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A B S T R A C T

Caloric restriction (CR) improves endothelial function through the upregulation of adenosine monophosphate-
activated protein kinase (AMPK) and endothelial nitric oxide synthase (eNOS). Moreover, hydrogen peroxide
(H2O2) is upregulated in yeast subjected to CR. Our aim was to assess if mild short-term CR increases vascular
H2O2 formation as a link with AMPK and eNOS activation.

Twelve-week old Zucker obese (fa/fa) and control Zucker lean male rats were fed a standard chow either ad
libitum (AL, n=10) or with a 20% CR (CR, n=10) for two weeks. CR significantly improved relaxation to ACh in
fa/fa rats because of an enhanced endogenous production of H2O2 in aortic rings (H2O2 levels fa/

faAL=0.5 ± 0.05 nmol/mg vs. H2O2 levels fa/faCR=0.76 ± 0.07 nmol/mg protein; p<0.05). Expression of mi-
tochondrial superoxide dismutase (Mn-SOD) and total SOD activity were increased in aorta from fa/fa animals
after CR. In cultured aortic endothelial cells, serum deprivation or 2-deoxy-D-glucose induced a significant in-
crease in: i) superoxide anion and H2O2 levels, ii) p-AMPK/AMPK and p-eNOS/eNOS expression and iii) nitric
oxide levels. This effect was reduced by catalase and strongly inhibited by Ca2+/calmodulin-dependent kinase II
(CamkII) silencing.

In conclusion, we propose that mild short-term CR might be a trigger of mechanisms aimed at protecting the
vascular wall by the increase of H2O2, which then activates AMPK and nitric oxide release, thus improving
endothelium-dependent relaxation. In addition, we demonstrate that CAMKII plays a key role in mediating CR-
induced AMPK activation through H2O2 increase.

1. Introduction

Caloric restriction (CR) is a promising approach in the prevention
and/or reduction of cardiovascular disorders associated with obesity
[1]. CR, defined as a reduction in ad libitum (AL) energy intake by
10–50% without malnutrition, is recognized to induce protective effects
on longevity [2], metabolic disorders [1], and carcinogenesis [3] in a
variety of species. Body weight reduction through CR in both over-
weight or obese rodents and humans reports numerous beneficial ef-
fects, including an enhancement of adiponectin serum levels [4], an
improvement in serum lipid profile, insulin sensitivity and glucose

homeostasis [1,5–11].
CR has also benefits on cardiovascular function by reducing blood

pressure [10], atherosclerosis [12], and cardiac remodeling [13,14].
Underlying mechanisms for these effects include the improvement of
endothelial function [10], upregulation of endothelial nitric oxide
synthase (eNOS) [1,8,15,16], adenosine monophosphate-activated
protein kinase (AMPK) [1,10,17] and Sirtuin 1 (Sirt1) [1,8,11] ex-
pression and activity in blood vessels. We have previously shown that a
moderate and short-term CR in young Zucker fa/fa rats has cardio-
vascular benefits by both modulating endothelial function through
AMPK-PI3K-Akt-eNOS activation and reducing risk factors, such as
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blood pressure, cardiac hypertrophy and plasma triglyceride levels
[14]. CR also improves vascular function through a decrease in vascular
oxidative stress as shown in type II diabetic Otsuka Long-Evans To-
kushima Fatty (OLETF) rats [18] or in models of aging [8].

Reactive oxygen species (ROS) play a critical role as second mes-
sengers by regulating physiological processes, including cell prolifera-
tion and immune response that ensure normal function of sub-cellular
bioenergy systems [19–21]. One of the more stable ROS is hydrogen
peroxide (H2O2) [19]. Special attention has been paid to H2O2 at the
vascular level since it has been postulated as an endothelium-derived
hyperpolarizing vasodilator in vascular smooth muscle [22,23]. H2O2 is
formed by dismutation of superoxide anion (O2

.-) by the various su-
peroxide dismutases (SOD) [24]. Although toxic effects might arise at
non-physiological high levels of H2O2 [21,25], it is essential for normal
cell function and signaling [19]. At the vascular wall, both endothelial
and smooth muscle cells produce H2O2 [26,27], which is able to elicit
relaxant effects in vessels through several endothelium-dependent and
endothelium-independent mechanisms [28]. At endothelial level, H2O2

induces eNOS expression [29,30] and increases nitric oxide (NO)-in-
duced relaxation of aortic rings [31,32].

Recent studies suggest an increase in H2O2 as the mechanism by
which non-pharmacological approaches, such as aerobic exercise
training, protects against endothelial dysfunction in mice [33]. Along
the same line, it has been shown that CR delays aging and extends
chronological lifespan in Saccharomyces cerevisiae by inducing an ele-
vation of H2O2 levels [34]. This effect is mediated by an increase in Mn-
SOD expression, the main scavenger of O2

.- within the cell [24], thus
inhibiting O2

.- accumulation-mediated deleterious actions [34]. Since
mechanisms related to CR are highly conserved in the evolutionary
scale [35] and obesity is a cause of accelerated and premature vascular
aging [36], we hypothesize that a mild and short-term CR induces H2O2

formation in blood vessels contributing to the beneficial effects of this
dietary approach on endothelial function. We therefore tested whether
a two-week 20% CR improves endothelial function in an early-stage
model of obesity (young Zucker fa/fa rats) through the increase in
vascular H2O2 production and clarified the involvement of the AMPK-
eNOS pathway [10]. In addition, we aimed at elucidating the role of
Ca2+/calmodulin-dependent kinase II (CaMKII) on H2O2 mediated ef-
fects, since it is an upstream kinase involved in AMPK activation [37]
and might be activated by oxidants like H2O2 [38].

2. Materials and methods

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

2.1. Animals and dietary treatments

Eight-week old male Zucker lean (lean) and Zucker fatty fa/fa (fa/
fa) rats were housed under controlled dark-light cycles (12h/12h from
8:00 a.m. to 8:00 p.m.) and temperature (22 °C) conditions with stan-
dard food and water ad libitum. Animals were housed individually for
body weight (BW) and food intake monitoring for four weeks. Then,
they were randomly divided into two groups and assigned either to ad
libitum (AL, n=10) or caloric restricted diet (CR; 80% of AL n=10) for
two additional weeks. Adjustment of 20% CR was done individually
based on the previous food intake values [10]. Animals were checked
daily to verify consumption of the fixed food allotment. On the last day,
rats were weighed and euthanized by decapitation. Then, thoracic
aortas were isolated and used for vascular function, western blotting
and enzymatic activity determinations. This study was carried out in
accordance with the recommendations of the Spanish Animal Care and
Use Committee according to the EC Directive 86/609/EEC for animal
experiments and was approved by the Ethical Committee of Uni-
versidad San Pablo-CEU (CEBA-CEU USP. Reference: PCD 050-1 V3/12)
and Universidad Complutense de Madrid, Spain (reference: PROEX
413/15).

2.2. Vascular reactivity in the thoracic aorta

Vascular function was performed in the thoracic aorta as previously
described [39]. Aortas were placed in Krebs-Henseleit solution (KH,
115 mM NaCl, 4.6 mM KCl, 2.5 mM CaCl2, 25 mM NaHCO3, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 0.01 mM EDTA and 5.5 mM glucose), cleaned
of blood and perivascular fat and cut in 2 mm-long rings, which were
suspended on two intraluminal parallel wires and introduced in an
organ bath containing KH at 37 °C and pH 7.4 [40]. Rings were given an
optimal resting tension of 1.5 g, which was readjusted every 15 min
during a 60 min equilibration period. Isometric tension was recorded in
a Power Lab system (ADInstruments, Oxford, UK). Before starting the
experiment, rings were contracted with 75 mM KCl to assess their
contractility. Relaxation curves to acetylcholine (Ach, 10−9-10−4 mol/
L) were performed in segments pre-contracted with phenylephrine
(Phe, 10−7 mol/L) (n = 10 rings, 5 animals) in absence or presence of
catalase (1000 U/mL), which catalyzes H2O2 degradation. Catalase was
incubated for 25 min before Phe addition. Contractions are expressed as
the percentage of the contraction elicited by KCl 75 mM and relaxations
are expressed as the percentage of a previous contraction to Phe. Emax
values correspond to the maximal response to Ach.

Abbreviations

2-DG 2-deoxy-D-glucose
AL ad libitum
AMPK adenosine monophosphate-activated protein kinase
AMTZ 3-aminotriazole
AT adipose tissue
BAEC bovine aortic endothelial cells
BW body weight
CAMKII Ca2+/calmodulin-dependent kinase II
Comp C Compound C
CR caloric restriction
DAF-2 DA4,5-diaminofluorescein diacetate

DAPI 4′,6-diamino-2-phenylindole
DCF diacetate 2′,7′-dichlorofluorescein
DHE dihydroethidium
Emax maximum response
eNOS endothelial nitric oxide synthase
H2O2 hydrogen peroxide
LDLr−/ low-density lipoprotein receptor knockout mice
NO nitric oxide
NOX NADPH oxidase
O2

− superoxide anion
Phe phenylephrine
Ach acetylcholine
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2.3. Basal H2O2 levels measurement and catalase activity determination

Basal H2O2 levels and catalase activity determination in aortas from
lean and fa/fa animals were assessed by Amplex Red Hydrogen
Peroxide and Amplex Red Catalase Assay Kits (Invitrogen, USA), re-
spectively. H2O2 levels were expressed as nmol/mg total protein con-
tent. Catalase activity was expressed as U/mg total protein content.

2.4. Western blot analysis

Western blot experiments were performed in aortas and bovine
aortic endothelial cells (BAEC) as previously described [41]. Aortic and
cell-lysates were loaded in Laemli buffer [50 mM Tris (pH 6.8), 10%
sodium dodecyl sulfate, 10% glycerol, 5% mercaptoethanol, and 2 mg/
ml blue bromophenol] and size-separated in 10%–15% SDS-PAGE.
Proteins were transferred to polyvinylidene difluoride membranes (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) using a transblot
apparatus (Bio-Rad, Hercules, CA). For immunoblotting, membranes
were blocked with 5% nonfat dried milk for 1 h. Primary antibodies
against p-AMPKα (Thr172) and AMPKα (1:1000 dilution; Cell Signaling
Technology, Massachusetts, USA), p-eNOS (Ser1177) (1:800 dilution;
Cell Signaling Technology), eNOS (1:800 dilution; BD Transduction
Laboratories, Lexington, UK), Mn-superoxide dismutase (Mn-SOD)
(1:1000 dilution; Santa Cruz Biotechnology, Germany), p47phox and
p22phox (1:500 dilution; Santa Cruz Biotechnology), xanthine oxidase
(1:1000 dilution, Santa Cruz Biotechnology) and catalase (1:2000 di-
lution, Sigma-Aldrich, Spain) were applied overnight at 4 °C. After
washing, appropriate secondary antibodies (anti-rabbit or anti-mouse
IgG-peroxidase conjugated) were applied for 1 h at a 1:5000 dilution.
Blots were washed, incubated in enhanced chemiluminescence reagents
(ECL Prime, Amersham Bioscence, UK) and bands were detected by
ChemiDoc XRS + Imaging System (Bio-Rad, California, USA). To prove
equal loadings of samples, blots were re-incubated with β-actin anti-
body (1:5000 dilution; Sigma-Aldrich, Missouri, USA). Blots were
quantified using Image Lab 3.0 software (Bio-Rad, USA). Values for p-
AMPKα and p-eNOS were normalized with AMPKα and eNOS, respec-
tively.

2.5. NADPH oxidase (NOX) and total superoxide dismutase (SOD)
activities

Aortic NOX and SOD activities were determined as previously de-
scribed [42]. NOX activity was measured by the lucigenin-enhanced
chemiluminescence method. Samples were placed in potassium phos-
phate buffer containing 5 μM lucigenin. Chemiluminescence was then
recorded every 30 s during 5 min (Sirius Luminometer, Berthold De-
tection Systems, Germany). Then, 100 μM NADPH was added and lu-
minescence was recorded at the same conditions. After subtracting
medium chemiluminescence value, NOX activity was calculated by the
difference between the values obtained before and after addition of
NADPH.

SOD activity was determined following the method described by
Kuthan et al. [43]. Aortas were homogenized in 50 mM tris buffer
containing 5 mM EDTA and centrifuged for 10 min at 10.000 rpm. Su-
pernatants were mixed with working buffer at 37 °C (0.05 M, pH 7.0
potassium phosphate buffer and 0.1 mM EDTA), 0.5 mM xanthine so-
lution and 0.1 M cytochrome c solution. Reaction was started by ad-
dition of 0.5 U/mL xanthine oxidase. The reduction of cytochrome c
was followed recording the increase in the absorbance at 546 nm over
1 min in a Beckman DU 640 spectrophotomer. Results were inter-
polated in a calibration curve using commercial SOD as standard and
expressed as specific activity (U SOD/mg protein).

2.6. Cell culture experiments and confocal microscopy

Bovine aortic endothelial cells (BAECs) were obtained from
European collection, (ECACC; Sigma-Aldrich). BAECs were cultured in
DMEM with 10% FBS, L-glutamine (2 mM), penicillin (100 U/mL) and
streptomycin (100 μg/mL), maintained at 37 °C in a humidified atmo-
sphere containing 5% CO2 and used between passages 3 and 6. For
H2O2, O2

−., or NO determination, BAECs were plated on glass cover
slips. CR was mimicked by performing two experimental protocols: i)
by serum deprivation for 16–20 h (-FBS) in medium supplemented with
0.1% BSA or ii) by addition of 2-deoxy-D-glucose (2-DG) for 10 min.
Thereafter, the cells were incubated with specific fluorescent dyes for
30 min at 37 °C in humid atmosphere and 5% CO2 in darkness. H2O2

and NO production were determined by using diacetate 2′,7′-dichloro-
fluorescein (DCF, 10−5 M; Molecular Probes, USA) and 4,5-diamino-
fluorescein diacetate (DAF-2 DA, 10−5 M; Sigma-Aldrich, USA), re-
spectively. Dihidroethidium (DHE, Sigma-Aldrich, USA) was used for
O2

−. Assessment. Cells were fixed in 4% paraformaldehyde and nuclei
were stained by incubation either with 4′,6-diamino-2-phenylindole
(DAPI, 1 μg/ml; Molecular Probes, USA) or Hoechst 33342 (1:1.000;
Invitrogen) for 15 min at room temperature in darkness. Cover slips
with cells were mounted (FluoroGuard antifade®, Bio-Rad, USA) and
examined under the confocal microscope. Images were captured with a
LEICA SP5 confocal microscope (Leica Microsystems, Germany) using
excitation 488 nm/emission 530 nm line to visualize DCF-DA, 488 nm/
515 nm (DAF-2DA), 488 nm/590–620 nm (DHE) and 405 nm/
410–475 nm (DAPI/Hoescht33342).

2.7. Calcium calmodulin dependent kinase II (CAMKII) gene silencing

BAECs were transfected with Dicer-Substrate siRNAs (DsiRNA) du-
plexes targeting bovine CamkII, previously designed under optimal
characteristics as described by Elbashir et al. [44]. DsiRNA were de-
signed by “DsiRNA design tool” (Integrated DNA technologies, IA). Two
different duplexes were designed to increase the knockdown effective-
ness (Duplex 1: 5′-GUACUUACACUACCAGAAGAUCATC-3′ and
5′-GAUGAUCUUCUGGUAGUGUAAGUACUC-3'; Duplex 2: 5′-AUGGUG
UUUGAACUGGUCAACCAAG-3′ and 5′-CUUGGUUGACCAGUUCAAAC
ACCAUGU-3′). Before siRNA transfection, BAECs were seeded at a
density of 70.000 cells/well in 24-well plates in DMEM medium with
FBS 10%. All transfections were performed using DsiRNA according to
the manufacturer's recommendation. 24 h before transfection, cells
were washed and incubated with DMEM without serum and antibiotics.
For each well, siRNAs (50 nM) were diluted in 50 μL Opti-MEM (Life
Technologies, CA), incubated 15 min at 25 °C and then added to a so-
lution containing 3 μL lipofectamine RNAiMAX (Life Technologies, CA)
diluted in 50 μL Opti-MEM. After 15 additional min at 25 °C, 100 μL of
the mixture was added drop-wise to wells containing 400 μL Opti-MEM.
After 6 h of transfection, medium was replaced by DMEM supplemented
with FBS 2%. NO production was analyzed in both control and CAMKII
silent cells, 48 h after transfection. As previously described, CR was
mimicked by either serum deprivation for 16–20 h (-FBS) or by addition
of 2-DG for 10 min. In a set of cells treated with 2-DG, the catalase
inhibitor 3- aminotriazole (AMTZ, 10−2 M) was also used as a positive
control. Positive controls for transfection were performed by using
Block-iT Alexa Fluor Red (Life Technologies, CA). A Silencer Select
Negative Control (4390843, Life Technologies, CA) was used. All
samples were run in pentaplicate. Transfection efficacy was evaluated
by qRT-PCR.

2.8. Quantitative real-time PCR

Total RNA was extracted using the Tri-Reagent protocol (Sigma,
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MO). cDNA was then synthesized from 1 μg total RNA by using a high-
capacity cDNA RT kit (Applied Biosystems, CA). Quantitative RT-PCR
was performed by using designed primer pairs (Integrated DNA
Technologies, IA) for CamkII (forward 5′-ACTGTACTGCTTTGTGTTT
GGC-3’; reverse 3′-CCTGGCTCTTGATCTTACTGTGT-5′). A total of 10 ng
of cDNA were used out and all samples were run in duplicate. Optimal
annealing temperature was checked and set at 60 °C. SsoAdvanced
Universal SYBR Green Supermix (Biorad, CA) was used for amplifica-
tion according to the manufacturer's protocols in an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, CA). Fold-expression
values were normalized by the housekeeping gene Actb (forward 5′-
CCCTCTGAACCCTAAGGCCAACCG-3’; reverse 3′- GTGGTGGTGAAGCT
GTAGCCACGC-5′) and Rn18s (forward 5′- ACTCAACACGGGAAACC
TCA-3’; reverse 3′- AATCGCTCCACCAACTAAGA-5′). The ΔΔC(T)
method was used to determine relative expression levels. The expres-
sion of the control group was set as 1. All samples were run in duplicate.

2.9. Data analyses

All values are given as mean ± S.E.M. and n denotes the number of
animals used in each experiment or independent values for in vitro

experiments. The assignment of animals to different groups was ran-
domized, with similar BW in both groups. Statistical significance was
analysed by using either two-way ANOVA for cumulative-curve com-
parison, one-way ANOVA (for comparison of more than two groups) or
Student's t-test for comparison of two groups (GraphPad Prism 5.0
Software, California, USA). A value of p<0.05 was considered statis-
tically significant.

3. Results

As already shown in previous studies of our group, CR significantly
reduced BW gain in both lean and fa/fa rats [10].

3.1. CR increases endothelium-dependent relaxation by increasing
endogenous H2O2 production in aorta of fa/fa animals

To assess the effect of CR on endothelial function, rings were pre-
contracted with Phe (10−7 M) to assess concentration-dependent re-
laxations to ACh (10−9 to 10−4 M). There was no difference in the
response to Phe 10−7 M between groups (lean AL = 87.7 ± 3.25%; lean
CR = 88.35 ± 3.15%; fa/fa AL = 90.58 ± 2.37%; fa/fa

Fig. 1. Mild CR increases aortic relaxation and enhances endogenous H2O2 production in aorta of fa/fa animals. (A, D) Cumulative concentration-response
curves to acetylcholine (ACh, 10-9-10-4 M) in absence/presence of catalase (1000 U/ml). ***p<0.001 compared to their corresponding matched control curves (two-
way ANOVA; Newman-Keuls post hoc test; n=5 rats/group). (E) Endogenous levels of H2O2 in aortas from lean and fa/fa animals expressed as nmol/total protein
amount in mg. **p<0.01 vs lean AL, #p<0.05 vs fa/fa AL (one-way ANOVA, Newman-Keuls post hoc test; n=5 rats/group). All data are means ± S.E.M.
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CR = 92.28 ± 3.92%). As shown in a previous study of our group, re-
laxation to ACh was significantly lower in fa/fa AL animals compared to
the lean AL group (EMaxfa/faAL=82.2 ± 2.6% vs. EMaxleanAL=
92.1 ± 1%; two-way ANOVA, p<0.001). CR enhanced this relaxation
in fa/fa aortic rings to values similar to rings from lean animals AL
(EMaxfa/faCR= 93.3 ± 0.6% vs. EMaxleanAL= 92.1 ± 1%) because of an
increased NO availability [10]. No effect of CR was observed in the lean
group. To test the involvement of H2O2 on the restoration of endothelial
function after CR, cumulative concentration-response curves to ACh
were performed in presence of catalase (n = 5; 1000 U/mL), which
induces H2O2 degradation. Catalase significantly reduced relaxations to
ACh in lean AL (Fig. 1A; two-way ANOVA, p<0.001), but not in fa/fa
AL rings (Fig. 1B). CR restored the inhibitory effect of catalase in fa/fa
rings (Fig. 1C; two-way ANOVA, p<0.001), whereas no effect was
observed in the lean group (Fig. 1D). To confirm the increase in H2O2 in
aorta in response to CR, direct measurements of H2O2 tissue levels were
performed. Levels of H2O2 were lower in fa/fa AL compared to lean AL
rings, but were significantly increased by CR up to lean AL values
(Fig. 1E; one-way ANOVA, p<0.05). No effect of CR was observed on
H2O2 levels of lean rats.

3.2. CR increases SOD but not NADPH oxidase (NOX) activity in aorta
from fa/fa rats

The mechanism leading to vascular H2O2 increase by CR was further
analyzed. Aortic protein levels of p22phox and p47phox were not mod-
ified by CR (Fig. 2A and B). In addition, no difference between groups
was found neither in NOX activity (Fig. 2C) nor in expression levels of
xanthine oxidase (Fig. 2D). Mn-SOD expression, the mitochondrial
isoform of SOD and main O2

.- scavengers within the cell, was increased
by CR although the effect was lower in the fa/fa group (Fig. 3A). Total
aortic SOD activity (Fig. 3B) was markedly enhanced by CR in both lean
and fa/fa animals (one-way ANOVA, p<0.01 and p<0.05, respec-
tively). However, both catalase expression (Fig. 3C) and activity
(Fig. 3D) were similar in both AL groups, and were not modified by CR.

3.3. Serum deprivation or 2-deoxy-D-glucose induce H2O2 and O2
.-

production in endothelial cells

Since CR increases H2O2 in yeast cultures [34], we used a cell cul-
ture approach to further corroborate the causal implication of CR on
H2O2 increase, as well as the signaling mechanism. We used serum
deprivation (-FBS, 16–20 h) or 2-DG (10−3 M, 10 min) to mimic CR in
BAECs. 2-DG is an energy restriction mimetic leading to CR phenotypes
in cells and rodents [45,46]. It is a glucose analog that cannot undergo
further glycolysis competitively inhibiting the production of glucose-6-
phosphate and reducing the amount of available energy [47]. On the
other hand, serum restriction induces similar proteomic changes to 2-
DG in cancer cells [48].

As shown in Fig. 4, both -FBS and 2-DG markedly increased DCF
fluorescence. This increase was abolished in presence of catalase (1000
U/mL) demonstrating that both approaches increase H2O2 production
in BAECs. To further analyze if the source of H2O2 increase was an
enhancement in O2

.- production, cells were incubated with DHE. As
observed in Fig. 5, -FBS or 2-DG markedly increased DHE fluorescence
in BAECs.

3.4. Serum deprivation or 2-deoxy-D-glucose induce NO production in
endothelial cells

To confirm the stimulatory effect of CR on NO availability, the ac-
tion of serum deprivation (-FBS) and 2-DG addition on DAF fluores-
cence was determined. Both approaches markedly increased DAF
fluorescence, although the effect of 2-DG was more intense than -FBS
(Fig. 6). As expected, DAF fluorescence was substantially reduced by
incubation with catalase (1000 U/mL).

3.5. CR induces AMPK and NOS activation in endothelial cells

We have previously demonstrated that 20% CR for 2 weeks im-
proves aortic relaxation through endothelial AMPK activation in this
obesity model [10]. Our next step was, therefore, to analyze the pos-
sible link between H2O2 and AMPK on CR-induced NO increase.

Fig. 2. CR does not change NADPH oxidase activity in
aorta from fa/fa rats. (A, B) Representative immunoblots of
NOX subunits p22phox (A) and p47phox (B) in aorta (upper
panel) and densitometric analysis (lower panel) expressed as
percentage of p22phox/β-actin and p47phox/β-actin, respec-
tively, in lean AL group (n=5). (C) NOX activity in aorta.
Results are expressed as percentage compared to lean AL
group (n=5). (D) Representative immunoblots of xanthine
oxidase in aorta (upper panel) and densitometric analysis
(lower panel) expressed as percentage of xanthine oxidase/β-
actin in the lean AL group. No statistical differences were
detected (one-way ANOVA, Newman-Keuls post hoc test;
n=6 rats/group). All data are means ± S.E.M.
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Preincubation of BAECs with the AMPK inhibitor, compound C (comp
C) completely abolished the increase of DAF fluorescence after 2-DG
treatment (Fig. 7A). p-AMPK/AMPK expression (Fig. 7B) was sig-
nificantly higher in BAECs after 2-DG treatment and increased by
AMTZ, a catalase inhibitor that prevents H2O2 degradation. Similarly,
incubation with exogenous H2O2 (10−4 M) significantly increased p-
AMPK/AMPK levels. Pretreatment with catalase, to increase H2O2 de-
gradation, reversed p-AMPK/AMPK levels to control values.

Similar results were observed on p-eNOS/eNOS levels (Fig. 7C),
which were significantly higher after 2-DG, AMTZ or H2O2 stimulation,
and reversed to control values with catalase. All these data suggest that
mimicking CR stimulate O2

.- and H2O2 formation leading to an increase
in p-AMPK and p-eNOS, thus stimulating NO release.

3.6. CAMKII silencing strongly inhibits NO production in endothelial cells

To elucidate the upstream role of CAMKII in mediating the effects of
H2O2, CamkII was silenced in BAECs by 65% (Supplemental Fig. 1). NO
production was determined with DAF-2 DA in both control and CamkII
silent cells. As shown in Fig. 8, CamkII silencing strongly inhibited NO
production induced by 2-DG, serum deprivation (-FBS) and H2O2, thus
demonstrating that CR-induced NO release in endothelial cells is
modulated, at least in part by CAMKII.

4. Discussion

The novel finding of this study is that a mild short-term CR induces
an increase of H2O2 levels in aortas from young Zucker obese fa/fa rats
leading to an improvement of endothelial function through the acti-
vation of CAMKII-AMPK-eNOS-NO pathway. Since CR mediates life
span extension in yeast and invertebrate models of aging by a moderate
increase in ROS production, including H2O2 [20,21,34,49], we suggest
that this mechanism may represent an evolutionary conserved process
to trigger signaling pathways in which H2O2 functions as a protective
second messenger [21,25].

To our knowledge, this is the first demonstration for a CR-induced
H2O2 production in blood vessels. We confirmed increased H2O2 pro-
duction by its direct measurement in aorta, as well as by indirect evi-
dence based on functional experiments with and without catalase.
Zucker fa/fa rats exhibit significantly lower levels of H2O2 in aorta,
which are increased by CR to Zucker lean levels, thus enhancing ACh-
evoked relaxation. A high-fat/low-carbohydrate diet similar to the
Atkins diet improves microvessel endothelial function through the in-
crease of a hyperpolarizing factor, which might be H2O2 [23,50]. In the
same line, a recent study aimed to determine whether the impairment
of ACh-evoked relaxation in aortas from LDLr−/- is prevented by
aerobic exercise training. This report showed an increase in H2O2

contribution together with an enhancement in the inhibitory effect of
catalase after the exercise [33]. In our study, the H2O2 contribution to
endothelial-dependent relaxation was lost in fa/fa obese rats and re-
stored after the CR. However, in the study of Guizoni et al. [33], H2O2

still plays an important role in ACh-induced relaxation in sedentary
LDLr−/- mice, pointing out the difference between animal models used.
The fact that reduced NO bioavailability is reversed after both CR [10]
and exercise training [33] suggests a partly common mechanism for
both non-pharmacological strategies.

Some studies have shown that CR decreases or does not modify
H2O2 formation in a number of tissues from rodents [51,52]. These
discrepancies might be due to differences in the severity and duration of
the CR protocol, which in these studies reduces the daily intake by 40%
for several months [51,52]. There is no agreement in the literature on
CR protocol features (i.e. severity, duration, age of initiation or com-
position of the diet formulation) to exert its maximal benefits [53].
However, we believe that a mild 20% calorie reduction better resembles
dietary restrictions in overweight/obese subjects without limiting its
practicability in patients [54]. To note, here we already observe the
benefits of CR after two weeks.

Mesquita et al. [34] mimic CR in yeast cultures by reduction of
glucose levels from 2 to 0.5 and 0.05% in the culture medium. Here, CR
was mimicked by both 2-DG treatment, a widely used CR mimetic,

Fig. 3. CR increases superoxide dismutase activity in
aorta from fa/fa rats. (A) Representative immunoblots of
Mn superoxide dismutase (Mn-SOD) in aorta (upper panel)
and densitometric analysis (lower panel) expressed as per-
centage of Mn-SOD/β-actin in lean AL group. (B) SOD ac-
tivity in aorta. *p<0.05, *p<0,01 and ***p<0,001 vs lean
AL; #p<0.05 vs fa/fa AL; (one-way ANOVA, Newman-Keuls
post hoc test; n=5). (C) Representative immunoblots of cat-
alase in aorta (upper panel) and densitometric analysis
(lower panel) expressed as percentage of catalase/β-actin in
lean AL group (n=6). (D) Catalase activity in aorta (n=5).
All data are means ± S.E.M.
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which decreases glycolysis [46,47] or by serum depletion, which de-
prives the cells from several growth factors and proteins mimicking 2-
DG proteomic changes49. We show that both approaches are beneficial
in terms of endothelial cell protection by increasing both H2O2 and NO
levels in BAECs. Early studies have shown that a reduction in protein
content leads to an increased life span in rodents [49,55,56], although
little is known about the underlying mechanisms. Our results suggest
that both H2O2 and NO might be upregulated in both caloric and pro-
tein restriction strategies, emphasizing the need of more studies to
further investigate this fact.

The enhancement of H2O2 levels in aortic rings from fa/fa animals
by CR might be related to an increase in (a) SOD activity and/or (b) O2

.-

production, and/or to (c) a decrease in catalase activity. Although

catalase activity is upregulated by CR in adipose tissue from diet-in-
duced obese mice [57] and aorta from aged rats [58], the latter pos-
sibility was excluded in our study since aortic catalase expression and
activity were similar between groups. An upregulation of aortic Mn-
SOD is involved in Sirt1-mediated effects of CR in mice subjected to a
long-term (26 months) 40% caloric intake reduction [8] and in the
reduction of age-associated oxidative stress in old mice (6 weeks under
food intake restriction up to 3.2 g, defined as mild and short) [59].
Whereas some studies find no changes in total SOD activity after CR
(40% for either 18 or 90 weeks [58]), this is increased in yeast [34] and
in aortas from OLETF rats after severe (70%) and long (13 weeks) CR
[18]. In accordance, we show that the fa/fa AL strain exhibited reduced
Mn-SOD levels which were upregulated by CR together with an increase
in total SOD activity in both lean and fa/fa animals. The increase in
total SOD activity even in lean animals, where there is no vascular
impairment, suggests that weight loss, white adipose tissue reduction or
lower triglyceride levels, as observed in both groups after CR [10],
might be involved in SOD regulation [57].

Effects of CR on vascular O2
.- formation in the literature are con-

tradictory. Moderate CR for 8 weeks markedly attenuates vascular O2
.-

overproduction in diet-induced obese mice [5]. However, vascular
sources of O2

.- (NOX and xanthine oxidase) were not significantly up-
regulated in the aorta of 12-week-old Zucker fa/fa animals, since in-
creased O2

.- levels in the vasculature of this strain are first observed at
the age of 17 and 28 weeks [60–63]. At 12-weeks of age, we can con-
clude that CR increases O2

.- dismutation to H2O2 through an upregu-
lation of SOD without changes in O2

.- formation. On the other hand,
serum deprivation or 2-DG increased DHE staining, indicating an in-
creased O2

.- formation in BAECs which will be accordingly dismutated

Fig. 4. Mimicking CR in vitro induces H2O2 production in endothelial cells.
Representative confocal images of H2O2 fluorescent indicator diacetate 2′,7′-
dichlorofluorescein (DCF, first column, green) and DAPI (second column, blue)
in cultured endothelial cells in basal conditions (control), after fetal bovine
serum depletion (-FBS) in absence or presence of catalase (1000U/ml) and after
2-deoxy-D-glucose (2-DG, 10-3 M) addition in absence or presence of catalase
(1000 U/ml) (n=3).

Fig. 5. Mimicking CR in vitro induces O2- production in endothelial cells.
Representative confocal images of O2

.- fluorescent indicator dihydroethidium
(DHE, first column, red) and Hoechst (second column, blue) in cultured en-
dothelial cells in basal conditions (control), after fetal bovine serum depletion
(-FBS) and after 2-deoxy-D-glucose (2-DG, 10-3 M) addition (n=3).
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to H2O2 by SOD. This opens the question, whether upregulation of O2
.-

formation is an acute effect shortly observed after CR and lost at longer
periods.

We previously demonstrated that CR restores impaired endothelial
function and normalizes systolic blood pressure in Zucker fa/fa rats
through the activation of endothelial AMPK and a subsequent activa-
tion of the PI3K-Akt-eNOS pathway [10]. The significant increase in
DAF-2 DA fluorescence induced by serum deprivation and especially by
2-DG observed in the present study suggests that H2O2 activates the
AMPK-NO pathway. This is confirmed by the increase in pAMPK/AMPK
levels induced by the increase of H2O2 levels in BAECs (i.e. 2-DG plus
AMTZ or exogenous addition of H2O2) or by the reduction in pAMPK/
AMPK levels elicited by catalase. Similar results are observed for
peNOS/eNOS, further substantiating a critical role of AMPK-eNOS-NO
pathway activated by CR. Both glucose deprivation and 2-DG have been
shown to activate PI3K-Akt due to the increase in H2O2 production by
NOX4 in HepG2 cells [64]. This mechanism of cellular adaptive re-
sponses to changes in metabolic stress might be an upstream cascade for
the observed AMPK activation. Furthermore, the Mn-SOD over-
expression after CR in our model might point to an increase in the in-
tracellular steady-state production of H2O2, which might be blocking
the activation of cellular apoptotic processes [65] activating pro-
survival signaling pathways mediated by p53, NF-κappaB, and activator

protein AP-1 [19].
AMPK cascades are very sensitive to oxidative stress. In this direc-

tion, a study performed in NIH-3T3 cells have demonstrated that H2O2

induces the activation of AMPK though its phosphorylation at Thr172

[66]. Interestingly, CAMKII has been shown to be involved in AMPK
activation [37] and to play a role in eNOS activation [67]. In addition,
CAMKII plays also a critical upstream role in regulating H2O2-mediated
effects on ERK1/2, PKB, and IGF-1R phosphorylation in vascular
smooth muscle cells [68]. Consistent with these studies and since
CamkII silencing significantly blunts H2O2-mediated NO production, we
propose herein a role for CAMKII in modulating, at least in part, CR-
induced effects of H2O2 on AMPK activation and consequent NO pro-
duction and beneficial vascular effects.

In conclusion, we propose that mild short-term CR might be a
trigger of mechanisms aimed at protecting the vascular wall. CR acutely

Fig. 6. Mimicking CR in vitro induces NO production in endothelial cells.
Representative confocal images of NO fluorescent indicator 4,5-diamino-
fluorescein diacetate (DAF-2 DA, first column, green) and DAPI (second
column, blue) in cultured endothelial cells in basal conditions (control), after
fetal bovine serum depletion (-FBS) and after 2-deoxy-D-glucose (2-DG, 10-3 M)
addition in absence or presence of catalase (1000 U/ml) (n=3).

Fig. 7. Mimicking CR in vitro induces AMPK and NOS activation in en-
dothelial cells. (A) Representative confocal images of NO fluorescent indicator
4,5-diaminofluorescein diacetate (DAF-2 DA, first column, green) and DAPI
(second column, blue) in cultured endothelial cells after 2-DG (10-3 M) and
AMPK inhibitor (compound C, 10-5 M, 10 min) addition (n=3). (B, C)
Representative immunoblots of p-AMPKα (Tyr172) (B) and p-eNOS (Ser1177) (C)
in BAEC. Diagram bars show the result of densitometric analysis expressed as
percentage of p-AMPKα/AMPKα and p-eNOS/eNOS, respectively, in the control
group. *p<0.05 and **p<0,01 vs control; #p<0.05 and ##p<0,01 vs. 2-
DG + AMTZ group (Student t-test; n=5). All data are means ± S.E.M.
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increases O2
.- levels and SOD activity leading to an enhancement of

H2O2, which then activates AMPK and NO release through CAMKII,
thus improving endothelium-dependent relaxation. Although it is well
established that excessive O2

.- production from mitochondria is the
driving, initial cellular response underlying metabolic complications
[69], recent evidence shows that they are produced in a regulated
manner and are essential signaling messengers in many cellular pro-
cesses, i.e. immune response, cell proliferation and aging [20,69], ex-
erting also protective effects at vascular level [70]. Moreover, results of
antioxidant-based trials have been largely negative, supporting horm-
esis theories related to an adequate ROS balance and highlighting the
dark-side of blunting ROS production. Efforts should be then focused on
slightly reshape their production rather than their total elimination,
and moderate CR seems to be a good candidate to achieve that aim.
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Fig. 8. CAMKII silencing strongly inhibits NO production in endothelial
cells. Representative confocal images of NO fluorescent indicator (DAF-2 DA,
first column, green) and DAPI (second column, blue) in cultured control (A) or
CAMKII silent (B) endothelial cells in basal conditions (control), after 2-deoxy-
D-glucose(2-DG, 10-3 M) in presence or absence of 3-AMTZ (10-2 M), after fetal
bovine serum depletion (-FBS) and after H2O2 (10-4 M) addition (n=3).
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