
www.cell-research.com | Cell Research

Qiurong Ding et al.
317
npg

ORIGINAL ARTICLE

Endocytosis of adiponectin receptor 1 through a clathrin- 
and Rab5-dependent pathway
Qiurong Ding1, Zhenzhen Wang1, Yan Chen1

1Key Laboratory of Nutrition and Metabolism, Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese 
Academy of Sciences, Graduate School of the Chinese Academy of Sciences, 294 Taiyuan Road, Shanghai 200031, China

In eukaryotic cells, receptor endocytosis is a key event regulating signaling transduction. Adiponectin receptors 
belong to a new receptor family that is distinct from G-protein-coupled receptors and has critical roles in the pathogen-
esis of diabetes and metabolic syndrome. Here, we analyzed the endocytosis of adiponectin and adiponectin receptor 1 
(AdipoR1) and found that they are both internalized into transferrin-positive compartments that follow similar traffic 
routes. Blocking clathrin-mediated endocytosis by expressing Eps15 mutants or depleting K+ trapped AdipoR1 at the 
plasma membrane, and K+ depletion abolished adiponectin internalization, indicating that the endocytosis of AdipoR1 
and adiponectin is clathrin-dependent. Depletion of K+ and overexpression of Eps15 mutants enhance adiponectin-
stimulated AMP-activated protein kinase phosphorylation, suggesting that the endocytosis of AdipoR1 might down-
regulate adiponectin signaling. In addition, AdipoR1 colocalizes with the small GTPase Rab5, and a dominant negative 
Rab5 abrogates AdipoR1 endocytosis. These data indicate that AdipoR1 is internalized through a clathrin- and Rab5-
dependent pathway and that endocytosis may play a role in the regulation of adiponectin signaling.
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Introduction

The prevalence of type 2 diabetes has increased dra-
matically in recent years. White adipose tissue (WAT) is 
a major site of energy storage that is important for energy 
homeostasis [1]. Recently, WAT has been increasingly rec-
ognized as an important endocrine organ that secretes many 
biologically functional adipokines. Of these adipokines, 
adiponectin has attracted the majority of attention because 
it displays positive antidiabetic and antiatherogenic effects 
and is expected to be a novel therapeutic tool for diabetes 
and metabolic syndrome. Adiponectin stimulates glucose 
utilization and fatty-acid combustion. Its antidiabetic func-
tion acts mainly through the activation of AMP-activated 
protein kinase (AMPK), which is a central regulator of 
intracellular energy metabolism [2].

Adiponectin exerts its protective roles by interacting 
with two membrane adiponectin receptors, AdipoR1 

(adiponectin receptor 1) and AdipoR2 [3]. The functional 
significance of AdipoR1 and AdipoR2 in glucose metabo-
lism has been demonstrated by gene deletion experiments, 
in which the knockout of both receptors was shown to be 
associated with insulin resistance and marked glucose in-
tolerance [4]. AdipoR1 and AdipoR2 share 66.7% identity 
in amino acid sequence; they are predicted to contain seven 
transmembrane domains that are topologically distinct from 
classical G-protein-coupled receptors (GPCRs). AdipoR1 
is ubiquitously expressed, with abundant expression in the 
skeletal muscles, whereas AdipoR2 is most abundantly 
expressed in the liver. The activation of both AdipoR1 and 
AdipoR2 by adiponectin binding stimulates AMPK activ-
ity; this regulation is associated with an increase in fatty-
acid oxidation and glucose uptake [3]. In addition, AdipoR1 
and AdipoR2 have distinct functional signaling preferences. 
AdipoR1 is more prominent in AMPK phosphorylation, 
while AdipoR2 is more involved in PPARα regulation 
[5]. How the signals are transduced from the adiponectin 
receptors to AMPK and how this process is regulated re-
main largely unknown. Recently, APPL1 was identified as 
an adaptor that interacts with the N-terminus of AdipoR1 
[6]. The interaction of APPL1 with AdipoR1 is stimulated 
by adiponectin; this interaction plays an important role in 
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downstream signaling, including AMPK phosphorylation, 
glucose uptake and lipid oxidation [6].

In eukaryotic cells, the internalization of membrane 
receptors, with or without ligand stimulation, has been 
proven to be an effective way to regulate downstream 
signaling. Most GPCRs are regulated by endocytosis [7-
9]. The β2-adrenergic receptor (β2AR) was the first GPCR 
found to be regulated by internalization [7]. In response 
to agonist stimulation, β2AR is internalized through a 
clathrin-mediated pathway and then downregulated via 
degradation in the lysosome. β-Arrestin acts as a clathrin 
adaptor that regulates the endocytosis of β2AR [10, 11]. 
Many other types of membrane receptors are regulated by 
different endocytosis pathways. For example, activated 
EGF receptor (EGFR) recruits the SH2 domain-containing 
signaling molecule Grb2 (growth factor receptor-binding 
protein2), which mediates the binding of EGFR to the E3 
ubiquitin ligase c-Cbl and initiates a cascade of events 
leading to internalization and degradation of EGFR [12]. 
In contrast to β2AR and EGFR, however, TGF-β type II 
receptor internalization is constitutive and independent of 
ligand binding [13]. The clathrin-dependent endocytosis of 
the TGF-β type II receptor is important for TGF-β-induced 
Smad activation and signaling transduction [14, 15].

The endocytosis of membrane receptors is mediated 
mainly by two pathways: a clathrin-dependent pathway 
and a clathrin-independent pathway; the latter is mediated 
mainly by caveolae and lipid rafts. In clathrin-mediated 
internalization, receptors are targeted to the early endo-
somes and are usually downregulated through an ubiquitin-
dependent sorting process [16-18]. Moreover, the same 
receptor can be endocytosed through different pathways 
that lead to divergent signaling events. For example, TGF-β 
receptors can undergo clathrin-mediated and caveolin-
mediated endocytosis. TGF-β receptors that are internalized 
through clathrin are routed to EEA1-postive endosomes, 
thus promoting TGF-β signaling. In contrast, the caveolin-
dependent endocytosis of TGF-β receptors leads mainly to 
rapid receptor turnover [14]. Therefore, the regulation of 
receptors through different internalization pathways is a 
critical way to modulate downstream signaling.

Due to the key role of adiponectin in the regulation of 
glucose and lipid metabolism, it is of great importance 
to understand the regulation of adiponectin signaling at 
various levels. It is not yet known how adiponectin and 
adiponectin receptors are regulated by endocytosis. Here, 
we provide an initial characterization of the endocytosis 
of adiponectin and AdipoR1. Our study suggests that 
adiponectin and AdipoR1 are internalized through a clath-
rin-mediated pathway involving Rab5. In addition, we 
found that inhibition of AdipoR1 endocytosis enhances 
adiponectin-induced AMPK phosphorylation, suggesting 

that endocytosis may play a role in the regulation of adi-
ponectin signaling.

Results

Endocytosis of adiponectin
We first analyzed the endocytosis of full-length adipo-

nectin in Hela cells. Recombinant human adiponectin was 
labeled with Alexa-555. The cells were serum-starved for 
24 h and then incubated with 10 µg/ml of labeled full-length 
adiponectin for 2 h. The amount of adiponectin used was 
consistent with its physiological concentration [19]. After 
incubation, the cells were washed to remove the surface-bound 
adiponectin. As shown in Figure 1A, we observed obvious 
internalization of the labeled adiponectin. To confirm the 
specificity of the adiponectin internalization, a 20-fold 
excess of unlabeled adiponectin was added to the medium. 
We found that endocytosis of the labeled adiponectin was 
dramatically decreased (Figure 1A, right panel). These 
results provide the first piece of evidence that adiponectin 
could be specifically endocytosed into these cells.

Endocytosis of AdipoR1
Adiponectin receptors belong to a new seven-transmem-

brane receptor family termed PAQR; these receptors have 
the N-terminus facing the cytosol, unlike GPCRs [3, 20]. In 
previous experiments, we found that, when overexpressed 
in Hela cells, AdipoR1 is distributed in the cytoplasm with 
a punctate pattern and AdipoR2 is dispersed in the cytosol 
without obvious puncta (data not shown), indicating that 
AdipoR1 could be localized both in the plasma membrane 
and in the cytosol. To analyze only the plasma membrane-
localized receptors, we generated C-terminally Myc-tagged 
AdipoR1 and AdipoR2 and used them to analyze endocyto-
sis in HEK293T cells, a cell line commonly used to observe 
receptor endocytosis. The C-termini of adiponectin recep-
tors are proposed to localize to the extracellular side of the 
plasma membrane [3, 20]. The tagged receptors on the cell 
surface were labeled at 4 ºC with an anti-Myc antibody and 
a fluorescently conjugated secondary antibody. Consistent 
with the topology of AdipoR1 that was shown by Yamauchi 
et al.[3], we found a clear plasma membrane localization 
of AdipoR1 (Figure 1B, first panel); however, we failed to 
detect membrane-bound AdipoR2 in HEK293T cells, pos-
sibly due to insignificant plasma membrane localization of 
AdipoR2. Therefore, we focused on AdipoR1 in subsequent 
experiments. After the cells were serum starved overnight, 
the endocytosis of AdipoR1 was analyzed by incubating at 
37 ºC in complete medium for different periods of time. At 5 
min after incubation, it appeared that some of the membrane 
receptors began to be internalized. At 30 and 60 min, most 
of the membrane receptors were internalized (Figure 1B). 
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To further confirm the endocytosis of AdipoR1, we used a 
different protocol to analyze only the membrane-localized 
but not internalized receptors. Consistent with our previ-
ous observations, the signal from the membrane-localized 
receptors before the initiation of endocytosis was much 
stronger than those at 5 or 30 min after endocytosis was 
started (Supplementary information, Figure S1).

We next examined whether or not the internalization of 
AdipoR1 was ligand-dependent. After serum starvation of 
the cells overnight, plasma membrane-bound AdipoR1 was 
labeled, and its internalization was initiated with or without 
the addition of 10 µg/ml adiponectin in the DMEM me-
dium. We found little change in the endocytosis of AdipoR1 
in the presence or absence of adiponectin (data not shown), 
indicating that AdipoR1 is constitutively endocytosed, 
independently of ligand stimulation, in HEK293T cells.

To further investigate whether adiponectin and AdipoR1 
are internalized through similar traffic routes, we simulta-
neously examined the endocytosis of Alexa 555-labelled 
adiponectin and Myc-tagged AdipoR1 in HEK293T cells. 
The plasma membrane-bound AdipoR1 was labeled at 4 ºC; 
then the cells were incubated with 10 µg/ml of labeled 
adiponectin at 37 ºC for 30 min to allow for the internaliza-
tion of adiponectin and AdipoR1. We found that the labeled 
adiponectin and AdipoR1 were prominently colocalized in 
these cells (Figure 1C), indicating that adiponectin and Adi-
poR1 follow similar traffic routes during endocytosis.

Adiponectin and AdipoR1 are both internalized to transfer-
rin-positive compartments

The endocytosis of membrane receptors occurs through 
two main pathways: clathrin-dependent and clathrin-

Figure 1 Endocytosis of adiponectin and AdipoR1. (A) Endocytosis of adiponectin. Recombinant human adiponectin was 
labeled with Alexa-555 (red). Hela cells were serum-starved for 24 h and then incubated with 10 µg/ml of labeled adiponectin 
for 2 h in the absence or presence of 200 µg/ml of unlabeled adiponectin. The cells were washed to remove the surface-bound 
adiponectin. The nuclei were stained with DAPI (blue). The cells were fixed and imaged by confocal microscopy. The scale bar 
indicates 10 µm. (B) Constitutive endocytosis of AdipoR1. HEK293T cells were transfected with Myc-tagged AdipoR1. At 48 h 
after transfection, the live cells were labeled at 4 ºC with an anti-Myc antibody and a secondary antibody (red). After washing, 
the cells were then incubated at 37 ºC in complete medium for various times as indicated. The scale bar indicates 10 µm. (C) 
Adiponectin and AdipoR1 follow similar traffic routes during internalization. HEK293T cells were transfected with Myc-tagged 
AdipoR1 and serum-starved overnight. Membrane-bound AdipoR1 was labeled by immunostaining (green) at 4 ºC. The cells 
were then incubated with labeled adiponectin (red) for 30 min at 37 ºC. The scale bar indicates 10 µm.
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independent. To find out which pathway is responsible for 
the internalization of adiponectin and AdipoR1, we used 
transferrin as a marker for the clathrin-mediated pathway 
and caveolin as a marker for the caveolin-mediated path-
way, which constitutes the major clathrin-independent path-
way [21, 22]. We analyzed the endocytosis of full-length 
adiponectin in C2C12 myotubes, as skeletal muscle is one 
of the major target organs of adiponectin and abundantly 
expresses AdipoR1 [2]. The differentiated C2C12 cells 
were serum-starved for 2 h and then incubated with Alexa 
488-labeled transferrin and Alexa 555-labeled adiponectin 
simultaneously. After 2 h of endocytosis, we found that 
transferrin and adiponectin were profoundly colocalized 
(Figure 2A). These data indicate that adiponectin is inter-

Figure 2 Adiponectin and AdipoR1 are both internalized into transferrin-positive compartments. (A) Endocytosis of adiponectin 
into transferrin-positive compartments. C2C12 cells were differentiated, serum-starved for 2 h and incubated with 50 µg/ml of 
labeled transferrin (green) and 10 µg/ml of labeled adiponectin (red) for 2 h. The cells were washed to remove membrane-
bound transferrin and adiponectin before analysis by confocal microscopy. The arrows indicate representative colocalization 
signals. The scale bar indicates 10 µm. (B) Colocalization studies of adiponectin with transferrin or transferrin receptors at 10 
min after the initiation of endocytosis in differentiated C2C12 cells. To study colocalization with transferrin receptors, cells were 
immunostained with an antibody specific for the transferrin receptor, followed by Alexa 488-conjugated secondary antibodies 
(green). The arrows indicate representative colocalization signals. The scale bar indicates 10 µm. (C) Colocalization studies of 
adiponectin with caveolin. Differentiated C2C12 cells were serum-starved for 2 h and then incubated with 10 µg/ml of labeled 
adiponectin (red) for 2 h. The cells were immunostained with an anti-caveolin-1 antibody followed by an Alexa 488-conjugated 
secondary antibody (green). The scale bar indicates 10 µm. (D) AdipoR1 is internalized into transferrin-positive compartments. 
HEK293T cells were transfected with Myc-tagged AdipoR1. Membrane-bound AdipoR1 was labeled by immunostaining (red) at 
4 ºC before incubating with transferrin. The labeled AdipoR1 and transferrin (green) were subjected to internalization for 10 min 
at 37 ºC before fixation and confocal imaging. The arrows indicate representative colocalization of transferrin with AdipoR1. The 
scale bar indicates 10 µm. (E) AdipoR1 is not internalized into caveolin-positive compartments. HEK293T cells were transfected 
with Myc-tagged AdipoR1. Membrane-bound AdipoR1 was labeled by immunostaining (red) at 4 ºC before internalization for 
10 min at 37 ºC. The cells were immunostained with an anti-caveolin-1 antibody followed by Alexa 488-conjugated secondary 
antibodies (green) after fixation. The scale bar indicates 10 µm.

nalized to a transferrin-positive compartment. To further 
investigate this phenomenon, we analyzed the movement 
of adiponectin at 10 min after the initiation of endocytosis. 
In addition, the transferrin receptor was also labeled as an-
other marker for clathrin-mediated endocytosis. As shown 
in Figure 2B, we found that adiponectin colocalizes well 
with both transferrin and transferrin receptors. Meanwhile, 
we found that adiponectin has little colocalization with 
caveolin (Figure 2C). Taken together, our findings suggest 
that adiponectin is endocytosed in a clathrin-mediated 
pathway. Because both full-length and globular adiponec-
tin can serve as ligands for adiponectin receptors [3], we 
also analyzed the internalization of globular adiponectin. 
We found that globular adiponectin could be internalized 
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(Supplementary information, Figure S2); however, globu-
lar adiponectin colocalizes little with either transferrin or 
transferrin receptor (Supplementary information, Figure 
S2), indicating that globular adiponectin is not internal-
ized through a clathrin-dependent pathway. The different 
behaviors of full-length vs globular adiponectin may also 
indicate that the observed endocytosis of adiponectin is 
regulated in a specific manner.

We next investigated the endocytosis of AdipoR1. In 
HEK293T cells, plasma membrane-bound Myc-tagged 
AdipoR1 was first labeled at 4 ºC. Alexa 488-labeled 
transferrin was added and allowed to adhere to the cell 
membrane for 30 min at 4 ºC. Then, the cells were incubated 
at 37 ºC for 10 min to allow for endocytosis. As shown in 
Figure 2D, a large portion of internalized receptors co-

localizes with transferrin. Meanwhile, we found that the 
internalized receptors colocalize little with caveolin (Figure 
2E). Therefore, these data indicate that AdipoR1 is also 
internalized through a clathrin-mediated pathway.

AdipoR1 endocytosis through clathrin-mediated pathway
To provide further evidence that AdipoR1 is internalized 

through a clathrin-mediated pathway, we next assessed 
AdipoR1 endocytosis while inhibiting clathrin-mediated 
endocytosis. The Eps15 protein is constitutively associ-
ated with the clathrin adaptor protein complex AP-2 on 
the plasma membrane and is involved in clathrin-mediated 
endocytosis [23]. Two Eps15 mutants, Eps15-DIII (but not 
the inactive variant Eps15-DIII∆2) and Eps15 Ed95/295, 
interfere with clathrin by binding to the AP-2 adaptor and 

Figure 3 AdipoR1 is internalized through a clathrin-mediated pathway. (A) Endocytosis of AdipoR1 is blocked by Eps15 mu-
tants. HEK293T cells were transfected with Myc-tagged AdipoR1 and different EGFP-fused Eps15 constructs as indicated. 
Membrane-bound AdipoR1 was labeled (red), and the cells were allowed to internalize at 37 ºC for 30 min before fixation and 
confocal imaging. The percentage of internalized receptors was quantified and is shown in the lower panel as mean±SD. The 
scale bar indicates 10 µm. (B) AdipoR1 internalization is blocked by K+ depletion and hypertonic treatment. HEK293T cells 
were transfected with Myc-tagged AdipoR1. The cells were incubated in either K+ depletion or hypertonic media as indicated. 
Membrane-bound AdipoR1 was labeled and then subjected to endocytosis at 37 ºC for 30 min. The percentage of internalized 
receptors is shown in the lower panel as mean±SD. The scale bar indicates 10 µm. (C) Endocytosis of adiponectin is blocked 
by K+ depletion. Differentiated C2C12 cells were serum-starved for 2 h and then incubated in K+ depletion buffer. The cells 
were next incubated with 10 µg/ml of labeled adiponectin (red) for 2 h. Then, cells were washed to remove membrane-bound 
adiponectin before imaging by confocal microscopy. The scale bar indicates 10 µm.
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specifically inhibit clathrin-mediated endocytosis [23]. 
Myc-tagged AdipoR1 was coexpressed with the Eps15 
mutant proteins in HEK293T cells. As shown in Figure 3A, 
AdipoR1 endocytosis was almost completely abrogated by 
the expression of Eps15-DIII or Eps15 Ed95/295 but was 
not affected by Eps15-DIII∆2 expression. The quantifica-
tion of the fluorescence signals showed that the percentage 
of internalized receptors dropped from ~80% to ~20% 
when Eps15-DIII or Eps15 Ed95/295 was coexpressed 
with AdipoR1. K+ depletion and the use of a hypertonic 
medium (0.5 M sucrose) have been reported to prevent 
clathrin lattice assembly and inhibit clathrin-mediated en-
docytosis [24-26]. We analyzed the effect of K+ depletion 
and a hypertonic medium on AdipoR1 endocytosis (Figure 
3B) and found that both treatments were able to severely 
block the internalization of AdipoR1, with the percentage 
of internalized receptors dropping from about ~80% to 
~30% with K+ depletion or to ~20% with the hypertonic 
treatment. Moreover, we found that much less adiponectin 
was internalized in C2C12 cells after K+ depletion treatment 
in comparison with the control cells (Figure 3C). Taken 
together, these results indicate that the internalization of 
AdipoR1 as well as adiponectin is mediated mainly through 
a clathrin-dependent pathway.

Rab5 is involved in the endocytosis of AdipoR1
Rab proteins make up a large family of GTPases that 

regulate vesicle transport in cells [27]. Rab5 is a marker 
of the early endosome and plays an important role in clath-
rin-mediated endocytosis [28]. To analyze whether Rab5 is 
involved in the endocytosis of AdipoR1, we coexpressed 
AdipoR1 and EGFP-Rab5 in Hela cells and C2C12 cells. 
We found that the AdipoR1 and Rab5 partly colocalize in 
cytoplasmic structures in both cell lines (Figure 4A and 4B). 
To further address the significance of Rab5 in the endocytosis 
of AdipoR1, we used a dominant-negative mutant of Rab5, 
Rab5 (S34N). We found that the endocytosis of AdipoR1 
is almost completely blocked by Rab5(S34N), with ~80% 
internalized receptors in the presence of wild-type Rab5 
and less than 20% when Rab5(S34N) is coexpressed with 
AdipoR1 (Figure 4C). These data, therefore, suggest that 
Rab5 is critical for AdipoR1 endocytosis.

Inhibition of AdipoR1 endocytosis enhances adiponectin-
induced AMPK phosphorylation

We next investigated how AdipoR1 endocytosis func-
tions to regulate adiponectin signaling. Differentiated 
C2C12 cells were pretreated with K+ depletion buffer to 

Figure 4 Rab5 is involved in AdipoR1 internalization. (A) AdipoR1 colocalizes with Rab5. Hela cells were transfected with Flag-
tagged AdipoR1 and EGFP-fused Rab5 as indicated. At 48 h after transfection, the cells were subjected to immunostaining 
with an anti-Flag antibody and a secondary antibody (red), followed by confocal microscopy. The scale bar indicates 10 µm. 
(B) Colocalization of AdipoR1 with Rab5 in C2C12 cells. The same experiment as described in (A) was performed in C2C12 
cells. The scale bar indicates 10 µm. (C) Endocytosis of AdipoR1 is partly blocked by dominant negative Rab5. HEK293T cells 
were transfected with Myc-tagged AdipoR1 and EGFP-Rab5 or EGFP-Rab5(S34N) as indicated. Membrane-bound AdipoR1 
was labeled, and the cells were allowed to internalize at 37 ºC for 30 min before fixation and confocal analysis. Percentage of 
internalized receptors was quantified and is shown as mean±SD. The scale bar indicates 10 µm.
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prevent the endocytosis of adiponectin receptors. The cells 
were then treated with 10 µg/ml adiponectin for different 
lengths of time, and the phosphorylation of AMPK was 
analyzed. As shown in Figure 5, adiponectin induces a sharp 
increase of AMPK phosphorylation, with a peak at 15 min 
in control cells, which is similar to what has been observed 
previously [3]. The activation of AMPK declined to a level 
even lower than the basal level at 60 min after stimulation 
[29]; however, when C2C12 myotubes were treated with 
K+ depletion buffer, adiponectin-induced phosphorylation 
of AMPK significantly increased and the stimulation lasted 
to 60 min after ligand addition (Figure 5A). Therefore, 
the inhibition of AdipoR1 endocytosis appears to enhance 

adiponectin-induced AMPK phosphorylation. To provide 
additional evidence that the inhibition of endocytosis is 
able to enhance adiponectin signaling, we next blocked 
AdipoR1 endocytosis by overexpressing Eps15-DIII in 
HepG2 cells, another cell line that is commonly used to 
investigate adiponectin signaling. Our previous result 
indicates that Eps15-DIII could specifically reduce the 
endocytosis of AdipoR1 (Figure 3A). In comparison with 
Eps15-DIII∆2, a negative control, the overexpression of 
Eps15-DIII significantly increases both the basal and adipo-
nectin-stimulated phosphorylation of AMPK and acetyl-co-
enzyme A carboxylase (ACC), another downstream target 
of adiponectin signaling (Figure 5B). Our data, therefore, 

Figure 5 Inhibition of AdipoR1 endocytosis enhances adiponectin-induced AMPK phosphorylation. (A) Differentiated C2C12 
cells were incubated with or without K+ depletion medium, followed by treatment with 10 µg/ml adiponectin for various times as 
indicated. The cells were harvested, and the cell lysate was used for immunoblotting with antibodies for phosphorylated or total 
AMPK as indicated. The same experiments were performed twice with identical results. One representative result is shown. 
(B) HepG2 cells were transiently transfected with EGFP-Eps15-DIII and EGFP-Eps15-DIII∆2 for 48 h and serum-starved for 24 h 
before  treatment with 10 µg/ml adiponectin for various times as indicated. The cells were harvested, and the cell lysate was 
used for immunoblotting with antibodies for phosphorylated or total AMPK and ACC as indicated.
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indicate that endocytosis of AdipoR1 may provide a way to 
modulate the quantity of surface receptors and thus regulate 
the adiponectin signaling pathway.

Discussion

In this study, we provided evidence that adiponectin and 
AdipoR1 are internalized. We found that AdipoR1 endocy-
tosis is ligand-independent and follows a clathrin-mediated 
pathway. Our initial characterization also suggests that Rab5 
is involved in the endocytosis of AdipoR1. Furthermore, 
when endocytosis is blocked by K+ depletion or Eps15-
DIII overexpression, there is significantly higher AMPK 
phosphorylation stimulated by adiponectin, indicating that 
the endocytosis of AdipoR1 might quantitatively modulate 
the amount of AdipoR1 on the cell surface and subsequently 
regulate the downstream signaling pathway.

Our study indicates that the endocytosis of AdipoR1 
is constitutive. The internalization of cell surface recep-
tors can be either constitutive or ligand-activated. In the 
latter case, endocytosis is initiated by post-translational 
modifications, such as phosphorylation or ubiquitination 
of the receptors upon ligand binding. On the other hand, 
the constitutive pathway contributes to the homeostasis 
of other surface receptors; it applies mainly to receptors 
that undergo continuous internalization and recycling. 
The number of surface receptors is predicated to regulate 
the strength and duration of downstream signaling. For 
example, an increase in surface receptor density could 
lead to sustained ERK signaling [30]. The overexpression 
of  EGFRs in PC12 cells is able to switch the otherwise 
transient activation of ERK signaling upon EGF stimula-
tion to a prolonged ERK activation and cell differentiation 
[31]. In our experiments, we found that blocking AdipoR1 
endocytosis leads to enhanced and sustained stimulation of 
AMPK upon adiponectin treatment. Therefore, the endocy-
tosis of AdipoR1 may function as a means to modulate the 
quantity of surface receptors and thus regulate the strength 
and duration of downstream signaling.

A large group of receptors undergo clathrin-mediated 
endocytosis. It is generally believed that the selective 
recruitment of transmembrane proteins (cargo) by clathrin-
mediated endocytosis is initiated by the binding of specific 
sequences in the cytoplasmic domain of cargo proteins to 
the AP-2 adaptor and possibly other coat-associated pro-
teins [32]. One specific sequence is the di-leucine motif 
(DE)xxxLL(I) (in which the residue at position four or, less 
frequently, five upstream of the first leucine is acidic, x is 
any amino acid and the second leucine can be isoleucine). 
Interestingly, we found a possible di-leucine motif (KDN-
DYLL starting at the 106th position) in the N-terminus of 
AdipoR1; this motif is in the cytoplasmic tail of the receptor 

and adjacent to the first transmembrane domain. Whether 
this sequence is involved in clathrin-mediated endocytosis 
of AdipoR1 needs further investigation.

Rab proteins are small GTPases that regulate vesicle 
docking and fusion during vesicular transport in endo-
cytosis and exocytosis [27]. Activated Rab5 is important 
for sequestering ligands into clathrin-coated pits and the 
subsequent fusion of vesicles with early endosomes [33]. 
Rab5 is involved in the transport of several receptors. 
The expression of constitutively active Rab5 (Q79L) 
causes ligand-independent EGFR internalization, while 
the expression of dominant negative Rab5 (S34N) blocks 
EGF-stimulated and receptor-mediated endocytosis, which 
affects EGF activation in the Raf-Erk kinase pathway 
[34-36]. Rab5 was also found to be involved in insulin 
receptor-mediated endocytosis [37]. In our study, we found 
that AdipoR1 colocalizes with Rab5. More importantly, 
the dominant negative form of Rab5 is able to block the 
endocytosis of AdipoR1, suggesting that Rab5 regulates 
the internalization of AdipoR1. Recently, APPL1 was 
identified as a downstream adaptor of AdipoR1 [6]. Inter-
estingly, APPL1 was previously found to be an effector 
of Rab5 [38, 39]. Furthermore, it has been reported that 
adiponectin stimulates the interaction between APPL1 
and Rab5. Because APPL1 only binds to activated Rab5, 
these findings suggest that adiponectin may stimulate 
Rab5 activation. The overexpression of dominant nega-
tive Rab5 (S34N) blocks adiponectin-stimulated GLUT4 
membrane translocation and p38 MAPK phosphorylation 
[6, 40]. Together, these data suggest that Rab5 is involved 
in the regulation of signaling pathways downstream of 
adiponectin receptors. Our data indicate that, in addition 
to interacting with APPL1, Rab5 is involved in AdipoR1 
internalization. It remains to be determined whether APPL1 
is also involved in the endocytosis of AdipoR1. Neverthe-
less, our study establishes the endocytosis of adiponectin 
receptors as a newly identified mechanism for regulating 
adiponectin signaling.

Materials and Methods

Cell lines, antibodies and plasmids
HEK293T, Hela and C2C12 cells were grown in DMEM media 

supplemented with 10% fetal bovine serum (FBS), 100 µg/ml penicil-
lin and 100 µg/ml streptomycin (all from GIBCO-BRL, Gaithersburg, 
MD, USA). Cells were incubated at 37 ºC in humidified air with 5% 
CO2 and subcultured every 2 or 3 days. Differentiation of C2C12 
cells was induced by culturing in 2% horse serum-containing DMEM, 
which was changed daily for 5-7 days. Transfection was performed 
by the PEI method [41].

The anti-FLAG antibody was from Sigma-Aldrich (Saint Louis, 
MO, USA) and the anti-Myc antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). The antibody for transferrin receptor 
was from USCNLIFE Company (Wuhan, China). The antibodies for 
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AMPK, phosphorylated AMPK, ACC and phosphorylated ACC were 
from Cell Signaling Technology (Danvers, MA, USA), and caveolin-
1 antibody was from Abcam (Cambridge, UK). Human Alexa Fluor 
488-conjugated transferrin and Alexa Fluor 555 Microscale Protein 
labeling kit was from Invitrogen-Molecular Probes (Carlsbad, CA, 
USA). Human recombinant full-length adiponectin was from R&D 
system (Minneapolis, MN, USA).

The human AdipoR1 cDNA was cloned by PCR with human 
liver cDNA as the template with the following primers: 5′-AGG 
GTA TTG AGG TAC CAG CCA GAT G-3′ and 5′-GGA AGG CTC 
AGA GAA GGG TGT CAT C-3′. For Flag-tagged AdipoR1, AdipoR1 
cDNA was cloned into pRc/CMV (Invitrogen), and a FLAG tag was 
added into the N-terminus by PCR. The AdipoR1 cDNA was cloned 
into pCDNA3.1/myc-His (Invitrogen) to include a Myc tag at the 
C-terminus. Human Rab5 cDNA was cloned by PCR with HepG2 
cell cDNA as the template with the following primers: 5′-GCT AGT 
CGA GGC GCA ACA-3′ and 5′-TTA GTT ACT ACA ACA CTG-3′. 
The PCR fragment was cloned into the pEGFP-C1 vector (Clontech, 
Mountain View, CA, USA). GFP-Rab5S34N was generated by site-
directed mutagenesis PCR and verified by DNA sequencing. The 
plasmids pEGFP Eps15-DIII, Eps15-DIII∆2 and Eps15 Ed95/295 
were kindly provided by Alexandre Benmerah [23].

Endocytosis analysis of adiponectin
Full-length and globular adiponectin were labeled with the Alexa 

Fluor 555 Microscale Protein labeling kit (Invitrogen-Molecular 
Probes) following the manufacturer’s instruction. For analysis of 
adiponectin internalization in Hela cells, cells were serum-starved 
for 24 h and then incubated with 10 µg/ml of labeled adiponectin 
with or without 20-fold unlabeled adiponectin in DMEM for 2 h. 
The surface-bound adiponectin was removed with three washes with 
ice-cold acid wash buffer (150 mM NaCl and 20 mM Na-citrate at 
pH 5.0). The cells were then fixed with 4% paraformaldehyde and 
imaged by confocal microscopy. For colocalization of transferrin and 
adiponectin, differentiated C2C12 cells were serum-starved for 2 h 
and then incubated with 50 µg/ml transferrin and 10 µg/ml labeled 
full-length adiponectin or 2 µg/ml labeled globular adiponectin in 
DMEM for 2 h or 10 min. The surface-bound transferrin and adipo-
nectin were removed with three washes of ice-cold acid wash buffer; 
cells were then fixed and imaged. For colocalization studies with 
transferrin receptors, adiponectin was internalized for 10 min before 
immunostaining and analyzing with confocal microscopy.

Analysis of receptor internalization
AdipoR1 internalization studies were carried out as described 

previously [14]. Briefly, membrane-bound Myc-tagged AdipoR1 
was detected by incubating cells with an anti-Myc antibody in a 
buffer containing 20 mM HEPES (pH 7.5), 140 mM NaCl, 1 mM 
CaCl2, 1 mM MgSO4, 10 mM KCl, 5.5 mM glucose and 0.5% BSA 
for 2 h at 4 ºC. After cells had been washed three times with ice-
cold PBS buffer, they were incubated with Alexa-546 secondary 
antibody for 1 h at 4 ºC. Cells were then washed and incubated in 
complete medium (DMEM + 10% FBS) at 37 ºC for the indicated 
times. The cells were fixed and analyzed by confocal microscopy. 
To label only the membrane-localized but not internalized recep-
tors, a slightly different protocol was used. Briefly, after labeling 
the membrane-bound AdipoR1 by primary anti-Myc antibody at 4 ºC, 
endocytosis was initiated by an incubation at 37 ºC for different 
times, followed by fixation and staining with Alexa-546 secondary 

antibody without detergent treatment. For colocalization studies of 
transferrin and internalized AdipoR1, membrane-bound AdipoR1-
myc was labeled as indicated, and then 50 µg/ml of transferrin was 
allowed to adhere to cell membranes at 4 ºC for 30 min before being 
subjected to internalization for 10 min at 37 ºC.

K+ depletion and hypertonic sucrose treatment
Clathrin-dependent endocytosis was abrogated by K+ depletion 

and a hypertonic sucrose treatment. Briefly, HEK293T or differenti-
ated C2C12 cells were incubated in DMEM:water (1:1) for 5 min 
at 37 ºC and then incubated in a buffer (20 mM HEPES at pH 7.5, 
140 mM NaCl, 1 mM CaCl2, 1 mM MgSO4, 5.5 mM glucose and 
0.5% BSA) for 1 h at 37 ºC. Control cells were incubated in the 
buffer supplemented with 10 mM KCl. HEK293T cells were treated 
with 0.5 M sucrose dissolved in DMEM for 30 min of hypertonic 
medium treatment.

Confocal immunofluorescence microscopy
Cells were plated on glass coverslips in a 12-well plate and 

allowed to adhere overnight. They were then transfected with the 
indicated plasmids and incubated for 48 h. Slides were fixed for 10 
min in 4% formaldehyde, washed extensively with PBS, permeabi-
lized with 0.1% Triton X-100 for 10 min and blocked for 1 h in 3% 
BSA in PBS. Slides were then sequentially incubated with primary 
antibodies, washed with PBS, incubated for 1 h with Alexa 488- or 
Alexa 546-conjugated secondary antibodies (Invitrogen-Molecular 
Probes). The nuclei were counterstained with DAPI for 5 min. Cells 
were mounted with an anti-fade mounting medium (Biomeda, Foster 
City, CA, USA), and immunofluorescence was visualized with a 
confocal microscope (LSM 510, Zeiss, Germany). To quantify inter-
nalized receptors, two circles - one outlining the whole cell and the 
other beneath the plasma membrane - were drawn manually. After 
the background was subtracted, the fluorescence intensities in each 
circle were measured by Image-Pro Plus 5.02 and counted as whole-
cell and intracellular fluorescence. The percentages of internalized 
receptors were calculated by dividing the intracellular fluorescence 
by whole-cell fluorescence. At least 50 cells were quantified for each 
experimental group.

Western blotting analysis
For Western blotting analysis, the cells were lysed in RIPA buffer 

(150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 
0.1% SDS, 50 mM Tris-HCl at pH 7.4) containing phosphatase 
inhibitors and a protease inhibitor cocktail (Sigma-Aldrich). The 
lysate was subjected to SDS-PAGE, transferred to PVDF membranes 
and incubated with the primary antibodies followed by horseradish 
peroxidase-conjugated secondary antibody (Amersham, Bucking-
hamshire, UK). The bound antibody was visualized using enhanced 
chemiluminescence from Pierce (Rockford, IL, USA).
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