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Abstract
Cardiovascular sequelae including diabetic cardiomyopathy constitute the major cause of death in
diabetic patients. Although several factors may contribute to the development of this
cardiomyopathy, the underlying molecular/cellular mechanisms leading to cardiac dysfunction are
still partially understood. Recently, a novel paradigm for the role of the adipocytokine resistin in
diabetes has emerged. Resistin has been proposed to be a link between obesity, insulin resistance
and diabetes. Using microarray analysis, we have recently found that cardiomyocytes isolated from
type 2 diabetic hearts express high levels of resistin. However, the function of resistin with respect
to cardiac function is unknown. In this study we show that resistin is not only expressed in the heart,
but also promotes cardiac hypertrophy. Adenovirus-mediated overexpression of resistin in cultured
neonatal rat ventricular myocytes (NRVM) significantly increased sarcomere organization and cell
size, increased protein synthesis and increased the expression of atrial natriuretic factor and β-myosin
heavy chain. Overexpression of resistin in NRVM was also associated with activation of the mitogen-
activated protein (MAP) kinases, ERK1/2 and p38, as well as increased Ser-636 phosphorylation of
insulin receptor substrate-1 (IRS-1), indicating that IRS-1/MAPK pathway may be involved in the
observed hypertrophic response. Overexpression of resistin in adult cultured cardiomyocytes
significantly altered myocyte mechanics by depressing cell contractility as well as contraction and
relaxation velocities. Intracellular Ca2+ measurements showed slower Ca2+ transients decay in
resistin-transduced myocytes compared to controls, suggesting impaired cytoplasmic Ca2+ clearing
or alterations in myofilament activation. We conclude that resistin overexpression alters cardiac
contractility, confers to primary cardiomyocytes all the features of the hypertrophic phenotype and
promotes cardiac hypertrophy possibly via the IRS-1/MAPK pathway.
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Introduction
The prevalence of diabetes mellitus and obesity has increased dramatically during the past
decade and is reaching epidemic proportions worldwide [1], [2]. Diabetes and obesity are major
risk factors for the development of cardiovascular complications and premature death [3]. A
significant number of diabetic patients die of heart failure or stroke. With this rise in obesity,
interest has been extended to the biology of adipose tissue which releases a large number of
cytokines and bioactive mediators (adipokines). These adipokines have been shown to affect
several aspects in the pathogenesis of diabetes and cardiovascular diseases.

Resistin, a novel cysteine-rich hormone also known as adipocyte-secreted factor, is secreted
by rodent fat cells and is implicated in obesity and type 2 diabetes and insulin resistance [4].
Recombinant resistin protein was found to impair insulin action in normal mice and cultured
adipocytes and immunoneutralization of resistin improved insulin action in mice with diet-
induced obesity [4]. Plasma resistin levels were increased in genetic murine models of diabetes
(db/db), obesity (ob/ob) and diet-induced obese mice, while resistin mRNA levels in obese
rodents were often found to be decreased [5],[6]. Resistin is also believed to be a
thiazolidinedione (TZD)-regulated protein, a new class of insulin sensitizing drugs. TZD
treatment suppresses resistin expression in 3T3-L1 adipocytes and in white adipose tissues of
mice fed with a high fat diet. However, the pathophysiological role of resistin in humans has
been questioned because the human homologue of resistin is only 59% identical to mouse
resistin at the amino acid level and the source of resistin appears to differ between humans and
mice [7]. Unlike mice, resistin in humans is undetectable in adipocytes but highly expressed
in macrophages. Nevertheless, despite the species differences, survivors of myocardial
infarction displayed elevated levels of resistin [8] and increased plasma resistin level was
observed in the serum of obese [8] and type 2 diabetic patients [9]. TZD treatment resulted in
decreased plasma resistin levels in patients with type 2 diabetes [10], suggesting resistin plays
an important role in the etiology of insulin resistance and diabetes; however, others have failed
to show this association [11],[12]. Recently, resistin was shown to impair glucose transport in
isolated cardiomyocytes [13] and to be up-regulated by cyclic stretch and aorta-caval shut
[14], suggesting resistin may affect cardiac function in animal models. However, the
underlying mechanism by which resistin impairs cardiac function is unknown.

We identified and sequenced resistin in rat hearts and found that type 1 and 2 diabetic hearts
express high levels of resistin. In this study we show for the first time that resistin directly
induces cardiac hypertrophy in neonatal cardiomyocytes and induces contractile abnormalities
in adult cardiomyocytes. This observation may be important in providing a link between
diabetes and hypertrophy.

Materials and Methods
Animal Care, Animal Models of Diabetes

All animal procedures were performed with the approval of IACUC at Mount Sinai School of
Medicine and in accordance with the National Institute of Health’s Guide for the Care and Use
of Laboratory Animals. For animal models of diabetes we used the streptozotocin (STZ)-
induced for type 1 diabetes [15] and the Otsuka Long-Evans Tokushima Fatty (OLETF) (and
its control Long-Evans Tokushima Otsuka (LETO)) rat for type 2 diabetes [16].

Production of Recombinant Adenovirus Ad.Retn
The AdEasy Adenoviral vector system (Stratagene, USA) was used to generate recombinant
adenoviruses. Full length resistin (Retn) cDNA was isolated from rat heart cDNA library and
subcloned into the pShuttle vector (containing the cDNA for enhanced GFP) under the control
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of CMV promoter. Viral titers were determined by the plaque assay and the absence of
replication-competent adenovirus was confirmed by polymerase chain reaction (PCR) to assess
for the wild type E1 region.

Real time PCR
The expression of Retn, ANF, β-MHC and 18S rRNA genes was quantified using real time
PCR analysis (7500 real-time PCR system, Applied Biosystems). The primers used for
amplifying the genes are as follows: Retn forward primer 5’-
ATGAGCCACAGCCAGAGCCACAG-3’, Retn reverse primer 5’-
TCCTGCCCCCTGCGCTCTC-3’, ANF forward primer 5’-
ATCTGATGGATTTCAAGAACC-3’ and ANF reverse primer 5’-
CTCTGAGACGGGTTGACTTC-3’, β-MHC forward primer 5’-
TTGGCACGGACTGCGTCATC-3’ and β-MHC reverse primer 5’-
GAGCCTCCAGAGTTTGCTGAAGGA-3’, 18s rRNA forward primer 5’-TCAAGAA
CGAAAGTCGGAGG-3’ and 18s rRNA reverse primer 5’-GGACAT CTAAGGGCAT
CAC-3’. Fold changes in gene expression were determined using the relative comparison
method with normalization to 18s rRNA.

Isolation and Culture of Neonatal Cardiomyocytes
Spontaneously beating cardiomyocytes were prepared from 1-to 2- day-old Sprague-Dawley
rat pups using the Worthington neonatal cardiomyocyte isolation system (Worthington
Biochemical Corp.) as described previously [17]

Preparation of protein extracts and Immunoblotting Analysis
Protein samples were prepared from isolated cardiomyocytes using a lysis buffer containing
protease inhibitors (Roche). Cell lysates were matched for protein concentration and then
separated by SDS-PAGE and transferred onto polyvinlylidene difluoride (PVDF) membranes
(Bio-Rad). The membranes were blocked in 5% nonfat milk and incubated with anti-resistin
(Axxora), phospho-specific antibodies to ERK1/2, p38, Ser636-IRS-1 (Cell signaling
technology), and p54SAPK and p46SAPK (Promega) or total antibodies (Santa Cruz) overnight
at 4°C. The membranes were incubated with appropriate secondary antibodies conjugated to
horseradish peroxidase (Pierce) and signal intensities were visualized by Chemiluminescence
(Pierce). Films from at least four independent experiments were scanned and densities of the
immunoreactive bands were evaluated using NIH Image software. The MAPKs activities were
verified by the determination of the phosphorylation level of each kinase in cell lysates using
specific phosphor-antibodies. Total protein contents of the corresponding MAP kinases were
also determined after stripping the phospho-blots in order to verify for protein loading.

Protein Synthesis Rate Measurements
Protein synthesis rates in neonatal cardiomyocytes were determined using [3H]-Leucine
incorporation as described previously [17]. [3H]-Leucine incorporation was measured by
scintillation counting (MicroBeta Trilux, PerkinElmer). [3H]-Leucine uptakes were measured
by stimulating the myocytes with Ad.Retn (MOI 50) or conditioned media containing secreted
resistin. Conditioned media were obtained by infecting either HEK 293 cells or cardiomyocytes
with Ad.Retn in serum-free medium for 3 hours, the medium was then replaced to remove the
adenovirus and the cells were serum-free cultured for an additional 40 hours. The supernatants
were then collected and filtered through 0.2 µm filters before use.

Actin Staining and Cell Size Measurements
Cardiomyocytes grown on collagen-coated chamber slides were infected with Ad.Retn for 48
hours and then fixed in 4% paraformaldehyde for 15 minutes, permeabilized with 0.2% Triton
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X-100, 0.2 M glycine in PBS for 10 minutes and blocked by incubation in 5% BSA solution
for 1 hour at room temperature. Cardiomyocytes were stained with Alexa 594 conjugated
phalloidin (Invitrogen) and F-actin was analyzed by confocal laser microscopy (Leica TCS-
SP confocal microscopy). The surface areas were measured using NIH image software. At least
100 individualized cells were analyzed per each experiment.

Preparation of Adult Cardiomyocytes
Ventricular myocytes were isolated from Sprague-Dawley male rats (body weight 280–300 g)
via enzymatic dissociation as described previously [18]. Briefly, the heart was retrogradely
perfused for 5 minutes with a Tyrode buffer (137 mM NaCl, 5.4 mM KCl, 1 mM CaCl2, 1 mM
MgCl2, 10 mM Glucose, 0.5 mM taurine and 10 mM HEPES (pH 7.4)) then switched to an
enzyme solution containing collagenase II (Worthington) and hyaluronidase II (Sigma) for
additional 10 to 15 minutes. Ventricular tissues were finely minced and shaken gently in
enzyme solution for 20 to 30 minutes. Myocytes were filtered through a nylon mesh, collected,
and made calcium tolerant over a period of 15 minutes. They were then resuspended in DMEM
supplemented with 5% FBS, 100U/ml penicillin/ streptomycine, 5 mM taurine, 5 mM carnitine
and 5 mM creatine and plated at a density of 2×104 cells/ml onto laminin-coated coverslips.

Cell Contractility Measurements
Mechanical properties of ventricular myocytes were assessed using a video-based edge
detection system (IonOptix). In brief, isolated control and infected myocytes cultured under
identical conditions for 24 hours were attached to coverslips, placed in a chamber mounted on
the stage of an inverted microscope (Nikon Eclips TE-100 F) and superfused with a Tyrode
buffer (137 mM NaCl, 5.4 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM Glucose, 0.5 mM
Taurine and 10 mM HEPES (pH 7.4)). The cells were field-stimulated at a frequency of 1 Hz,
30V using STIM-AT stimulator/thermostat placed on HLD-CS culture chamber/stim holder
(Cell MicroControls). The stimulated myocyte is displayed on a computer monitor using an
IonOptix MyoCam camera, which rapidly scans the image area every 8.3 ms such that the
amplitude and velocity of shortening or relengthening are recorded with good fidelity. Changes
in cell length during shortening and relengthening were captured and analyzed using soft edge
software (IonOptix).

Intracellular Ca2+ transient measurements
Adult ventricular myocytes were loaded with 0.5 µM fura2-AM (Invitrogen) for 15 minutes
at 25°C and fluorescence measurements were recorded with dual-excitation single-emission
fluorescence photomultiplier system (IonOptix). The Myocytes were placed on an inverted
microscope and imaged through an Olympus Fluor X40 oil objective, and were exposed to
light emitted by a 75-W halogen lamp through either a 360- or 380-nm filter while being
stimulated to contract at 1 Hz. Fluorescence emissions were detected between 480 and 520 nm
by a photomultiplier tube after initial illumination at 360 nm for 0.5 s and then at 380 nm for
the duration of the recording protocol. The 360 nm excitation scan was repeated at the end of
the protocol and qualitative changes in the intracellular Ca2+ concentration were inferred from
the ratio of the fura-2 fluorescence intensity at both wavelengths.

Statistics
Where appropriate, the data were expressed as mean ± SD. Comparisons of the group means
were made with a Student’s t test. P<0.05 was considered statistically significant.
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Results
Resistin is expressed in the heart

It has been well documented that resistin is highly expressed in fat and lung tissues and in the
plasma from diabetic animals. Our observation that heart samples from type 2 diabetic rats
showed remarkably elevated expression of resistin mRNA (170.2 fold vs. control) (Figure 1
A) led us to examine whether resistin is also expressed in hearts from normal as well as type
1 diabetic rats. Using qRT-PCR, resistin mRNA was also found to be significantly expressed
in type 1 diabetic hearts (25 fold vs. control at 13 weeks post STZ) (Figure 1B) as well as heart
and lung tissues from normal rats (Figure 1C). Intriguingly, resistin mRNA expression is
remarkably much greater in type 2 than in type 1 diabetic hearts. Immunoblotting analysis
shows that resistin is highly expressed in diabetic hearts (figure 1D; type 2 is shown) compared
to control hearts which express very low levels. To further confirm resistin expression in the
heart, we have isolated and sequenced a full-length resistin cDNA from a rat heart cDNA
library. The resistin sequence from the heart was identical to that from the adipose tissue (data
not shown).

In order to further characterize the function of resistin in the heart, we generated a resistin-
expressing recombinant adenovirus, Ad.Retn and β-galactosidase-expressing recombinant
adenovirus, Ad.β-Gal. As shown in Figure 2A, cultured neonatal rat ventricular myocytes
(NRVM) transduced with Ad.Retn recombinant adenovirus produced a protein band
corresponding to resistin as determined by western blot analysis using a rat specific antibody.
Since one of the properties of resistin is being a secreted factor, we sought to determine if the
cultured myocytes not only expression resistin but they also secrete it into the culture medium.
Figure 2B shows that NRVM infected with different multiplicity of infection (MOI) of Ad.Retn
express and release into the medium significant amounts of resistin. An MOI of 50 was used
in all subsequent experiments.

Hypertrophic Response to Resistin
Since resistin has not been associated with a heart failure phenotype and high expression of
resistin in diabetic hearts has been observed for the first time (Fig.1), we sought to investigate
whether resistin could induce any phenotypic changes characteristic of the hypertrophic
response in cultured NRVM. These include enhanced protein synthesis, increased cell size,
enhanced sarcomere organization, and induction of genes including those for several
sarcomeric proteins (β-myosin heavy chain, and myosin light chain-2) and for atrial natriuretic
proteins.

1- Resistin increases Sarcomere Organization and Cell Size—In order to determine
whether resistin overexpression induces sarcomere reorganization, we infected cultured
NRVM with Ad.Retn or Ad.β-Gal.for 48 hours. Ad.Retn treatment, like ET-1, induced a
significant increase in the percentage of cells with highly organized sarcomeres compared with
Ad.β-Gal treatment (Figure 3A). Additionally, Ad.Retn significantly increased cell size by
about 26% compared to Ad.β-Gal infected cardiomyocytes, as assessed by measuring the
surface area of infected cardiomyocytes (Figure 3B). This increase in cell surface area produced
by resistin was similar to that induced by ET-1 stimulation (Figure 3B).

2- Resistin increases 3H-Leucine Incorporation—We examined protein synthesis
since it is central to the hypertrophic response. We determined protein synthesis rate by
measuring 3H-leucine incorporation in NRVM infected with recombinant adenoviruses. As
expected, we found that ET-1 induced a marked increase in [3H]-leucine incorporation (2.55-
fold, compared to control; P<0.001). Similarly, cells infected with recombinant adenovirus
encoding resistin (figure 4 A) or stimulated with conditioned media containing secreted resistin
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(figure 4 B) showed a significant increase in [3H]-leucine uptake (2.25- and 2.21-fold increase,
respectively, compared to control, P<0.001). Such an effect was not due to infection with the
virus alone since infection with Ad.β-Gal did not produce the same enhancement in [3H]-
leucine incorporation (P=0.2 versus control) (Figure 4A).

To further examine the specificity of resistin’s effect on protein synthesis, we performed [3H]-
leucine incorporation experiments as above with different MOI (not shown). Infection with a
control construct, Ad.β-Gal, resulted in relatively the same [3H]-leucine uptake levels.
However, [3H]-leucine uptake in cells infected with Ad.Retn is increased with increasing MOI
(not shown). These data indicate that the effect of resistin on protein synthesis is specific to
resistin transgene and not due to infection with the virus alone.

3- Resistin increases ANF and β-MHC Expression—We also examined the role of
resistin in modulating the induction of molecular markers such as atrial natriuretic factor (ANF)
and β-myosin heavy chain (β-MHC) mRNAs expression. ET-1 induced a significant increase
in ANF (4.5-fold, P<0.01; Figure 5A) and β-MHC (7.5-fold, P<0.01; Figure 5B) mRNA levels
as determined by quantitative real-time PCR. Interestingly, Ad.Retn overexpression in NRVM
also increased significantly the expression of ANF (4.3-fold, P<0.01; Figure 5A) and β-MHC
(8.2-fold, P<0.01; Figure 5B) mRNAs compared to either control non-infected or cells infected
with Ad.β-Gal. These data further strengthen our hypothesis that resistin overexpression
promotes cardiac hypertrophy in NRVM.

4- Resistin activates MAPKs—Since MAPKinases have been shown to play an important
role in cardiac hypertrophy [19], [20], we sought to determine whether resistin potentially
mediates its observed effects on cardiac hypertrophic markers through the activation of MAPK
signaling pathways (namely, the extracellular signal-regulated protein kinase 1 and 2
(ERK1/2), stress activated protein kinase (SAPK) or c-Jun NH2-terminal kinase (JNK) and
p38). Cultured NRVM were infected for 24 hours with Ad.Retn or Ad.β-Gal recombinant
adenoviruses and MAPK activity (i.e. phosphorylation) was assessed by western blot analysis
using corresponding phospho-specific antibodies. Quantitative analysis of five to six separate
phospho-MAPK western blotting experiments is depicted in Figure 6. The data show that
resistin overexpression increased significantly the phosphorylation levels of ERKs (2.78-fold,
P<0.05; Figure 6A) and p38 (2.75-fold, P<0.05; Figure 6B) compared with controls. This
observed resistin-induced ERK1/2 and p38 activation was significantly abolished by the ERK
inhibitor PD98059 (Fig. 6A) and the p38 inhibitor SB203580 (Fig. 6B) and certainly was not
due to adenoviral infection alone since infection of cells with a virus encoding Ad.β-Gal had
no effect on the activities of these kinases (Figure 6A & B). Interestingly, we were not able to
detect any significant changes in the phosphorylation level of JNK (not shown). Western blot
analysis confirmed the equivalent expression of each of the total kinases in control myocytes
and myocytes infected with Ad.β-Gal and Ad.Retn (Figure 6 A & B, blots labeled as total).

Resistin increases Ser-636 Residue Phosphorylation of IRS-1
Several studies have suggested that serine phosphorylation of insulin receptor substrate (IRS-1)
is a potential mechanism for insulin resistance in some models of obesity. We observed that
resistin overexpression in rat ventricular myocytes significantly increased the phosphorylation
of Ser636/639 residues of IRS-1 compared with Ad.β-Gal infected cardiomyocytes (Figure
7A). Data quantitation and normalization show that resistin induced more than 15-fold increase
in IRS-1 phosphorylation compared with β-Gal (P<0.01) (Figure 7B).

Resistin alters cardiomyocytes contractility
Since impaired contractility has been associated with cardiac hypertrophy and heart failure,
we decided to examine whether resistin has any effect on cardiomyocyte contractility and
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Ca2+ handling. Isolated adult ventricular cardiomyocytes were infected with Ad.Retn or
Ad.β-Gal recombinant adenoviruses and then cultured for 24 hours. Myocyte contractility and
calcium transients were then determined in the infected cardiomyocytes as described in the
Methods section. Figure 8A shows recordings from representative control ventricular myocytes
and myocytes infected with Ad.β-Gal or Ad.Retn. Interestingly, Ad.Retn overexpression
induced significant decreases in cell shortening (4.2 ± 1.69 %, n=30 vs. 6.0 ± 2.13 %, n=30;
P<0.01), in maximal rate of contraction (−dL/dt) (107 ± 43.1 µms, n=30 vs. 170 ± 67.9 µms,
n=30; P<0.01) and in maximal rate of relaxation (+dL/dt) (69.6 ± 33.5 µms, n=30 vs. 127.4 ±
61.2 µms, n=30; P<0.01) compared with Ad.β-Gal infected cardiomyocytes (Figure 8B–D).
These myocyte mechanics abnormalities are consistent with what has been observed in
cardiomyocytes isolated from diabetic rats [21].

To evaluate whether the observed effect of resistin on myocytes contractility are due to its
effect on intracellular Ca2+ handling, cytoplasmic Ca2+ transients were determined in fura-2
loaded ventricular myocytes. Ca2+ transients following resistin overexpression were shorter
(45 ± 11.4 µM, n=25) compared to either control (55.5 ± 16.1 µM, n=25; P<0.01) or Ad.β-
Gal-infected myocytes (51.2 ± 16.1 µM, n=25; P<0.01) (Figure 8 E). In addition, time course
of the calcium transients decay was prolonged by resistin (160 ± 21 ms, n=30 vs. β-Gal 126 ±
38 ms, n=30; P<0.01) (Figure 8F). Time to 90% relaxation was 484 ± 74 ms and 423 ± 80 ms,
P=0.05 (n=30) for resistin-infected and control myocytes, respectively (Figure 8G).
Interestingly, similar changes in Ca2+ transients were observed in myocytes isolated from
diabetic animals [21].

Discussion
Obesity is associated with several conditions, the most devastating of which may be diabetes
mellitus. According to the International Diabetes Federation [22], the number of people
between the ages of 20–79 diagnosed with diabetes in 2007 was 246 million, and it is projected
to reach 380 million by 2025 worldwide. Both obesity and diabetes are associated with an
increased risk of cardiovascular disease and premature death. Based on this epidemic, the
American Heart Association has recently reclassified obesity as a “major, modifiable risk
factor” for coronary heart disease [23]. In addition, heart failure caused by ventricular
dysfunction, is the major cause of death in diabetic patients.

Although the underlying mechanism linking obesity to cardiovascular-related diseases
including cardiac hypertrophy is unknown, recent studies have revealed that the adipose tissue
synthesizes and secretes a large number of biologically active factors, including resistin, which
may have profound actions in the pathogenesis of diabetes and cardiovascular diseases.
Whether resistin is involved in the development of cardiac dysfunction is currently unknown.
We therefore studied the effect of resistin as a potential hypertrophic modulator in cultured
neonatal rat cardiomyocytes (NRVM) and sought to identify potential mechanisms underlying
this effect. In the present study, we show for the first time that resistin is directly involved in
the regulation of cardiac hypertrophy. We also show that resistin, known to be secreted mainly
by adipose tissue, is expressed in normal rat hearts and in elevated levels in diabetic hearts,
suggesting that resistin may have both an autocrine and a paracrine effect on the heart. The
abundant expression of resistin in the diabetic heart, particularly in type 2 diabetic subjects,
indicates it may be involved in cardiac pathophysiological processes.

Resistin promotion of hypertrophy, in this study, is documented by the observed increases in
cell surface area, in percentage of highly organized sarcomeres, in protein synthesis rates and
fetal gene expression such as ANF and β-MHC and activation of known hypertrophic signal
transduction processes, namely MAPKs. All together, these results show that resistin
overexpression confers to primary cardiomyocytes all the features of the hypertrophic
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phenotype. Our data suggest that the increased levels of resistin observed in diabetic subjects
(rodents as well as humans) may contribute to the development of cardiac hypertrophy which
is generally associated with diabetes. Diabetic animals present with characteristic phenotypic
abnormalities of their heart muscle that result in part from a recapitulation of the fetal gene
expression (e.g., ANF, α-skeletal actin and myosin isozyme shifts, with higher β-MHC and
lower α-MHC, [24], [25]) similar to what is observed in pressure-overload and heart failure
models. These genetic changes lead to myocardial dysfunction in diabetic animal models,
resulting in cardiac hypertrophy. Thus heart failure and diabetes appear to induce the same
“fetal reprogramming,” which may explain the link between diabetes and cardiac hypertrophy
and heart failure.

Hypertrophy involves several intracellular signaling pathways including MAPKs (ERKs,
JNKs and p38) activation [26]. We report the sustained activation of the ERK and p38, but not
JNK, MAPK signaling pathways following resistin overexpression in neonatal
cardiomyocytes. In our hands, the activation of the ERK pathways is observed to occur early
followed by p38 activation. This response to resistin was strictly ERK- and p38-dependent
since respective inhibitors of both kinases were able to fully inhibit the effect of resistin on
cardiomyocytes. This suggests that the induced hypertrophic remodeling observed in
cardiomyocytes could result from the upregulation of the ERK as well as p38 pathways
following resistin overexpression.

Diabetes is associated with increased levels of resistin which is thought to be responsible for
insulin sensitivity impairment in several rat and mouse models [27]. Insulin resistance results
in a variety of metabolic defects including hyperglycemia, hyperlipidemia, and
hyperinsulinemia. It is generally accepted that the role of insulin may be related to signaling
pathways activated by the binding of insulin to its receptor (IR) and the subsequent tyrosine
phosphorylation of insulin receptor substrate (IRS) [28], [29], [30]. Insulin actions are
generally transmitted through two distinct pathways: 1) phosphorylation of IRS with activation
of phosphatidylinositol (PI) 3-kinase that mediates metabolic actions of insulin, and 2) the Ras/
MAPK pathway that mediates non-metabolic mitogenic and growth effects of insulin [28],
[29], [30,31], [32].

Concomitant with the observed increase in MAPK pathway in our present study, resistin has
greatly enhanced the Ser-636 phosphorylation of IRS-1. This finding is very interesting
because phosphorylation of Ser-636 of IRS-1 has recently been shown to interrupt the
interaction between IRS-1 and PI3K, leading to reduced PI3K activity and its mediated
downstream signaling [33]. IRS-1 hyperphosphorylation at this site was observed in the
skeletal muscle of type 2 diabetes subjects [34]. Hence, increased serine phosphorylation of
IRS has been proposed as a major cause of insulin resistance induced by a variety of factors
including hyperinsulinaemia [35], [36]. Altogether, these data indicate that resistin promotes
cardiac hypertrophy probably via IRS-1/MAPK pathway. Several previous studies have
established that the activation of the MAPKs leads to down-regulation of IRSs and to the
suppression of insulin-induced PI3-Kinase activation through the phosphorylation of the serine
residue in IRS-1. Recently, RELMβ (resistin-like molecule beta) was reported to increase the
activity of ERK, p38 and, slightly, JNK in primary cultured hepatocytes [37] while resistin
was reported to phosphorylate and activate ERK and p38 in smooth muscle cells [38].

Data from our present study reveal that ventricular myocytes transduced with resistin exhibited
depressed peak shortening and reduced maximal velocities of shortening and relengthening.
Abnormal intracellular Ca2+ regulation, shown here as depressed Ca2+ transients and delayed
intracellular Ca2+ clearance, may appear to contribute to these mechanical abnormalities of
myocytes overexpressing resistin. These data are consistent with data reported in isolated
ventricular myocytes from diabetic models [21]. Depressed rates of Ca2+ removal would result
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in the inability of the myocyte to adequately maintain low diastolic Ca2+, leading to impairment
in myocyte relaxation.

The current observation that resistin may exert a negative effect on cardiac function is further
supported by a number of other studies. Resistin has been reported to contribute to the
worsening of ischemia/reperfusion injury in isolated rat heart preparations [39] and to be
associated with high risk in patients with congestive heart failure [40]. In addition, elevated
resistin levels correlated with endothelial dysfunction [41] and with the development of
atherosclerosis in mice and in patients with premature coronary artery disease [42]. Our results,
therefore, further strengthen the hypothesis that resistin is an important modulator of
cardiovascular function.

Traditionally, adipose tissue has been perceived as an inert organ whose function is mainly to
store excess energy in the form of triglycerides. However, recent studies have determined that
adipose tissue synthesizes and secretes a number of bioactive molecules that have the ability
not only to contribute to the pathogenesis of insulin resistance but also to modulate cardiac
remodeling. In addition to resistin, as shown in the present study, leptin has also been reported
to promote cardiac hypertrophy [43],[44] through a mechanism involving MAPKs, similar to
resistin. In contrast, adiponectin was shown to inhibit cardiac hypertrophy possibly through
the activation of AMPK (AMP-activated protein kinase) signaling [45]. Interestingly, we found
that resistin overexpression in cardiomyocytes leads to the inhibition of AMPK activity (Kim
MJ and Lebeche D, unpublished data). Hence, resistin and adiponectin appear to have
contrasting effects on cardiac function. Further differences in the action of both peptides have
also been reported. In contract to resistin, adiponectin levels correlated negatively with obesity
[46], dyslipidemia [47], coronary artery disease [48], insulin resistance [49], [50] and
inflammation. Since hypertrophy is one of the earliest manifestations of cardiac dysfunction,
such effects further support a role of adipokines in the development of cardiomyopathy. The
ability of adipokines to directly affect cardiac function may represent an important mechanistic
basis of cardiovascular diseases in subjects with diabetes and obesity.

The present study shows that resistin is expressed in the heart and can modulate cardiac
remodeling. Hypertrophy and diastolic dysfunction are frequently observed in diabetes and
other obesity-related disorders. The findings reported here suggest that hyper-resistinemia may
contribute to the development of pathologic cardiac hypertrophy. Measures to decrease resistin
levels could potentially be beneficial for the prevention of cardiac remodeling in
pathophysiological disorders such as diabetes and obesity.

Limitations of This Study
This study has demonstrated that overexpression of resistin promotes a hypertrophic response
in the short term. It remains to be determined whether long-term infection with Ad.Retn would
significantly induce a similar phenotype. Our preliminary data show that chronic expression
of resistin is associated with significant increase in left ventricular (LV) wall thickness and LV
end-diastolic pressure. It is unknown whether these results may be transferable to the diseased
human myocardium. There is a concern related to a potential non-physiological effect of
resistin produced by adenoviral infection (with Ad.Retn) of cardiomyocytes. However, as we
showed in this study, diabetic hearts express high levels of resistin which we found to be
comparable to levels produced by adenoviral infection, suggesting that resistin plays a central
role in the maladaptive cardiac phenotype seen in diabetes. Resistin on the other hand is
expressed at low levels in normal hearts and may have no effect on cardiac function in normal
subjects. Another concern relates to the relevance of resistin upregulation in type 1 diabetes.
Although resistin was found to be expressed in both type 1 and type 2 diabetes, it is by far more
upregulated in type 2, suggesting that clinically it may be associated with type 2 diabetes. This
supports the postulated view of resistin as being a link between obesity, insulin resistance and
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diabetes. However, this does not exclude the possibility that the molecule is associated with
diabetes regardless of its etiology.
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Figure 1. Detection of resistin mRNA in the heart
Quantitative RT-PCR showing upregulation of resistin mRNA in cardiomyocytes from type 2
(T2DM) (A) or type 1 (B) diabetic rats compared with normal heart or lung tissue (B). Type
1 diabetic rats were generated by injection of streptozotocin (STZ) for 7 and 13 weeks. Also
the expression level was greater in 13 weeks than in 7 weeks post treatment. C, resistin mRNA
is detected in the heart (RT+) as well as lung tissue (Positive Control, PC) from normal rats
but is not detected in hearts (RT−) without reverse transcriptase during RT-PCR reaction. D.
Representative western blot of resistin expression in T2DM hearts. GAPDH is also shown to
verify protein loading. MW: Molecular weight standards.
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Figure 2. Overexpression of resistin in neonatal cardiomyocytes
A, Neonatal cardiomyocytes were infected with adenoviruses encoding β-Gal or Retn.
Cardiomyocyte lysates were probed with anti-RETN antibody. B, Neonatal cardiomyocytes
were infected with Ad.Retn recombinant adenovirus for 48 hours at the indicated multiplicity
of infection (MOI). Resistin protein was detected in both the Ad.Retn-infected cardiomyocytes
and conditioned medium at MOI of 10 and up. GAPDH was also immunoblotted to show
protein loading.
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Figure 3. Effect of resistin on sarcomere organization and cell surface area
A, Uninfected neonatal cardiomyocytes (control) or myocytes infected with Ad.β-Gal or
Ad.Retn were incubated for 48 hours before staining with Alexa 594-conjugated phallodin.
Endothelin-1 (ET-1), a hypertrophic agonist used as a positive control, induced highly
organized sarcomere structures. Likewise, Ad.Retn-infected myocytes exhibit a large number
of cells with highly organized sarcomeres compared with control or Ad.β-Gal-infected cells.
At least 200 cells per condition were scored for the presence of highly organized sarcomeres.
B, Cell surface areas of more than 100 individualized cells per condition from 3 independent
experiments were measured using Image J software. ¤P<0.01 ET vs control; *P<0.01 Ad.Retn
vs Ad.β-Gal. The mean values± SD are shown.
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Figure 4. Effect of resistin on protein synthesis
3H-leucine incorporation was measured in uninfected neonatal cardiomyocytes (control) or
myocytes infected with Ad.β-Gal or Ad.Retn (A) and myocytes stimulated with conditioned
medium containing secreted resistin (B). Undiluted conditioned medium (Retn) or diluted 1 in
5 (Retn 1/5) was used (B). ¤P<0.001 ET vs control; *P<0.001 Ad.Retn vs Ad.β-Gal. The mean
values ±SD are shown.
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Figure 5. Induction of ANF and β-MHC by resistin
Uninfected neonatal cardiomyocytes (control) or myocytes infected with Ad.β-Gal or Ad.Retn
were incubated for 48 hours in serum-free media. The real time PCR for ANF and β-MHC was
performed using primers specific to rat genes. The expression was normalized to 18S rRNA.
Data normalized against control and expressed as fold change. ¤P<0.01 ET vs control; *P<0.01
Ad.Retn vs Ad.β-Gal‥

Kim et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kim et al. Page 19

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. ERK and p38 MAP kinases are activated by resistin
A and B, Uninfected neonatal cardiomyocyte (control) or myocytes infected with Ad.β-Gal or
Ad.Retn were incubated for 24 hours in serum-free media. Cell lysates were matched for protein
concentration and blotted onto PVDF membranes. The Blots were probed with phospho-
specific antibodies against ERK and p38 and then reprobed for the corresponding total protein
that confirmed equivalent loading of proteins. C and D, Quantitation of MAPKs activities. The
intensity of each chemiluminescent band was quantified by densitometric scanning, and the
activity of each MAPK was normalized against its corresponding total protein. Data are from
at least three experiments. *P<0.05 Ad.Retn vs Ad.β-Gal; †P<0.05 Ad.Retn vs Ad.Retn +
MAPK inhibitors.
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Figure 7. Resistin increases serine phosphorylation of IRS-1
A, Neonatal cardiomyocytes infected with Ad.β-Gal or Ad.Retn were incubated for 24 hours
in serum-free media. Western blotting was prepared as described in Materials and Methods.
The blots were probed with serine-636/IRS-1 phospho antibody (p-IRS-1) and reprobed with
antibody against total IRS-1 protein (T-IRS-1). B. Quantification of serine phosphorylation of
IRS-1. Data are from at least three experiments. *P<0.01 Ad.Retn vs Ad. β-Gal.
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Figure 8. Effects of resistin on cardiomyocyte contractility and Ca2+ transients
A, Representative recordings of cell shortening from control myocytes or myocytes infected
with Ad.β-Gal or Ad.Retn. B. Cell length (%); C. contraction velocity; D. relaxation velocity;
E. representative Ca2+ transient traces; F. Ca2+ transients; G. calcium transients decay, and H.
time to 90% baseline measured in adult ventricular control myocytes or myocytes infected with
Ad.β-Gal or Ad.Retn (cultured under the same conditions) . Average parameters of
cardiomyocyte contraction were determined (Ad.β-Gal, n=30; Ad:Retn, n=30); *P<0.01
Ad.Retn vs Ad. β-Gal
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