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Abstract
Endothelial-dysfunction, oxidative stress and inflammation are associated with vascular aging and
promote the development of cardiovascular-disease. Caloric restriction (CR) mitigates conditions
associated with aging, but its effects on vascular dysfunction during aging remain poorly defined.
To determine whether CR exerts vasoprotective effects in aging, aortas of ad libitum (AL) fed young
and aged and CR-aged F344 rats were compared. Aging in AL-rats was associated with impaired
acetylcholine-induced relaxation, vascular oxidative stress and increased NF-κB-activity. Lifelong
CR significantly improved endothelial function, attenuated vascular ROS production, inhibited NF-
κB activity and down-regulated inflammatory genes. To elucidate the role of circulating factors in
mediation of the vasoprotective effects of CR, we determined whether sera obtained from CR-animals
can confer anti-oxidant and anti-inflammatory effects in cultured coronary-arterial endothelial cells
(CAECs), mimicking the effects of CR. In CAECs cultured in the presence of AL-serum TNFα
elicited oxidative-stress, NF-κB-activation and inflammatory gene expression. By contrast, treatment
of CAECs with CR-serum attenuated TNFα-induced ROS generation and prevented NF-κB-
activation and induction of inflammatory genes. siRNA-knockdown of SIRT1 mitigated the anti-
oxidant and anti-inflammatory effects of CR-serum. CR exerts anti-oxidant and anti-inflammatory
vascular effects, which are likely mediated by circulating factors, in part, via a SIRT1-dependent
pathway.
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Introduction
Caloric restriction (CR) is a dietary regimen recognized to delay aging and extend lifespan in
evolutionary distant organisms (including the invertebrate C. elegans, F. pyramitela and D.
melanogaster as well as laboratory rodents). CR also slows the functional decline associated
with aging in various organ systems, such as skeletal muscle, heart and the immune system
and delays early onset of age-related diseases (e.g. cancer and cataract formation) in mammals
(Pearson et al., 2008a; Pearson et al., 2008b). Despite the fact that cardiovascular disease is
the primary cause for age-related mortality and morbidity in elderly humans(Lakatta and Levy,
2003), little information is available whether CR can prevent or delay development of
cardiovascular disease.

CR may improve vascular health by attenuating systemic risk factors for atherosclerosis or by
enhancing cellular functions and impacting gene expression in vascular endothelial and smooth
muscle cells that creates a microenvironment, which offsets atherogenesis (e.g. attenuation of
ROS production, anti-inflammatory effects). Accordingly, CR diminished systemic risk factors
of atherosclerosis normalizing serum cholesterol, triglycerides, fasting glucose and fasting
insulin levels and decreasing blood pressure both in obese and non-obese individuals (Fontana
et al., 2004; Fontana et al., 2007; Jung et al., 2007; Meyer et al., 2006; Miyaki et al., 2008;
Pereira et al., 2004; Pierce et al., 2008; Walford et al., 1992). Despite these advances, the effects
of chronic CR on pro-atherogenic vascular alterations during aging remain poorly understood.

Vacular aging is associated with pro-oxidant and pro-inflammatory phenotypic and functional
changes, that promote the development of cardiovascular disease(Csiszar et al., 2008b).
Previous studies have demonstrated that increased production of reactive oxygen species
(ROS) in the aged vasculature results in endothelial dysfunction decreasing the bioavailability
of vasodilator and vasoprotective nitric oxide (Csiszar et al., 2002; van der Loo et al., 2000).
Current views of vascular aging are consistent with chronic low-grade vascular inflammation
(Csiszar et al., 2003; Csiszar et al., 2008b; Franceschi et al., 2000), up-regulation of adhesion
molecules, iNOS and enhanced production of chemokines and pro-inflammatory cytokines.
Increasing evidence supports a key role for ROS-dependent activation of the redox sensitive
transcription factor, NF-κB, in vascular pro-inflammatory phenotypic alterations during aging
(Csiszar et al., 2008b; Ungvari et al., 2007b). Numerous studies on CR show that oxidative
stress (De Cabo et al., 2004; Hyun et al., 2006; Kim et al., 2008) and inflammatory gene
expression (Higami et al., 2006; Lee et al., 2002) in a variety of tissues are attenuated.
Collectively, these studies serve the basis of our hypothesis (Ungvari et al., 2008a) that CR
has the potential to attenuate aging-induced pathophysiological alteration in the vasculature
by counteracting vascular oxidative stress and inflammation.

The mechanisms underlying the beneficial effects of CR on mammalian healthspan are
undoubtedly multifaceted, involving both cell-autonomous effects (e.g. changes in
mitochondrial function), changes in paracrine regulation (altered cytokine microenvironment)
and effects mediated by neuroendocrine factors (recently reviewed elsewhere(Ungvari et al.,
2008a)). Important to the present study are observations by de Cabo et al(de Cabo et al.,
2003) that in vitro treatment of cultured hepatocytes with sera from CR animals mimics
phenotypic effects observed in vivo during CR. These studies support a key role of
neuroendocrine factors in phenotypic responses due to CR. Neuroendocrine mediators present
in the circulation reach endothelial cells and elicit a variety of responses, however, no studies
have investigated whether these circulating factors mediate vasoprotective effects during CR.
Based on the aforementioned studies, we further hypothesize that circulating factors triggered
by CR activate endogenous cytoprotective mechanisms in endothelial cells, thus contributing
to the anti-oxidative and anti-inflammatory vasoprotective effects of CR.
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To test these hypotheses we initially determined whether CR in aged rat arteries attenuates
oxidative stress, improves endothelial function, and inhibits NF-κB-driven inflammatory gene
expression. We next tested whether sera obtained from CR animals can confer anti-oxidant
and anti-inflammatory effects in cultured coronary arterial endothelial cells by activating
SIRT1 and mimicking the effects observed in CR animals.

Methods
Animal models

Animal use protocols were approved by the Institutional Animal Care and Use Committee of
the New York Medical College, Valhalla, NY. Male Fisher 344 rats were purchased from the
National Institute of Aging and kept under pathogen free conditions (Csiszar et al., 2003;
Csiszar et al., 2004; Ungvari et al., 2008b; Ungvari et al., 2007b). The following experimental
groups were used: a) 3 month old [“young”] ad libitum (AL) fed, b) 28 month old [“aged”] AL
fed and c) 28 month old with lifelong 40% CR (CR). All animals were disease free and exhibited
no signs of systemic inflammation and/or neoplastic alterations. Upon sacrifice the aortas were
isolated as reported (Csiszar et al., 2007a; Ungvari et al., 2008b; Ungvari et al., 2007b). Sera
were collected from AL fed and CR fed rats for cell culture experiments as described (de Cabo
et al., 2003).

Functional studies
Endothelial function was assessed by measuring relaxation of aortic ring preparations to
acetylcholine as previously described(Csiszar et al., 2008a; Csiszar et al., 2007a). In brief,
aortas of each animal were cut into ring segments 2 mm in length and mounted on 40 µm
stainless steel wires in the myograph chambers (Danish Myo Technology A/S, Inc., Denmark)
for measurement of isometric tension. The vessels were superfused with Krebs buffer solution
(118 mM NaCl, 4.7 mM KCl, 1.5 mM CaCl2, 25 mM NaHCO3, 1.1 mM MgSO4, 1.2 mM
KH2PO4, and 5.6 mM glucose; at 37°C; gassed with 95% air and 5% CO2). After an
equilibration period of 1 hour during which an optimal passive tension was applied to the rings
(as determined from the vascular length-tension relationship), relaxations of pre-contracted
(by 10−6 mol/L phenylephrine) vessels to acetylcholine (ACh; from 10−9 to 10−5 mol/L) were
obtained. The effects of the O2 ·− scavenger PEG-SOD (200 U/mL) on ACh-induced vascular
responses were also tested to assess the role of increased O2 ·− in endothelial dysfunction. To
assess the relaxant properties of the vascular smooth muscle, relaxations to endothelium-
independent vasodilator S-nitroso-N-acetyl-DL-penicillamine (SNAP), which releases NO+,
were also obtained.

Studies on endothelial cells: effects of AL and CR sera treatment, SIRT1 induction and SIRT1
knockdown

To study the role of circulating factors that may mediate effects of CR, primary human coronary
artery endothelial cells (CAECs; Cell Applications, Inc., San Diego, CA; after passage 4) were
cultured as described(Csiszar et al., 2008a; Csiszar et al., 2006; Ungvari et al., 2008b) in
Endothelial Cell Growth Media (Beckton Dickinson) supplemented with 10% fetal calf serum
(FCS) and 1% antibiotics (Gibco,Gaithersburg,MD) until the time of treatment. For treatment,
FCS was replaced with serum collected from AL or CR rats, as previously described(Allard et
al., 2008; de Cabo et al., 2003). To determine whether SIRT1 mediates the endothelial
protective effects of CR serum factors downregulation of SIRT1 in CAECs was achieved by
RNA interference, using the proprietary SIRT1 siRNA sequences (Origen) and the
electroporation-based Amaxa Nucleofector technology (Amaxa, Gaithersburg, MD), as we
have previously reported(Csiszar et al., 2008a). Cell density at transfection was 30%. Specific
gene silencing was verified with QRT-PCR and Western blotting (at the mRNA and protein
level, respectively) as described(Csiszar et al., 2008a). Transfection efficiency (determined by
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analyzing co-expression of GFP by flow cytometry) was over 70%. On day 2 after transfection,
when gene silencing was optimal, cells were treated with CR sera. To determine whether SIRT1
induction mimics the protective effects of CR sera, CAECs were treated with resveratrol (10
µmol/L, for 24 h), a pharmacological activator of SIRT1(Baur and Sinclair, 2006). In other
experiments SIRT1 was overexpressed (~7 fold) in CAECs using a proprietary cDNA construct
(Starategen), as previously described(Csiszar et al., 2008a). Thereafter, cells were treated with
TNFα (10 ng/mL) or vehicle for 24 h. After the culture period 1) cellular ROS production, 2)
NF-κB activation and 3) NF-κB-driven gene expression were analyzed (see below).

Measurements of ROS production
In freshly isolated aortic segments cellular O2 ·− production was assessed using the SOD-
inhibitable lucigenin (10 µmol/L) chemiluminescence (CL) method, as described(Csiszar et
al., 2008a; Csiszar et al., 2007a; Csiszar et al., 2002). In brief, vessels from young AL, aged
AL and aged CR rats were placed in scintillation vials containing HEPES-buffered (pH 7.4)
Krebs solution and lucigenin (10 µmol/L) CL was measured in a liquid scintillation counter
(Beckman LS-6000IC) in the absence and presence of superoxide dismutase (SOD, 200 U/
mL). Scintillation counts were obtained 15 to 20 minutes after addition of vessels (averaged)
and background-corrected values were normalized to tissue weight.

In other experiments, dihydroethidine (DHE), an oxidative fluorescent dye, was used to assess
vascular ROS production in segments of en face preparations of the aortas as we have
previously reported(Csiszar et al., 2008a; Csiszar et al., 2007a; Pearson et al., 2008a). In brief,
vessels were incubated with DHE (3×10−6 mol/L; at 37 °C) and for quantitative measurements
the time course of the build-up of ethidium fluorescence in en face preparations of the aortas
was recorded for 30 min(Csiszar et al., 2007b). The slope factor was calculated and normalized
to tissue mass. Unstained aortas and vessels pre-incubated with PEG-SOD were used for
background correction and negative control, respectively.

In experiments using CAECs production of O2 ·− was assessed using a flow cytometer-based
modified DHE assay(Csiszar et al., 2008a). This method enabled us to specifically assess
oxidative stress in cells which expressed GFP co-transfected with the SIRT1 siRNA expressing
vector. H2O2 production in CAECs was measured fluorometrically using the Amplex Red/
horseradish peroxidase assay as described(Csiszar et al., 2007b; Ungvari et al., 2008b; Ungvari
et al., 2007b).

Determination of endogenous glutathione and ascorbate using HPLC electrochemical
detection

Concentrations of redox-active GSH and ascorbate were measured in aorta homogenates using
a Perkin-Elmer HPLC equipped with an eight-channel coulometric array detector (ESA, Inc.,
Chelmsford, MA) as described(Cho et al., 2007). In brief, 10 mg aliquots of tissue samples
were washed with ice-cold PBS and homogenized in 5% (w/v) metaphosphoric acid. Samples
were centrifuged at 10,000-× g for 10 min to sediment protein and the supernatant fraction was
saved for analysis of redox sensitive compounds. Precipitated proteins were dissolved in 0.1
N NaOH and saved for protein determinations by a spectrophotometric quantitation method
using BCA reagent (Pierce Chemical Co., Rockford, IL). Concentrations of GSH and ascorbic
acid in saved supernatant fractions were determined by injecting 5 µL aliquots onto an
Ultrasphere 5 u, 4.6 × 250 mm, C18 column and eluting with mobile phase of 50 mM
NaH2PO4, 0.05 mM octane sulfonic acid, 1.5% acetonitrile (pH 2.62) at a flow rate of 1 mL/
min. The 8-channel CoulArray detectors were set at 200, 350, 400, 450, 500, 550, 600 and 700
mV, respectively. Peak areas were analyzed using ESA, Inc. software and concentrations of
GSH and ascorbate are reported as nmol/mg protein.
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SIRT1 activity assay
Nuclear SIRT1 activity was measured in cells treated with AL sera or CR sera. In brief, cells
were suspended in lysis buffer (10 mM Tris HCl pH 7.5, 10 mM NaCl, 15 mM MgCl2, 250
mM sucrose, 0.5% NP-40 and 0.1 mM EGTA), vortexed for 10 seconds followed by incubation
for 15 min on ice. The cells were spun through 4 mL of sucrose cushion (30% sucrose, 10 mM
Tris HCl pH 7.5, 10 mM NaCl, 3 mM MgCl2) at 1,300 × g for 10 min at 4°C. The nuclear
pellet was washed once with cold 10 mM Tris HCl pH 7.5, 10 mM NaCl. The isolated nuclei
were suspended in 50 µL of extraction buffer (50 mM HEPES KOH, pH 7.5, 420 mM NaCl,
0.5 mM EDTA Na2, 0.1 mM EGTA, 10% glycerol), sonicated for 30 s and incubated on ice
for 30 min, followed by centrifugation (15,000 rpm for 10 min). The nuclear extract was
collected and the protein concentration was determined by the Bradford method. SIRT1 was
immunoprecipitated from the samples using a rabbit polyclonal antibody directed against the
C-terminus of SIRT1 (Abcam #ab28170). SIRT1 activity in the samples was measured using
the Cyclex SIRT1 Deacetylase Fluorimetric Assay Kit according to the manufacturer’s
protocol (CycLex Ltd., Nagano, Japan). In brief, this assay is based on the principle that upon
NAD-dependent deacetylation of the specific substrate by SIRT1 (in the presence of
trichostatin A, a potent inhibitor of SIRT1-independent histone deacetylases), the fluoro-
substrate peptide is cleaved by a lysyl endopeptidase, separating the quencher from the
fluorophore. Specific activity of SIRT1 was assessed by measuring time-dependent changes
in fluorescence intensity, normalized to protein concentration. To demonstrate the specificity
of the assay, we assessed resveratrol- (from 10−6 to 10−4 mol/L) induced increases in the
specific activity of recombinant SIRT1 in the presence and absence of the specific SIRT1
activator sirtinol (10−4 mol/L). Standard assay controls included the use of a fluoro-
deacetylated peptide (to control for lysyl endopeptidase activity), no enzyme control, no
NAD+ control and no inhibitor control.

Nuclear extraction and NF-κB binding activity assay
To determine whether CR inhibits NF-κB activity, nuclei were isolated from freshly isolated
aortic segments using the Nuclear Extraction kit from Active Motif (Carlsbad, CA) as reported
(Csiszar et al., 2005; Ungvari et al., 2007b). In brief, arteries of young AL, aged AL and aged
CR rats were homogenized with a dounce tissue homogenizer in 500 mL ice-cold hypotonic
lysis buffer followed by two centrifugation steps (500 g, for 30 s, 4°C) to exclude tissue debris.
Then, nuclear proteins (~10 µg/vessel segment) were extracted according to the manufacturer's
protocol. Protein concentrations in samples were equalized using a Bradford protein assay
(Bio-Rad). Using the nuclear extract obtained, NF-κB binding activity was assayed using the
TransAM NF-κB ELISA kit (Active Motif) according to the manufacturer's guidelines
(Ungvari et al., 2007b).

Transient transfection and luciferase assays
To elucidate the anti-inflammatory action of circulating CR factors, TNFα-induced NF-κB
activation was compared in AL and CR sera-treated CAECs by a reporter gene assay as
described(Csiszar et al., 2008a; Csiszar et al., 2006; Ungvari et al., 2007b). We used a NF-κB
reporter comprised of an NF-κB response element upstream of firefly luciferase (NF-κB-Luc,
Stratagene) and a renilla luciferase plasmid under the control of the CMV promoter (as an
internal control). Transfections in CAECs were performed using the Amaxa Nucleofector
technology (Amaxa, Gaithersburg, MD) (Csiszar et al., 2008a; Csiszar et al., 2006; Ungvari et
al., 2007b). Firefly and renilla luciferase activities were assessed after 24 h using the Dual
Luciferase Reporter Assay Kit (Promega) and a luminometer.
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Quantitative real-time RT-PCR
We have used a quantitative real time RT-PCR technique to analyze mRNA expression of
TNFα, NF-κB-driven genes (ICAM-1, iNOS, BMP2) and SIRT1 in aorta samples as well as
CAECs, as previously reported(Csiszar et al., 2007a; Csiszar et al., 2002; Ungvari et al.,
2008b; Ungvari et al., 2007b). In brief, total RNA was isolated with Mini RNA Isolation Kit
(Zymo Research, Orange, CA) and was reverse transcribed using Superscript III RT
(Invitrogen) as described previously(Csiszar et al., 2006; Csiszar et al., 2002). Real time RT-
PCR technique was used to analyze mRNA expression using the Strategen MX3000, as
reported(Csiszar et al., 2006). Amplification efficiencies were determined using dilution series
of a standard vascular sample. Quantification was performed using the efficiency-corrected
ΔΔCq method. The relative quantities of the reference genes GAPDH, HPRT, YWHAZ and
β-actin were determined and a normalization factor was calculated based on their geometric
mean for internal normalization. Oligonucleotides used for quantitative real-time RT-PCR are
listed in Table 1. Fidelity of the PCR reaction was determined by melting temperature analysis
and visualization of product on a 2% agarose gel.

Flow cytometry
CAECs forming a 90% confluent monolayer in a six-well plate were cultured with TNFα (10
ng/ml) for 24 hr at 37°C, detached by cell dissociation buffer (Invitrogen Corporation; Grand
Island, NY), fixed in 5% formalin–PBS for 5 min at 20°C, washed in ice-cold PBS by
centrifugation (200 × g for 8 min at 4°C), and resuspended in 2 ml PBS containing mouse
monoclonal antibody for human ICAM-1 (R&D Systems). After reacting for 1 hr at 20°C, cells
were washed in PBS by centrifugation and exposed to AF488-conjugated goat anti-mouse IgG.
To minimize nonspecific binding of antibodies, incubation was conducted in the presence of
isotype-matched mouse IgG (Sigma). Cells treated with only a second antibody served as
controls. Flow cytometry was performed by a Guava Easycyte flow cytometer. The percentage
of cells expressing ICAM-1 was determined according to a forward light scatter/side light
scatter gating combined with an FL-1 channel for immunostaining.

Western blotting
To analyze protein expression of SIRT1 Western blotting was performed as described(Csiszar
et al., 2007b; Ungvari et al., 2008b), using a rabbit polyclonal antibody diirected against the
C-terminus of SIRT1 (Abcam #ab28170). The antibody detects a band of approximately 91
kDa, which is significantly attenuated after knockdown of SIRT1 by siRNA (Fig. 2C), showing
the specificity of the antibody binding. Anti-β-actin (Novus Biologicals, Littletown, CO) was
used for normalization purposes.

Monocyte adhesion assay
We measured adhesion of fluorescently-labeled human monocytic (THP-1) cells to confluent
monolayers of CAECs using a microplate-based assay as reported(Csiszar et al., 2006). In
brief, CAECs were grown to confluence in 96-well plates and were treated with TNFα (10 ng/
mL; incubation time: 2 h, at 37 °C). THP-1 cells were labeled with the fluorescent dye calcein
(5 µmol/L final concentration; Molecular Probes, Eugene. OR; in serum-free RPMI medium
for 30 min at 37 °C). Cells were then washed twice with prewarmed (37°C) RPMI. PMA
(phorbol myristate acetate, 10−6 mol/L)-pretreated fluorescently labeled THP-1 cells (5 ×
105 /well) were added the microplate wells containing confluent CAECs (medium removed;
incubation time: 120 min, at 37 °C). Nonadherent THP-1 cells were removed by careful
washing (three times with pre-warmed RPMI). PBS (200 µL) was added to each well and
fluorescence was measured using a Tecan Infinite M200 plate reader (excitation : 485 nm;
emission: 528 nm). Controls included measurement of total fluorescence of labeled cells before
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adhesion, controls for measuring autofluorescence of unlabeled cells, and measurement of
monocyte adhesion to microplate wells in the absence of CAECs.

Apoptosis assays
To determine whether CR circulating factors exert anti-apoptotic effects, CAECs were pre-
treated with AL and CR sera and apopotosis was induced by administration of oxidized LDL
(ox-LDL; 40 µg/mL, for 24 h; purchased from Biomedical Technologies Inc., Stoughton, MA)
or tumor necrosis factor (TNFα, 10 ng/mL, for 24 hours). Apoptotic cell death was assessed
using a flow cytometer-based TUNEL assay(Ungvari et al., 2007a).

To corroborate the results of the TUNEL assay, endothelial cell samples were homogenized
in lyses buffer and caspase activities were measured using Caspase-Glo 3/7 assay kit according
to the manufacturer’s instruction (Promega, Madison, WI). In 96-well plates 50 µl sample was
mixed for 30 sec with 50 µl Caspase-Glo 3/7 reagent and incubated for 2 h at room temperature.
Lyses buffer with the reagent served as blank. Luminescence of the samples was measured
using an Infinite M200 plate reader (Tecan, Research Triangle Park, NC). Luminescent
intensity values were normalized to the sample protein concentration.

Data analysis
Data were normalized to the respective control mean values and expressed as means ± S.E.M.
Statistical analyses of data were performed using Student’s t-test or two-way ANOVA followed
by the Tukey’s post hoc test, as appropriate. P<0.05 was considered statistically significant.

Results
CR improves endothelial function and attenuates oxidative stress in aged rat arteries

Advancing age resulted in a significant decline in acetylcholine-induced vascular relaxations
in AL fed rats, which was significantly improved by chronic CR (Fig. 1A). Administration of
PEG-SOD significantly improved acetylcholine-induced relaxation of arteries from AL fed
rats, minimizing the differences between the groups (Fig. 1B). Aging or CR did not affect
significantly SNAP-induced vascular relaxations (not shown).

Lucigenin chemiluminescence (Fig. 1C) and DHE fluorescence (Fig. 1D) measurements
showed that O2 ·− production was increased in arteries of aged AL fed rats compared to the
arteries from young AL fed rats. Vascular O2 ·− generation was significantly reduced in aged
CR rats (Fig. 1C,D). Consistent with the presence of age-related oxidative stress, aortic GSH
content (Fig 2) and ascorbate concentrations (in nmol/mg protein, young: 0.35±.02; aged AL:
0.13±0.04*, aged CR: 0.28±0.05#, *P<0.05 vs. young, #P<0.05 vs. AL) were significantly
reduced in aged AL rats and were normalized by CR.

Treatment of CAECs with CR sera attenuates oxidative stress: role of SIRT1
In CAECs, treatment with CR sera significantly up-regulated SIRT1 protein expression and
activity (Fig. 2A,B). Endothelial SIRT1 expression was effectively down-regulated by siRNA
(Fig. 2C).

In CAECs cultured in the presence of AL sera, addition of TNFα significantly increased ROS
production (Fig. 2D). By contrast, treatment of CAECs with sera from CR rats significantly
attenuated TNFα-induced oxidative stress (Fig. 2D). Knockdown of SIRT1 significantly
increased ROS production in activated CAECs treated with sera from either AL or CR animals
(Fig. 2D), significantly minimizing the difference between the two groups. Resveratrol
treatment or overexpression of SIRT1 also significantly decreases oxidative stress in activated
CAECs (Fig. 2D) mimicking the effects of CR serum treatment. Using the Amplex Red assay
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we also found that CR serum treatment significantly decreased H2O2 production in CAECs
(by ~33%). By contrast, knockdown of SIRT1 elicited significant increases in H2O2 production
in CAECs treated with AL or CR sera (23% and 47%, respectively). GSH content was also
increased in CR serum-treated CAECs (in nmol/mg; AL: 0.85±0.03, CR: 1.23±0.12, P<0.05).

CR inhibits NF-κB activation and NF-κB-driven inflammatory gene expression in aged rat
arteries

NF-κB binding activity was increased in nuclei extracted from freshly isolated arteries of aged
AL rats, as compared to those isolated from young rats (Fig. 3A). Aging in AL rats was also
associated with an increased vascular expression of NF-κB –driven inflammatory genes,
including ICAM-1 (Fig. 4A) and iNOS (not shown). By contrast, vascular NF-κB activation
(Fig. 4A) and inflammatory gene expression (Fig. 4A) were attenuated by CR in aged rats.
TNFα and SIRT1 are important regulators of NF-κB activity in the aged vasculature(Csiszar
et al., 2008b). Expression of TNFα was up-regulated in arteries of aged AL rats, whereas CR
significantly reduced vascular TNFα expression (relative mRNA expression, young: AL: 1.0
±0.2, aged AL: 5.0±1.5, aged CR: 1.2±0.5, P<0.05). Conversely, expression of SIRT1 tended
to be decreased with age in AL rats and to be increased by CR (young AL: 1.0±0.03, aged AL:
0.86±0.03, aged CR: 1.74±0.48, n.s.).

Treatment of CAECs with CR sera inhibits NF-κB activation: role of SIRT1
In CAECs cultured in the presence of AL sera, TNFα significantly increased transcriptional
activity of NF-κB (Fig. 4B) and expression of ICAM-1 (Fig. 5B). By contrast, treatment of
CAECs with CR sera significantly attenuated both TNFα-induced NF-κB activation (Fig. 4B)
and NF-κB –driven ICAM-1 mRNA expression (Fig. 5B). TNF- stimulation of AL sera-treated
CAECs induced surface expression of ICAM-1 in 95 ± 1% of CAECs, compared to only 5 %
positive cells without TNFα- stimulation. Treatment with CR sera decreased the percentage of
stimulated ICAM-1 positive cells to 15 ± 3% (p < 0.001). The decrease in ICAM-1 positive
cells was paralleled by a reduction in the relative expression levels of ICAM-1 (Fig. 5B) and
attenuated monocyte adhesiveness to CR sera treated CAECs (Fig. 5C). Treatment of CAECs
with CR sera significantly attenuated TNFα-induced expression of other NF-κB –driven genes,
including iNOS, IL-6 and BMP2 (Figure 6.A,B,C, respectively). Knockdown of SIRT1
significantly increased TNFα-induced NF-κB activation (Fig. 4B) and ICAM-1 expression
(Fig. 5B) both in AL and CR sera-treated CAECs, significantly decreasing the difference
between the two groups. Resveratrol treatment or overexpression of SIRT1 also significantly
decreased NF-κB activation (Fig. 4B) and ICAM-1 induction (Fig. 5B) in TNFα-treated
CAECs, thus mimicking the effects of CR serum treatment.

Treatment of CAECs with CR sera inhibits apoptosis
In CAECs cultured in the presence of AL sera, treatment with TNFα or oxLDL promoted
apoptotic cell death, as shown by the increased ratio of TUNEL positive cells (Fig. 7A) and
increased caspase 3/7 activity (Fig. 7B). By contrast, treatment of cells with CR sera prevented
TNFα- and oxLDL-induced endothelial apoptosis (Fig. 7A,B).

Discussion
Caloric restriction is a dietary strategy shown to have anti-aging effects in a variety of tissues
across an array of mammalian and non-mammalian species. Our studies show that CR
attenuates oxidative stress and improves endothelial function in arteries of aged rats. This effect
on vascular aging is associated with decreases in NF-κB activity and down-regulation of NF-
κB dependent genes. We also show that treatment of cultured endothelial cells with sera from
CR animals inhibited TNFα-induced ROS production, NF-κB activation and inflammatory
gene expression, recapitulating in vitro the effects observed in vivo on CR animals.
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Previous studies focused on the effects of CR on systemic cardiovascular risk factors (recently
reviewed elsewhere(Ungvari et al., 2008a)) but provided little information on vascular effects
directly affected by CR. Our data support the finding that lifelong CR prevents endothelial
dysfunction in aging (Fig. 1A), extending the findings of recent studies of obese humans
(Miyaki et al., 2008). Exogenous administration of SOD improved endothelial function in aged
AL arteries whereas little improvement was observed in arteries of aged CR rats and those of
young animals (Fig. 1B). These results suggest that endothelial protective effect of CR is due
to the attenuation of the age-associated increase in vascular O2 ·− generation. Indeed,
measurements of lucigenin chemiluminescence and ethidium fluorescence (Fig. 1C,D) as well
as measurements of GSH (Fig. 2) and ascorbate content indicate that CR elicits significant
reduction of vascular oxidative stress in aged animals. Because rats can synthesize ascorbate,
we interpret the simultaneous age-related decline in tissue ascorbate(van der Loo et al.,
2003) and GSH levels as a sign of age-related oxidative stress, rather than a sign of dietary
vitamin deficiency. Our findings provide direct support for and extend the hypothesis of Sohal
and Weindruch(Sohal and Weindruch, 1996) that anti-aging action of CR is derived from the
ability of cells to attenuate oxidative stress associated with aging. In addition to its anti-oxidant
effects, CR also up-regulates eNOS(Ungvari et al., 2008a), which can contribute to improved
endothelial function.

Earlier studies by our laboratories have demonstrated that vascular oxidative stress in aging is
due, at least in part, to a TNFα-mediated up-regulation of NADPH oxidases(Csiszar et al.,
2007a; Csiszar et al., 2002). Support for this finding was obtained using etanercept that prevents
TNFα binding to its receptor, and thus attenuates vascular oxidative stress by down-regulating
NADPH oxidase and improves endothelial function in aged rats(Csiszar et al., 2007a). Our
studies demonstrate that CR significantly decreases vascular TNFα expression and attenuates
vascular ROS production, effects that contribute significantly to the endothelial protective
effects. Increased ROS generation by mitochondria also contributes to vascular oxidative stress
in aging(Ungvari et al., 2008b; Ungvari et al., 2007b). Since mitochondria isolated from CR
rats produce significantly less ROS than those from AL controls(Lambert and Merry, 2004),
we consider that decreases in mitochondrial ROS generation may also contribute to the anti-
oxidative effects of calorie restriction in the vasculature.

We devised an in vitro approach to determine the role of circulating factors that mediate anti-
oxidant effects of CR. Our data show for the first time that circulating factors within the plasma
of CR animals significantly attenuate TNFα-induced ROS production (Fig. 3D) in human
coronary arterial endothelial cells. These findings support the view that neuroendocrine factors
mediate, at least in part, the anti-oxidant effects of CR.

The free radical theory of aging postulates that increased ROS production with age results in
a variety of macromolecular oxidative modifications and accumulation of such oxidative
damage is fundamental to the aging process. ROS, in addition to causing macromolecular
damage, have important signaling roles. Recent studies show that increased ROS, derived from
mitochondria and NADPH oxidases, lead to chronic low-grade vascular inflammation in aging
(Csiszar et al., 2008b; Ungvari et al., 2008a). This process seems to be a direct
pathophysiological link to atherogenesis. We have extended our previous findings that aging
is associated with increases in NF-κB activation(Ungvari et al., 2007b) (Fig. 4A) and an up-
regulation of NF-κB-driven gene expression (Fig. 5A) in rat arteries. CR significantly
attenuates both NF-κB activation and vascular ICAM-1 expression in aged rats (Fig. 4A and
Fig. 5A). Scavenging of ROS attenuates NF-κB activation in aged vessels(Ungvari et al.,
2007b). This strongly suggest a direct causal relationship between oxidative stress and
endothelial activation in aging. These studies in their aggregate suggest that attenuation of
vascular oxidative stress (Fig. 1) contributes to the anti-inflammatory action of CR.
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In apoE-deficient mice CR attenuates atherogenesis (Guo et al., 2002). If CR exerts similar
anti-inflammatory vascular effects in humans (especially, un-related to weight reduction),
protection against the development of vascular disease may be observed in the elderly as well.
NF-κB activation and chronic low grade inflammation seem to be a generalized phenomenon
in aging, because increases in NF-κB activity and a pro-inflammatory shift in gene expression
profile have been observed recently in skeletal muscle, liver, brain, cardiac muscle and adipose
tissue of aged rodents(Higami et al., 2006; Lee et al., 2002). In this regard it is noteworthy that
CR also attenuates inflammatory gene expression in the heart(Lee et al., 2002) and adipose
tissue(Higami et al., 2006) of aged rodents, suggesting that anti-inflammatory effects of CR
may contribute to its anti-aging protective effects in multiple organs.

As noted earlier, anti-oxidant effects in the vasculature of CR animals are, at least in part,
mediated by circulating factors (Fig. 3D). We hypothesized that if reduced ROS generation
contributes to the attenuation of NF-κB activation in CR than the same circulating factors
should inhibit NF-κB activation as well. In support of this view, our data show that circulating
factors in sera of CR animals convey significant anti-inflammatory effects in cultured
endothelial cells and mimic the vascular phenotypic changes induced in animals by CR in
vivo. Accordingly, treatment of CAECs with sera from CR animals effectively prevents
TNFα-induced NF-κB activation (Fig. 4B), induction of NF-κB-driven gene expression
(including that of ICAM-1 [Fig. 5B], iNOS, IL-6 and BMP2 [Figure 6]) and endothelial
activation (Fig. 5C). The actual circulating factor (s) which mediate the anti-oxidant and anti-
inflammatory effects of CR are presently unknown. Because serum adiponectin levels increase
in CR rats (Shinmura et al., 2008;Shinmura et al., 2007) and previous studies demonstrate that
adiponectin can inhibit NF-κB activation in cultured endothelial cells (Ouchi et al., 2000),
future studies will examine the role of adiponectin in the anti-inflammatory vasoprotective
effects of CR in aging.

Multiple lines of evidence indicate that homologs of the NAD+-dependent protein deacetylase
SIRT1 mediate the lifespan extension by CR in lower organisms (Wood et al., 2004). In
mammals SIRT1 is also inducible by CR(Cohen et al., 2004), suggesting a central role for this
enzyme in mammalian physiology and stress response. SIRT1 is expressed in the
cardiovascular system(Csiszar et al., 2008a; Shinmura et al., 2008) and is induced by CR
(Shinmura et al., 2008), yet, its physiological/pathophysiological role is incompletely
understood. Our studies indicate that the anti-oxidant and anti-inflammatory effects induced
by circulating factors during CR are in part mediated by pathways that involve SIRT1.
Accordingly, we found that sera from CR animals induced SIRT1 in endothelial cells (Fig.
3A,B) extending previous observations in other cell types (Allard et al., 2008; Cohen et al.,
2004). Knockdown of SIRT1 prevented, at least in part, the reduction of cellular ROS
production elicited by treatment with CR sera (Fig. 3D).

Our studies show that knockdown of SIRT1 also enhances NF-κB activation (Fig. 4B) and
ICAM-1 expression (Fig. 5B) in endothelial cells treated with sera from CR animals. By
contrast, pharmacological activation (resveratrol) or overexpression of SIRT1 in endothelial
cells attenuates oxidative stress (Fig. 3D) and inhibites endothelial activation(Csiszar et al.,
2008a) (Fig. 4B and 5B), mimicking the effects of CR sera. Accordingly, resveratrol treatment
also mimics transcriptional aspects of CR improving endothelial function, decreasing oxidative
stress and inhibiting NF-κB –driven inflammatory gene expression in aged mice(Pearson et
al., 2008a). Of note, a portion of the phenotypic and functional alterations elicited by CR sera
in endothelial cells appears to be independent of SIRT1 (Fig. 4B and Fig. 5B). Further studies
are evidently needed to identify these parallel vasoprotective pathway (s) which are activated
by neuroendocrine factors in CR(Pearson et al., 2008b).
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Another potentially important finding is that treatment of cells in vitro with sera from CR
animals also mimics the known anti-apoptotic effects of CR in vivo(Edwards et al., 2007;
Shinmura et al., 2008), preventing the induction of apoptosis in endothelial cells by multiple
pro-apoptotic stimuli (TNFα, oxLDL; Figure 7). In comparable fashion, resveratrol confers
significant anti-apoptotic effects in endothelial cells both in vitro (Csiszar et al., 2008a; Ungvari
et al., 2007a) and in vivo (Pearson et al., 2008a), mimicking the effects of CR.

In conclusion, CR significantly attenuates age-related vascular oxidative stress and
inflammation and improves endothelial function. We propose that neuroendocrine factors are
key mediators of the vascular effects of CR, in part, via activating SIRT1. Because serum
obtained from caloric restricted humans also activates SIRT1 in human cells in vitro(Allard et
al., 2008), we suggest that CR may also promote vascular health in the elderly.
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Figure 1.
A: Relaxation to acetylcholine in vessels of young and aged AL fed and aged CR F344 rats.
Administration of PEG-SOD (200 U/mL; Panel B) improves endothelial function in vessels
of aged AL rats and abolished the differences between the groups. Data are mean ± S. E. M.
(n=5–7). *P<0. 05 vs aged AL. C: Superoxide production in aortic segments of young and
aged AL fed and aged CR fed F344 rats, as measured by the lucigenin chemiluminescence
(CL) method. *P<0. 05 vs. young AL, #P<0. 05 vs. aged AL. D: Superoxide production in
aortic segments of young and aged AL fed and aged CR fed F344 rats, as measured by the
DHE fluorescence method. *P<0. 05 vs. young AL, #P<0. 05 vs. aged AL.
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Figure 2.
HPLC coulometric analysis of glutathione (GSH) content in homogenates of the aortas of
young (B), aged AL fed (C) and aged CR fed (D) rats. The peak elution times and patterns of
oxidation of a standard mixture of 50 nmol/mL ascorbate (peak 1), 25 nmo/L GSH (peak 2),
and 50 nmol/L uric acid (peak 3) are shown in panel A. Only channels 1,3,4,5,7,8 are displayed,
corresponding to 200, 400, 450, 500, 600 and 700 mV potentials, respectively. See Methods
for further details on analytical conditions. F: Bar graphs represent summary data for GSH
content in aortic segments of young and aged AL fed and aged CR fed F344 rats. *P<0. 05 vs.
young AL, #P<0. 05 vs. aged AL.
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Figure 3.
Treatment of CAECs with sera collected from CR rats up-regulated SIRT1 protein expression
(A; Western blotting) and activity (B; data from fluorimetric SIRT1 activity assay). Inset: effect
of resveratrol on the activity of recombinant SIRT1 in the presence and absence of sirtinol (fold
change). C: Time course for siRNA knockdown of SIRT1 in CAECs (Western blotting). D:
In CAECs cultured in the presence of AL sera TNFα (10 ng/mL) significantly increases ROS
production (measured by flow cytometer-based DHE fluorescence method). By contrast, CR
serum treatment significantly attenuates TNFα-induced oxidative stress. Knockdown of SIRT1
(siRNA) significantly increases ROS production both in AL and CR sera-treated activated
CAECs, significantly decreasing the difference between the two groups. Resveratrol treatment
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or overexpression of SIRT1 also significantly decreases oxidative stress in activated CAECs
mimicking the effects of CR serum treatment. *P<0. 05 vs. no TNFα; #P<0. 05 vs. AL serum
treated; $P<0. 05 vs. TNFα. Data are mean ± S. E. M. (n=5 in each group).
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Figure 4.
A: Increased NF-κB binding activity in nuclear extracts from arteries of aged AL rats. NF-κB
activity was significantly reduced in CR rats. Data are mean ± S. E. M. (n=5 in each group).
*P<0. 05 vs. young, #P<0. 05 vs. aged AL. B: Reporter gene assay showing that in CAECs
cultured in the presence of AL sera TNFα (10 ng/mL) significantly increased NF-κB activity
(*P<0. 05 vs. no TNFα). By contrast, treatment with CR serum significantly (#P<0. 05 vs. AL
serum treated) attenuates activation of NF-κB by TNFα. Knockdown of SIRT1 (siRNA)
significantly increased NF-κB activation both in CR sera-treated activated CAECs, decreasing
the difference between the two groups ($P<0.05 vs. TNFα). Resveratrol treatment or
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overexpression of SIRT1 also significantly decreased oxidative stress in activated CAECs
mimicking the effects of CR serum treatment. Data are mean ± S. E. M. (n=5 in each group).

Csiszar et al. Page 20

Mech Ageing Dev. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
A: Expression of ICAM-1 mRNA in arteries of young and aged AL fed and aged CR F344
rats. Analysis of mRNA expression was performed by real-time QRT-PCR. β-actin was used
for normalization. *P<0. 05 vs. young, #P<0. 05 vs. aged AL. Data are mean ± S. E. M. (n=5
for each group). B: In CAECs cultured in the presence of AL sera TNFα (10 ng/mL)
significantly increased ICAM-1 expression (*P<0. 05 vs. no TNFα). By contrast, treatment
with CR serum significantly (#P<0. 05 vs. AL serum treated) attenuated TNFα-induced
ICAM-1 expression. Knockdown of SIRT1 (siRNA) significantly increased ICAM both in CR
sera-treated activated CAECs, decreasing the difference between the two groups ($P<0. 05 vs.
TNFα). Resveratrol treatment or overexpression of SIRT1 also significantly attenuated
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ICAM-1 expression in activated CAECs mimicking the effects of CR serum treatment. Data
are mean ± S.E.M. (n=5 in each group). C: Results of monocyte adhesion assay (see Methods).
In CAECs cultured in the presence of AL sera TNFα (10 ng/mL) significantly increased the
adhesion of fluorescently labeled PMA-stimulated THP-1 monocytic cells. By contrast,
treatment with CR serum significantly (#P<0. 05 vs. AL serum treated) attenuated TNFα-
induced monocyte adhesiveness.

Csiszar et al. Page 22

Mech Ageing Dev. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
In CAECs cultured in the presence of AL sera TNFα (10 ng/mL) significantly (*P<0. 05 vs.
no TNFα) increased the expression of the NF-κB –driven genes iNOS (A), IL-6 (B) and BMP2
(C). By contrast, CR serum treatment significantly (#P<0. 05 vs. AL serum treated) attenuated
TNFα-induced inflammatory gene expression. Data are mean ± S. E. M. (n=5 for each group).
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Fig. 7.
In CAECs cultured in the presence of AL sera TNFα (10 ng/mL) and ox-LDL (40 µg/mL)
significantly (P<0. 05 vs. no TNFα) increased apoptotic cell death as shown by the increased
TUNEL positivity (Panel A; flow cytometry) and increased caspase 3/7 activity (Panel B). By
contrast, treatment with CR serum prevented TNFα- and oxLDL-induced endothelial
apoptosis. #P<0. 05 vs. AL serum treated, Data are mean ± S. E. M. (n=5 for each group).
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Table 1
Oligonucleotides for real-time RT-PCR

mRNA
targets

Species Sense Antisense

SIRT1 rat CGCCTTATCCTCTAGTTCCTGTG CGGTCTGTCAGCATCATCTTCC

ICAM-1 rat CACAGCCTGGAGTCTC CCCTTCTAAGTGGTTGGAA

iNOS rat TCCCGAAACGCTACACT CAATCCACAACTCGCT

TNFα rat AACCACCAAGCAGAGGAG CTTGATGGCGGAGAGGAG

YWHAZ rat ACGAGTTGCTTGGTGTTCC AGCCGTCATCTCAAGTTATTTCC

GAPDH rat CCAAGGAGTAAGAAACCC TTGATGGTATTCGAGAGAAGG

HPRT rat AAGACAGCGGCAAGTTGAATC AAGGGACGCAGCAACAGAC

β-actin rat GAAGTGTGACGTTGACAT ACATCTGCTGGAAGGTG

SIRT1 human CTTGTGGCAGTAACAGTGATAGTG TCATCTCCATCAGTCCCAAATCC

ICAM-1 human CTCTCGCTCTGTCACC GGAAGTCTGGGCAATGT

iNOS human GGATTGATCGGAGCCT ATGGGGAACAGACTGG

IL-6 human CCACCCCTGACCCAAC AGTGTCCTAACGCTCATAC

BMP2 human GGTGGAATGACTGGATTG GCATCGAGATAGCACTG

HPRT human CCGTGTGTTAGAAAAGTAAGAAGC AACTGCTGACAAAGATTCACTGG

GAPDH human AACGAATTTGGCTACAGC AGGGTACTTTATTGATGGTACAT

β-actin human CGGTGAAGGTGACAGCAG TGTGTGGACTTGGGAGAGG
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