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Background:Adiponectin receptors (AdipoR1 and 2)mediate the effects of adiponectin, which possesses insulin sensitizing
and anti-inflammatory properties.
Results: AdipoRs organize into oligomers exhibiting distinct interaction and signaling properties.
Conclusion: The cellular response to adiponectin depends on the specific AdipoR repertoire.
Significance: To envisage novel therapeutic strategies, the capacity of AdipoRs to form oligomeric complexes must be taken
into consideration.

Adiponectin binds to two widely expressed receptors
(AdipoR1 and AdipoR2) that contain seven transmembrane
domains but, unlike G-protein coupled receptors, present an
extracellular C terminus and a cytosolic N terminus. Recently,
AdipoR1 was found to associate in high order complexes. How-
ever, it is still unknown whether AdipoR2 may also form
homomers or heteromers with AdipoR1 or if such interactions
may be functionally relevant. Herein, we have analyzed the olig-
omerization pattern of AdipoRs by FRET and immunoprecipi-
tation and evaluated both the internalization of AdipoRs in
response to various adiponectin isoforms and the effect of adi-
ponectin binding to different AdipoR combinations on AMP-
activated protein kinase phosphorylation and peroxisome pro-
liferator-activated receptor � activation. Transfection of
HEK293AD cells with AdipoR1 and AdipoR2 showed that both
receptors colocalize at both the plasma membrane and the
endoplasmic reticulum. Co-transfection with the different
AdipoR pairs yielded high FRET efficiencies in non-stimulated
cells, which indicates that AdipoR1 and AdipoR2 form homo-
and heteromeric complexes under resting conditions. Live
FRET imaging suggested that both homo- and heteromeric
AdipoR complexes dissociate in response to adiponectin, but
heteromers separate faster than homomers. Finally, phosphor-
ylation of AMP-activated protein kinase in response to adi-
ponectin was delayed in cells wherein heteromer formation was

favored. In sum, our findings indicate that AdipoR1 and
AdipoR2 formhomo- andheteromers that present unique inter-
action behaviors and signaling properties. This raises the possi-
bility that the pleiotropic, tissue-dependent functions of adi-
ponectin depend on the expression levels of AdipoR1 and
AdipoR2 and, therefore, on the steady-state proportion of
homo- and heteromeric complexes.

The collagen-like, 30-kDa protein adiponectin (also known
as acrp30, apM1, adipoQ, or GBP28) is the most abundantly
secreted adipokine by adipose tissue (1, 2). Since its discovery in
the mid-’90s (2–5), adiponectin has attracted much attention
due to its role on the regulation of glucose and lipidmetabolism
in the liver, muscle, and fat and, thus, for its potential use for
developing new treatment strategies aimed at tackling insulin
resistance and type 2 diabetes, which are commonly linked to
obesity (6). Specifically, adiponectin reduces hepatic gluconeo-
genesis, increases glucose uptake bymuscle and adipocytes, and
reduces liver and muscle triacylglyceride accumulation while
increasing fatty acid oxidation in these tissues (6). Along with
these insulin-sensitizing actions, adiponectin exhibits cardio-
protective and anti-inflammatory properties by acting directly
on cardiomyocites, vascular cells, and macrophages, which has
been proposed to underlie its beneficial effects on cardiovascu-
lar disorders (7–10). Recent studies demonstrated that adi-
ponectin also promotes cell survival of pancreatic �-cells (11)
and may also play a role in the development and progression of
distinct malignancies associated with obesity and insulin resis-
tance, including breast cancer and colon cancer (12, 13). In fact,
adiponectin circulating levels are reduced in obesity and
inversely associated with the risk of developing type 2 diabetes,
cardiovascular disease, and obesity-related cancers (13).
The diverse biological effects of adiponectin have been

explained at least partly by the existence of different homo-
oligomeric complexes of adiponectin (trimers, hexamers, and
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highmolecularweightmultimers) in plasma (14). Furthermore,
adiponectin can exist as full-length (FLAdipoQ) or a smaller,
globular fragment (GAdipoQ) generated by proteolytic cleav-
age of the former (15). These forms present distinct binding
affinities to two adiponectin receptors identified so far,
AdipoR13 and AdipoR2. These receptors, which share 67%
amino acid identity, contain 7 transmembrane domains, but
contrary to G protein-coupled receptors (GPCRs), their N ter-
minus is intracellular and the C terminus is placed extracellu-
larly (16). Although AdipoR1 expression is predominant in
skeletal muscle and AdipoR2 is most abundantly expressed in
the liver, both receptors are co-expressed inmany cell types and
tissues (17). It has been established that AdipoR1 and AdipoR2
have distinct functional signaling preferences (18). Thus,
AdipoR1 action is mainly mediated by phosphorylation of
AMP-activated protein kinase (AMPK), whereas AdipoR2 pre-
dominantly uses the peroxisome proliferator-activated recep-
tor-� (PPAR�) signaling pathway (18). At present, whether
these signaling pathways are sufficient to explain the pleiotro-
pic actions of adiponectin is a matter of debate. Actually, it has
been shown that AdipoRs (mainly AdipoR1) are also capable of
stimulating ERK1/2 phosphorylation through an Src/Ras-de-
pendent pathway in HEK293 cells (19), phospholipase C/Ca2�/
calmodulin-dependent protein kinase pathway in myocytes
and HeLa cells (20, 21), protein kinase CK2 in MCF7 cells (22),
and ceramidase activity in pancreatic �-cells and cardiomyo-
cytes in an AMPK-independent manner (11). Furthermore, a
third membrane receptor, T-cadherin, has been shown to
exhibit binding affinity for adiponectin in myocytes, endothe-
lial cells, and smooth muscle but not in hepatocytes (23).
One major characteristic of both GPCR and tyrosine kinase

receptor superfamilies is their ability to form multimeric com-
plexes (homomers and heteromers) that differentially modu-
late discrete sets of signaling effectors upon activation by a
given ligand (24, 25). In line with this, AdipoR1 has been
recently shown to form homodimers in epithelial cells, endo-
thelial cells, and myocytes (26). However, whether AdipoR2
may exist as homodimer/oligomer and/or form heteromeric
complexeswithAdipoR1 and how these interactionsmay affect
adiponectin signaling is yet unknown. In thisworkwe show that
AdipoR1 and AdipoR2 form homo- and heteromers with sim-
ilar efficiency that present unique interaction patterns and
intracellular signaling kinetics upon adiponectin binding,
which may contribute to the diverse tissue-specific actions
exerted by this adipokine.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies against calnexin and GFP were
obtained from Abcam (Cambridge, UK), anti-EEA1 was from
BD Transduction Laboratories, anti-LAMP1 from Enzo Life
Sciences Inc. (Madrid, Spain), and anti-Na�/K�-ATPase was
from Santa Cruz Biotechnology (Heidelberg, Germany). Poly-
clonal antibodies to AMPK and pAMPK� (Thr-172) were pur-

chased from Cell Signaling Technology Inc. (Danvers, MA).
Mouse anti-cMyc was from AbD Serotec (Oxford, UK), and
anti-HisG, Alexa Fluor-conjugated secondary antibodies, and
Lipofectamine 2000 were from Invitrogen. FM5–95 was from
Molecular Probes (Barcelona, Spain), M-MuLV retro-tran-
scriptase was from Fermentas GmbH (St. Leon-Rot, Germany),
pECFP-C1, pEYFP-C1, pDsRed-Monomer-C1, and human
pituitary cDNA library was fromClontech (Saint-Germain-en-
Laye, France), and phrGFP-C1 was from Stratagene (La Jolla,
CA). Full-length adiponectin (FLAdipoQ) and globular adi-
ponectin (GadipoQ) were purchased from Biovendor GmbH
(Heidelberg, Germany). Unless otherwise indicated, all other
reagents were purchased from Sigma.
AdipoR1 and AdipoR2 Reporter Constructs—Total RNA

from human pituitary cDNA library was reverse-transcribed
into first-strand cDNA using the M-MuLV retro-transcrip-
tase (Fermentas GmbH) according to the manufacturer’s
instructions. cDNAs corresponding to the encoding region of
AdipoR1 and AdipoR2 were amplified using the following spe-
cific oligonucleotides: forward AdipoR1, 5�-gcttgtctaccatca-
gagg-3�; reverse AdipoR1, 5�-agactcttcctctcacttcag-3; forward
AdipoR2, 5�-aagaaaggcttgggtatc-3�; reverse AdipoR2, 5�-ttct-
cagtcatgtaccacg-3. AdipoRs cDNAs were cloned directly into
the T-vector (MBL, Cordoba, Spain) and subsequently sub-
cloned in-frame with the C-terminal end of the ECFP, Venus-
YFP (Clontech), phrGFP (Stratagene), and DsRed expression
vectors (Clontech) or in-frame with the C-terminal end of
the cMyc epitope tag in the pCMV-tag vector (kindly provided
byDr. Y.Anouar, European Institute for PeptideResearch,Uni-
versity of Rouen). AdipoR1 andAdipoR2with the hexahistidine
tag were subcloned into pCDNA3.1(�) vector (Invitrogen)
from pYES2/NTA and pYES2/NTB vectors (Invitrogen),
respectively. Before use, all constructs were verified by
sequencing (Genomic unit, SCAI, UCO, Spain).
Cell Culture and Transfection—HEK293AD cells were cul-

tured inDMEM(Lonza, Basel, Switzerland) supplementedwith
10% FBS (Invitrogen), 1% antibiotic-antimycotic solution
(Sigma), and 2mM L-glutamine (Sigma). For transient transfec-
tion experiments, cells were plated in 25-mm round coverslips
at 6000 cells/cm2, cultured for 48–72 h, and transfected with
the corresponding expression vectors using Lipofectamine
2000 (Invitrogen) as recommended by the manufacturer.
Immunocytochemistry—Twenty-four hours after transfec-

tion,HEK293ADcellswere fixedwith 4%paraformaldehyde for
10min, washed thoroughly, and incubatedwith PBS containing
0.3%TritonX-100 and 1%BSA for 1 h. Then, cellswere exposed
to anti-calnexin (1:200) or anti-EEA1 (1:500) primary antibod-
ies overnight at 4 °C followed by Alexa488-, Alexa594-, or
Alexa405-conjugated secondary antibodies (1:500) for 2 h at
room temperature. Plasma membrane staining was assessed
was by incubating transfected cells with 2 �M FM5–95 (Molec-
ular Probes). Coverslips bearing the cells were then placed
under a TCS-SP2-AOBS confocal microscope (Leica Corp.,
Heidelberg, Germany) fitted with a Plan-Fluar 63� oil immer-
sion objective (n.a. � 1.4). Depending on the cell depth, 10–20
stacks per channel were collected, projected in a single image,
and merged off-line. After acquisition, images underwent a
deconvolution process with the software package HUYGENS

3 The abbreviations used are: AdipoR, adiponectin receptor; GPCR, G pro-
tein-coupled receptor; AMPK, AMP-activated protein kinase; PPAR, per-
oxisome proliferator-activated receptor; ER, endoplasmic reticulum;
ECFP, enhanced cyan fluorescent protein.
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ESSENTIAL 2.4.4 (Scientific Volume Imaging, Hilversum, The
Netherlands). Colocalization was examined by stack-by-stack
visual inspection and considered as such when signals were
coincident in the same planes.
Fluorescence Resonance Energy Transfer (FRET)—

HEK293AD cells co-transfected with different combinations
of ECFP-AdipoR1, Venus-YFP-AdipoR1, ECFP-AdipoR2,
and Venus-YFP-AdipoR2 were fixed with 4% paraformalde-
hyde for 10 min and mounted in glycerol/PBS (1:1). Trans-
fected cells were then transferred to the temperature-con-
trolled stage of a Nikon Eclipse TE2000 microscope (Nikon,
Tokyo, Japan) equipped with anORCA-BT-1024G digital cam-
era (Hamamatsu Photonics, Hamamatsu City, Japan) con-
trolled by METAMORPH software (Universal Imaging Corp.,
West Chester, PA). Net FRET was assessed using the three-
filter method (27). Three sequential images were acquired at
800-ms exposure with the suitable filters sets for donor (ECFP;
excitation at 440 nmand emission at 510 nm), acceptor (Venus-
YFP; excitation at 495 nm and emission at 540 nm), and FRET
(excitation at 440 nm and emission at 540 nm) under a Plan
Fluar 63� oil immersion objective (n.a. � 1.4). Raw FRET
images were corrected with the Fully Specified Bleed Through
(FSBT) method using the equation,

FRET � raw FRET � �acceptor � �DA � donor�� � �AF�

� �donor � �AD � acceptor�� � �DF� (Eq. 1)

where DA represents the contribution of the donor signal to
the acceptor, AD is the contribution of the acceptor signal to
the donor, AF represents the contribution of the acceptor to the
raw FRET signal, and DF is the contribution of the donor signal
to the raw FRET. These coefficients were calculated from cells
expressing ECFP or Venus-YFP alone. To determine the FRET
detection limit of the system, cells co-expressing ECFP and
Venus-YFP proteins were measured. FRET efficiency was cal-
culated in relation to a positive control consisting of a vector
expressing ECFP and Venus-YFP in-frame and separated by 15
amino acids, which provided the upper FRET efficiency limit
(50%). For image analysis and coefficient calculation, back-
groundwas always subtracted in each image. A 1:1 Venus-YFP/
ECFP ratio and equal Venus-YFP and ECFP intensities between
all samples were used for FRET measurements.
Distances from interacting proteins were inferred from the

empirically calculated FRET efficiencies according to the Först-
er’s equation,

E � R0
6/R0

6 � r6 (Eq. 2)

where E is the FRET efficiency, R0 is the Förster critical dis-
tance for the donor and acceptor probes used (4.9 nm for
ECFP and Venus-YFP), and r is the donor-acceptor separa-
tion distance.
Confocal images were processed off-line using the PixFRET

plug-in for IMAGEJ 1.41 (National Institute of Health,
Bethesda, MA). This algorithm allows generation of normal-
ized images of FRET (NFRET) and, hence, localization of pro-
tein-protein interactions within the cell by computing pixel by
pixel the images of a sample acquired in a three-channel setting.

These data were processed according to the formula and the
methodology previously described (28–30).
Time-lapse FRET was monitored in living, transfected

HEK293AD cells growing onto 25-mm round coverslips. Cov-
erslips were mounted in a Sykes-Moore chamber and placed in
the temperature-controlled stage of a fluorescence microscope
(Nikon) fitted with a Plan Fluar 63� oil immersion objective
(n.a. � 1.4). Images were acquired every 5 s for at least 4 min
using the same Venus-YFP and ECFP filter sets and settings as
mentioned above. After a 120-s image acquisition, prewarmed
imaging medium supplemented with FLAdipoQ or GadipoQ
(100 nM final concentration)was slowly pumped into the cham-
ber. Changes in FRET were monitored as variations of the nor-
malized Venus-YFP/ECFP ratio as described previously (31).
Immunoblotting—Total cell lysates were obtained in PBS

buffer containing or not 5% �-mercaptoethanol (Roche
Applied Science) and supplemented with complete protease
inhibitor mixture (Roche Applied Science). A group of samples
was boiled in the presence of �-mercaptoethanol (denaturing
conditions), whereas another group was loaded in the SDS-
PAGEgelwithout previous boiling and in the absence of�-mer-
captoethanol (non-denaturing conditions). After gel electropho-
resis, proteins were transferred to nitrocellulose membranes, and
blotswere blockedwith 5%drymilk (Carl RothGmbH,Karlsruhe,
Germany) in Tris-buffered saline containing 0.05% Tween 20.
Immunodetection was performed using anti-HisG (1:2500) or
anti-GFP (1:2000) antibodies followed by incubation with horse-
radish peroxidase-conjugated goat anti-rabbit IgG or anti-mouse
IgG (1:2,500) for 1 h at room temperature. Immunoreaction was
visualized using ECL plus (GEHealthcare).
To investigate the presence of AdipoR monomers and

dimers in the ER, we performed cell fractionation studies. Spe-
cifically, ER-microsome enriched fractions were obtained by
sequential centrifugation. Total protein extracts from GFP-
AdipoR1- or GFP-AdipoR2-transfected cells were centrifuged
at 600 � g for 10 min, 15,000 � g for 5 min, and 100,000 � g for
60 min. The pellets from the second and third centrifugation
cycles were loaded in a SDS gel and immunostained against the
ER marker calnexin (1:200) and the plasma membrane marker
Na�/K�-ATPase (1:400). Finally, the ER membrane-enriched
fractions were processed in the presence or absence of �-mer-
captoethanol and immunoblotted using anti-GFP (1:2000).
Immunoprecipitation—HEK293AD cells co-expressing

cMyc-AdipoR1 and ECFP-AdipoR2were lysed in Triton X-100
lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100) containing complete protease inhibitor mixture.
Cell lysates were cleared by centrifugation at 16,000 � g, and
equal amounts of total protein per sample were incubated with
8 �g of anti-cMyc monoclonal antibody at 4 °C overnight.
Immunocomplexes were collected with protein A-Sepharose
(Invitrogen) by orbital incubation for 1 h and were then rinsed
3 times with lysis buffer. Immunoprecipitates were eluted with
0.1 M glycine buffer (pH 2.3) and immediately adjusted to pH
7.4 with Tris-HCl buffer. 50 �g of total cell lysate or 40 �l of
eluted immunoprecipitates were boiled in Laemmli loading
buffer with �-mercaptoethanol and immediately resolved in a
7.5% SDS-PAGE gel. Immunodetection was performed using
anti-GFP (1:2000) or anti-cMyc (1:1000) antibodies followed by
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incubation with horseradish peroxidase-conjugated anti-
mouse IgG (1:2500) for 1 h at room temperature. Immunoreac-
tion was visualized using ECL plus (GE Healthcare).
AdipoR Internalization—HEK293AD cells transfected with

DsRed-AdipoR1 or DsRed-AdipoR2 were incubated in DMEM
withoutFBSfor1handsubsequently treatedwith10	7MFLAdipoQ
or GAdipoQ for 0, 5, 30, and 60 min. Afterward, cells were fixed
with 4% paraformaldehyde and immunostained with the early
endosome marker EEA1 (1:500) or the lysosome marker
LAMP1 (1:150). Another group of cells was co-transfected with
the AdipoRs and a construct expressing HA-tagged transferrin
receptor as a marker of the recycling pathway and then immu-
nostained against HA (1:200). At least 10 confocal images per
experimental group were collected. The colocalization rate
between AdipoR and EEA1, LAMP1, or transferrin receptor
fluorescent signals was estimated off-line by calculating the
Pearson’s coefficient with IMAGEJ 1.41 software (National
Institute of Health). This is a value computed to be between	1
and 1, with 	1 being no overlap between images whatsoever
and 1 being perfect image registration.
Evaluation of AMPK Phosphorylation—Twenty-four hours

after transfection with cMyc-AdipoR1, cMyc-AdipoR2, or
cMyc-AdipoR1/His6G-AdipoR2, cells were preincubated with
FBS-free DMEM for 1 h and subsequently incubated in the
absence or presence of 100 nM FLAdipoQ for 0, 5, 15, and 30
min. Treated cells were lysed with lysis buffer (62.5 mM Tris-
HCl, 2% sodium dodecyl sulfate, 20% glycerol, 100 mM dithio-
threitol, and 0.005% bromphenol blue).Whole-cell lysates were
separated in a 10% SDS-PAGE gel, transferred to nitrocellulose
membranes, and stained with Ponceau S for visualization of
protein bands and confirmation of equal protein loading for
further comparative analysis. Then membranes were sequen-
tially incubated with rabbit anti-phospho-AMPK� (Thr172)
(1:1000) or total AMPK (1:1000) and horseradish peroxidase-
conjugated, goat anti-rabbit IgG (1:2500). Densitometric anal-
ysis of bands was carried out with IMAGEJ 1.41 software.
Quantitative data from immunoreactive bands revealed with
anti-phospho-AMPK serum were normalized to the corre-
sponding total AMPK values.
Bioluminescence Imaging—Human HepG2 hepatocarci-

noma cells were transfected with either DsRed-AdipoR1,
DsRed-AdipoR2, or GFP-AdipoR1/DsRed-AdipoR2 in combi-
nation with a luciferase reporter construct driven by multiple
PPAR response elements (DR-1) (a generous gift of Dr. Kim
from Seoul National University, Korea). After 24 h, transfected
cells were incubated with 0.2 mM luciferin for 30 min and then
placed in the temperature-controlled stage of an inverted
microscope (Nikon Eclipse TE2000microscope) equippedwith
a photon-counting camera system (Hamamatsu Photonics)
under the control of WASABI software (Hamamatsu Photon-
ics). The system was set to accumulate photons during 10-min
intervals for 40min (base line). Afterward, cells were exposed to
100 nM FLAdipoQ, and photon counting was resumed for
another 60 min in the presence of the treatment. DsRed and
GFP fluorescent imageswere acquired before the experiment to
confirm the expression of AdipoRs in the cells imaged.
Statistical Analysis—Data from HEK293AD cells were

obtained from a minimum of three replicate wells per treat-

ment from at least three independent experiments. Multiple
comparisons were assessed by one-way analysis of variance fol-
lowed by a Newman-Keuls Multiple Comparison test using
GraphPad Prism 4 (GraphPad Software, Inc., La Jolla, CA). Dif-
ferences were considered statistically significant if p 
 0.05.

RESULTS

Subcellular Localization of AdipoR1 and AdipoR2 Recombi-
nant Proteins—AdipoR1 and AdipoR2 genes were cloned from
human pituitary, and each cDNA was inserted into a pcDNA3
vector in tandem with sequences coding for different tag pro-
teins (i.e. phrGFP, ECFP, Venus-YFP, andDsRed as well as His6
and c-Myc) in the cytosolic N-terminal region of the receptors.
These constructs were tested for plasma membrane targeting
by cell transfection and subsequent confocal microscopy visu-
alization. In all cases, chimera proteins were found in the
plasma membrane of HEK293AD cells. Shown in Fig. 1A are
representative confocal micrographs of HEK293AD cells
expressing DsRed-AdipoR1 (left panel) or DsRed-AdipoR2
(right panel) in which fluorescent signals outline the cell sur-
face. Furthermore, plasma membrane labeling with the lipo-
philic marker FM5–95 in cells transfected with GFP-AdipoR1
or GFP-AdipoR2 unveiled a significant overlapping of both
fluorescent signals (Fig. 1B), which confirms that these chimera
proteins are correctly targeted to the plasma membrane in
these cells. Similarly, ECFP and Venus-YFP variants of both
receptors were also present in the cell surface (data not shown),
which ensures that tagging of their N-terminal domains with
the different reporter proteins does not hinder receptor
intracellular trafficking. In addition to the plasmamembrane,
transfected AdipoR1 and AdipoR2 also distributed to tubulo-
vesicular structures. Immunolabeling of GFP-AdipoR1- or
GFP-AdipoR2-expressing cells with the ER marker calnexin
revealed a high degree of co-localization in this compartment
(Fig. 1C), suggesting that the recombinant receptors are
retained in the ER during their synthesis or intracellular trans-
port. Nevertheless, we cannot exclude the possibility that ER
accumulation of AdipoRs might be caused by CMV-promoter
driven overexpression of these proteins.
When HEK293AD cells were co-transfected with the two

receptors tagged with different fluorescent markers (GFP-
AdipoR1 and DsRed-AdipoR2) and visualized by confocal
microscopy, strong co-localization between both fluorescent
signals at the plasma membrane and the ER was observed (Fig.
2). This suggested that when the receptors are co-expressed,
they could interact physically.
AdipoR1 and AdipoR2 Homo- and Heteromerization—FRET

was chosen to analyze AdipoR oligomerization in HEK293AD
cells. The ability and efficiency of AdipoR1 and AdipoR2 to
form homomers were first evaluated by transfecting cells with
the FRET pairs ECFP-AdipoR1/Venus-YFP-AdipoR1 or ECFP-
AdipoR2/Venus-YFP-AdipoR2. Twenty-four hours after trans-
fection, fluorescent signals were collected on a wide-field fluo-
rescence microscope calibrated for FRET stoichiometry. As
FRET controls, groups of cells were co-transfected with the
ECFP and Venus-YFP vectors (negative control) or with a vec-
tor coding for both fluorescent proteins in tandem and sepa-
rated by 15 amino acids (positive control), which translates into
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a separation distance (Förster’s distance) between donor and
acceptor that yields the maximum FRET efficiency (50%; Fig.
3A). Use of the AdipoR1 or AdipoR2 FRET pairs yielded FRET
efficiencies significantly higher than that obtained with the
negative control (Fig. 3A), which demonstrated that adiponectin
receptors are able to form homomeric complexes. We then
explored whether these receptors are also able to form hetero-
meric structures. To this end, FRET efficiency in cells co-express-
ing ECFP-AdipoR1/Venus-YFP-AdipoR2 or ECFP-AdipoR2/Ve-
nus-YFP-AdipoR1 was measured. In both cases, FRET
efficiencies were also significantly higher than that yielded by
the negative control (Fig. 3A), which indicated that adiponectin
receptors can also assemble into heteromeric complexes. Spe-

cifically, theoretical FRET efficiency monitored for the
homomers (AdipoR1, AdipoR2) and heteromers (AdipoR1-
AdipoR2)were 15.5, 12.7, and 14.8%, respectively.Given that all
the pairs of FRET constructs (CFP/CFP, YFP/YFP, and CFP/
YFP) have the same probability to occur, these data indicate
that most AdipoRs (76.5–93.4%) would form dimers. Consid-
ering Förster’s distance parameters, the theoretical distance
between interacting AdipoR1 monomers was 6.91 � 0.13 nm,
for AdipoR2 was 7.46 � 0.19 nm, and for interaction of Adi-
poR1 and AdipoR2 was 7.09 � 0.15 nm or 6.99 � 0.12 nm
depending on the FRET pair used. These calculated distances
are consistent with the distance accessible by the FRET tech-
nique (between 2 and 10 nm) and are comparable with the
diameters of most biological molecules (32).
To reveal the subcellular localization of adiponectin receptor

interaction, confocal images of HEK293AD cells expressing the
different FRET constructs were processed using PixFRET. This
approach revealed that regardless of the FRET pair used, recep-
tor interaction occurred mainly at the plasma membrane level
(Fig. 3B). In addition, although to a lesser extent, some intracel-
lular regions likely corresponding to the ER compartment were
also positive (Fig. 3B), suggesting that AdipoR interactionsmay
begin in early compartments of the secretory pathway. This
observation was further supported by subcellular fractionation
experiments (see below).
To further substantiate that AdipoRs are able to form

complexes, protein extracts from His6-AdipoR1- or ECFP-
AdipoR2-transfected HEK1293AD cells were subjected to
non-denaturing gel electrophoresis. When protein extracts
were incubated with the reducing agent �-mercaptoethanol
and immunoblotted using antibodies against the tag molecules
(anti-HisG and anti-GFP), single immunoreactive bands of
�45 and �70 kDa corresponding to exogenous AdipoR1 and
AdipoR2, respectively, were revealed (Fig. 3C, left lanes). Alter-
natively, when the native conformation of the receptors was
preserved by omission of �-mercaptoethanol, the monomeric
forms of the receptors (i.e. His6-AdipoR1 (�45 kDa) and CFP-
AdipoR2 (�70 kDa)) as well as forms of higher molecular
masses were detected. The estimated molecular weights of
these additional forms are concordant with the theoretical
molecular weights of homodimeric and multimeric complexes
(Fig. 3C,middle lanes).
Protein extracts from cells co-transfected with cMyc-

AdipoR1 and ECFP-AdipoR2 were also collected and immuno-
precipitated using an anti-cMyc monoclonal antibody. As
shown in Fig. 3D, when cMyc-AdipoR1 was immunoprecipi-
tatedwith -cMyc, ECFP-AdipoR2was co-immunoprecipitated,
indicating that AdipoR1 and AdipoR2 exist in a protein com-
plex in cMyc-AdipoR1/ECFP-AdipoR2-co-expressing cells
under basal conditions.
To test whether AdipoR oligomerization takes place in the

ER, protein extracts from GFP-AdipoR1- or GFP-AdipoR2-ex-
pressing cells were sequentially centrifuged and electrophore-
sed under reducing or non-reducing conditions. As shown in
Fig. 3E, the microsomal fraction (P2) was enriched in the ER
marker calnexin and lacked immunosignal for the plasma
membrane marker Na�/K�-ATPase, which separated in the
previous centrifugation step (P1). ER-membrane enriched frac-

FIGURE 1. Intracellular localization of fluorescently tagged AdipoR1 and
AdipoR2 in HEK293AD cells. A, representative confocal images of
HEK293AD cells expressing DsRed-AdipoR1 (left panel) or DsRed-AdipoR2
(right panel) are shown. AdipoR1 and AdipoR2 fluorescent signals accumulate
in close apposition to the plasma membrane (arrows) as well as in an intracel-
lular compartment surrounding the nucleus (arrowheads). B, shown is colo-
calization of GFP-AdipoR1 or GFP-AdipoR2 (green) with the plasma mem-
brane marker FM5–95 (red). As shown in the rightmost panels, both AdipoR1
and AdipoR2 signals exhibit significant overlapping with FM5–95 at the
plasma membrane. C, shown is colocalization analysis of GFP-tagged
AdipoR1 and AdipoR2 (green) with the ER marker calnexin (red). Intracellular
accumulation of AdipoR1 and AdipoR2 strongly coincides with calnexin
immunosignal. Scale bars, 5 �m.
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tionswere examined for the presence ofAdipoRmonomers and
multimeric complexes. Thus, in protein extracts incubated with
�-mercaptoethanol, single immunoreactive bands of �70 kDa
corresponding to exogenous GFP-AdipoR2 or GFP-AdipoR2
were revealed (Fig. 3F, left lanes). On the other hand, in the
absence of �-mercaptoethanol the monomeric forms of the
receptors (�70 kDa) as well as forms of higher molecular
masses likely corresponding to AdipoR1 and AdipoR2 com-
plexes were detected (Fig. 3F, right lanes).
We next assessed the effect of FLAdipoQ and GAdipoQ on

the dynamics of AdipoR1 and AdipoR2 homo- and heteromer-
ization. To this end, we carried out simultaneous real-time
measurements of ECFP and Venus-YFP fluorescence in single,
living cells expressing different combinations of FRET pairs.
Fig. 4A shows representative examples of ECFP andVenus-YFP
fluorescence recording over time in cells expressing the differ-
ent AdipoR FRET constructs and treated with either 100 nM
FLAdipoQ (top panels) or 100 nM GAdipoQ (bottom panels).
Irrespective of the adiponectin form administered, ECFP fluo-
rescent emission increased, whereas Venus-YFP fluorescence
concomitantly decreased (Fig. 4A). This decrease in FRET sig-
nals could be due to adiponectin-induced conformational
changes within the AdipoR complexes. These data are also
compatible with the idea that ligand binding induces the disso-
ciation of theAdipoR complexes as has been suggested to occur
for several GPCRs (33, 34). In line with this, exposure of
AdipoR-transfected cells to adiponectin caused a time-depen-
dent increase in the monomeric forms of AdipoRs and a con-

comitant decrease in the amount of oligomeric forms (data not
shown). In this scenario our FRET data suggest that the time-
course of AdipoR dissociation induced by GAdipoQ is simi-
lar for all AdipoR pairs (7.78 � 1.57 s for AdipoR1 homom-
ers, 6.07 � 0.80 s for AdipoR2 homomers, and 5.33 � 0.41 s
for AdipoR1/AdipoR2 heteromers; Fig. 4B). On the other
hand, FLAdipoQ-induced dissociation of AdipoR1/AdipoR1
(18.67 � 4.53 s) and AdipoR2/AdipoR2 homomers (15.50 �
3.37 s) was slower than that induced by GAdipoQ (Fig. 4B).
Interestingly, when formation of AdipoR1/AdipoR2 hetero-
mers was favored by co-expression of the corresponding con-
structs and cells were treated with FLAdipoQ, heteromer dis-
sociation was significantly accelerated, reaching a peak at
5.09 � 0.10 s (Fig. 4B).
The time-course ofAdipoR reassociation (and/or recovery of

the original conformation)was also estimated bymeasuring the
time required to recover base-line levels of the Venus-YFP/
ECFP ratio. No significant differences regarding the effect of
FLAdipoQandGAdipoQonhomo- or heteromer reassociation
were found (Fig. 4C). However, irrespective of the pair of con-
structs examined, receptor reassociation resulted about 2-fold
slower in response to FLAdipoQ treatment than to GAdipoQ
(Fig. 4C).
AdipoR1 and AdipoR2 Internalization Dynamics in Response

to Adiponectin—To evaluate the effects of FLAdipoQ and
GAdipoQ on AdipoR1 and AdipoR2 internalization dynamics,
DsRed-AdipoR1- or DsRed-AdipoR2-transfected cells were
serum-starved for 1 h and challengedwith 100 nMFLAdipoQor

FIGURE 2. Colocalization of exogenously expressed AdipoR1 and AdipoR2. A, co-transfection of HEK293AD cells with GFP-AdipoR1 (green) and
DsRed-AdipoR2 (red) reveals a high degree of colocalization along the plasma membrane (top panels) as well as in the ER (bottom panels). B, triple
fluorescence detection of GFP-AdipoR1 (green), DsRed-AdipoR2 (red), and the ER marker calnexin (blue) is shown. Colocalization of the three markers
was found intracellularly within the ER, whereas overlapping of AdipoR1 and AdipoR2 also occurred at the plasma membrane.
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100 nMGAdipoQ for 0, 5, 30, and 60min. Afterward, cells were
fixed and immunostained for the early endosomemarker EEA1.
AdipoR1 internalization, which was estimated as the co-local-
ization index between DsRed-AdipoR1 and EEA1 fluorescent
signals, was significantly increased after a 5-min exposure to

FLAdipoQ (Fig. 5, A and B). The co-localization rate between
AdipoR1 and EEA1 returned to basal levels after longer expo-
sure times (30 and 60 min). On the other hand, significant co-
localization of the two fluorescence emission signals only
occurred at 30 min after GAdipoQ treatment (Fig. 5, A and B).

FIGURE 3. Evaluation of AdipoR1 and AdipoR2 interaction. A, shown are measurements of FRET efficiency in fixed HEK293AD cells transfected with different
ECFP and Venus-YFP constructs. FRET efficiency values were calculated as described under “Experimental Procedures.” Cells expressing ECFP and Venus-YFP
coupled in-frame within the same plasmid construct were used as the positive control (46 cells). Cells expressing ECFP and Venus-YFP empty vectors were used
as negative control (44 cells). FRET was measured in cells co-transfected with ECFP-AdipoR1/Venus-YFP-AdipoR1 (71 cells), ECFP-AdipoR2/Venus-YFP-AdipoR2
(67 cells), ECFP-AdipoR1/Venus-YFP-AdipoR2 (63 cells), or ECFP-AdipoR2/Venus-YFP-AdipoR1 (62 cells) under basal culture conditions. Only cells displaying
Venus-YFP/ECFP ratios close to or equal to 1 were included in the analysis. Results presented are the average � S.E. of the number of cells indicated (*, p 
 0.001
versus negative control). B, shown is a PixFRET map of FRET efficiencies yielded by AdipoR homo- and heteromers. Normalized FRET (NFRET) channels (rightmost
panels) reveal that protein interaction occurs mainly at the plasma membrane, although some positive signal is also present in the ER. Scale bars, 5 �m. C,
protein extracts from HEK293AD cells were transfected with His6-tagged AdipoR1 (left panel) or ECFP-tagged AdipoR2 (right panel) and electrophoresed in the
presence or absence of the reducing agent �-mercaptoethanol. As the control (C), cells were transfected with a construct coding for the His6 tag alone. D,
immunoprecipitation (IP) of the AdipoR1/AdipoR2 complex is shown. Immunoprecipitation was carried out with lysates prepared from HEK293AD cells
co-expressing the ECFP-AdipoR1/cMyc-AdipoR2 combination. For control purposes, HEK293AD cells were transfected with ECFP-AdipoR1 alone. After cell
lysis, protein extracts were immunoprecipitated with monoclonal anti-cMyc antibody and then immunoblotted using anti-cMyc or anti-GFP polyclonal
antibodies. Monoclonal anti-cMyc antibody co-precipitated ECFP-AdipoR2 in ECFP-AdipoR1/cMyc-AdipoR2 co-expressing cells (lane 4) but not in cells express-
ing ECFP-AdipoR1 alone (lane 3). E, assessment of ER membrane-enriched protein extracts by subcellular fractionation is shown. Protein extracts from
GFP-AdipoR1- or GFP-AdipoR2-transfected cells were centrifuged at 600 � g for 10 min, 15,000 � g for 5 min, and 100,000 � g for 60 min. Pellets from the
second (P1) and third (P2) centrifugation steps were immunostained against the ER membrane marker calnexin (top panels) and the plasma membrane marker
Na�/K�-ATPase (bottom panels). F, subcellular fractionation of HEK293AD cell extracts was performed to further investigate the presence of AdipoR complexes
in ER membrane-enriched fractions. ER-enriched fractions were incubated in the presence or absence of �-mercaptoethanol (�m), electrophoresed, and
immunostained against GFP to identify AdipoR monomers and multimers.
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We found that, similar to that observed for AdipoR1, internal-
ization of AdipoR2 significantly increased after a 5-min treat-
ment with FLAdipoQ, whereas it increased after a 30-min
exposure to GAdipoQ (Fig. 5, C andD). Altogether, these find-
ings demonstrate that both FLAdipoQ and GAdipoQ trigger
AdipoR1 andAdipoR2 internalization. However, GAdipoQ-in-
duced AdipoR1 and AdipoR2 internalization was delayed as
compared with that induced by FLAdipoQ. The supplemental
movie shows an example of FLAdipoQ-induced adiponectin
receptor internalization tracked by fluorescence videomicros-
copy. As shown in the movie, upon adiponectin stimulation
DsRed-AdipoR1was detected in verymobile, vesicle-like struc-
tures that displayed lateral movements along the plasma mem-
brane or retrograde transport.
To further characterize the internalization dynamics of

AdipoRs, AdipoR1- andAdipoR2-transfected cells were immu-
nostained for markers of recycling endosomes (transferrin
receptor) and lysosomes (LAMP1) after the administration of
GAdipoQor FLAdipoQ for 0, 5, 30, and 60min. BothGAdipoQ
and FLAdipoQ induced the co-localization of AdipoRs with
LAMP1 but only after a 60-min exposure to the treatment (Fig.
5, E—H). In the particular case of AdipoR1-expressing cells

treated with FLAdipoQ, the increase in the co-localization rate
was observed after 30min in the presence of the ligand (Fig. 5F).
Altogether, these results are consistent with the localization of
AdipoRs in the early endosomal compartment at earlier times
and suggest that irrespective of the treatment, after 30–60min
of ligand binding an important proportion of the receptors is
directed toward the lysosomal compartment for protein
degradation.
On the other hand, although AdipoRs exhibited some over-

lap with transferrin receptor under non-stimulated conditions,
we did not find significant co-localization after GAdipoQ or
FLAdipoQ administration (Fig. 6), which suggests that the
receptors are not recycled to the plasma membrane after
ligand-induced activation and internalization.
Influence of AdipoR1 and AdipoR2 Interaction on AMPK

Phosphorylation and PPAR� Activation—We next assessed
the functional consequences of the expression of different
combinations of adiponectin receptors by measuring AMPK
phosphorylation levels and PPAR� activation in response to
FLAdipoQ. Specifically, treatment of AdipoR1-expressing
HEK293AD cells with 100 nM FLAdipoQ caused a rapid,
robust, and transient increase in AMPK phosphorylation. Spe-
cifically, the pAMPK/AMPK ratio increased by 190% at 5 min
and returned to base-line levels at 15 min after FLAdipoQ
administration (Figs. 7,A andB, left panels). In cells transfected
with AdipoR2 alone, FLAdipoQ was unable to modify basal
phosphorylation of AMPK at any time point tested (Fig. 7, A
and B, middle panels). Finally, AMPK phosphorylation levels
increased in response to FLAdipoQ administration in Adi-
poR1/AdipoR2 co-expressing cells. However, in contrast to
that found in AdipoR1-transfected cells, the effect was only
patent after a 30-min exposure to the adipokine (Figs. 7, A and
7B, right panels). In sum, these findings indicate that the time-
course of FLAdipoQ-inducedAMPK phosphorylation is differ-
ent depending on the predominance of homomeric or hetero-
meric AdipoRs.
PPAR� activation was evaluated in a human hepatocarci-

noma cell line (HepG2 cells) as its transcriptional activity on
a luciferase reporter driven by multiple PPAR response ele-
ments (DR-1). Thus, treatment of AdipoR1-transfected
HepG2 cells with FLAdipoQ for 1 h did not increase the
capacity of PPAR� to activate the DR-1-driven luciferase
expression, whereas it significantly increased photon emis-
sion in AdipoR2-expressing cells (Fig. 7C). Interestingly, in
cells co-expressing both receptors, FLAdipoQ treatment
enhanced luciferase expression similarly to that found in
cells expressing AdipoR2 alone (Fig. 7C).

DISCUSSION

Receptor oligomerization is a key process that helps mod-
ulate and diversify the functional effects of receptor ligands.
Tyrosine kinase receptors, such as insulin or EGF receptors,
have longbeenknown to associate intodimers that are required to
initiate the corresponding receptor-mediated signaling (for review
see Ref. 24). More recently, oligomerization of seven-trans-
membrane domain GPCRs has emerged as a widespread
mechanism for fine-regulation of GPCR function (35–37).
During the isolation and characterization of the AdipoRs,

FIGURE 4. Live FRET imaging. A, shown are time-lapse recordings of ECFP
(solid lines) and Venus-YFP (dashed lines) fluorescent signals in single, living
HEK293AD cells co-transfected with the different combinations of FRET con-
structs. ECFP and Venus-YFP fluorescent emissions were monitored under
non-stimulated conditions (base line) for 120 s. Afterward, cells were treated
with 100 nM FLAdipoQ (top panels) or 100 nM GAdipoQ (bottom panels), and
fluorescence was recorded for an additional 200-s period. B, shown is the
average time for the Venus-YFP/ECFP ratio to attain its minimal value after
adiponectin administration. C, shown is the average time for Venus-YFP/ECFP
ratio to regain values close to base line after adiponectin administration. Data
correspond to representative examples of FRET profiles from cells exposed to
FLAdipoQ and GAdipoQ (n � 15, 10, and 11 cells for AdipoR1 pairs, AdipoR2
pairs, and AdipoR1-AdipoR2 pairs, respectively, in experiments with
FLAdipoQ; n � 18, 14, and 7 cells for AdipoR1 pairs, AdipoR2 pairs, and Adi-
poR1-AdipoR2 pairs, respectively, in experiments with GAdipoQ; n � 5 and 6
separate experiments for FLAdipoQ and GAdipoQ, respectively). *, p 
 0.001
versus ECFP-AdipoR1/Venus-YFP-AdipoR1 and ECFP-AdipoR2/Venus-YFP-
AdipoR2-expressing cells.
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FIGURE 5. AdipoR1 and AdipoR2 internalization dynamics in response to adiponectin. A and C, shown are representative confocal images of HEK293AD
cells expressing DsRed-AdipoR1 (A) or DsRed-AdipoR2 (C) and treated with 100 nM FLAdipoQ (left panels) or 100 nM GAdipoQ (right panels) for 0, 5, 30, and 60
min. After treatment, cells were fixed and immunostained against the early endosome marker EEA1 (green). B and D, shown is quantification of the colocal-
ization index (Pearson’s coefficient) between DsRed-AdipoR1 or DsRed-AdipoR2 and EEA1 immunofluorescent signal in FLAdipoQ (left graphs)- or GAdipoQ-
treated cells (right graphs). E and G, representative confocal images of HEK293AD cells expressing DsRed-AdipoR1 (E) or DsRed-AdipoR2 (G) treated with 100 nM

FLAdipoQ (left panels) or 100 nM GAdipoQ (right panels) for 0, 5, 30, and 60 min and immunostained against LAMP1 (green). F and H, shown is the colocalization
index between DsRed-AdipoR1 or DsRed-AdipoR2 and LAMP1 in FLAdipoQ (left graph)- or GAdipoQ-treated cells (right graph). Data are represented as the
average � S.E. from at least 12 cells per group collected from three independent experiments. *, p 
 0.05 versus untreated cells.
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immunoprecipitation assays suggested that they might form
high-order complexes (16). This was subsequently con-
firmed for AdipoR1, which was shown to organize into
homomers via a GXXXG interaction motif in the fifth trans-
membrane helix (26). Our FRET measurements have further
confirmed the capacity of AdipoR1 to form homomers. Fur-
thermore, analysis of normalized FRET images has allowed
us to unveil for the first time that AdipoR1 interaction takes
place mainly at the plasma membrane. Nevertheless, recep-
tor interaction was also found to occur at the ER, suggesting
that AdipoR1 homomerization is initiated early in the secre-
tory pathway.
The FRET efficiency detected for AdipoR1 homomer for-

mation was similar to the theoretical maximal FRET effi-
ciency, which suggests that most AdipoR1 molecules form
self-associated complexes under non-stimulated conditions.
This finding implies that AdipoR1 dimer formation does not
depend on ligand binding, but it is a constitutive feature of
this receptor, as it has been also shown to occur for several
tyrosine kinase receptors (24) and GPCRs (38). Furthermore,
real-time FRET measurement in living cells revealed that
FLAdipoQ or GAdipoQ causes a fast decrease in FRET effi-
ciency that suggests the occurrence of conformational
changes in AdipoR1 and/or AdipoR1 homomer dissociation

upon adiponectin binding, as has been suggested to occur for
GPCRs (33, 34). Previously, it was reported that FLAdipoQ
treatment decreased the interaction between AdipoR1
receptors, which led to the proposal that ligand binding
could prevent the initial association of monomers into
dimers (26). These findings were obtained by combining
bimolecular fluorescence complementation with flow
cytometry, which represents a valuable method to validate
protein interactions but does not offer time-resolved
dynamics of such processes. On the other hand, our study is
based on live FRET imaging, which provides temporal infor-
mation about the dynamics of receptor complexes (39).
Accordingly, our findings suggest that AdipoR1 forms stable
homomers under basal conditions but that these complexes
may dissociate in response to adiponectin binding. Remark-
ably, shortly after adiponectin-induced receptor dissocia-
tion, FRET efficiencies tended to recover basal levels, sug-
gesting thereby that AdipoR1 could re-associate rapidly into
homomers.
Although to date there has not been direct evidence on the

ability of AdipoR2 to form oligomeric complexes, the presence
of the GXXXG dimerization motif in its fifth transmembrane
domain suggested that this receptor could also organize into
high-order complexes. In line with this notion, our FRET and

FIGURE 6. AdipoR1 and AdipoR2 internalization dynamics in response to adiponectin. A and C, shown are representative confocal images of
DsRed-AdipoR1 (A)- or DsRed-AdipoR2-expressing (C) HEK293AD cells transfected with the recycling endosome marker transferrin receptor tagged with
HA (green) and treated with 100 nM FLAdipoQ (left panels) or 100 nM GAdipoQ (right panels) for 0, 5, 30, and 60 min. Scale bars, 5 �m. B and D, shown is
quantification of the colocalization index between DsRed-AdipoR1 or DsRed-AdipoR2 and transferrin receptor immunofluorescent signals in FLAdipoQ
(left graphs)- or GAdipoQ-treated cells (right graphs). Data are presented as the average � S.E. from at least 12 cells per group collected from 3
independent experiments.
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immunoblot experiments demonstrate that AdipoR2 forms
homomers under non-stimulated conditions with similar effi-
ciency to that observed for AdipoR1. Likewise, the dissociation
and internalization dynamics of AdipoR2 homomers in
response to adiponectin are similar to those of AdipoR1. Fur-
thermore, AdipoR2 was also found to self-associate at the
plasma membrane and, to a lesser extent, on the ER mem-
branes. Interestingly, the Class C GPCR GABAB receptor and
the Class A GPCR�1B- and �2-adrenoceptors have been
reported to form dimers in the ER (40–42). Furthermore, dis-
ruption of the putative dimerization motif of the �2-adrenergic
receptor prevents its normal trafficking to the plasma mem-
brane, indicating that receptor dimerization plays an important
role in ER export and cell surface targeting (42). The observa-
tion that both AdipoR1 and AdipoR2 homomers localize to the
ER strongly suggests that the ER may represent the cellular
compartment wherein the organization of AdipoR quaternary
structures begins. It is plausible that AdipoR dimerization takes

also place in the Golgi apparatus as, at least for class AGPCR, it
has been shown that homodimerization/oligomerization of
these receptors occurs both in the ER and the Golgi, although
not exclusively in the Golgi (43).
Besides forming homomers, AdipoRs undergo efficient het-

eromeric interactions in non-stimulated cells. Adiponectin
binding to AdipoR1/AdipoR2 heteromers may also trigger
receptor dissociation, as supported by our live FRET imaging
data, although heteromers present a distinct behavior in
response to ligand binding as compared with homomers. Spe-
cifically, FLAdipoQ would provoke a faster dissociation rate of
AdipoR1/AdipoR2 heteromers than of their homomer coun-
terparts. Disruption and disassembly of oligomeric receptors is
commonly triggered by ligand-induced changes in receptor
conformation. This has been reported for several members of
the GPCR superfamily: �-opioid receptor (44), thyrotropin
receptor (45), somatostatin receptor 2 (34, 46), and dopamine
receptors (47). Interestingly, dissociation of dopamine receptor
heteromers was found to require lower concentrations of dop-
amine than for the homomeric complexes, which led to the
proposal that the interaction between heteromers is weaker
than thatmaintaining the homomeric conformations (47). Sim-
ilarly, AdipoR heteromers dissociated faster than the homo-
meric forms in response to equimolar concentrations of FLA-
dipoQ, suggesting that in this case heteromeric interactions
could also be less stable than the homomeric ones.
Oligomerization of membrane receptors has been shown to

affect receptor function, including ligand binding, signaling,
receptor desensitization, and receptor internalization (34, 38,
44, 48–50). Accordingly, we first explored whether the differ-
ent AdipoR complexes internalize differently upon FLAdipoQ
or GAdipoQ binding. We found that both AdipoR1 and
AdipoR2 redistribute to early endosomes in response to either
FLAdipoQ or GAdipoQ, which suggests that AdipoR endocy-
tosis is not affected by the composition of the receptor complex.
Notably, the amount of internalized receptors relative to those
remaining at the cell surface after stimulationwas relatively low
in response to both ligands. The internalization process was
different depending on the adiponectin form administered.
Specifically, localization of AdipoRs to early endosomes
occurred within the first 5 min after FLAdipoQ administration
and disappeared 30min later. On the other hand, AdipoRs only
localized to early endosomes after 30 min of exposure to
GAdipoQ. These data indicate that the various forms of adi-
ponectin operate differently on AdipoR complexes, which
could in turn affect the endocytic trafficking and signaling of
the receptor complex. In this regard it is important to stress that
the different forms of adiponectin mediate distinct and often
tissue-specific effects (14, 51). Together, these and our findings
support the notion that activation of distinct signal transduc-
tion pathways by the different adiponectin isoforms is due at
least in part to the presence of AdipoR complexes.
After ligand-induced internalization, receptors can be

recycled back to the membrane through the early endosome-
recycling endosome pathway or directed to lysosomes for
degradation. Our co-localization analyses showed that
AdipoR1 and AdipoR2 significantly colocalize with the lyso-
some marker LAMP1 only after a 30–60-min exposure to

FIGURE 7. Time-dependent effect of FLAdipoQ treatment on the phos-
phorylation of AMPK. A, shown are representative blots of HEK293AD
cells expressing exogenous AdipoR1 alone (left panel), AdipoR2 alone
(middle panel), or co-expressing AdipoR1 and AdipoR2 (right panel).
B, shown are average band intensities of adiponectin-induced AMPK
phosphorylation rates in AdipoR1 (left graph)-, AdipoR2 (middle graph)-, or
AdipoR1/AdipoR2-expressing cells (right graph). AMPK phosphorylation
was determined as phospho-AMPK normalized by total AMPK and are
represented as the average � S.E. from at least three independent exper-
iments. * p 
 0.001 versus untreated cells. C, PPAR� activity was measured
as the capacity of FLAdipoQ to increase DR1-driven luciferase synthesis.
AdipoR1-, AdipoR2-, or AdipoR1/AdipoR2-expressing HepG2 cells were
co-transfected with a DR1-luciferase reporter plasmid. Photon emission
was assessed in single, living cells under basal conditions and after a
60-min exposure to 100 nM FLAdipoQ. Data are expressed as the log10 of
the photon emission integrated in 10-min intervals and are represented as
the average � S.E. from at least 27 cells from 5 independent experiments.
*, p 
 0.05 versus untreated cells.
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FLAdipoQ or GAdipoQ, whereas treatments did not modify
the co-localization rate of AdipoRs with transferrin recep-
tor. Altogether, these data indicate that, at least at the con-
ditions tested, most AdipoRs are diverted to the lysosomal-
degradation pathway after ligand activation. According to
these observations, it is conceivable that the response of
cells to adiponectin decreases over time due to AdipoR
down-regulation.
Our study also shows that the signaling pathways activated

by a given adiponectin isoform may differ depending on the
AdipoR repertoire expressed by the cells. To be more spe-
cific, given that adiponectin increases phosphorylation and
activity of AMPK (52), we investigated the capacity of the
different AdipoR complexes to phosphorylate this enzyme.
We observed that similarly to that previously reported (52),
phosphorylation of AMPK peaked at 5 min in FLAdipoQ-
treated, AdipoR1-expressing cells. In fact, our data confirm
previous observations indicating that adiponectin-induced
activation of AMPK occurs mainly via AdipoR1 (18) inas-
much as FLAdipoQ did not evoke any change in AdipoR2-
expressing cells at any of the time points tested. Interest-
ingly, in cells expressing both AdipoR1 and AdipoR2,
phosphorylation of AMPK only increased after a 30-min
treatment with the adipokine, which indicates that the pres-
ence of AdipoR1/AdipoR2 heteromers provokes a delay in
the onset of AMPK activation in response to adiponectin.
Given that double-transfected cells contain AdipoR1
homomers and AdipoR2 homomers as well as heterodimers,
it is plausible that the delayed intracellular response
observed in these cells is due to a decrease in the proportion
of AdipoR1 homodimers and/or to a lower capacity of the
heterodimer to signal through the AMPK pathway as a con-
sequence of the interaction with AdipoR2 and/or the pres-
ence of AdipoR2 dimers. Further research is required to
ascertain these possibilities.
AdipoR2 is known to initiate an intracellular signal cascade

that involves PPAR� activation (18), and therefore, we evalu-
ated whether AdipoR heteromer formation affects PPAR� sig-
naling. We found that, consistent with previous results (18),
FLAdipoQ enhanced PPAR� activity in cells expressing
AdipoR2 but not AdipoR1. Interestingly, in cells expressing
both receptors, FLAdipoQ was able to increase PPAR� activity
at similar levels than those observed in AdipoR2-expressing
cells, suggesting that the presence of heteromers might not
alter AdipoR2 intracellular signaling.
It is currently known that both circulating adiponectin and

the expression levels of its receptors in target cells are decreased
in obesity, which has been suggested to contribute to obesity-
associated insulin resistance (53). Three therapeutic strategies
targeting adiponectin and its receptors have been currently
contemplated to tackle the metabolic and cardiovascular
abnormalities commonly linked to obesity: (i) to increase adi-
ponectin expression in white adipose tissue and plasma adi-
ponectin levels using PPAR	 agonists (54), (ii) to up-regulate
AdipoR expression using PPAR� agonists (55), and (iii) to char-
acterize novel AdipoR agonists to counteract obesity-associ-
ated reduced adiponectin sensitivity (56). In the present study,
we have demonstrated that AdipoR1 and AdipoR2 interact to

formhomomers and heteromers that exhibit distinct adiponec-
tin binding affinities and intracellular signaling properties.
Therefore, the balance ofAdipoRhomomers andheteromers in
target tissues must be taken into account when envisaging adi-
ponectin-based treatments regardless of the therapeutic strat-
egy chosen.
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