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Transfer of the glycosylphosphatidylinositol-
anchored 5�-nucleotidase CD73 from adiposomes
into rat adipocytes stimulates lipid synthesisbph_724 878..891

G Müller, C Jung, S Wied, G Biemer-Daub and W Frick

Sanofi-Aventis Germany GmbH, Research & Development, Therapeutic Department Metabolism, Frankfurt am Main, Germany

Background and purpose: In addition to predominant localization at detergent-insoluble, glycolipid-enriched plasma mem-
brane microdomains (DIGs), glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-proteins) have been found associated
with lipid droplets (LDs) and adiposomes. Adiposomes are vesicles that are released from adipocytes in response to anti-lipolytic
and lipogenic signals, such as H2O2, palmitate and the antidiabetic sulfonylurea drug, glimepiride, and harbour (c)AMP-
degrading GPI-proteins, among them the 5-nucleotidase CD73. Here the role of adiposomes in GPI-protein-mediated
information transfer was studied.
Experimental approach: Adiposomes were incubated with isolated rat adipocytes under various conditions. Trafficking of
CD73 and lipid synthesis were analysed.
Key results: Upon blockade of GPI-protein trafficking, CD73 specifically associated with DIGs of small, and to a lower degree,
large, adipocytes. On reversal of the blockade, CD73 appeared at cytosolic LD in time- adiposome concentration- and signal
(H2O2 > glimepiride > palmitate)-dependent fashion. The salt- and carbonate-resistant association of CD73 with structurally
intact DIGs and LD was dependent on its intact GPI anchor. Upon incubation with small and to a lower degree, large
adipocytes, adiposomes increased lipid synthesis in the absence or presence of H2O2, glimepiride and palmitate and improved
the sensitivity toward these signals. Upregulation of lipid synthesis by adiposomes was dependent on the translocation of CD73
with intact GPI anchors from DIGs to LD.
Conclusions: The signal-induced transfer of GPI-anchored CD73 from adiposomes via DIGs to LD of adipocytes mediates
paracrine upregulation of lipid synthesis within the adipose tissue.
British Journal of Pharmacology (2010) 160, 878–891; doi:10.1111/j.1476-5381.2010.00724.x
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SVC, stromal vascular cell

Introduction

The glycosylphosphatidylinositol (GPI) anchor is a highly
conserved glycolipid structure that is added post-
translationally to the carboxy-terminus of many eukaryotic,
particularly mammalian, proteins (Nosjean et al., 1997;
Ikezawa, 2002). Typically, the resulting GPI-anchored protein

(GPI-protein) is embedded in the outer leaflet of the plasma
membrane, predominantly in detergent-insoluble glycolipid-
enriched plasma membrane microdomains (DIGs) (Varma
and Mayor, 1998). DIGs are characterized by resistance
toward detergent solubilization and low buoyant density
during sucrose gradient centrifugation (Brown and London,
1998). They are highly enriched in cholesterol and (gly-
co)sphingolipids as well as certain acylated and transmem-
brane proteins (Brown and London, 1998; Varma and Mayor,
1998; Müller and Frick, 1999).

The functions of GPI-proteins studied so far are of consid-
erable variety, but seem to rely on their cell surface localiza-
tion. Furthermore, GPI-proteins have been implicated in
intercellular communication via either direct cell-to-cell
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contact mediated by GPI-anchored cell adhesion molecules
(Harris and Siu, 2002; Karagogeos, 2003) or transfer of GPI-
proteins with ‘messenger function’ from donor to acceptor
cells (Zhang et al., 1992; Rooney et al., 1993; Medof et al.,
1996; Kooyman et al., 1998; Sloand et al., 1998). So far only
limited experimental evidence is available for the molecular
mechanisms involved in the transfer of GPI-proteins between
cells. GPI-proteins have been demonstrated not to transfer
spontaneously from erythrocytes to liposomes, whereas CD4
engineered as a GPI-protein was observed to be efficiently
transferred between plasma membranes of HeLa cells, but not
of other cell types (Anderson et al., 1996). Consequently, it
was suggested that in vivo GPI-proteins are not spontaneously
transferred between cell membranes, but some facilitating or
catalyzing mechanism is needed (Suzuki and Okumura,
2000). This may involve microvesicles and exosomes that
represent vesicular structures differing in size (0.2–1 vs. 0.03–
0.20 mm) and buoyant density during sucrose gradient cen-
trifugation (1.25–1.30 vs. 1.13–1.21 g mL-1) but sharing
certain phospholipids and proteins of their membrane bilay-
ers (Heijnen et al., 1999; Stoorvogel et al., 2002; Keller et al.,
2006).

Exosomes were first identified during reticulocyte matura-
tion (Harding et al., 1983; Pan and Johnstone, 1983) and
subsequently demonstrated to be released from various donor
cell types. Exosomes were initially thought to correspond to
internal vesicles of multivesicular bodies being released into
the extracellular space by exocytosis upon fusion with the
plasma membrane (Thery et al., 2002; Cocucci et al., 2009).
However, GPI-proteins already embedded in the outer leaflet
of plasma membranes, such as GPI-anchored acetylcholinest-
erase, can also be efficiently released (de Gassart et al., 2003),
during differentiation of reticulocytes into erythrocytes
(Johnstone et al., 1987). This finding argued for release of
GPI-proteins in microvesicles during shedding, that is, reverse
budding, of the plasma membrane of the donor cells (Wolf,
1967; Poste and Nicolson, 1980). Subsequently, the predomi-
nant site of release of both microvesicles and GPI-proteins was
identified as DIGs (Del Conde et al., 2005). Compatible with
this view was the observed loss of the DIGs-associated GPI-
proteins, CD55 and CD59, from human erythrocytes upon
their storage (Long et al., 1993) and the spontaneous release
of the GPI-proteins, acetylcholinesterase and decay accelerat-
ing factor, from human erythrocytes into microvesicles
(Bütikofer et al., 1989).

Interestingly, the GPI-proteins, Gce1 and CD73, together
with subsets of transmembrane and peripheral membrane
proteins were found to be released from plasma membrane
DIGs of primary and cultured rodent adipocytes into
microvesicles and exosomes, collectively called adiposomes,
upon challenge with physiological concentrations of H2O2

or palmitate and pharmacological concentrations of the
antidiabetic sulfonylurea drug, glimepiride (Aoki et al., 2007;
Müller et al., 2009a). Moreover, both exosomes and
microvesicles seem to be involved in cell-to-cell transfer of
GPI-proteins. This was deduced from the significant transfer
of CD55 and CD59 from microvesicles and exosomes
derived from normal erythrocytes to the surface of
erythrocytes from patients with paroxysmal nocturnal
haemoglobinuria that were deficient in GPI-proteins

(Sloand et al., 1998). Effective transfer into the outer leaflet
of the plasma membrane was found to require the fatty acyl
chains of the GPI anchor (Civenni et al., 1998; Sloand et al.,
1998).

The localization and function of GPI-proteins so far found
to be transferred from donor to acceptor cells seem to be
restricted to the plasma membrane. However, the GPI-
proteins, Gce1 and CD73, have recently been attributed an
intracellular function in the regulation of lipid metabolism in
rat adipocytes (Müller et al., 2008a,d). Both Gce1 and CD73
are translocated from plasma membrane DIGs to intracellular
lipid droplets (LDs) in response to H2O2, palmitate or glime-
piride (Müller et al., 2008b,e). LDs are cytoplasmic organelles
that store lipids and cholesterylester in their core and are
surrounded by a monolayer of phospholipids and free
cholesterol with embedded so-called PAT proteins (Müller
and Petry, 2005; Ducharme and Bickel, 2008; Fujimoto et al.,
2008). The intrinsic cAMP-specific phosphodiesterase and
5′-nucleotidase activities of Gce1 and CD73, respectively,
cause the degradation of cAMP and AMP at the LD surface
zone, thereby leading to upregulation of the esterification of
fatty acids into lipids and inhibition of lipolysis (Müller et al.,
1994b; 2008c).

Together these findings raised the possibility that Gce1- and
CD73-harbouring adiposomes released from donor adipo-
cytes control the lipid metabolism of acceptor adipocytes in a
signal-dependent fashion. This view was corroborated in the
present study by demonstrating of the transfer of CD73 from
adiposomes prepared from donor adipocytes to DIGs and LD
of acceptor adipocytes that leads to stimulation of fatty acid
esterification. The differences between small and large adipo-
cytes in operating as adiposome acceptor and donor cells,
respectively, are compatible with a paracrine role of GPI-
protein transfer via adiposomes in vivo.

Methods

Preparation and separation of large and small adipocytes
All animal care and experimental procedures complied with
the German animal protection law. Adipocytes were isolated
by collagenase digestion of epididymal fat pads from three-
months old male Sprague Dawley rats (Charles-River Labora-
tories (Wilmington, MA, USA; 140–160 g, fed ad libitum)
under sterile conditions and washed according to published
procedures (Müller et al., 1997a) and then filtered through
serial nylon mesh screens with pore sizes of 400, 150 and
75 mm to obtain small (diameter < 75 mm) and large (diameter
> 400 mm) adipocytes. After determination of the cell number
with a Coulter counter following fixation of aliquots of the
suspension with osmic acid as described previously (Cushman
and Salans, 1978; Müller et al., 2009b), the adipocytes were
adjusted with adipocyte buffer [140 mM NaCl, 4.7 mM KCl,
2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid-KOH (HEPES-
KOH), pH 7.4] supplemented with 0.2% (w/v) bovine serum
albumin (BSA), 100 mg mL-1 gentamycin, 50 units mL-1 peni-
cillin and 50 mg mL-1 streptomycin sulfate to 3.5 ¥
106 cells mL-1.
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Preparation of stromal vascular cells (SVCs)
SVCs were isolated according to previous published protocols
(Rodbell, 1964) with the following modifications. After colla-
genase digestion, the adipocyte suspension (derived from 20
epididymal fat pads) was centrifuged (500¥ g, 10 min, 20°C).
The pellet was suspended in 10 mL of adipocyte buffer and
then filtered through a 150-mm mesh to remove undigested
clumps, debris and large adipocytes. The filtrate was centri-
fuged (500¥ g, 10 min, 20°C). Pelleted cells were resuspended
in 5 mL of adipocyte buffer and then consecutively filtered
through serial nylon mesh screens with pore sizes of 75 and
30 mm. The last filtrate was centrifuged (1500¥ g, 10 min,
20°C). The pelleted SVC were washed once in 5 mL of
phosphate-buffered saline (PBS), recentrifuged and then sus-
pended in adipocyte buffer supplemented with 100 mg mL-1

gentamycin, 50 units mL-1 penicillin and 50 mg mL-1 strepto-
mycin sulfate at 3.5 ¥ 106 cells mL-1.

Induction of cells
For induction with glucose oxidase (GO), glimepiride or
palmitate, the adipocytes or SVC were suspended in adipocyte
buffer supplemented with 0.7% (w/v) BSA, 3.5 mM sodium
pyruvate and 20 mM D-glucose at 1.0 ¥ 106 cells mL-1 and
then incubated (30 min, 37°C) in primary culture in a shaking
water bath (100 cycles min-1) under constant bubbling with
95% O2/5% CO2 as outlined previously (Müller and Wied,
1993; Müller et al., 2008d).

Preparation of adiposomes
For preparation of adiposomes harbouring metabolically
labelled CD73, untreated rat adipocytes (25 mL, 3.5 ¥
105 cells mL-1) were washed twice with 50 mL of labelling
medium (adipocyte buffer supplemented with 6 mM glucose,
1 mM sodium pyruvate, 0.2% BSA, 25 mg mL-1 gentamycin,
20 units mL-1 penicillin and 20 mg mL-1 streptomycin sulfate)
each, and then incubated (2 h, 37°C) in 44 mL of labelling
medium in 150 mL culture flasks under 95% O2/5% CO2.
Labelling was started by the addition of myo-[U-14C]inositol
(50 mCi in 1 mL of labelling medium, 0.1 mM final conc.).
After incubation (5 h, 37°C), the adipocytes were induced by
the addition of GO (0.5 U mL-1) or left non-induced. Follow-
ing incubation (12 h, 37°C) and subsequent addition of 5 mL
of labelling medium supplemented with 100 mM myo-
inositol, the adiposomes were prepared according to pub-
lished protocols (Müller et al., 2009a,b) with the following
modifications. The adipocyte suspension (50 mL) was trans-
ferred (continuous shaking) into polypropylene tubes and
then centrifuged (500¥ g, 1 min, 20°C). The lower layer of
fluid below the floating adipocyte layer was removed by
suction taking care to avoid contamination with the adipo-
cytes and transferred into new tubes. This procedure was
repeated twice. The final lower layer was passed through a
5-mm mesh to remove residual cells. The filtrate was supple-
mented with dithiothreitol (DTT; final conc. 0.5 mM) and
protease inhibitor mix and then centrifuged (3000¥ g, 20 min,
4°C) to remove residual cell debris. The supernatant was cen-
trifuged (150 000¥ g, 60 min, 4°C, Ti-40 rotor, Beckman,
Krefeld, Germany). After careful aspiration of the superna-

tants, the pellets were suspended in 30 mL of adiposome
buffer (10 mM TRIS-HCl, pH 7.4, 250 mM sucrose, 1 mM eth-
ylenediaminetetraacetic acid, 0.5 mM ethylene glycol tet-
raacetic acid, 140 mM NaCl, 10 mM MgCl2, 2 mM MnCl2,
1 mM isobutylmethylxanthine, 1 mM DTT, 20 mM sodium
fluoride, 25 mM glycerol-3-phosphate, 10 mM sodium pyro-
phosphate and protease and phosphatase inhibitor mixes) and
re-centrifuged as above. The pellet was washed (vortexing) two
times with 15 mL of adiposome buffer, each. After determina-
tion of the phosphatidylcholine (PC) content, the adiposomes
were suspended in adiposome buffer at 1 mg PC per mL.

Incubation of cells with adiposomes
Isolated rat adipocytes or SVCs (3.5 ¥ 106 cells) were incubated
in 1.5 mL of adipocyte buffer supplemented with 5.5 mM
glucose, 1 mM sodium pyruvate, 0.2% (w/v) BSA, 100 mg mL-1

gentamycin, 50 units mL-1 penicillin and 50 mg mL-1 strepto-
mycin sulfate in the presence of adiposomes at the amounts
(in terms of PC content) and periods and temperatures as
indicated. Thereafter the mixtures were supplemented with
13.5 mL of adipocyte buffer.

Adipocytes were collected by flotation (500¥ g, 1 min,
20°C), washed once with 15 mL of adipocyte buffer and then
suspended in 1.5 mL of adipocyte buffer (final titer 1.4 ¥
106 cells mL-1). Two hundred microliter portions of the adi-
pocyte suspension were transferred (continuous shaking) into
microfuge tubes (Beckman) pre-filled with 100 mL of
dinonylphtalate and then centrifuged (500¥ g, 1 min, 20°C).
The tubes were cut through the dinonylphtalate layer sepa-
rating the incubation medium in the bottom part from the
adipocytes at the top of the upper part that were saved. Care
was taken to minimize the volume of dinonylphtalate taken
along with the adipocytes. After transfer of the adipocytes
into 10 mL polystyrene tubes and washing the upper part of
the microfuge tubes once with 1 mL of adipocyte buffer con-
taining protease inhibitor mix, the combined adipocyte sus-
pension and washing fluid were centrifuged (500¥ g, 2 min,
20°C). After careful aspiration of the lower layer, the adipo-
cytes floating at the top were suspended in 1.5 mL of adipo-
cyte buffer (2 ¥ 106 cells mL-1).

SVCs were collected by centrifugation (500¥ g, 10 min,
20°C), suspended in 10 mL of adipocyte buffer, washed twice
by centrifugation and finally suspended in 2.5 mL of adipo-
cyte buffer (~106 cells mL-1).

Adsorption of CD73-harbouring adiposomes to
AMP-Sepharose beads
The incubation mixtures containing adipocytes and adipo-
somes were supplemented with 200 mL of AMP-Sepharose
beads (50 mg AMP-Sepharose beads in 1 mL of 100 mM
HEPES-KOH, pH 7.4, 140 mM NaCl, 1 mM MgCl2, 0.5 mM
DTT and protease inhibitor mix) and then incubated with
continuous head-over rotation (60 cycles per min) of the
tubes. Thereafter, the incubation mixtures were centrifuged
under conditions (2500¥ g, 5 min, 20°C), which did not lead
to sedimentation of the unadsorbed adiposomes per se, but
were sufficient for the quantitative sedimentation of the
Sepharose beads (with the CD73-harbouring adiposomes
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adsorbed) and concomitant flotation of the adipocytes. The
adipocytes at the top of the tubes were recovered together
with the lower layer containing the unadsorbed adiposomes
by suction, transferred into new tubes and then recentrifuged.
The adipocytes and lower layer were recovered together,
transferred into new tubes, gently mixed and then further
incubated as indicated.

In/on-cell Western blotting
After incubation of the adipocytes and subsequent removal of
the medium by suction, the cells were washed three times
with adipocyte buffer (0.5 mL per well) and then fixed by the
addition of p-formaldehyde (3.7% in PBS, 150 mL per well).
After incubation (20 min, 25°C), the formaldehyde was
removed by suction. For permeabilization, the adipocytes
were washed twice with Triton X-100 (0.35% in PBS) for
10 min, each, with shaking. Permeabilized or intact cells were
blocked by the addition of blocking buffer (Odyssey, Li-Cor,
Bad Homburg, Germany, 150 mL per well). After incubation
(2 h, 25°C) with shaking and removal of the blocking buffer,
anti-perilipin A (1:400, final dilution) and anti-CD73 (1:200)
antibodies in blocking buffer containing 0.1% Tween 20
(100 mL per well) were added and incubated (2 h, 25°C).
Thereafter, the wells were washed five times (10 min each)
with washing buffer (0.1% Tween-20 in PBS, 200 mL per well)
with shaking and then supplemented (50 mL per well) with
anti-rat IgG (Molecular Probes, Eugene, OR, USA,
AlexaFluoro-680, 1:1000) and anti-rabbit IgG (Rockland, Gil-
bertsville, PA, USA, IRDye 800CW, 1:2000). After incubation
(1 h, 25°C, protected from light), the wells were washed five
times (5 min each) with washing buffer (200 mL per well)
under shaking and then imaged by scanning simultaneously
at 700 and 800 nm with an Odyssey Infrared Imaging System
from Li-Cor Biosciences at 169 mm resolution, medium
quality, focus off-set of 3.0 mm and intensity setting of 5 for
both channels. Data were calculated as arbitrary units using
the corresponding software (Li-Cor Odyssey).

Data analysis
Results are shown as mean � standard deviation. Differences
between various treatments as indicated were analysed by
unpaired Student’s t-tests or one-way analysis of variance,
with Bonferroni post-tests, as applicable with P values < 0.05
considered as significant. Concentration-response curves were
fitted using the GraphPad Prism 4.03 software (GraphPad
Software Inc., La Jolla, CA, USA). Phosphorimages were quan-
tified by computer-assisted video densitometry using the
Storm 860 PhosphorImager system (Molecular Dynamics,
Gelsenkirchen, Germany) and transformed into figures using
the Adobe Photoshop software (Adobe Systems, Mountain
View, CA, USA).

Miscellaneous
Published procedures were used for the preparation of LD and
DIGs (from 2.5 ¥ 106 cells per incubation; Müller et al., 2001;
2002; 2008a,d), determination of 5′-nucleotidase activity
(Müller et al., 2008d), [1-14C]palmitate-driven esterification

into total radiolabelled acylglycerols (with 2.5 ¥ 105 cells in
1 mL of incubation volume; Müller et al., 2008c), protein
concentration and PC content of adiposomes (Müller et al.,
2009a), affinity purification of CD73 using AMP-Sepharose
(Müller et al., 2008a,d), sodium dodecylsulfate-
polyacrylamide gel electrophoresis [SDS-PAGE; 4–12% Bis-
TRIS precast gel, pH 6.4, 4-morpholineethanesulfonic acid
(MES)-SDS running buffer] under reducing conditions (Müller
et al., 2001), extraction and precipitation of proteins from LD,
DIGs and incubation medium under native conditions
(Müller et al., 2009b) and treatment of ADIP, DIGs, LD or
incubation medium with alkaline Na2CO3, NaCl, detergents,
free and cholesterol-bound methyl-b-cyclodextrin (m-bCD)
(glycosyl)phosphatidylinositol-specific phospholipase C (GPI-
PLC) from Bacillus cereus or NaNO2 (0.25 M, adjusted with
sodium acetate to pH 4.0, 3 h at 25°C) (Müller et al., 1997b;
2008c; 2009a,b).

Materials
Myo-[U-14C]inositol was purchased from Amersham-Buchler
(Braunschweig, Germany). Recombinant human insulin,
glimepiride (Müller et al., 1994b), b-amidotaurocholate
(Müller et al., 1994a) and GPI-2350 (Müller et al., 2005) were
made available by the biotechnology and medicinal chemis-
try departments of Sanofi-Aventis Germany GmbH (Frank-
furt, Germany). GO, pre-mixed protease (complete EASYpack)
and phosphatase (PhosSTOP) inhibitor cocktails (one tablet
for 10 mL) were bought from Roche Molecular Biochemicals
(Mannheim, Germany). Dinonylphtalate was from
Calbiochem-Merck (Darmstadt, Germany). b-D-lactosyl-N-
octanoyl-L-threo-sphingosine (L-t-LacCer) was provided by
Avanti Polar Lipids (Alabaster, AL, USA). AMP-Sepharose
beads were purchased from LKB/Pharmacia (Freiburg,
Germany). Antibodies and all other (radio-)materials were
obtained as described previously (Müller et al., 1997a; 2002;
2005; 2008a,d).

The nomenclature of drugs and targets follows Alexander
et al. (2009).

Results

Adiposome-derived GPI-anchored CD73 is transferred to plasma
membrane DIGs of small adipocytes
Previously, the release of adiposomes harbouring GPI-proteins
from rat adipocytes had been demonstrated (Müller et al.,
2009a) and shown to depend on cell size, with larger adipo-
cytes being significantly more effective than smaller ones
(Müller et al., 2009b). As a model system for the elucidation of
the putative physiological function of microvesicles and exo-
somes released from mammalian cells as intercellular carriers
for GPI-proteins, the transfer of CD73 from donor to acceptor
adipocytes via adiposomes was studied. For this, adiposomes
prepared from metabolically labelled (with myo-[14C]inositol
for the detection of CD73) and then GO-induced (for the
release of adiposomes driven by H2O2, which is generated
upon GO action in the incubation medium) (Müller et al.,
2008c) rat adipocytes as the donor cells were incubated
with small and large adipocytes as the putative acceptor
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cells (Figure 1). The known H2O2-driven translocation of
GPI-proteins from DIGs to intracellular LD was blocked by the
inhibitor of the GPI-PLC, GPI-2350 (Müller et al., 2008b,d,e).
After incubation for 2 min at 10°C, the association of CD73
with the adipocytes or SVC was analysed after their recovery
from the incubation mixtures by flotation through
dinonylphtalate or centrifugation, respectively (Figure 1).
SVC served as control as they are commonly assumed to
represent the adipose tissue vascular cell depot from which
adipocyte precursor cells are recruited (Rodeheffer et al.,
2008).

Adiposome-derived CD73 was found associated with small
adipocytes and their plasma membranes and DIGs as well as
with large adipocytes and SVC. The accumulation was depen-

dent on the amount of adiposomes and higher for DIGs
compared with plasma membranes and total membranes and
more pronounced for small, rather than large, adipocytes and
SVC. This is compatible with the known enrichment of
endogenous CD73 at DIGs of rat adipocytes (Müller et al.,
2001). The association of CD73 with DIGs of small adipocytes
was significantly reduced upon increasing the incubation
temperature to 37°C or period to 30 min or on using adipo-
somes that had been pretreated with bacterial PI-PLC
(Figure 2). In the last instance, the partial reduction in DIGs-
associated CD73 correlated well with 50–65% loss of CD73
from the adiposomes (data not shown). This is presumably
caused by (incomplete) lipolytic cleavage of the GPI anchor of
CD73. Blockade of the translocation of GPI-proteins from
DIGs to LD by the non-hydrolyzable AMP analogue, AMPCP,
or independently by inhibition of the GPI-PLC by GPI-2350
(Müller et al., 2008b,e) reduced the DIGs association of CD73
to similar extents (Figure 2). The amount of DIGs-associated
CD73 was not significantly altered upon incubation of (small)
acceptor adipocytes with GO, glimepiride or palmitate (data
not shown).

Next, the nature of the association of adiposome-derived
CD73 with adipocyte DIGs was studied. Treatment with NaCl
or alkaline Na2CO3 for the release of typical peripheral but not

Figure 1 Transfer of adiposome-derived CD73 with detergent-
insoluble glycolipid-enriched plasma membrane microdomains
(DIGs) of various adipose tissue cells. Small adipocytes (sAs), large
adipocytes (lAs) or stromal vascular cell (SVCs) were incubated
(2 min, 10°C, presence of 100 mM GPI-2350) in the absence or
presence of increasing amounts [according to phosphatidylcholine
(PC) content] of adiposomes (ADIP) from glucose oxidase (GO)-
induced adipocytes harbouring metabolically labelled CD73. The
adipocytes or SVCs were recovered by flotation and subsequent
centrifugation through dinonylphtalate or centrifugation, respec-
tively. From portions of the cells, total plasma membrane (PM) or
plasma membrane DIGs were prepared. Proteins of the DIGs, PMs
and total small adipocytes (total sAs) were extracted, precipitated
under native conditions and then analysed for CD73 by affinity
purification, sodium dodecylsulfate-polyacrylamide gel electrophore-
sis and phosphorimaging. Representative images are shown. Quan-
titative evaluations of the amounts of radiolabelled CD73 [in
phosphorimaging units (p.im.u.)] are given for three independent
incubations and determinations in triplicate each (mean � standard
deviation). *Significantly different from DIGs from SVC.

Figure 2 Mechanism of the transfer of adiposome-derived CD73
with detergent-insoluble, glycolipid-enriched plasma membrane
microdomains (DIGs) of small adipocytes. Adiposomes from glucose
oxidase (GO)-induced adipocytes [100 mg phosphatidylcholine (PC)
each] harbouring metabolically labelled CD73, which had been pre-
treated without or with phosphatidylinositol-specific phospholipase C
(PI-PLC) from Bacillus cereus (2.5 IU mL-1), were incubated (2 or
30 min, 10 or 37°C) with small adipocytes in the absence or presence
of GPI-2350 (100 mM) or a,b-methlyene-ADP (AMPCP; 100 mM).
After recovery of the adipocyte plasma membrane, DIGs were pre-
pared and then extracted for protein under native conditions. Pre-
cipitated proteins were analysed for CD73 by affinity purification,
sodium dodecylsulfate-polyacrylamide gel electrophoresis and phos-
phorimaging. Quantitative evaluations of the amount of DIGs-
associated radiolabelled CD73 are given for four independent
incubations and determinations in duplicate each (mean � standard
deviation) as % of the control (2 min, 10°C, presence of GPI-2350)
set at 100. *Significantly different from control.
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integral membrane proteins and GPI-proteins or with Triton
X-100 (1%, 4°C, 1 h) for the release of integral membrane
proteins from plasma membranes and GPI-proteins from
areas of plasma membranes distinct from DIGs (Müller et al.
2001; 2002) did not reduce the amount of DIGs-associated
CD73 compared with control (Figure 3). However, incubation
with Triton X-100 in the presence of octylglucoside or
b-amidotaurocholate or bacterial PI-PLC, all known to exert
efficient release of GPI-proteins from adipocyte DIGs (Müller
et al., 1994a; 1997b; 2001; 2002) led to almost complete loss
of CD73 from the DIGs (Figure 3).

Together these findings suggest that CD73 is transferred
from adiposomes to plasma membrane DIGs of acceptor adi-
pocytes and upon interference with its subsequent transloca-
tion to LD (by low temperature, short time, blockade of the
GPI-PLC, presence of AMPCP) accumulates at DIGs. The
transfer depends on the presence of the intact GPI anchor as:
(i) CD73 accumulated at DIGs was metabolically labelled with
the GPI anchor constituent myo-inositol; and (ii) accumula-
tion of CD73 at DIGs was prevented by treatment of the
adiposomes or DIGs with bacterial PI-PLC.

Adiposome-derived GPI-anchored CD73 is translocated to LDs of
small adipocytes
Recently, the translocation of endogenous Gce1 and CD73
from plasma membrane DIGs to intracellular LDs in rat adi-
pocytes upon their induction with H2O2, glimepiride or palmi-
tate has been reported (Müller et al., 2008a–c,e). To study the
putative translocation of adiposome-derived CD73 after its
transfer to plasma membrane DIGs of acceptor cells, small and
large adipocytes as well as SVC were incubated with adipo-
somes from GO-induced adipocytes harbouring metabolically
labelled CD73. LDs were prepared from the recovered adipo-
cytes and analysed for CD73 (Figure 4, upper panel). In the
absence of GPI-2350 and at 37°C, which favor the transloca-
tion of endogenous GPI-proteins from DIGs to LD, CD73 was
found associated with LD of small and large adipocytes and
SVC. The association was dependent on the amout of adipo-
somes added and more efficient with small than large adipo-
cytes or SVC. Alternatively, LD association of CD73 was
followed by assaying the LD from GO-induced small adipo-
cytes upon their incubation with (unlabelled) adiposomes for
5′-nucleotidase (Figure 4, lower panel). Adiposome-derived
5′-nucleotidase activity (calculated as the difference between
incubation with and without adiposomes) associated with the
LD from both non-induced and GO-induced adipocytes
increased with increasing amounts of adiposomes from non-
induced and, more pronouncedly, GO-induced adipocytes.
The association of adiposome-derived metabolically labelled
CD73 with LD was time-dependent and significantly stimu-
lated by GO, glimepiride and palmitate in this order of declin-
ing potency (Figure 5) with half maximal effective
concentration (EC50) values of 0.25–0.33 U mL-1, 5.3–7.7 mM
and 0.5–0.7 mM, respectively (Figure 6).

Next, the molecular mechanism of the translocation of
adiposome-derived CD73 to LD upon its transfer to DIGs
of acceptor adipocytes was studied using different modes of
blockade of endogenous GPI-protein translocation (Müller
et al., 2008b,c,e), such as low temperature, disruption of DIGs
in course of cholesterol depletion with m-bCD or insertion
of the non-physiological ceramide analogue, L-t-LacCer,
inhibition of the GPI-PLC by GPI-2350 and conformational
stabilization of CD73 by AMPCP. Incubation of acceptor
adipocytes with metabolically labelled adiposomes at 10°C or
in the presence of m-bCD, b-D-lactosyl-N-octanoyl-L-threo-
sphingosine (L-t-LacCer), GPI-2350 or AMPCP significantly
reduced the amounts of LD-associated CD73 compared with
37°C in the absence of m-bCD or presence of m-bCD pre-
loaded with cholesterol (m-bCD-chol) (Figure 7).

Next, the nature of the association of adiposome-derived
CD73 with the intracellular LD was studied. On basis of the
apparent translocation of adiposome-derived CD73 from
DIGs to LD of acceptor adipocytes, LD prepared from small
adipocytes that had been incubated with adiposomes har-
bouring metabolically labelled CD73 were treated with the
same methods effective with DIGs (see Figure 3). NaCl,
alkaline Na2CO3 and m-bCD preloaded with cholesterol
(m-bCD-chol) did not significantly alter the amount of
adiposome-derived CD73 found associated with the LD
(Figure 8, upper panel) or found released from the LD into the
infranatant upon their flotation (Figure 8, lower panel) com-
pared with control. In contrast, m-bCD alone or SDS led to

Figure 3 Extraction of adiposome-derived CD73 from detergent-
insoluble, glycolipid-enriched plasma membrane microdomains
(DIGs). Adiposomes from glucose oxidase (GO)-induced adipocytes
[100 mg phosphatidylcholine (PC) each] harbouring metabolically
labelled CD73 were incubated (2 min, 10°C, presence of 100 mM
GPI-2350) with small adipocytes. After recovery of the adipocytes
plasma membrane DIGs were prepared and then treated in the
absence (control) or presence of NaCl (1 M), Na2CO3 (0.1 M, pH
11.5), TX-100 (2%) plus octylglucoside (60 mM; TX-100+OG),
TX-100 (1%), phosphatidylinositol-specific phospholipase C (PI-PLC)
from Bacillus cereus (2.5 IU mL-1), or b-amidotaurocholate (BATC;
4%). The DIGs were recovered from the incubation mixtures by
centrifugation (100 000¥ g, 1 h, 4°C) and then washed twice with
adiposome buffer and then extracted for protein under native con-
ditions. Precipitated proteins were analysed for CD73 by affinity
purification, sodium dodecylsulfate-polyacrylamide gel electrophore-
sis and phosphorimaging. Representative images are shown. Quan-
titative evaluations of the amount of DIGs-associated radiolabelled
CD73 are shown for three independent incubations and determina-
tions in quadruplicate each (mean � standard deviation) as % of the
control (no additions) set at 100. *Significantly different from control.
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almost complete loss of adiposome-derived CD73 from the
LD and, in parallel, release into the lower layer. Following
treatment with NaNO2, which is known to cause cleavage of
GPI anchors by deamination of their non-acetylated glu-
cosamine constituent (Müller et al., 1997b), CD73 metaboli-
cally labelled at the inositol constituent of its GPI anchor
(Figure 8) was detected neither with the LD (upper panel) nor
lower layer (lower panel). This is compatible with removal of
the radiolabelled myo-inositol from the GPI anchor by nitrous

acid deamination and consequent release of the unlabelled
CD73 protein moiety from the LD into the lower layer.
Together the findings suggest that adiposome-derived CD73
with intact GPI anchor from (GO-induced) adipocytes (as the
donor cells) upon transfer to plasma membrane DIGs of (pref-
erably) small adipocytes (as the acceptor cells) is translocated
to cytoplasmic LD. This process is controlled by the H2O2-,
glimepiride- and palmitate-induced GPI-PLC and leads to
elevated 5′-nucleotidase activity at the LD surface zone.

The transfer of CD73 from adiposomes to plasma mem-
branes and its subsequent translocation to LD of acceptor
adipocytes was confirmed independently of the method of
cell fractionation. For this, the localization of CD73 after
incubation of small acceptor adipocytes with adiposomes
from GO-induced donor adipocytes was analysed by in/on-
cell Western blotting. This was accomplished by adsorption
of the adipocytes to the wells of microtiter plates, incubation
with adiposomes and then fixation under maintenance of

Figure 4 Translocation of adiposome-derived CD73 with lipid drop-
lets (LDs) of adipose tissue cells. Increasing amounts of adiposomes
[ADIPs; according to phosphatidylcholine (PC) content] harbouring
metabolically labelled CD73 or unlabelled adiposomes from glucose
oxidase (GO)-induced (0.5 U mL-1) or non-induced adipocytes were
incubated (1 h, 37°C) with small adipocytes (sAs), large adipocytes
(lAs) or stromal vascular cell (SVCs) in the presence of GO (1 U mL-1).
After recovery of the adipocytes or SVC by flotation and subsequent
centrifugation through dinonylphtalate or centrifugation, respec-
tively, LD were prepared and then extracted for protein under native
conditions. Precipitated proteins from incubations with metabolically
labelled adiposomes were analysed for CD73 by affinity purification,
sodium dodecylsulfate-polyacrylamide gel electrophoresis and
phosphorimaging (upper panel). Representative images are shown.
Proteins from incubations with unlabelled adiposomes were analysed
for 5′-nucleotidase activity (5′-Nuc) (lower panel). Quantitative evalu-
ations of the amount of LD-associated radiolabelled CD73 (in phos-
phorimaging units = p.im.u.) (upper panel) or of the LD-associated
5′-nucleotidase activity (in arbitrary units) (lower panel) are given for
4 independent incubations and determinations in duplicate each
(mean � standard deviation). *Significantly different from SVC or
absence of adiposomes.

Figure 5 Time course of the translocation of adiposome-derived
CD73 with lipid droplets (LD) of small adipocytes. Adiposomes from
glucose oxidase (GO)-induced adipocytes [100 mg phosphatidylcho-
line (PC) each] harbouring metabolically labelled CD73 were incu-
bated (37°C) with small adipocytes in the absence (non-induced,
squares) or presence of palmitate (1 mM, Palm, diamonds), glime-
piride (20 mM, Glim, triangles) or GO (1 U mL-1, circles) for increasing
periods of time. After recovery of the adipocytes LD were prepared
and extracted for protein under native conditions. Precipitated
proteins were analysed for CD73 by affinity purification, sodium
dodecylsulfate-polyacrylamide gel electrophoresis and phosphorim-
aging. Representative images are shown. Quantitative evaluations of
the amounts of LD-associated radiolabelled CD73 (in phosphorimag-
ing units = p.im.u.) are given for three independent incubations
and determinations in duplicate each (mean � standard deviation).
*Significantly different from non-induced state.
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cellular integrity. To allow access of antibodies against peril-
ipin A, a typical LD-associated PAT protein, and against
CD73 to the cytoplasm, including the LD (in-cell Western),
or only to the cell surface (on-cell Western), the adipocytes
were permeabilized with Triton X-100 or left untreated,
respectively (Figure 9). LD, which almost completely fill the
cytoplasm of rat adipocytes, were labelled with anti-perilipin
A antibodies by in-cell Western. In contrast, very weak
perilipin-A signals were visible by on-cell Western, only. This
may be due to the known expression of minor amounts of
perilipin at the plasma membrane of adipocytes (Aboulaich
et al., 2006). This low amount of perilipin-A at the cell
surface of intact adipocytes was not significantly increased
on induction of the adipocytes with palmitate, glimepiride
and GO or incubation with adiposomes. In contrast, CD73
was clearly detected during on-cell and, at a slightly elevated
level, during in-cell Western blotting (Figure 9). Importantly,
induction with glimepiride and GO significantly reduced the
amounts of both endogenous (incubation in the absence of
adiposomes) and adiposome-derived CD73 at the cell surface
of intact adipocytes, but did not affect total CD73 as visual-
ized by in-cell Western blots with permeabilized adipocytes.

This correlated well with the corresponding increases of the
difference between total (and roughly constant) CD73 as
measured for permeabilized cells by in-cell Western and
CD73 at the cell surface of intact cells according to on-cell
Western, which represents an indirect measurement of the
amount of LD-associated CD73. The increases are therefore
compatible with translocation of CD73 from plasma mem-
brane DIGs to cytoplasmic LD in response to palmitate,
glimepiride and GO. Upon incubation with adiposomes, the
amounts of CD73 were significantly upregulated in both
intact and permeabilized adipocytes (Figure 9). By calcula-
tion, the amount of CD73 at the LD was found to increase
upon incubation with adiposomes and to be stimulated by
GO and glimepiride in correlation to its loss from the plasma
membranes (Figure 9). The apparent correlation between the
appearance of both endogenous and adiposome-derived
CD73 at LD and their loss at the cell surface is compatible
with the constitutive transfer of CD73 from adiposomes to
plasma membranes and its subsequent signal-induced trans-
location to cytoplasmic LD of acceptor adipocytes and
thereby confirms the conclusion drawn from the cell fraction
experiments.

Figure 6 Concentration-dependent induction of the translocation
of adiposome-derived CD73 with lipid droplets (LDs) of small adipo-
cytes. Adiposomes from glucose oxidase (GO)-induced adipocytes
[100 mg phosphatidylcholine (PC) each] harbouring metabolically
labelled CD73 were incubated (1 h, 37°C) with small adipocytes in
the absence (non-induced) or presence of increasing concentrations
of palmitate (Palm), glimepiride (Glim) or GO. After recovery of the
adipocytes, LD were prepared and extracted for protein under native
conditions. Precipitated proteins were analysed for CD73 by affinity
purification, sodium dodecylsulfate-polyacrylamide gel electrophore-
sis and phosphorimaging. Representative images are shown. Quan-
titative evaluations of the amounts of LD-associated radiolabelled
CD73 (in phosphorimaging units = p.im.u.) are given for four inde-
pendent incubations and determinations in triplicate each (mean �
standard deviation). *Significantly different from non-induced.

Figure 7 Mechanism of the translocation of adiposome-derived
CD73 with lipid droplets (LDs) of small adipocytes. Adiposomes from
glucose oxidase (GO)-induced adipocytes [100 mg phosphatidylcho-
line (PC) each] harbouring metabolically labelled CD73 were incu-
bated (1 h, 10 or 37°C) with small adipocytes and GO (1 U mL-1) in
the absence (control) or presence of GPI-2350 (100 mM), a,b-
methlyene-ADP (AMPCP; 100 mM), methyl-b-cyclodextrin (m-bCD;
3.8 mM), m-bCD bound to cholesterol (m-bCD-chol, 1.9 mM
m-bCD plus 1.9 mM cholesterol) or b-D-lactosyl-N-octanoyl-L-threo-
sphingosine (L-t-LacCer) (50 mM). After recovery of the adipocytes,
LDs were prepared and extracted for protein under native conditions.
Precipitated proteins were analysed for CD73 by affinity purification,
sodium dodecylsulfate-polyacrylamide gel electrophoresis and phos-
phorimaging. Representative images are shown. Quantitative evalu-
ations of the amounts of LD-associated radiolabelled CD73 are shown
for two independent incubations and determinations in triplicate
each (mean � standard deviation) as % of the control (37°C, no
additions) set at 100. *Significantly different from control.
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Adiposomes harbouring GPI-anchored CD73 stimulate lipid
synthesis in small adipocytes
Endogenous Gce1 and CD73 have previously been shown to
mediate regulation of lipid metabolism in rat adipocytes after
their H2O2-, glimepiride- or palmitate-induced translocation
from plasma membrane DIGs to LD (Müller et al.,

2008a,b,c,d,e). To test for a similar role of adiposome-derived
CD73 after its transfer to DIGs and translocation to LD, small
acceptor adipocytes were assayed for stimulation of esterifica-
tion upon incubation with adiposomes from GO-induced
adipocytes under conditions compatible with GPI-protein
translocation from DIGs to LD (i.e. 37°C, absence of GPI-
2350). Basal and induced (by half-maximally effective con-
centrations of GO, glimepiride or palmitate in the absence of
adiposomes) incorporation of [1-14C]palmitate into total
acylglycerols increased with the amounts of adiposomes
(according to PC content) and was higher with GO, glime-
piride and palmitate compared with the non-induced control
(in that order of declining potency) at each amount of
adiposomes (Figure 10, upper panel). The increase in GO-,
glimepiride- and palmitate-induced esterification stimulation
exerted by maximally effective amounts of adiposomes was
more pronounced for small adipocytes (set at 100%) com-
pared with large ones (29–36%) and SVC (7–11%). Thus
adiposomes improve responsiveness of, preferentially, small
adipocytes to stimulation of esterification by GO, glimepiride
and palmitate.

Moreover, adiposomes increased the sensitivity of small
adipocytes for GO-, glimepiride- and palmitate-induced
esterification stimulation. This was revealed by the significant
left-ward shifts of the concentration-response curves for
stimulation of esterification by GO, glimepiride and palmi-
tate in the presence of maximally effective amounts of
adiposomes compared with their absence resulting in
considerable reductions of the EC50 values (GO, from 0.10 to
0.05 U mL-1; glimepiride, from 3.0 to 0.5 mM; palmitate, from
0.45 to 0.11 mM). The maximal responses elicited by maxi-
mally effective concentrations of GO, glimepiride and palmi-
tate were not upregulated by adiposomes (Figure 10, lower
panel).

Finally, the requirement of GPI-anchored and enzymati-
cally active CD73 as a component of the adiposomes for their
stimulatory effect on the GO-, glimepiride- and palmitate-
induced esterification stimulation was studied. For this, adi-
posomes were used that had been prepared from non-induced
or GO-induced adipocytes or pretreated with bacterial PI-PLC
or adsorbed to AMP-Sepharose beads prior to their incubation
with small adipocytes (Figure 11). As expected, the esterifica-
tion stimulation induced by half-maximally effective concen-
trations of GO, glimepiride and palmitate (with regard to the
absence of ADIP) was further increased in response to maxi-
mally effective amounts of adiposomes from GO-induced adi-
pocytes (set at 100% in Figure 11). This difference between
the presence and absence of adiposomes was significantly
diminished with adiposomes from non-induced adipocytes or
adiposomes harbouring cleaved GPI anchors (the residual adi-
posome effects left after the PI-PLC pretreatment may be
explained by incomplete GPI anchor cleavage as already
observed above; see Figure 3) or adiposomes lacking CD73
(upon removal of adiposomes harbouring CD73 from total
adiposomes by adsorption to AMP-Sepharose beads) (Fig-
ure 11). Thus, adiposomes exert both enhancing and sensitiz-
ing effects on GO-, glimepiride- and palmitate-induced
esterification stimulation in (preferably small) rat adipocytes,
which critically depend on the expression of CD73 with
intact GPI anchor on the adiposomes.

Figure 8 Extraction of adiposome-derived CD73 from lipid droplets
(LDs). Adiposomes from glucose oxidase (GO)-induced adipocytes
[200 mg phosphatidylcholine (PC) each] harbouring metabolically
labelled CD73 were incubated (1 h, 37°C) with small adipocytes in
the presence of GO (1 U mL-1). After recovery of the adipocytes by
flotation and subsequent centrifugation through dinonylphtalate, LD
were prepared and then treated in the absence (control) or presence
of NaCl (1 M), Na2CO3 (0.1 M, pH 11.5), methyl-b-cyclodextrin
(m-bCD; 3.8 mM), m-bCD bound to cholesterol (m-bCD-chol,
1.9 mM m-bCD plus 1.9 mM cholesterol), sodium dodecyl sulphate
(SDS; 1%) or NaNO2 (0.25 M). After flotation (2000¥ g, 5 min, 24°C)
the LD were collected from the top, washed twice with adiposome
buffer and then extracted for protein under native conditions (upper
panel). Proteins contained in the layer below the LD were precipi-
tated under native conditions (lower panel). Precipitated proteins
from the LD and lower layer were analysed for CD73 by affinity
purification, sodium dodecylsulfate-polyacrylamide gel electrophore-
sis and phosphorimaging. Representative images are shown. Quan-
titative evaluations of the amount of radiolabelled LD-associated
(upper panel) and released (lower panel) CD73 are shown for two
independent incubations and determinations in triplicate each (mean
� standard deviation) as % of the control or SDS treatment set at
100, each. *Significantly different from control (upper panel) or from
SDS treatment (lower panel), respectively.
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Discussion

Recent findings unequivocally demonstrated the release of
microvesicles and exosomes, collectively called adiposomes,
from primary and cultured rodent adipocytes (Aoki et al.,
2007; Müller et al., 2008a,b). However, they left open the
physiological function of adiposomes that may be related to
horizontal information transfer from donor to acceptor adi-
pocytes. The present studies provide the first evidence that
adiposomes operate as intercellular vehicles or carriers of sig-
nalling information.

Thus, adiposomes apparently interact with acceptor adipo-
cytes as revealed by the transfer of the GPI-protein CD73 from
adiposomes to plasma membrane DIGs (Figure 1). This became
evident in adipocytes under conditions of blocked GPI-protein
translocation from DIGs to LD. This interaction seems to be
specific as it is saturable, more pronounced with a subpopula-
tion of adipose tissue cells, that is, small adipocytes compared
with large adipocytes and SVC as acceptor cells, more efficient
with DIGs than total plasma membranes (Figure 1),
temperature-sensitive and rapid (Figure 2). The interaction of
adiposomes with acceptor adipocytes leads to the incorpora-
tion of their constituent GPI-protein CD73 into the phospho-
lipid bilayer of plasma membrane DIGs, which requires intact
DIGs and GPI anchors (Figure 3). It remains open whether the
transfer involves direct binding of the adiposomes to and
subsequent fusion with the DIGs (e.g. receptor-mediated or
non-nspecific) or shuttling of (certain subsets of) the GPI-

proteins and adiposome components via soluble intermediates
(e.g. phospholipid micelles or soluble carrier proteins). So far,
the adiposome constituent GPI-protein, Gce1, has been found
to accompany CD73 during its transfer from adiposomes to
DIGs and subsequent translocation to LD in acceptor adipo-
cytes (G. Müller et al., unpubl. data).

Following the transfer from adiposomes to plasma mem-
brane DIGs of acceptor adipocytes, CD73 was translocated
from the DIGs to cytoplasmic LD as revealed by the precursor-
product relationship between the DIGs-associated and the
LD-associated CD73. The association of CD73 with both DIGs
and LD depended on the amount of adiposomes incubated
with the adipocytes (Figures 1 and 4). The association of
CD73 with both DIGs and LD was more efficient with small
adipocytes than large ones and SVC (Figures 1 and 4). The
association of CD73 with both DIGs and LD depended on
their structural integrity (Figures 3 and 7). However, the sen-
sitivity toward cholesterol depletion apparently differs
between DIGs and LD. Comparable amounts of CD73 are
found associated with DIGs and LD upon transfer from iden-
tical amounts of adiposomes (Figures 1 and 4). This may be
explained by high efficacy of the GPI-protein translocation
and/or its incomplete blockade during assaying DIGs associa-
tion and thus partial loss of the DIGs-associated CD73. The
association of CD73 with both DIGs (data not shown) and LD
(Figure 4) is considerably lower with adiposomes released
from non-induced compared with GO-induced donor
adipocytes. This difference may rely on the observed relative

Figure 9 Demonstration of the transfer to plasma membranes and translocation to lipid droplets (LDs) of adiposome-derived CD73 in intact
adipocytes. Small rat adipocytes (25 000 per well) were adsorbed to the wells of a collagen-coated 96-well plate (Corning Schiphol-Rijk, The
Netherlands 3603), induced in the absence or presence of palmitate (1 mM, Palm), glimepiride (20 mM, Glim) and GO (1 U mL-1) and
subsequently incubated (1 h, 37°C) in the absence or presence of adiposomes (ADIPs) from glucose oxidase (GO)-induced adipocytes [50 mg
phosphatidylcholine (PC) each]. After several cycles of washing with adipocyte buffer, the cells were fixed and then permeabilized and washed
or left intact. The subsequent in/on-cell Western blotting was performed by using rat anti-perilipin-A and rabbit anti-CD73 antibodies and
infrared dye-labelled goat anti-rat IgG and goat anti-rabbit IgG, respectively, and fluorescent imaging at 700 and 800 nm. Quantitative
evaluations of the amount of perilipin-A and CD73 accessible for the antibodies in intact (i.e. at the cell surface) and permeabilized (i.e. total
cellular) were measured in the regions encircled in white. The values are given for intact adipocytes only, for four independent incubations in
arbitrary units (mean � standard deviation) set at 100, each, for the uninduced permeabilized adipocytes in the absence of ADIP. The amounts
of intracellular perilipin-A and CD73 (i.e. LD-associated, predominantly) were calculated as the differences between the corresponding values
for permeabilized and intact adipocytes. *Significantly different from non-induced. #Significantly different from absence of adiposomes.
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depletion of CD73 (vs. the phospholipid constituents) in the
former compared with the latter adiposomes (Müller et al.,
2009a). Alternatively, the transfer and/or translocation effi-
cacy may be lower for adiposomes from non-induced com-
pared with GO-induced adipocytes, which could be related to
the reported differences in their lipid and protein composi-
tion (Aoki et al., 2007; Müller et al., 2009a). The association of
CD73 with both DIGs and LD is of integral nature and
depends on the intact GPI anchor (Figures 3 and 8). Together,
the precursor-product relationship between DIGs- and
LD-associated CD73 strongly argues for DIGs functioning as

the source of the adiposome-derived CD73 for translocation
to LD.

The translocation of ADIP-derived CD73 from DIGs to LD
was stimulated by H2O2, glimepiride and palmitate (Figure 5)
with the same rank order of potency (Figure 6) and sensitivity
toward inhibitors (Figure 7) as endogenous CD73. This argues
for the engagement of identical molecular mechanisms,
which may encompass vesicular trafficking, intraendosomal
membrane transport and remodelling of the cortical cytosk-
eleton (Keller et al., 1992; Cauwenberghs et al., 2006; Trajk-
ovic et al., 2008). The sequential transfer to DIGs and
translocation to LD of ADIP-derived CD73 leads to upregula-
tion of fatty acid esterification into lipids in the acceptor
adipocytes (Figure 10). The causal relationship between these
processes was suggested by the similar dependencies on the
amount of adiposomes (Figures 1, 4 and 10), the identical
ranking orders for the efficacy as acceptor cell (small adipo-
cytes > large adipocytes > SVC; Figures 1, 4 and data not
shown) and the identical ranking orders and similar EC50

values for their induction by H2O2, glimepiride and palmitate
(Figures 6 and 10). Importantly, the EC50 values are at the
upper range of the total serum concentrations of free fatty
acids during starvation with 0.5–1.5 mM and of glimepiride

Figure 10 Stimulation of the basal and glucose oxidase (GO)-,
glimepiride- and palmitate-induced esterification by adiposomes.
Small adipocytes were incubated (2 h, 37°C) without or with increas-
ing amounts of adiposomes [ADIPs; according to phosphatidylcho-
line (PC) content] from GO-induced (0.5 U mL-1) adipocytes
(upper panel) in the absence (non-induced) or presence of GO
(0.15 m mL-1), glimepiride (2 mM, Glim) or palmitate (0.3 mM, Palm)
or (lower panel) without or with adiposomes (30 mg PC each) from
GO-induced adipocytes in the absence (non-induced) or presence of
increasing concentrations of GO, glimepiride (Glim) or palmitate
(Palm). The adipocytes were recovered by flotation (500¥ g, 2 min,
37°C). Portions of the adipocytes were assayed for esterification by
the addition of [1-14C]palmitate and further incubation (90 min,
37°C). Upper panel: Quantitative evaluations of esterification are
given as the amount of total radiolabelled acylglycerols for five inde-
pendent incubations and determinations in quadruplicate each
(mean � standard deviation). Lower panel: Quantitative evaluations
of esterification stimulation by GO, glimepiride and palmitate (after
correction for the effects of adiposomes in the absence of GO, glime-
piride or palmitate) are given as % of the amount of total radiola-
belled acylglycerols for four independent incubations and
determinations in duplicate each (mean � standard deviation) set at
100 for the absence of GO, glimepiride or palmitate and ADIP.
*Significantly different from absence of adiposomes.

Figure 11 Mechanism of the stimulation of the glucose oxidase
(GO)-, glimepiride- and palmitate-induced esterification by adipo-
somes. Small adipocytes were incubated (2 h, 37°C) in the presence
of GO (0.15 U mL-1), glimepiride (2 mM) or palmitate (0.3 mM)
without or with adiposomes [ADIP; 30 mg phosphatidylcholine
(PC) each] from GO-induced (0.5 U mL-1, GO) or non-induced
(–) adipocytes, which had been pretreated without or with
phosphatidylinositol-specific phospholipase C (PI-PLC) from Bacillus
cereus (2.5 IU mL-1), in the absence or presence of AMP-Sepharose
beads (AMP beads; see Materials and Methods). After centrifugation
(500¥ g, 2 min, 20°C) of the incubation mixtures, the floating adi-
pocytes and the lower layers were recovered and then incubated
together (2 h, 37°C). Thereafter, the adipocytes were recovered by
flotation (2500¥ g, 2 min, 20°C) and then assayed for esterification
by the addition of [1-14C]palmitate and further incubation (90 min,
37°C). Quantitative evaluations of esterification stimulation by adipo-
somes (after correction for the effects of GO, glimepiride or palmitate
without adiposomes) are given as % of the amount of total radiola-
belled acylglycerols for two independent incubations and determina-
tions in quadruplicate, each (mean � standard deviation), set at 100
for adipocytes, which had been incubated with GO-induced adipo-
somes in the absence of PI-PLC and AMP-Sepharose beads, each
(controls). *Significantly different from control.
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during antidiabetic therapy with 0.1–0.7 mM (Müller, 2005).
Additional evidence for the involvement of LD-associated
CD73 in esterification stimulation by adiposomes in acceptor
adipocytes is provided by its partial to up to complete
blockade by different strategies for interference with CD73
translocation to LD (Figures 2 and 7), such as the use of
adiposomes released from non-induced compared with
GO-induced adipocytes (Figure 11), the use of adiposomes
with lipolytically cleaved GPI anchors (Figure 11), the
removal of CD73-harbouring adiposomes (Figure 11) or the
disruption of DIGs (data not shown). Together these findings
suggest that the transfer to DIGs and translocation to LD of
ADIP-derived CD73 leads to upregulation of esterification.

The presented studies demonstrate that a GPI-protein,
CD73, transferred via adiposomes, to plasma membrane DIGs
of small adipocytes, and translocation into the cell to the
surface of cytoplasmic LD, can operate as a intercellular
carrier, within the adipose tissue, of signalling information for
the stimulation of esterification. Within the adipose tissue,
this chain of events may enable the transfer of information
about the lipid-laden and esterification states from large adi-
pocytes, acting preferentially as adiposome donors to small
adipocytes, acting preferentially as adiposome acceptors. The
small adipocytes are thereby forced to increase LD formation
and to take over the burden of lipid loading. The putative
shift in the working load from large to small adipocytes may
be of particular importance during exposure of adipose tissue
to excess of fatty acids (palmitate) or reactive oxygen species
(H2O2) as well as to high therapeutic concentrations of glime-
piride (Müller, 2005). These situations are typical for starva-
tion, obesity and type II diabetes (Crescimanno et al., 1989;
Gan and Watts, 2008). The present findings with rat adipo-
cytes argue for the possibility of paracrine or endocrine com-
munication between other mammalian donor and acceptor
cells of the same or different tissues by certain GPI-proteins. A
prerequisite for this type of intercellular communication is
their transfer by subpopulations of microvesicles and/or exo-
somes via the interstitial spaces or the blood.

Previously, the transfer of GPI-proteins onto the plasma
membrane of acceptor cells had been observed upon physical
contact with donor cells expressing these GPI-proteins at their
surface (Zhang et al., 1992; Kooyman et al., 1995; van den
Berg et al., 1995; Anderson et al., 1996; Dunn et al., 1996;
Fritzsching et al., 2002) or incubation with the purified GPI-
proteins presented in detergent micelles or reconstituted into
liposomes (Medof et al., 1984; Mchugh et al., 1995; Civenni
et al., 1998; Premkumar et al., 2001). However, only in some
cases have the assumed enzymic, adhesion, receptor or sig-
nalling functions of the transferred GPI-proteins been con-
firmed. In those cases, the functions were related to cell
surface localization of the GPI-proteins and their coupling to
extracellular mechanisms at the acceptor cells. These seemed
to be mediated, at least in part, by receptor binding and the
extracellular assembly of multimolecular signaling complexes
(Gasser and Schifferli, 2004). In contrast, cytoplasmic local-
ization and effects on the intracellular physiology and
metabolism of the acceptor cells have not been reported for
transferred GPI-proteins so far, but may underlie the well-
known transfer of information from donor to acceptor cells
via microvesicles and exosomes, such as during blood coagu-

lation and tumor growth (Wolf, 1967; Poste and Nicolson,
1980). For instance, in human glioma cells, only a small
fraction exhibiting a transformed phenotype was found to
express the truncated epidermal growth factor receptor,
EGFRvIII, necessary for the tumor to grow. This discrepancy
was resolved by the finding that EGFRvIII-harbouring
microvesicles were shed into the circulation and transferred
this receptor from one cell to another without the need for
direct cell-to-cell contact (Al-Nedawi et al., 2008).

Recent studies have linked microvesicle- and exosome-
mediated horizontal information transfer to many physiologi-
cal processes, such as inflammation and angiogenesis (Denzer
et al., 2000; Stoorvogel et al., 2002; Freyssinet, 2003; Gould
et al., 2003; Fevrier and Raposo, 2004; Johnstone 2006;
Keller et al., 2006; Piccin et al., 2007; Pap et al., 2009). However,
the underlying molecular mechanisms and components
remained less well characterized. So far it seems clear that the
vesicles do not interact with just any cell they come into
contact with but rather only with cells that they recognize
specifically (Lösche et al., 2004; Pluskota et al., 2008). The
interaction is followed by either the fusion of the vesicles with
the plasma membrane of the acceptor cell or the endocytic
uptake of the vesicles (Cauwenberghs et al., 2006; Trajkovic
et al., 2008). This leads to discharge of the vesicle content into
the cytosol either directly or upon membrane fusion of the
endocytosed vesicles and the segregating endosomes. Alterna-
tively, non-vesicular mechanisms involving the transient for-
mation of bicellular structures, which are created by the fusion
of the extracellular and cytoplasmic leaflets of the plasma
membrane, are conceivable for the escape of components from
microvesicles and exosomes, such as adiposome-derived GPI-
proteins, from DIGs into the cytoplasm of acceptor cells. This
mechanism has been proposed for the (glyco)protein quality
control in the endoplasmic reticulum membrane (Ploegh,
2007). It remains to be elucidated which mechanisms and
components play a role in the transfer of GPI-proteins from
microvesicles/exosomes into the cytoplasm of acceptor cells.

In conclusion, in response to certain physiological and
pharmacological signals microvesicles and exosomes are
released from donor adipocytes that transfer their constituent
GPI-protein CD73 to the plasma membrane DIGs and cyto-
plasmic LD of acceptor adipocytes. The resulting stimulation
of esterification argues for communication by GPI-proteins
between adipose tissue cells. Thereby they represent an attrac-
tive model system for the analysis of the physiological rel-
evance of the microvesicle- and exosome-mediated transfer of
GPI-proteins between cells, in general.
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