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Adiponectin, a circulating peptide hormone produced in adipose
tissue, has been shown to be reduced in the plasma of patients with
cancer, suggesting that this adipokine may be mechanically involved
in the pathogenesis of adiposity-related carcinogenesis. In this
study, we examined the expression of adiponectin receptors (AdipoR1
and AdipoR2) and assessed the function of adiponectin in gastric
cancer. All of the six gastric cancer cell lines significantly expressed
mRNA and protein of both receptors with variable levels. Addition
of 30 µµµµg/mL adiponectin potently induced apoptosis and inhibited
the proliferation of AZ521 and HCG27. Down-regulation of either
AdipoR1 or AdipoR2 by specific siRNA significantly suppressed the
growth inhibitory effects of adiponectin in both cell lines. Moreover,
a local injection of adiponectin markedly inhibited the growth
of AZ521 inoculated subcutaneously in nude mice. Similarly,
the continuous intraperitoneal infusion of adiponectin effectively
suppressed the development of peritoneal metastasis of AZ521.
Adiponectin negatively regulates the progression of gastric cancer
cells possibly through both AdipoR1 and AdipoR2. Although
adiponectin was already reported to have antiangiogenic effects,
our results suggest that the antitumor effect of adiponectin was, at
least partially, dependent on the direct effects on tumor cells.
(Cancer Sci 2007; 98: 1120–1127)

It is well known that increased body weight is a risk factor for
the development of metabolic syndrome. Recently, obesity has

also been shown to be associated with increased mortality for
various cancers.(1) Consistently, many studies have shown a
positive association between adiposity and increased risk of
cancer at multiple sites.(2–7) In gastric cancer, obesity is reported
to be associated especially with the development of adenocarcinoma
in the cardiac region.(8–10) This association is thought to be
explained partly by the increased rate of gastroesophageal reflux
disease as a result of increased intra-abdominal pressure.(11–13)

However, the reflux theory cannot explain every aspect of the
manifestation of gastric cancer, and the epidemiologic study
raises a hypothesis that adipose tissue might be functionally
involved in the development of gastric cancer.

Adipocytes express various secretory proteins, including angi-
otensinogen, plasminogen activator 1 (PAI-1), acylation-stimulating
protein (ASP), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α),
resistin and leptin.(14–19) Adiponectin is a peptide hormone secreted
exclusively by adipose tissue. Adiponectin acts as an antiather-
ogenic hormone through the inhibition of vascular smooth muscle
cell proliferation, as well as macrophage functions.(20,21) Adiponectin
also has an antidiabetic action through the modulation of
glucose and fatty acid metabolism and insulin sensitivity.(22–24) In
fact, the circulating level of adiponectin has been reported to
be inversely related to body mass index (BMI)(25–27) and to
be reduced in conditions of insulin resistance such as visceral
obesity and type 2 diabetes.(24)

Recent studies have shown that a reduced adiponectin level in
plasma is significantly correlated with the risk of various can-
cers.(28–31) In gastric cancer, we have additionally reported that
the plasma adiponectin level is negatively correlated with tumor
stage.(30) Moreover, being overweight also has a positive link
with poor outcome in patients with certain cancers including
gastric cancer.(32–34) This finding together with the epidemiologic
results, raises the possibility that adiponectin may be function-
ally involved in cancer progression as well as carcinogenesis.

The receptors for adiponectin have been recently defined and
designated as AdipoR1/R2.(23) AdipoR1 is widely expressed and
is abundant in skeletal muscle, whereas AdipoR2 is predomi-
nantly expressed in the liver. AdipoR1/R2 have been reported to
mediate increased AMP kinase and peroxisome proliferator
activated receptor (PPAR)-α ligand activity, fatty acid oxidation,
and glucose uptake by adiponectin.(35) Recent reports have
shown that mRNA of AdipoR1/R2 were significantly expressed
in breast(36,37) and prostate(38) cancers. However, the expression
of AdipoR1/R2 in other malignant cells has not been evaluated
yet. In the present study therefore we investigated the adiponec-
tin receptor expression in human gastric carcinoma cell lines
and then examined the role of adiponectin in the development
and peritoneal metastasis of gastric cancer.

Materials and Methods

Reagents and cell lines. Recombinant full-length murine adipo-
nectin was produced and purified as described previously.(39,40)

AntiClean Etox affinity columns (Sterogene Bioseparations,
Carlsbad, CA, USA) were used to remove endotoxin contamination
and endotoxin levels in the adiponectin preparations were
confirmed to be undetectable by Limulus Amoebocyte Lysate
(LAL) assay. Recombinant human epidermal growth factor
(EGF) was obtained from Peprotech EC (London, UK). Six
human gastric cell lines, MKN28, MKN45, MKN74, HGC27
(Riken Cell Bank, Tsukuba, Japan), MKN1 and AZ521
(American Type Culture Collection, Manassas, VA, USA), were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS) and penicillin/streptomycin
at 37°C in a humidified atmosphere of 5% CO2 in air.
Fluorescein isothiocyanate (FITC) conjugated annexin V and
propidium iodide (PI) for flow cytometry were obtained from
Roche Diagnostics (Basel, Switzerland).

Preparation of total RNA and northern blot analysis. Total RNA
was isolated from the six carcinoma cell lines by the acid
guanidine isothiocyanate/phenol/chloroform extraction method,
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as described by Chomczynski and Sacchi.(41,42) In brief, RNA
was separated by 1.0% agarose-formaldehyde gel electrophoresis,
transferred onto a nylon membrane (GeneScreen; Perkin-Elmer
Life Sciences, Inc., Boston, MA, USA), and hybridized with
cDNA probes labeled with [32P]dCTP (Perkin-Elmer Life Sciences)
using a DNA labeling kit (Nippon Gene, Toyama, Japan).

RT-PCR of Adponectin. Real-time polymerase chain reaction
(RT-PCR) was carried out using TaqMan Universal PCR Master
Mix (Applied Biosystems, Foster City, CA, USA) to quantify
the mRNAs of AdipoR1/R2.(23) The primer sets and the probes
for mAdipoR1/R2 were as follows: The forward primer for
mAdipoR1 was 5′-ACGTTGGAGAGTCATCCCGTAT-3′, the
reverse primer, 5′-CTCTGTGTGGATGCGGAAGAT-3′, and the
probe, 5′-CCTGCTACATGGCCACAGACCACCT-3′; the forward
primer for mAdipoR2 was 5′-TCCCAGGAAGATGAAGGGTTTAT-
3′, the reverse primer, 5′-TTCCATTCGTTCGATAGCATGA-3′,
and the probe, 5′-ATGTCCCCGCTCCTACAGGCCC-3′. The
relative amount of each AdipoR transcript was normalized to the
amount of cyclophilin transcript in the same cDNA.(23)

Western blot analysis of AdipoR1/R2. The protein fraction
extracted from six gastric cancer cells was electrophoresed
in sodium dodecyl sulphate (SDS)-10% polyacrylamide gel for
45 min at 200 V. It was then transferred onto an Immobilon
transfer membrane (Millipore, Bedford, MA, USA) for sequential
incubation with 5% reconstituted non-fat milk powder to block
non-specific sites, dilutions of rabbit polyclonal anti-AdipoR1
and rabbit polyclonal anti-AdipoR2 antibody(23) and horseradish
peroxidase-labeled donkey antirabbit immunoglobulin G (IgG),
before development with a standard enhanced chemiluminescence
kit (Amersham, Buckinghamshire, UK).

Immunohistochemical study of AdipoR1/R2. Protein expression
of AdipoR1/R2 was evaluated by immunohistochemical staining
using affinity purified rabbit polyclonal antibodies against AdipoR1/
R2 in surgically removed specimens of gastric cancer. Parts of
the freshly resected gastric cancer tissues were immediately
fixed with liquid nitrogen, and each tissue was cut into serial-
step sections 3 µm wide. After being rinsed in phosphate-buffered
saline (PBS), endogenous peroxidase activity was inhibited by
incubation with 0.3% hydrogen peroxide in 100% methanol for
30 min. After three washes in PBS, the non-specific reaction
was blocked by incubation with PBS containing 5% skimmed
milk for 30 min at room temperature, and then the sections were
incubated with normal rabbit serum for 30 min. The sections were
incubated overnight at 4°C in humid chambers with the primary
antibody to AdipoR1/R2 at 1:1000 dilution. After three washes
with PBS, the sections were incubated with biotinylated rabbit
antirabbit immunoglobulin for 30 min. After another wash with PBS,
the slides were treated with peroxidase-conjugated streptavidin
for 30 min, and developed by immersion in 0.01% H2O2 and
0.05% diaminobenzidine tetrahydrochloride for 3 min. Then,
light counterstaining with Mayer’s hematoxylin was carried out.

Proliferation assay. AZ521 and HGC27 cells (5 × 103 cells in
100 µL/well) were seeded in a 96-well plate in DMEM
containing 0.1% fatty acid-free BSA with or without 100 ng/mL
EGF. In each experiment, adiponectin was added every 24 h
at various concentrations. After incubation at 37°C in 5% CO2
for 48 h, the number of living cells was measured using an
MTS assay (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Briefly, MTS solution was added to
each well, and the cells were incubated for an additional 3 h.
The number of living cells was determined by measuring
absorbance at 490 nm using a 96-well Microplate Reader (Bio-
Rad, Hercules, CA, USA).

Detection of apoptosis by flow cytometry. AZ521 or HGC27 stained
with FITC-conjugated annexin V and PI for 5 min at room
temperature. The population of annexin V(–) PI(–) viable cells
and annexin V(+) apoptotic cells was evaluated by flow cytometry.
Data were collected in a FACS Calibur (Becton-Dickinson,

Mountain View, CA, USA) and analyzed using CellQuest
software (Becton Dickinson, Mountain View, CA, USA).

RNA interference. Two pairs of siRNAs were chemically
synthesized, annealed and transfected into 60–70% confluent
AZ521 and HGC27 using Lipofectamine Plus (Life Technologies,
Taipei, Taiwan) as described previously.(43) The sequences of the
sense siRNAs were as follows:

Human AdipoR1: GGACAACGACUAUCUAUCUGCUACATT
Human AdipoR2: GGAGUUUCGUUUCAUGAUCGGTT
Unrelated dorphin RNA sequence was used as mock sRNA.
In vivo experiments. Five-week-old female BALB/c nude mice

(Nihon CLEA, Tokyo, Japan) were used. AZ521 cells suspended
in PBS, and 1 × 106 cells in 100 µL were implanted subcutaneously
in the middle of the back of each animal as described
previously.(44) Adiponectin (5 or 50 µg per mouse) dissolved in
100 µL PBS was intratumorally injected every day from 3 days
after tumor inoculation throughout the experimental period
(n = 5 mice per group). Control animals were injected with the
same amount of PBS. Visible tumors were measured using
digital calipers at the indicated time points and tumor volume
was calculated as reported elsewhere.(44) After 22 days of treatment,
mice were killed, and the tumor tissue removed. Tumor volume
was calculated according to the formula: width2 × length × 0.52,
as previously reported.(45)

In experiments to examine peritoneal metastasis, a single cell
suspension of 5 × 106 AZ521 cells resuspended in 1 mL PBS
was injected into the peritoneal cavity of each mouse with a 23-
gauge syringe. Three days later, an Alzet micropump (model
2004, Alza, Palo Alto, CA, USA) was inserted into the perito-
neum of each mouse. The pump was used to continuously
deliver the indicated doses of adiponectin or PBS in a total vol-
ume of 0.2 mL. On day 28, all mice were killed, and the number
of macroscopic nodules on the peritoneal surface was counted.
All of the in vivo experimental protocols were approved by the
animal care committee of The University of Tokyo.

Measurement of microvessel density and detection of apoptosis.
In the peritoneal metastasis model, disseminated tumors were
dissected and fixed in 3% paraformaldehyde, dehydrated,
and embedded in paraffin. Blood vessel endothelial cells
were immunohistochemically detected using a rat anti-
mouse CD31 (1:300; Pharmingen, San Diego, CA, USA)
primary antibody. Apoptotic cells were detected by terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) method using an ApopTag peroxidase in situ
apoptosis detection kit (Chemicon, Temecula, CA, USA). These
sections were photographed, and signals were quantified under
a microscope (×200 magnification) in 10 fields randomly
selected in five tumors per group.

Statistical analysis. All statistical calculations were carried out
using StatView-J 5.0 statistical software (SAS Institute, Cary,
NJ, USA). Transfection efficiency and number of metastatic
nodules were analyzed by anova. Differences with a P-value of
less than 0.05 were considered to be statistically significant.

Results

Expression of AdipoR1/R2 in human gastric cancer cells. First, we
examined the expression of AdipoR1/R2 mRNAs in the six
gastric cancer cell lines with Northern blot analysis. As shown
in Fig. 1a, both AdipoR1/R2 were positively detected at 2.0 kb
and 4.0 kb, respectively. RT-PCR analysis also showed significant
levels of expression of AdipoR1/R2 messages in all cell lines,
although the expression levels varied among the six cell lines
(Fig. 1b).

Then, we examined the protein expression of these receptors
by Western blotting using polyclonal antibodies against AdipoR1/
R2 (Fig. 1c). Bands of AdipoR1 and R2 were detectable at
42.4 kDa and 35.4 kDa, respectively. Furthermore, the protein
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expression of AdipoR1 and AdipoR2 was confirmed by immu-
nohistochemical staining of frozen sections of surgically resected
tissue specimens. Surface epithelial cells in the normal part of
the stomach did not show significant immunoreactivity for
either AdipoR1 or R2, although some parietal cells showed
slight immunoreactivity for Adipo R2 (Fig. 2a,c). In contrast,
most of the gastric cancer cells were positively stained both for
AdipoR1 and R2 (Fig. 2b,d).

Adiponectin suppresses proliferation of AZ521 and HGC27 cells.
Then, we examined the effects of recombinant adiponectin on
proliferation. The addition of the adiponectin showed inhibitory
effects on the proliferation of the six cell lines. Among them, the
most prominent effects were observed in AZ521 and HGC27,
which showed high expression of AdipoR1/R2 mRNA. At 48 h

incubation, adiponectin showed no effects at concentrations in
the order of ng/mL, but did inhibit growth at concentrations
above 3–30 µg/mL (Fig. 3a). In AZ521, adiponectin slightly
suppressed proliferation at 10 µg/mL, and the effect was
significant at a concentration of 30 µg/mL (38 ± 3.8%, P < 0.05).
In HCG27, the inhibitory effect of adiponectin was significant at
3 µg/mL (68 ± 4.1%, P < 0.05) and reached 16 ± 1.5% (P < 0.01)
at 30 µg/mL. Even when the cancer cells were stimulated with
100 ng/mL EGF, the inhibition of growth by adiponectin was
still effective at a concentration of 30 µg/mL in both cell lines
(Fig. 3b).

Adiponectin induces apoptosis of gastric cancer cells. In order to
examine the mechanisms of the inhibitory effects of adiponectin,
we examined the apoptotic index by annexin V-PI staining using

  

 

Fig. 1. The expression of AdipoR1/R2 in human
gastric cancer. (a) Northern blot analysis of AdipoR1
(left panel) and AdipoR2 (right panel) mRNA by
different gastric cancer cells. Both receptors were
detectable at 2.0 and 4.0 kb, respectively. (b)
Reverse transcription-polymerase chain reaction
(RT-PCR) was carried out on the total RNA as
described in the material and methods section. The
relative amounts of each AdipoR1/R2 transcript
were normalized against the amount of cyclophilin
transcript in the same cDNA.

Fig. 2. Immunostaining of AdipoR1/R2 in human
gastric tisuue. Immunohistochemical staining of
AdipoR1 (a; normal mucosa, b; carcinoma) and
AdipoR2 (c; normal mucosa, d; carcinoma) using
surgically resected gastric cancer tissues. AdipoR1
and R2 were positively detected in the cytoplasm
as well as the cell membrane of carcinoma cells.
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flow cytometry (Fig. 4a). The addition of adiponectin (30 µg/mL)
to AZ521 for 6 h significantly increased the annexin V(+) PI(–)
population as compared with the controls, and incubation for
24 h resulted in a marked increase in the annexin V(+) PI(+)

population (Fig. 4a). More than 60% of AZ521 and HGC27
were annexinV(+) after 24 h of treatment with 30 µg/mL adiponectin,
as compared to those without adiponectin (Fig. 4b). This clearly
indicates that adiponectin inhibits the proliferation of gastric
cancer cells mostly through the induction of apoptosis.

Inhibition of cell proliferation is dependent on AdipoR1/R2. We next
examined the inhibitory effects of adiponectin in those cells in
which AdipoR1 or AdipoR2 was specifically down-regulated
by siRNA. The addition of siRNA to AdipoR1 and R2 strongly
suppressed the mRNA expression of corresponding receptors
after 48 h treatment as evaluated RT-PCR (Fig. 5a), as well as
Western blotting (Fig. 5b) in AZ521. In this experimental condition,
inhibition of AdipoR1 or AdipoR2 significantly restored the
adiponectin-induced growth inhibition. In AZ521 treated with
control siRNA, 30 µg/mL adiponectin induced 33.6 ± 3.1%
growth inhibition, whereas the effect was significantly restored
by treatment with siRNA of AdipoR1 or AdipoR2 (Fig. 5c). In
the same experimental condition, siRNA of AdipoR1 strongly
abolished the effects of adiponectin to inhibit HGC27 proliferation,
although the effect of siRNA of AdipoR2 was less prominent
(Fig. 5c).

Suppression of subcutaneous tumor growth and peritoneal 
dissemination of AZ521. In order to examine the antitumor activity
of adiponectin in vivo, we examined the growth of AZ521 inocul-
ated subcutaneously or intraperitoneally in nude mice. In the
subcutaneous model, repeated intratumorous administration of
adiponectin from 3 days after tumor inoculation resulted in
significant suppression of tumor growth. As shown in Figure 6,
a low dose of adiponectin (5 µg per mouse) induced a slight but
significant reduction of tumor volume after 3 weeks. More
impressively, an 80% reduction of tumor volume was observed
in mice treated with a high dose of adiponectin (50 µg per mouse).

In the intraperitoneal inoculation model, mice received intra-
peritoneal injections of AZ521 cells, and 3 days later PBS or
adiponectin was injected intraperitoneally using a micropump
inserted into the peritoneal cavity of each mouse. Then, we
examined whether continuous injection of adiponectin resulted
in inhibition of peritoneal dissemination, by counting the mac-
roscopic nodules of peritoneal dissemination at 2 weeks after
tumor inoculation. In the control group, metastatic nodules were
observed on the peritoneal surface, especially in the vicinity of
the stomach or intestine and pelvis, whereas only a few nodules
were detected on the surface of the parietal peritoneum (Fig. 7b).

Fig. 3. The effect of adiponectin on cell proliferation of AZ521 and
HGC27. These cells were cultured with indicated concentrations of
adiponectin in the absence (a) or presence (b) of 100 µM epidermal
growth factor (EGF). After incubation for 120 h, cell proliferation was
measured by a MTS assay. Data are expressed as a percentage of the
control, where control indicates cell proliferation without adiponectin
(100%). Columns indicate the mean of five different experiments
carried out in triplicate; bars indicate SD. *P < 0.05, compared with
control by one-way ANOVA combined with Bonferroni’s test.

Fig. 4. Apoptosis of AZ521 cancer cell with adiponectin. (a) AZ521 cell was cultured with (lower panel) or without (upper panel) 30 µg/mL adiponectin
for 6 h (left panel) and 24 h (right panel), and then was double-stained by Annexin-V (x-axis) and PI (y-axis). The representative FACS profile was
shown. (b) AZ521 and HGC 27 were cultured for 24 h with (white bar) or without (black bar) 30 µg/mL adiponectin for 24 h and Annexin-V positive
percentages were calculated as apoptotic cells. Columns indicate the mean of three different experiments performed in triplicate; bars indicate SD.
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As shown in Fig. 7a, the total number of metastatic nodules was
significantly reduced in the adiponectin group (3.3 ± 2.8)
(P < 0.05) as compared to the control group (8.8 ± 5.7). Moreo-
ver, each metastatic nodule was much smaller in the adiponectin
group, and thus, the total volume of metastatic nodules on the
peritoneum in the adiponectin group was greatly reduced to
14% of that in the control group (22.5 ± 25.5 mm3 vs 189.1 ±
152.6 mm3, P < 0.05) (Fig. 7a). The intraperitoneal infusion did
not cause apparent side-effects with no significant change of
total weight.

Adiponectin reduces tumor vessels density and increases apoptotic 
cancer cells in peritoneal tumors. Finally, we evaluated the effects
of adiponectin on neovascularization and apoptosis in peritoneal
metastases. The vessel density in adiponectin-treated tumors was
significantly reduced to almost half of that in control tumors
(Fig. 8a–c). Moreover, adiponectin treatment markedly increased
the number of apoptotic tumor cells to 260% of controls (Fig. 9a–c).

Discussion

Adiponectin has recently attracted much attention in relation to
the pathogenesis and treatment of the symptoms of metabolic
syndrome such as cardiovascular disorders and diabetes.(35) In
mice, adiponectin replacement has been shown to decrease
hyperglycemia and hypertriglyceridemia, restore insulin sensitivity,
and alleviate fatty liver disease.(36,37,46,47) Adiponectin has also
been reported to have direct antiatherosclerotic effects through
the inhibition of adhesion molecule expression of endothelial
cells and lipid accumulation in macrophages.(48,49) Moreover,
depletion of the adiponectin gene has been shown to greatly

Fig. 5. The effect of adiponectin in AdipoR1/R2
down-regulated cells. AZ521 was cultured with
3 nM siRNA of AdipoR1/R2 or control siRNA for
48 h. (a) The relative amounts of each AdipoR1/
R2 mRNA against cyclophilin were measured
with real-time-polymerase chain reaction (RT-PCR).
(b) The protein expressions of AdipoR1/R2 were
examined with Western blotting. (c) AZ521 and
HGC27 treated with the same condition described
above were cultured with or without 10 or 30 µg/
mL adiponectin for additional 24 h and then the
cell proliferation was evaluated as described in
the legend of Figure 3. Columns indicate the
mean of five studies performed in triplicate; bars
indicate SD. *P < 0.05, compared with control by
one-way ANOVA combined with Bonferroni’s
test.

Fig. 6. Growth inhibition of subcutaneous tumor by the treatment
with adiponectin. AZ521 (1 × 106 in 100 µL phosphate-buffered saline
[PBS]) were subcutaneously implanted in nude mice. Adiponectin (5 µg
or 50 µg per mouse) dissolved in 100 µL of PBS or PBS alone were
intratumorally injected every day from 3 days after tumor inoculation
throughout the experiment. Dots and bars indicate mean and SD in five
mice treated with high or low concentrations of adiponectin and PBS
in a representative one in three different sets of experiments.
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increase neointimal formation in response to external vascular
cuff injury in mice.(49,50)

These studies suggest that adiponectin might be involved in
the pathogenesis of various diseases associated with such cellular
functions as proliferation, and migration as well as metabolism.
In fact, adiponectin attenuated DNA synthesis, cell proliferation,
and migration induced by several growth factors in cultured
smooth muscle cells(51) and endothelial cells.(52,53) These findings
strongly suggest that adiponectin can elicit anticancer effects,
since tumor growth is largely dependent on angiogenesis. In
fact, Brakenhielm et al. demonstrated that adiponectin inhibited
the growth of mouse fibrosarcoma in vivo, and they proposed
the possibility that adiponectin could be used as an antiang-
iogenic drug.(53)

In this study, the size of subcutaneous gastric cancer trans-
planted in nude mice was reduced by 80% when treated with
intratumorous infusion of adiponectin, which is consistent with
the results in syngenic fibrosarcoma. We found that adiponectin

was effective to suppress only when administrated at a high con-
centration. However, the treatment of such a high dose of adi-
ponectin did not produce marked adverse effects or significant
weight change (data not shown). Since adiponectin is abundantly
produced from adipose tissue and the plasma concentration

Fig. 7. Inhibition of peritoneal metastasis by continuous intraperitoneal
infusion of adiponectin. AZ521 (5 × 106 in 1 mL phosphate-buffered
saline [PBS]) was injected into the peritoneal cavity of each mouse, and
3 days later, 50 µg adiponectin or PBS were continuously infused into
peritoneal cavity using an Alzet micropump. (a) On day 14, all mice
were killed, and the number (left) and volume (right) of macroscopic
nodules on the peritoneal surface were calculated. Columns and bars
indicate mean and SD of five mice in a representative one in three
different sets of experiments. (b) The representative peritoneal cavity
of adiponectin (right) or PBS (left) injected mice. Arrow indicates
peritoneal metastatic tumor.

Fig. 8. Inhibition of neovascularization in peritoneal tumors by adiponectin.
(a) In peritoneal tumors, endothelial cells were immunohistochemically
detected using a rat antimouse CD31 and vascular density were
quantified by counting CD31 positive capillary in eight different fields
randomly selected in four different tumors under ×400 magnification.
Columns indicate the mean; bars indicate SD. Immunohistochemical
expression of blood vessel endothelial cells in disseminated tumor with
treated PBS (b) and adiponectin (c). Bar, 100 µm.

Fig. 9. Induction of tumor apoptosis cells in peritoneal tumors by
adiponectin. (a) In peritoneal tumors, apoptotic cells were immuno-
histochemically detected by the terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) method and the number of
apoptotic cells was quantified by counting TUNEL-positive cells in eight
different fields randomly selected in four different tumors under ×400
magnification. Columns indicate the mean; bars indicate SD. Apoptotic
cells in tumors treated with phosphate-buffered saline (PBS) (b) or
adiponectin (c) were visualized as green staining. Bar, 100 µm.
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of adiponectin is µg/mL level, this adipockine is supposed to
elicit biological effects basically with such high concentrations.
Moreover, our in vitro study provided clear evidence that adi-
ponectin strongly inhibited the proliferation of AZ521 and
HGC27 through the induction of apoptosis. The concentration of
functional adiponectin for gastric cancer cells was 10–30 µg/mL,
which is almost the same as that observed in smooth muscle
cells and endothelial cells.(21,53) Recently, the same effect in vitro
has been reported in a breast cancer cells.(54) The exact mechanism
of adiponectin to induce apoptosis is currently being investigated.

In our experiments, the effect of adiponectin was not signifi-
cant at 3 µg/mL, but was prominent at 30 µg/mL. The concen-
tration appears to be physiologically relevant, since previous
studies in humans have shown that the mean circulating
adiponectin level in plasma is 7–12 µg/mL in healthy patients,
but is changed by various pathological conditions such as obesity,
metabolic syndrome, cardiovascular disease, and cancer.(25,26,30,55–57)

Furthermore, plasma adiponectin levels have been reported to be
significantly reduced in patients with various cancers.(28–31) This
raises the possibility that regulation of the adiponectin concen-
tration in serum or tumor stroma may have significant effects on
the behavior of malignant cells. The results of our experiments
could well explain why people with obesity, which is often asso-
ciated with reduced plasma adiponectin level, have a higher risk
of developing cancers.

So far, two receptors for adiponectin, AdipoR1/R2, have been
recently cloned in humans.(23) AdipoR1 is known to be ubiqui-
tously expressed at the highest levels in skeletal muscle, while
AdipoR2 is predominantly expressed in skeletal muscle and liver.(23)

AdipoR2 mRNA expression has been reported to be signifi-
cantly reduced in liver biopsies of patients with nonalcoholic
fatty liver disease (NASH).(58) However, the tissue distribution
and pathophysiological function of these two receptors are not
fully understood. In our studies, we found that both AdipoR1
and AdipoR2 were widely expressed at considerable levels in
gastric carcinoma cells. Moreover, adiponectin-induced growth
inhibition was significantly abrogated by down-regulation of
either AdipoR1 or AdipoR2 by specific siRNAs. These data
suggest that the reduction in proliferation by adiponectin is

dependent on both AdipoR1/R2, although the dependency on
AdipoR1/R2 may vary among cell types. The expression level
of each receptor in tumor cells may critically determine their
biological characteristics.

In gastric cancer, peritoneal metastasis is one of the most
important factors determining the prognosis of patients, and no
reliable treatment has been developed to control the poor out-
come.(59–61) In this study therefore we examined intraperitoneal
infusion of adiponectin as a possible treatment strategy for peri-
toneal dissemination of gastric cancer. In this therapeutic model,
continuous adiponectin infusion into peritoneal cavity caused
significant antitumor effects on peritoneal metastatic nodules,
with reduced microvascular density and increased apoptotic
tumor cells. In this mice model, the plasma concentration of adi-
ponectin did not show significant difference by the intraperito-
neal adiponectin infusion (data not shown), suggesting that
maintenance of high adiponectin levels in the peritoneal cavity
may be critical for suppression of peritoneal metastasis. Thus
far, there has been no information on the physiological concen-
tration of adiponectin in the peritoneal cavity. However, it can
be presumed that a considerable amount of adiponectin may be
present physiologically in the intra-abdominal space, since there
is abundant visceral adipose tissue in the peritoneal cavity that
is capable of producing this adipocytokine. The role of intraperi-
toneal adiponectin in the development of peritoneal metastasis is
an intriguing issue for future study.

In summary, this study demonstrates that a physiologically
present adipokine, adiponectin, has direct antitumor effects pre-
sumably through AdipoR1/R2 being expressed on gastric cancer
cells. Although adiponectin was already reported to have antian-
giogenic effects, our results suggest that adiponectin can potently
regulate the growth of cancer cells as well as endothelial cells,
and that the antitumor effect observed in vivo was, at least partly
dependent on the direct effects on tumor cells. Adipose tissues
are strongly suggested to have positive roles in tumor development
and progression through the production of many cytokines such
as adiponectin. Investigation of the interaction between tumors
and fat cells may provide a clue to elucidate unknown, but crit-
ically important, mechanisms in tumor biology.
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