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Background-—Aging exponentially increases the incidence of morbidity and mortality of quintessential cardiovascular disease
mainly due to arterial proinflammatory shifts at the molecular, cellular, and tissue levels within the arterial wall. Calorie restriction
(CR) in rats improves arterial function and extends both health span and life span. How CR affects the proinflammatory landscape
of molecular, cellular, and tissue phenotypic shifts within the arterial wall in rats, however, remains to be elucidated.

Methods and Results-—Aortae were harvested from young (6-month-old) and old (24-month-old) Fischer 344 rats, fed ad libitum
and a second group maintained on a 40% CR beginning at 1 month of age. Histopathologic and morphometric analysis of the
arterial wall demonstrated that CR markedly reduced age-associated intimal medial thickening, collagen deposition, and elastin
fractionation/degradation within the arterial walls. Immunostaining/blotting showed that CR effectively prevented an age-
associated increase in the density of platelet-derived growth factor, matrix metalloproteinase type II activity, and transforming
growth factor beta 1 and its downstream signaling molecules, phospho-mothers against decapentaplegic homolog-2/3 (p-SMAD-
2/3) in the arterial wall. In early passage cultured vascular smooth muscle cells isolated from AL and CR rat aortae, CR alleviated
the age-associated vascular smooth muscle cell phenotypic shifts, profibrogenic signaling, and migration/proliferation in response
to platelet-derived growth factor.

Conclusions-—CR reduces matrix and cellular proinflammation associated with aging that occurs within the aortic wall and that are
attributable to platelet-derived growth factor signaling. Thus, CR reduces the platelet-derived growth factor–associated signaling
cascade, contributing to the postponement of biological aging and preservation of a more youthful aortic wall phenotype. ( J Am
Heart Assoc. 2018;7:e009112. DOI: 10.1161/JAHA.118.009112.)
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A ging exponentially increases the incidence of morbidity
and mortality of quintessential cardiovascular disease

mainly due to arterial wall proinflammatory phenotypic

shifts at the molecular, cellular, and tissue levels.1–3

Increases in the local arterial wall proinflammatory mole-
cules, platelet-derived growth factor (PDGF), matrix metal-
loproteinase type II (MMP2) and transforming growth factor
beta 1 (TGF-b1), promote cellular and matrix phenotypic
shifts that contribute to aortic wall thickening and stiffening
that accompany advancing age in mammals, a prominent
arterial phenotype of biological aging.4–9 Interestingly,
arterial proinflammatory conditions reduces the threshold
or increases the susceptibility for pernicious inflammatory
arterial events under hostile conditions such as hyper-
lipidemia.1,10

The rate of arterial biological aging or systemic aging can be
modulated by changes in lifestyle, for example, food consump-
tion, cessation of smoking, and physical exercise.11–15 Calorie
restriction (CR) effectively reduces the morbidity and mortality
of Fischer 344 rats, which is related to a retardation of arterial
stiffening, an improvement of arterial distensibility, and an
eventual prolongation of the life span.16 Age-associated
increase in arterial stiffening is closely associated with arterial
proinflammation.1,4 Whether and how CR affects the
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proinflammatory molecular, cellular, and tissue phenotypic
shifts within the rat arterial wall with aging, however, remain
to be elucidated.

Here, we demonstrate that a 40% CR regimen, beginning
at 1 month of age in Fischer 344 rats, substantially retards
age-associated aortic proinflammatory phenotypic shifts in
the matrix, cellular, and molecular signaling that underlies

intimal and medial thickening, a most prominent clinical
phenotype.1,10,12 In vitro, CR attenuated the age-associated
vascular smooth muscle cells (VSMC) proinflammatory
phenotypic shift with a mitigation of platelet-derived growth
factor (PDGF) signaling. Collectively, the current findings
suggest that CR is a practical approach for delaying
biological aging and preserving a more youthful aortic wall
phenotype.

Material and Methods
All data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure. The materials that
support the findings of this study are available from the
corresponding author upon reasonable request.

Rats, Calorie Restriction Protocol, and Aortic
Tissue Harvest
Male Fischer 344 (F344) rats were fed ad libitum (AL) or
maintained on a 40% calorie restriction (CR) regimen begin-
ning at 1 month of age as described.16,17 The AL diet was the
NIH-31 standard diet, and the CR diet was a vitamin- and
mineral-fortified version of the NIH-31, 40% less (by weight)
than the average AL consumption. Aortic tissue isolated from
AL and CR young (n=5, 6-month-old,) and old (n=5, 24-month-
old) F344 rats were harvested as previously described.18 All

Table. Primary Antibodies

Antibody Species Titer Blotting Titer Staining Sources

a-SMA M 1:1000 1:20 Dako Corp, Denmark

CD31 M 1:50 Dako Corp, Denmark

MT1-MMP R, M 1:250 Chemicon Intern. Inc, CA

TIMP2 R, M 1:100 Chemicon Intern. Inc, CA

LTBP-1 M 1:50 Chemicon Intern. Inc, CA

LAP M 1:50 Chemicon Intern. Inc, CA

p-SMAD2/3 R 1:1000 1:50 Cell signaling, CA

SMAD2/3 R 1:1000 Cell signaling, CA

Collagen I R 1:1000 1:50 Rockland Immunochemicals, Inc, PA

TGF-b1 R 1:200 1:50 Santa Cruz, CA

SM22a G 1:2000 Abcam, MA

Myocardin M 1:1000 Abcam, MA

b-actin M 1:10 000 1:50 Sigma-Aldrich, Inc, MO

CD31 indicates cluster of differentiation 31; G, goat; LAP, latent associated protein; LTBP-1, latent TGF binding protein-1; M, mouse; MT1-MMP, membrane type 1 matrix metalloproteinase;
p-SMAD2/3, phospho-mothers against decapentaplegic homolog-2/3; R, rabbit; SMAD2/3, mothers against decapentaplegic homolog-2/3; TGF-b1, transforming growth factor beta 1;
TIMP2, tissue inhibitor of metalloproteinases 2; a-SMA, alpha smooth muscle actin.

Clinical Perspective

What Is New?

• Calorie restriction (CR) increases the vascular health span
through curbing age-associated proinflammation within the
arterial wall in rats.

• CR effectively attenuates age-associated arterial proinflam-
matory phenotype shifts at the molecular, cellular, and
tissue level in rats.

• CR preserve a youthful arterial phenotype in old rats.

What Are the Clinical Implications?

• Well-designed studies could be created in elderly humans
without overt cardiovascular disease to confirm that CR can
increase vascular health span and life span through
postponement of biological aging by maintaining a more
youthful aortic wall phenotype in humans.

• CR could serve as a clinical approach to attenuate the age-
associated increase in the morbidity and mortality of
cardiovascular diseases such as atherosclerosis in humans.
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procedures were approved by the Animal Care and Use
Committee of the National Institute on Aging Intramural
Research Program in accordance with National Institutes of
Health guidelines.

Histology, Immunostaining, and Morphometric
Analysis
Hematoxylin and eosin, Picrosirius Red, Verhoeff’s Elastic-van
Gieson, and Masson’s trichrome stains (American MasterTech
Scientific, Inc, Lodi, CA) were performed per the manufac-
turer’s instructions as described previously.5,6,18

Immunohistochemistry and immunofluorescence and their
analyses were performed according to methods described
previously.19 The immunohistochemical analysis was per-
formed using the computerized imaging program MetaMorph
(MetaMorph Imaging System, Universal Imaging Corp) using
light microscopy.

The sources and description of primary antibodies used are
listed in Table.

Zymography
Zymography was performed according to modified protocols,
as previously reported.5–7,18 Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis zymography was performed
according to the manufacturer’s protocol (ThermoFisher). In
situ zymography was performed to localize net in situ
activities of matrix metalloproteinases (MMPs). Fluorescein
isothiocyanate–labeled dye-quenched gelatin, intramolecu-
larly quenched (Molecular Probes, Eugene, OR) was used as
a substrate. Fresh aortic fragments were immersed in
ornithine carbamyl transferase (Tissue-Tek, Torrance, CA)
and quick-frozen in a block of dry ice. Aortic segments were
then cut into 10-lm sections and coated with a drop of the
liquid mixture (fluorescein isothiocyanate–labeled dye-

Figure 1. CR retards age-associated aortic wall remodeling. A, Representative photomicrographs of paraffin sections
of thoracic aortae from both young and old F344 rats with an AL or a CR diet stained with EVG (upper panels: EVG stain
elastin as dark blue, 950); and representative photomicrographs of paraffin sections of thoracic aortae from both young
and old Fischer 344 rats fed an AL or a CR diet stained with EVG (elastin laminae as dark blue, 91000). Arrow indicates
eroded or broken IEL. Bar scale, 200 lm. B, Data shown as mean�SEM (n=5 animals/group). Left panel: LA was
analyzed with a 2-way ANOVA showing no age9diet interaction (P>0.05), after removing this term from the model, the
overall main age (P<0.05) and diet (P<0.01) effects were significant. Middle panel of IT was also done with a 2-way
ANOVA followed by a Bonferroni comparisons test: P<0.001 for age9diet interaction. Post hoc comparisons: old vs
young within AL group and AL vs CR in old group were reported (***P<0.001). Right Panel of MT: In a 2-way ANOVA,
there were no age9diet interactions (P>0.05), but overall main age effect was reported (P<0.05). AL indicates
ad libitum; CR, calorie restriction; EVG, Elastic-van Gieson; IEL, intimal elastin laminae; IT, intimal thickness; L, lumen; LA,
lumen area; M, media; MT, media thickness.
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quenched gelatin [500 ng/mL] mixed with the reaction buffer
[0.05 mol/L Tris-HCl, 0.15 mol/L NaCl, 5 mmol/L CaCl2,
and 0.2 mmol/L NaN3, pH 7.6]). Slides were protected from

light in a humidified incubator for 48 hours at 37°C. Negative
controls were created as described without the addition of the
fluorescein isothiocyanate-labeled dye-quenched gelatin.

Figure 2. CR prevents age-associated increases in elastin lamina fragmentation/
degradation in the aortic walls. A, Representative photomicrographs of paraffin
sections thoracic aortae from both young and old F344 rats with an AL or a CR diet
stained with EVG (dark blue) (9400). Bar scale, 10 lm. B, Elastin fraction shown as
mean�SEM (n=5 animals/group). The data were analyzed with a 2-way ANOVA:
P<0.01 for age9diet interaction. Pairwise comparisons: old vs young within AL group
and AL vs CR in old group were shown (**P<0.01). AL indicates ad libitum; CR,
calorie restriction; EVG, Elastica-van Gieson; L, lumen; M, media.

Figure 3. CR retards age-associated increases in collagen deposition within the aortic walls. A, Representative
photomicrographs of paraffin thoracic aortic sections of both young and old F344 rats with an AL or a CR diet stained
with Sirius Red for collagen (red), observed using conventional lightmicroscopy (9200). n=5 rats/group, respectively.
Bar scale, 20 lm. B, Collagen density shown as mean�SEM (n=5 animals/group). The data were analyzed with a 2-
way ANOVA: P<0.05 for age9diet interaction. Pairwise comparison: old vs young within AL group and AL vs CR in old
group were shown (*P<0.05). AL indicates ad libitum; CR, calorie restriction; L, lumen; M, media.
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Immunoblotting
Immunoblotting of supernatant from thoracic aortae homo-
genates or VSMC lysates were performed as previously
described.5,6,19,20 Primary antibodies used for Western blot-
ting are listed in Table.

Cultured VSMCs
VSMCs were enzymatically isolated as previously
described.5,6,19,20 Briefly, young and old AL and CR F344 rat
thoracic aortae (n=3 animals/group) were rinsed in Hanks
balanced salt solution containing 50 lg/mL penicillin,
50 lg/mL streptomycin, and 0.25 lg/mL amphotericin B
(ThermoFisher). After digestion for 30 minutes in 2 mg/mL
collagenase I solution (Worthington Biomedical, Freehold, NJ)
at 37°C, the adventitia and intima were removed from the
aortic medial layer, which was then placed in complete
medium (Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum [FBS] and 50 lg/mL penicillin, 50 lg/mL
streptomycin) for 2 hours. The arterial media was further

digested with 2 mg/mL collagenase II/0.5 mg/mL elastase
(Sigma) for 90 minutes at 37°C, and the isolated cells were
washed and plated in complete medium. In all cases, >95% of
cells stained positive for a-smooth muscle actin (a-SMA).

Early passages (p3-p5) rat VSMCs were cultured both with
and without PDGF-BB (0, 10, and 25 ng/mL) for 24 hours and
then were lysed for Western blot analysis.

TGF-b1 ELISA
The supernatants from both young and old VSMCs were
treated with or without PDGF-BB and collected and analyzed
with a TGF-b1 ELISA kit based on the manufacturer’s
instruction (R&D Systems, MN). The optical density of each
well was read using a VICTOR X Multilabel Plate Reader, set to
450 nm (PerkinElmer, Inc, Waltham, MA).

Silencing of PDGFb Gene in VSMCs
VSMCs were cultured to about 80% confluence in 6-well plates
in Dulbecco’s modified Eagle’s medium/10% fetal bovine

Figure 4. CR affects age-associated increases in VSMC infiltration in intima within the aortic walls. A, Representative photomicrographs of
paraffin sections thoracic aortae from both young and old F344 rats with an AL or a CR diet, stained with an antibody against a-SMA (brown,
9400) showing infiltrated intimal VSMCs (arrowhead). n=5 rats/group. Scale bar, 20 lm. B, The numbers of infiltrated VSMC presented as
mean�SEM (n=5 animals/group). The data were analyzed with a 2-way ANOVA and showed that there was no age9diet interaction (P>0.05);
but an overall main age effect (P<0.001) was reported. AL indicates ad libitum; CR, calorie restriction; L, lumen; M, media; VSMC, vascular
smooth muscle cells; a-SMA, alpha-smooth muscle actin.
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serum/1% nonessential amino acid medium. PDGFb small
interfering RNAs (Target sequence: GGUGAGAAAGAUC-
GAAAUU; J-081176-09-0002) and scrambled control siRNA
(Target sequence: UGGUUUACAUGUCGACUAA, D-001810-01-
05) were purchased from Dharmacon (Chicago, IL). Small
interfering RNAs were delivered via Dharmafect 2 transfection
reagent according to the manufacturer’s instructions (Dharma-
con, Chicago, IL). After 24 hours, cell medium was replaced
with fresh culturemedium and cells were harvested at 48 hours
after transfection for further mRNA and protein analyses.

Wound Healing Assay
Awound healing assaywas performed as previously described.9

Briefly, both AL and CR rat VSMCs were seeded into 12-well
plates and grown to confluence. A pipette tip was used to
scratch the surface of the monolayer, creating a wound. After
washing, the cells were treated with PDGF-BB (10 ng/mL) or
vehicle control or saline solution for 24 hours. Images were
captured at 0 and 24 hours. Quantitative analysis of the
percent closure of the wound was performed using Image J
(National Institutes of Health). The levels of wound-healing
capacity (percent closure) were evaluated by the percentage of
the healed cell area to the original damaged area.

Statistical Analysis

All measurements were carried out blindly for age and diet
group. All results are expressed as the mean�SEM. Statistical
analysis was performed with one or two-way ANOVA, when
appropriate, to determine the effects of age, diet, and their
interaction, followed by Bonferroni post hoc tests. When the
interaction was not statistically significant, it was removed
from the model to determine the overall effects of age or diet.
When repeated measurements over time were taken on the
same sample, a 2-way ANOVA with repeated measures was
used to account for the nonindependence within the samples.
A probability value (P) <0.05 was regarded as significant. All
statistical analysis was carried out with GraphPad Prism
(V6.0).

Results

CR Retards Age-Associated Arterial Phenotypic
Shifts
Aortic lumen area and intimal medial wall thickness were
increased in old versus young AL rats (Figure 1A and 1B).
Markedly fragmented/degraded elastin lamina determined by

Figure 5. CR inhibits PDGF expression within the aortic wall with aging. A, Representative of photomicrographs of immunostaining of PDGF-BB
on paraffin sections of the rat thoracic aortae (brown, upper panels, 9200). Scale bar, 10 lm. B, PDGF-BB density or gradient shown as
mean�SEM (n=3–5 animals/group). The data were analyzed with a 2-way ANOVA and showed no age9diet interaction (P>0.05), but the overall
main age effect (P<0.001) and diet effect (P<0.05) were reported in percent proportional area of PDGF-BB and in the gradient of PDGF-BB. AL
indicates ad libitum; CR, calorie restriction; L, lumen; M, media; PDGF-BB, platelet derived growth factor.
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the percentage of decrease in elastin fraction were also
observed in old versus young AL aortae (Figure 2A and 2B).
Increases in the abundance of collagen (red) was also observed
in old AL aortae in the intima, media, and adventitia (Figure 3A
and 3B). Immunostaining of a-SMA, a cellular marker of VSMCs,
indicated that the number of intimal VSMCs was markedly
increased in old versus young AL rats (Figure 4A and 4B). CR
significantly retarded age-associated arterial remodeling,
including lumen area, intimal wall thickening, disruption/
degradation of the elastin laminae, and collagen deposition
(Figures 1 through 4).

CR Diminishes Age-Associated Proinflammatory
Molecular Phenotypic Shifts
PDGF-BB

Expression of PDGF-BB (brown), a potent regulatory molecule
of VSMC phenotypes,21–25 in the aortic wall was markedly
increased in old AL versus young AL (Figure 5A and 5B).
Further, aortic wall intima-media gradient of PDGF-BB was
also markedly increased in old AL compared with young AL

rats (Figure 5A and 5B). Importantly, CR reduced the age-
associated increase in PDGF protein abundance and gradient
(Figure 5A and 5B).

MMP2 activation

MMP2 potently degrades elastin fibers and various types of
degenerated collagen.1,2 Gelatin zymography demonstrated
that activated aortic gelatinases, including MMP 2/9 (green)
in situ were increased in the old AL versus young AL aortae
(Figure 6, upper panels), and that this age effect was
substantially reduced in CR rats (Figure 6, upper right panel).
Interestingly, activated MMP2/9 in old AL was substantially
reduced by the MMP2 inhibitor, the recombinant human
tissue inhibitor of metalloproteinases 2 (rhTIMP2) (lower
middle panel), suggesting that activated MMP2 is a predom-
inant gelatinase in the aged aortic wall.

The polyacrylamide gel electrophoresis gelatin zymography
further confirmed that activated MMP2 (Figure 7A, lowest
band) was markedly increased within the aortic wall in old
versus young AL rats, and this effect was also markedly
diminished in the CR rats (Figure 7A and 7B).

Figure 6. CR reduces aortic MMP-2 activation in situ within the aortic wall with aging. Representative photomicrographs of in situ thoracic
aortic gelatin zymogram from both young and old AL and CR F344 rats with or without MMP inhibitor: recombinant human TIMP2 (rhTIMP2)
(500 ng/mL) (activated MMP, green color). Scale bar, 20 lm. AL indicates ad libitum; CR, calorie restriction; L, lumen; M, media; MMP, matrix
metalloproteinase; rhTIMP2, recombinant human tissue inhibitor of metalloproteinases 2.
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The age-associated increase in activation of MMP2 is
mediated via an imbalance of its activator, membrane type 1
MMPs (MT1-MMP), and its inhibitor, TIMP2.8,18 Immunostain-
ing analysis demonstrated that the expression of aortic
membrane type 1 MMP (brown) and TIMP2 (brown) was
substantially increased in old versus young AL, but this effect
was markedly reduced in CR rats (Figure 8A through 8C).
Importantly, the ratio of MT1-MMP to TIMP2 was substantially
increased in AL rats with aging but this effect was mitigated in
CR rats (Figure 8C, right panel).

TGF-b1 activation

TGF-b1, a potent profibrogenic cytokine, is activated to
mediate collagen gene expression, and plays a central role in
extracellular matrix remodeling with aging via its downstream
signaling molecules phospho-mothers against decapenta-
plegic homolog-2/3 (p-SMAD-2/3).1,5 Consequently, collagen
deposition is increased in the aging arterial wall.1,5,26 Notably,
activated TGF-b1 is released through stepwise cleavage of
latent TGF binding protein-1 (LTBP-1) and latent associate
protein (LAP) by MMPs.5,26 Immunostaining (brown) (Fig-
ure 9A and 9B) and immunoblotting (Figure 9C and 9D)
demonstrated that activated TGF-b1 was increased within the

aged aortic wall of AL. There was reduced TGF-b1 expression
in old CR versus AL aortae (Figure 9A through 9D).
Immunofluorescence staining (red) also demonstrated that
arterial wall LTBP-1 (Figure 10A) and LAP (Figure 10B)
expression increased with aging in AL, and that expression
of both was reduced in old CR versus AL aortae (Figure 10A
and 10B).

Immunostaining (Figure 11A) and immunoblotting analyses
(Figure 11B) indicated that the expression of p-SMAD-2/3
localization in the nuclei of old AL aortae was reduced by CR
in old rats.

CR Modifies the Age-Associated VSMC
Phenotypic Shifts
VSMC phenotypes can exhibit plasticity in response to
modulation by the age-associated alterations in the proin-
flammatory niche, characterized by a loss of contractility and
abnormal proliferation and migration.7,9,27 These VSMC
phenotypic shifts are driven by a coordinated repression/
activation of contractile markers SM22a, a-SMA, and
myocardin.28,29 Notably, myocardin is a key specific tran-
scriptional coactivator of a-SMA.29

Figure 7. CR reduces aortic MMP-2 activation in the aortic wall with aging. A, PAGE gelatin zymogram of lysates of intact thoracic aortae.
B, Densitometric analysis of activated MMP-2. Data shown as mean�SEM (n=3–5 animals/group). The data were analyzed with a 2-way ANOVA
showing a marginally significant age9diet interaction (P=0.06), age effect (P<0.001), and diet effect (P<0.001). Pairwise comparison: old vs
young within AL or CR group, respectively, and AL vs CR in old group were reported (*P<0.05; ***P<0.001). AL indicates ad libitum; CR, calorie
restriction; L, lumen; M, media; MMP-2, matrix metalloproteinase type II.
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Immunoblotting analyses of VSMC lysates from AL and CR
rats demonstrated that aging modifies SM22a, a-SMA and
myocardin proteins in VSMCs. However, CR also modifies the
age-associated phenotypic protein shifts in VSMCs (Fig-
ure 12A and 12B).

CR Modifies Age-Associated VSMC
Proinflammation Through PDGF Signaling
The wound healing assay is a validated approach to measure
characteristics of migration, proliferation, and proinflamma-
tion of synthetic VSMCs in vitro by mimicking the formation of
the neointima or intimal thickening found in injured arterial
walls in vivo.30 The current study Figure 5 demonstrated that
CR significantly inhibited the age-associated increases in
PDGF-BB expression. The wound healing assay showed that

PDGF-BB was involved in the wound healing processes of
VSMCs (Figure 13A and 13B). Interestingly, a significant
confluency reduction in the healing area was seen in response
to PDGF-BB treatment when comparing VSMCs from old CR
versus AL rats (Figure 13A, right columns and 13B, right
panel).

Furthermore, PDGF-BB treatment markedly increased TGF-
b1 activation, as measured by ELISA (Figure 14A), and p-
SMAD-2/3 (Figure 14B) in both young and old AL VSMCs in a
dose-dependent manner.

Importantly, polymerase chain reaction analysis demon-
strated that PDGF-b mRNA abundance was increased in old
versus young AL control VSMCs; and silencing PDGF-b
markedly decreased PDGF-b mRNA levels in both young and
old AL VSMCs (Figure 15A). Both treated young AL and old AL
showed significant decrease as compared with the AL control,

Figure 8. CR decreases MT1-MMP and TIMP2 protein expression within the aged aortic wall. A, Immunostaining for MT1-MMP (9400). Bar
scale, 10 lm. B, Immunostaining for TIMP2 (9400). Bar scale, 10 lm. C, Morphometric analysis for MT1-MMP and TIMP2 immunostaining
target to total aortic area ratio/cross section. Data shown as mean�SEM (n=5 animals/group). Left panel: The data of MT1-MMP density was
analyzed with a 2-way ANOVA showing age9diet interaction (P<0.05). Pairwise comparisons (old vs young within AL group; AL vs CR in old
group) were reported (**P<0.01). Middle panel: In 2-way ANOVA of TIMP2 density, age9diet interaction (P<0.01) was found. Pairwise
comparison: old vs young within AL group and AL vs CR in old group were reported (**P<0.01; ***P<0.001). Right panel: In a 2-way ANOVA of
the ratio of MT1-MMP/TIMP2, age9diet interaction was not found (P>0.05), but overall main age effect (P<0.05) and diet effect (P<0.05) were
reported. AL indicates ad libitum; CR, calorie restriction; L, lumen; M, media; MMP-2, matrix metalloproteinase type II; MT1-MMP, membrane
type 1 matrix metalloproteinase; TIMP2, tissue inhibitor of metalloproteinases 2.
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respectively, but still significant increase when compared
with the old CR control (Figure 15A). However, silencing the
PDGF-b gene in old AL significantly reduced the amount of
PDGF-BB and p-SMAD proteins toward the levels of old CR. It
also reduced the amount of TGF-b1 seen in old AL, down to
the level of old CR (Figure 15B).

Discussion
With advancing age, adverse arterial remodeling occurs due to
an increase in the proinflammation.1,2,31 Intimal thickening,
collagen deposition, and elastin fragmentation are reliable
indications of adverse arterial remodeling, which are closely
associated with an increase in the prevalence and severity of
age-associated quintessential cardiovascular disease such as

atherosclerosis due to either a reduction of threshold or an
enhancement of susceptibility to hostile stimuli, for example,
hyperlipidemia.1,3,31 Findings from both experimental animal
models and human studies indicate that CR has numerous
beneficial effects on arterial structural and functional remod-
eling and eventually decelerates biological aging.14–16,32–39

Our current study further documents that CR effectively
prevents the age-associated arterial wall proinflammation at
the molecular, cellular, and tissue levels, and preserves a more
youthful phenotype in rats.

Aging increases intimal thickening associated with an
increase of the phenotypic shifts of VSMCs from a contractile
to a synthetic state and increases PDGF-BB signaling. The
shift of aging VSMCs from a quiescent/contractile phenotype
to an active synthetic phenotype is in response to

Figure 9. CR diminishes the age-associated TGF-b1 increase in the aortic wall. A, Immunostaining for TGF-b1 (9400). Bar scale, 10 lm.
B, Quantification of TGF-b1 protein staining proportion shown mean�SEM (n=3 animals/group). Two-way ANOVA followed by Bonferroni post
hoc test showed that an age9diet interaction (P<0.05), pairwise comparison (old vs young within AL group; AL vs CR in old group) was reported
(*P<0.05; **P<0.01). C, Immunoblotting TGF-b1 from lysates of thoracic aortic tissue. D, Densitometric analysis of TGF-b1. Data shown as
mean�SEM (n=3 animals/group). One-way ANOVA of TGF-b1 abundance (P<0.05) followed by Bonferroni post hoc test, pairwise comparison
(old vs young within AL group; AL vs CR in old group) was reported (**P<0.01). AL indicates ad libitum; CR, calorie restriction; L, lumen;
M, media; TGF-b1, transforming growth factor beta 1.
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proinflammation, a key molecular and cellular event that
accelerates arterial intimal thickening, which is associated
with PDGF signaling.21,22,24,25,40 The contractile proteins
SM22a, a-SMA, and myocardin are diminished in AL VSMCs
with aging while PDGF is increased. Notably, these contractile
protein changes with age are alleviated, while the PDGF gene,
protein and its signaling are markedly decreased in CR cells.
These findings suggest that CR decelerates the age associ-
ated intimal thickening mainly via a retardation of the
phenotypic shifts of VSMCs and their PDGF-BB signaling.

VSMC infiltration is a feature of intimal thickening in the
aged arterial wall, which is associated with PDGF signaling.
PDGF-BB is not only a potent mitogen, but also a strong
chemoattractant of VSMCs, creating a permissive tissue
microenvironment for VSMC migration and invasion, promot-
ing formation of a thickened intima in vivo.1–3,8,41,42 Prior
findings indicate that PDGF-BB treatment induces invasion
and migration of old VSMCs in vitro.8,9 The capacity of VSMC
to repopulate a damaged area in vitro, a model for the cellular
process of thickening intimal or neointimal formation, is

Figure 10. CR attenuates latent TGF-b1 associated protein expression within aging aortic walls. A, Representative immunofluorescence
staining for LTBP-1 (upper panels, 9400, red) and quantification of the LTBP-1 staining proportion (lower panel). Data shown as mean�SEM
(n=3 animals/group). Two-way ANOVA followed by Bonferroni post hoc test showed no age9diet interaction (P>0.05). Scale bar, 20 lm. B,
Representative immunofluorescence staining for LAP (upper panels, 9400, red) and morphometric analysis of the LAP protein fraction. Data
shown as mean�SEM (n=3 animals/group). Two-way ANOVA followed by Bonferroni post hoc test, indicated an age9diet interaction was
reported (P<0.05); pairwise comparison (old vs young within AL group; AL vs CR in old group) was presented (**P<0.01; ***P<0.001). Scale bar,
20 lm. AL indicates ad libitum; CR, calorie restriction; L, lumen; LAP, latent associated protein; LTBP-1, latent TGF binding protein-1; M, media.
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markedly increased after PDGF-BB treatment.43,44 Current
findings demonstrate that the exaggerated VSMCs prolifera-
tion/migration is significantly decreased in old CR versus AL

cells in response to PDGF-BB treatment. Taken together,
these findings support the idea that CR retards intimal
cellularity in old arterial wall, mainly through suppressing

Figure 11. CR decreases SMAD-2/3 phosphorylation within aged aortic walls. A, Immunostaining for p-
SMAD-2/3 (brown, upper panels, 9400). Scale bar, 20 lm. B, Immunoblotting for p-SMAD-2/3 (left side
of panel). Densitometric analysis of p-SMAD-2/3 (right side). Data presented as mean�SEM (n=3
animals/group). One-way ANOVA showed significance was found (P<0.05); pairwise comparison (old vs
young within AL group; AL vs CR in old group) was presented (*P<0.05). AL indicates ad libitum; CR,
calorie restriction; L, lumen; M, media; p-SMAD-2/3, phospho-mothers against decapentaplegic homolog-
2/3.

Figure 12. CR modifies the phenotype of VSMCs isolated from old rats. A, Immunoblotting for a-SMA,
SM22a, and myocardin. B, Densitometric analysis. Data shown as mean�SEM (n=3–6 independent
experiments). Left panel: a-SMA protein abundance was analyzed with a 2-way ANOVA followed by a
Bonferroni comparisons test and showed no age9diet interaction (P>0.05), but an overall main age effect
(P<0.05) and diet effect (P<0.05) were reported; Middle panel: In a 2-way ANOVA of SM22a, an age9diet
interaction was found (P<0.05), pairwise comparison (AL vs CR in old group) was presented (*P<0.05).
Right Panel: In a 2-way ANOVA analysis of myocardin protein abundance: an age9diet interaction was not
found (P>0.05), but an overall main age effect (P<0.01) and diet effect (P<0.01) were reported. AL
indicates ad libitum; CR, calorie restriction; a-SMA, alpha smooth muscle actin.
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PDGF-BB signaling, consequently decelerating arterial intimal
biological aging (intimal thickening).

Collagen deposition is another feature of the aged arterial
wall. We show that aging increases PDGF-BB, LTBP-1,
LAP expression, and TGF-b1 activation; and their down-
stream signaling molecules p-SMAD-2/3 in the arterial
wall of AL rats. Activated MMP2 is a potent activator of
LTBP-1 and LAP cleaving into active TGF-b1, contributing to
collagen production in VSMCs.5 CR decreases extracellular
matrix deposition in vivo, and this effect is associated with
a decrease in PDGF-BB, TGF-b1 and MMP2 activation.
Specifically, the current in vitro studies demonstrate that
PDGF signaling plays a causal role in TGF-b1 activation and

p-SMAD-2/3 expression. CR, through the inhibition of
PDGF-mediated fibrogenic TGF-b1 signaling and decreased
arterial collagen deposition, decelerates arterial wall aging.
Notably, the degree of collagen deposition within the
arterial wall is not only dependent upon production but
may also depend upon a clearance of collagen by
autophagy.45,46

The structural and functional integrity of the elastin
network is a key to arterial health. Competent elastin
networks not only buffer the mechanical stress burden on
the heart but also maintain arterial elasticity and decrease
arterial cell stress response with aging.6,27 Our results
demonstrate that CR prevents elastin fiber network

Figure 13. CR attenuates old VSMC wound-healing capabilities. A, Representative photomicrographs of the wound healing assay of both
young and old VSMCs isolated from AL and CR aortae treated with or without PDGF-BB (10 ng/mL) for 24 hours. Scale bar, 200 lm. B, The
percentage of wound healing. Data shown as mean�SEM (n=4 independent experiments/group). Left panel: Young VSMC: Two-way ANOVA
with repeated measures demonstrated that there was no PDGF-BB treatment9diet interaction (P>0.05), but an overall PDGF-BB treatment
effect (P<0.01) was reported. Right panel: Old VSMC: Two-way ANOVA with repeated measures followed by Bonferroni post hoc test
demonstrated that a PDGF-BB treatment9diet interaction (P<0.01); pairwise comparisons (PDGF-BB vs control within AL and CR groups,
respectively; and AL vs CR in PDGF treatment group) were reported (*P<0.05; ***P<0.001). AL indicates ad libitum; CR, calorie restriction;
PDGF-BB, platelet derived growth factor; VSMC, vascular smooth muscle cells.
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breakdown, and this effect is linked to the reduction of the
MMP2/TGF-b1/fibrosis loop signaling.47

CR increases fractional aortic expansion, improving age-
related aortic distensibility while decreasing aortic pulse wave
velocity, thus retarding aortic stiffening in old rats.16 These
beneficial effects of CR on age-related arterial dysfunction are
closely related to the alleviation of collagen deposition and
the preservation of elastin network integrity.16 Further, TGF-
b1 is not only a powerful fibrogenic molecule but also is a
powerful pro-stiffening molecule to VSMCs.4 TGF-b1 rein-
forces arterial rigidity through an enhancement of the
stiffness of VSMCs with aging.4 Thus, CR improves both
age-associated arterial and VSMCs stiffening that is associ-
ated with a reduction of TGF-b1.

CR may attenuate the age-associated increase in the
prevalence and severity of atherosclerosis through an atten-
uation of proinflammation in the elderly. Atherosclerosis is
described as “accelerated arterial aging,” characterized by a
mass inflammatory fibroproliferative response of
VSMCs.10,48–51 PDGF-BB, TGF-b1, p-SMAD-2/3 and collagen

deposition are all involved in the initiation and progression of
atherosclerosis.5,26,40,41,52,53

In summary, CR retards arterial aging by attenuating the
age-associated proinflammatory phenotypic shifts in mole-
cules, cells, and tissues. CR alleviates the age-associated
effects on the arterial wall, including arterial thickening,
fibrosis, and elastin network breakdown, through a mitigation
of the PDGF-directed signaling cascade. These arterial effects
are the cornerstone of the health span and life span promoted
by CR since age may be best measured by the biological aging
rate of the arteries.54 Taken together, CR is a practical
approach for decelerating biological aging and prolonging a
more youthful aortic phenotype.
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Figure 14. PDGF-BB profibrogenic signaling in AL VSMCs. A, Quantification of activated TGF-b1 secreted from both young and old AL VSMCs
determined by an ELISA. Data shown as mean�SEM (n=3, each group contained VSMCS isolated from 3 different rats). Two-way ANOVA
followed by Bonferroni post hoc test, demonstrated that no PDGF-BB treatment9diet interaction (P>0.05) was found, but an overall PDGF-BB
treatment (P<0.001) and age effect (P<0.001) were reported. B, Left panels: Immunoblotting p-SMAD-2/3, SMAD-2/3, and b-actin of cellular
lysates from both young and old AL VSMCs treated with or without PDGF-BB for 24 hours (n=3, each group contained VSMCS isolated from 3
different rats). Right panel: Densitometric analysis. Data shown as mean�SEM. Two-way ANOVA demonstrated that there was no PDGF-BB
treatment9diet interaction, but an overall PDGF-BB treatment effect (P<0.05) and age effect (P<0.05) were reported. AL indicates ad libitum;
CR, calorie restriction; PDGF-BB, platelet derived growth factor; SMAD, mothers against decapentaplegic homolog-2/3; TGF-b1, transforming
growth factor beta 1; VSMC, vascular smooth muscle cells.
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