG (2.2F 0.3 vs 0.6F 0.1 mmol/L, P b .01,
Table 1
Concentrations of plasma insulin and metabolites in Wistar rats

HCHO groups HF groups

Fed

(n = 4)

Starved

(n= 4)

Fed

(n = 4)

Starved

(n = 4)

Glucose

(mmol/L)

7.77 F 0.22 4.13 F 0.17a 6.71 F 0.12 4.44 F 0.21a

Insulin

(ng/mL)

5.5 F 1.8 1.8 F 0.8a 5.2 F 0.6 0.8 F 0.1a

NEFA

(lmol/L)

288 F 55 1665 F 198a 641 F 1004 1281 F 145a

TG

(mmol/L)

3.32 F 0.87 0.97 F 0.28a 3.18 F 0.66 0.75 F 0.12a

a P b .05 vs the fed group.

4 P b .05 vs the corresponding group of rats fed with an HCHO diet.
in the fed state and 2.0 F 0.3 vs 0.4F 0.1 mmol/L, P b .05,

in the fasted state) and cholesterol (4.40 F 0.17 vs 2.25 F
0.11 mol/L, P b .001, in the fed state and 3.31 F 0.18 vs

1.51 F 0.09 mmol/L in the fasted state) than their lean

controls. The mRNA concentrations of adiponectin recep-

tors are shown in Fig. 3. AdipoR1 was also the predominant

form of adiponectin receptors in the muscle of both lean and

obese rats (P b .05 vs AdipoR2 in both fed and fasted

states) and was more expressed than in liver and adipose
Fig. 2. Concentrations of AdipoR1 and AdipoR2 mRNA in muscle, liver,

and adipose tissue of Wistar rats. *P b .05, **P b .01 vs the corresponding

HCHO group of rats. F indicates fed state; S, starved state.



Fig. 3. Concentrations of AdipoR1 and AdipoR2 mRNA in muscle, liver,

and adipose tissue of lean and obese Zucker rats. *P b .05, ** P b .01

vs the corresponding group of lean rats. $$P b .01 vs the corresponding

fed state.

M. Beylot et al. / Metabolism Clinical and Experimental 55 (2006) 396 –401 399
tissue (P b .05 for lean and obese rats). AdipoR2 was less

expressed in liver than in muscles or adipose tissue of lean

rats (P b .05). In both groups of rats, there were no

modifications of muscle AdipoR1 or AdipoR2 mRNA

concentrations between the fed and fasted state, and there

were no differences between the lean and obese groups. In

the liver, there was no difference either in AdipoR1

expression between the fed and fasted states in both groups

of rats, but obese rats had higher expression levels (P b .05)

in both the fed and fasted states. AdipoR2 was also more

expressed in the liver of obese rats, both in the fed (P b .01)

and fasted state (P b .05), but the 48-hour fast induced in

both groups of rats a large decrease (P b .01) in this

expression level. In adipose tissue, obese and lean rats had

comparable mRNA concentrations of AdipoR1 in the fed

state; however, these concentrations were decreased by

fasting only in the obese group (P b .01) and reached

values lower than in the fasted lean group (P b .01).

AdipoR2 mRNA levels were on the contrary lower in obese

than in lean rats in the fed state (P b .01) and were

decreased by fasting (P b .01) only in the lean group.
4. Discussion

The main objective of the present study was to determine

whether variations of the expression of adiponectin recep-

tors could play a role in the decreased sensitivity to insulin

in experimental situations of insulin resistance, either

acquired (nutritionally induced) or of genetic origin. We

first examined whether variations of nutritional conditions,

that is, fasting vs fed state and HF diet vs HCHO diet,

modified the expression of adiponectin receptors in insulin-

sensitive tissues. Feeding rats an HF diet rich in saturated

fatty acids induced, as expected, a decrease in glucose

tolerance. The only modification of adiponectin receptor

expression observed when feeding rats this HF diet was a

decrease in liver AdipoR2 mRNA concentration. One of the

metabolic effects of adiponectin is to decrease the expres-

sion of hepatic gluconeogenic enzymes and the rate of

endogenous glucose production [26,27]. Inhibition of

glucose production is one of the main mechanisms limiting

the increase of plasma glucose during a GTT. Therefore, it is

conceivable that the decrease in liver AdipoR2 expression

that we observed had a role in the decrease in glucose

tolerance induced by the HF diet. The lack of modifications

of AdipoR1/AdipoR2 mRNA levels in muscle and adipose

tissue suggests that variations of the expression of these

receptors play, on the contrary, no role in the fat-induced

insulin resistance of extrahepatic tissues.

Compared with the fed state, fasting induced no

modifications of white adipose tissue AdipoR1/AdipoR2

expression in Wistar rats, whereas AdipoR2 expression was

decreased in lean Zucker rats and AdipoR1 in obese Zucker

rats. To our knowledge, the only other study examining the

effects of fasting on adipose tissue adiponectin receptor

expression is the recent report of Blqcher et al [28]. These
authors found that fasting induced in mice an increase in

AdipoR1 and AdipoR2 expression in epididymal adipose

tissue. In subcutaneous adipose tissue, on the contrary,

AdipoR1 and AdipoR2 expressions were, respectively,

decreased and unchanged. Therefore, the regulation of

adiponectin receptor expression appears to be different

from one site of adipose tissue to another. Besides species

differences and variations in genetic background, this could

explain the difference between our results and those of

Blqcher et al [28] because we investigated perirenal and not

subcutaneous or epididymal adipose tissue. Blqcher et al

found a circadian rhythm of AdipoR1/AdipoR2 expression

in adipose tissue with high mRNA concentrations between

10:00 am and 6:00 pm and low concentrations between

8:00 pm and 6:00 am. Whether this rhythm is present in

other tissues in mice and also in other species is unknown.

During our study, all tissues were collected at the same hour

and, therefore, at the same period of a circadian rhythm, if

this rhythm exists in rats. We also observed no modifica-

tions of muscle AdipoR1/AdipoR2 expression during

fasting, either in Wistar or in lean and obese Zucker rats.

In liver, fasting induced only a decrease in AdipoR2 mRNA
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concentration in lean and obese Zucker rats. These results in

rats contrast with those reported in mice [16,17]. Tsuchida

et al [16] found in the liver of fasted mice a large increase in

AdipoR1 mRNA level and a moderate rise of AdipoR2

mRNA; mRNAs for both receptors were moderately

increased by fasting in skeletal muscle. Inukai et al [17]

also found in mice an increase in skeletal muscle AdipoR1

mRNA during fasting, whereas AdipoR2 mRNA in liver

was unchanged (values for muscle AdipoR2 mRNA and

liver AdipoR1 mRNA were not reported). These authors

[16,17] provided evidence for an inhibitory effect of insulin

on adiponectin receptor expression, suggesting that the

decrease in insulinemia during fasting played a role in the

rise in adiponectin receptor mRNA levels. A role for raised

plasma NEFA levels during fasting would also be conceiv-

able because fatty acids stimulated the expression of

adiponectin receptors, at least in pancreatic beta cells [15].

In the present experiments in rats, fasting induced, however,

no increase in adiponectin receptor expression despite the

expected fall in insulinemia and rise in plasma NEFA

concentrations. There is no clear explanation to this

discrepancy. It may represent differences between species.

Another explanation could be differences in the timing of

tissue sampling between our study and those of Tsuchida et

al and Inukai et al. We sampled all our samples, in fed and

fasted rats, at the same hour and, therefore, at the same

period of a possible cycle of AdipoR1/AdipoR2 expression

in rats. Precise timings of sampling are not given in the

studies of Tsuchida et al and Inukai et al. Therefore, it

cannot be determined whether differences in the sampling

time between fed and fasted mice could have a role in the

difference in AdipoR1/AdipoR2 expression between these

nutritional states reported by these authors.

Lastly, we measured adiponectin receptor expression in a

genetic model of insulin resistance, the obese Zucker rat. We

found only a decrease in adipose tissue AdipoR2 mRNA in

fed obese rats and in adipose tissue AdipoR1 mRNA in

fasted obese rats. Both mRNA were unchanged in muscle

and increased in liver. These results do not support a role for

decreased expression of adiponectin receptors in the

development of insulin resistance in this experimental

model, contrary to what was observed in ob/ob mice [16].

It should be pointed out that these results in ob/ob mice

(decreased AdipoR1 and AdipoR2 mRNA concentrations in

muscles, liver, and adipose tissue) differ in part from those

found in db/db mice [17] (unchanged expression of

AdipoR2 in liver, muscle, and adipose tissue). Therefore,

it is probable that modifications of adiponectin receptor

expression, and the role of these receptors in the develop-

ment of insulin resistance, vary from one experimental

model to another. It should also be stressed that we, like

others [16,17,28], investigated only male rodents. There are

sex differences in plasma levels of adiponectin, in rodents

and in humans, with higher values in females than in males

[29-31]. Whether there are also differences in the regulation

of the expression of adiponectin receptors between males
and females remains to be determined. However, Debard

et al [19] and Civitarese et al [18] reported no difference in

the expression level of adiponectin receptors between men

and women.

In conclusion, we found that adiponectin receptor

expression in rats is poorly responsive to modifications of

nutritional conditions and that this expression is not

decreased in a genetic model of insulin resistance. As in

most previous studies [14,16,18-22,28], the expression of

adiponectin receptors was appreciated only by the measure-

ment of their mRNA concentrations; however, Inukai et al

[17] showed recently that variations of adiponectin receptor

mRNA and protein amounts were parallel. Our results do

not support an important role for variations of adiponectin

receptor expression in the modulation of sensitivity of

tissues to the actions of insulin. They do not preclude a role

in situations of insulin resistance for modifications of the

action of adiponectin at the postreceptor level, as suggested

by the recent study of Chen et al [32] in cultured human

skeletal muscle cells from type 2 diabetic subjects.
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