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Resistin has been suggested to be involved in the development
of diabetes and insulin resistance. We recently reported that
resistin is expressed in diabetic hearts and promotes cardiac
hypertrophy; however, the mechanisms underlying this process
are currently unknown. Therefore, we wanted to elucidate the
mechanisms associated with resistin-induced cardiac hypertro-
phy and myocardial insulin resistance. Overexpression of resis-
tin using adenoviral vector in neonatal rat ventricular myocytes
was associated with inhibition of AMP-activated protein kinase
(AMPK) activity, activation of tuberous sclerosis complex
2/mammalian target of rapamycin (mTOR) pathway, and
increased cell size, [3H]leucine incorporation (i.e. protein syn-
thesis) andmRNAexpression of the hypertrophicmarker genes,
atrial natriuretic factor, brain natriuretic peptide, and�-myosin
heavy chain. Activation of AMPK with 5-aminoimidazole-4-
carbozamide-1-�-D-ribifuranoside or inhibition of mTOR with
rapamycin or mTOR siRNA attenuated these resistin-induced
changes. Furthermore, resistin increased serine phosphoryla-
tion of insulin receptor substrate (IRS1) through the activation
of the apoptosis signal-regulating kinase 1/c-Jun N-terminal
Kinase (JNK) pathway, a module known to stimulate insulin
resistance. Inhibition of JNK (with JNK inhibitor SP600125 or
using dominant-negative JNK) reduced serine 307 phosphoryl-
ation of IRS1. Resistin also stimulated the activation of p70S6K, a
downstream kinase target of mTOR, and increased phosphoryl-
ation of the IRS1 serine 636/639 residues, whereas treatment
with rapamycin reduced the phosphorylation of these residues.
Interestingly, these in vitro signaling pathways were also opera-
tive in vivo in ventricular tissues from adult rat hearts overex-
pressing resistin. These data demonstrate that resistin induces
cardiac hypertrophy andmyocardial insulin resistance, possibly
via the AMPK/mTOR/p70S6K and apoptosis signal-regulating
kinase 1/JNK/IRS1 pathways.

Diabetic patients are at increased risk to develop cardiovas-
cular diseases. Diabetes can affect cardiac structure and func-

tion independently of other risk factors, such as hypertension
or coronary artery diseases (1, 2). Diabetes-induced cardiac
dysfunction (known as diabetic cardiomyopathy) is character-
ized by cardiac hypertrophy and insulin resistance, among
other elements (3).
Cardiac hypertrophy, defined as an increase in ventricular

mass resulting from increased cardiomyocyte size, is an adapt-
ive response of the heart to increased hemodynamic load aris-
ing from a variety of conditions, including exercise, hyperten-
sion, and valvular disease (4). Hallmark parameters of cardiac
hypertrophy include increased myocardial cell size, a higher
degree of sarcomeric organization, reactivation of the fetal
genes (i.e. atrial natriuretic factor (ANF)2, brain natriuretic
peptide (BNP), and �-myosin heavy chain (�-MHC) and
enhanced protein synthesis (5). At the molecular level, mam-
malian target of rapamycin (mTOR), a kinase that responds to
nutritional status and amino acid availability, is centrally
involved in cell growth and proliferation (6, 7). Activated
mTOR phosphorylates p70S6 kinase (p70S6K), which in turn
phosphorylates the 40 S ribosomal protein S6 (8, 9), leading to
stimulation of protein synthesis. Recently, it has been suggested
that AMP-activated protein kinase (AMPK) can inhibit mTOR
signaling through the phosphorylation of TSC2, an upstream
regulator of mTOR (10). This observation raised the prospect
that AMPK is also a key regulator of cardiac hypertrophy (11).
Myocardial insulin resistance has been recognized as a risk

factor for the development of cardiovascular diseases. For
instance, diabetes and insulin resistance aggravate myocardial
ischemic injury in animal and human studies (2, 12). Although
studies to date indicate multiple sites of impaired insulin sig-
naling in various animal models, data support the efficacy of
inhibition of insulin receptor substrate 1 (IRS1) serine-threo-
nine kinases in the amelioration of insulin resistance. Stress-
activated JNK is elevated in tissues of obese subjects, suggesting
that it plays a crucial role in obesity and insulin resistance (13).
JNK activation phosphorylates its downstream target, IRS1, at
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Ser-307, thus impairing insulin-induced IRS1 tyrosine phos-
phorylation and attenuating insulin sensitivity (14, 15). In addi-
tion, activation of the mTOR pathway along with enhanced
phosphorylation of IRS1 at Ser-307 and Ser-636/Ser-639 has
been observed. Ablation of p70S6K protects against high-fat
diet-induced insulin resistance in mice (16), and rapamycin
inhibition of mTOR/p70S6K action blunts insulin-induced Ser-
632/Ser-635 phosphorylation of IRS1 (17).
Resistin, an adipocyte-secreted cytokine, has been suggested

to be involved in the development of diabetes and insulin resis-
tance (18–21). Deletion of the resistin gene or use of resistin
antisense improves diet-induced insulin resistance (19, 20),
whereas acute administration of resistin impairs glucose toler-
ance and insulin action in rodents (18–21). Resistin was shown
to impair glucose transport in isolated mice cardiomyocytes
(22) and to be up-regulated by cyclic stretch and aorta-caval
shunt (23).We recently reported that overexpression of resistin
induced hypertrophy in neonatal rat cardiomyocytes, increased
serine phosphorylation of IRS1, and caused contractile dys-
function with impaired calcium handling in adult rat car-
diomyocytes (24). However, the underlying mechanisms by
which resistin induces cardiac hypertrophy and myocardial
insulin resistance are currently unknown. Here we present evi-
dence that resistin promotes cardiac hypertrophy and myocar-
dial insulin resistance through activation of theAMPK/mTOR/
p70S6K and ASK1/JNK/IRS1 signaling pathways.

EXPERIMENTAL PROCEDURES

Animal Care—Animals were handled as approved by the
Mount Sinai Institutional Animal Care and Use Committee in
accordance with the “Principles of Laboratory Animal Care by
theNational Society forMedical research and theGuide for the
Care and Use of Laboratory Animals”(National Institutes of
Health Publication No. 86–23, revised 1996).
Production of Recombinant Adenoviruses—Recombinant

adenoviruses encoding full-length rat resistin (Ad.rRetn) and
�-galactosidase (Ad.�Gal) were prepared as described previ-
ously (24). A dominant-negative JNK adenovirus (Ad.dnJNK1)
was purchased from Seven Hills Bioreagents. A multiplicity of
infection of 100 has been used in all infection experiments.
Isolation, Culture, and Treatment of Neonatal Cardio-

myocytes—Neonatal rat ventricular myocytes (NRVM) were
prepared from 1- to 2-day-old Sprague-Dawley rat pups using
the Worthington neonatal cardiomyocyte isolation system
(Worthington). Cardiomyocytes were infected with Ad.rRetn
or Ad.�Gal for 24–36 h (MOI 100). After virus infection, cells
were treated with various reagents for the indicated time as
described in the figure legends.
Preparation of Protein Extracts and Western Blot Analysis—

Protein samples were prepared from adult rat hearts or NRVM
using a lysis buffer containing protease inhibitors (Roche) and
phosphatase inhibitor mixtures (Sigma). Cell lysates were
matched for protein concentration, separated by SDS-PAGE,
and transferred onto nitrocellulose membranes. The mem-
branes were blocked with 5% nonfat milk and incubated
overnight at 4 °C with anti-resistin (Biovision), phospho-
specific antibodies to AMPK�, acetyl-CoA carboxylase
(ACC), Tuberin/TSC2, mTOR, p70S6K, ASK1, JNK, and IRS1

(Ser-636/Ser-639 or Ser-307), or their respective total anti-
bodies (Cell Signaling Technology, Inc.). The membranes
were incubated with appropriate secondary antibodies, and
signal intensities were visualized with enhanced chemilumi-
nescence (Pierce). Total protein contents of the correspond-
ing proteins were analyzed after stripping the phospho-blots
to verify protein loading. Films from at least three indepen-
dent experiments were scanned, and densities of the immu-
noreactive bands were evaluated using National Institutes of
Health ImageJ software. Densitometric values of phospho-
protein bands were normalized against the corresponding
total protein values (densitometric values are reported as
arbitrary units (AU)). GAPDH was used as an internal
control.
[3H]Leucine Incorporation Assay—Protein synthesis rates in

NRVMwere determined using [3H]leucine (n� 6 per group) as
described previously (24). Radioactivity was normalized to total
protein content measured by Micro BCA protein assay kit
(Pierce).
Measurement of Cell Surface Area—Cell surface area was

measured as we described previously (24) using ImageJ soft-
ware (National Institutes of Health).
Real-time qRT-PCR—The expression of ANF, BNP,�-MHC,

and 18s rRNA genes was quantified using real-time qRT-PCR
(Applied Biosystems). The primers used are as follows: ANF,
5�-ACC TGC TAG ACC ACC TGG AGG AG-3� and 5�-CCT
TGG CTG TTA TCT TCG GTA CCG-3�; BNP, 5�-GCT GCT
TTG GGC ACA AGA TAG-3� and 5�-GGT CTT CCT ACA
ACA ACT TCA-3�; �-MHC 5�-TTG GCA CGG ACT GCG
TCA TC-3� and 5�-GAG CCT CCA GAG TTT GCT GAA
GGA-3�; and 18s rRNA, 5�-TCA AGA ACG AAA GTC GGA
GG-3� and 5�-GGA CAT CTA AGG GCA TCA C-3�. Fold
changes in gene expression were determined using the relative
comparison method with normalization to 18s rRNA.
Transfection of Myocytes with mTOR siRNA—Cardiomyo-

cytes were transfected with 50 nMmTOR siRNA (I and II) (Cell
Signaling Technology, Inc.) using Lipofectamine RNAiMAX
according to the manufacturer’s instructions (Invitrogen). Sig-
nal-SilenceControl siRNA was used as a control. After cultur-
ing for 48 h in serum-free medium, myocytes were then
infectedwithAd.rRetn orAd.�Gal and further cultured for 48 h
in serum-free DMEM/F-12 Ham before harvesting.
Statistics—Where appropriate, the data were expressed as

mean � S.E., and comparisons of the group means were made
with a Student’s t test. p � 0.05 was considered statistically
significant.

RESULTS

Resistin Is Increased in Ventricular Tissue from Pressure-
overload Hypertrophic Rat Hearts—We first determined
whether hypertrophic hearts express higher levels of resistin.
We examined resistin expression in rat hearts subject to pres-
sure overload because of thoracic aortic banding (25). Hyper-
trophy in this model was assessed by determining the ratio of
left ventricular weight to body weight (LVW/BW). Aortic
banded hearts showed significant increase in LVW/BW ratio
(2.74 � 0.20 mg/g, n � 5) compared with sham group (1.66 �
0.11 mg/g, n � 3, p � 0.01) (Fig. 1A). Evaluation of resistin
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expression showed significant up-regulation of resistin protein
levels in the hypertrophic hearts (Fig. 1B). For comparison, we
also show resistin expression in diabetic hearts, which is also
significantly elevated (Fig. 1B). Interestingly, in the ratmodel of
hypertrophy, pressure overload stress seemed to affect the
expression of resistin not only in the heart but also in other
tissues, such as liver and lungs, which demonstrated increased
resistin expression following aortic banding (supplemental fig-
ure). This finding, coupled with our earlier studies demonstrat-
ing resistin-induced cardiomyocyte hypertrophy and contract-
ile abnormalities (24), prompted us to examine the molecular
mechanism(s) underlying the promotion of cardiac hypertro-
phy of resistin.
Resistin Modulates the AMPK/mTOR/p70S6K Pathway in

NRVM—In initial preliminary experiments, we observed
diminished AMPK activity by resistin, and because AMPK has
been postulated to play a key role in cardiac hypertrophy, we
sought to evaluate the role of resistin in modulating cardiac
hypertrophy through the regulation of AMPK. NRVM were
cultured and infected with recombinant adenovirus expressing
the rat resistin gene (Ad.rRetn) or the �-galactosidase gene
(Ad.�Gal) as a control. Myocytes infected with Ad.rRetn dis-
played a sizable decrease in the level ofAMPK�phosphorylated
at Thr-172 comparedwithmyocytes treated with Ad.�Gal (Fig.
2). To confirm the inactivation of AMPK�, we also determined
the phosphorylation state of ACC and TSC2, known down-
stream targets of AMPK. Phosphorylation of ACC at Ser-79
and TSC2 at Thr-1462 was markedly decreased in NRVM
expressing resistin, paralleling the reduction of AMPK activity
(Fig. 2). In addition, cardiac myocytes expressing resistin dis-
played significant increases in the level of mTOR phosphory-
lated at Ser-2448, indicating increased mTOR activity. p70S6K,
a downstream effector of mTOR, was also significantly phos-
phorylated in cells expressing resistin (Fig. 2). ActivatedmTOR
phosphorylates p70S6K at Thr-389 and promotes protein syn-
thesis. AMPK� can modulate protein synthesis by inhibiting
this pathway (10). These data demonstrate that resistin inhibits

AMPK and activates mTOR/p70S6K signaling pathways in
cardiomyocytes.
AMPK Activation by AICAR Blocks Resistin-induced Cell

Size, Protein Synthesis, and Expression of Hypertrophic Marker
Genes by Inhibiting the mTOR/p70S6K Pathway in NRVM—To
better understand the role of resistin in regulating the function
of AMPK during hypertrophic growth, NRVM were treated
with the pharmacological AMPK activator AICAR. Lysates
fromNRVM treated with Ad.rRetn or Ad.�Gal in the presence
or absence of 1 mM AICAR were analyzed by immunoblotting
using an antibody against the � subunit of AMPK (AMPK�),
phosphorylated at Thr-172. Treatment with Ad.rRetn showed
decreased phosphorylation of AMPK�, ACC, and TSC2; how-

FIGURE 1. Resistin is increased in hypertrophic rat hearts. A, left ventricular hypertrophy measured by left ventricular weight (LVW, mg) to body weight (BW,
g) ratio of ascending aortic banding (AAB, n � 5) hypertrophic heats or sham-operated (sham, n � 3) rats. B, representative Western blot analysis for resistin
expression in sham-operated, aortic banded, normal non-diabetic (Norm) or type 2 diabetic (DM) rat hearts (DM hearts are from the Otsuka Long-Evans
Tokushima Fatty rat model of type 2 diabetes, see Ref. 24). GAPDH is shown to verify protein loading. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

FIGURE 2. Resistin modulates AMPK/mTOR/p70S6K phosphorylation in
NRVM. Representative Western blot analyses of cellular extracts from NRVM
non-infected (Cont) or infected with 100 multiplicity of infection of Ad.�Gal or
Ad.rRetn for 36 h. Shown are phospho-proteins (p-) and their corresponding
total levels. GAPDH is shown to verify protein loading.
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ever, in the presence of AICAR, resistin-suppressed AMPK�
phosphorylationwas clearly preserved (Retn, 0.109� 0.009AU
versus Retn� AICAR, 0.244 � 0.024 AU; p �0.001) (Fig. 3A).
Pharmacological and genetic activation of AMPK in myo-

cytes can inhibit hypertrophy markers associated with the
hypertrophic response (26–28). We therefore determined
whether the decrease in AMPK� activity, by resistin, can influ-
ence cell size, protein synthesis, and expression of hypertrophic
marker genes. Ad.rRetn increased cell size by about 53% com-
pared with Ad.�Gal as assessed by measuring the surface area
of infected NRVM (Fig. 3B, p � 0.01); however, in the presence
of AICAR, the resistin-induced increase in cell sizewas reduced
significantly (Fig. 3B; p � 0.05). The effect of resistin on cell
surface area was similar to that evoked by the potent hypertro-
phy agonist phenylephrine (PE) (Fig. 3B). Likewise, resistin
induced a significant increase (1.75-fold, p � 0.001) in leucine
incorporation over Ad.�Gal treatment, but this effect was
markedly reduced byAICAR addition (Fig. 3C, p� 0.01). In the
presence of AICAR, AMPK� is activated 2- to 3-fold, which
correlates with a 40–60% reduction in protein synthesis.
Because resistin-induced protein synthesis was not completely

inhibited by AICAR, this suggests that other regulatory path-
ways, independent of AMPK, may also contribute to resistin-
induced protein synthesis. Furthermore, NRVM treated with
Ad.rRetn showed a significant increase in mRNA expression of
the hypertrophic marker genes ANF (3.48-fold), BNP (2.97-
fold), and �-MHC (4.00-fold) (Fig. 3D). However, in the pres-
ence of AICAR, the resistin-induced gene expression was
reduced significantly to basal levels (Fig. 3D).
To further dissect the role of AMPK during hypertrophic

growth, cell lysates were subjected to immunoblot analysis
using anti-phospho-mTOR and anti-phospho-p70S6K antibod-
ies. As shown in Fig. 3A, elevated levels of phosphorylated
mTOR and phosphorylated p70S6K were observed in NRVM
treated with Ad.rRetn, indicating increased protein synthesis.
However, treatment of NRVM with AICAR resulted in a con-
siderable reduction in the phosphorylation states of mTOR
and p70S6K (Fig. 3A), consistent with the observation that acti-
vation of AMPK inhibits the mTOR/p70S6K pathway. Because
phosphorylation of the mTOR/p70S6K pathway results in an
increase inmTOR and p70S6K activity and activation of protein
synthesis, its inactivation seen in response to AICAR may, at

FIGURE 3. AMPK activation by AICAR reduces resistin-induced cell size, protein synthesis, and expression of hypertrophic marker genes by inhibiting
mTOR/p70S6K phosphorylation in NRVM. A, representative Western blot analyses of cellular extracts from NRVM non-infected (Cont) or infected with Ad.�Gal
or Ad.rRetn in the absence (-) or presence (�) of 1 mM AICAR for 30 min. Shown are phospho-proteins (p-) and their corresponding total levels. B, cell surface
area and C, leucine incorporation assay of cellular extracts from NRVM non-infected (PBS) or infected with Ad.�Gal or Ad.rRetn in the absence (-) or presence (�)
of 100 �M phenylephrine (PE) for 24 h (positive control) or 1 mM AICAR for 24 h. Measurement of protein synthesis using [3H]leucine incorporation with counts
expressed in counts per minute as a percentage compared with the control. Values are mean � S.E. with each experiment performed in duplicate (n � 6).
D, quantitative RT-PCR analyses of ANF, BNP, and �-MHC expression in cellular extracts from control non-infected (PBS) or NRVM infected with Ad.�Gal or
Ad.rRetn in the absence (-) or presence (�) of 1 mM AICAR for 24 h. Expression of hypertrophic marker genes is presented as a ratio compared with the control.
Values are mean � S.E. with each experiment assessed in duplicate (n � 4). *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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least in part, explain the decrease in protein synthesis observed
in Fig. 3C.
mTOR/p70S6K Pathway Inhibition Reduces Resistin-induced

Hypertrophic Changes in NRVM—To further study mTOR sig-
naling in resistin-induced cardiac hypertrophy, lysates from
NRVM treated with Ad.rRetn in the presence or absence of
rapamycin (100 nM) were subjected to immunoblot analysis
using an antibody against mTOR phosphorylated at Ser-2448
or IRS1 phosphorylated at Ser-636/Ser-639 (a known p70S6K
phosphorylation site). Ad.rRetn stimulated the phosphoryla-
tion ofmTORand IRS1; however, in the presence of rapamycin,
resistin-induced mTOR and IRS1 phosphorylation was dimin-
ished (mTOR, 0.408� 0.033AU versus 0.087� 0.005AU; IRS1,
0.316 � 0.015 AU versus 0.060 � 0.011 AU; p � 0.001 for both)
(Fig. 4A).
Treatment of NRVM with Ad.rRetn induced an increase in

cell surface area by about 53% compared with Ad.�Gal (Fig. 4B,
p � 0.01); however, in the presence of rapamycin, resistin-in-
duced increase in cell size was blunted significantly (Fig. 4B,
p � 0.01). Similarly, resistin evoked a large increase in leucine
incorporation (1.72-fold, p � 0.001) compared with control

cells; however, in the presence of rapamycin, resistin-induced
protein synthesis was reduced slightly but significantly (Fig.
4C). In addition, resistin induced a significant increase in
mRNA expression of ANF (2.22-fold), BNP (2.75-fold), and
�-MHC (1.98-fold); however, rapamycin significantly abrogated
the observed effect of resistin (Fig. 4D). To further verify the
involvement of the mTOR pathway in resistin-induced car-
diomyocyte hypertrophy, we inhibited mTOR activity using
siRNA targeted against mTOR. Like rapamycin, mTOR siRNA
potently inhibited mTOR expression (0.585 � 0.042 AU versus
0.019 � 0.003 AU with siRNA II, p � 0.001) (Fig. 4E) and signifi-
cantly decreased the expression of�-MHC, amarker of hypertro-
phy (-54%,p�0.01,F).AlthoughmTORis adownstreamtargetof
AMPKsignaling, aswe showed in Fig. 3, it can also be regulated by
other pathways (e.g. PI3K/Akt andMAPK) (29, 35). Hence, resis-
tin-induced hypertrophic response is likely to be an AMPK-de-
pendent (Fig. 3) and an AMPK-independent (Fig. 4) process.
Resistin Modulates the ASK1/JNK/IRS1 Pathway, and JNK

Inhibition Diminishes Resistin-induced IRS1 Serine Phosphor-
ylation in NRVM—To further elucidate the involvement of
other mechanisms in the action of resistin on cardiac hyper-

FIGURE 4. Inhibition of mTOR/p70S6K pathway reduces resistin-induced hypertrophic markers in NRVM. A, representative Western blot analyses
of phospho- and total mTOR and IRS1 (with the phospho-Ser-636/639 residues shown). B, cell surface area, C, leucine incorporation assay, and
D, quantitative RT-PCR analyses of ANF, BNP, and �-MHC expression in cellular extracts from control non-infected (Cont) and NRVM infected with
Ad.�Gal or Ad.rRetn in the absence (-) or presence (�) of 100 nM rapamycin for 24 h. Measurement of protein synthesis using [3H]leucine incorporation
with counts expressed in counts per minute as a percentage compared with the control (PBS) (C). E, a representative Western blot analysis demonstrat-
ing siRNA knockdown of mTOR expression (by the mTOR siRNA I and II constructs). F, quantitative RT-PCR analysis of �-MHC expression following siRNA
knockdown of mTOR. Values are mean � S.E. with each experiment performed in duplicate (n � 6). Expression of hypertrophic marker genes is
presented as a ratio compared with the control (PBS) (C). Values are mean � S.E. with each experiment assessed in duplicate (n � 4). *, p � 0.05; **, p �
0.01; ***, p � 0.001.
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trophy and insulin resistance, we investigated the activation
of JNK in NRVM infected with Ad.rRetn or Ad.�Gal. Resis-
tin-transduced myocytes displayed elevated levels of JNK
phosphorylation at Thr-183/Tyr-185 compared with myo-
cytes treated with Ad.�Gal (Fig. 5A). Furthermore, the
dephosphorylation (i.e. activation) of ASK1, a known JNK
kinase, was substantially induced by resistin (Fig. 5A), paral-
leling the observed increase in phosphorylation of JNK at
Thr-183/Tyr-185.
IRS1 serine phosphorylation is known to contribute to insu-

lin resistance. Because JNK is known to phosphorylate serine
residues of IRS1, thus promoting the insulin-mitogenic path-
way and inducing insulin resistance, we also determined
whether JNK activity, increased by resistin in cardiomyocytes,
results in an increase in IRS1 serine phosphorylation at its pri-
mary activation site, Ser-307. Indeed, NRVM transduced with
Ad.rRetn displayed increased phosphorylation of IRS1 at Ser-
307 as well as increased JNK activity (Fig. 5A). Furthermore,
immunoblot analysis of phosphorylated IRS1 at Ser-636/Ser-
639 was also performed to investigate other serine phosphory-
lation of IRS1. Concomitant with increased IRS1 phosphoryla-
tion at Ser-307 in cells expressing resistin, phosphorylation of
IRS1 at Ser-636/Ser-639 was also increased (Fig. 5A). These
data confirm that increased activity of p70S6K is able to phos-
phorylate the serine residues of its downstream IRS1 target;
thus, p70S6K can contribute to the induction of insulin resis-
tance as well as increase protein synthesis.
To further assess the signalingmechanismbywhich the JNK/

IRS1 pathway regulates insulin signaling during hypertrophic
growth, NRVM were treated with Ad.rRetn in the presence or
absence of SP600125 (10 �M), a known selective JNK inhibitor,

or infected with a dominant-negative JNK1 adenoviral con-
struct (Ad.dnJNK1). Immunoblot analysis using phospho-JNK
and phospho-IRS1 (Ser-307) antibodies showed increased
phosphorylation of JNK and of IRS1 at Ser-307 in cardiomyo-
cytes expressingAd.rRetn (Fig. 5,B andC). However, treatment
with SP600125 (Fig. 5B) or Ad.dnJNK1 (C) almost completely
reversed the resistin-induced phosphorylation of JNK and IRS1
back to basal level (phospho-JNK, 0.452 � 0.027 AU versus
0.072 � 0.006 AU, p � 0.001; phospho-IRS1, 1.302 � 0.09 AU
versus 0.598 � 0.026 AU, p � 0.001 using dnJNK1; Fig. 5C).
Altogether, these data demonstrate that resistinmay contribute
to the onset of myocardial insulin resistance and further sup-
port the idea that resistin is involved in the induction of insulin
resistance in general.
Resistin Modulates the AMPK/p70S6K and JNK/IRS1 Path-

ways in adult Rat Hearts—We then wanted to know whether
the above in vitro signaling pathways involved in resistin mod-
ulation of the hypertrophic response were also operative in vivo
in ventricular tissues from adult rats overexpressing resistin.
We have shown in preliminary findings that cardiac-targeted
overexpression of resistin in vivo displayed features of diastolic
dysfunction, hypertension, increased cardiac apoptosis, and
hypertrophy (30). Proteins, isolated from left ventricular tissues
from control animals or adult rats transduced with adenovirus-
associated virus serotype 9-encoding rat resistin (AAV9.rRetn)
for 10 weeks, were analyzed by immunoblotting using anti-
bodies against AMPK phosphorylated at Thr-172, TSC2
phosphorylated at Thr-1462, p70S6K phosphorylated at Thr-
389, JNK phosphorylated at Thr-183/Tyr-185, and IRS1
phosphorylated at Ser-307 and Ser-636/Ser-639. Interest-
ingly, compared with control hearts, reduced phosphoryla-

FIGURE 5. Resistin modulates the ASK1/JNK/IRS1 pathway in NRVM. Representative Western blot analyses of cellular extracts from control non-infected
(Cont) and NRVM infected with Ad.�Gal or Ad.rRetn for 36 h (A) and in the absence (-) or presence (�) of 10 �M JNK inhibitor SP600125 for 30 min (B) or a
dominant-negative JNK adenovirus (Ad.dnJNK1) for 48 h (C). Shown are phospho-proteins (p-) and their corresponding total levels of ASK1, JNK, and IRS1
(Ser-307 and Ser-636/639). GAPDH is shown to verify protein loading.
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tion of AMPK and increased phosphorylation of p70S6K,
JNK, and IRS1 was observed in AAV9.rRetn hearts (Fig. 6).
Therefore, resistin overexpression in ventricular tissues is
associated with altered activities of the AMPK/p70S6K and
JNK/IRS1 pathways, consistent with our findings in vitro.

DISCUSSION

Wehave previously examined the role of resistin inmodulat-
ing cardiac hypertrophy and cardiomyocyte physiology. We
showed that adenovirus-mediated overexpression of rat resis-
tin in cultured NRVM significantly increased sarcomere orga-
nization and cell size, enhanced protein synthesis, and
increased the expression of ANF and �-MHC. Furthermore,
overexpression of resistin in NRVM was associated with acti-
vation ofMAPKs as well as increased serine phosphorylation of
IRS1. Overexpression of resistin in adult cultured cardiomyo-
cytes negatively alteredmyocyte mechanics and impaired cyto-
plasmic Ca2� clearing (24). The data we obtained showed that
resistin confers to primary cardiomyocytes all the features of
the hypertrophic phenotype. In addition, we show in this study
that resistin expression is elevated in hypertrophic hearts sub-
jected to chronic pressure overload. Although these findings
suggest, for the first time, that resistin may be involved in the
induction of cardiac hypertrophy, the mechanisms underlying
this effect are currently unknown. Therefore, we were inter-
ested in investigating themechanisms underlying the actions of
resistin in the setting of cardiac hypertrophy. Here we present
evidence that resistin promotes cardiac hypertrophy through

the modulation of the AMPK/mTOR/p70S6K and ASK1/JNK/
IRS1 pathways in cardiomyocytes as we proposed in Fig. 7.
Interestingly, these signaling pathways are also observed in vivo
in adult hearts overexpressing resistin.
The participation of AMPK pathway in the regulation of car-

diac hypertrophy has emerged recently (31). Some observations
have shown that the activity of AMPK is elevated in hyper-
trophic hearts subjected to chronic pressure overload, and this
increase in AMPK activity was associated with enhanced glu-
cose uptake, thus implicating AMPK activation as a cause of
cardiac hypertrophy (32). However, substantial recent evidence
indicates that AMPK, on the contrary, is involved in the atten-
uation of cardiac hypertrophy. The development of Akt1-in-
duced hypertrophy in neonatal rat cardiac myocytes is associ-
ated with inactivation of AMPK, which may be permissive for
cardiac growth (26). In agreement with this study, adiponectin
has been shown to attenuate hypertrophic growth via activation
of AMPK and an AMPK-dependent signaling mechanism (33).
Further support of AMPK as a negative regulator of cardiac
growth has been provided by other studies, showing that
AMPK signaling is decreased or impaired in hearts from adi-
ponectin or leptin deficientmice. This decrease inAMPKactiv-
ity exacerbated hypertrophic growth andheart failure following
transverse aortic constriction (34) or myocardial infarction
(35). In addition, activation of AMPK inhibits protein synthesis
associated with cardiac hypertrophy via two independent sig-
naling pathways that are known tomediate protein synthesis in
the heart, the mTOR-p70S6K-40S ribosomal protein S6 and the
eEF2 kinase-eEF2 pathways (26). This implies that AMPK acti-
vation can inhibit protein synthesis associated with cardiac
hypertrophy and may be able to prevent the development of
pathological hypertrophy.
We showed that resistin decreases the activity of AMPK in

cardiomyocytes (Figs. 2, 3, and 6).Whether resistin exacerbates
the hypertrophic response through depressing the activity of

FIGURE 6. Resistin overexpression modulates the AMPK/p70S6K and JNK/
IRS1 signaling pathways in adult rat hearts in vivo. Representative West-
ern blot analyses showing phosphorylated and total levels of AMPK, TSC2,
p70S6K, JNK, and IRS1 in ventricular tissues isolated from control hearts or
AAV9.rRetn-transduced hearts. GAPDH is shown to verify protein loading.

FIGURE 7. A diagram summarizing the proposed mechanisms underlying
resistin modulation of cardiac hypertrophy and insulin resistance. Resis-
tin, directly or through yet undetermined pathways (?), inhibits AMPK and
TSC2 activity and stimulates mTOR and p70S6K, leading to increased protein
synthesis, a hallmark feature of cardiomyocyte hypertrophy. On the other
hand, resistin, either directly or through yet undetermined pathways (?), acti-
vates ASK1, which in turn induces JNK and the subsequent phosphorylation
of IRS1 serine residues. p70S6K can also phosphorylate IRS1 on Ser-636/Ser-
639, thus inducing insulin resistance. IRS1 serine phosphorylation promotes
insulin resistance, which can contribute to cardiac hypertrophy.
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AMPK remains to be determined. We hypothesize that restor-
ing the activity of AMPK using pharmacological activators
(such as AICAR or metformin) or through gene transfer might
provide a beneficial mechanism to prevent or attenuate hyper-
trophic cardiomyopathy associatedwith diabetes and obesity in
subjects with hyperresistinemia. The concept that AMPK may
link adipokine (such as resistin) signaling and the regulation of
the hypertrophic cardiomyopathies associated with diabetes/
obesity is an exciting avenue of research that deserves further
investigation. It is unclear how resistin alters the phosphoryla-
tion of AMPK; this is in part due to the fact that resistin recep-
tors are yet to be identified. However, it is likely that the ability
of resistin to decrease AMPK phosphorylation may be medi-
ated by altering the activity of upstream kinases or phospha-
tases involved in deactivating AMPK, such as LKB1 and
Ca2�/calmodulin-dependent kinase kinase. Whether resistin
regulates the activities of LKB1 and/or calmodulin-dependent
kinase kinase is undetermined at the moment, although we
observed in preliminary experiments that resistin dephosphor-
ylates LKB1 (not shown). In addition, we found that resistin
increases the phosphorylation of the p70S6K (Figs. 2, 3, and 6).
The phosphorylation and activation of p70S6K leads to an
increase in protein synthesis and cell growth, which can induce
hypertrophy, and in a negative feedback mechanism with
mTOR, inhibits PI3K/Akt signaling by promoting reduction in
IRS1 stability and transcription, leading to its disassociation
from PI3K. In addition, activation of p70S6K can phosphorylate
IRS1 on multiple inhibitory sites, promoting its degradation,
thus inducing insulin resistance (36). It is therefore likely that
some of the hypertrophic response observed in subjects with
type 2 diabetes may be ascribed to shunting insulin signaling
away from the PI3K/Akt metabolic pathway and toward the
mitogenic pathway (i.e. insulin resistance).

Negative regulation of insulin signaling occurs mainly at the
level of the proximal tyrosine kinase substrates of the insulin
receptor, namely IRS proteins, a family of adaptor proteins that
are essential for insulin effects.When insulin binds to its recep-
tor, IRS1 is activated via tyrosine phosphorylation to initiate
downstream signaling pathways such as Akt (37). On the other
hand, IRS1 contains more than 50 potential serine phosphory-
lation sites; serine phosphorylation of IRS1 or its degradation
decreases its interaction with the insulin receptor, leading to a
reduction in IRS1 tyrosine phosphorylation and a disturbance
of insulin signaling (38). Among the various IRS1 serine phos-
phorylation sites, Ser-307 is phosphorylated by JNK (14, 15, 39),
whereas Ser-636/Ser-639 is phosphorylated by the mTOR/
p70S6K module (17, 40). In this study, we found that resistin
induced higher phosphorylation of JNK and of the Ser 307 res-
idue of IRS1 (Figs. 5 and 6). Anisomycin, a pharmacological
activator of JNK, has been shown to inhibit insulin signal trans-
duction by interrupting IRS1 binding to the insulin receptor
tyrosine kinase following increased JNK phosphorylation (41).
JNKhasbeenshowntobinddirectly to IRS1and tophosphorylate
it on Ser-307, whereas phosphorylation of Ser-307 is reduced in
cells lacking JNK1/2 (42). In addition, serine phosphorylation of
IRS1 is demonstrated to be associatedwith decreased IRS1 pro-
tein stability.Mutation of Ser-312 toAla in human IRS1 (equiv-
alent to the Ser-307 site in rat IRS1) is partially resistant to

insulin-induced degradation compared with wild-type IRS1,
indicating that phosphorylation of this site might direct an
increase in proteasomal degradation of IRS1 (43). Moreover,
activation of mTOR/p70S6K by resistin and the subsequent
induction of IRS1 Ser-636/Ser-639 phosphorylation also sug-
gest that these pathways are involved in controlling IRS1 signal-
ing mechanisms (Fig. 4–6). As stated earlier, mTOR, through
the activation of p70S6K, inhibits insulin signal transduction by
promoting reduction of IRS1 stability and transcription and
enhancing its degradation. Therefore, nonspecific or regulated
degradation of elements in the insulin signaling pathway might
cause insulin resistance. Our observation that resistin stimu-
lates serine phosphorylation of IRS1 through activation of JNK
and or mTOR/p70S6K may provide a rational mechanism to
explain, at least in part, the myocardial insulin resistance that
occurs in diabetic cardiomyopathy. However, a direct effect of
resistin on IRS1 protein stability and degradation remains to be
determined.
Our study further supports a role for resistin in the regulation

of cardiac hypertrophy and myocardial insulin resistance. The
actions of resistin in the setting of cardiac hypertrophy and
insulin resistance are attributed to the modulation of intracel-
lular growth signals in cardiac cells involving the AMPK/
mTOR/p70S6K and JNK/IRS1 signaling pathways.
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