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Abstract
Prolonged hypertension is the leading cause of heart failure. Failing hearts show reduced peroxisome
proliferator-activating receptor activity and enhanced nuclear factor κB activity, which together
modify cardiac inflammation and fibrosis. In vitro studies suggest that phytochemicals alter
peroxisome proliferator-activating receptor and nuclear factor κB activity, but the capabilities of a
phytochemical-rich diet are less understood. Grapes contain an array of commonly consumed dietary
phytochemicals. In Dahl Salt-Sensitive hypertensive rats, we previously showed that dietary
provision of whole table grape powder (3% w:w) for 18 weeks reduced blood pressure, cardiac
hypertrophy, and diastolic dysfunction. The hypothesis tested here is that in this model,
phytochemical provision from whole grape powder impacts cardiac peroxisome proliferator-
activating receptor and nuclear factor κB activity and their related gene transcripts. Grape-fed rats
had enhanced peroxisome proliferator-activating receptor-α and peroxisome proliferator-activating
receptor-γ DNA binding activity but reduced nuclear factor κB DNA binding activity. RT-PCR
revealed that grape-fed rats showed up-regulated mRNA for peroxisome proliferator-activating
receptor-α, peroxisome proliferator-activating receptor-γ co-activator-1α, peroxisome proliferator-
activating receptor-γ, and the cytosolic nuclear factor κB inhibitor, inhibitor κBα. By contrast, grape-
fed rats showed down-regulated mRNA for tumor necrosis factor-α and transforming growth factor-
β1. Finally, grape-fed rats showed significantly reduced cardiac tumor necrosis factor-α and
transforming growth factor-β protein expression, increased inhibitor κBα expression, and reduced
cardiac fibrosis. In the Dahl-Salt Sensitive rat, chronic intake of grapes altered cardiac transcripts
related to peroxisome proliferator-activating receptor and nuclear factor κB that may be significant
to the observed diet-associated cardioprotection.
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Introduction
Prolonged hypertension is a prevalent and significant contributor to morbidity and mortality
from heart failure. The DASH(Dietary Approaches to Stop Hypertension) clinical trials
provided evidence that diets rich in fruits and vegetables reduced blood pressure[1,2]. Animal
models of hypertension permit mechanistic appraisals of the interaction of diet and disease.
One recent study in spontaneously hypertensive rats modeled the DASH diet using added
nutrients, but failed to show an effect on blood pressure[3]. Therefore, a whole-food approach
rather than altered nutrients alone may be a more appropriate dietary intervention to alter
hypertension and related pathologies, including heart failure.

Previous studies by our group showed that in Dahl Salt-Sensitive rats fed with a high salt diet,
dietary intake of whole table grape powder significantly reduced blood pressure but did not
prevent the development of hypertension. Still, grape intake significantly reduced cardiac
hypertrophy and cardiac lipid peroxide formation. In addition, grape-fed rats had improved
diastolic dysfunction and cardiac output. Interestingly, the benefits of grape powder were not
entirely related to blood pressure reduction, because comparable blood pressure reduction by
vasodilator hydralazine failed to match the cardioprotective effects of grape treatment[4].
However, cardiac-specific mechanisms of these effects remain unknown.

The current project focuses on cardiac cell signaling related to transcription factors PPAR and
NF-κB. PPARs are nuclear receptor transcription factors which impact cell metabolism, cell
differentiation and inflammation. PPAR agonist drugs are used clinically to address
hyperlipidemia and/or insulin resistance, but ancillary anti-inflammatory effects have also been
observed[5,6]. Importantly, PPAR isoform mRNA and/or protein is deficient in hypertrophied,
failing hearts[7,8], but early treatment with PPAR agonists reduces hypertension-related
cardiac pathology[9,10]. However, the risks and benefits of PPAR-targeted drugs in human
heart failure are controversial[11,12] but is of current clinical interest given the widespread
use of PPAR agonists in cardiac patients.

Transcription factor NF-κB activity is enhanced by oxidative stress. Active NF-κB promotes
inflammation by promoting the transcription of various pro-inflammatory genes including cell
adhesion molecules, inflammatory cytokines, and chemokines. Cardiac NF-κB activity is
positively correlated with heart failure progression[13,14], and inhibition of NF-κB activity
limits heart failure progression[15,16]. PPAR and NF-κB have been described as physiological
antagonists; PPAR activation reduces NF-κB activation, and active NF-κB reduces PPAR/
DNA binding. In heart failure models, PPAR agonists reduce cardiac NF-κB activity and
reduce morbidity and mortality[17,18]. However, the effect of phytochemical-rich diets upon
cardiac PPAR and NF-κB activity is poorly understood.

In our current model, bioavailable grape phytochemicals may alter cardiac PPAR and/or NF-
κB activity. Grapes are a source of diverse phytochemicals, but are particularly rich in pigment-
conferring anthocyanins. In vitro studies show that anthocyanin-rich extracts can activate
PPARs in varied experimental models[19–21]. If the grape diet altered cardiac PPAR activity,
it could also limit cardiac NF-κB activity and associated cardiac inflammation and fibrosis.
We then tested the hypothesis that dietary grape powder supplementation, which reduces Dahl-
SS rat diastolic heart failure pathogenesis[4], is also associated with increased cardiac PPAR
activity, decreased NF-κB activity, and reduced cardiac expression of cytokines and growth
factors relevant to human heart failure pathogenesis.
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Methods
Animal Care and Diets

Five week old Dahl-Rapp Salt-Sensitive rats (Harlan, Indianapolis, IN) were acclimated for
one week on AIN-76a powdered diet (Research Diets, New Brunswick, NJ). Afterwards, rats
were randomly assigned to one of five treatments (n = 12 each). Low Salt diet (“LS”, AIN-76a
with 2.8% added carbohydrate, glucose:fructose 1:1), Low Salt diet + grape powder (“LSG”,
AIN-76a with 3.0% w/w added grape powder), High Salt diet with 6% added NaCl (“HS”,
AIN-76a with 2.8% w/w added carbohydrate), High Salt Diet + grape powder (“HSG”,
AIN-76a with 3.0% w/w added grape powder), or High Salt Diet + hydralazine (“HSH”, 20mg/
kg body weight/day, in drinking water). Hydralazine dose was based upon findings in the Dahl-
SS rat[22], to obtain a similar % reduction in systolic blood pressure as that observed previously
with our grape powder[4]. Diet composition and grape powder phytochemical profile are
detailed in tables in the online-supplement table S1 and table S2 via
http://hyper.ahajournals.org. Hydralazine-fortified drinking water was made every two days,
with concentration adjusted dynamically based upon weekly changes in water intake and body
weight. Rats were fed 20g of powdered diet/head/day. Ad libitum intake of AIN diet averages
19–21 grams of AIN powder/day in the Dahl-SS rat[23], so provision of 20 grams/day ensured
complete daily consumption. For the high salt diets, NaCl was added directly to the food hopper
and mixed carefully with the daily ration of powdered diet. Rats were housed three/cage in 12h
light:12h dark cycles, and water was provided ad libitum. This project was approved by the
Animal Care and Use Committee at the University of Michigan.

Blood Pressure and Echocardiography Measures
During the 18 week study, blood pressure was measured bi-monthly in conscious, restrained
rats by the IITC Mark 12 photoelectric/oscillometric tail cuff system (IITC Life Sciences,
Woodland Hills, CA) using the unit and method we previously described[4] and validated
against telemetric approaches[23]. A run was accepted if at least six of eight repeated measures
were adequate (having detectable pulses and free of gross artifacts). The average was then
calculated as the mean systolic value for that time point.

Echocardiography was performed after 18 weeks of diet treatment. Anesthesia was induced
with 4% isoflurane and maintained with 1% isoflurane. All measurements were made in
accordance with the conventions of the American Society of Echocardiography, and were
conducted by the same trained, blinded research animal sonographer. Two-dimensionally
guided M-mode recordings and Doppler tissue imaging were acquired as we described
previously[23].

Cardiac Tissue Fractionation
Rats were anesthetized with 4% isoflurane and sacrificed by guillotine. Hearts were harvested,
washed in phosphate-buffered saline, blotted, and weighed. The left ventricle was minced,
flash frozen in liquid nitrogen, and stored at −80°C. Frozen cardiac tissue was subjected to
nuclear and cytosolic fractionation by the method of Li et al.[24] using a NE-PER Nuclear
Extraction Kit (Pierce, Rockford, IL). Complete fractionation and validation protocol is
described in the online-supplement via http://hyper.ahajournals.org. Protein concentration of
both fractions was measured by the BCA Assay (Pierce, Rockford IL).

Transcription Factor DNA Binding Assays
Once successful fractionation was confirmed, PPAR-α, PPAR-γ, and NF-κB activity were
determined in nuclear extracts using Transcription Factor DNA Binding assays (Cayman
Chemical, Ann Arbor MI) according to manufacturer’s protocol. In this assay, a specific,
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proprietary oligonucleotide containing PPAR response elements (PPREs) or κB response
elements is immobilized onto the bottom of a 96-well plate. If present in the nuclear extract,
PPAR isoforms and NF-κB-element p65 bind to the well-bound oligonucleotide PPREs or
κB elements, respectively. Binding is then detected by addition of specific primary antibodies
directed against the individual PPAR isoforms or against the p65 subunit of NF-κB. A
secondary antibody conjugated to horseradish peroxidase is added to enable colorimetric
detection by reaction with substrate TMB/hydrogen peroxide and subsequent color
development measured at 450 nm. Values are expressed as optical density relative to total
protein in the respective nuclear extract.

RT-PCR
Total RNA from minced left ventricle was isolated with the RNeasy™ Fibrous Tissue Midi
Kit (Qiagen, Valencia CA, USA) following the manufacturer’s protocol. First strand cDNA
synthesis was accomplished with the RT2 First Stand Kit (SABiosciences, Frederick MD). The
relative abundance of eleven mRNA transcripts was compared using a custom RT2 Profiler
PCR Array™ (SABiosciences). Relative expression was normalized relative to the average
ΔCt of four housekeeping genes (P1 large ribosomal protein, hypoxanthine guanine
phosphoribosyl transferase, ribosomal protein L13A, and lactate dehydrogenase), which were
confirmed to be unaffected by treatment.

Cardiac Fibrosis, TNF-α, TGF-β, and IκBα Expression
Collagen component hydroxyproline was measured in left ventricle homogenates as a
quantitative index of total tissue fibrosis using a method we described previously[4] and in the
on-line supplement via http://hyper.ahajournals.org. The amount of hydroxyproline was
calculated using the standard curve and expressed as µg/mg total protein. For TNF-α and TGF-
β, ELISAs were conducted on left ventricle cytosolic fractions (n = 9 group) using commercial
kits(R&D Systems, Minneapolis, MN) according to manufacturers’ instructions. Results are
expressed relative to total protein. For the IκBα immunoblot, cytosolic fractions (50 µg) were
mixed with reducing SDS sample buffer, denatured for five minutes at 95°C, resolved by
electrophoresis on pre-cast NuPAGE™ 10% Bis-Tris polyacrylamide gels (Invitrogen,
Carlsbad, CA, USA) and subsequently transferred onto PVDF membranes using a Novex Mini-
Cell (Invitrogen). Blocking and antibody incubation steps were accomplished using the
vacuum-based, SNAP i.d. Protein Detection System (Millipore, Billerica, MA, USA) using
the ECL-specific blocking reagents and ECL-chemiluminescence detection system (GE
Healthcare, Piscataway, NJ, USA). Primary antibody dilution was 1:100 for IκBα (SantaCruz
Biotechnology) and 1:5,000 for β-actin (SantaCruz Biotechnology). PVDF membranes were
exposed to CL-XPosure film (Pierce, Rockford, IL, USA), and band densities were analyzed
using UN-SCAN-IT Gel software version 6.1 (Silk Scientific, Orem, UT, USA).

Statistics
Pair-wise comparisons of mRNA transcript were determined ±SD using the ΔΔCT method of
Livak[25], using the PCR Array data analysis web portal of SABiosciences. All other endpoints
were expressed ±SEM and compared using a one-way ANOVA to compare all five groups, or
two-way ANOVA to compare four groups (LS, LSG, HS, HSG). Pair-wise, two-tailed
comparisons were accomplished with Bonferonni post-hoc tests. Analysis was conducted with
SPSS, version 16.0(SPSS, Chicago, IL), and a p value <0.05 was considered statistically
significant.
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Results
Blood Pressure and Cardiac Remodeling

Data for these detailed functional measures are included in the on-line supplement via
http://hyper.ahajournals.org. Neither HSH nor HSG prevented the development of
hypertension, but both significantly reduced systolic blood pressure relative to HS (on-line
supplement figure S3). The first statistically significant decrease versus HS was detected at six
weeks of treatment. The difference between LS and LSG was not statistically significant at
any time point.

Compared to LS and LSG, HS and HSH were associated with cardiac hypertrophy and
increased cardiac hydroxyproline content, an index of collagen content and fibrosis (on-line
supplement table S4). However, these effects were attenuated in HSG. In contrast, LSG had
no effect on heart weight and hydroxyproline content. HS and HSH had increased relative wall
thickness (RWT), but HSG reduced RWT. Mild or early diastolic dysfunction is commonly
characterized by altered filling velocities, measured by the ratio of early filling velocity (E
wave) to late filling velocity (A wave). HS and HSH showed increased E/A elevation which
was significantly attenuated in HSG. Prolonged isovolumetric relaxation time (IVRT) indicates
increased myocardial stiffness due to fibrosis [26]. IVRT increased significantly in HS, but
was significantly reduced in HSG. Ejection fraction was not significantly altered by high-salt
feeding, which is expected in this rat model; the Dahl-SS rat is a model of diastolic dysfunction
rather than systolic dysfunction. However, cardiac index reflects cardiac contractile efficiency
by measuring the volume of blood pumped per minute (stroke volume × heart rate), per unit
of body weight, and therefore reflects both diastolic and systolic function. Cardiac index was
significantly lower in HS and HSH but was significantly improved in HSG. Collectively, these
findings indicate that changes in cardiac geometry, diastolic parameters, and cardiac function
are improved by the grape-containing diet, but not by the vasodilator hydralazine.

Transcription Factor Activity
Because HSH did not impact cardiac remodeling, fibrosis or function, the subsequent
mechanistic studies only compared four groups (LS, LSG, HS and HSG). In LSG, both PPAR-
α and PPAR-γ activity were increased as compared to LS (Table 1). HS showed reduced PPAR-
α and PPAR-γ activity compared to LS. However, HSG displayed enhanced PPAR-α and
PPAR-γ activity compared to HS. The conserved increase in nuclear extract PPAR binding in
both LSG and HSG relative to their respective salt controls could suggest a specific effect of
bioavailable grape phytochemicals and/or their metabolites upon PPAR activity. Compared to
LS, LSG showed reduced NF-κB activity but HS had sharply increased NF-κB activity.
However, HSG showed reduced NF-κB activity compared to HS.

RT-PCR
Compared to LS, LSG showed increased mRNA for PPAR-α, PPARγ, and PGC-1α, which
would support the greater PPAR activity observed in the transcription factor activity ELISA
(Table 2). Compared to LS, LSG also showed increased mRNA for IκBα and reduced mRNA
for pro-inflammatory TNF-α. HS showed decreased PPAR-α, PGC-1α, and IκBα mRNA,
increased NF-κB (p=0.08), and increased mRNA for pro-inflammatory cytokines and growth
factors. These results are aligned with increased NF-κB activity observed in the transcription
factor activity ELISA. In contrast, HSG showed increased PPAR-α, PPARγ, and PGC-1α
mRNA, which would support enhanced PPAR activity. In addition, HSG showed increased
IκBα mRNA and decreased mRNA related to multiple pro-inflammatory cytokines and growth
factors, which would support reduced NFκB activity observed in the transcription factor
activity ELISA. As with the transcription factor activity results, the conserved transcriptional
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effects in both LSG and HSG suggest specific effects from bioavailable grape phytochemicals
and/or their metabolites.

Cardiac TNF-α, TGF-β, and IκBα Expression
Results show that compared to LS, LSG had slightly reduced TNF-α and TGF-β expression
which was not statistically significant (Table 3). In contrast, HS had sharply increased TNF-
α and TGF-β expression over that observed in LS and LSG. Finally, compared to HS, HSG
had reduced TNF-α and TGF-β expression. Immunoblot revealed that relative to LS, LSG had
increased IκBα expression, while HS showed reduced IκBα expression (Figure 1a–b).
Compared to HS, HSG had elevated IκBα expression. IκBα elevation in both LSG and HSG
relative to their respective salt controls supports a conserved effect of grape-enriched diets
upon IκBα expression.

Discussion
In summary, chronic intake of grapes altered cardiac transcripts related to PPAR and NF-κB
activation that may be significant to the diet-associated cardioprotection in Dahl-SS rats.
Grape-fed groups had enhanced PPAR-α and PPAR-γ activity, but reduced NF-κB activity. In
addition, results support grape-associated up-regulation of PPAR-α, PPAR-γ co-activator-1α,
PPAR-γ, and NF-κB inhibitor IκBα mRNA and down-regulation of TNF-α and TGF-β mRNA.
Finally, grape intake was associated with significantly reduced cardiac TNF-α and TGF-β
protein expression, increased IκBα expression, and reduced cardiac fibrosis.

Beyond Blood Pressure
Grape-related benefits may derive from indirect effects on cardiac pathology from reduced
blood pressure. HSG effects on systolic blood pressure were early and sustained in HSG; these
data support the previous findings of vasodilation from of grape product consumption.
However, equivalent blood pressure by hydralazine did not translate to a similar reduction in
cardiac fibrosis and remodeling. These observations may suggest that mechanisms beyond a
systemic depressor effect are participating in the observed phenotypes.

The lack of depressor effect in LSG as compared to LS suggests that depressor effects are
largely observed in hypertensive subjects. Despite the perceived absence of a hemodynamic
effect in LSG, numerous mRNA/protein changes occurred in LSG hearts which suggest cardiac
bioavailability of grape constituents and specific molecular effects of grape consumption. In
this manner, LSG is perhaps the most intriguing group for revealing possible molecular
alterations following grape consumption.

PPAR Activity Opposes NF-κB Activity
The interaction of PPAR activity and NF-κB-associated inflammation is a focus of this work.
NF-κB is present in the cytosol in an inactive form complexed to an inhibitory kappaB (IκB)
monomer. Various stimuli, including ischemia, free radicals, and cytokines activate NF-κB by
inducing phosphorylation of its cytoplasmic inhibitor IκBα. NF-κB contributes to heart failure
pathogenesis because it regulates genes/proteins important for disease progression including
cytokines (e.g. TNF-α), interleukins (e.g., IL-1β, IL-6), growth factors (e.g. TGF-β), and
adhesion molecules (e.g. ICAM).

PPAR and NF-κB interact in several ways to oppose their respective activities. First, PPAR
activation increases IκBα transcription[6]. Furthermore, PPARs physically interact with NF-
κB via its Rel homology domain that mediates interaction with IκBα[5]. Finally, nuclear NF-
κB can inhibit PPAR binding to genomic PPREs, thereby reducing PPAR transcriptional
activity and the expression of PPAR-related transcripts[5]. Current results show that grape
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intake increased IκBα expression, which would likely reduce NF-κB activity. However, further
study is needed to examine if other potential mechanisms, independent of altered IκBα
expression, contribute to the observed reduced NF-κB activity by grape intake.

Studies with PPAR agonists confirm the inverse association of PPAR activity with NF-κB
activity. In Dahl-SS rats, PPAR-α agonist fibrate inhibited cardiac hypertrophy and
hemodynamic dysfunction and improved survival[27]. Fibrate treatment also decreased NF-
κB activity and the expression of NF-κB related target genes. In stroke-prone, spontaneously
hypertensive rats, PPARγ agonist pioglitazone reduced cardiac NF-κB activity, cardiac
fibrosis, and expression of NF-κB-related transcripts like TNF-α[28].

NF-κB Activity Impacts Heart Failure
HSG showed reduced NF-κB transcripts TNF-α and TGF-β. Human heart failure is correlated
with increased plasma levels of TNF-α and TGF-β, and ex vivo analysis of explanted failing
hearts reveals increased cardiac TNF-α[29] and TGF-β[30]. TNF-α may be directly involved
in the progression of heart failure by exerting direct negative inotropic effects and by triggering
apoptosis in cardiomyocytes[31]. In humans, elevated plasma TNF-α correlates with heart
failure trajectory[32]. Cardiac TGF-β is up-regulated by increased work load and provokes the
hypertrophic and pro-inflammatory cardiac gene expression[33]. Other genes affected by HSG
in Table 2 would also contribute to reduced local fibrosis and inflammation, including ICAM
and IL-6.

Of note, unlike HSG group PPAR activity, which parallels that of healthy rats (LS, LSG),
increased expression of NF-κB related genes/proteins in salt-fed rats were not completely
prevented in HSG hearts. That is, expression was significantly reduced compared to HS rats,
but still did not approximate those found healthy rats (LS, LSG). Indeed, these results mirror
those for altered systolic blood pressure, cardiac fibrosis and function which also did not match
those of healthy rats. We expect that multiple factors impact fibrosis and related hemodynamic
function such as neurohormone activation and oxidative stress. In addition, TNF-α and TGF-
β expression are also altered by a number of redox related transcription factors like AP-1 and
ets-1, which may also have increased activity in this model and may be unaffected by grape
intake. Thus while PPAR activation can reduce NF-κB activation, this relationship did not
completely limit pluripotent pro-fibrotic or pro-inflammatory pathogenesis in this model.

PPAR Activity Impacts Heart Failure
While the consequences of NF-κB activity are clear, the phenotypic sequelae of PPAR activity
can depend upon which PPAR isoforms are activated. In hypertensive rats, PPAR-α activation
reduces cardiac hypertrophy[27,34,35] improves diastolic and systolic function, and prolongs
lifespan[27,36]. However, in stroke-prone spontaneously hypertensive rats, PPAR-γ agonist
pioglitazone did not alter blood pressure or cardiac hypertrophy, but did reduce NF-κB activity,
fibrosis and a cardiac inflammation[28]. When isoform-specific agonists were directly
compared in post-infarction rats[36], PPAR-α activation dose-dependently improved cardiac
output, myocardial contractility, and diastolic relaxation and reduced cardiac hypertrophy and
fibrosis. However, PPAR-γ activation exacerbated cardiac dysfunction. Therefore,
experimental models appear to support the premise that PPAR-α agonism is beneficial for the
heart while the effects of PPAR-γ agonism appear to vary.

Phytochemical Bioavailability and Candidate Effectors
Effects of grape phytochemicals upon cardiac transcription or cell signaling would likely
require tissue uptake of phytochemical and their enterohepatic-conjugated metabolites. Many
grape-derived phytochemicals may participate in the observed effects, including anthocyanins,
flavanols, flavonols, and the stilbene resveratrol. Anthocyanins are the largest group of water-
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soluble pigments in the plant kingdom and are widely distributed in the human diet.
Anthocyanins can increase PPAR activity in vitro and in vivo, and table grape powder may
have impacted cardiac PPAR activity due in part to the content of anthocyanins, which average
over 50% of the total flavonoids in table grapes[37] and in the particular powder used here
[4]. Our group previously showed that intake of anthocyanin-rich tart cherry powder elevated
liver PPAR-α and PPAR-γ mRNA[38]. In diabetic mice, diets enriched with anthocyanin-rich
mulberry extract increased liver and adipose tissue expression of PPAR-γ and PPAR-α[39].
Macrophages exposed to anthocyanins showed increased PPAR-γ expression and PPAR-
related transcriptional activity[21]. As such, the current results are in agreement with others
using purified anthocyanins, anthocyanin-rich extracts, or anthocyanin-rich whole foods.

Regarding altered PPAR activity, bioavailable grape anthocyanins (and perhaps other
phytochemicals) may modulate cell signaling components including phosphoinositide 3-
kinase, Akt/PKB, tyrosine kinases, protein kinase C, and MAP kinases. For example,
bioavailable phytochemicals, their enterohepatic metabolites, and their intracellular
metabolites may interact with sulfhydryl moieties or binding sites on kinase proteins and alter
secondary protein structure and activity. The exact kinase signaling pathways involved in the
observed grape-related effects are unknown and require further investigation.

Regarding altered NF-κB activity, bioavailable grape phytochemicals, including non-
anthocyanin compounds, may act directly as antioxidants and thereby reduce oxidative stress
and NF-κB activity. However, conjugated phytochemical metabolites present in the heart have
a reduced ability to donate hydrogen and to scavenge damaging radicals as compared to their
non-conjugated parent compounds. Also, concentrations of these metabolites in tissues are
much lower (1000 fold or more) than endogenous antioxidant compounds like glutathione,
superoxide dismutase, or catalase. As such, grape diet effects upon NF-κB activity are likely
mediated by altered kinase signaling and gene transcription/translation rather than by direct
antioxidant ability.

Alternative Hypotheses and Study Limitations
Diet-mediated protection in HSG may also involve reduced neurohormonal or biomechanical
sources of cardiac oxidative stress. Local cardiac oxidative stress is generated by increased
cardiac renin-angiotensin-aldosterone (RAAS) system activation, increased norepinephrine,
and from local inflammation. Furthermore, pressure/volume overload increases cardiac work
and cardiac metabolism, increasing the opportunity for lost free electrons and oxidative stress.
Should grape intake impact local neurohormones or cardiac work, grape intake may then
indirectly affect redox-regulated NF-κB activity.

As related to PPAR activity, grape intake may have indirectly altered the formation of
endogenous PPAR ligands like free fatty acids or eicosanoids. Also, the current study did not
explore the activation of the PPAR-β/δ isoform, which is a recent target for pharmaceutical
development and of growing clinical interest. Finally, grape phytochemicals other than
anthocyanins may be involved in altered cell signaling and transcription factor activity, or they
may participate synergistically. In summary, physiologically relevant phytochemical intake
increased cardiac PPAR activity and decreased NF-κB activity, fibrosis, and inflammation in
a rat model of salt-sensitive hypertension and diastolic dysfunction.

Perspectives

The current results suggest that a phytochemical-rich diet imparts specific molecular effects
within heart tissue which confer a degree of cardioprotection against hypertension-
associated diastolic dysfunction. The pathogenesis of this rat model is particularly relevant
to hypertensive heart failure pathogenesis in African Americans and in the elderly,
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particularly elderly women. A fruit and vegetable-rich DASH-style diet was recently shown
to be inversely related to human heart failure[40]. Given the disappointing clinical results
with vitamin and mineral supplement trials, phytochemical-rich whole foods may be a
critical component of a DASH-style diet for reducing hypertension-associated heart failure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. a–b. IκBα Expression
Mean ± SEM, n = 9 per group, quantitatively expressed relative to β-actin(1a) with a
representative Western Blot(1b). (LS) low-salt diet; (LSG) low salt + grape powder diet; (HS)
high-salt diet; (HSG) high salt + grape powder diet. * At least p < 0.05 vs. LS; † at least p <
0.05 vs. LS, LSG and HSG; ‡ at least p< 0.05 vs. HS and LSG.
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Table 1

Cardiac PPARα, PPARγ and NF-κB Activity

Transcription Factors LS LSG HS HSG

PPAR-α 0.8±0.02 1.2±0.03* 0.6±0.02† 0.8±0.02‡

PPAR-γ 0.35±0.06 0.45±0.03* 0.25±0.03† 0.35±0.04‡

NF-κB 0.07±0.03 0.04±0.02* 0.16±0.04† 0.10±0.03‡

In O.D./microgram protein ± SEM, n = 9 per group,

*
p<0.05 vs. LS.

†
p<0.05 vs. LS, LSG.

‡
p<0.05 vs. HS, LSG.
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Table 2

RT-PCR

Gene
Symbol Gene Name

Fold
Regulation

by Salt

Fold
Regulation
by Grape

HS (v LS) LSG (v LS) HSG (v HS)

PPAR-α PPAR-α −6.86* 1.44* 2.91*

PPAR-γ PPAR-γ 1.17 1.52* 1.71*

PGC-1α PPAR-γ coactivator 1α −3.62* 1.56* 3.65*

NF-κB Nuclear factor κ B 1.28 1.02 1.14

IκBα Inhibitor kappa Bα −2.31* 1.3* 3.48*

TNF-α Tumor necrosis factor-α 3.64* −1.56* −1.92*

IL-6 Interleukin-6 1.23 1.06 −1.75*

IL-1β Interleukin-1β 1.64* −1.1 −5.06*

TGF-β1 Transforming growth factor-β1 2.62* −1.21 −2.06*

ICAM Intercellular Adhesion Molecule 1.26* −1.17 −1.62*

N = 4 per group. Fold regulation, comparison via ΔΔCT method.

*
p at least <0.05 vs. respective salt control.
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Table 3

Cardiac Protein Expression

Proteins LS LSG HS HSG

TNF-α 0.14±0.03 0.11±0.03 0.75±0.08† 0.54±0.07‡

TGF-β 0.13±0.03 0.15±0.05 0.47±0.06† 0.36±0.04‡

TNF-α and TGF-β quantified by ELISA relative to standard curve. Expressed as mean pg/mg total protein ± SEM, n = 9 per group.

*
p<0.05 vs. LS.

†
p<0.05 vs. LS, LSG, and HSG.

‡
p<0.05 vs. LS, LSG, and HS.
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