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Abstract
Themechanisms responsible for how resveratrol inhibits path-
ological left ventricular hypertrophy (LVH) but not physio-
logical LVH have not been elucidated. Herein, we show that in
rat cardiomyocytes, lower concentrations of resveratrol (0.1
and 1 μM) are efficient at selectively inhibiting important
regulators involved in pathological LVH (such as nuclear
factor of activated T cells (NFAT)) while not affecting path-
ways involved in physiological LVH (Akt and p70S6 kinase
(p70S6K)). These differential responses are also observed in
both mouse and rat models of in vivo physiological and
pathological LVH. Interestingly, in all of the experiments
involving a low concentration of resveratrol (1 μM), the
observed effects on Akt, p70S6K, and NFAT were indepen-
dent from AMP-activated protein kinase (AMPK) activation
while these effects at higher concentrations of resveratrol

(50 μM) were potentiated by AMPK activation. In summary,
we show that resveratrol can concentration/dose selectively
inhibit various pro-hypertrophic signaling pathways and that
resveratrol has differential effects on the modification of these
signaling cascades in response to pathological stimuli versus
physiological stimuli. This has important clinical implications
as our findings support the concept that resveratrol may be
useful in the selective treatment of pathological LVH.

Key message
& Resveratrol differentially regulates pathological and phys-

iological cardiac hypertrophy.
& Resveratrol dose selectively inhibits pathological cardiac

signaling pathways.
& Resveratrol inhibits NFAT-dependent transcription.
& At low concentrations, effects of resveratrol are AMPK-

independent.
& Resveratrol may be used to selectively treat pathological

cardiac hypertrophy.

Keywords Resveratrol . Cardiac hypertrophy .Molecular
biology . Signal transduction . NFAT

Introduction

Pathological stimuli such as pressure overload or hypertrophic
agonists induce maladaptive growth of the myocardium that is
associated with an increased rate of morbidity and mortality
[1]. In contrast, physiological hypertrophy induced by stimuli
such as chronic exercise and growth factors induce adaptive
growth of the heart that is not linked to cardiac dysfunction
[2]. Although, physiological and pathological left ventricular
hypertrophy (LVH) are distinct entities, overlap exists be-
tween the molecular mechanisms that control the physiologi-
cal and pathological growth of the heart. For example, both
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physiological and pathological LVH involve the activation of
the p70S6 kinase (p70S6K) pathway that contributes to en-
hanced protein synthesis [3], which is necessary for growth of
the cardiomyocyte. p70S6K can be regulated by several other
kinase cascades, including AMP-activated protein kinase
(AMPK) and Akt [4, 5]. Previous work has shown that in-
creasing AMPK activity inhibits p70S6K phosphorylation,
which prevents LVH [6–8].

While p70S6K activation is involved in both physiological
and pathological LVH processes, other hypertrophic pathways
appear to be predominantly involved in pathological LVH.
For instance, the nuclear factor of activated T cells (NFAT),
which promotes a pro-hypertrophic gene expression profile
[9], is not activated by physiologic stimuli, suggesting that
activation of NFAT may specifically regulate pathological
remodeling of the myocardium [10]. Interestingly, although
the primary mediator of NFAT is the calcium/calmodulin-
activated protein phosphatase, calcineurin [9], previous work
has shown that AMPK activation can inhibit NFAT-mediated
transcription [6, 8]. As such, previous findings demonstrate
that AMPK controls both p70S6K and NFAT and implicates
AMPK as an important regulator of LVH [4].

Resveratrol (Resv) is a naturally occurring polyphenolic
molecule that is beneficial for the cardiovascular system [11].
We have recently demonstrated that concentrations of Resv
above 50 μM attenuated phenylephrine-induced cardiomyo-
cyte cell growth and inhibited protein synthesis through the
activation of AMPK and the inhibition of p70S6K phosphor-
ylation [6]. We and others have also demonstrated that Resv
prevented various pathological forms of LVH [12–17], includ-
ing angiotensin (Ang)-II-induced LVH in vivo [18]. More
recently, we showed that Resv supplementation during exer-
cise training of rats improved LV function and augmented
physical performance [19]. Together, these findings suggest
that Resv could be utilized to alleviate the pathological devel-
opment of LVH without affecting adaptive physiological car-
diac growth. However, the mechanisms mediating the differ-
ential effects of Resv in the setting of physiological versus
pathological LVH are unknown. Therefore, the purpose of this
study was to investigate how Resv regulates AMPK, p70S6K,
and NFAT activation in response to physiological and patho-
logical pro-hypertrophic stimuli.

Materials and methods

Materials Primary antibodies utilized in this study were pur-
chased from Cell Signaling Technology (Danvers, MA), with
the exception of the anti-actin primary antibody and secondary
antibodies for goat anti-rabbit and donkey anti-goat, which
were from Santa Cruz Biotechnology (Dallas, TX). Most
other cell culture reagents and chemicals were purchased from
Sigma (St. Louis, MO) and Invitrogen (Carlsbad, CA). The

luciferase activity assay kit was purchased from Promega
(Madison, WI).

Human ethics The collection and use of human atrial samples
for this study was approved by the University of Alberta’s
Health Research Ethics Board (Biomedical Panel).

Animal care and diets The University of Alberta Animal
Policy and Welfare Committee adheres to the principles for
biomedical research involving animals developed by the
Council for International Organizations of Medical Sciences
(CIOMS). All rodents were obtained from Charles River
Laboratories (Sherbrooke, QC). Rodents had free access to
drinking water and were fed ad libitumwith either an AIN93G
standard chow diet or an AIN93G standard chow diet that
contained 4 g Resv/kg diet (Dyets Inc., Bethlehem, PA),
which is consistent with previous studies [18–21]. For spon-
taneously hypertensive rats (SHRs) and Wistar rats, the dos-
age of Resv was equivalent to ∼146 mg Resv/kg/day. For
mice, the dosage was equivalent to ∼320 mg Resv/kg/day.
For angiotensin (Ang)-II-induced hypertrophy, Alzet osmotic
micro-pumps (Cupertino, CA) were implanted into C57BL/6
mice by a small incision that was made dorsal interscapularis
to form a small subcutaneous pocket allowing for the delivery
of saline or Ang-II (1.4 mg/kg/day). The same cohort of mice
as described previously [18] consumed the diets for 2 weeks
following implantation of the osmotic mini-pumps. For
insulin-like growth factor (IGF)-1-induced hypertrophy, re-
combinant IGF-1 was purchased from Sigma and adminis-
tered to C57BL/6 mice at 4 mg/kg/day for 7 days via subcu-
taneous injection. As described previously [19, 21], the same
cohort of Wistar rats were subjected to 60 min of treadmill
running at 20 m/min for a total of 12 weeks. These exercise-
trainedWistar rats were used as the model of exercise-induced
physiological LVH. Rodents were euthanized with an intra-
peritoneal injection of euthanyl (0.5 ml/kg body weight).

Cell culture Hearts were isolated from newborn (1–3-day-
old) rats, and neonatal rat cardiac myocytes (NRCMs) were
isolated and cultured as we have previously described [6, 22]
and treated as indicated in the figure legends.

Immunoblot analysis Cells were lysed and heart tissue was
homogenized according to previously reported methods
[6, 12]. NRCMs were the protein concentration was assayed
using Bradford protein reagent; 15–20 μg of protein was used
for SDS-PAGE and immunoblot analysis using phosphopro-
tein and protein-specific antibodies.

Quantitative real-time PCR Specific quantitative assays were
designed from mouse and rat sequences available in
GenBank. Standard RNAwas made for all assays by the T7
polymerase method (Ambion, Austin, TX) using total RNA

414 J Mol Med (2015) 93:413–425



isolated from rat and mouse heart tissues. Inventoried primer
and probe sequences for the mouse and rat Hprt, Anf, Bnp,
β-Mhc and Mcip1 genes were purchased from Applied
Biosystems. All other sequences are listed in Table S1. Real-
time qPCR was performed using a 7900HT Fast Real-Time
PCR System (Applied Biosystems). Data are presented as
mRNA molecules per nanogram total RNA relative to the
control housekeeping gene (Hprt).

Luciferase activity assays Cells are infected at a multiplicity
of infection (MOI) of 10 with the NFAT-luciferase reporter
gene adenovirus (Ad.NFAT-Luc; Seven Hills Bioreagents)
that is driven by the alpha myosin heavy chain promoter
containing multiple NFAT binding sites and previously vali-
dated to be calcineurin responsive [10]. Cells were treated
with the indicated concentrations of compounds or the respec-
tive vehicles for 24 h. Subsequently, cells were harvested with
the reporter lysis buffer supplied by the manufacturer
(Promega). Luminescence (luciferase activity) was measured
using the MicroBeta luminometer (Perkin Elmer).

Statistical analysis Data are expressed as mean±standard er-
ror of the mean (S.E.M.). Comparisons between rat strains or
treatment groups were performed using the non-parametric
unpaired student’s t test or the Mann-Whitney U test to
compare the differences in scores between groups where
appropriate. A probability value of <0.05 is considered
significant.

Results

High concentrations of resveratrol inhibit molecular signals
controlling cardiomyocyte protein synthesis and inhibit NFAT-
mediated transcription Our previous work demonstrated that
high concentrations (50 and 100 μM) of Resv inhibits hyper-
trophy of NRCMs through the inhibition of p70S6K, eukary-
otic elongation factor 2 (eEF2), and protein synthesis [6].
Therefore, we sought to determine whether lower, more phys-
iologically relevant concentrations of Resv also had similar
effects. Consistent with our previous report, 24 h treatment of
NRCMs with 50 μM Resv increased phosphorylation of
AMPK at Thr172 (P-AMPK; Fig. 1a), an effect that was not
observed at lower concentrations. Since AMPK phosphory-
lates acetyl-CoA carboxylase (ACC), we measured phosphor-
ylation of ACC at Ser79 (P-ACC) as an additional marker of
AMPK activity. In agreement with the P-AMPK results, P-
ACC was increased following 24 h of treatment with 50 μM
Resv, but not at lower concentrations (Fig. 1b). In contrast to
our previous report using higher concentrations of Resv [6],
Resv treatment (0.1–50 μM) for 24 h did not significantly
change Akt phosphorylation at Ser473 (Fig. 1c). However, 10

and 50 μM concentrations of Resv were sufficient to inhibit
phosphorylation of p70S6K at Thr421 (Fig. 1d) and Thr389
(Fig. 1e), respectively. Furthermore, 50 μM Resv increased
eEF2 phosphorylation (indicating eEF2 inactivation), while
lower concentrations of Resv did not alter eEF2 phosphory-
lation (Fig. 1f). In addition, the range of Resv concentrations
between 0.1 and 50 μMdid not affect SIRT1 expression in the
cardiomyocytes (Fig. S1a). Together, these data suggest that
Resv inhibited signals controlling cardiomyocyte protein syn-
thesis only at 50 μM and not at the lower concentrations that
we tested.

To further examine the anti-hypertrophic actions of Resv,
we measured NFAT-dependent transcriptional activity in
NRCMs. To do this, we utilized an NFAT promoter-driven
luciferase reporter gene to determine NFAT-mediated tran-
scription. In addition, we measured the expression of an
NFAT-regulated gene, modulatory calcineurin interacting pro-
tein 1 (MCIP-1), as a surrogate marker of NFAT-mediated
transcriptional activity. As expected, Resv concentration de-
pendently and significantly reduced NFAT-dependent tran-
scription compared to vehicle-treated controls as judged by
the reduced NFAT-luciferase reporter gene activity (Fig. 1g)
and MCIP-1 mRNA expression (Fig. 1h) at concentrations
that were below the level sufficient to inhibit protein synthesis.
Together, these data indicate that low concentrations of Resv
are efficient at selectively inhibiting important regulators in-
volved in pathological LVH (such as NFAT) while not affect-
ing pathways involved in physiological LVH (such as Akt and
p70S6K).

Resveratrol inhibits mechanisms associated with the develop-
ment of pathological cardiac hypertrophy Since we observed
differential effects on AMPK, p70S6K, and NFAT at 1 and
50 μM Resv, we investigated whether these two concentra-
tions also induced similar changes in response to stimuli that is
involved in promoting pathological LVH, namely Ang-II. To
do this, NRCMs were treated with either vehicle (0 μM),
1 μM, or 50 μM Resv in the presence of hypertrophic stimuli
Ang-II (1 μM) for 24 h and cells were harvested for immu-
noblot analysis and measurement of NFAT activity. In the
absence of Resv, Ang-II did not affect AMPK phosphoryla-
tion (Fig. 2a), but significantly increased P-Akt (Fig. 2b) and
phosphorylated T421/S424 p70S6K (P-p70S6K) (Fig. 2c, d)
as well as NFAT-mediated transcriptional activity (Fig. 2e, f).
In all instances of Ang-II induced activation, 1 and 50 μM
Resv attenuated the levels of P-Akt, P-p70S6K, and NFAT-
mediated transcription (Fig. 2b–f). Interestingly, 1 μM Resv
was sufficient to return these molecular responses to Ang-II
back to baseline (Fig. 2b–f). Moreover, the effect of 1 μM
Resv occurred in the absence of AMPK activation (Fig. 2a)
suggesting that AMPK was not responsible for these dramatic
changes. Consistent with this, despite the effect of 50 μM
Resv to significantly increase P-AMPK (Fig. 2a), the response

J Mol Med (2015) 93:413–425 415



of the other signaling pathways was either unchanged or only
modestly altered (Figs. 2b–f).

In order to confirm that Ang-II had similar effects on the
cardiomyocytes in vivo, we utilized a mouse model of Ang-II
infusion. Mice infused with Ang-II (1.4 mg/kg/day) for
2 weeks, exhibited cardiac LVH (increased heart weight to
tibia length (HW/TL) ratio; Fig. 3a) and increased the expres-
sion of MCIP-1 (Fig. 3b), which is a surrogate marker of
in vivo NFAT-dependent transcription [10]. In addition,
Ang-II increased the expression of additional cardiac
hypertrophy-associated genes, including atrial natriuretic fac-
tor (ANF) and brain natriuretic peptide (BNP), though not β-
myosin heavy chain (MHC) in the heart (Fig. 3c). While Ang-

II modestly reduced phosphorylation of AMPK in the heart
(Fig. 3d), Ang-II infusion significantly increased the phos-
phorylation of both Akt and p70S6K compared to vehicle-
treated mice (Fig. 3e, f). When Ang-II treated mice were co-
administered Resv, cardiac LVHwas prevented (Fig. 3a). This
was associated with attenuated expression of MCIP-1 mRNA
(Fig. 3b) as well as ANF and BNP, thoughβ-MHC expression
was unaffected by Resv (Fig. 3c). The addition of Resv to the
Ang-II infusion maintained phosphorylation of AMPK
(Fig. 3d), did not affect SIRT1 expression (Fig. S1c), and
significantly reduced levels of both Akt (Fig. 3e) and
p70S6K (Fig. 3f) phosphorylation in the heart. Together, these
data suggest that Resv treatment of mice-administered Ang-II

Fig. 1 Resveratrol
(Resv) concentration-dependently
activates AMPK, and inhibits
p70S6K and NFAT activities in
neonatal rat cardiomyocytes.
Cardiomyocytes were treated
with vehicle (1 μl ethanol) or
increasing concentrations of Resv
ranging from 0.1 to 50 μM for
24 h. Immunoblot analysis of
phosphorylated T172 AMPK (P-
AMPK) levels were quantified by
densitometry and normalized
against total AMPK (a). Levels of
phosphorylated S79 ACC (P-
ACC) were quantified by
densitometry and normalized
against total ACC (b). Levels of
phosphorylated S473 Akt (P-Akt)
were quantified by densitometry
and normalized against total Akt
(c). Levels of phosphorylated
T389 p70S6K (P-p70S6K) were
quantified by densitometry and
normalized against actin (d).
Levels of phosphorylated
T421/S424 p70S6K (P-p70S6K)
were quantified by densitometry
and normalized against actin (e).
Levels of phosphorylated eEF2
(P-eEF2) were quantified by
densitometry and normalized
against total eEF2 (f). NFAT-
luciferase reporter activity (g) and
MCIP-1 mRNA expression (h)
were measured in lysates from rat
cardiomyocytes treated with
increasing concentrations of
resveratrol. Values are the mean±
S.E.M. of n=4 separate neonatal
rat cardiomyocyte preparations in
each group. * indicates a
significant difference (p<0.05)
between vehicle control and
Resv-treated groups
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may reduce LVH by the activation of AMPK, inhibition of
NFAT-mediated transcription, as well as by the significant
attenuation of additional pro-hypertrophic pathways such as
Akt and p70S6K.

Resveratrol inhibits signaling pathways involved in a rat
model of pathological cardiac hypertrophy As increased
Ang-II levels are also thought to be a contributing factor to
the development of LVH in the spontaneously hypertensive
rats (SHRs) [23], we investigated whether 5 weeks of Resv
administration (4 g/kg diet) had any effect on LVH in the
SHRs. SHRs displayed a significant increase in the HW/TL

ratio (Fig. 4a) compared to untreated Wistar rats, which were
associated with a significant increase in MCIP-1 gene expres-
sion (Fig. 4b). Consistent with previous studies [12, 18], hearts
from SHRs displayed impaired AMPK signaling (Fig. 4c) and
significantly elevated P-p70S6K (Fig. 4e) even in the absence
of any changes in P-Akt (Fig. 4d). Of importance, Resv treat-
ment of SHRs attenuated LVH in the SHRs (Fig. 4a) and
normalized the expression of NFAT-regulated MCIP-1 gene
expression (Fig. 4b). Moreover, Resv also attenuated P-
p70S6K levels compared to untreated SHRs and maintained
these levels similar to those observed in healthy hearts from
Wistar controls (Fig. 4e). Collectively, these data confirm our

Fig. 2 Low concentrations of resveratrol (Resv) inhibits NFAT and
induction of pathological hypertrophy in neonatal rat cardiomyocytes
and hypertrophic SHRs. Cardiomyocytes were treated with either 1 or
50 μM resveratrol in the presence of hypertrophic stimuli Ang-II (1 μM)
for 24 h. Immunoblot analysis of phosphorylated T172 AMPK (P-
AMPK) levels were quantified by densitometry and normalized against
total AMPK (a). Levels of phosphorylated S473 Akt (P-Akt) were quan-
tified by densitometry and normalized against total Akt (b). Levels of
phosphorylated T389 p70S6K (P-p70S6K) were quantified by densitom-
etry and normalized against actin (c). Levels of phosphorylated T421/

S424 p70S6K (P-p70S6K) were quantified by densitometry and normal-
ized against actin (d). NFAT-luciferase reporter activity (e) and MCIP-1
mRNA expression (f) were measured in lysates from rat cardiomyocytes
treated with increasing concentrations of resveratrol. Values are the mean
±S.E.M. of n=4 separate neonatal rat cardiomyocyte preparations in each
group. * indicates a significant difference (p<0.05) between vehicle-
treated and Resv-treated groups, § indicates a significant difference
(p<0.05) between control and Ang-II groups, ¶ indicates a significant
difference (p<0.05) between Ang-II and the Ang-II Resv-treated groups
using ANOVAwith a Bonferroni post-test

J Mol Med (2015) 93:413–425 417



findings in Ang-II-treated NRCMs and mice, that Resv pre-
vents the induction of pathological LVH and this likely occurs
via the inhibition of pro-hypertrophic pathways involving
NFAT-mediated transcription as well as AMPK and p70S6K.

Resveratrol does not inhibit IGF-1-induced growth signaling
pathways involved in cardiomyocyte growth Physiological
and/or adaptive LVH is well-established to occur during ex-
ercise [2]. Since rodents undergoing chronic exercise training
have increased serum levels of IGF-1 [24, 25], and IGF-1 has
been shown to induce cardiomyocyte hypertrophy [2, 26], we
examined whether Resv altered the molecular response of
NRCMs to IGF-1. To do this, we treated cultured NRCMs
for 24 h with 100 nM IGF-1 in the presence of vehicle (0μM),

1 μM, or 50 μM Resv. In the absence of Resv, IGF-1 did not
affect levels of P-AMPK in NRCMs (Fig. 5a), but significant-
ly increased Akt (Fig. 5b) and p70S6K (Fig. 5c, d) phosphor-
ylation. In contrast to Ang-II, IGF-1 did not significantly
increase NFAT-regulated transcriptional activity (Fig. 5e, f),
suggesting that IGF-1 does not activate a major component
responsible for the induction of pathological LVH. Interest-
ingly, as opposed to what was observed with Ang-II, 1 μM
Resv was not sufficient to blunt the IGF-1-induced responses
with the exception of a minor reduction in NFAT-luciferase
activity (Fig. 5b–f). However, 50 μM Resv resulted in a
significant inhibition of IGF-1-induced p70S6K phosphoryla-
tion (Fig. 5c, d), which was associated with increased P-
AMPK (Fig. 5a) and reduced P-Akt (Fig. 5b). This result

Fig. 3 Resveratrol (Resv) inhibits cardiac hypertrophy and MCIP-1
mRNA expression in angiotensin (Ang)-II infused mice. Heart weight
to tibia length (HW/TL) ratios of mice infused with saline or Ang-II
(1.4 mg/kg/day) and fed either a control diet or diet containing resveratrol
(4 g/kg diet) (a). MCIP-1 mRNA expression relative to HPRT in mouse
heart (b). ANF, BNP, andβ-MHCmRNA expression relative to HPRT in
mouse heart (c). Immunoblot analysis was performed on homogenates
from heart tissue isolated from the four groups of mice. Levels of
phosphorylated T172 AMPK (P-AMPK) were quantified by

densitometry and normalized against total AMPK (d). Levels of phos-
phorylated S473 Akt (P-Akt) were quantified by densitometry and nor-
malized against total Akt (e). Levels of phosphorylated T389 p70S6K (P-
p70S6K) were quantified by densitometry and normalized against tubulin
(f). Values are the mean±S.E.M. of n=6 mice/hearts in each group. §
indicates a significant difference (p<0.05) between control (saline) and
Ang-II-infused groups, ¶ indicates a significant difference (p<0.05) be-
tween Ang-II and the Ang-II Resv groups using ANOVA with a
Bonferroni post-test
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suggests that either AMPK activation and/or Akt inhibition
are necessary for Resv to blunt p70S6K activation by IGF-1.
Importantly, our findings show that while lower concentra-
tions of Resv are able to inhibit the activation of Akt and
p70S6K in response to pathological stimuli such as Ang-II,
they are not able to prevent the activation of these same
pathways in response to physiological stimuli such as IGF-1.

In order to confirm that IGF-1 had similar effects on the
cardiomyocytes in vivo, we examined C57BL6 mice that
received control chow or a Resv-containing diet during the
administration of IGF-1. Vehicle or IGF-1 (4 mg/kg) was
administered to mice via daily subcutaneous injections for a
period of 7 days. In the absence of Resv, mice-administered
IGF-1 exhibited cardiac LVH (increased HW/TL ratio;
Fig. 6a) without alterations in NFAT-regulated MCIP-1 gene
expression (Fig. 6b), compared to vehicle-treated controls. In
addition, IGF-1 significantly reduced phosphorylation of
AMPK and increased the phosphorylation of both Akt and
p70S6K compared to vehicle-treated mice (Fig. 6c, d, e).
However, unlike what was observed with Ang-II infusion,
when IGF-1-treated mice were co-administered Resv, cardiac
LVH was not prevented (Fig. 6a). This finding is associated

with Resv treatment not preventing a rise in the phosphoryla-
tion of p70S6K (Fig. 6e) or preventing a drop in the phos-
phorylation of AMPK (Fig. 6c). In contrast, the rise in IGF-1-
induced Akt phosphorylation was partially prevented by Resv
although this response had no effect on p70S6K phosphory-
lation or hypertrophic growth. Together, these data suggest
that Resv treatment of mice-administered IGF-1 fails to acti-
vate AMPK and that this may be necessary for the ability of
Resv to inhibit p70S6K and subsequent cardiac LVH.

Resveratrol does not inhibit signaling pathways involved in
controlling the development of cardiac hypertrophy during
exercise Since chronic exercise training increases serum
levels of IGF-1 [24, 25], but Resv failed to prevent LVH in
IGF-1 treated mice, we investigated whether Resv had any
effects of exercise-induced LVH. To do this, we examined the
effects of Resv administration to rats undergoing 12 weeks of
treadmill exercise training. Exercise training of rats increased
the HW/TL by approximately 18 % (Fig. 7a), which was
similar to the extent of hypertrophy observed in the SHRs
(Fig. 4a). Notably, Resv did not significantly alter the HW/TL
ratio in normal healthy sedentary Wistar rats (Fig. 7a), nor did it

Fig. 4 Resveratrol (Resv) inhibits
cardiac hypertrophy and MCIP
mRNA expression in
spontaneously hypertensive rats
(SHRs). Heart weight to tibia length
(HW/TL) ratios in 15-week-old
normotensive control Wistar rats,
control SHRs, and SHRs fed with
resveratrol (4 g/kg diet) (a). MCIP-
1mRNAexpression in rat heart (b).
Immunoblot analysis was
performed on homogenates from
heart tissue isolated from the three
groups of rats. Levels of
phosphorylated T172 AMPK (P-
AMPK) were quantified by
densitometry and normalized
against total AMPK (c). Levels of
phosphorylated S473 Akt (P-Akt)
were quantified by densitometry
and normalized against total Akt
(d). Levels of phosphorylated T389
p70S6K (P-p70S6K) were
quantified by densitometry and
normalized against tubulin (e).
Values are the mean±S.E.M. of
n=5 rats/hearts in each group.
* indicates a significant difference
(p<0.05) between SHRs and
Wistar rats, # indicates a significant
difference (p<0.05) between
SHR-control and SHR-Resv
groups using ANOVAwith a
Bonferroni post-test
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prevent the exercise-induced increase in HW/TL (Fig. 7a). As
expected, exercise training did not increase the mRNA expres-
sion of MCIP-1, ANF, BNP, or β-MHC in the rat heart
(Fig. 7b, c), as was observed in pathological models of LVH
(Figs. 3b, c and 4b). In fact, exercise training reduced MCIP-1,
ANF, BNP, and β-MHC mRNA levels in the rat heart
(Fig. 7b, c). In addition, Resv did not significantly affect the
cardiac expression of MCIP-1 in healthy sedentary rats (Fig. 7b)
and the combination of Resv and exercise training did not further
reduce MCIP-1 mRNA expression induced by exercise alone
(Fig. 7b). Consistent with this, the combination of Resv with
exercise training did not further reduce the mRNA expression of
the ANF, BNP, or β-MHC genes in the rat heart (Fig. 7c).

Collectively, these findings rule out NFAT activation as being
involved in the exercise-induced LVH. In addition, although
Resv administered in combination with exercise training stimu-
lated P-AMPK (Fig. 7d), it did not significantly decrease P-Akt
or P-p70S6K levels in the heart (Fig. 7e, f), suggesting that Resv
does not alter the response of these kinases to physiological
stimuli involved in promoting adaptive cardiac hypertrophy.

Resveratrol modifies P-AMPK, P-Akt, and P-p70S6K levels in
human heart explants To examine whether the effects of Resv
on these important molecular signaling pathways are pre-
served in human hearts, we treated explanted atrial tissues
(obtained from patients that have undergone CABG surgery)

Fig. 5 Low concentrations of resveratrol (Resv) do not inhibit IGF-1-
stimulated hypertrophy in rat cardiomyocytes. Cardiomyocytes were
treated with either 1 or 50 μM Resv in the presence of hypertrophic
stimuli IGF-1 (100 nM) for 24 h. Immunoblot analysis of phosphorylated
T172 AMPK (P-AMPK) levels were quantified by densitometry and
normalized against total AMPK (a). Levels of phosphorylated S473
Akt (P-Akt) were quantified by densitometry and normalized against total
Akt (b). Levels of phosphorylated T389 p70S6K (P-p70S6K) were
quantified by densitometry and normalized against actin (c). Levels of
phosphorylated T421/S424 p70S6K (P-p70S6K) were quantified by

densitometry and normalized against actin (d). NFAT-luciferase reporter
activity (e) and MCIP-1 mRNA expression (f) were measured in lysates
from rat cardiomyocytes treated with increasing concentrations of resver-
atrol. Values are the mean±S.E.M. of n=4–6 separate neonatal rat car-
diomyocyte preparations in each group. * indicates a significant differ-
ence (p<0.05) between vehicle-treated and Resv-treated groups, § indi-
cates a significant difference (p<0.05) between control and IGF-1 groups,
¶ indicates a significant difference (p<0.05) between IGF-1 and the IGF-
1 Resv-treated groups using ANOVAwith a Bonferroni post-test
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with Resv for 24 h. Although 1 μMResv did not alter P-AMPK
levels in these explants, consistent with our findings utilizing
NRCMs, 24 h treatment of explanted atrial tissue with 50 μM
Resv increased P-AMPK (Fig. 8a). Similarly, while treatment of
these explants with 1μMResv for 24 h did not affect P-Akt or P-
p70S6K levels, 50 μM Resv significantly reduced both P-Akt
(Fig. 8b) and P-p70S6K (Fig. 8c) levels. Together, these data
show that 50 μM Resv inhibited the kinases responsible for
controlling cardiomyocyte protein synthesis, suggesting that
Resv may also control LVH in humans.

Discussion

The major findings of our study are that: (1) Resv can
concentration/dose selectively inhibit various pro-

hypertrophy signaling pathways and (2) Resv has differential
effects on the modification of these signaling cascades in
response to pathological stimuli versus physiological stimuli.
For the former, in the absence of pro-hypertrophic stimuli, low
concentrations of Resv (0.1 and 1 μM) are efficient at selec-
tively inhibiting important regulators involved in pathological
LVH (such as NFAT) while not affecting pathways involved in
physiological LVH (such as AMPK, Akt, and p70S6K).
While the activation of SIRT1 by Resv has been correlated
with reduced hypertrophy [27], research using transgenic
rodent models has demonstrated that the effect of SIRT1 on
the growth of the myocardium is dependent upon its level of
expression [11]. In our experiments, we did not observe that
Resv affected SIRT1 expression in isolated cardiomyocytes
nor in the mouse and rat models of LVH (Fig. S1), suggesting
that increased SIRT1 expression is not involved in the effects
of Resv on the hypertrophic growth of the cardiomyocyte at

Fig. 6 Resveratrol (Resv) does not inhibit IGF-1-induced cardiac hyper-
trophy and p70S6K in the mouse heart. Mice consumed control diets or
diets containing Resv (4 g/kg diet) throughout the administration of
4 mg/kg/day of IGF-1 to induce cardiac hypertrophy and compared to
non-hypertrophic mice-administered vehicle (saline). Heart weight to
tibia length (HW/TL) ratios (a). Mouse heart MCIP-1 mRNA expression
(b). Immunoblot analysis was performed on homogenates from heart
tissue isolated from the three groups of mice. Levels of phosphorylated
T172AMPK (P-AMPK) were quantified by densitometry and normalized

against total AMPK (c). Levels of phosphorylated S473 Akt (P-Akt) were
quantified by densitometry and normalized against total Akt (d). Levels
of phosphorylated T389 p70S6K (P-p70S6K) were quantified by densi-
tometry and normalized against tubulin (e). Values are the mean±S.E.M.
of n=5 mice/hearts in each group. * indicates a significant difference
(p<0.05) between vehicle saline and IGF-1 treated groups, § indicates a
significant difference (p<0.05) between IGF-1 control and IGF-1 Resv
groups using ANOVAwith a Bonferroni post-test
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these lower concentrations. However, since concentrations of
25 μM have been shown in cultured cells to be nontoxic and
less damaging than 50 μM [28], these lower concentrations
may more closely represent specific effects of Resv as op-
posed to secondary effects in response to cellular damage. In
addition, these low concentrations of Resv are more likely to
be achieved in vivo, and thus may be more reflective of
physiological responses to Resv treatment.

Equally important as the concentration/dose selective inhi-
bition of various pro-hypertrophy signaling pathways is the
striking difference that 1 μMof Resv has on these pathways in
response to pathological stimuli versus physiological stimuli.
For instance, while a lower concentration of Resv is able to
inhibit the activation of Akt and p70S6K in response to
pathological stimuli such as Ang-II, it is not able to prevent
the activation of these same pathways in response to physio-
logical stimuli such as IGF-1. These same responses are also
observed in vivo and across species (i.e., rat and mouse)
confirming that the control of these pathways by Resv con-
tributes to differential effects of the development of LVH.

Based on previous studies, feeding mice and rats these
doses of Resv used herein results in plasma Resv levels
between 10 and 120 ng/ml, respectively [29, 30]. However,
the concentration needed to produce similar results in cultured
cells is considerably higher than what may result from higher
doses of Resv feeding in vivo. Although it is not currently
known why this is, a metabolite of Resv could be responsible
for the reported effects and the level of this metabolite could
presumably be much lower in cultured cells. Alternatively,
Resv may accumulate in cells in vivo and the concentration in
the cells/tissues may be higher than that observed in blood, or
in specific cells. It is also possible that Resv metabolites may
be regenerated back to the parent compound, thus increasing
the cellular concentration of Resv [31].

In agreement with previous findings [10], it is clear from
our data that NFAT activation occurs in response to stimuli
that promotes pathological LVH and not physiological LVH.
As such Resv play less of a role in regulating NFAT-mediated
transcription during physiological LVH. Consistent with this,
previous in vivo studies demonstrated that Resv prevented

Fig. 7 Resveratrol (Resv) does
not inhibit exercise-induced
cardiac hypertrophy in Wistar
rats. Heart weight to tibia length
(HW/TL) ratios in sedentary and
treadmill-trained rats and fed
control or resveratrol (4 g/kg diet)
containing diets (a). MCIP-1
mRNA expression relative to
HPRT in rat heart (b). ANF, BNP,
and β-MHC mRNA expression
relative to HPRT in rat heart (c).
Immunoblot analysis was
performed on homogenates from
heart tissue isolated from Control
or resveratrol-treated rats. Levels
of phosphorylated T172 AMPK
(P-AMPK) were quantified by
densitometry and normalized
against total AMPK (d). Levels of
phosphorylated S473 Akt (P-Akt)
were quantified by densitometry
and normalized against total Akt
(e). Levels of phosphorylated
T389 p70S6K (P-p70S6K) were
quantified by densitometry and
normalized against actin (f).
Values are the mean±S.E.M. of
n=6 rats/hearts in each group.
* indicates a significant difference
(p<0.05) between control and
Resv groups, § indicates a
significant difference (p<0.05)
between sedentary and exercise
groups using ANOVAwith a
Bonferroni post-test
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pressure overload [13, 32] and hypertension-induced [12, 14,
16, 18, 33] cardiac hypertrophy, yet did not affect exercise-
induced [19] or volume overload-induced [32] cardiac hyper-
trophy. However, what is not clear is how Resv regulates Akt
and p70S6K differently depending on the type of pro-
hypertrophic stimuli. One obvious possibility is that stimuli
that promote pathological LVH versus physiological LVH
work through different upstream kinases to regulate Akt and
p70S6K phosphorylation and that Resv acts to inhibit only
one of these pathways. While this is an attractive hypothesis,
we have yet to test this possibility.

Another interesting component of our study is the infor-
mation that is provided about the involvement of AMPK in
the anti-hypertrophic effects of Resv. In all of the experiments
involving the low concentrations of Resv, the observed effects
on Akt, p70S6K, and NFAT were independent from AMPK
activation. However, with a higher dose of Resv (50 μM),
almost all of the observed effects on Akt, p70S6K, and NFAT
were potentiated by AMPK activation. This finding is consis-
tent with previous observations that there are overlapping
effects of Resv that are both AMPK-dependent and AMPK-
independent [11, 28, 34]. Interestingly, we observed some
variable responses with respect to AMPK activation of LVH
in our animal models. For instance, LVH is prevented by Resv

in the Ang-II and SHRs models (which have elevated P-
AMPK) and not in the IGF-1 model (which has no increase
in P-AMPK). However, LVH is not suppressed in the exercise
model (which has elevated P-AMPK). Together, these find-
ings demonstrate that AMPK activation may be partially
responsible for mediating some of the anti-hypertrophic ef-
fects of Resv but that other AMPK-independent pathways
may also be involved.

One limitation of our experiments is that we have not
provided histological quantification of cardiomyocyte cross
sectional area to support that cardiomyocyte cell growth is
occurring. That said, our echocardiographic data as well as
HW/TL data support our claims that cardiac hypertrophy is
occurring in our animal models. Nevertheless, even thoughwe
show changes in signaling controlling protein synthesis, we
do not demonstrate cardiomyocyte growth. In addition, our
previously published findings demonstrated that Resv lowers
blood pressure in Ang-II-infused mice and SHRs [18]. Thus,
we cannot conclude that the cardiac effects observed in these
in vivo models are due to Resv acting directly on the
cardiomyocytes. In fact, the molecular changes that we attri-
bute to Resv may result secondary to the anti-hypertensive
effects of Resv. However, given that similar signaling path-
ways are altered by Resv in isolated cardiomyocytes, we can

Fig. 8 Resveratrol (Resv)
activates AMPK and inhibits
hypertrophic signaling pathways
in human left atrial explanted
atrial tissues. Explanted tissues
were treated with either 1 or
50 μM Resv for 24 h and flash
frozen in liquid nitrogen for
subsequent immunoblot analysis.
Levels of phosphorylated T172
AMPK (P-AMPK) were
quantified by densitometry and
normalized against total AMPK
(a). Levels of phosphorylated
S473 Akt (P-Akt) were quantified
by densitometry and normalized
against total Akt (b). Levels of
phosphorylated T389 p70S6K (P-
p70S6K) were quantified by
densitometry and normalized
against actin (c). Values are the
mean±S.E.M. of n=6 human
atrial tissues in each group and *
indicates a significant difference
(p<0.05) using a student’s t test
between vehicle-treated and
Resv-treated explants
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speculate that at least part of the effects observed in the heart
are due to direct signaling effects of Resv in the cardiomyo-
cyte. However, based on these limitations, we cannot unequiv-
ocally state that cardiomyocyte growth is altered by Resv
treatment.

In summary, we show that Resv can concentration/dose
selectively inhibit various pro-hypertrophy signaling path-
ways and that the modification of these pathways differ in
response to pathological stimuli or physiological stimuli. We
also show that the anti-hypertrophic effects of Resv have
AMPK-dependent and AMPK-independent effects. While
all of the complex interactions involved in the anti-
hypertrophic effects of Resv are yet to be fully elucidated, it
is clear from our findings that Resv is effective at inhibiting
pathological LVH and not physiological LVH. Moreover, we
also show that Resv is able to modulate many of the same
signaling pathways in human atrial samples, indicating that
Resv may also control LVH in humans. Together, this study
has important clinical implications as our findings support the
concept that Resv may be useful in the treatment of patholog-
ical LVH and/or in the early treatment of conditions such as
hypertension where adaptive LVH is necessary but a transition
into pathological LVH can be prevented.
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