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Abstract
Adiponectin is a cardioprotective adipokine derived predominantly from visceral fat. We recently
demonstrated that exogenous adiponectin induces vascular smooth muscle cell (VSMC)
differentiation via repression of mTORC1 and FoxO4. Here we report for the first time that
VSMC express and secrete adiponectin, which acts in an autocrine and paracrine manner to
regulate VSMC contractile phenotype. Adiponectin was found to be expressed in human coronary
artery and mouse aortic VSMC. Importantly, siRNA knock-down of endogenous adiponectin in
VSMC significantly reduced the expression of VSMC contractile proteins. Contractile protein
deficiency was also observed in primary VSMC isolated from Adiponectin-/- mice. This
deficiency could be rescued by culturing Adiponectin-/- VSMC in conditioned media from wild
type (WT) VSMC. Moreover, the paracrine effect of VSMC-derived adiponectin was confirmed as
adiponectin neutralizing antibody blocked the rescue. Overexpressed adiponectin also exerted
paracrine effects on neighboring untransfected VSMC, which was also blocked by adiponectin
neutralizing antibody. Interestingly, adiponectin expression was inducible by the PPARγ agonist
rosiglitazone. Our data support an important role for VSMC-derived adiponectin in maintaining
VSMC contractile phenotype, contributing to critical cardioprotective functions in the vascular
wall.
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1. Introduction
While most adipokines are expressed in direct proportion to visceral fat mass and exert
deleterious effects on the cardiovascular system [1], adiponectin, in stark contrast, is a
cardioprotective adipokine whose expression inversely correlates with fat mass [2]. It is now
well-established that reduced plasma adiponectin concentrations are associated with
coronary artery diseases in humans [3-5]. Adiponectin has anti-inflammatory[6], anti-
diabetic[7], anti-atherogenic[ 8], anti-hypertensive[9], and insulin-sensitizing
properties[10-12] [13]. Emerging data suggest that adiponectin may be a key molecule that
links obesity and cardiovascular disease, as adiponectin-knockout mice exhibit diet-induced
insulin resistance [14], increased neointimal formation and thrombus formation post-injury
[15, 16], higher blood pressure [17] and increased myocardial infarct (MI) size [18].
Furthermore, hypoadiponectinemia in humans is a significant predictor of endothelial
dysfunction [19], hypertension, coronary artery disease, acute coronary syndrome,
myocardial infarction and ischemic cardiovascular disease, independent of BMI, insulin
resistance index and dyslipidemia [13].

Adiponectin is the most abundant transcript in adipocytes [20] [21]. This transcript encodes
a 244 amino acid (~30 kDa) monomer [21], but adipocytes also secrete higher order
oligomeric forms that are stable in serum. Plasma adiponectin exists in predominantly
trimeric, hexameric and high molecular weight (HMW) complexes containing 12-18
monomers [22], and circulates at levels ranging from 0.5 to 30 μg/mL [23], which is about
1000-fold higher than the concentrations of most other hormones. Two adiponectin
receptors, AdipoR1 and AdipoR2 have been identified [24]. AdipoR1 is believed to be the
most important form mediating the effects of adiponectin in skeletal muscle, while AdipoR2
may be the predominant receptor in liver [23]. In addition, T-cadherin is reported to be
another adiponectin receptor expressed in vascular endothelial cells, smooth muscle cells
[25], and cardiac myocytes [26].

VSMC in vivo do not terminally differentiate, but retain remarkable plasticity. VSMC are
subject to reversible phenotypic modulations in response to local environmental cues
[27-29] which contributes to pathological conditions such as intimal hyperplasia,
atherosclerosis and hypertension. Differentiated VSMC exhibit a quiescent and contractile
phenotype, while activated VSMC switch to a synthetic and proliferative phenotype that is
essential for formation of a restenotic lesion. However, these two processes are separable
and not mutually exclusive. Differentiated VSMC are characterized by spindle-shaped
morphology, increased contractile protein expression such as smooth muscle myosin heavy
chain (SM-MHC) and SM α-actin, increased calcium binding protein expression including
calponin and h-caldesmon, and decreased protein synthesis, especially extracellular matrix
synthesis [30]. We recently reported that HMW or trimeric adiponectin induces VSMC
differentiation via AMPK activation, and mTORC1 and FoxO4 inhibition [31]. Previously,
adiponectin was reported to inhibit VSMC migration and proliferation by direct binding to
platelet-derived growth factor-BB (PDGF-BB) and inhibiting growth factor-stimulated ERK
signal [2]. In addition, adiponectin is the major adipokine in periadventitial fat which
protects against neointimal formation after angioplasty [32], and low adiponectin levels in
patients after coronary stenting predict late in-stent restenosis [33, 34].

Ding et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It was originally thought that adiponectin is exclusively expressed within white adipose
tissue [35]. However, several recent publications suggested that adiponectin is also
expressed in cardiomyocytes, skeletal muscle, bone-forming cells, placenta, liver, and
pituitary cells [36-42]. Whether vascular smooth muscle expresses and secretes functional
adiponectin is not known. Given the emerging new paradigm that smooth muscle plays
many important metabolic roles by synthesizing and secreting interleukins, chemokines and
peptide growth factors in addition to its contractile function [43], we hypothesized that
VSMC may also secrete adiponectin. Here, we demonstrate that VSMC express and secrete
functional adiponectin, which acts in an autocrine and paracrine manner to regulate vascular
smooth muscle phenotype.

2. Materials and Methods
2.1 Materials

Rosiglitazone was purchased from Enzo Life Sciences Inc. (Farmingdale, NY), Brefeldin A
was from MP Biomedicals (Solon, OH).

2.2 Cell culture
Transgelin-Cre driver mice (Tg(Tagln-cre)/1Her/J, Jackson Laboratory #004746) were bred
with mT/mG mice (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, Jackson
Laboratory #007676) to generate homozygous mice hereafter referred to as “SM-GFP”. 6-8
week old, female C57Bl6, Adiponectin-/- or SM-GFP mice were used for aortic smooth
muscle cell isolation using a standard enzymatic digestion technique. Briefly, aortas were
isolated and incubated for 10 min at 37°C in HBSS containing 315 U/mL collagenase type 2
(Invitrogen) and 1.25 U/mL elastase (Sigma), penicillin-streptomycin and amphotericin B.
The adventitia was then dissected away and the aorta incubated for 1h at 37°C in enzymatic
solution. The cell suspension was centrifuged and re-suspended in DMEM with 20% fetal
bovine serum, L-glutamine, penicillin-streptomycin and amphotericin B. VSMC at passage
3-6 were grown in 0.1% gelatin-coated culture slides chambers (BD Falcon) and used for
experiments in serum-free media for the duration of drug treatments. Where indicated,
conditioned media collected from WT VSMC after 24h culture was used to treat
Adiponectin-/- VSMC. In these experiments, all the controls were grown in DMEM with
20% fetal bovine serum, L-glutamine, penicillin-streptomycin and amphotericin B to mimic
the same conditions as WT conditioned media.

Human coronary artery VSMC (hCASMC) were purchased from Cascade Biologics
(Portland, OR) and cultured in M199 media with 10% fetal bovine serum (FBS) as
previously described [27-29].

2.3 Transfection of siRNA and plasmids
Transient transfection of small interfering RNA (siRNA) or plasmid were performed in
hCASMC via Nucleofector (Lonza Walkersville Inc, MD) as previously published [44]. For
gene knockdown, 1 to 1.5 million cells were cultured in 2.5% FBS and transfected with 0.5
to 2.5 μg siRNA for 24 hours. Human adiponectin (SMARTpool) and nonsilencing siRNA
(siCONTROL) were purchased from Dharmacon (Lafayette, CO).

Human adiponectin plasmid was provided courtesy of Dr. Kenneth Walsh. For gene
overexpression, 1 million hCASMC were transfected with 0.5 to 2 μg plasmid and cultured
in 10% FBS for 24 hours, then cultured in 2.5% FBS for another 24 hours before harvesting.
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2.4 RT-PCR
Total RNA from hCASMC was isolated using the Qiagen RNeasy kit with DNase I as
described [27, 29]. RNA (500 ng) was reverse transcribed using ImProm-II™ Reverse
Transcriptase system (Promega) and oligo dT primer. Primer sets (Supplemental Material)
were utilized to specifically amplify human SM-MHC (Myh11), calponin (Cnn), GATA6
(GATA6), myocardin (Myocd), adiponectin (AdipoQ) and pyruvate dehydrogenase (Pdhb).
PCR was performed using 20 pmol each primer, 0.04 mM dNTPs, Red taq (Sigma), and
TaqStart antibody (Clontech) for 32 cycles: 94°C for 30 s, 51~60°C for 45 s, and 72°C for 1
min. PCR products were resolved on 1 to 2% agarose gels with GelStar (Lonza,
Switzerland) and quantitated using a Typhoon Scanner (Molecular Dynamics).

2.5 Real time RT-PCR
RNA was isolated from mouse or human VSMC as in 2.4. Aortas were isolated from wild-
type mice and subjected to enzyme digestion to remove adventitia as in 2.2, soleus muscle
was also isolated from wild-type mice, and RNA was isolated from both digested aortas and
soleus muscle using Qiagen miRNeasy Mini Kit. Two-step RT-PCR was carried out using
the iScript cDNA synthesis kit and QPCR EvaGreen Mix with 500 ng of total cDNA in a
real-time PCR detection system (all Bio-Rad Laboratories). Commercially available primer
sequences for adiponectin (Qiagen) and selected contractile or smooth muscle-specific genes
(Integrated DNA Technologies) were used. Data were analyzed using the ΔΔCt method with
the Pdhb gene serving as reference.

2.6 Western blotting
hCASMC,were lysed in lysis buffer (Cell Signalling) and a protease phosphatase inhibitor
cocktail (Roche). Equal amounts of protein (20-30 μg) per lane were separated by 7.5% or
10% SDS polyacrylamide gel electrophoresis (SDS-PAGE), or 40-60 μg protein per lane
was separated by 4-20% gradient gel in non-denaturing and non-reducing conditions,
transferred to nitrocellulose membrane, and immunoblotted overnight using primary
antibodies against human adiponectin (BioVision, Mountain View, California), h-
caldesmon, calponin, SM α-actin (Sigma, St. Louis, MO), SM2-MHC (Seikagaku America,
Cape Cod, MA), β-tubulin (Santa Cruz Biotechnology, CA), phospho-Thr 172 AMPK,
AMPK-α, phospho-Thr56 eEF2, phospho-Ser 79 ACC, phospho-Thr 389 p70S6K1, and
phospho-Ser 473 Akt (Cell Signaling, Boston, MA), HRP-conjugated secondary antibody
and detected as above. Protein expression was quantitated and normalized to β-tubulin using
ImageJ.

2.7 Confocal microscopy
After treatments, mouse VSMC were fixed with 4% paraformaldehyde. Slides were then
washed with Tris-Tween buffer, permeabilized for 10 min in 0.1% triton-X, blocked for 1h
(5% BSA) and incubated overnight (4°C) with the following primary antibodies: adiponectin
(0.2 mg/mL) (R&D Systems, Minneapolis, MN), calnexin (1/50), NogoB (1/4000)
(Imgenex, San Diego, CA), caldesmon (1/250) (Abcam), adiponectin neutralizing antibody
(2 mg/mL) (R&D Systems). The next day, slides were incubated with Alexa Fluor®594
Phalloidin (1/250) for F-actin, and Alexa Fluor®488 chicken anti-goat or anti-rabbit or
Alexa Fluor®594 chicken anti-rabbit secondary antibodies (Invitrogen), washed and
mounted in DAPI anti-fading agent (VectaShield) for nuclei visualization and analyzed
using an Ultra View VoX High Speed Confocal microscope (Perkin & Elmer, Waltham,
MA).

hCASMC were transfected with plasmids and cultured on glass coverslips. Cells were fixed
in 1:1 methanol/acetone, blocked with 3% BSA in TBS-T, and incubated with primary
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antibodies to adiponectin, MHC and calponin in TBS-T with 1% BSA at 4°C overnight.
Cells were then incubated with AlexaFluor568-conjugated secondary antibodies (Molecular
Probes Inc., Eugene, OR) in TBS-T with 1% BSA for one hour, and DAPI staining was
performed before mounting slides. The slides were analyzed as above.

2.8 TCA Precipitation
In order to detect secreted oligomeric adiponectin, media was harvested, any cells removed
by centrifugation, and the media was precipitated using 0.15% Sodium Deoxycholate and
10% tricholoroacetic acid (TCA) and centrifuged at high speed, then pellet was washed
using ice cold acetone and centrifuged again at high speed, air dried and subjected to non-
reducing western blotting analysis.

2.9 Statistics
All statistical analyses (Student’s t-tests) were carried out using the STATA or GraphPad
PRISM programs, with significance at a minimum of p<0.05.

3. Results
3.1 Adiponectin is expressed in VSMC and co-localizes with the endoplasmic reticulum

We recently discovered that adiponectin plays an important role in regulating VSMC
phenotype [44]. In light of recent evidence that VSMC are highly active metabolic cells that
secrete many regulatory hormones and bioactive lipids [43], we aimed to determine whether
VSMC synthesize adiponectin. We detected adiponectin cDNA by RT-PCR in the mouse
aorta (isolated medial layer) and in skeletal muscle (Fig. 1A), and in cultured human
coronary artery VSMC (hCASMC) (data not shown). Western blot analysis of hCASMC
lysate or TCA-precipitated media revealed that these cells express and secrete adiponectin
oligomers, including dimer, trimer, hexamer, and the most potent [44] HMW form (Fig. 1B).
hCAMSC transfected with adiponectin plasmid also express and secrete these oligomers
(Fig. 1B, 1C). Immunostaining of VSMC isolated from the aortas of WT and Adiponectin-/-

mice confirmed expression of endogenous adiponectin in WT VSMC which was notably
localized to the endoplasmic reticulum (ER) after brefeldin A treatment (to inhibit transport
of proteins from the ER) and by co-localization with the ER marker calnexin (Fig. 2A
middle row). In the absence of brefeldin A, the native ER architecture is visible and
adiponectin colocalization was also detected with NogoB, a resident ER protein [45] (Fig
2A bottom panels).

Because adipocytes secrete copious amounts of adiponectin [21], it remained possible that
contaminating adventitial cells may be a source of adiponectin detected in our VSMC
cultures. To address this possibility, we cultured aortic VSMC from SM-GFP mice (see
methods). In this strain, smooth muscle cells are marked by membrane-targeted EGFP.
Activation of the transgelin promoter in SMC drives Cre recombinase, triggering a
recombination event which leads to expression of the floxed EGFP, while non-smooth
muscle cells remain marked by a red fluorescent (membrane-targeted tdTomato) signal. This
lineage tracing approach allowed us to definitively demonstrate that adiponectin is expressed
in the ER of vascular smooth muscle (EGFP positive) cells (Fig. 2B, 3A). All the EGFP
positive cells expressed adiponectin and also stained positive for SM-α-actin and h-
caldesmon (Fig 2B).

3.2 PPARγ agonist, rosiglitazone, induces adiponectin in cultured VSMC
As PPARγ agonists are known to upregulate adiponectin in adipocytes [46], we next
determined the effect of rosiglitazone on VSMC. The immunostaining revealed that 24 hour
treatment with 5μM rosiglitazone, a selective PPARγ ligand, upregulates adiponectin
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synthesis in VSMC from SM-GFP mice (Fig. 3A-B). Rosiglitazone induced a significant
increase in adiponectin gene expression in WT mouse VSMC (Fig. 3B). We confirmed
adiponectin protein induction with a rosiglitazone over a dose response (1-10 μM) in
hCASMC (Fig. 3C).

3.3 Endogenous adiponectin expressed by VSMC is necessary to maintain basal
contractile protein expression

To address the functional role of VSMC-expressed adiponectin, we used siRNA to knock-
down endogenous adiponectin in cultured hCASMC and analyzed contractile protein
expression. Adiponectin knockdown in hCASMC was associated with decreased expression
of the mRNAs encoding contractile-associated proteins SM-α-actin, calponin, transgelin,
and myosin heavy chain (MHC), as well as the pro-differentiation master regulatory
transcriptional co-activator myocardin (Fig. 4A). Adiponectin knock-down inhibited h-
caldesmon protein expression in a dose-dependent manner (Fig. 4B), and significantly
inhibited expression of h-caldesmon and SM-α-actin protein (Fig. 4C-D). Adiponectin
knockdown also inhibited MHC expression, which was rescued by treatment with
recombinant HMW adiponectin (Fig. 4E).

We also evaluated the levels of contractile-associated protein gene and protein expression in
VSMC isolated from WT and Adiponectin-/- mice. Real time RT-PCR data revealed that
Adiponectin-/- VSMC have significantly lower levels of SM-α-actin (Acta2), Calponin
(Cnn), Myosin Heavy Chain (Myh11) and Transgelin (Tgln) mRNA than WT VSMC (Fig.
4A). Reduced expression of h-caldesmon protein in Adiponectin-/- VSMC versus WT is also
apparent by confocal immunofluorescence microscopy in Figure 4B (rows 1 and 2). These
findings demonstrate that VSMC adiponectin expression regulates baseline levels of
contractile protein expression.

3.4 Adiponectin secreted by WT VSMC induces contractile and smooth muscle-specific
gene expression in Adiponectin-/- VSMC

In order to test the hypothesis that adiponectin secreted from WT VSMC can act in a
paracrine manner, we collected the culture media from these cells to determine whether this
could rescue the reduced levels of contractile-associated protein expression in Adiponectin-/-

VSMC. As can be seen in Figure 5A, Adiponectin-/- VSMC cultured for 24h in conditioned
media from WT VSMC exhibited a significant increase in the levels of Acta2, Cnn, Myh11
and Tgln gene expression, although these levels do not rise to those seen in WT VSMC. The
addition of an adiponectin neutralizing antibody [47] blocked the WT CM-induced increase
in contractile-associated gene expression (Fig. 5A), demonstrating the specificity of this
effect. This result was also observed at the protein level (Fig. 5B). Similar to hCASMC (in
Fig 1B), multiple active adiponectin oligomers, including trimer and HMW, were detected
in the media secreted by WT mouse VSMC (data not shown).

3.5 Adiponectin overexpression in VSMC promotes AMPK-dependent differentiation
marker expression

To verify the functional effect of VSMC-secreted adiponectin, we transfected hCASMC
with an adiponectin expression plasmid and assessed the effect on VSMC phenotype. We
found that adiponectin overexpression in VSMC is associated with induced contractile
protein mRNA and protein expression (Fig. 6A-B), as well as induction of mRNA encoding
the pro-differentiation transcription factors GATA6 and myocardin (Fig. 6A). This suggests
that VSMC transfected with adiponectin cDNA express and secrete functional adiponectin
protein in order to induce differentiation. We have confirmed expression of HMW and other
adiponectin oligomers in lysates and media supernatants of transfected hCASMC in Fig. 1B-
C. We have recently demonstrated that recombinant HMW adiponectin promotes VSMC
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differentiation through a signaling pathway involving AMPK activation and subsequent
mTORC1 inhibition and Akt activation [44]. Adiponectin overexpression was also sufficient
to activate AMPK in hCASMC, as measured by increased phosphorylation of AMPK-α
subunit (Thr172) and confirmed by increased phosphorylation of the AMPK substrates
acetyl-CoA carboxylase (ACC) (Ser79) and eukaryotic translation elongation factor 2
(eEF2) (Thr56) (Fig. 6B). Adiponectin overexpression also inhibited mTORC1 signaling as
evidenced by the reduced phosphorylation of the mTORC1 substrate S6K1 (Thr389), as well
as the enhanced phosphorylation of Akt at Ser 473 (Fig. 6B). As with recombinant
adiponectin, AMPK activity is similarly necessary for adiponectin overexpression-induced
VSMC differentiation, as the specific AMPK inhibitor compound C inhibited both the
adiponectin-induced AMPK phosphorylation and contractile protein expression (data not
shown).

Transfection experiments further demonstrated the ability of adiponectin to act in a
paracrine manner. We transfected hCASMC with adiponectin at relatively low transfection
efficiency, such that only one to two cells per field overexpressed sufficient adiponectin to
detect by immunohistochemistry using a low concentration of primary antibody. Notably,
contractile protein expression was highly upregulated, not only in the transfected cells, but
also in the neighboring VSMC, suggesting that the transfected cells secrete adiponectin that
acts in a paracrine manner. This effect was not observed upon transfection of a control
empty vector (Fig. 7A-B) and specifically required secretion of adiponectin, as an
adiponectin neutralizing antibody blocked the contractile protein upregulation (Fig. 7B, low
power shown in Supplemental Fig. 1)

4. Discussion
Using multiple carefully controlled approaches, we demonstrate for the first time that
adiponectin is expressed and secreted by VSMC. Notably, we find that adiponectin is
required for expression of contractile proteins in VSMC. While most studies of the
cardioprotective effects of adiponectin in both humans and mouse models have largely
correlated these effects with circulating concentrations [48], several studies suggest that
locally produced adiponectin also contributes to the cardioprotective effect of this hormone.
Although adiponectin was originally thought to be exclusively secreted by adipose tissue,
our study, in addition to a growing body of evidence, reveals that other cells types can
express and secrete adiponectin and that this local signaling has functional significance
[36-42, 49].

Adipocytes abundantly synthesize and secrete adiponectin which circulates at high levels in
the plasma [13] [50]. Even amid this background of circulating adiponectin, recent evidence
describes important physiologic roles for locally-synthesized adiponectin. Our findings that
VSMC-derived adiponectin regulates contractile phenotype support an emerging new
paradigm that adiponectin is an important local mediator of myocyte function. It was
recently demonstrated that cardiomyocytes secrete adiponectin [51] and that this locally-
derived adiponectin is protective against ischemia-reperfusion injury in vitro [52] and
adrenergic-induced hypertrophy in cultured cardiomyocytes [53]. Skeletal muscle also
expresses adiponectin which is modulated by diet [54] and has been shown to influence
muscle phenotype and function [37]. Interestingly, we detected greater adiponectin mRNA
levels in aortic smooth muscle than in skeletal muscle. In addition to myocyte effects,
adiponectin secreted from bone-forming cells acts in autocrine/paracrine manner to promote
osteogenesis [55].

While we have previously demonstrated that the addition of recombinant adiponectin to
cultured VSMC (synthetic phenotype) increases contractile protein expression[44], it was
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unexpected that the endogenous adiponectin produced by VSMC would be essential for the
basal contractile protein expression. Our studies in which adiponectin was knocked down or
overexpressed suggest that it may serve as a key regulator of contractile phenotype by
regulating expression of pro-differentiation transcription factors expression including
myocardin and GATA-6. Using several different approaches, we demonstrate that
adiponectin can function to regulate VSMC phenotype in an autocrine or paracrine manner.
Most notably, conditioned media from wild type VSMC was able to rescue the reduced
contractile protein expression in adiponectin-/- VSMC. The overexpression approach
demonstrates that this secreted adiponectin activates the same AMPK-mTORC1-Akt
signaling pathway employed by recombinant HMW adiponectin [44]. Contractile proteins
were upregulated not only in VSMC overexpressing adiponectin, but also in non-transfected
neighboring cells, and this effect was blocked by a neutralizing antibody. The effect of
adiponectin knockdown in VSMC cultures could be rescued by recombinant adiponectin.
Collectively, these studies suggest that adiponectin produced by VSMC may help to
maintain contractile phenotype by acting on neighboring cells.

The PPARγ agonist rosiglitazone is a potent inducer of adiponectin synthesis and secretion
in other tissues including adipocytes [46], cardiomyocytes [53, 56] and myocytes [49, 57].
We report that VSMC adiponectin synthesis is also stimulated by rosiglitazone.
Interestingly, adiponectin treatment [58] or PPARγ activation by rosiglitazone [59] have
independently been shown to inhibit VSMC proliferation and migration. PPARγ has also
been implicated in regulating VSMC contractile phenotype in models of rosiglitazone-
sensitive spontaneous hypertension [60]. Our study suggests that the effects of rosiglitazone
on VSMC may be mediated, at least in part, by adiponectin induction. This would be in
accordance with studies of adiponectin knockout mice which reveal that the major insulin-
sensitizing [61] and cardioprotective [62] effects of anti-diabetic thiazolidinedione drugs are
mediated by induction of adiponectin.

Our data and the work of others suggest a new paradigm in which there may be distinct
functions for local versus systemic adiponectin. One might speculate that the adipocyte-
derived adiponectin that circulates at high levels may serve the function of a traditional
adipokine, i.e. to relay information to the peripheral tissues regarding levels of energy stored
in the visceral adipose depot and to adjust peripheral insulin sensitivity accordingly.
Conversely, there might be different roles for adiponectin synthesized and acting locally in
muscular tissues. These differential roles may be mediated, at least in part, by differential
expression of oligomers and receptors. Whether peripheral sources of adiponectin are
similarly regulated in response to fat storage remains to be determined, but there is some
evidence in skeletal muscle that obesity alters the oligomeric profile of locally synthesized
adiponectin [37], and that high fat diet, together with PPARγ activation, induces adiponectin
in the heart [53]. Distinct roles for local versus systemic adiponectin might be analogous to
other hormones such as catecholamines, wherein low level local catecholamine release at
synapses is essential for neurotransmission where receptors are concentrated at the
postsynaptic membrane, while in contrast, adrenal release of high levels of catecholamines
into the circulation is required to coordinate the whole body fight or flight response [63].

In summary, our findings indicate that VSMC can synthesize and secrete adiponectin, which
promotes the maintenance of the differentiated contractile phenotype in VSMC. The case for
autocrine and paracrine actions of locally-derived adiponectin in smooth, skeletal, and
cardiac myocytes as well as in other tissues is growing. These studies suggest that the
construction of tissue-specific adiponectin knockout mouse models is warranted in order to
provide insights into the relative contributions of local and systemic depots of this
adipokine.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

VSMC vascular smooth muscle cell(s)

hCASMC human coronary artery smooth muscle cell(s)
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ER endoplasmic reticulum

Adpn adiponectin

Rosi Rosiglitazone
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Figure 1. Adiponectin is expressed in and secreted from VSMC
(A) Adiponectin gene expression is detected in wild-type mouse aorta and soleus muscle.
Mouse aortas were subjected to brief enzymatic digestion to facilitate complete adventitia
removal prior to RNA isolation. (B-C) Adiponectin oligomers are detected in both non-
transfected (B) and adiponectin plasmid-transfected hCASMC (B-C) lysates and media.
Lysates and serum-free cell culture media (TCA precipitated) from non-transfected
hCASMC (B), as well as from hCASMC transfected with pcDNA3 (Ctrl) (B) or adiponectin
plasmid (B-C) for 48h were subjected to non-denaturing and non-reducing western blotting
analysis for adiponectin oligomers expression. In (B), long and short ECL exposures, as well
as Ponceau staining (loading control) of the same blot are shown. 60 μg protein per lane was
loaded for the non-transfected hCASMC lysates, and 40 ug protein per lane was loaded for
the pcDNA3 (Ctrl) (B) or adiponectin plasmid (B-C) transfected lysates. Media from two 10
cm dishes of non-transfected hCASMC, as well as from two 6 cm dishes of pcDNA3 (Ctrl)
(B) or adiponectin plasmid (B-C) transfected hCASMC were collected and subjected to
TCA precipitation.
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Figure 2. Adiponectin is synthesized in VSMC
(A) Upper panel: VSMC from WT and adiponectin knock-out mice were treated with 100
ng/mL brefeldin A for 4 hours to arrest transport from ER to golgi to facilitiate visualization
of ER proteins. Confocal microscopy was performed to show adiponectin (green), F-actin
(red) and nuclei (DAPI, blue) staining, and multiple WT fields are shown. Middle panel:
WT mouse VSMC treated with 100 ng/mL brefeldin A for 4 hours were stained for
adiponectin (green), Calnexin (an ER marker, red), and DAPI (blue). Bottom panel: WT
mouse VSMC (without brefeldin A treatment) were stained for adiponectin (green), NogoB
(an ER protein, red), and DAPI (blue). The merged image (co-localization) is at right. (B)
VSMC isolated from SM-GFP mice were stained for adiponectin, SM-alpha-actin, h-
Caldesmon (blue, Cy5 secondary antibody), or fluorescent secondary antibodies only, and
subjected to confocal microscopy analysis. Transgelin-lineage VSMC are green, non-SMC
are red (tomato). Nuclei are stained with DAPI. No tomato red staining was detected.
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Figure 3. Rosiglitazone upregulates adiponectin expression in VSMC
(A) Confocal immunofluorescence analysis shows that adiponectin expression is
upregulated in 5 μM rosiglitazone treated VSMC isolated from SM-GFP mice as compared
with vehicle treated cells. Transgelin-lineage (SM-EGFP) (green), adiponectin (violet, Cy5
secondary antibody) and merged image without and with DAPI are shown, respectively. All
cells were treated with brefeldin A as in Fig. 2A. No tomato red staining was detected (not
shown). (B) Adiponectin mRNA levels in WT mouse VSMC treated with 5 μM
Rosiglitazone or vehicle for 24 hours were analyzed by real time RT-PCR. Data are means
plus standard error of 3 independent experiments. *p <0.05. (C) hCASMC were cultured in
2.5%FBS media overnight and then treated with the indicated doses of rosiglitazone for 24
hours prior to western blot analysis (denaturing conditions) for adiponectin (monomeric) and
β-tubulin expression. Figure is representative of two independent experiments.
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Figure 4. Endogenous adiponectin regulates contractile protein expression in hCASMC
(A) hCASMC were cultured in M199 with 2.5% FBS for 24h prior to transfection with
control or adiponectin siRNA for another 24h and harvested for real time RT-PCR with
indicated primers. Data are means plus standard error of a minimum of 3 independent
experiments. *p <0.05, **p <0.001 relative to control siRNA transfected samples. (B-D)
hCASMC were cultured in M199 with 2.5% FBS for 24h prior to transfection with control
or adiponectin siRNA for another 24h, and subjected to western blotting analysis for the
indicated contractile proteins. (D) shows quantitations of 4-5 independent experiments. p
values are indicated (Paired t-test). (E) hCASMC were transfected with siRNA as in (D) for
24h, and HMW enriched recombinant adiponectin (5 μg/ml) was added to the indicated
sample for 4h prior to western analysis as above. Densitometric quantitation of MHC
normalized to β-tubulin is shown above the blot.
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Figure 5. Adiponectin secreted by WT primary mouse VSMC restores contractile protein
expression in Adiponectin-/- VSMC
(A) Smooth Muscle alpha-actin (Acta2), Calponin (Cnn), Myosin Heavy Chain (Myh11) and
Transgelin (Tgln) mRNA levels in WT VSMC, Adiponectin-/- VSMC, Adiponectin-/-

VSMC treated for 24h with media secreted from WT cells, and Adiponectin-/- VSMC
treated for 24h with media secreted from WT cells and adiponectin neutralizing antibody (2
mg/mL). Data are means plus SE of a minimum of 3 independent experiments. *P <0.05.
(B) Immunofluorescent confocal images of VSMC subjected to the same treatments as in
(A) and stained for F-actin (red, left column), h-Caldesmon (green, middle column), DAPI
(blue), and composite image (right column).
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Figure 6. Adiponectin overexpression in hCASMC induces differentiation marker expression via
AMPK signaling
(A) hCASMC transfected with 2 μg pcDNA3 or adiponectin plasmid for 48h were subjected
to RT-PCR analysis for contractile protein and pro-differentiation transcription factor
mRNA expression as indicated. Pdhb serves as a housekeeping control gene. (B) hCASMC
were transfected as in (A) with the indicated plasmids and harvested for western blotting
analysis with the indicated antibodies.
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Figure 7. Overexpression of adiponectin in hCASMC induces contractile protein expression via
autocrine and paracrine actions
(A) hCASMC were transfected with 2 μg pcDNA3 (panel 1,3) or adiponectin (panel 2, 4)
plasmid and cultured on coverslips for 48h prior to immunohistochemistry analysis using
anti-adiponectin and anti-MHC or anti-calponin primary antibodies, and
AlexaFluor568/488-conjugated secondary antibodies. Contractile protein signals are green,
adiponectin signal is red. Merge is shown in yellow. (B) A replicate experiment performed
as above and immunostained for adiponectin and calponin, with the addition of adiponectin
neutralizing antibody (2 μg/ml) in the bottom panels.
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