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Moderate caloric restriction (CR) without malnutrition increases healthspan in virtually every species studied, including
nonhuman primates. In mice, CR exerts significant microvascular protective effects resulting in increased microvascu-
lar density in the heart and the brain, which likely contribute to enhanced tolerance to ischemia and improved cardiac
performance and cognitive function. Yet, the underlying mechanisms by which CR confer microvascular protection
remain elusive. To test the hypothesis that circulating factors triggered by CR regulate endothelial angiogenic capacity,
we treated cultured human endothelial cells with sera derived from Macaca mulatta on long-term (over 10 years) CR.
Cells treated with sera derived from ad-libitum-fed control monkeys served as controls. We found that factors present in
CR sera upregulate vascular endothelial growth factor (VEGF) signaling and stimulate angiogenic processes, including
endothelial cell proliferation and formation of capillary-like structures. Treatment with CR sera also tended to increase
cellular migration (measured by a wound-healing assay using electric cell-substrate impedance sensing [ECIS] technol-
ogy) and adhesion to collagen. Collectively, we find that circulating factors induced by CR promote endothelial angio-
genic processes, suggesting that increased angiogenesis may be a potential mechanism by which CR improves cardiac

function and prevents vascular cognitive impairment.
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HE process of angiogenesis, new capillary formation

from existing blood vessels, is critical for maintenance
of the microvasculature and cardiovascular homeostasis.
Previous studies in laboratory rodents demonstrate that aging
is associated with a progressive deterioration of microvas-
cular homeostasis due to age-related impairment of angio-
genic processes (1-5). We and others have proposed that
these changes have a key role in age-related microvascular
rarefaction (6), decreasing tissue blood supply, impairing
adaptation to hypoxia (7-9), and suppressing wound heal-
ing. Age-related decreases in microvascular density in the
heart are thought to contribute to a severe impairment in
cardiac pump function during aging leading to an increased
occurrence of ventricular failure (10). Age-related impair-
ment in endothelial angiogenic capacity and decreases in
cerebromicrovascular density in the hippocampus and the

cingulate, retrosplenial, and motor cortex have also been
causally linked to a decline of local cerebral blood flow
(11) and an age-related impairment of higher brain func-
tions, including cognitive decline (12). These results are
consistent with findings in elderly patients demonstrating
that age-related microvascular alterations and impairment
of regional cerebral blood flow contribute to the develop-
ment of mild cognitive impairment in humans (13,14).
Moderate caloric restriction (CR) without malnutrition
has been shown to slow the rate of aging and increase life
span and/or healthspan in most species studied, including
invertebrate model organisms (15), laboratory rodents,
and nonhuman primates (16-27). In laboratory rodents,
moderate CR was shown to exert significant microvascular
protective effects (28,29) increasing microvascular density
in the heart (30) and the brain (11,12). Furthermore,
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explanted aorta segments isolated from rats maintained
on an every other day feeding regimen, compared with
control vessels, showed increased endothelial sprouting
in collagen matrix (31). CR was also shown to promote
revascularization in response to hindlimb ischemia in mice
(32) and increase angiogenic activity in the rabbit testis
(33). The aforementioned findings suggest that CR exerts
beneficial effects on microvascular health (29), but the
underlying mechanisms by which CR regulates angiogenic
processes and confers endothelial protection remain elusive.

CR is associated with changes in the level of neuroen-
docrine mediators present in the circulation, which readily
reach microvascular endothelial cells and elicit a variety of
cytoprotective responses (29,34). CR-induced changes in
circulating factors were also shown to be responsible for
activation of evolutionarily conserved survival pathways in
rats and mice (35,36). Important to the present discussion
are our previous observations that in vitro treatment of cul-
tured endothelial cells with sera from CR-fed rats mimics
many of the vascular effects observed in vivo during CR
in rodents (28). These studies support a key role of neu-
roendocrine factors in CR-mediated endothelial protection.
However, no studies have investigated whether CR-induced
changes in circulating factors mediate proangiogenic effects
of CR. Furthermore, despite the rapid progress of aging
research in the last few years (37-73), there are no stud-
ies to our knowledge investigating the role of CR-induced
changes in circulating factors in endothelial protection in
primates.

The present study was designed to elucidate the role of
circulating factors induced by CR in the nonhuman primate
Macaca mulatta in modulation of endothelial angiogenic
capacity. Using cultured human coronary arterial endothe-
lial cells (CAECs) as a model system, we tested the hypoth-
esis that factors present in sera derived from CR monkeys
stimulate angiogenic processes (including cell proliferation,
adhesion, migration, and formation of capillary-like struc-
tures) through (a) an increase in NO bioavailability, (b) acti-
vation of Nrf2-dependent pathways, and/or (c) upregulation
of vascular endothelial growth factor (VEGF) signaling.

METHODS

Animals and Diet

Sera obtained from ad-libitum-fed control (C, n = 5) and
calorie-restricted (CR, n = 5) rhesus macaques (M mulatta)
enrolled in an ongoing longitudinal study at the Wisconsin
National Primate Research Center (16,22,24,74,75) were
used. The median life expectancy of rhesus monkeys in
captivity is ~26 years with some of the monkeys in this
colony living into their late thirties (76). The control ani-
mals included in the present study had an average age of
25.5+1.4 years and CR animals had an average age of
25.4+1.4 years, representing their very late middle age.
All the animals were originally randomized to either the

control or CR diet at between 8 and 14 years of age. Food
allotments for CR animals (Teklad diet 93,131, enriched
by 30% in vitamins and minerals) were reduced to reach a
30% CR. Control animals were provided with ~20 g more
than their average daily intake to assure ad-libitum access
to food (purified lactalbumin-based diet containing 10% fat
and 15% protein [Teklad #85387, Madison, WI]). All ani-
mal procedures were performed at the Wisconsin National
Primate Research Center under approved protocols from
the Institutional Animal Care and Use Committee of the
Graduate School of the University of Wisconsin, Madison.

Cell Cultures

Primary human CAECs (purchased from Cell
Applications, San Diego, CA, after passage 4; age of the
donors is unknown) were initially cultured in MesoEndo
Endothelial Cell Growth Medium (Cell Applications, Inc)
followed by Endothelial Basal Medium supplemented
with 10% fetal calf serum until the time of serum treat-
ment, as described (77-80). For treatment, fetal calf serum
was replaced with serum (10%) collected from control
or CR-fed M mulatta, as previously described (28). Cells
cultured in Endothelial Basal Medium supplemented with
10% fetal calf serum served as an additional control. To
induce angiogenic processes, CAECs were treated with
recombinant human VEGF (100ng/mL; R&D Systems,
Minneapolis, MN). All reagents used in this study were
purchased from Sigma-Aldrich (St. Louis, MO) unless oth-
erwise indicated.

Cell Adhesion Assays

Angiogenesis is a multistep process involving cell
adhesion, proliferation, migration, and morphogenesis
(81). To determine the effects of CR-induced circulating
factors in regulation of the adhesion capacity of endothelial
cells, we used electric cell-substrate impedance sensing
(ECIS) technology (Applied Biophysics, Troy, NY) to
monitor adhesion of CAECs to collagen, as reported
(82). Briefly, cells were treated with sera obtained from
control or CR-fed M mulatta. After 48 hours, the cells
were collected and counted. VEGF (100 ng/mL)-stimulated
cells were seeded in collagen-coated (50 pg/mL) 96-well
array culture dishes containing gold film surface electrodes
(ECIS 96WI1E; in each well, one active electrode and a
large counter electrode). The same numbers of cells were
added to each well (2.5 x 10° cells/well). The arrays were
placed in an incubator and the time course for changes of
capacitance (measured at 60kHz) due to the adhesion of
cells to the active electrode was obtained. Time to reach
50% cell adhesion was used as an index of adhesiveness
(100% change corresponds to the maximum level of
cell coverage reached on the active electrode). To assay
barrier function, the time course of changes in capacitance
(measured at 32kHz) and resistance (measured at 1000
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Hz) were monitored in parallel. Additional increases in
resistance after capacitance has reached its minimum are
indicative of barrier function associated with the formation
of intercellular junctions (83).

Cell Proliferation Assay

Cell proliferation capacity was assessed in CAEC treated
with control or CR sera using the flow cytometry—based
Guava Cell Growth assay (Guava Technologies, Hayward,
CA), as reported (82). Briefly, cells were collected, resus-
pended in phosphate-buffered saline containing 0.1%
bovine serum albumin and stained with 16 pmol/L carbox-
yfluorescein diacetate succinimidyl ester for 15 minutes at
37°C. This dye diffuses into cells and is cleaved by intra-
cellular esterases to form an amine-reactive product that
produces a detectable fluorescence and binds covalently to
intracellular lysine residues and other amine sources. Upon
cell division, carboxyfluorescein diacetate succinimidyl
ester divides equally into the daughter cells halving the con-
centration of the mother cell; therefore, there is an inverse
correlation between the fluorescence intensity and the pro-
liferation capacity of the cells. After incubation, unbound
dye was quenched with serum-containing medium. Cells
were washed three times, treated with control sera or CR
sera for 24 hours (in the presence of 100ng/mL VEGF).
Finally, cells were collected, washed, stained with pro-
pidium iodide (to gate out dead cells), and analyzed with a
flow cytometer (Guava EasyCyte 8HT, Millipore, Billerica,
MA). The inverse of the fluorescence intensity was used as
an index of proliferation.

Assessment of Cell Migration by ECIS-Based
Wound-Healing Assay

The ECIS technology was used to monitor migra-
tion of CAECs treated with control sera or CR sera in a
wound-healing assay, as reported (82). Briefly, CAECs
(2.5 x 10° cells/well) were seeded in 96-well array cul-
ture dishes (ECIS 96W 1E), placed in an incubator (37°C),
and changes in resistance and impedance were continu-
ously monitored. When impedance reached a plateau,
cells in each well were subjected to an elevated field pulse
(wounding) of 5 mA applied for 20 seconds at 100kHz,
which killed the cells present on the small active electrode
due to severe electroporation. The detachment of the dead
cells was immediately evident as a sudden drop in resist-
ance (monitored at 4000 Hz) and a parallel increase in
conductance. VEGF (100 ng/mL) was immediately added
to each well. CAECs surrounding the active electrode that
had not been subjected to the wounding then migrated
inward to replace the detached dead cells resulting in
resistance recovery (continuously monitored at 4000 Hz
for up to 24 hours). Time to reach 50% resistance recovery
(corresponding to 50% confluence on the active electrode)
was determined for control and CR sera—treated cells,
and this parameter and the known physical dimensions

of the electrode were used to calculate the migration rate
(expressed as pm/h).

Tube Formation Assay

To investigate the influence of control sera or CR sera
on tube formation ability, CAECs were plated on Geltrex
Reduced Growth Factor Basement Membrane Matrix
(Invitrogen, Carlsbad, CA) in Medium 200PRF (Invitrogen).
Briefly, 150 pL/well of Geltrex was distributed in ice-cold
24-well plates. The gel was allowed to solidify while incu-
bating the plates for 30 minutes at 37°C. CAECs were then
seeded at a density of 5 x 10* cells/well and placed in the
incubator for 24 hours. Microscopic images were cap-
tured using a Nikon Eclipse Ti microscope equipped with
a 10x phase-contrast objective (Nikon Instruments Inc.,
Melville, NY). The extent of tube formation was quanti-
fied by measuring total tube length in five random fields per
well using NIS-Elements Microscope Imaging Software
(Nikon Instruments), as recently reported (82). The mean
of the total tube length per total area imaged (nm tube/mm?)
was calculated for each well. Experiments were run in
quadruplicates. The experimenter was blinded to the groups
throughout the period of analysis.

Apoptosis Assay

To determine whether CR circulating factors exert antia-
poptotic effects, CAECs were treated with control and CR
sera for 24 hours. Apoptotic cell death was assessed by
measuring caspase activities using the Caspase-Glo 3/7
assay kit (Promega, Madison, WI) as previously reported
(84,85). In 96-well plates, 50-pL sample was mixed for
30 seconds with 50-uL Caspase-Glo 3/7 reagent and incu-
bated for 2 hours 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.

Measurement of Endothelial NO Production

Production of NO in CAECs treated with control sera
or CR sera was assessed by using 4,5-diaminofluorescein
diacetate (DAF-2DA) as described (86). DAF-2DA is non-
fluorescent but reacts with NO to form the highly fluorescent
compound triazolofluorescein (DAF-2T). ECs were loaded
with 5 pM DAF-2DA for 30 minutes at 37°C, washed three
times, and DAF-2T fluorescence intensities were measured
using a Tecan Infinite M200 plate reader (Tecan U.S.).
Hoechst 33258 fluorescence, representing cellular DNA
content, was used for normalization.

Assessment of the Effects of CR Sera Treatment on the
Transcriptional Activity of Nrf2

The effect of circulating factors induced by CR on Nrf2
activity in CAECs was assessed using a reporter gene assay
as described (78,79,82,87-89). We used an Antioxidant
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Response Element (ARE) reporter comprised of tandem
repeats of the ARE transcriptional response element
upstream of firefly luciferase (SA Biosciences, Frederick,
MD) and a renilla luciferase plasmid under the control of the
cytomegalovirus (CMV) promoter (as an internal control).
Transfections in CAECs were performed using the Amaxa
Nucleofector technology (Amaxa, Gaithersburg, MD), as
we have previously reported (78,79,87). Firefly and renilla
luciferase activities were assessed after 24 hours using the
Dual Luciferase Reporter Assay Kit (Promega) and a Tecan
Infinite M200 plate reader.

Quantitative Real-Time RT-PCR

A quantitative real-time reverse transcription polymer-
ase chain reaction (RT-PCR) technique was used to analyze
the effect of circulating factors induced by CR on mRNA
expression of NFE2L2 (N1f2), the Nrf2 target genes NQOI,
HMOX]I, and GCLC, VEGF receptors, as well as known
target genes of VEGF in CAECs, as previously reported
(54,90-94). In brief, total RNA was isolated using a
TagMan Cells-to-CT Kit (Applied Biosystems, Foster City,
CA) and was reverse transcribed using Superscript III RT
(Invitrogen) as described previously (90,95). A real-time
RT-PCR technique was used to analyze mRNA expression
using a Strategen MX3000, as reported (95). Amplification
efficiencies were determined using a dilution series of a
standard vascular sample. Quantification was performed
using the efficiency-corrected AACq method. The relative
quantities of the reference genes HPRT, GAPDH, and ACTB
were determined and a normalization factor was calculated
based on the geometric mean for internal normalization.
Oligonucleotides used for quantitative real-time RT-PCR
are listed in Table 1.

Measurement of Mitochondrial O, Production

The effect of circulating factors induced by CR on mito-
chondrial O, production in CAECs was measured by flow
cytometry (Guava) using MitoSOX Red (Invitrogen), a
mitochondrion-specific hydroethidine-derivative fluores-
cent dye, as previously reported (80,96,97). Cell debris (low
forward and side scatter) and dead cells (Sytox Green) were
gated out for analysis.

Analysis of VEGF-Induced Activation of
Signaling Pathways

To assess whether circulating factors induced by CR
alter VEGF signaling, CAECs, cultured in the presence
of control or CR sera, were treated with VEGF (100 ng/
mL) and cells were harvested at 0, 5, 15, and 30 min-
utes posttreatment. The time course of VEGF-induced
phosphorylation of stress-activated protein kinase/
Jun-amino-terminal kinase SAPK/INK, the serine/threo-
nine protein kinase Akt, p38 MAP kinase (MAPK), and
heat shock protein (HSP) 27 (which is phosphorylated
by MAPKAP kinase 2 as a result of the activation of the
p38 MAPK kinase pathway) were analyzed using a mag-
netic multiplex bead array (Millipore), as reported (88).
The sample protein content was determined by a spec-
trophotometric quantitation method using bicinchoninic
acid reagent (Pierce Chemical, Rockford, IL). Average
fold changes in cellular content of phospho-SAPK/INK,
phospho-Akt, phospho-p38 MAPK, and phospho-HSP27
as a function of time are reported.

To determine whether CR-induced changes in circulat-
ing factors alter the transcriptional response of the cells to
VEGEF, we assessed VEGF (100 ng/mL)-induced expression
of known VEGF target genes (98), including /L8, NDRGI,

Table 1. Oligonucleotides for Real-Time RT-PCR

mRNA Targets Descriptions Sense Antisense

NFE2L2 NF-E2-related factor 2 (Nrf2) CAACTCAGCACCTTATATCTC TTCTTAACATCTGGCTTCTTAC

NQOI NAD(P)H:27uinine oxidoreductase 1 (NAD(P)H AGACCTTGTGATATTCCAGTTC GGCAGCGTAAGTGTAAGC
dehydrogenase, 27uinine 1)

GCLC Gamma-glutamylcysteine synthetase CAGTGGTGGATGGTTGTG ATTGATGATGGTGTCTATGC
(glutamate-cysteine ligase, catalytic subunit)

HMOX1 Heme oxygenase-1 AAGTATCCTTGTTGACACG TGAGCCAGGAACAGAGTG

VEGFR2 Vascular endothelial growth factor receptor 2 GAGTTCGTTGTGCTGTTTCTG ATGTCCTTTCTTTGTGGTATTCTG

VEGFRI Vascular endothelial growth factor receptor 1 ATTCCACTATCTCACACTAATCTG CCCAGGCAAGTTTCAAAGC

RCANI1 Regulator of calcineurin 1 CATCGCTGTCCAAGTGTT TTCTGTAAGGAGCATACTGTG

ILS Interleukin-8 AATTCATTCTCTGTGGTATC CCAGGAATCTTGTATTGC

NDRG1 N-myc downstream regulated 1 TAGCATCCTCTTAATGTG CAGAAAGCAGAACTAAAG

ANGPT2 Angiopoietin 2 AGCACAAAGGATGGAGACAAC CTTGAGCGAATAGCCTGAGC

DNAJB9 Dnal (Hsp40) homolog, subfamily B AAAATAAGAGCCCGGATGCT TGACTGCTCAAAAGAACTTCCA

KLF4 Kruppel-like factor 4 GCCTTGCTGATTGTCTAT AAGTCAACGAAGAGAAGAA

IGFBP3 Insulin-like growth factor binding protein 3 CCAAAGTTTAGAAAGAGGTTT GATAGGAAGCGACAAGAA

MEF2C Myocyte enhancer factor 2C AGCAATCCAAGCCACATA ACAACAGAATCCGTCACT

HPRT Hypoxanthine phosphoribosyltransferase 1 CCGTGTGTTAGAAAAGTAAGAAGC AACTGCTGACAAAGATTCACTGG

GAPDH Glyceraldehyde-3-phosphate dehydrogenase AACGAATTTGGCTACAGC AGGGTACTTTATTGATGGTACAT

ACTB Beta-actin CGGTGAAGGTGACAGCAG TGTGTGGACTTGGGAGAGG

RT-PCR = Reverse transcription polymerase chain reaction.
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MEF2C, ANGPT2, DNAJBY, KLF4, IGFBP3, and RCANI.
VEGF-induced transcription of many of these genes
depends on p38 MAPK activation (99).

Data Analysis

Statistical analyses were performed using one-way
analysis of variance. p < .05 was considered statistically
significant. Data are expressed as means + SEM.

RESULTS

Effect of Treatment With CR Sera on Adhesion of CAECs
to Collagen

Endothelial cell adhesion events are known to have an
important role in angiogenesis. We used ECIS technol-
ogy to monitor changes of capacitance (at 60kHz) due
to the adhesion of VEGF (100ng/mL)-stimulated cells
to the collagen-coated active electrode (Figure 1A). The
time constant (t), calculated from an exponential curve
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fitting, was used as an index of adhesiveness. Treatment
of CAECs with CR sera resulted in a decrease in T (ie, less
time was needed to reach 50% cell adhesion; Figure 1B).
Although these differences reached only marginal sta-
tistical significance, the data indicate that CR sera may
increase the ability of VEGF-treated CAECs to adhere to
collagen.

Decline in capacitance due to adhesion of CAECs was
associated with a parallel increase in resistance (Figure 1C).
Comparison of the time course of additional increases in
resistance (Figure 1D), after capacitance has reached its
minimum (after, eg, 1.2 hours; Figure 1C), suggests that
circulating factors induced by CR do not significantly alter
barrier function associated with the formation of intercel-
lular junctions.

Effect of Treatment With CR Sera on Proliferative
Capacity of CAECs

Proliferation represents a key step in angiogenesis.
Proliferative capacity of CAECs treated with control or
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Figure 1. Effect of treatment with sera collected from caloric-restricted (CR) Macaca mulatta on vascular endothelial growth factor (VEGF)-induced adhesion of
human coronary arterial endothelial cells (CAECs). VEGF (100 ng/mL)-stimulated cell adhesion was monitored by electric cell-substrate impedance sensing (ECIS)
technology (see the Methods section). (A) Time course of changes of capacitance (at 32kHz) after addition of CAECs to collagen-coated wells. Hundred percent
change corresponds to the maximum level of cell coverage reached on the active electrode. Data are mean + SEM. (n = 5 in each group). We calculated the time

constant (1) from each individual data set, which was used as an index of adhesiveness. (B) The summary data for t

in CAECs treated with sera from control and

adhesion

CR animals are depicted here. Data are means + SEM. (n =5 in each group). There was a trend for a shorter t in cells treated with CR sera, indicating that circulating
factors triggered by CR tend to increase the adhesiveness of CAECs. (C) To assay barrier function, the time course of changes in capacitance (measured at 32kHz)
and resistance (measured at 1,000 Hz) were monitored in parallel. (D) The time course of increases in resistance after capacitance has reached its minimum is indica-

tive of barrier function associated with the formation of intercellular junctions.
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Figure 2. Treatment with sera collected from caloric-restricted (CR) Macaca
mulatta significantly increases proliferation capacity of human coronary arterial
endothelial cells (CAECs). Cell proliferation capacity was assessed in CAEC
stimulated with vascular endothelial growth factor (VEGF; 100ng/mL) using
the flow cytometry—based Guava Cell Growth assay (see Methods section).
The inverse of the fluorescence intensity of the indicator dye carboxyfluores-
cein diacetate succinimidyl ester (CFSE) was used as an index of proliferation
capacity of the cells. Data are means + SEM (n = 5 in each group), *p < .05
versus control.

CR sera was compared. We found that treatment with CR
sera significantly decreased carboxyfluorescein diacetate
succinimidyl ester fluorescence (resulting in an increased
proliferation index) in CAECs, indicating that proliferation
capacity is significantly increased by circulating factors
induced by CR (Figure 2).

Effect of Treatment With CR Sera on the Migratory
Capability of CAECs

The migratory capability of vascular endothelial cells
has a pivotal role in the maintenance of microvascular
integrity and angiogenesis. An ECIS-based wound-healing
assay was used to assess the effect of CR serum factors on
migratory capability of VEGF-treated CAECs. Treatment
with CR sera tended to decrease the time for the cells
to reach 50% of the maximum confluence (Figure 3A).
Figure 3B indicates that the increase in the calculated
migration rate in CAECs with CR sera treatment did not
reach statistical significance.

Effect of Treatment With CR Sera on Formation of
Capillary-Like Structures by CAECs

We performed an in vitro tube formation assay to model
the reorganization stage of angiogenesis. In vitro tube
formation is a multistep process involving cell adhesion,
migration, differentiation, and growth. We assessed the
effect of treatment with control or CR sera on the ability
of endothelial cells to form capillary-like structures. When
seeded onto Geltrex matrices, endothelial cells cultured in
the presence of control sera formed elaborated capillary
networks in the presence of VEGF (Figure 4A). We found
that treatment with CR sera significantly increased the for-
mation of capillary-like structures by CAECs (Figure 4B).
Summary data (expressed as tube length per area in nm/
mm?) are shown in Figure 4C.
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Figure 3. Effect of treatment with sera collected from caloric-restricted
(CR) Macaca mulatta on migration capacity of human coronary arterial
endothelial cells (CAECs). Vascular endothelial growth factor (VEGF; 100ng/
mL)-stimulated cell migration was monitored by electric cell-substrate imped-
ance sensing (ECIS) technology in a wound-healing assay (see Methods sec-
tion). (A) Representative figure showing the time course of resistance recovery
after wounding (arrow indicates the time, when an electric pulse of 5 mA for 20
seconds at 100kHz was applied; 100% represents prewounding levels of resist-
ance measured at 4000 Hz). Resistance (at 4000 Hz) was monitored for every
160 seconds. Time to reach 50% resistance recovery (corresponding to 50%
confluence on the active electrode) was determined for CAECs treated with
control sera or CR sera, and this parameter and the known physical dimensions
of the electrode were used to calculate the migration rate (expressed as pm/h).
(B) The summary data for migration rate in CAECs treated with control sera or
CR sera are depicted. Data are means + SEM (n =5 in each group).

Treatment With CR Sera Attenuates Apoptosis in CAECs

Induction of endothelial apoptosis is an important mech-
anism that inhibits angiogenesis promoting microvascular
rarefaction. We found that treatment with CR sera attenu-
ated endothelial apoptosis as shown by the decreased cas-
pase 3/7 activity (Figure 5A).

Effects of Treatment of CAECs With CR Sera on NO
Production

NO is an important mediator of angiogenesis that confers
significant antiapoptotic effects. To test the hypothesis that
treatment with CR sera confers proangiogenic and antia-
poptotic effects by increasing NO bioavailability, DAF-2
was used for measurements of NO production in CAECs.
We found that treatment with CR sera did not significantly
affect basal cellular NO production (Figure 5B).
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Figure 4. (A) Treatment with sera collected from caloric-restricted (CR)
Macaca mulatta significantly increases the formation of capillary-like struc-
tures by human coronary arterial endothelial cells (CAECs). CAECs were
plated on Geltrex-coated wells, and tube formation was induced by treating
CAECs with vascular endothelial growth factor (VEGF; 100ng/mL, for 24
hours). Representative examples of capillary-like structures are shown in (A).
Summary data, expressed as total tube length per total area scanned (um tube/
mm?), are shown in (B). Data are means + SEM, (n = 5 in each group), *p <
.05 versus control.
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Figure 5. (A) Treatment with sera collected from caloric restricted (CR)
Macaca mulatta significantly inhibits apoptosis in human coronary arterial
endothelial cells (CAECs). Apoptotic cell death was assessed by measuring
caspase 3/7 activity in cell lysates. *p < .05 versus control serum treated. Data
are mean + SEM. (n =5 for each group). (B) In cultured CAECs treatment with
CR sera did not alter cellular NO production, as compared with cells grown in
the presence of sera obtained from control animals. Cellular NO production was
assessed using the triazolofluorescein (DAF-2T) fluorescence method. Data are
mean + SEM. (n =5 for each group).

Effects of Treatment With CR Sera on Transcriptional
Activity of Nrf2 in CAECs

Previous studies reported that CR in mice is associated
with activation of Nrf2-driven antioxidant defense
mechanisms (100) and that Nrf2 activation confers
important proangiogenic and antiapoptotic effects in human
endothelial cells (82). We determined the effects of serum
factors triggered by CR in M mulatta on the Nrf2-driven
antioxidant response. Using a reporter gene assay, no
significant change in Nrf2 activation was noted in CAECs
treated with CR sera (Figure 6A). In CAECs treated with
CR sera, as compared with cells treated with sera from
control animals, mRNA expression of Nrf2 and the Nrf2
target genes, GCLC, NQOI, and HMOXI, expression
(Figure 6B, C, D, and E, respectively) were also unaltered.
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Figure 6. (A) Reporter gene assay showing the effects of treatment with sera collected from caloric-restricted (CR) Macaca mulatta on Nrf2/ARE reporter activ-
ity in cultured primary human coronary arterial endothelial cells (CAECs). Cells were transiently cotransfected with ARE-driven firefly luciferase and CMV-driven
renilla luciferase constructs. At the end of the culture, period cells were then lysed and subjected to luciferase activity assay. After normalization, relative luciferase
activity was obtained from four to six independent transfections. Data are mean = SEM (n = 5 for each group). (B-E). Quantitative real-time reverse transcription
polymerase chain reaction (RT-PCR) data showing the effect of treatment with CR sera on mRNA expression of NFE2L2 (Nrf2), NOO1, HMOX]I, and GCLC in
cultured primary CAECs. Data are mean + SEM. (n =5 in each group). (F) Effect of treatment with CR sera on mitochondrial O production in CAECs, assessed
using the MitoSOX Red fluorescence method. Data are mean = SEM. (n = 5 for each group).

Effect of Treatment With CR Sera on Mitochondrial ROS
Production in CAECs

Increased mitochondrial oxidative stress has been shown
to impair angiogenic functions (101) and promote apoptosis
in endothelial cells. We tested the hypothesis that CR sera
confer antiapoptotic effects by decreasing mitochondrial
oxidative stress. We found that treatment of CAECs with
CR sera tended to attenuate MitoSox fluorescence indi-
cating a decreased mitochondrial reactive oxygen species

production (Figure 6F), however, this effect did not reach
statistical significance.

Effects of Treatment With CR Sera on VEGF Signaling
in CAECs

To test the hypothesis that CR sera confer proangiogenic
effects by upregulating VEGF signaling, the time course
for phosphorylation of SAPK/JNK, p38 MAPK, Akt, and
HSP27 after VEGF stimulation was obtained (Figure 7).
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Figure 7. Treatment with sera collected from caloric restricted (CR) Macaca mulatta upregulates vascular endothelial growth factor (VEGF) signaling in human
coronary arterial endothelial cells (CAECs). The time course for phosphorylation of SAPK/JNK (A), p38 MAPK (B), Akt (C), and HSP27 (D) in CAECs exposed
to 100ng/mL VEGEF for 5, 15, and 30 minutes was shown. Protein phosphorylation was analyzed using a magnetic multiplex bead array (Millipore; see the Methods

section).

We found that the treatment with VEGF resulted in a more
pronounced and sustained phosphorylation of SAPK/JINK
(Figure 7A), p38 MAPK (Figure 7B), Akt (Figure 7C),
and HSP27 (Figure 7D) in CAECs cultured in the pres-
ence of CR sera than in CAECs cultured in the presence
of control sera. Treatment of CAECs with sera col-
lected from CR-fed M mulatta did not alter expression
of VEGFR?2 and VEGFRI in CAECs (Figure 8A and 8B,
respectively). In contrast, treatment with CR sera upregu-
lated VEGF (100ng/mL)-induced expression of known
VEGEF target genes, including IL-8 (Figure 9A), NDRGI
(Figure 9B), and MEF2C (Figure 9C). VEGF induction
increases in expression of ANGPT2 (Figure 9D), DNAJB9
(Figure 9E), KLF4 (Figure 9F), IGFBP3 (Figure 9G), and
RCANI (Figure 9H) also tended to be more pronounced
in CAECs treated with CR sera than in cells treated with
control sera, although the differences did not reach statis-
tical significance.

Discussion

Moderate CR in laboratory rodents was shown to exert
significant microvascular protective effects (11,12,28-30).
However, the mechanisms that contribute to CR-induced
increases in microvascular density in the heart (30) and
the brain (11,12) that underlie progressive improvements

in tissue blood supply and organ function are only par-
tially understood. The principal new finding of this study
is that circulating factors induced by CR in the nonhuman
primate M mulatta upregulates endothelial angiogenic
capacity. Major steps of the angiogenic process, includ-
ing proliferation and formation of capillary-like struc-
tures, are significantly enhanced in CAECs treated with
CR sera, whereas the rate of apoptosis is significantly
decreased.

Here, we have devised an in vitro approach to determine
the role of circulating factors that mediate the proangio-
genic effects of CR. Our data show for the first time that
circulating factors within the plasma of caloric-restricted
nonhuman primates activate multiple angiogenic processes
in endothelial cells. Although the effects of circulating
factors present in the sera of CR monkeys on endothelial
adhesion capacity (Figure 1) and cell migration (Figure 3)
were relatively modest, sera from CR monkeys signifi-
cantly stimulated endothelial cell proliferation (Figure 2)
and capillary morphogenesis (Figure 4). These findings
support the concept that circulating factors triggered by
CR, preserve structural integrity of the microcirculation,
at least in part, by stimulating angiogenesis. It should be
noted that angiogenesis is required for invasive tumor
growth and metastasis. Because CR confers resistance
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Figure 8. Quantitative real-time reverse transcription polymerase chain reaction (RT-PCR) data showing the effect of treatment with CR sera on mRNA expres-
sion of VEGFR2 (A) and VEGFRI (B) in cultured primary coronary artery endothelial cells (CAECs). Data are mean + SEM (n =5 in each group).

against cancer, future studies are warranted to determine
whether CR exerts different effects on the tumor micro-
circulation (102).

It is generally accepted that increased apoptotic cell
death contributes to the age-related microvascular rarefac-
tion. Accordingly, in laboratory rodents, the percentage of
apoptotic endothelial cells significantly increases with
age (91,103,104). Aging is also associated with enhanced
endothelial apoptosis in nonhuman primates (105). Another
potentially important finding of our study is that treat-
ment of cells in vitro with sera from CR animals mimics
the known antiapoptotic effects of CR in vivo (106,107),
preventing the induction of apoptosis in cultured endothe-
lial cells (Figure 5A). In comparable fashion, sera from
caloric-restricted rats also confers significant antiapoptotic
effects in endothelial cells in vitro (28). We propose that
antiapoptotic effects of circulating factors triggered by CR
will increase the angiogenic capacity of endothelial cells in
vivo and importantly contribute to the microvascular protec-
tive effects of CR. Previous studies have demonstrated that
age-related oxidative stress in endothelial cells impairs bio-
availability of the prosurvival factor NO. Thus, the reduction
in NO is thought to be a strong inducer of endothelial apopto-
sis (103,108). Because CR in vivo was shown to significantly
increase endothelial NO production by upregulating eNOS
(28,29,109), we anticipated that this effect would be recapitu-
lated in vitro by treatment of CAECs with sera derived from
caloric-restricted M mulatta. Contrary to our prediction, we
found that treatment with CR sera did not affect cellular NO
production (Figure 5B). Thus, our data failed to support the
hypothesis that increased endogenous NO generation medi-
ates the antiapoptotic activity of circulating factors triggered
by CR in the present cohort of M mulatta.

The actual circulating factor(s) that mediate the proan-
giogenic effects of CR are presently unknown. Because
serum adiponectin levels increase in CR rats (106,110)
and previous studies demonstrate that adiponectin pro-
motes angiogenesis via an Akt-dependent pathway (111),
future studies will examine the role of adiponectin in
the microvascular protective effects of CR in nonhuman

primates. Our recent studies in laboratory rats suggest that
neuroendocrine factors also mediate, at least in part, the
antiinflammatory and antioxidative endothelial protective
effects of CR (28). Further studies are needed to determine
whether the humoral factors present in the circulation of
caloric-restricted M mulatta also confer anti-inflammatory
endothelial protective effects.

Previous studies have attributed the antioxidative effects
of CR to Nrf2 activation (29). Seminal studies by de Cabo
and coworkers have shown that CR activates Nrf2 signaling
and causes marked increases in plasma membrane NQO1
activity in rat and murine tissues (36,112,113). The upregu-
lation of Nrf2-driven plasma membrane redox systems that
occurs during CR contributes to the decreases of the lev-
els of cellular oxidative stress in the aged liver (36,112—
114). Recent data also demonstrate that activation of the
Nrf2-driven antioxidant system contributes to the protective
effect of CR against cancer (100,115). In that regard, a func-
tional Nrf2 pathway is essential for a healthy endothelial
angiogenic response since all the major steps of the angio-
genic process, including adhesion, proliferation, migration,
and formation of capillary-like structures are compromised
by disruption of Nrf2 signaling in cultured endothelial
cells (82). Nrf2 blockade also suppresses angiogenesis in
mouse models in vivo (116). Further, the Nrf2 targets, heme
oxygenase-1 (117,118) and thioredoxin (119), were shown
to confer proangiogenic effects in animal disease models.
Moreover, Nrf2 confers significant antiapoptotic effects in
endothelial cells (78,79,82,87,120). Nevertheless, treatment
with CR sera failed to increase transcriptional activity of
Nrf2 in the present study, indicating that other mechanisms
may be important in the response of endothelial cells to
CR in primates (Figure 6). Multiple lines of evidence sug-
gest that homologs of the NAD*-dependent protein dea-
cetylase SIRT1 contribute to life-span extension by CR in
lower organisms (121). In mammals, SIRT1 is also induc-
ible by circulating factors triggered by CR (35) and there
is evidence that antioxidant endothelial effects induced by
circulating factors during CR are, in part, mediated by path-
ways that involve SIRT1 (28). Importantly, previous studies
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demonstrate that SIRT1 regulates the angiogenic activity of
endothelial cells and that disruption of SIRT1 gene expres-
sion in zebrafish and mice results in defective blood vessel
formation and blunts ischemia-induced neovascularization
(122). Thus, future studies should test the hypothesis that
SIRT1 activation induced by circulating factors present in
the blood of caloric-restricted M mulatta contributes to the
proangiogenic effects of CR.

Regulation of endothelial angiogenic processes by VEGF
involves activation of SAPK/JINK, Akt and p38 MAPK, and
phosphorylation of HSP27 (123). Time course analysis of

VEGF-induced activation of the aforementioned pathways
suggest that circulating factors induced by CR in M mulatta
upregulate VEGF signaling in endothelial cells (Figure 7).
The available evidence suggests that this is independent of
changes in the expression of VEGF receptors (Figure 8).
The concept that humoral factors potentiate VEGF signaling
is further supported by the observation that treatment with
CR sera augments the transcriptional response of CAECs
to VEGF (Figure 9). There is increasing evidence that
VEGFR activity can be regulated at multiple levels, includ-
ing dimerization of receptors, interaction with the trimeric
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G proteins Gaq/Gall, dephosporylation of the receptors
by tyrosine-specific phosphatases, and degradation of the
receptors through the proteasome pathway (reviewed in
Reference 123). It can be hypothesized that circulating fac-
tors triggered by CR may affect these pathway(s) modulat-
ing VEGFR2 signaling.

In conclusion, circulating factors triggered by CR activate
endogenous proangiogenic and antiapoptotic mechanisms
in endothelial cells. These changes in endothelial cell func-
tion and responsiveness may contribute to the cardiovascu-
lar protective effects of CR in nonhuman primates. Because
serum obtained from caloric-restricted humans also confers
cytoprotection in human cells in vitro (124), we predict
that CR may also promote microvascular health in humans.
Potentially, the mechanisms of CR could be harnessed for
development of new pharmacological approaches for the
prevention and treatment of diseases associated with micro-
vascular rarefaction in elderly patients (such as vascular
cognitive impairment and heart failure).
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