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Abstract

In the context of obesity, perivascular fat produces various adipokines and releases free fatty acids, which may induce inflammation and
proliferation in the vascular wall. In this study we investigated how adipokines, oleic acid (OA) and the combined treatment regulate
human vascular smooth muscle cell (hVSMC) proliferation and migration and the underlying signalling pathways. Adipocyte-conditioned
media (CM) generated from human adipocytes induces a prominent proliferation and migration of hVSMC. Autocrine action of
adiponectin totally abolishes CM-induced proliferation. Furthermore, OA but not palmitic acid induces proliferation of hVSMC. CM itself
does not contain fatty acids, but CM in combination with OA markedly enhances proliferation of hVSMC in a synergistic way. Both the
nuclear factor (NF)-�B and the mammalian target of rapamycin (mTOR) pathway were synergistically activated under these conditions
and found to be essential for hVSMC proliferation. Expression of iNOS and production of nitric oxide was only enhanced by combined
treatment inducing a marked release of VEGF. Combination of OA and VEGF induces an additive increase of hVSMC proliferation. 
We could show that the combination of CM and OA led to a synergistic proliferation of hVSMC. Expression of iNOS and production of
nitric oxide were only enhanced under these conditions and were paralleled by a marked release of VEGF. These results suggest that the
combined elevated release of fatty acids and adipokines by adipose tissue in obesity might be critically related to hVSMC dysfunction,
vascular inflammation and the development of atherosclerosis.
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Introduction

Obesity is a major determinant of mortality of all causes including
cardiovascular disease in industrial countries [1]. Adipocytes in
expanded fat are active secretory cells capable of releasing lipid
mediators and a variety of cytokines, the so-called adipokines [2].
Many studies in human beings and in various animal models have
shown that obesity is strongly related to the development of 
atherosclerosis [3, 4]. Adipose tissue has a prominent role in the
development of a low-grade systemic inflammatory state that 

contributes to obesity-associated vascular dysfunction and 
cardiovascular risk [5]. The local secretion of adipokines by perivas-
cular fat may provide a new direct link between obesity and vascu-
lar complications [6]. However, the mechanism how perivascular fat
increases the risk of metabolic and cardiovascular disease is not yet
fully elucidated. Endothelial cells and smooth muscle cells (SMC)
represent the major cell types of the artery wall preserving vessel
wall homeostasis. The migration of vascular smooth muscle cells
(VSMC) from the media to intima and their concomitant prolifera-
tion occurring in the synthetic state are critical causes of arterial wall
thickening. Adipokines such as leptin and resistin have been shown
to affect the vasculature by influencing the proliferation and function
of SMC [7, 8]. Adiponectin (AN) is an anti-atherogenic adipokine
and hypoadiponectinemia is not only associated with obesity but
also with cardiovascular disease and diabetes [9]. VEGF-induced
SMC proliferation and migration is inhibited by AN making it a
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positive regulator of vascular remodelling [10]. It is apparent that
expanded adipose tissue, especially by its secretory output, is a
strong risk factor for the development of cardiovascular diseases.
The crosstalk of adipose tissue with cells in the arterial wall such as
SMC is not yet fully understood. Although effects of specific
adipokines on SMC function have been studied, effects of the whole
secretory output of human adipocytes have not been investigated.
Apart from a single study using conditioned media (CM) from
mouse cell lines and rat adipose tissue explants [11] showing
induction of proliferation in human vascular smooth muscle cell
(hVSMC), no other data on a direct interaction of adipocytes and
SMC exist. Therefore, the main objective of this study was to pro-
vide insight into the complex cellular mechanisms linking obesity
and atherosclerosis by assessing the role of protein factors and lipid
mediators in the crosstalk between human SMC and subcutaneous
and perivascular adipocytes.

Materials and methods

Materials

Reagents for SDS-PAGE were supplied by Amersham Pharmacia Biotech
(Braunschweig, Germany) and by Sigma-Aldrich (München, Germany).
Polyclonal antibodies anti-phospho-mTOR (Ser2448), anti-mTOR, anti-inter-
cellular adhesion molecule (ICAM)-1, anti-phospho-NF-�B (P65) (Ser536),
anti-NF-�B (P65), anti-p38 mitogen-activated protein kinase (MAPK), anti-
phospho-p38 MAPK (Thr180/Tyr182), anti-p44/42 MAP kinase (ERK1/2) and
anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) were supplied by Cell
Signalling Technology (Frankfurt, Germany). Anti-actin antibodies and anti-
iNOS came from Abcam (Cambridge, UK), anti-tubulin from Calbiochem
(Merck Biosciences, Schwalbach, Germany) and anti-VCAM-1 from Acris
(Herford, Germany). Horseradish-peroxidase (HRP)-conjugated goat anti-
rabbit and goat antimouse IgG antibodies came from Promega (Mannheim,
Germany). Collagenase NB4 was obtained from Serva (Heidelberg, Germany).
Rapamycin and SNAP was obtained from Calbiochem. The I�B kinase (IKK)-
inhibitor I229 was from Sanofi-Aventis (Frankfurt, Germany). I229 has sub-
micromolar activity on the isolated IKK complex and is highly specific on IKK.
Its general structure is described in PCT/EP00/05340. Troglitazone, cytocha-
lasin B, tumour necrosis factor (TNF)-�, bovine serum albumin (BSA; fraction
V, fatty acid free, low endotoxin), sodium palmitate and sodium oleate were
obtained from Sigma-Aldrich. AN was purchased from BioVendor GmbH
(Heidelberg, Germany). The Cell Proliferation ELISA (BrdU, chemiluminescent)
and protease inhibitor cocktail tablets were from Roche (Mannheim, Germany).
Foetal calf serum (FCS) was supplied by Gibco (Invitrogen, Carlsbad, CA,
USA). VEGF was purchased from Millipore (Schwalbach, Germany). The
Transwell Cell migration assay (8-�m-pore-size, colorimetric) was from Cell
Biolabs, Inc. (San Diego, CA, USA). 4-amino-5-methylamino-2�, 7�-difluoro-
fluorescein diacetate was obtained from Molecular Probes (Invitrogen GmbH,
Karlsruhe, Germany). All other chemicals were of the highest analytical grade
commercially available and were purchased from Sigma-Aldrich.

Adipocyte isolation and culture

Subcutaneous adipose tissue was obtained from lean or moderately 
overweight women (n � 23, body mass index 26.1 � 1.1, and aged 36.6 �

2.0 years) undergoing plastic surgery. The procedure was approved by the
ethical committee of the Heinrich-Heine-University (Düsseldorf, Germany).
All patients were healthy, free of medication and had no evidence of meta-
bolic diseases according to routine laboratory tests. Pre-adipocytes were
isolated by collagenase digestion of adipose tissue as previously described
by us [12]. Isolated cell pellets were resuspended in Dulbecco’s modified
Eagles/Hams F12 (DMEM/F12) medium supplemented with 10% FCS,
seeded in 75 cm2 culture flasks and maintained at 37	C with 5% CO2. After
overnight incubation, cultures were washed and further incubated in an
adipocyte differentiation medium (DMEM/F12, 33 �mol/l biotin, 17 �mol/l
d-panthothenic-acid, 66 nM insulin, 1 nM triiodo-L-thyronine, 100 nM cor-
tisol, 10 �g/ml apo-transferrin, 50 �g/�l gentamycin, 15 mmol/l HEPES,
14 nmol/l NaHCO3, pH 7.4) for 15 days with medium change every 
2–3 days and addition of 5 �M troglitazone for the first 3 days. The degree
of differentiation was determined by oil red staining, induction of AN and
repression of pref-1. Differentiated adipocytes were used for the genera-
tion of adipocyte-CM, as recently described by us [13]. Briefly, CM was
generated by culturing adipocytes for 48 hrs in SMC basal medium
(PromoCell) with addition of 50 ng/ml amphotericin b and 50 �g/ml 
gentamycin. Each CM was tested for its proliferative effect, the content of
AN (negatively correlated to proliferation) and interleukin (IL)-6 (not
related to proliferation). A more-detailed characterization of CM was
described previously by us [13]. The concentration of FFA in CM was
measured with a Fatty Acid Assay Kit from Biovision (Biocat, Heidelberg,
Germany) and with HPLC [14].

Culture of fat explants and preparation of CM

Human epicardial and subcutaneous fat biopsies were obtained from
patients without type 2 diabetes undergoing coronary artery bypass sur-
gery (n � 3, body mass index 27 � 0.82, and aged 69 � 2.6 years).
Adipose tissue was collected and used to generate CM as described [15].
Briefly, fat explants were cultured in adipocyte tissue medium [DMEM
F12 containing 10% fetal calf serum, 33 �mol/l biotin, 17 �mol/l pan-
thothenate and antibiotic-antimycotic (Invitrogen, Carlsbad, USA)]. After
2 days, the medium was replaced with adipocyte tissue medium without
serum. After 24 hrs, CM was collected and stored in aliquots at –80	C
until further use.

Culture of hVSMC

Primary human coronary artery SMC were obtained from PromoCell
(Heidelberg, Germany). hVSMC from four different donors (Caucasian,
male, 23, 31, 40 years old; female, 56 years old) were supplied as prolifer-
ating cells and kept in culture according to the manufacturer’s protocol. For
all experiments, subconfluent cells of passage 3 were used. Cells were
characterized as hVSMC by morphologic criteria and by immunostaining
with smooth muscle �-actin.

Fatty acid treatment of hVSMC

Sodium salts of fatty acids were dissolved in water as a 6 mM stock solu-
tion, and were further diluted in sterile serum-free SMC medium contain-
ing 4% (wt/v) BSA. Oleic acid (OA) and palmitic acid (PA) were applied to
hVSMC at a final concentration of 100 �mol/l for 18 hrs. All controls of
experiments involving fatty acids were treated with BSA alone.

© 2011 The Authors
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In vitro analysis of growth promoting activity

To monitor DNA synthesis hVSMC were seeded in 96 well culture dishes
and allowed to attach for 24 hrs, followed by serum starvation for an 
additional 24 hrs period. Cells were then stimulated for 24 hrs with the dif-
ferent CM in the presence of BrdU (10 �M). 10.000 hVSMC per 15 mm2

well were incubated with the CM of 35.000 adipocytes. The BrdU ELISA Kit
was used to determine proliferation according to the manufacturer’s protocol.
Signals were visualized and evaluated on a LUMI Imager work station
(Boehringer, Mannheim, Germany). Treatment of three different hVSMC
donors (F56, M23, M21) with CM from one adipose tissue donor led to a
robust and significant stimulation of proliferation (3–4-fold) (Fig. 1A).
Figure 1B shows that the proliferative capacity of CM is adipocyte-donor
dependent. 22 CM were tested for their proliferative activity and the majority
induced a 2–4-fold proliferation of hVSMC (14 CM showed a proliferation
of 2-fold or higher). Only these CM were used for further experiments.
Variations in the potency of CM in inducing proliferation may be explained
by the differences in AN content (Fig. 1C). This is in accordance with our
view of an autocrine function of AN [13].

Immunoblotting

hVSMC were treated as indicated and lysed in a buffer containing 50 mM
HEPES, pH 7.4, 1% TritonX100, Complete protease inhibitor and PhosStop
phosphatase inhibitor cocktail. After incubation for 2 hrs at 4	C, the 
suspension was centrifuged at 10,000 
 g for 15 min. Thereafter, 5 �g
protein of lysates were separated by SDS-PAGE using 10% horizontal gels
and transferred to polyvenylidene fluorid filters in a semi-dry blotting appa-
ratus [16]. Filters were blocked with Tris-buffered saline containing 0.1%
Tween and 5% non-fat dry milk and subsequently incubated overnight with
a 1:1000 dilution of the appropriate antibodies. After washing, filters were
incubated with secondary HRP-coupled antibody and processed for
enhanced chemiluminescence detection using Immobilon HRP substrate
(Millipore, Billerica, MA, USA). Signals were visualized and evaluated on a
LUMI Imager work station.

ELISA

VEGF secretion by hVSMC and AN release by adipocytes was determined
using ELISA kits purchased from BioVendor GmbH. The assays were per-
formed in duplicates according to the manufacturer’s instructions.

hVSMC migration assay

Transwell Cell migration assay was performed with 24-well transwell
chambers with 8-�m-pore-size polycarbonat membranes. hVSMC were
grown to confluence and serum-starved for 24 hrs. A total of 300 �l cell
suspension containing 3 
 104 detached cells was added to the upper
compartment. Serum-free medium, CM, FCS or OA were placed in the
lower compartment (500 �l/well). In control chambers, 2.5 nM cytocha-
lasin B was added to the upper compartment. The cells were then incu-
bated for 6 hrs. After removal of non-migratory cells, migratory cells were
stained and quantified at 570 nm according to the manufacturer’s protocol.
We could demonstrate that hVSMC migrated into the scratch already after
incubation with CM for 6 hrs (Fig. 1D).

A wound scratch assay was used to visualize the effect of CM on
hVSMC migration. hVSMC were seeded (2 
 105 cells/well) into 6-well
culture dishes. After 24 hrs starvation, the cell monolayers were
scratched using a sterile pipette tip, rinsed repeatedly with PBS to
remove residual cell debris and then incubated with 5% FCS (positive
control), or with CM for 6 hrs and photographed under a phase-contrast
microscope (Olympus, Hamburg, Germany). Treating hVSMC with CM
led to a significant 3-fold increase in the migration of hVSMC compared
to untreated cells (Fig. 1E).

Measurement of nitric oxide production in hVSMC

Treated hVSMC were washed in PBS, incubated with 10 �M 4-amino-5-
methylamino-2�, 7�-difluorofluorescein diacetate for 30 min. As a positive
control, cells were treated with 500 �M SNAP. Afterward, cells were lysed
in the above mentioned lysis buffer and fluorescence measured using 
excitation wavelength of 485 nm on an Infinte 200 (Tecan, Männersdorf,
Germany).

Presentation of data and statistics

Data are expressed as mean � S.E.M. Unpaired two-tailed Student’s t-test
or one-way ANOVA (post hoc test: Bonferroni’s multiple comparison test)
were used to determine statistical significance. All statistical analyses were
done using Prism (GraphPad, La Jolla, CA, USA) considering a P-value of
less than 0.05 as statistically significant. Corresponding significance levels
are indicated in the figures.

Results

CM generated in the presence of AN reduces 
proliferation of hVSMC

We could show that the treatment with CM led to a robust induc-
tion of proliferation (Fig. 1A, B) and migration (Fig. 1D, E) of
hVSMC. The proliferative potency of CM is negatively correlated to
its AN content (Fig. 1C). To investigate the direct effect of AN on
adipocytes we further generated CM in the absence or presence of
10 nM full length AN for 48 hrs (CMAN) similar to earlier work
[13] (Fig. 2). The proliferative effect of CMAN was substantially
reduced as compared to CM, whereas AN alone had no effect on
hVSMC proliferation (Fig. 2A). AN added freshly to CM (CM � AN)
just before incubating with hVSMC had no effect on the CM-
induced proliferation. These findings are in agreement with our
view of an autocrine function of AN [13] and suggest that this pro-
tein attenuates the release of growth-mediating factors from
adipocytes. As another readout for the pro-atherogenic effects of
CM we investigated the expression of the adhesion molecule
ICAM-1. We could show that CM led to a significant 2-fold
increase in the expression of ICAM-1 (Fig. 2B) that was absent
when incubated with CMAN.

© 2011 The Authors
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Fig. 1 Effect of CM on proliferation (A, B, C) and migration (D, E) of hVSMC. The proliferation was determined by measuring the incorporation of BrdU
into DNA. Data are expressed relative to the basal control value, taken as 100%. FCS was used as a positive control (PC). (A) Effect of CM from a single
adipose tissue donor on proliferation of three different hVSMC donors. Data are mean values � S.E.M. of three independent experiments using a specific
CM. (B) Proliferative effects of CM from six different adipose tissue donors determined on one hVSMC donor (F56). Data are mean values � S.E.M. of
three independent experiments. (C) Proliferative effect of 22 different CM correlated to their AN content. Representative micrographs are shown. (D)
Effects of CM on migration of hVSMC using a in vitro wound scratch assay. (E) Quantitative analysis of hVSMC migration with a Transwell Cell migration
assay. 5% FCS was used as PC and in combination with 25 nM cytochalasin B as negative control. Data are presented as mean � S.E.M. from four inde-
pendent experiments using four different CM. *P � 0.05 compared to control.
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Effect of fatty acids and CM on proliferation,
migration and the expression of adhesion 
molecules of hVSMC

In all experiments using fatty acids these were coupled to fatty acid-
free BSA; thus BSA was always present under all conditions. Control
experiments indicated that it had no effect on the measured param-
eters. Subsequently CM was applied at a concentration of 50%
(v/v), due to addition of BSA. OA alone induced a significant 3.5-fold
increase of hVSMC proliferation. The combination of OA and CM
produced a synergistic, substantial stimulation of hVSMC prolifera-
tion (7–8-fold) compared to CM and OA alone. By contrast, PA had
no proliferative effect on hVSMC. The combination of PA and CM
even abrogated the proliferative capacity of CM. Figure 3B shows
the capacity of CM, OA and CMOA to induce migration of hVSMC.
Although CM induced a robust migration, OA had no effect on
hVSMC migration and actually decreased the CM induced migration
to the control level. In addition, the increased expression of ICAM-1
in response to CM was prevented by the presence of OA (Fig. 3C).
Although CM and OA alone had no effect on the expression of
VCAM-1, the combination of both showed a nearly 2-fold increase
in the expression of VCAM-1 compared to control (Fig. 3D).

CM and OA activate multiple signalling pathways
in hVSMC

CMOA produced a substantial phosphorylation of NF-�B after 5 min.,
which was much more prominent than the effects of OA and CM

alone (Fig. 4A). Treatment with CM alone reached a peak value after
30 min., whereas at later time-points NF-�B activation was no
longer detectable under all conditions. Activation of p38 MAPK was
significantly increased following treatment with CMOA after 10 min.,
whereas CM alone could activate p38 MAPK more prominently after
60 min. (Fig. 4B). No significant activation of p38 MAPK with OA
alone was observed throughout the experiment. Furthermore,
CMOA induced mTOR phosphorylation after 5, 10 and 30 min.,
whereas OA and CM showed no activation of this pathway (Fig. 4C).
We did not observe enhanced phosphorylation of ERK after treat-
ment with the combination of CM and OA (data not shown).

mTOR and IKK inhibition abolish CM-, OA- 
and CMOA-induced proliferation of hVSMC

Inhibition of both mTOR by rapamycin and IKK by compound I229
totally abrogated CM- and OA-induced proliferation of hVSMC.
Both inhibitors also abolished the synergistic effect of CM and OA
and restored the basal proliferation level (Fig. 5A, B). Compound
I229 is a benzimidazole derivative, which showed an IC50 value of
1.9 nM against the IKK complex [17].

CM and OA induce iNOS expression, VEGF
release and nitric oxide production in hVSMC

We determined iNOS expression in hVSMC after incubation with
CM, OA and CMOA for 24 hrs (Fig. 6A). CM and OA treatment had

© 2011 The Authors
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Fig. 2 Analysis of CM generated in the absence or presence of AN. CM were generated for 48 hrs with or without 10 nM full length AN (CMAN). Further,
AN was added to CM just before the incubation with hVSMC (CM � AN). (A) Effect of AN, CMAN and CM � AN on BrdU incorporation into DNA in hVSMC.
Data are expressed relative to the basal control value, which was set as 100%. (B) Analysis of ICAM-1 expression after 24 hrs incubation with CMAN.
Total cell lysates were resolved by SDS-PAGE and immunoblotted with a specific ICAM-1 antibody. Data are means � S.E.M. of three independent exper-
iments and three different adipocyte donors. *P � 0.05 compared to control.
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no significant effect on iNOS expression. However, the combina-
tion of both induced a 2.3-fold increase of iNOS expression in
SMC. It is well established that an increased iNOS expression
leads to an enhanced VEGF production in different cell types
[18–20]. CM alone contains 122 � 6 pg/ml VEGF (n � 16). Both
CM and OA increased VEGF concentration in SMC medium 2.1-
and 2.3-fold, respectively, taking into account the endogenous
VEGF content of CM (Fig. 6B). In addition, CMOA increased VEGF
concentration in a synergistic manner (5.5-fold). Concomitantly, a
significant increase in nitric oxide production by 1.5-fold was
observed in hVSMC after incubation with the combination CMOA
(Fig. 6C). VEGF treatment showed a significant effect (2.5-fold) on
proliferation and the combination of VEGF and OA markedly
enhanced the proliferation in an additive way (5-fold) (Fig. 6D).
Inhibition of NOS by L-nitro-l-arginine methyl ester (NAME) had
no effect on the proliferation induced by CM and OA alone, yet it

completely abolished the synergistic effect of the two stimuli.
Notably, an additive proliferative effect of CM and OA was still
observed (Fig. 6E).

Comparison of proliferative capacity between CM
from subcutaneous and perivascular adipose tissue

In order to validate our findings obtained with subcutaneous fat,
we also assessed the proliferative activity of epicardial fat, which
is a perivascular fat depot. CM of both paired subcutaneous and
perivascular fat depots were generated from adipose tissue
explants from the same patient. Figure 7 shows, that both subcu-
taneous and epicardial CM induced a significant 1.6-fold prolifer-
ation of hVSMC. These results suggest that secreted factors
responsible for the induced proliferation are fat depot independent.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 3 Effect of OA and PA (100 �mol/l) on hVSMC proliferation (A), migration (B) and the expression of adhesion molecules ICAM-1 (C) and VCAM-1
(D). (A) For the proliferation assay, hVSMC were serum starved for 24 hrs and subsequently incubated with BrdU in the absence or presence of CM, OA,
PA or the combination of CM with each fatty acid for 18 hrs. Data are expressed relative to the basal control value, which was set as 100%. FCS is used
as positive control (PC). Data are means � S.E.M. of eight independent experiments. (B) Effect of CM, OA and the combined treatment on migration of
hVSMC. Data are presented as mean � S.E.M. from four independent experiments. Analysis of ICAM-1 (C) and VCAM-1 (D) expression after 24 hrs incu-
bation with CM, OA and CMOA. Total cell lysates were resolved by SDS-PAGE and immunoblotted with a specific ICAM-1 or VCAM-1 antibody. Data are
mean values � S.E.M. of three independent experiments. All data were normalized to the level of actin expression and expressed relative to the control.
*P � 0.05 compared to control.
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Discussion

Obesity is associated with an increased risk for cardiovascular dis-
eases such as atherosclerosis [1]. Inflammation in expanded adi-
pose tissue and a concomitant increased release of adipokines and
lipid mediators is linked to obesity and might also be a mechanism
underlying the development of atherosclerosis. It has been spec-
ulated that perivascular adipose tissue releasing various pro-
inflammatory adipokines might directly contribute to the patho-
genesis of atherosclerosis [6]. Chemotactic adipokines released
by perivascular adipose tissue have already been shown to modu-
late the function of immune cells infiltrating at the interface of adi-
pose tissue and the adventitia of atherosclerotic aortas [21]. As for
effects of adipokines on cells of the vascular wall, it is well known

that specific adipocyte-derived factors are involved in regulating
vascular functions, including hVSMC proliferation and migration
[22, 23]. We could demonstrate in this study that adipokines
secreted from in vitro differentiated human adipocytes also induce
proliferation and migration of hVSMC. In our system of primary
human SMC CM also induces migration, VEGF secretion and
increases the expression of adhesion molecules, which might all
be critical features in atherosclerosis development. In atheroscle-
rosis, hVSMC increase the expression of adhesion molecules like
ICAM-1, VCAM-1, fractalkine (CX3CL1), which allow them to inter-
act with monocytes that differentiate into macrophages [24, 25]
suggesting a role of hVSMC in retaining monocytes and
macrophages within the atherosclerotic lesion [26]. We could show
in the present study that CM-induced expression of ICAM-1 can be
completely inhibited by AN. This new finding is in accordance with

© 2011 The Authors
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Fig. 4 CM, OA and the combination of both
acutely activate multiple intracellular signalling
pathways. hVSMC were serum starved for 24 hrs
and then exposed to CM, 100 �mol/l OA and the
combination CMOA for the indicated times. Total
cell lysates were resolved by SDS-PAGE and
immunoblotted with antibodies to phosphory-
lated and unphosphorylated forms of NF-�B (A),
p38 MAPK (B) and mTOR (C). Data are mean
values � S.E.M. of three independent experi-
ments. All data were normalized to the level of
actin expression and are expressed relative to
the control. *P � 0.05 compared to control
hVSMC (n � 3–4).



1184

data demonstrating that AN is able to suppress the expression of
adhesion molecules in endothelial cells [27].

CM of human adipocytes contains various growth-promoting
and migrative factors such as VEGF, fibroblast growth factor,
insulin-like growth factor, plasminogen-derived growth factor
(PDGF) and angiotensin II. In our study, the majority of CM
induced a 3–4-fold proliferation of hVSMC whereas just a few CM
lacked this effect. Measuring AN in all used CM, we could demon-
strate that a low AN content is associated with high proliferative
action of CM. As earlier work demonstrates that AN exerts an
autocrine action on adipocytes decreasing the release of various
adipokines [13], we presumed that the AN content in CM might be
responsible for the differences in the proliferative potency of CM.
Arita and colleagues showed that AN inhibits growth factor-
induced proliferation and migration of human aortic SMC by bind-
ing these growth factors [10]. Here we can demonstrate that AN
added to adipocytes during medium conditioning prevents the
proliferative effects of CM. Consistently, AN added to CM after
conditioning, and therefore not influencing adipokine release, did
not affect CM-induced proliferation. We therefore assume that AN
has to be in contact with adipocytes to exert its positive effect on
adipokine release rather than binding adipokines and preventing
their proliferative effect. The present work emphasizes the impor-
tance of the autocrine function of AN and extends this concept to
the control of growth promoting factors released by adipocytes.

It is well established, that OA induces rat VSMC proliferation
[28], migration [29] and plays a central role in obesity and fatty
acid-induced atherosclerosis [30]. In the current study we could
reproduce these effects of OA in hVSMC whereas PA had no effect.
This difference between PA and OA are not apoptosis related as
both fatty acids do not induce apoptosis at the concentrations
used [31]. However, different effects on VSMC proliferation and
migration could be explained by differential activation of peroxi-
some proliferator-activated receptor gamma coactivator (PGC)-1�

expression by OA and PA [32, 33]. Zhang and colleagues found
that overexpression of PGC-1� blocked OA-induced proliferation,
whereas suppression of PGC-1� expression by siRNA amplified
these effects. By contrast, PA markedly induced PGC-1� expression
[32]. Our study is the first to test a combination of adipokines and
fatty acids for their effects on hVSMC demonstrating a markedly
enhanced proliferation of primary hVSMC. Previous studies have
shown that OA enhances the mitogenic activity of angiotensin II
[34] in rat SMC in a synergistic way similar to the synergy between
CM and OA in our study. Furthermore, the combination of CM and
OA enhanced the expression of VCAM-1 but not of ICAM-1.
VCAM-1 is essential for phenotypic modulation of cultured SMC.
Interactions of VCAM-1 and its ligand very late antigen (VLA)4

may influence the phenotype and synthetic capacity of SMC [35].
The different expressions of ICAM-1 and VCAM-1 can be
explained by the different regulation of these adhesion molecules

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 5 Impact of rapamycin and IKK inhibitor on
the proliferative effect of CM, OA and CMOA in
hVSMC. Cells were treated with CM, OA and
CMOA as described in the legend to Figure 3,
without or with 10 nmol/l rapamycin (A) or 
10 �mol/l IKK inhibitor (B) for 24 hrs.
Proliferation was measured by the incorporation
of BrdU into DNA. Data are expressed relative to
the basal control value. *P � 0.05 (n � 3–4).
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Fig. 6 Effects of OA, CM and the combination of both on iNOS expression, VEGF concentration and nitric oxide production and impact of VEGF and NOS
inhibitor L-NAME on proliferation. hVSMC were treated as described in the legend to Figure 3. (A) Total cell lysates were resolved by SDS-PAGE and
immunoblotted with a specific iNOS antibody. Data are mean values � S.E.M. of three independent experiments. All data were normalized to the level of
actin expression and are expressed relative to the control. (B) After 24 hrs the supernatant were collected and VEGF concentration was measured by ELISA
assay. (C) hVSMC were subsequently analysed for their capacity to produce nitric oxide as described in the ‘Materials’ section. As positive control (PC),
cells were treated for 30 min. prior the beginning of the experiment with SNAP. (D) Cells were treated with 125 pg VEGF, OA and the combination of VEGF
and OA (VEGFOA) for 18 hrs. Proliferation was measured by the incorporation of BrdU into DNA. (E) Cells were treated with CM, OA and CMOA 
as described in the legend to Figure 3 with or without 1 mM L-NAME for 24 hrs. Data are means � S.E.M. *P � 0.05 compared to untreated hVSMC 
(n � 3); #P � 0.05 compared to L-NAME treated hVSMC (n � 3).
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by mTOR. Minhajuddin et al. showed that mTOR down-regulates
thrombin-induced ICAM-1 expression [36], whereas Wood and
colleagues showed that inhibition of mTOR decreases VCAM-1
expression [37]. In contrast to proliferation, we could not observe
an increase of hVSMC migration after incubation with OA, interest-
ingly OA decreased the CM-induced migration to basal levels.
However, other studies in rodents could show that OA induced
migration of rat VSMC [32, 33, 38]. Additional work will be needed
to elucidate the precise role of OA in CM-induced hVSMC.

Proliferation of SMC is regulated by different pathways including
p38 MAPK, NF-�B and mTOR. p38 MAPK can be activated by
stress, inflammatory cytokines and growth factors [39]. CM alone
and the combination of CM and OA acutely activated p38 MAPK sig-
nificantly within 1 hr. By contrast, OA alone did not activate p38
MAPK, a finding that confirms similar observations from Lu and col-
leagues [34]. Proliferation of hVSMC is also regulated by nuclear
transcription factors including NF-�B. In SMC cultures, NF-�B is
activated by growth stimulants and cytokines [40–42]. In the cur-
rent study we could show that the combination of CM and OA sig-
nificantly enhanced NF-�B phosphorylation (5–6-fold) already after
5 min. exposure, in comparison to the moderate effects of CM and
OA alone (1–2-fold). The inhibition of the IKK complex upstream
from NF-�B with the IKK-inhibitor I229 completely blocked prolifer-
ation of hVSMC induced by CM, OA and the combination of both,
revealing that NF-�B is an essential pathway for hVSMC prolifera-
tion. An initial screening with the KinexTM Antibody Microarray
revealed that the PI3K-Akt-mTOR-P70S6 kinase pathway is acti-
vated in hVSMC after incubation with CM for 24 hrs (data not
shown). In the present study the combination of CM and OA could
acutely activate mTOR significantly within 30 min. Inhibition of
mTOR with rapamycin reduced CM, OA and CMOA-induced prolif-
eration of hVSMC to the control level (Fig. 6B). Both the IKK
inhibitor and rapamycin completely abrogated the proliferation of
hVSMC, indicating that there is a crosstalk between these pathways.

A recent study has shown that the down-regulation of PTEN trig-
gered by OA is mediated by a signalling complex made of mTOR
and NF-�B in hepatocytes [43]. We therefore suggest that the pro-
liferative potency of the combination of CM and OA could be partly
explained by a stronger activation of NF-�B and mTOR.

The expression of iNOS is induced by pro-inflammatory
cytokines such as IL-1�, TNF-�, interferon- [44, 45] in a number
of cell types including SMC. Furthermore Fang et al. have shown
that OA induces iNOS expression in human retinal pigment epithe-
lium [46]. In the current study we report that neither CM nor OA
alone, but the combination of both significantly enhanced iNOS
expression and nitric oxide production in hVSMC. In correlation to
this finding, CM and OA only moderately induced VEGF secretion
by hVSMC, but the combination of both resulted in a markedly
stronger effect. Inhibition of iNOS by L-NAME partly inhibited the
CMOA-induced hVSMC proliferation, indicating that the synergis-
tic proliferative effect of CM and OA might be due to an enhanced
iNOS expression, nitric oxide production and VEGF release. The
potential mechanisms underlying the nitric oxide induced aug-
mentation of VEGF expression in VSMC are not completely under-
stood. Our results demonstrate that cytokine- and OA-mediated
iNOS induction enhanced VEGF secretion. Also the combination of
human recombinant VEGF and OA leads to an obvious augmenta-
tion of hVSMC proliferation, indicating that the enhanced VEGF
secretion after CMOA treatment maybe a responsible factor for the
markedly increased proliferative effect of CM and OA. Furthermore,
VEGF in CM might be an important candidate for the proliferative
effect of this complex mixture of adipokines.

To validate our findings obtained with adipocytes from subcuta-
neous fat, we also assessed the proliferative activity of epicardial
fat, which is a perivascular fat depot. For this purpose we gener-
ated CM from paired adipose tissue explants from patients under-
going bypass surgery. Although the release of single adipokines
may certainly differ between subcutaneous and epicardial fat, these
additional data show that the proliferative effect obtained with sub-
cutaneous adipose tissue can be compared to perivascular fat.
Despite the fact that arteries are not surrounded by subcutaneous
adipose tissue, we consider that this fat depot might have a strong
systemic effect on hVSMC within the vessel wall due to its consid-
erable amount. Unfortunately, the amount of perivascular adipose
tissue from surgery is technically restricted and its use only for key
experiments is a limitation of this study. It should also be noted that
CM from explants contain secretory products from all cell types
present in adipose tissue and is therefore not completely compara-
ble to CM from in vitro differentiated adipocytes. However, the
mechanisms by which CM induces dysfunction of SMC are cer-
tainly similar for perivascular and subcutaneous adipose tissue.

In conclusion, we show here for the first time that lipid media-
tors and adipokines synergistically disturb SMC function inducing
augmented proliferation and inflammatory signalling. Enhanced
iNOS expression and VEGF release by SMC may be critically
involved in this process. We propose that the combined elevated
release of fatty acids and adipokines by adipose tissue in obesity
might be a link between adipose dysfunction, SMC dysfunction,
vascular inflammation and the development of atherosclerosis.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 7 Effect of CM from subcutaneous (sc) and epicardial (epi) fat explants
on the proliferation of hVSMC. The proliferation was determined by meas-
uring the incorporation of BrdU into DNA. Data are expressed relative to the
basal control value, which was set as 100%. Data are presented as mean
� S.E.M. from three independent experiments using three different CM.
Both epicardial and subcutaneous fat were obtained from the same patient.
*P � 0.05 compared to control.
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