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Adiponectin inhibits VEGF-A in prostate cancer cells
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Abstract A role of adiponectin in tumorigenesis has recently
been appreciated. Although plasma adiponectin levels in sub-
jects with prostate cancer have been found to be significantly
lower than in subjects with benign prostatic hyperplasia or in
normal healthy controls, the underlying molecular mecha-
nisms remain unknown. Here, we not only detected significant
decreases in plasma adiponectin levels in prostate cancer pa-
tients, but also showed significant decreases in adiponectin
receptor I (AdipoR1) levels in the resected prostate cancer
specimen. Prostate cancer cell lines examined in the current
study had all lower levels of adiponectin and AdipoR1, com-
pared to normal healthy prostate tissue. Moreover, overex-
pression of adiponectin in prostate cancer cells decreased pro-
duction of vascular endothelial growth factor A (VEGF-A),
while adiponectin depletion increased VEGF-A. Furthermore,
adiponectin seemed to activate AMPK/TSC2 to inhibit mTor-
mediated activation of VEGF-A. Taken together, our data
suggest that adiponectin may play an essential role in sup-
pressing growth of prostate cancer cells through inhibition of
VEGF-A-mediated cancer neovascularization.
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Introduction

The prostate is the gland for production of semen fluid. Pros-
tate cancer is a common malignant tumor and frequently oc-
curs among aged men. Although prostate cancers typically
grow slowly, aggressive prostate cancers capable of invasion
also occur, and the most common sites for prostate cancer
metastasis are the skeleton system and lymph nodes [1–4].
Blood test for prostate-specific antigen (PSA) is generally
used in prostate cancer screening, and abnormal results require
further ultrasound, MRI, or biopsy examinations. The thera-
peutic methods for prostate cancer often depend on the sever-
ity and the stage of the cancer, including watchful waiting,
surgery, hormone therapy, radiation therapy, chemotherapy,
or combined [1–4]. Since current treatments are not sufficient
to provide satisfactory therapy for all subjects, especially the
aggressive ones with distal metastasis, further knowledge on
the prostate cancer growth and metastasis is highly needed
[1–7].

The initiation of new blood vessels through angio-
genesis and neovascularization promotes tumor growth
and invasion [8–12]. Tumor cells release soluble angio-
genic factors to enhance new vessel formation and re-
structure of existing vessels to allow tumors to outgrow
[8–12]. Th angiogenic switch involves an adaptation of
the balance between pro-angiogenic and anti-angiogenic
factors [8–12]. The most potent pro-angiogenic factor is
vascular endothelial growth factor A (VEGF-A)
[13–17], which has also been shown to play a critical
role in the cancer vessel formation in prostate cancer
and has been used as a therapeutic target [8–12].

Adiponectin is an adipose tissue-derived hormone and is
expressed nearly exclusively in adipose tissue. Adiponectin
has important biological functions against diabetes, athero-
sclerosis, inflammation, and cell replication [18–23].
Adiponectin has two receptors, adiponectin receptor I
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(AdipoR1) and adiponectin receptor II (AdipoR2) [24], which
distribute differently in human tissue. Specifically, AdipoR1 is
most abundant in skeletal muscle but is also present in endo-
thelial cells and other tissues. AdipoR2, however, is predom-
inantly expressed in the liver [25].

Recently, the anti-carcinogenic effects of adiponectin
have been appreciated and are supposed to result from
modulation in the signaling pathways controlling cell
proliferation and apoptosis [18–23]. Association of
adiponectin with the risk of different types of cancers
[18–23, 26] has been reported. However, the underlying
mechanisms are far from being elucidated. Moreover, a
relationship between adiponectin and VEGF-A, especial-
ly in prostate cancer, has not been studied.

In the current study, we not only detected significant
decreases in plasma adiponectin levels in prostate cancer
patients, but also showed significant decreases in
AdipoR1 levels in the resected prostate cancer speci-
men. All of the prostate cancer cell lines examined in
the current study had reduced adiponectin and AdipoR1
levels, compared to normal healthy prostate tissue.
Moreover, overexpression of adiponectin in prostate
cancer cells decreased production of VEGF-A, while
adiponectin depletion increased VEGF-A. Furthermore,
adiponectin seemed to activate AMPK/TSC2 to inhibit
mTor-mediated activation of VEGF-A.

Materials and methods

Patient tissue specimens

Resected specimens were taken from 15 subjects with tissues
from prostate cancer (PC), 23 subjects with tissues from be-
nign prostatic hyperplasia (BP), and 22 subjects with tissues
from normal healthy prostate (NH). All specimens had been
histologically and clinically diagnosed at the Department of
Urology, Shanghai 10th People’s Hospital of Tongji Univer-
sity School of Medicine from 2009 to 2013. For the use of
these clinical materials for research purposes, prior patient’s
consents and approval from the Institutional Research Ethics
Committee were obtained.

Radioimmunoassay (RIA)

The concentration of adiponectin in the plasma from patients
was measured by radioimmunoassay using a human
adiponectin RIA Kit (Linco Research, St. Louis, MO, USA).
The blood samples were taken 3 days before surgery. After
12 h of fasting, the peripheral venous blood sample was taken
at 8 a.m. of the day, put into EDTA-rinsed tubes and centri-
fuged for 20 min at 2000 rpm to separate the plasma. None of

the patients were taking any other drugs that could have af-
fected the plasma adiponectin levels.

Cell lines

PC3, DU-145, CA-HPV-10, and MDA-PCa-2b are four com-
monly used human prostate cancer lines, all were purchased
from ATCC (American Type Culture Collection, Manassas,
VA, USA) and were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20 % fetal bovine se-
rum (Invitrogen, Carlsbad, CA, USA).

Cell transfection

Prostate cancer cells were transfected either with an
adiponectin-overexpressing plasmid (Adipo), or with a small
short hairpin interfering RNA for adiponectin (shAdipo; se-
quence 5′-GGACAACGACUAUCUGCUATT-3′), or with a
control plasmid expressing a scrambled sequence (Null).
Briefly, we used a pEGFP-C1 plasmid (Clontech, Mountain
View, CA, USA) in this study. The transgenes were Adipo,
shAdipo, or Null (as a control) under the control of a CMV
promoter. The Adipo construct was amplified by PCR with
EcoRI-restriction-endonuclease-forward and NheI-restriction-
endonuclease-reverse primers, using the human liver cDNA
as a template. The construct was then subcloned into the
EcoRI and NheI sites of the pEGFP-C1 plasmid. Sequencing
was performed to confirm the correct orientation of the final
plasmids. Transfection was performed by Lipofectamine 2000
reagent (Invitrogen).

ELISA assay

The concentration of VEGF-A in the conditioned media
from cultured cells was determined by a human VEGF-
A ELISA kit (Raybio, Norcross, GA, USA). ELISAs
were performed according to the instructions of the
manufacturer. Briefly, the collected condition medium
was added to a well coated with VEGF-A polyclonal
antibody, and then immunosorbented by biotinylated
monoclonal anti-human VEGF-A antibody at room tem-
perature for 2 h. The color development catalyzed by
horseradish peroxidase was terminated with 2.5 mol/l
sulfuric acid, and the absorption was measured at
450 nm. The protein concentration was determined by
comparing the relative absorbance of the samples with
the standards.

Western blot

Protein was extracted from the cultured cells or patients’ spec-
imen by RIPA buffer (Sigma, St Louis, USA) for Western
blot. The supernatants were collected after centrifugation at
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12,000×g at 4 °C for 20 min. Protein concentration was de-
termined using a BCA protein assay kit (Bio-Rad, China), and
whole lysates were mixed with 4× SDS loading buffer
(125 mmol/l Tris–HCl, 4 % SDS, 20 % glycerol, 100 mmol/
l DTT, and 0.2 % bromophenol blue) at a ratio of 1:3. Samples
were heated at 100 °C for 5 min and were separated on SDS-
polyacrylamide gels. The separated proteins were then trans-
ferred to a PVDF membrane. The membrane blots were first
probed with a primary antibody. After incubation with horse-
radish peroxidase-conjugated second antibody, autoradio-
grams were prepared using the enhanced chemiluminescent
system to visualize the protein antigen. The signals were re-
corded using X-ray film. Primary antibodies for Western blot
are anti-adiponectin, anti-AdipoR1, anti-AdipoR2, anti-
phosphorylated AMPK (pAMPK), anti-TSC2, anti-
phosphorylated mTor (pmTor), anti-VEGF-A, and α-tubulin
(all from Cell Signaling, LA, USA). Speci-matched, HRP-
conjugated antibodies (Jackson Labs, LA, USA) are used.
Images shown in the figure were representative from five re-
peats in one group.

HUVEC transwell collagen gel assay

Human umbilical vein endothelial cells (HUVEC) were
grown in M-200 supplemented medium with low serum
growth supplement (Invitrogen). HUVEC endothelial cells
were embedded in a collagen gel and plated on a 24-well
culture plate. The plate was kept at 37 °C in a CO2 incubator
for 10–15 min to make the collagen polymerize, and then the
same number of prostate cancer cells (with adiponectin mod-
ification) was added to the transwell and put onto the plate.

The plate with transwell was returned to the CO2 incubator.
Media was replenished every day, and culture images were
taken after 3 days.

Statistical analysis

All statistical analyses were carried out using the SPSS 19.0
statistical software package. All data were statistically ana-
lyzed using one-way ANOVA with a Bonferroni correction.
All values are depicted as mean±standard deviation from five
individuals and are considered significant if p<0.05.

Results

Plasma adiponectin levels in prostate cancer were
significantly lower than normal prostate tissue

A role of adiponectin in tumorigenesis has recently been ap-
preciated. We analyzed plasma adiponectin levels in subjects
with prostate cancer (PC) and found that they were signifi-
cantly lower than in subjects with benign prostatic hyperplasia
(BP) or in normal healthy controls (NH) (Fig. 1a). Moreover,
we also analyzed adiponectin receptors in the resected PC, BP,
and NH tissues by Western blot. We found that while there
were undetectable levels of adiponectin receptor II (AdipoR2)
in any prostate tissues, significantly lower levels of
adiponectin receptor I (AdipoR1) were detected in the PC
tissue, compared to BP and NH, by quantification (Fig. 1b)
and by representative images (Fig. 1c). Liver (LV) was used as
a positive control, specifically for AdipoR2. Thus, adiponectin
signaling was inhibited in prostate cancer.
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Fig. 1 Plasma adiponectin levels
in prostate cancer were
significantly lower than normal
prostate tissue. a Plasma
adiponectin levels in subjects
with prostate cancer (PC) were
compared with subjects with
benign prostatic hyperplasia (BP)
or in normal healthy controls
(NH). b–c The adiponectin
receptor I (AdipoR1) and II
(AdipoR2) in the resected PC, BP,
and NH tissues were analyzed by
Western blot, shown by
quantification (b), and by
representative images (c). Liver
(LV) was used as a positive
control specifically for AdipoR2.
*p<0.05
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Low levels of adiponectin and AdipoR1 were detected
in prostate cancer cell lines

Then, we examined adiponectin and AdipoR1 levels in four
commonly used prostate cancer cell lines, PC3, DU-145, CA-
HPV-10, and MDA-PCa-2b, all with an epithelial cell origin.
We found that all these prostate cancer cells expressed signif-
icantly lower levels of adiponectin and AdipoR1, compared to
normal prostate tissue, by representative images (Fig. 2a) and
by quantification (Fig. 2b, c). These data suggest that inhibi-
tion of adiponectin signaling may be a general phenomenon in
prostate cancer.

Adiponectin inhibited production of VEGF-A by prostate
cancer cells

Adiponectin is well known for its potential of phosphorylating
and activating AMP kinase (AMPK), which subsequently

inhibits mTor in a TSC2-dependent manner in different cell
types [18–23, 27, 28]. Activation of mTor induces neovascu-
larization [29, 30]. Thus, we hypothesize that adiponectin may
activate AMPK/TSC2 to suppress mTor to inhibit production
of angiogenic factors, e.g., VEGF-A.

To prove it, we either overexpressed adiponectin or
inhibited it in PC3 cells, which were confirmed by analyzing
adiponectin levels in these adiponectin-modified PC3 cells
(Fig. 3a). We found that overexpression of adiponectin in
PC3 cells significantly decreased the production of VEGF-
A, while adiponectin depletion significantly increased
VEGF-A (Fig. 3b). In a HUVEC tube formation assay, we
found that HUVECs substantially increased their tube forma-
tion when co-cultured with adiponectin-depleted PC3 cells,
and substantially decreased their tube formation when co-
cultured with adiponectin-overexpressing PC3 cells
(Fig. 3c, d).

Overexpression of adiponectin increased phosphorylated
AMPK and TSC2 and decreased phosphorylated mTor and
VEGF-A. Depletion of adiponectin decreased phosphorylated
AMPK and TSC2 and increased phosphorylated mTor and
VEGF-A (Fig. 4).

Taken together, these data suggest that adiponectin may
play an essential role in suppressing growth of prostate cancer
cells through inhibition of VEGF-A-mediated cancer neovas-
cularization. The effects of adiponectin may be conducted
through its activation on AMPK/TSC2-mediated mTor inhi-
bition (Fig. 5).

Discussion

Prostate cancer appears to be an increasingly important public
health problem in an aging population. Since development of
prostate cancer often co-occurs in the subjects of insulin resis-
tance with obesity, decreased adiponectin levels have thus
been associated with development of prostate cancer, besides
obesity and insulin resistance.

Of note, a recent study has reported significantly lower
plasma adiponectin levels in subjects with prostate cancer than
in subjects with benign prostatic hyperplasia or in normal
healthy controls. Moreover, plasma adiponectin levels were
inversely associated with the grade and stage of prostate can-
cer [26]. These data highly suggest that adiponectin may play
a role in suppressing growth and invasion of prostate cancer.

Several signaling molecules are known to mediate
adiponectin-induced metabolic effects [31]. These pathways
are AMPK signaling pathway, nuclear factor-kB (NF-kB) sig-
naling pathway, c-Jun NH2-terminal kinase (JNK) signaling
pathway, signal transducer and activator of transcription 3
(STAT3) signaling pathway, peroxisome proliferators activat-
ed receptor (PPAR)-a signaling pathway, and p38 mitogen-
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Fig. 2 Reduction of adiponectin was detected in all examined prostate
cancer cell lines. Adiponectin and AdipoR1 levels were examined in four
commonly used prostate cancer cell lines, PC3, DU-145, CA-HPV-10,
and MDA-PCa-2b, all with an epithelial cell origin, by Western blot,
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Fig. 5 Schematic of the model. Adiponectin plays an essential role in
suppressing growth of prostate cancer cells through inhibition of VEGF-
A-mediated cancer neovascularization. The effects of adiponectin may be
conducted through its activation on AMPK/TSC2-mediated mTor
inhibition
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activated protein (MAP) kinase signaling pathway [31].
Among all these pathways, AMPK signaling is best charac-
terized and has been shown to be activated potentially by
adiponectin binding to its receptor [31]. Since AMPK directly
regulates mTor, which controls vascularization, we thus hy-
pothesize that adiponectin may activate AMPK/TSC2 to sup-
press mTor to inhibit production of angiogenic factors, e.g.,
VEGF-A.

We proved our hypothesis in the current study by
confirming this regulation pathway. Moreover, data from our
HUVEC tube formation assay demonstrate that the regulation
of VEGF-A by adiponectin should be functional and directly
related to vessel formation. Since cancer vascularization is
critical for cancer invasion and metastasis, our data are con-
sistent with clinical findings that have revealed a correlation of
plasma adiponectin levels and prostate cancer grade.

Taken together, all these data suggest that adiponectin may
play an essential role in suppressing growth of prostate cancer
cells through inhibition of VEGF-A-mediated cancer neovas-
cularization. The effects of adiponectin appear to be conduct-
ed through its activation on AMPK/TSC2-mediated mTor in-
hibition. Our work, thus, highlights adiponectin as a promis-
ing therapeutic target for the control and treatment of prostate
cancer.
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