
Ultrastructural Localization of
Adiponectin protein in Vasculature of
Normal and Atherosclerotic mice
Takuya Mori1*, Yoshihisa Koyama2*, Norikazu Maeda1, Yukiko Nakamura2, Yuya Fujishima1,
Keisuke Matsuda1, Tohru Funahashi1,3, Shoichi Shimada2 & Iichiro Shimomura1

1Department of Metabolic Medicine, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan 565-0871,
2Department of Neuroscience and Cell Biology, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan 565-0871,
3Department of Metabolism and Atherosclerosis, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan 565-0871.

Adiponectin, adipose-specific secretory protein, abundantly circulates in bloodstream and its concentration
is around 1000-fold higher than that of other cytokines and hormones. Hypoadiponectinemia is a risk factor
for atherosclerosis. There is little or no information on ultrastructural localization of adiponectin in the
vasculature. Herein we investigated the localization of vascular adiponectin in the aorta using the
immunoelectron microscopic technique. In wild-type (WT) mice, adiponectin was mainly detected on the
luminal surface membrane of endothelial cells (ECs) and also found intracellularly in the endocytic vesicles
of ECs. In the atherosclerotic lesions of apolipoprotein E-knockout (ApoE-KO) mice, adiponectin was
detected in ECs, on the cell surface membrane of synthetic smooth muscle cells, and on the surface of
monocytes adherent to ECs. Changes in adiponectin localization within the wall of the aorta may provide
novel insight into the pathogenesis of atherosclerosis.

A
therosclerosis is a common disease in the industrial countries and sometimes develops into fatal diseases
such as myocardial infarction and stroke. Understanding the pathogenesis of atherosclerosis should allow
the design of new preventive and therapeutic paradigms for cardiovascular diseases. The classical

Virchow-Aschoff hypothesis states that lipids in atherosclerotic arterial wall lesions originate from the blood-
stream1. In this regard, various circulating proteins, such as low-density lipoprotein (LDL), fibrinogen, immu-
noglobulins, and albumin, which abundantly circulate in the blood and range in concentration from 103 to
104 mg/mL, are present in atherosclerotic lesions2–5 and can be detected in atherosclerotic lesions2.
Furthermore, the process of atherosclerogenesis involves increased endothelial permeability in the damaged
vasculature, several immune cells (e.g., monocytes/macrophages and T-lymphocytes), and molecules [e.g., vas-
cular adhesion molecule-1 (VCAM-1), monocyte chemoattractant protein-1 (MCP-1), platelet-derived growth
factor (PDGF), and tumor necrosis factor-a (TNF-a)]6. These factors interactively cause and accelerate local
vascular inflammation in atherosclerotic lesions, consisting of endothelial cells, macrophages, T-lymphocytes,
and smooth muscle cells7,8.

Accumulating evidence indicates that visceral fat obesity is located upstream of the metabolic syndrome and
atherosclerosis9,10. In the Human Body Map project11, our group demonstrated systematically for the first time
that adipose tissue serves as not only an energy storage organ but also an endocrine organ12. During the
completion of the project, our group identified adiponectin among human adipose tissue cDNAs13. During
the same period, gelatin-binding protein of 28 kDa (GBP28) was discovered in human plasma and later turned
out to be the same protein of adiponectin14. Adipocyte complement-related protein of 30 kDa (ACRP30) and
AdipoQ, which are mouse homologues of adiponectin, were also independently identified at that time15,16. The
plasma levels of adipose-derived bioactive substances, which we named ‘‘adipocytokines’’ [e.g., plasminogen
activator inhibitor-1 (PAI-1), MCP-1, TNF-a], generally increase with weight gain. Interestingly, plasma adipo-
nectin levels correlate negatively with body mass index (BMI), although adiponectin is specifically secreted by
adipocytes17. In normal adults, adiponectin blood level ranges from 1 to 30 mg/mL, which is around 1000-fold
higher than the serum concentrations of other cytokines and hormones9,10. Taking into consideration the high
serum concentrations of adiponectin, the biological functions of adiponectin may differ from typical cytokines
and hormones, but the significance of hyperadiponectinemia is not fully understood.
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Previous studies showed that hypoadiponectinemia is associated
with lifestyle-related diseases such as coronary artery diseases, type 2
diabetes, and metabolic syndrome18–22. Studies using adiponectin
knockout (Adipo-KO) mice and overexpression of adiponectin, have
confirmed that the physiological functions of adiponectin include
anti-diabetic23–25, anti-atherogenic26,27, anti-inflammatory28, and
anti-fibrotic29,30 activities. Furthermore, in vitro experiments using
vascular component cells indicated that adiponectin also has anti-
atherogenic activity during the process of atherosclerogenesis31–34.
Using confocal laser scanning microscope, our group showed
recently the existence of adiponectin protein in the intima layer of
the mouse aortic endothelium35. However, the precise localization of
adiponectin in the normal vascular endothelial cells and atheroscler-
otic lesions remains uncertain. The present study investigated the
precise localization of adiponectin protein the vasculature by immu-
noelectron microscopy.

Results
Immunohistochemical detection of adiponectin in normal aorta.
To map the arterial wall for adiponectin protein, we used the thoracic
ascending aorta of wild-type (WT) mice and immunohistochemis-
try. Adiponectin protein was detected in the intima layer (Fig. 1a,
arrowheads in left panel), in agreement with our recent study using
western blotting35. Immunofluorescence staining using goat IgG for
adiponectin showed no adiponectin in the aorta (Supplementary Fig.
S1a). In addition, the antibody absorption test demonstrated that
adiponectin signal was abolished when anti-adiponectin antibody
was co-incubated with a 20-fold molar excess of the synthetic pep-
tide of adiponectin (Supplementary Fig. S1b). Adiponectin signal
was not detected in the aortic intima (Fig. 1a, right panel) and
endothelium (Fig. 1b, bottom panels) of Adipo-KO mice. These
results indicate that the adiponectin-positive signal was a specific
immunoreaction for adiponectin. For precise localization of adipo-

Figure 1 | Localization of adiponectin in normal aorta. (a) Immunohistochemical staining for adiponectin in sections of the aorta from WT mice (left)

and adiponectin knockout (Adipo-KO) mice (right), visualized with 3,39-diaminobenzidine tetrahydrochloride (DAB, brown). Arrowheads indicate

adiponectin-positive staining. Scale bar 5 100 mm. (b) Immunofluorescence for adiponectin (green) and CD31 (Red) with DAPI-stained nuclei (blue) in

WT (top and middle panels) and Adipo-KO (bottom panels) mice. Scale bar 5 100 mm (top and bottom panels) and 20 mm (middle panels).

(c) Immunofluorescence for adiponectin (green) and a-smooth muscle actin (a-SMA, red) with DAPI-stained nuclei (blue) in WT mice.

Scale bar 5 100 mm (top panels) and 20 mm (bottom panels). In b and c, panels on the right side show merged images. L, lumen.
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nectin, double-immunofluorescence staining was performed for
adiponectin and CD31 (endothelial cell marker), and a-SMA
[smooth muscle cell (SMC) marker]. Adiponectin was co-stained
with CD31 (Fig. 1b, top panels), but not with a-SMA (Fig. 1c).
Examination under higher magnification showed colocalization of
adiponectin with CD31 (Fig. 1b, middle panels), indicating that
adiponectin is localized mainly in endothelial cells (ECs) in the
aorta of WT mice.

Immunoelectron microscopic analysis of adiponectin localization
in normal aorta. For ultrastructural localization of adiponectin,
immunoelectron microscopy was performed in thoracic ascending
aorta of WT mice. Sites immunoreactive to adiponectin and
visualized with DAB were observed on the luminal and basal
plasma membrane of ECs (Fig. 2a). Furthermore, immunoreactive
sites of adiponectin were also observed in endocytic vesicles (Fig. 2a,
arrowheads in right panel). On the other hand, no immunoreactive
sites were observed on the plasma membrane of ECs in the aortic
intima of Adipo-KO mice used as negative control (Fig. 2b).
Consistent with light microscopic analyses, there were no DAB
reaction products for adiponectin on other vascular component
cells, such as the myofibroblast-like cells (MLCs) and SMC
(Supplementary Fig. S2).

The presence of adiponectin in endocytic vesicles was confirmed
further by the pre-embedding immunogold labeling technique.
Similar to the observation in immunoelectron microscopy using
the pre-embedding immunoperoxidase technique, adiponectin was
detected on the luminal and basal plasma membrane of ECs (Fig. 2c).

Interestingly, the labeled adiponectin on luminal plasma membrane
was also observed in pit-like structures known as sites of endocytosis
(Fig. 2c, arrows). Adiponectin-positive immunogold particles were
identified in endocytic vesicles, thus confirming the observation
using DAB (Fig. 2d, arrowheads). Adiponectin was not detected on
SMCs (Supplementary Fig. S3a), confirming the findings of light and
DAB immunoelectron microscopy. The immunoreactive signal was
specific for adiponectin, because adiponectin signal was detected in
perivascular adipocytes in positive control sections (Supplementary
Fig. S3b) and immunogold-labeled adiponectin was not detected in
ECs in the aortic intima of Adipo-KO mice (negative control)
(Fig. 2e). These results indicate that adiponectin is mainly localized
in ECs and partly in endocytic vesicles in normal mice.

Immunohistochemical detection of adiponectin in atherosclerotic
lesions. To determine the localization of adiponectin protein under
pathological state, we examined atherosclerotic lesions on the
thoracic ascending aorta of ApoE-KO mice fed western diet
(WTD) for 12 weeks. Hematoxylin and eosin (H&E)- and Oil red
O-stained sections confirmed the presence of atherosclerosis in these
ApoE-KO mice (Fig. 3a). As shown in Supplementary Figure S4,
adiponectin protein level was significantly higher in aortas of
ApoE-KO mice (495 6 35 ng/mg protein) than in WT mice (304
6 19 ng/mg protein). Next, we delineated the difference in
adiponectin localization in ApoE-KO mice relative to WT mice.
Immunohistochemical staining with DAB showed adiponectin
staining in the endothelium of both ApoE-KO mice (Fig. 3b) and
WT mice (Fig. 1a). However, unlike WT mice, staining for

Figure 2 | Immunoelectron microscopic localization of adiponectin in normal aorta. (a, b) Immunoelectron micrographs using a pre-embedding

immunoperoxidase technique for adiponectin in sections of the aorta from WT mice (a) and adiponectin knockout (Adipo-KO) mice (b). Middle panel

(a) and right panel (b): higher magnifications of the region outlined in the left panels, respectively. Right panel of (a): higher magnification of the *1 region

outlined in the middle panel. Arrows in (a) and (b): plasma membrane of endothelial cells (ECs). Arrowheads in (a): reaction products of 3,39-

diaminobenzidine tetrahydrochloride (DAB, black dots). (c, d) Immunoelectron micrographs using a pre-embedding immunogold labeling technique for

adiponectin in sections of the aorta from WT mice. Lower two panels in (c): higher magnifications of the *1 and *2 regions outlined in the top panel in (c),

respectively. Arrows in (c): pits on the plasma membrane of ECs. Arrowheads in (d): endocytic vesicles in ECs. (e) Immunoelectron micrographs for

adiponectin using the pre-embedding immunogold labeling technique in sections of the aorta from Adipo-KO mice. Right panel of (e): higher

magnification of the region outlined in left panel. L, lumen; EC, endothelial cell; N, nucleus; IEL, internal elastic lamina; BL, basal lamina; MLC,

myofibroblast-like cell.
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adiponectin was also noted in the subendothelial space in the
atherosclerotic lesions of ApoE-KO mice (Fig. 3b).

Double immunofluorescence staining was therefore performed to
determine the precise localization of adiponectin in the atheroscler-
otic lesions (Fig. 3c–e). Similar to WT mice, adiponectin co-stained
with CD31 in ApoE-KO mice (Fig. 3c), indicating its presence in ECs.
Higher magnification showed stronger colocalization of adiponectin
with CD31 in ApoE-KO mice compared with WT mice (Fig. 3c,
bottom panels). Unlike WT mice, adiponectin was co-stained with
a-SMA in the atherosclerotic lesions (Fig. 3d), suggesting local-
ization of adiponectin on SMCs of ApoE-KO mice. The overlap of

adiponectin staining with a-SMA was mainly observed in the sub-
endothelium at the atherosclerotic cap and shoulder of the plaque,
but was not detected in basal side of the media layer (Fig. 3d, bottom
panels). Previous studies described macrophage invasion at lesion
site and thus we examined the expression of adiponectin in macro-
phages using immunofluorescence staining for Moma-2, a marker of
macrophages. Adiponectin did not co-stain with Moma-2, indicating
that it is not localized in macrophages (Fig. 3e). Immunofluorescence
staining with goat IgG for adiponectin (Supplementary Fig. S5a) and
antibody absorption test (Supplementary Fig. S5b) confirmed that
the adiponectin-positive signal was a specific immuno-reaction for

Figure 3 | Immunohistochemical staining of adiponectin in atherosclerotic lesions. Apolipoprotein E knockout (ApoE-KO) mice were fed high-fat

atherogenic Western diet (WTD) from 8 weeks of age and analyzed at 20 weeks of age. (a) Representative histological analysis of the aorta of ApoE-KO

mice. Sections were stained with hematoxylin and eosin (H&E) (left panel) and Oil red O (right panel). Scale bar 5 100 mm. (b) Immunohistochemical

staining for adiponectin in sections of the aorta from ApoE-KO mice. Adiponectin was visualized with 3,39-diaminobenzidine tetrahydrochloride

(DAB, brown). Right panel: higher magnification of the region outlined in left panel. Scale bar 5 100 mm (left panel) and 20 mm (right panel).

(c) Immunofluorescence for adiponectin (green) and CD31 (red) in sections of the aorta from ApoE-KO mice. (d) Immunofluorescence for adiponectin

(green) and a-smooth muscle actin (a-SMA, red) in sections of the aorta from ApoE-KO mice. (e) Immunofluorescence for adiponectin (green) and

moma-2 (red) in sections of the aorta from ApoE-KO mice. In c to e, cell nuclei were counterstained with DAPI (blue). Panels on the right side in c to e

show the merged images. In c to e, scale bar 5 100 mm (top panels) and 20 mm (bottom panels). L, lumen.
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adiponectin in the atherosclerotic lesions of ApoE-KO mice, similar
to the normal aorta of WT mice. In addition, immunofluorescence
staining with the respective control IgG for CD31, a-SMA, and
Moma-2 were negative in the aortas of ApoE-KO mice (Supple-
mental Figure S6a to S6c).

Immunoelectron microscopic analysis of adiponectin localization
in atherosclerotic lesions. For precise localization of adiponectin in
the atherosclerotic lesions, immunoelectron microscopy using a pre-
embedding immunoperoxidase technique was conducted using
thoracic ascending aortas of ApoE-KO mice fed with WTD for 12
weeks. In agreement with the results of light microscopy, adiponectin
immunoreactive sites visualized with DAB staining were detected in
the endothelium and subendothelial space of the atherosclerotic
lesions (Fig. 4a and 4b). Adiponectin signal was mainly observed
in the luminal plasma membrane of ECs in atherosclerotic lesions
(Fig. 4b), compared with the luminal and basal plasma membranes of
ECs in the normal aorta (Fig. 2a). Staining for adiponectin was not

visibly detectable in lipid-loaded macrophages found in the sub-
endothelium (Fig. 4c). Although immunofluorescence showed the
presence of adiponectin in SMCs, the reaction products were located
in the membrane of SMCs in the intima (Fig. 4d) and media (Fig. 4e)
around the atherosclerotic plaque. Although the contractile SMCs
make rigid contact with the elastic fibers, such contact looked looser
in adiponectin-positive SMCs, which is classified as synthetic/pro-
liferative phenotype. As shown in Fig. 4e, adiponectin was detected in
the medial SMCs, which is classified as pre-proliferative phenotype.
On the other hand, no immunoreactivity was detected for adipo-
nectin in the contractile SMCs in the media away from the athero-
sclerotic plaque (Fig. 4f).

We also examined the subcellular localization of adiponectin in
the atherosclerotic lesions by immunoelectron microscopy using the
pre-embedding immunogold labeling technique. Adiponectin was
mainly found in the luminal plasma membrane of ECs on athero-
sclerotic lesions (Fig. 5a). Careful examination of SMCs in the
atherosclerotic lesions by serial immunoelectron micrographs con-
firmed the presence of adiponectin mainly on the cell surface mem-
brane (Fig. 5b). Furthermore, no adiponectin signal was observed in
SMCs of WT and Adipo-KO mice, compared with strong signal in
ApoE-KO mice. Quantitative analysis showed that the number of
adiponectin particles per cell was 11.0 6 3.4 (n55) in ApoE-KO
mice.

Immunoelectron microscopy using the pre-embedding immuno-
peroxidase technique detected monocytes adherent to ECs on the
atherosclerotic lesions, which were not observed in WT mice.
Furthermore, adiponectin immunoreactive products were also found
on the surface membrane of these monocytes (Fig. 6). Five adipo-
nectin-positive monocytes attached to ECs were identified by immu-
noelectron microscopy.

Discussion
The main findings of the present study were: (1) Adiponectin protein
was present mainly on the luminal surface membrane of ECs and to
some extent on the basal endothelial membrane. (2) Part of endothe-
lial adiponectin was detected in the endocytic vesicle. (3) In the
atherosclerotic lesions of ApoE-KO mice, adiponectin signal was
detected not only on ECs but also on SMCs. (4) Adiponectin signal
was detected on the surface of monocytes adherent to ECs in athero-
sclerotic lesions of ApoE-KO mice.

Ross et al36 provided the well-known ‘‘response-to-injury’’ hypo-
thesis of atherosclerosis. According to this hypothesis, ECs are acti-
vated by vascular injury such as oxidized low-density lipoprotein
(ox-LDL) and mechanical stresses, express endothelial adhesion
molecules, and consequently, recruit monocytes into the intima37.
Using immunoelectron microscopy, the present study confirmed the
presence of adiponectin protein on the vascular ECs, adding support
to the finding of our recent study35. The results also showed that the
amount of endothelial adiponectin protein was higher in the athero-
sclerotic lesion of ApoE-KO mice than in the normal aorta of WT
mice (Fig. 2 versus Figs. 4 and 5), although adiponectin was present
only in ECs in the non-atherosclerotic lesions of ApoE-KO mice,
similar to WT mice (data not shown). Adiponectin is known to
suppress any increase in adhesion molecules induced by inflammat-
ory stimuli31,32,35. Increased endothelial permeability2 may promote
accumulation of adiponectin in the atherosclerotic lesion, but the
exact molecular mechanism responsible for such accumulation is
not clear at this stage.

Adiponectin signal was also detected on the basal membrane of
ECs in both WT and ApoE-KO mice (Figs. 2 and 5), though the
mechanisms involved in this localization are obscure at present.
Two possible pathways could explain the localization of adiponectin
on the basal membrane of ECs: (1) Adiponectin crosses ECs from the
luminal to basal membrane. (2) Adiponectin permeates through the
extracellular space among endothelial cell monolayer and attaches to

Figure 4 | Immunoelectron microscopic localization of adiponectin in
atherosclerotic lesions. Apolipoprotein E knockout (ApoE-KO) mice were

fed high-fat atherogenic Western diet (WTD) diet from 8 weeks of age and

analyzed at 20 weeks of age. (a) Overview of immunoelectron micrographs

using the pre-embedding immunoperoxidase technique for adiponectin in

sections of the aorta from ApoE-KO mice. (b–f) Immunoelectron

micrographs for adiponectin in endothelial cells (b), macrophages (c),

smooth muscle cells in the intima (d) and in the media (e, f) in sections of

the aorta from ApoE-KO mice. Panels on the right side of b to f: higher

magnifications of the region outlined in the left panel, respectively. L,

lumen; EC, endothelial cell; Mw, macrophage; SMC, smooth muscle cell;

N, nucleus; EF, elastic fiber.
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the basal membrane of ECs. Immunoelectron microscopy showed no
adiponectin signal on the intracellular basal side of ECs though such
signal was observed in the extracellular space between ECs. These

findings suggest that adiponectin permeates through the extracellu-
lar space among ECs and reaches the basal endothelial membrane.
Further studies are needed to investigate the biological significance of

Figure 5 | Subcellular localization of adiponectin in atherosclerotic lesions. Apolipoprotein E knockout (ApoE-KO) mice were fed high-fat atherogenic

Western diet (WTD) from 8 weeks of age and analyzed at 20 weeks of age. (a) Immunoelectron micrographs using the pre-embedding immunogold

labeling technique for adiponectin in endothelial cells in the aortic intima of ApoE-KO mice. (b) Serial immunoelectron micrographs using the pre-

embedding immunogold labeling technique for adiponectin in smooth muscle cells in the intima layer of aorta of ApoE-KO mice. L, lumen; EC,

endothelial cells; SMC, smooth muscle cells; N, nucleus.

Figure 6 | Immunoelectron micrographs for adiponectin at monocytes adhering to endothelial cells in atherosclerotic lesions. Apolipoprotein E

knockout (ApoE-KO) mice were fed high-fat atherogenic Western diet (WTD) from 8 weeks of age and analyzed at 20 weeks of age. Immunoelectron

micrographs using the pre-embedding immunoperoxidase technique for adiponectin in aorta of ApoE-KO mice. Arrows: reaction products of 3,39-

diaminobenzidine tetrahydrochloride (DAB, black dots). Scale bar 5 5 mm. L, lumen; MNC, monocytes; EC, endothelial cells; N, nucleus.
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the presence of adiponectin on the luminal and basal membranes in
ECs.

Figure 2 demonstrates the incorporation of adiponectin in ECs,
especially in endocytic vesicles, but not in multivesicular body, lyso-
some, or Weibel-Palade body, which is specifically observed in ECs38.
We have recently indicated that ECs do not produce adiponectin
protein based on the lack of adiponectin mRNA in mouse aortic
intima35. Adiponectin is secreted from adipocytes and the secretory
pathways in these cells have been reported in detail previously39–43.
The presence of adiponectin in the endocytic vesicles of EC suggests
that it is endocytozed from the circulation into the EC. Further
studies are needed to clarify the molecular mechanism involved in
endocytosis of adiponectin and its intracellular destination.

Progression of atherosclerosis involves the proliferation of res-
ident SMCs in the intima and their migration of SMCs from the
media layer. Two different SMC phenotypes have been described
based on the distribution of myosin filaments and presence of large
amounts of secretory molecule apparatus6–8. Local inflammatory
stimuli cause phenotypic switch of SMCs from contractile type to
synthetic type37,38,44. Previous in vitro experiments demonstrated that
vascular SMCs produce adiponectin and SMCs-derived adiponectin
keeps SMCs in contractile type in autocrine and paracrine fashions45.
Interestingly, immunoelectron microscopy in the present study
clearly demonstrated the presence of adiponectin protein on the
surface of synthetic SMCs in ApoE-KO mice, while such signal
was not detected in contractile SMCs of WT and ApoE-KO mice.
Adiponectin significantly suppressed the proliferation and migration
of human aortic SMCs (HASMCs) induced by platelet-derived
growth factor (PDGF)-BB, basic fibroblast growth factor (bFGF),
and heparin-binding epidermal growth factor-like growth factor
(HB-EGF)34,46. The present results seem to imply that the presence
of adiponectin in synthetic SMCs serves to prevent the proliferation
and migration of SMCs. Further studies are needed to determine the
selection mechanism of adiponectin in synthetic SMCs rather than in
contractile SMCs.

Our results also showed the presence of adiponectin signal on the
surface of monocytes attached to ECs (Fig. 6). At the site of athero-
sclerotic lesions, monocytes attached to ECs subsequently invade the
atherosclerotic plaque and then transform into macrophages.
Although adiponectin was detected in monocytes, it was not detected
in macrophages and foam cells. Previous studies showed that ade-
novirus-mediated overproduction of human adiponectin in plasma
(adiponectin concentration in plasma was around 500 mg/mL) cor-
related with immunostaining for Mac-1, a marker of macrophages,
in the atherosclerotic lesion of ApoE-KO mice26. However, in the
present study, endogenous adiponectin protein was not detected in
lipid-loaded macrophages (Fig. 4c). The discrepancy in the results of
the two studies could be due to methodological differences (use of
adenovirus-mediated overproduction versus gene knockout). The
effect of adiponectin on macrophages has been examined using
human monocyte-derived macrophages in in vitro studies33,47, but
so far there is no evidence in the literature on whether endogenous
adiponectin directly acts in vivo on macrophages. It is possible that
adiponectin detaches from monocytes once these cells emigrate into
the sub-endothelium and transform into macrophages, suggesting
that adiponectin function is limited to the process of monocyte
attachment to ECs.

Activated monocytes express various receptors for cytokines and
chemokines48–50, but the expression levels of adiponectin-binding
molecules, such as T-cadherin51, calreticulin52, and AdipoRs53, in
monocytes remains uncertain. Furthermore, it is not clear whether
these molecules are up- or down-regulated upon activation of mono-
cytes and/or their attachment to ECs. In addition, there are no data
on whether adiponectin binds to monocytes in circulating peripheral
blood and/or other immune cells. Further investigations are needed
to understand the anti-inflammatory properties of adiponectin.

Interestingly, analysis of adiponectin in the aorta showed a shift in
its localization from normal to atherosclerotic aorta. Histological
analyses conducted in the present study did not delineate the mech-
anism responsible for such shift. While there is no evidence for
differences in the expression pattern and distribution of adiponec-
tin-binding proteins51–54 between atherosclerotic and non-athero-
sclerotic lesions, it is a possible that the expression levels of these
adiponectin-binding proteins in the aorta may change under physio-
logical and pathological conditions. In this context, further studies
are required to determine the expression patterns of adiponectin-
binding proteins in relation to the expression pattern of adiponectin
in normal and atherosclerotic aortas. It is possible that yet uniden-
tified adiponectin-binding molecules could contribute to the vas-
cular localization of adiponectin.

Fig. 7 provides a summary of the present results. Adiponectin
proteins localize in lumina and basal plasma membrane of ECs
and part of adiponectin exists in the endocytic vesicles of ECs in
the normal vasculature (Fig. 7, top). Adiponectin is not expressed
in other components of the wall of the normal aorta. However, the
localization pattern of adiponectin changes during atherosclerosis;
adiponectin is expressed in ECs (mainly on luminal plasma mem-
brane), synthetic SMCs, and monocytes in the atherosclerotic vascu-
lature (Fig. 7, bottom). We conclude that analysis of ultrastructural
changes in adiponectin localization may provide novel insights into
the pathogenesis of atherosclerosis.

Methods
Animals. Male apolipoprotein E knockout (ApoE-KO) mice were obtained from
Charles River Japan Inc. (Kanagawa, Japan). Adiponectin knockout (Adipo-KO)
mice were generated and backcrossed as described previously24. Both ApoE-KO and
Adipo-KO mice were of C57BL/6J background and thus C57BL/6J mice were used as
wild-type (WT) mice. Mice were maintained at 22uC under a 12512-h light–dark
cycle (lights on from 8:00 to 20:00). For analysis of immunohistochemistry, male WT
and Adipo-KO mice were used at 10 weeks of age. For atherosclerosis model mice,
male ApoE-KO mice were fed high-fat atherogenic western diet (WTD, Oriental
Yeast; 20% fat, 0.15% cholesterol) from 8 to 20 weeks of age. Mice were anesthetized
by intraperitoneal injection of medetomidine (0.3 mg/kg body weight), midazolam
(4 mg/kg body weight), and butorphanol (5 mg/kg body weight), and then the
thoracic ascending aorta was excised. To eliminate contamination by circulating
adiponectin, mice were transcardially perfused with cold saline before the collection
of aorta. The experimental protocol was approved by the Ethics Review Committee
for Animal Experimentation of Osaka University School of Medicine. This study also
conforms to the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health.

Immunohistochemistry. Following the dissection, the aortas were thoroughly
flushed several times with ice-cold saline, and subsequently embedded and frozen in
Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, CA). Frozen aorta tissue
specimens were cut at 6 mm-thick-sections on a cryostat, fixed in ice-cold acetone for
20 min and washed for 5 min in phosphate buffered saline (PBS) (pH 7.4). Sections
were incubated with blocking buffer (Protein Block Serum-Free, Dako, CA) for
10 min at room temperature, and then incubated overnight with goat anti-
adiponectin (dilution, 15100; R&D systems Inc., Minneapolis, MN) or control goat
IgG in PBS containing 1% fetal bovine serum (FBS). Labeling was visualized by
biotinylated anti-goat IgG antibody (15200; Vector Laboratories, Burlingame, CA)
and avidin-biotin-horseradish peroxidase procedure (Vectastatin ABC kit, Vector
laboratories) with 3,39-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich,
St Louis, MO) according to the protocol recommended by the manufacturer. To
confirm atherosclerotic plaque formation, sections from ApoE-KO mice were stained
with hematoxylin and eosin (H & E) or Oil Red O. Light microscopy was carried out
with a Provis AX-80 microscope (Olympus, Tokyo, Japan).

Immunofluorescence staining. Double immunofluorescence staining was
performed as described previously35. Sections were incubated with goat anti-
adiponectin (15100), and rat anti-CD31 (15100; BD Biosciences, San Jose, CA), or
rabbit anti-a-SMA (15200, Abcam Inc., Cambridge, MA) or rat anti-Moma-2 (1550,
Abcam) antibody in PBS containing 1% FBS. To confirm the specificity of antibody
for adiponectin, the antibody absorption test was performed by combining the
primary antibody with a 20-fold molar excess of synthetic peptide of adiponectin
(R&D systems) followed by incubation overnight at 4uC, before application to tissue
sections. Donkey anti-goat IgG conjugated Alexa 488 (Life Technologies,
Gaithersburg, MD), chicken anti-rabbit IgG conjugated Alexa 594 (Life
Technologies), or chicken anti-rat IgG conjugated Alexa 594 were used as the
secondary antibody. Cell nuclei were counterstained with DAPI. Microscopy was
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performed using an Olympus FV1000D confocal laser scanning microscope system
(Olympus).

Immunoelectron microscopy. Following dissection of the aorta, the aortas were
thoroughly flushed with several changes of ice-cold saline, and subsequently fixed
overnight in 0.1M PBS containing 3% paraformaldehyde and 0.15% glutaraldehyde
(GA). After washing with 0.1M PBS, the tissues were immersed in 6% gelatin and then
12% gelatin solution. Following stiffening the gelatin by refrigeration, the samples
were cut into 40 mm thick sections using vibrating blade microtome (VT1000s; Leica,
Wetzlar, Germany). To detect adiponectin in the aorta, the sections were
immunostained by the pre-embedding immunoperoxidase technique and the pre-
embedding immunogold labeling technique. In the first method, similar to the
immunoperoxidase method described above, the harvested tissues treated with goat
anti-adiponectin antibody were developed with DAB, and then rinsed with 0.1 M PB.
For pre-embedding immunogold labeling, the tissue sections were first treated with
goat anti-adiponectin primary antibody (15100), then incubated overnight at 4uC
with gold-conjugated rabbit anti-goat IgG secondary antibody (15500; Nanoprobes,
Yaphank, NY) in 0.1M PBS containing 1% FBS. After thorough washing with 0.1 M
phosphate buffer (PB), the sections were refixed in 0.1 M PB containing 1% GA and
then treated with 0.1M PB containing 50 mM glycine to inhibit nonspecific binding
to aldehyde groups. To amplify signals to a detectable level, gold enhancement was
performed according to the instructions provided by the manufacturer
(Nanoprobes). After washing in distilled water, the samples were immersed in 0.1M
PB. Finally, the samples immunostained using both methods were prepared for

electron microscopy as described previously55. All electron micrographs were
obtained using transmission electron microscope (H-7650; Hitachi, Tokyo).
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