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Obesity is a risk factor for the development of many severe human
diseases such as cardiovascular disorders, diabetes, and cancer,
which are tightly linked to angiogenesis. The adipose tissue pro-
duces several growth factors�hormones including leptin, tumor
necrosis factor �, and adiponectin. It has been found that adi-
ponectin levels are reduced in obesity. Here, we report a unique
function of adiponectin as a negative regulator of angiogenesis. In
vitro, adiponectin potently inhibits endothelial cell proliferation
and migration. In the chick chorioallantoic membrane and the
mouse corneal angiogenesis assays, adiponectin remarkably pre-
vents new blood vessel growth. Further, we demonstrate that the
antiendothelial mechanisms involve activation of caspase-medi-
ated endothelial cell apoptosis. Adiponectin induces a cascade
activation of caspases-8, -9, and -3, which leads to cell death. In a
mouse tumor model, adiponectin significantly inhibits primary
tumor growth. Impaired tumor growth is associated with de-
creased neovascularization, leading to significantly increased tu-
mor cell apoptosis. These data demonstrate induction of endothe-
lial apoptosis as an unique mechanism of adiponectin-induced
antiangiogenesis. Adiponectin, as a direct endogenous angiogen-
esis inhibitor, may have therapeutic implications in the treatment
of angiogenesis-dependent diseases.
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Obesity has become a global health problem, and it is linked to
the development of many angiogenesis-related diseases such

as diabetes, cardiovascular disorders, and cancer (1, 2). Several
angiogenic growth factors and hormones are produced by the
adipose tissue (3), including vascular endothelial growth factor
(VEGF), tumor necrosis factor �, and leptin (4–8). Thus adipo-
cyte-derived factors may play critical roles in regulation of global as
well as local tissue and organ function by control of angiogenesis.
Like any other tissue growth in the body, the expansion of fat mass
depends on angiogenesis (9). Thus, the adipose tissue must be able
to switch on an angiogenic phenotype to grow.

Switching on angiogenesis usually requires both up-regulation of
angiogenic stimulators and down-regulation of angiogenesis inhib-
itors (10). It is known that actively growing healthy or pathological
tissues express high levels of angiogenic factors. However, overex-
pression of angiogenic factors may not be sufficient to induce
angiogenesis. For example, VEGF is expressed at high levels in
several quiescent adult tissues that lack active angiogenesis. This
observation indicates that up-regulation of angiogenic factor and
down-regulation of angiogenesis inhibitors are both necessary to
induce angiogenesis. In the adipose tissue, the balance between
angiogenic factors and inhibitors has not been studied. Adiponectin
is a unique adipocyte-derived hormone, and its functional targets
are not only limited to adipose tissues. Indeed, adiponectin accu-
mulates to very high levels in the circulation. It has recently been
found that adiponectin may protect against diabetes and arterio-
sclerosis (11–14). In obese individuals, adiponectin levels are de-

creased, while active angiogenesis occurs in the adipose tissue (15).
Thus we hypothesize that adiponectin might be a negative regulator
of angiogenesis. Here, we provide evidence that adiponectin is a
direct angiogenesis inhibitor that induces apoptosis in activated
endothelial cells. Further, because angiogenesis is critical for tumor
growth and metastasis, we investigate the antitumor activity of
adiponectin.

Methods
Reagents, Cells, and Animals. Recombinant full-length human adi-
ponectin or mouse adiponectin (Acrp30) was produced and puri-
fied as described (15). Recombinant human fibroblast growth factor
2 (FGF-2) was obtained from Amersham Pharmacia and UpJohn,
and the VEGF165 was provided by R & D Systems. Primary bovine
capillary endothelial (BCE) cells were obtained from Judah Folk-
man’s laboratory; human dermal microvascular endothelial
(HDME) cells were obtained from PromoCell (Heidelberg); por-
cine aortic endothelial (PAE) cells were obtained from Lena
Claesson-Welsh’s laboratory; and rat vascular smooth muscle
(rVSM) cells were provided by Johan Thyberg (Karolinska Insti-
tutet). Female or male 5- to 6-wk-old C57BL�6 mice were accli-
mated and caged in groups of six or fewer. Mice were anaesthetized
by injection of a mixture of dormicum�hypnorm (1:1) before all
procedures and killed with a lethal dose of CO2. All animal studies
were reviewed and approved by the animal care and use committee
of the Stockholm Animal Board.

Proliferation Assay. A standard 72-h BCE cell proliferation assay
was performed as described (7). PAE�FGFR-1 cells or rVSM cells
were grown in 10% heat-inactivated FCS-F12-Ham’s medium.
Approximately 10,000 cells per well were seeded in 24-well plates.
Samples were assayed in 5% FCS-Ham’s medium containing 10–15
ng�ml FGF-2. Murine T241 fibrosarcoma cells were assayed
(10,000 cells per well in 24-well plates) in 5% FCS-DMEM con-
taining various concentrations of adiponectin. After 72-h incuba-
tion, cells were trypsinized, resuspended in Isoton II solution (Kebo
Lab, Stockholm), and counted with a Coulter counter. Results are
presented as mean cell number per well (�SEM).

Cell Migration Assay. The motility response of PAE�VEGFR-2 cells
to VEGF was assayed by using a modified Boyden chamber
technique as described (16). rVSM cells at the density of 25,000 cells
per well were seeded in the upper chambers in serum-free F12-
Ham’s medium containing 0.25% BSA and adiponectin samples.

Abbreviations: VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor;
BCE, bovine capillary endothelial; HDME, human dermal microvascular endothelial; PAE,
porcine aortic endothelial; rVSM, rat vascular smooth muscle; CAM, chick chorioallantoic
membrane; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP nick end label-
ing; AMC, 7-amino-4-methylcoumarin.
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F12-Ham’s medium containing 2% FCS was added to the lower
chambers. After a 6- to 9-h incubation, the medium was removed
and cells attached to the filter were fixed in 99% methanol and
stained with a Giemsa solution. All experiments were performed in
six replicates. The number of cells migrating through the filter was
counted and plotted as mean number of migrating cells per optic
field (�20 magnification) (�SEM).

Chick Chorioallantoic Membrane (CAM) Assay. After 3-d incubation at
37°C, fertilized white Leghorn eggs (OVA Production, Sorgarden,
Sweden) were cracked, and chick embryos with intact yolks were
carefully placed in 20 � 100-mm plastic Petri dishes. After 6 days
of incubation in 4% CO2 at 37°C, methylcellulose disks containing
5, 10, or 20 �g of adiponectin or PBS were implanted on the CAM
of individual embryos. After 2–8 days of incubation, CAMs were
examined for the formation of avascular zones around the field of
the implanted disks by using a stereoscope (n � 5 embryos per
group). Photographs (�20 magnification) were taken on day 8 after
implantation.

Mouse Corneal Micropocket Assay. The mouse corneal assay was
performed as described (7). Micropellets containing 30 ng of
FGF-2, 360 ng of adiponectin, or both were surgically implanted.
Eyes were examined on day 5 after pellet implantation. Vessel
lengths and clock hours of circumferential neovascularization were
measured under a stereoscope (n � 10–11 eyes per group). Areas
of maximal neovascularization were calculated.

Morphological Detection of Cellular Apoptosis. BCE or HDME cells
grown to 60–70% confluency in 12-well plates were incubated for
6–48 h with various concentrations of human adiponectin in 5%
bovine calf serum-DMEM or 1% FCS in endothelial cell growth
medium MV (PromoCell), respectively. Cells were harvested and
resuspended in PBS containing 30 mM glycerol and 0.1 M NaCl; the
cells were dried onto slides and fixed with acetone�methanol (1:1).
The cells were stained with Hoecsht dye 33258 (500 ng�ml).
Apoptotic cells were counted in random fields under a microscope
(�60 magnification, at least 10 fields per sample).

Caspase Activity Assay. BCE cells grown to 70–80% confluency in
12-well plates were incubated for 3–24 h with various concentra-
tions of human adiponectin in 5% BCS-DMEM. The activities of
caspase-3-, -8, and -9 were determined fluorometrically by cleavage
of substrates: DEVD-7-amino-4-methylcoumarin (AMC), IETD-
AMC, or LEHD-AMC (Peptide Institute, Osaka), respectively,
according to described methods (17). Approximately 3–5 � 105

cells were used for each sample. To inhibit caspase activity, some
samples were preincubated for 1 h with z-DEVD-fmk, z-IEDT-fmk,
or z-LEHD-fmk (20 �M) (Enzyme Systems Products, Livermore,
CA). Cleavage of the fluorogenic peptide substrates was monitored
by AMC release in a Fluoroscan II plate reader (Labsystems,
Chicago). Fluorescence units were converted to picomole of AMC
by using a standard curve generated with free AMC. Data were
analyzed by linear regression. Quantification of caspase activity was
calculated as fold increase over control samples.

Tumor Experiments. Female 6- to 7-wk-old C57BL�6 mice were used
for tumor studies. WT or GFP-expressing murine T241 fibrosar-
coma cells growing in log phase were harvested and resuspended in
PBS, and 1 � 106 cells in 100 �l were implanted s.c. in the middle
dorsum of each animal as described (18). Mice were treated with
murine adiponectin (Acrp30; 50 �g per mouse) by daily intra-
lesional injections throughout the experiment (n � 6 mice per
group). Control animals were injected with PBS. Visible tumors
were present after 72 h and measured by using digital calipers on
the indicated time points. Tumor volumes were calculated as
reported (18). After a 2-wk treatment, the control tumors ap-
proached to the size of the Swedish ethical upper limit (1.5 cm3),

and the experiment was terminated at that point. Mice were killed,
and the tumor tissues were removed and weighed.

Immunohistochemistry. Growth factor-implanted corneas were
snap-frozen in TissueTek (HistoLab, Gothenburg, Sweden) on dry
ice and stored at �80°C. Histological sections (12 �m) were stained
for CD31 as described (7). Tumors were dissected and fixed in 3%
paraformaldehyde, dehydrated, and embedded in paraffin. Thin
sections (5 �m) were deparaffinized, blocked, and incubated over-
night at 4°C with a biotinylated rat anti-mouse CD31 Ab (1:100;
Pharmingen), followed by amplification of the signal by using NEN
TSA amplification (Perkin–Elmer) protocol for biotinylated pri-
mary Abs. The reaction was developed by addition of diaminoben-
zidine substrate. Microphotographs were taken under a microscope
(�20 magnification) and analyzed by using PHOTOSHOP 7.0 (Adobe
Systems, Mountain View, CA). Vessel numbers per field (�10
magnification) were quantified in five to eight random fields per
group (four tumors per group, two fields per tumor). The terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) staining was performed according to a standard but
modified fluorescein in situ death detection protocol (Amersham
Biosciences). In brief, deparaffinized thin tumor sections (5 �m)
were blocked by using 3% H2O2 in methanol for 15 min; antigenic
epitopes were retrieved, and the TUNEL reaction mixture was
added. The sections were photographed and signals were quantified
under fluorescent microscope (�60 magnification) in 5–10 random
fields per group.

Whole-Mount Staining. Adiponectin-treated or control GFP-
expressing T241 tumors were removed on day 8 after implantation
for whole-mount immunohistochemical analysis. Tumors were dis-
sected into thin slices and fixed with 3% paraformaldehyde over-
night. Ab epitopes were exposed by proteinase K, and the tissues
were permeabilized. Blood vessel endothelial cells were detected by
using a rat anti-mouse CD31 (1:300; Pharmingen) primary Ab
followed by a secondary goat anti-rat-IgG Ab labeled with Cy5
(Zymed). Apoptotic cells were visualized by TUNEL in situ death
detection kit as above. Samples were examined by confocal micros-
copy (�20 magnification; LSM510 confocal microscope, Zeiss).
The 3D images were assembled by scanning 10 layers (2–3 �m
apart) of each sample by using LSM510 software (Zeiss) and
PHOTOSHOP 7.0.

Statistics. Results are presented as mean (�SEM). Statistical
evaluation of the results was made by using standard two-tailed
Student’s t test with EXCEL 5 (Microsoft). Statistical significance was
defined as P � 0.05.

Results
Inhibition of Endothelial Cell Growth. To study whether adiponectin
could inhibit endothelial cell growth, the effect of full-length
purified recombinant human and mouse adiponectin (15) were
determined by using endothelial cell proliferation and migration
assays. Under nonreducing conditions, both human and mouse
adiponectin form trimers and large oligomeric complexes (Fig. 1A).
These large complexes are biologically active (19). Addition of
physiologically relevant concentrations of human adiponectin to
BCE cells resulted in a dose-dependent inhibition of FGF-2-
stimulated endothelial proliferation, with an IC50 of 250 ng�ml (Fig.
1B). Similarly, mouse adiponectin also inhibited BCE proliferation
(Fig. 1C). Because endothelial cell growth and angiogenesis can be
stimulated by several angiogenic factors, we next determined
whether adiponectin could block individual angiogenic factor-
induced endothelial cell growth. In FGF receptor-1-overexpressing
PAE cells�FGFR, human adiponectin significantly inhibited FGF-
2-induced proliferation in a dose-dependent manner, with an IC50
of 250 ng�ml (Fig. 1D). To study VEGF-induced endothelial
activity, we performed endothelial cell migration assay because
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VEGF preferentially induced endothelial cell migration rather than
proliferation. VEGF receptor-2-overexpressing PAE (PAE�
VEGFR-2) cells exhibited dramatically increased cell motility upon
stimulation with VEGF. Human adiponectin significantly inhibited
VEGF-induced PAE�VEGFR-2 cell migration (Fig. 1E). These
data suggest that adiponectin blocks a common pathway for endo-
thelial cell proliferation and migration. To study whether adiponec-
tin also inhibited nonendothelial cell growth, we determined its
inhibitory activity on rVSM cells. Similar to previous findings (20),
adiponectin significantly inhibited rVSM cell proliferation (Fig. 1 F
and G). However, the concentrations required to reach a maximal
inhibitory effect on rVSM cells were higher than for endothelial
cells. Interestingly, adiponectin showed no inhibitory effect on
rVSM cell migration (Fig. 1H) or FGF-2-stimulated fibroblast
proliferation (data not shown). These findings indicate that adi-
ponectin selectively inhibits endothelial cell growth at low concen-
trations. Consistent with our data, it has been reported that
adiponectin exhibits specific binding to endothelial cells in vitro and
that it accumulates in the vascular wall in vivo, suggesting the
existence of a cell surface receptor for adiponectin (21–23). Indeed,
adiponectin receptors (AdipoR1 and AdipoR2) have recently been
detected on endothelial cells (24).

Inhibition of Angiogenesis in Vivo. To investigate its antiangiogenic
activity in vivo, adiponectin was tested in the CAM and the mouse
corneal angiogenesis assays. In the CAM model, adiponectin
induced avascular zone formation in the developing embryos.
Notably, newly formed microvessels were regressed around the area
of adiponectin-implanted disks (Fig. 2B, arrows). This antiangio-
genic activity appeared to be dose-dependent (Fig. 2C). In contrast,
control CAMs, implanted with disks without adiponectin, had no
avascular zones (Fig. 2A). In the mouse corneas, adiponectin
significantly inhibited FGF-2-induced neovascularization (Fig. 2E)

as compared to FGF-2 alone (Fig. 2D). Adiponectin alone did not
induce angiogenesis in this model (Fig. 2F). Quantification analysis
revealed the antineovascularization effect of adiponectin to be

Fig. 1. Adiponectin inhibits endothelial growth. (A) Recombinant mouse (Acrp30) or human adiponectin (Adipo) proteins (1 �g) were analyzed on a polyacrylamide
gel followed by staining with Coomassie brilliant blue. Trimeric�oligomeric (lanes 2 and 4) and monomeric (lanes 1 and 3) forms of adiponectin were detected under
nonreducing and reducing�alkylating conditions, respectively. (B and C) FGF-2-stimulated BCE cells were incubated with various concentrations of human or mouse
adiponectin. (D)Humanadiponectinwas incubatedwithPAE�FGFR-1cells stimulatedwithFGF-2. (E)Themotility responseofPAE�VEGFR-2cells toVEGFwithorwithout
human adiponectin was assayed. FGF-2-stimulated rVSM cells were incubated with human (F) or mouse (G) adiponectin. (H) The motility response of rVSM cells to serum
was assayed with or without human adiponectin. Values represent mean number of cells per well (�SEM). *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Fig. 2. Antiangiogenic activity of adiponectin. Disks containing human adi-
ponectin were implanted on the developing CAMs. Microphotographs (�20) on
day 8 of a control CAM (A) and an adiponectin-implanted CAM (B; 20 �g per disk)
are shown. Arrows point to regressing blood vessels. (C) The number of CAMs
withavascularzoneswasquantifiedat48hafter implantation.Pellets containing
FGF-2 (D), FGF-2�adiponectin (E), or adiponectin alone (F) were implanted into
mouse corneal micropockets. Photographs represent �20 magnification of the
mouse eye, and positions of implanted pellets are indicated by arrows. (G)
Corneal neovascularization was quantified on day 5 as mean maximal area
(�SEM). (H and I) Immunohistochemical labeling of blood vessels in sections of
FGF-2- (H) or FGF-2�adiponectin- (I) implanted corneas (�20). (J) The number of
microvessels per microscopic field was quantified. **, P � 0.01; ***, P � 0.001.
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significant, with 94% reduction of vascularization area (P � 0.001)
(Fig. 2G). Immunohistological examination of the corneas revealed
that the number of newly formed microvessels was significantly
reduced in the FGF-2�adiponectin-coimplanted corneas as com-
pared with the FGF-2-implanted eyes (P � 0.01; Fig. 2 H–J). These
findings demonstrate that adiponectin is a potent inhibitor of
angiogenesis in vivo.

Induction of Endothelial Cell Apoptosis and Activation of Caspases. To
elucidate the possible mechanisms of adiponectin-mediated anti-
angiogenesis, we investigated the effect of adiponectin on endo-
thelial cell apoptosis. We found that addition of adiponectin to BCE
cells induced a significant proportion of cells to undergo apoptosis,
as determined by the appearance of apoptotic bodies (Fig. 3A). The
induction of endothelial apoptosis became more pronounced after
prolonged incubation, with �20% of the total cell population
showing clear signs of apoptosis by 48 h (Fig. 3B). Similar findings
were also observed by using HDME cells (Fig. 3 C and D).

To investigate apoptotic pathways, activation of endothelial
caspases was analyzed. First, we determined the involvement of
caspase-3, an apoptotic effector, in BCE cells. Activation of pro-

caspase-3 by adiponectin was found to be dose and time dependent.
A maximal activation was observed at �5 �g�ml adiponectin (Fig.
4A). Notably, the physiological levels of adiponectin in both human
and mouse serum have been reported to range from 2 to 17 �g�ml
(15, 25). Thus, the concentrations of adiponectin used in our system
to sufficiently induce apoptosis of activated endothelial cells are
physiologically relevant. To standardize our assay systems and
compare efficacies of activation of different caspases, we used 1
�g�ml adiponectin in subsequent studies. We found that caspase-3
activity was first elevated at 3–4 h and reached a maximal level
(�6-fold over control) after 18–24 h of incubation (Fig. 4B).
Activation of pro-caspase-8 was detected already 1 h after addition
of adiponectin, and this level of activation persisted during pro-
longed incubations (Fig. 4C). In contrast, activation of pro-
caspase-9 seemed to closely mirror the activation pattern of
caspase-3 (Fig. 4D). These findings suggest that adiponectin initially
activates caspase-8, which subsequently leads to activation of
caspases-3 or -9. Pro-caspase-8 is an intracellular component that
directly communicates with the death domain of cell membrane
receptors, whereas pro-caspase-9 is activated by apoptotic signals
released by the mitochondria.

Fig. 3. Adiponectin induces endothelial apoptosis. (A and B) Apoptotic bodies of adiponectin-treated BCE cells were detected at 24 h by fluorescent microscopy
and quantified at different time points. Bars: black, control; red, 10 �g�ml; blue, 20 �g�ml adiponectin. (C and D) Apoptosis of HDME cells after 24-h incubation
with adiponectin. Values represent mean percentage of apoptotic cells per total number of cells per field. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Fig. 4. Activation of endothelial caspase pathways. (A) Dose-dependent activation of caspase-3 in adiponectin-treated BCE cells at 24 h. (B–D) Time course
determination of activation of caspase-3-like (B), caspase-8-like (C), and caspase-9-like (D) enzymes in BCE cells treated with 1 �g�ml human adiponectin. Activation
of caspase-3 at 3 or 6 h (E and G), caspase-9 at 6 h (F and H), and caspase-8 at 6 h (H) was determined in the presence or absence of specific caspase inhibitors.
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Consistent with these data, addition of cell permeable-specific,
irreversible inhibitors of caspase-8 (z-IETD-fmk), caspase-9 (z-
LEHD-fmk), or caspase-3-like (z-DEVD-fmk) enzymes to BCE
cells revealed that both z-IETD-fmk and z-LEHD-fmk completely
prevented adiponectin-induced activation of caspase-3 (Fig. 4E). In
addition, z-IETD-fmk blocked activation of caspase-9 (Fig. 4F).
Thus, it is plausible that activation of caspase-8 is the immediate
early event of adiponectin-triggered endothelial apoptosis. Further-
more, we found that preincubation of BCE cells with a specific
caspase-3 inhibitor repressed not only the activation of caspase-3
(Fig. 4G) but also the activation of caspases-8 and -9 after 6 h of
incubation (Fig. 4H), indicating the existence of an caspase-3-
mediated amplification loop in the adiponectin-trigged caspase
pathway (26).

Suppression of Tumor Growth and Neovascularization. The antian-
giogenic activity of adiponectin encouraged us to determine
whether adiponectin could suppress pathological angiogenesis.
Tumor growth is angiogenesis-dependent, and suppression of an-
giogenesis has been shown to inhibit tumor growth (27). To study
the possible antitumor activity of adiponectin, we chose a hyper-
vascularized murine T241 fibrosarcoma model. Incubation of T241
tumor cells with adiponectin, even at high concentrations, did not
affect tumor cell growth in vitro (Fig. 5A), suggesting that adiponec-
tin had no direct effect on tumor cells per se. In vivo, intralesional
administration of murine adiponectin resulted in significant sup-
pression of tumor growth. After a 2-wk treatment, �60% reduction
of tumor volumes and weights was observed (Fig. 5 B–D). Neovas-
cularization of adiponectin-treated tumors was significantly re-
duced as compared with control tumors (Fig. 5 E and F). Inter-
estingly, reduction of tumor neovascularization led to a remarkable
increase of tumor apoptosis (Fig. 5 G and H). The increase of tumor
cell apoptosis could be caused by deprivation of survival factors
supplied by blood vessels.

To further study whether tumor vessel endothelial cells became
apoptotic, we colocalized the CD31-positive signals with TUNEL-

positive cells. Interestingly, a remarkable overlap between CD31-
and TUNEL-positive signals was found in adiponectin-treated
tumors (Fig. 5I). In contrast, only a small number of CD31�TUNEL
double positive structures was found in the PBS-treated control
tumors (Fig. 5I). These data demonstrate that adiponection induces
tumor vessel apoptosis, which is consistent with our in vitro data that
adiponectin selectively induces endothelial cell apoptosis.

Discussion
Adiponectin is produced by adipocytes and thought to be an
important regulator of lipid and glucose metabolism (13, 14). Our
present data demonstrate that adiponectin is a negative regulator of
angiogenesis. This finding provides important clues to understand-
ing the biological functions of this protein as a master regulator of
many systems. Indeed, the adipose tissue is an important and
perhaps the largest endocrine organ in the body. In addition to
adiponectin, leptin, resistin, and adipsin are examples of other
adipose-derived endocrine hormones or adipokines (3, 28). Al-
though their main targets are located in distal sites, the local
functions have not been fully investigated. Recently, leptin has been
found to stimulate angiogenesis (6–8). Thus, adiponectin and leptin
have opposite effects in regulation of angiogenesis. Like most
tissues in the adult body, the quiescent vasculature in the adipose
tissue may represent a net balance between the production levels of
angiogenic factors and inhibitors. Overproduction of angiogenic
factors or decreased levels of inhibitors would result in adipose
tissue neovascularization and expansion. Recently, it has been
shown that expansion of fat mass in the body is angiogenesis
dependent (9). To switch on an angiogenic phenotype, the adipose
tissue may have to down-regulate the expression of angiogenesis
inhibitors. Our data provide an example of an endogenous adipose-
derived angiogenesis inhibitor. Indeed, the levels of adiponectin are
decreased in obese animals and humans (13, 15). In contrast,
production of leptin is usually elevated in the obese state (29, 30),
and it is known that dysregulation of leptin in mice and humans lead
to obesity (31, 32). Surprisingly, deletion of adiponectin in mice

Fig. 5. Suppression of tumor growth and induction of apoptosis. (A) T241 tumor cell growth rates in vitro in the presence and absence of mouse adiponectin.
(B) Tumor volumes represent mean determinants of treated and control groups (�SEM). (C) Typical examples of tumor-bearing mice of the control or
adiponectin-treated groups on day 14. (D) Tumor weights at necropsy. (E) Tumor vascular density was quantified as numbers of vessels per field (�10). (F) Tumor
neovascularization was detected by using an anti-CD31 Ab in the adiponectin-treated and control tumors (�20). (Scale bar, 50 �m.) (G) Quantification of
TUNEL-positive, apoptotic tumor cells. *, P �0.05; ***, P �0.001. (H) TUNEL staining (green) for visualization of apoptotic cells in tumor sections. (I) Whole-mount
staining of tumor blood vessels [�20; green, GFP-T241 tumor cells; blue, CD31-positive tumor vessels; red, TUNEL-positive apoptotic cells (scale bar, 25 �m)].
Arrows indicate CD31�TUNEL double-positive structures.
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does not result in any differences in body weight, suggesting that the
adiponectin system might be redundant under physiological con-
ditions (33). Similarly, overexpression of adiponectin in mice did
not result in a significant difference of body weight or adiposity (34).
Indeed, our present data show that treatment of mice with recom-
binant adiponectin does not affect adipogenesis (unpublished data),
a process that probably depends on angiogenesis. The fact that
adiponectin preferentially targets tumor blood vessels reflects that
the rate of angiogenesis in the tumor vasculature is higher than that
in the slowly expanding adipose tissue. Thus, it appears the anti-
angiogenic activity of adiponectin is more pronounced under
pathological conditions. Another possibility is that tumors produce
additional molecules that facilitate the antiangiogenic activity of
adiponectin. However, this hypothesis remains to be further
investigated.

Very recently, adiponectin has been reported to stimulate en-
dothelial cell growth and angiogenesis (35). Most of these experi-
mental data were obtained by in vitro assays using endothelial cells
derived from large vessels. The discrepancy of these findings from
our present data could be because different systems were used. In
those studies, human umbilical vein endothelial cells were used for
the in vitro studies, whereas we use capillary endothelial cells in our
assays. It is believed that capillary endothelial cells are most relevant
for studying angiogenic processes in vitro because capillaries usually
sprout from microvessels but not large vessels. In addition, the
effect of adiponectin on endothelial cells in vitro cannot be directly
translated into its in vivo angiogenic activity. For example, trans-
forming growth factor type � is a potent inhibitor for endothelial
cell growth in vitro but stimulates angiogenesis in vivo (36, 37). Our
in vivo results are consistent with the in vitro finding obtained from
capillary endothelial cells, suggesting that adiponectin is a potent
angiogenesis inhibitor.

There is a correlation between obesity and high incidences of
certain cancers, including breast, colon�rectal, and prostate cancer
(38, 39). Our findings that adiponectin inhibits tumor neovascular-
ization may imply that obese individuals with low levels of adi-
ponectin are more susceptible to develop various forms of tumors.

It would be interesting to investigate whether the reported in-
creased cancer incidences in the obese population (38, 40) correlate
with significantly decreased levels of adiponectin. In this study, we
also provide molecular mechanisms of the antiangiogenic activity of
adiponectin. The finding that adiponectin induces endothelial apo-
ptosis indicates that this protein acts as a direct endogenous
inhibitor for blood vessel growth. Indeed, administration of adi-
ponectin to tumor-bearing animals resulted in apoptosis of a
significant proportion of tumor blood vessels. Adiponectin may
have several therapeutic advantages as compared to angiogenic
factor antagonists. As the genome of tumor cells is unstable, the
production of multiple angiogenic factors is switched on during
tumor progression (41). Thus, antiangiogenic therapy by using, e.g.,
an anti-VEGF agent may encounter drug resistance problems. In
contrast, induction of endothelial apoptosis by adiponectin seems to
target a common angiogenic pathway. In this regard, adiponectin
may be an effective novel anticancer agent.

In addition to suppression of tumor growth, adiponectin has
recently been reported to protect apolipoprotein E-deficient mice
from development of atherosclerotic plaques (12). Although the
underlying mechanisms need to be further investigated, inhibition
of angiogenesis could be involved in the antiatherogenic effect of
adiponectin, as suppression of angiogenesis can prevent atheroscle-
rotic plaque growth (42). In type II diabetic individuals, decreased
levels of adiponectin may contribute to several severe complica-
tions. For example, diabetic retinopathy represents a switch of
pathological angiogenesis in the retina. Could the pathological
neovascularization in the eye and other tissues be caused by
decreased levels of adiponectin in diabetic patients? Our finding
that adiponectin acts as a potent angiogenesis inhibitor suggests this
possibility.
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