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INT​ROD​UCT​ION
Abdominal aortic aneurysm (AAA) is a permanent, localized 
dilation of the abdominal aorta (Johnston et al., 1991). Mor-
tality after AAA rupture can be as high as 80% (Logan and 
Bourantas, 2000; Verhoeven et al., 2008). Because of the lack 
of medical therapy, AAA treatment mainly consists of sur-
gery when the dilation occurs quickly or reaches a diameter 
larger than 5.5 cm (Bown et al., 2013; Lederle, 2013). Thus, 
prevention is particularly important for AAA management. 
In addition to uncontrollable risk factors such as advancing 
age, male gender, and family history, controllable risk factors 
such as smoking and abdominal obesity greatly contribute 
to the onset of AAA (Nordon et al., 2011). Epidemiological 
studies have revealed that an increased waist-to-hip ratio is 
independently associated with AAA (Golledge et al., 2007; 
Stackelberg et al., 2013). Likewise, studies in mice have sug-
gested that obese mice are more susceptible to AAA than 
lean mice (Police et al., 2009), and weight loss suppresses the  

expansion of established AAAs (Police et al., 2010). Although 
the development of AAA is related to metabolic disorders, it 
remains unknown whether improving systemic metabolism 
prevents the formation of AAA.

Calorie restriction (CR), which consists of decreasing 
caloric intake without causing malnutrition, is the only non-
pharmacological intervention to slow the aging process in 
a wide variety of organisms ranging from yeast to primates 
(Piper and Bartke, 2008; Colman et al., 2009, 2014; Fon-
tana et al., 2010). Studies on unconventional CR imply that 
CR may also reduce mortality in humans (Strom and Jen-
sen, 1951; Willcox et al., 2007). Furthermore, cross-sectional 
studies and randomized controlled trials have demonstrated 
that CR effectively improves systemic metabolic parameters 
and prevents obesity and insulin resistance (Weiss et al., 2006; 
Fontana et al., 2007; Weiss and Holloszy, 2007). As a healthy 
food regimen, CR reduces risk factors of atherosclerosis and 
related cardiovascular diseases (CVDs) in humans (Fontana et 
al., 2004, 2007; Lefevre et al., 2009). Despite the metabolic 
and cardiovascular benefits of CR, whether CR represents an 
effective strategy for AAA prevention remains untested.

In the present study, we investigated the influence of 
CR on AAA formation in mice. We observed that CR signifi-
cantly altered the systemic metabolic state of Apoe−/− mice 
and inhibited angiotensin II (AngII)–induced AAA forma-
tion in Apoe−/− mice. Notably, we observed a significant up- 
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regulation of Sirtuin 1 (SIRT1) in vascular smooth muscle 
cells (VSMCs) under CR, and importantly, specific knockout 
of VSMC-derived SIRT1 (VSMC-SIRT1) abolished the pre-
vention of AAA by CR. These results revealed that SIRT1 in 
VSMCs plays a critical role in mediating the preventive effect 
of CR on AAA formation.

RES​ULTS
CR induces systemic metabolic changes in 
AngII-treated Apoe−/− mice
To investigate the influence of CR on AAA formation, 
Apoe−/− mice were calorie restricted or fed ad libitum (AL) 
for 12 wk, a strategy that has been widely used to investi-
gate the effects of CR in mice (Hallows et al., 2011; Cerletti 
et al., 2012). After this 12-wk dietary intervention, mice in 
the experimental group received 4 wk of AngII infusion to 
induce AAA formation, whereas the control group received 
saline infusion (Fig. 1 A). During the experiment, AL mice 
displayed stable weight gain, whereas the weights of CR mice 
sharply decreased in the first 4 wk and then slightly increased 
in the remaining 12 wk (Fig. 1 B). However, no significant 
difference in body weight (BW) was observed between the 
AngII-infused mice and the control mice under the same 
dietary conditions. The liver weight–to-BW ratio was com-
parable in the four mouse groups (Fig.  1  C). Nonetheless, 
the epididymal white adipose tissue (eWAT)–to-BW ratio 
was markedly decreased after 16 wk of CR, notwithstand-
ing that AngII infusion did not affect the eWAT-to-BW ratio 
(Fig. 1 D). These results indicate that CR constrains BW gain 
and fat storage in Apoe−/− mice.

We next examined the energy expenditure (EE) and 
respiratory quotient (RQ) of all groups of mice using in-
direct calorimetry. The results revealed that CR significantly 

reduced EE and decreased RQ in Apoe−/− mice, whereas 
AngII treatment did not notably affect the EE and RQ of 
Apoe−/− mice (Fig.  1, E and F), suggesting that CR mice 
tend to use more lipids rather than carbohydrates as an en-
ergy source compared with AL mice. We further examined 
systemic glucose and lipid metabolism in CR Apoe−/− mice. 
The fasting glucose levels were not significantly different be-
tween the four groups (Fig. 1 G). We analyzed the glucose 
regulatory function of these mice using an intraperitoneal 
glucose tolerance test (IPG​TT). After glucose injection (2 g/kg 
BW), AL mice had higher increases in blood glucose levels 
than CR mice within 60 min, regardless of AngII treatment 
(Fig. 1 G), indicating that CR improves glucose tolerance in 
Apoe−/− mice. CR also notably decreased serum triglyceride 
levels in Apoe−/− mice, whereas AngII infusion did not affect 
the lipid profile of Apoe−/− mice (Table 1). Altogether, the 
results described in this section demonstrate that CR alters 
systemic metabolism in Apoe−/− mice, thus indicating the 
success of the mouse model construction for further analysis 
of the effect of CR on AAA formation.

CR reduces AngII-induced AAA formation
Apoe−/− mice with AngII infusion is a widely used animal 
model for AAA formation (Daugherty et al., 2000; Daugh-
erty and Cassis, 2004). In the present study, AngII infusion 
increased systolic blood pressure (SBP) in both CR and AL 
mice, whereas CR had no notable effect on AngII-induced 
elevation of SBP (Table 1). There were no gross differences 
in morphology between the aortas of AL control (AL-Con; 
saline infusion) and CR-Con Apoe−/− mice (Fig. 2 A). 59% 
(29/49) of AL Apoe−/− mice developed AAA after AngII 
infusion, which is consistent with a previous study (Trivedi 
et al., 2013). In contrast, only 33% (11/33) of CR-AngII 

Figure 1.  Systemic metabolic indices of Apoe−/− mice after CR and AngII infusion. (A) Schematic outlines of feeding and AngII infusion regimen for 
the four groups. (B) BW curve. n = 25–35 per group. (C and D) Liver weight–to-BW ratio (C) and eWAT weight–to-BW ratio (D) of Apoe−/− mice. n = 15–20 
per group. (E and F) EE (E) and RQ (F) as measured by indirect calorimetry. n = 6–9 per group. (G) Blood glucose levels during IPG​TT (2 g/kg). n = 5 per group. 
All values are shown as the means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. P-values were obtained using repeated measures ANO​VA plus Tukey’s 
multiple comparisons test (B and G), one-way ANO​VA plus a Bonferroni test (C, E, and F), or a Kruskal-Wallis test plus a Dunn’s multiple comparison test (D).
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Apoe−/− mice developed AAA (Fig. 2 C). Over the 4 wk of 
AngII infusion, 29% (14/49) of AL-AngII Apoe−/− mice died 
from aortic aneurysm rupture, whereas only 6% (2/33) of 
CR-AngII Apoe−/− mice died (Fig. 2 D).

AngII infusion markedly increased the aortic weight–
to-BW ratio and maximal abdominal aortic diameter in 
Apoe−/− mice (Fig. 2, B and E). These effects were signifi-
cantly alleviated by CR (Fig. 2, B and E). Elastin van Gie-
son (EVG) staining of the suprarenal aortas also demonstrated 
that the elastic lamina in the aortas of AL-Con and CR-Con 
Apoe−/− mice was intact and regularly arranged (Fig.  2, F 
and G). The aortic elastin was seriously degraded and dis-
rupted in AL-AngII Apoe−/− mice, whereas the aortic elastin 
was more preserved in CR-AngII Apoe−/− mice compared 
with AL-AngII Apoe−/− mice (Fig.  2, F and G). Elastin is 
generated by medial VSMCs, and AAA is characterized by a 
loss of VSMCs (López-Candales et al., 1997). We therefore 
examined the density of VSMCs in the aortic media. Immu-
nohistochemistry (IHC) of α smooth muscle actin (αSMA), a 
marker of VSMCs, in suprarenal aortas revealed that although 
there were no significant differences in VSMC density in the 
aortic media between the AL-Con and CR-Con Apoe−/− 
mice, the VSMC density in the aortic media was markedly 
lower in AL-AngII Apoe−/− mice compared with AL-Con 
Apoe−/− mice, and CR-AngII Apoe−/− mice had a higher 
VSMC density in the aortic media compared with AL-AngII 
Apoe−/− mice (Fig. 2, H and I). These observations suggested 
that CR alleviates the decrease in VSMC density caused by 
AngII infusion. In addition to elastin degradation and VSMC 
loss, AngII-induced cytokine expression and oxidative stress 
in the aortas of Apoe−/− mice were also reduced by CR (not 
depicted). Apart from AAAs induced by AngII infusion, con-
sistent with a previous study (Daugherty et al., 2010), we 
observed that the maximal diameters of ascending aortas of 
Apoe−/− mice were markedly increased upon AngII infusion. 
Nevertheless, in the present study, the maximal diameters of 
ascending aortas of AL-AngII–treated Apoe−/− mice were 
comparable to those of CR-AngII–treated Apoe−/− mice 
(not depicted). Collectively, the results in this section sug-
gest that a calorie-restricted diet effectively reduces the for-

mation of AngII-induced AAAs and ameliorates the severity 
of AAAs in Apoe−/− mice.

CR does not affect the expression of genes 
involved in oxidative phosphorylation and glucose/
lipid metabolism in aortas
Previous studies have revealed that the gene expression pro-
files in metabolic tissues, such as liver and skeletal muscle, 
are reprogrammed by CR in mice. The most significantly 
changed genes are involved in energy metabolism, which 
include oxidative phosphorylation, glucose metabolism, and 
lipid metabolism (Lee et al., 1999; Renaud et al., 2014). In 
the present study, we examined the metabolic state of the 
liver after 12-wk CR in the Apoe−/− mouse. We examined 
mRNA expression of Ndufs8, Sdhb, Uqcrc1, Cox5b, and 
Atp5a1, which encode the subunits of mitochondrial respira-
tory chain complexes I to V, respectively. The results demon-
strated that the mRNA expression of these genes in the liver 
was significantly increased in response to CR (Fig.  3  A). 
Moreover, the mRNA expression levels of Hk4 (a gene re-
lated to glycolysis) and Pnpla2 (a gene related to lipolysis) 
in the liver were significantly increased in response to CR 
(Fig.  3  B). These results suggest that CR up-regulates the 
expression of oxidative respiratory chain complex genes and 
promotes glycolysis and lipolysis in the liver.

We next examined these metabolism-related indices in 
the aortas of Apoe−/− mice to investigate the downstream ef-
fectors in the aortas that mediate the effect of CR on AAA for-
mation. In contrast to the liver, the mRNA expression levels of 
oxidative phosphorylation complexes in aortas were compara-
ble between AL-Con and CR-Con Apoe−/− mice (Fig. 3 C). 
Furthermore, there were no significant differences in real-time 
PCR results for the aortic expression levels of genes related 
to glycolysis (e.g., Hk1 and Pkm), fatty acid β-oxidation (e.g., 
Cpt1a and Acadl), lipolysis (e.g., Lipe and Pnpla2), and fatty 
acid synthesis (e.g., Fasn) between the AL-Con and CR-Con 
Apoe−/− mice (Fig. 3 D). All of these results indicated that CR 
does not significantly change the expression levels of oxida-
tive phosphorylation complexes and the expression of genes 
related to glucose and lipid metabolism in aortas.

Table 1.  Serum lipid profile and SBP in Apoe−/− mice

AL-Con (n) CR-Con (n) AL-AngII (n) CR-AngII (n)

TG (mmol/liter)  0.35 ± 0.03 (16)      0.17 ± 0.06a (13)      0.42 ± 0.04 (16)       0.08 ± 0.02b (15)
TC (mmol/liter) 11.05 ± 0.75 (16)     9.57 ± 0.64 (13)    10.84 ± 1.13 (16)   11.48 ± 1.07 (15)
HDL-C (mmol/liter)   0.51 ± 0.05 (16)     0.47 ± 0.04 (13)      0.56 ± 0.07 (16)     0.45 ± 0.03 (15)
LDL-C (mmol/liter)     2.5 ± 0.28 (16)     2.22 ± 0.14 (13)    2.29 ± 0.3 (16)      2.77 ± 0.28 (15)
SBP (mmHg)  108 ± 3.8 (10) 102.2 ± 3.9 (11)  134.2 ± 6.7c (9) 129.6 ± 6.5d (9)

The data are shown as the means ± SEM. Sample sizes (n) are shown in parenthesis. P-values were obtained using one-way ANO​VA plus a posthoc analysis using a Bonferroni test in total 
cholesterol (TC) and SBP or by a Kruskal-Wallis test plus a posthoc analysis using a Dunn’s multiple comparison test in triglyceride (TG), high-density lipoprotein-cholesterol (HDL-C), and 
low-density lipoprotein-cholesterol (LDL-C).
aP < 0.05 versus the AL-Con group.
bP < 0.01 versus the AL-AngII group.
cP < 0.01 versus the AL-Con group.
dP < 0.01 versus the CR-Con group.
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VSMC-SIRT1 is the main sensor of CR in aortas
Metabolic/energy sensors, including SIRT1, SIRT3, 
AMP-activated protein kinase α (AMPKα), and mechanis-
tic target of rapamycin (mTOR), have been reported to be 
involved in the response to CR in different contexts (Bla-
gosklonny, 2010; Cantó and Auwerx, 2011; Guarente, 2013). 
To probe the mechanism of how CR protects against AAA 
formation, we examined the expression levels of these pro-
teins in the aortas of 12-wk–CR Apoe−/− mice. Western blots 
demonstrated that SIRT1 protein expression was significantly 
up-regulated, whereas SIRT3 expression levels remained un-

changed in the aortas of CR-Con Apoe−/− mice compared 
with AL-Con Apoe−/− mice (Fig.  4  A). Western blots also 
demonstrated that the total amounts of AMPKα and mTOR 
and their active forms (phosphorylated AMPKα and phos-
phorylated mTOR) did not change significantly in the aorta 
in response to CR (Fig. 4 A). In addition to SIRT1 protein 
levels, SIRT1 deacetylase activity also markedly increased in 
the aorta upon CR (Fig. 4 B). To determine the cell type in 
the aorta in which SIRT1 was up-regulated upon CR, we 
evaluated SIRT1 expression in VSMCs using immunofluo-
rescence (IF). We observed that SIRT1 was mainly located in 

Figure 2.  CR reduces AngII-induced AAA formation in Apoe−/− mice. (A) Representative images showing the macroscopic features of normal aortas 
and aneurysms of Apoe−/− mice in the indicated groups. Bar, 1 mm. (B) Maximal abdominal aortic diameter of Apoe−/− mice in the indicated groups. n = 
10–49. (C and D) Incidence of AAAs (C) and survival curve (D) of Apoe−/− mice after AngII infusion. n = 49 in the AL-AngII group, and n = 33 in the CR-AngII 
group. (E) Total aortic weight–to-BW ratio of Apoe−/− mice in the indicated group. n = 27–30. (F and G) Representative images of EVG staining of abdominal 
aortic sections of Apoe−/− mice (F), and semiquantitative analysis of elastin degradation (G). Bars: (top) 200 µm; (bottom) 100 µm. n = 7–12. (H) IHC staining 
of αSMA in the suprarenal abdominal aortas of Apoe−/− mice in the indicated groups. Anti-αSMA antibody was replaced by normal IgG as a negative control. 
The demarcation between aortic media and adventitia is shown with red dotted lines. A, adventitia; L, lumen. Bar, 50 µm. (I) Quantification of αSMA-positive 
VSMC number per square millimeter in aortic media was calculated. n = 6–8. All values are shown as the means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 
0.001. P-values were obtained using a Fisher’s exact test (C), by a log-rank (Mantel-Cox) test (D), by a Kruskal-Wallis test plus a Dunn’s multiple comparison 
test (B and E), or by one-way ANO​VA plus a Bonferroni test (G and I).
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VSMCs (marked with αSMA), and SIRT1 expression in me-
dial VSMCs increased after 12 wk of CR (Fig. 4 C). Although 
macrophages are also reportedly involved in AAA develop-
ment (Longo et al., 2002; Wang et al., 2010), in the present 
study, there were few macrophages infiltrating the aortic walls 
after 12 wk of CR, as indicated by IHC for macrophages 
(Mac-3; not depicted). These results indicate that VSMC-
SIRT1 plays a potentially important role in mediating the 
beneficial effects of CR in the aorta.

To further confirm the response of SIRT1 in VSMCs to 
CR, we conducted in vitro experiments using VSMCs isolated 
from the suprarenal region of abdominal aortas of Apoe−/− 
mice that were incubated with the serum of AL-Con or CR-
Con Apoe−/− mice. Western blots demonstrated that SIRT1 
expression was markedly increased in VSMCs incubated with 
the serum from CR-Con Apoe−/− mice for 48 h compared 
with those cells incubated with serum from AL-Con Apoe−/− 
mice. However, the expression levels of SIRT3, AMPKα, and 
mTOR, as well as AMPKα and mTOR, activities were not 
significantly changed in VSMCs after incubation with CR-

Con Apoe−/− mouse serum (Fig. 4 D). Consistent with the in 
vivo findings, the mRNA levels of respiratory chain subunits 
and key enzymes involved in glucose and lipid metabolism 
were all comparable between the AL serum–incubated and 
CR serum–incubated VSMCs (Fig. 4, E and F). These results 
suggest that despite the unchanged metabolism in VSMCs, 
VSMC-SIRT1 is responsively up-regulated upon CR.

Ablation of SIRT1 in smooth muscle cells abolishes  
the preventive effect of CR on AAA formation
To investigate the role of VSMC-SIRT1 in mediating the 
protective effect of CR on AAA formation, we generated 
Apoe−/− mice that expressed a truncated and inactive form 
of SIRT1 specifically in smooth muscle cells (SVKO;Apoe−/− 
mice) using the SM22α–Cre mouse model, as previously 
described (Fig.  5, A and B; Gorenne et al., 2013). We ob-
served that the WT SIRT1 protein was almost completely de-
pleted, and a shorter truncated SIRT1 protein was expressed 
in the aorta of SVKO;Apoe−/− mice (Fig. 5, C and D). We 
performed the 12-wk CR followed by 4 wk of AngII in-
fusion in these mice. We observed that CR decreased both 
BW (Fig. 5 E) and the eWAT weight–to-BW ratio (Fig. 5 F) 
but did not affect the liver weight–to-BW ratio (Fig. 5 G) 
in SVKO;Apoe−/− mice. EE and RQ decreased in response 
to CR in SVKO;Apoe−/− mice (Fig. 5, H and I). Blood tri-
glyceride levels were also reduced by CR (Table 2). The blood 
glucose levels within 60 min after glucose challenge were sig-
nificantly lower in the CR SVKO;Apoe−/− mice compared 
with AL SVKO;Apoe−/− mice (Fig. 5 J). These results suggest 
that smooth muscle–specific SIRT1 ablation does not affect 
the effects of CR on systemic metabolism, implicating that 
systemic metabolic changes lie upstream of the up-regulation 
of aortic SIRT1 expression in response to CR.

After AngII infusion, 70% (14/20) of AL Sirt1flox/

flox;Apoe−/− mice and 32% (6/19) of CR Sirt1flox/flox;A-
poe−/− mice developed AAAs (Fig.  6, A–C). However, 
the incidence of AAA was 64% (16/25) for AL-AngII 
SVKO;Apoe−/− mice and 71% (15/21) for CR-AngII 
SVKO;Apoe−/− mice, which were not remarkably differ-
ent (Fig.  6, A–C). Furthermore, CR reduced AngII-in-
duced mortalities in Sirt1flox/flox;Apoe−/− mice, whereas 
the mortalities caused by aortic rupture in AL-AngII and 
CR-AngII SVKO;Apoe−/− mice were also not signifi-
cantly different (Fig.  6  D). AngII infusion caused a no-
table increase in the total aortic weight–to-BW ratio and 
the aortic maximal diameter in both AL and CR groups 
of SVKO;Apoe−/− mice (Fig. 6, B and E). No significant 
differences were observed in these indices between the 
AL-AngII and CR-AngII SVKO;Apoe−/− mice (Fig. 6, B 
and E). In addition, there was no significant difference 
between the maximal diameters of ascending aortas of the 
AL and CR groups of SVKO;Apoe−/− mice upon AngII 
infusion (not depicted). EVG staining results showed 
that CR preserved elastin degradation in Sirt1flox/flox;A-
poe−/− mice after AngII administration. However, there 

Figure 3.  Expression of genes involved in oxidative phosphorylation 
and glucose/lipid metabolism in the liver and aorta of Apoe−/− mice 
after 12 wk of CR. (A) Relative mRNA expression of genes encoding mi-
tochondrial respiratory chain subunits in Apoe−/− mouse livers. n = 8 per 
group. (B) Relative mRNA expression of genes involved in glucose and lipid 
metabolism in Apoe−/− mouse livers. n = 8 per group. (C and D) The rela-
tive mRNA expression of genes encoding mitochondrial respiratory chain 
subunits (C), and the genes involved in glucose and lipid metabolism (D) 
in the aortas of Apoe−/− mice. n = 8–12 per group. Three independent ex-
periments were performed to obtain the data. All values are shown as the 
means ± SEM. *, P < 0.05; **, P < 0.01. P-values were obtained using an 
unpaired Student’s t test with Welch’s correction.
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were no differences in the degree of elastin degradation in 
SVKO;Apoe−/− mice in either the AL-AngII or CR-An-
gII groups (Fig. 6, F and G). All of these results suggest 
that the preventive effect of CR on AngII-induced AAA 
formation was reduced by VSMC-SIRT1 ablation.

CR attenuates AngII-induced matrix 
metallopeptidase 2 (MMP2) expression through 
epigenetic chromatin modification
Extracellular matrix degradation plays a critical role in AAA 
formation, and MMP2 and MMP9 are particularly import-

Figure 4.  VSMC-SIRT1 is the main sensor of CR in aortas. (A) SIRT1, SIRT3, phosphorylated (p-AMPKα) and total AMPKα (t-AMPKα), and phosphory-
lated (p-mTOR) and total mTOR (t-mTOR) protein expression in aortas of Apoe−/− mice in the indicated group. Protein expression was detected by Western 
blotting (left) and quantified by densitometry (right). Quantitative results are normalized to the AL-Con group values. n = 5 per group. G, GAP​DH. (B) SIRT1 
activity in aortas of Apoe−/− mice from the indicated group. n = 5 per group. (C) Representative images of IF staining of SIRT1, VSMCs (αSMA), and nuclei 
(Hoechst) in the suprarenal aortas of Apoe−/− mice for the indicated groups. Anti-SIRT1 and anti-αSMA antibodies were replaced by normal IgG as a nega-
tive control. A, adventitia; L, lumen. Bars, 50 µm. (D) SIRT1, SIRT3, phosphorylated and total AMPKα, and phosphorylated and total mTOR protein expression 
in VSMCs (isolated from the suprarenal abdominal aortas of WT mice) that were incubated with serum from AL-Con mice or CR-Con mice for 48 h. Protein 
expression was detected by Western blotting (left) and quantified by densitometry (right). Quantitative results are normalized to the values of the AL-Con 
group. Experiments were performed in triplicate. (E and F) Relative mRNA expression of genes encoding mitochondrial respiratory chain subunits (E) and 
genes involved in glucose and lipid metabolism (F) in WT VSMCs that were incubated with serum from AL-Con mice or CR-Con mice for 48 h. Experiments 
were performed in triplicate. All values are shown as the means ± SEM. *, P < 0.05; **, P < 0.01. P-values were obtained using an unpaired Student’s t test 
with Welch’s correction.
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Figure 5.  Systemic metabolic indices of smooth muscle–specific Sirt1 KO (SVKO;Apoe−/−) mice after CR and AngII infusion. (A) Breeding strategy 
to generate SVKO;Apoe−/− mice. F, filial generations; N, number of backcross generations. (B) The design of a Cre/LoxP system to delete the SIRT1 deacety-
lase domain, which is encoded by exon 4, in mouse smooth muscle cells. Neo, neomycin. (C) Western blots of SIRT1 in the aorta, heart, skeletal muscle 
(Ske Mus), brain, small intestine, and liver of WT (Sirt1flox/flox;Apoe−/−) and SVKO;Apoe−/− mice as indicated. (D) Real-time PCR quantification of exons 3–4 
of SIRT1 mRNA in different tissues of SVKO mice. All SIRT1 exon 3–4 mRNA expression levels were normalized to SIRT1 exon 5–6 levels. Experiments were 
performed with three biological replicates. Primer sets used in real-time PCR are provided in Table S2. (E) BW curve of SVKO;Apoe−/− mice. n = 10 in the 
AL-Con, 10 in the CR-Con, 19 in the AL-AngII, and 21 in the CR-AngII groups. (F and G) The eWAT weight–to-BW ratio (F) and liver weight–to-BW ratio 
(G) of SVKO;Apoe−/− mice. n = 7–10 per group. (H and I) EE (H) and RQ (I) of SVKO;Apoe−/− mice as measured by indirect calorimetry. n = 4–5 per group. (J) 
Blood glucose levels during IPG​TT (2 g/kg). n = 5 per group. All values are shown as the means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. P-values were 
obtained using two-way repeated-measures ANO​VA (E and J), by a Kruskal-Wallis test plus a Dunn’s multiple comparison test (F), or by one-way ANO​VA 
plus a Bonferroni posthoc analysis (G–I).
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ant in this process (Longo et al., 2002). We examined the ef-
fect of CR on the expression and activities of MMP2 and 
MMP9 in the aortas of Apoe−/− mice. There were no signif-
icant differences in the protein and mRNA levels of MMP2 
and MMP9 between the AL-Con and CR-Con Apoe−/− 
mouse aortas (Fig. 7, A and C). However, compared with AL-
Con Apoe−/− mice, there was a dramatic up-regulation of 
MMP2 and MMP9 protein and mRNA levels in the aortas 
of AL-AngII Apoe−/− mice; this up-regulation was signifi-
cantly suppressed in the aortas of CR-AngII Apoe−/− mice 
compared with AL-AngII Apoe−/− mice (Fig. 7, A and C). 
Consistently, gelatin zymography demonstrated lower MMP2 
activity in the aortas of CR-AngII Apoe−/− mice compared 
with AL-AngII Apoe−/− mice (Fig. 7 B). Particularly, MMP2 
showed remarkably higher expression levels and activity com-
pared with MMP9 (Fig. 7, B and C), suggesting that MMP2 
is the predominant MMP in aortas. We therefore examined 
Mmp2 mRNA levels in the aortas of SVKO;Apoe−/− mice 
by quantitative real-time PCR. The results demonstrated that 
the AngII-induced up-regulation of Mmp2 expression was 
not attenuated by CR in SVKO;Apoe−/− mice (Fig. 7 D), in-
dicating that CR inhibits AngII-induced MMP2 expression 
in a VSMC-SIRT1–dependent manner.

We next investigated the mechanism by which SIRT1 
regulates MMP2 expression during CR. SIRT1 is a histone 
H3 lysine 9 (H3K9) and H4K16 deacetylase (Vaquero et 
al., 2004), and studies have demonstrated that the subtle en-
hancement of histone acetylation in the promoter can in-
crease target gene transcription (Taylor et al., 2013; Ryall 
et al., 2015). Therefore, we analyzed the histone acetylation 
state in the aortas of Apoe−/− and SVKO;Apoe−/− mice in 
response to CR. Western blots demonstrated that the overall 
H3K9 and H4K16 acetylation (H3K9ac and H4K16ac) lev-
els in Apoe−/− mouse aortas were not significantly changed 
upon CR either with or without AngII infusion (Fig. 8 A). 
Moreover, CR and AngII infusion did not change the overall 
H3K9 and H4K16 acetylation levels in aortas when SIRT1 
was ablated (Fig. 8 A). Thus, we performed chromatin immu-

noprecipitation (ChIP) followed by quantitative PCR using 
mouse aortas with antibodies against H3K9ac and H4K16ac 
to examine whether CR affected the in vivo H3K9ac and 
H4K16ac levels on the Mmp2 promoter. Specific primers 
complementary to the regions at −919 to −784 bp, −669 
to −485 bp, −404 to −261 bp, and −260 to −105 bp in the 
Mmp2 promoter were designed. The results demonstrated 
that both H3K9ac and H4K16ac levels were significantly 
higher than normal IgG on the four regions of the Mmp2 
promoter, but no significant differences in the H3K9ac and 
H4K16ac levels were observed among the four Mmp2 pro-
moter regions in the aortas of Apoe−/− mice (Fig. 8, B and C). 
ChIP assay results further showed that CR did not markedly 
influence H4K16ac or H3K9ac levels on the Mmp2 promoter 
without AngII infusion in the aortas of Apoe−/− mice (Fig. 8, 
D and E). However, H3K9ac levels on the Mmp2 promoter 
were remarkably increased upon AngII stimulation. After the 
treatment of AngII, CR significantly reduced H3K9ac lev-
els in the regions of −919 to −784 bp, −669 to −485 bp, 
and −260 to −105 bp on the Mmp2 promoter in the aor-
tas of Apoe−/− mice (Fig. 8 D), whereas H4K16ac levels in 
the Mmp2 promoter were not significantly affected by CR 
even in AngII-treated Apoe−/− mice (Fig. 8 E). Hence, these 
results indicate that CR specifically prevents the increase of 
AngII-induced H3K9ac on the Mmp2 promoter.

To investigate whether SIRT1 mediates the suppres-
sive effect of CR on AngII-induced H3K9ac increase, the 
aortas of AngII-treated SVKO;Apoe−/− mice were used for 
H3K9ac ChIP assay. The results showed that CR did not 
significantly change H3K9ac levels on the Mmp2 promoter 
in AngII-treated SVKO;Apoe−/− mice (Fig.  8  D). Hence, 
VSMC-SIRT1 is required for the prevention of AngII-in-
duced H3K9ac increase on the Mmp2 promoter. We next 
examined the expression and activity of SIRT1 upon AngII 
infusion. The results showed that, although AngII infusion did 
not significantly affect SIRT1 expression, AngII treatment de-
creased SIRT1 deacetylase activity and nicotinamide adenine 
dinucleotide (NAD+) availability in the aortas of Apoe−/− 

Table 2.  Serum lipid profile and SBP of Sirt1flox/flox;Apoe−/− and SVKO;Apoe−/− mice

Mice group Sirt1flox/flox;Apoe−/− SVKO;Apoe−/−

AL-AngII CR-AngII AL-Con CR-Con AL-AngII CR-AngII

TG (mmol/liter)    0.45 ± 0.1 (6)    0.07 ± 0.03a (6) 0.42 ± 0.04 (8)    0.15 ± 0.08b (9)  0.43 ± 0.06 (8)  0.18 ± 0.04c (9)
TC (mmol/liter)    10.02 ± 1.09 (6) 10.98 ± 1.47 (6) 11.2 ± 0.52 (8) 12.58 ± 1.04 (9) 11.77 ± 1.48 (8)     11.57 ± 0.74 (9)
HDL-C (mmol/liter)       0.5 ± 0.09 (6)  0.46 ± 0.05 (6) 0.52 ± 0.05 (8)   0.53 ± 0.04 (9)   0.52 ± 0.07 (8) 0.56 ± 0.05 (9)
LDL-C (mmol/liter)   2.701 ± 0.27 (6)  2.42 ± 0.45 (6) 2.34 ± 0.18 (8) 2.93 ± 0.2 (9)  2.51 ± 0.3 (8) 2.81 ± 0.16 (9)
SBP (mmHg) 130.9 ± 6.1 (6)           126.2 ± 7.1 (8)       92.8 ± 3.4 (8) 100.7 ± 2.3 (10) 127.4 ± 7.2d (9)  126 ± 6.1e (11)

The data are shown as the means ± SEM. Sample sizes (n) are shown in parenthesis. P-values were obtained using one-way ANO​VA plus a posthoc analysis using a Bonferroni test in tri-
glyceride (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C), and low-density lipoprotein-cholesterol (LDL-C) or a Kruskal-Wallis test plus a posthoc analysis using a 
Dunn’s multiple comparison test in SBP.
aP < 0.05 versus AL-AngII group of Sirt1flox/flox;Apoe−/− mice. 
bP < 0.01 versus AL-Con group of SVKO;Apoe−/− mice. 
cP < 0.01 versus AL-AngII group of SVKO;Apoe−/− mice. 
dP < 0.01 versus the AL-Con group of SVKO;Apoe−/− mice. 
eP < 0.01 versus the CR-Con group of SVKO;Apoe−/− mice.
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mice (Fig. 8, F–H). Additionally, ChIP against SIRT1 showed 
that AngII-treatment reduced the recruitment of SIRT1 onto 
the Mmp2 promoter, particularly in the −669 to −485 bp 
region (Fig. 8, I and J). These results suggest that AngII infu-
sion decreases SIRT1 deacetylase activity to increase H3K9ac 
levels on the Mmp2 promoter, which may contribute to 
increased MMP2 expression in the aorta upon AngII infu-
sion. All the results described in this section suggest that the 
CR-mediated increase in the aortic expression of SIRT1 may 

provide a prerequisite for lower histone H3K9ac levels on the 
Mmp2 promoter, thereby preventing the increase in MMP2 
expression after AngII infusion.

DIS​CUS​SION
In the present study, we used a mouse model to determine 
that CR protects against AAA formation. We observed that 
12 wk of CR remarkably reduced AngII-induced AAA for-
mation in Apoe−/− mice. Furthermore, we observed a signif-

Figure 6.  SIRT1 ablation in VSMCs abolished the preventive effect of CR on AAA formation. (A) Representative images showing the macroscopic 
features of normal aortas and aneurysms of Sirt1flox/flox;Apoe−/− mice and SVKO;Apoe−/− mice in the indicated groups. Bar, 1 mm. (B) Maximal abdominal 
aortic diameter of Sirt1flox/flox;Apoe−/− mice and SVKO;Apoe−/− mice in the indicated groups. n = 10–25. (C and D) Incidence of AAAs (C) and survival curve 
(D) of Sirt1flox/flox;Apoe−/− mice and SVKO;Apoe−/− mice after AngII infusion. n = 19–25. (E) Total aortic weight–to-BW ratio of Sirt1flox/flox;Apoe−/− mice and 
SVKO;Apoe−/− mice in the indicated groups. n = 10–15. (F and G) Representative images of EVG staining of abdominal aortic sections of Sirt1flox/flox;Apoe−/− 
and SVKO;Apoe−/− mice (F) and semiquantitative analysis of elastin degradation (G). Bars: (top) 200 µm; (bottom) 100 µm. n = 6–8. All values are shown 
as the means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. P-values were obtained using a Fisher’s exact test (C), by a log-rank (Mantel-Cox) test (D), by 
one-way ANO​VA plus a Bonferroni test (G), or by a Kruskal-Wallis test plus a Dunn’s multiple comparison test (B and E). F/F, flox/flox.
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icant increase of VSMC-SIRT1 in aortas in response to CR. 
The smooth muscle–specific ablation of SIRT1 reduced the 
effectiveness of CR in preventing AAA. Our findings suggest 
a critical role for VSMC-SIRT1 in mediating the protective 
effects of CR on AAA formation.

As a calorie intake intervention, CR influences 
systemic metabolism. Consistent with previous studies 
(Guo et al., 2002; McCurdy and Cartee, 2005; Boily et 
al., 2008), in our mouse model, we observed that CR af-
fected systemic metabolic indices by decreasing BW, EE, 
and RQ and improving glucose regulatory function. In 
addition to systemic metabolic changes, CR also repro-
grams local metabolism in different tissues, including the 
liver (Renaud et al., 2014), skeletal muscle (McCurdy and 
Cartee, 2005), and the heart (Sung et al., 2011). How-
ever, it remains unknown whether CR has an effect on 
glucose and lipid metabolism in the aorta. Although we 
observed an increase in the expression of key glycoly-
sis and lipolysis enzymes and oxidative phosphorylation 
complex subunits in Apoe−/− mouse livers after CR, no 
significant alteration of these molecules was observed in 
aortas. Our findings suggest that despite the remarkable 
metabolic reprogramming in the liver, a 12-wk CR diet 
does not cause detectable changes in aortic glucose and 
lipid metabolism in Apoe−/− mice.

Although no significant metabolic changes were ob-
served in the aortas upon CR, SIRT1 expression and activity 
was up-regulated in the aortas of Apoe−/− mice. In contrast, 
the expression of other metabolic/energy sensors, including 
SIRT3, AMPKα, and mTOR, was not significantly changed 
in the aortas. Furthermore, SIRT1 expression was significantly 
increased in VSMCs incubated with serum from CR mice. 
Studies from other groups have also demonstrated that serum 
from CR animals increases SIRT1 expression in human cor-
onary artery endothelial cells and HEK293T cells (Cohen 
et al., 2004; Csiszar et al., 2009). These results indicate that 
SIRT1 is sensitive to circulating factors that are altered upon 
CR. A previous study has demonstrated that many metabo-
lites, and lipids in particular, were altered in C57BL/6J mouse 
serum upon CR (Collino et al., 2013). Palmitic acid also re-
portedly decreases SIRT1 expression in human monocytes 
(THP-1) in vitro (de Kreutzenberg et al., 2010). Here, we 
observed that CR significantly decreased triglyceride levels in 
Apoe−/− mouse serum. Thus, the alteration of serum lipids by 
CR may contribute to SIRT1 up-regulation in the VSMCs 
of the aortic media. In addition, a recent study showed that 
[N1]methylnicotinamide stabilizes SIRT1 to regulate hepatic 
metabolism (Hong et al., 2015). Hence, the changes of cir-
culatory metabolites, such as [N1]methylnicotinamide, may 
also contribute to the increase of vascular SIRT1 upon CR. 

Figure 7.  CR reduces AngII-induced MMP2 expression and activity. (A and B) Western blots (A) and gelatin zymography (B) of MMP2 and MMP9 in 
the aortas of Apoe−/− mice. Quantitative results are normalized to the AL-Con group values. n = 4–6 per group. (C) Relative mRNA expression of MMP2 and 
MMP9 in the aortas of Apoe−/− mice. n = 6–12 per group. (D) Relative mRNA expression of MMP2 in the aortas of SVKO;Apoe−/− mice. n = 6–10 per group. 
(C and D) Data were obtained from three independent experiments. All values are shown as the means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. P-values 
were obtained using a Kruskal-Wallis test plus a Dunn’s multiple comparison test (A and B) or one-way ANO​VA plus a Bonferroni posthoc analysis (C and D).
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More importantly, we demonstrated that SIRT1 ablation in 
VSMCs reduced the preventive effect of CR on AAA forma-
tion but did not diminish the effect of CR on systemic me-

tabolism. Although it remains to be elucidated exactly what 
metabolites mediate the up-regulation of VSMC-SIRT1 in 
response to CR, our findings suggest that VSMC-SIRT1 

Figure 8.  CR attenuates AngII-induced MMP2 expression through VSMC-SIRT1–dependent H3K9 deacetylation in the Mmp2 promoter. (A, left) 
Western blots of H3K9 acetylation (H3K9ac), H3, H4K16ac, and H4 in aortas of Apoe−/− mice and SVKO;Apoe−/− mice. (Right) Densitometry was quantified 
and normalized to the AL-Con group. n = 4 per group. (B and C) ChIP of H3K9ac (B) and H4K16ac (C) on the Mmp2 promoter in Apoe−/− mouse aortas. 
Four regions were detected: −919 ∼ −784, −669 ∼ −485, −404 ∼ −261, and −260 ∼ −105 bp. n = 4 per group. (D) ChIP assays of H3K9ac on the Mmp2 
promoter upon saline (Con) or AngII infusion. H3K9ac in the regions of −919 to −784, −669 to −485, −404 to −261, and −260 to −105 bp of the Mmp2 
promoter in the aortas of Apoe−/− and SVKO;Apoe−/− mice is shown. n = 3 per group. (E) ChIP of H4K16ac on the Mmp2 promoter in aortic tissues of AL-
Con, CR-Con, AL-AngII, and CR-AngII Apoe−/− mice. n = 3 per group. (F) Western blotting examination of aortic SIRT1 expression upon saline (Con) or AngII 
infusion for 4 wk in Apoe−/− mice. The quantification of Western blots is provided. n = 3 per group. (G and H) SIRT1 deacetylase activity (G) and NAD+/NADH 
ratio (H) in the aortas of Apoe−/− mice in the indicated groups were examined. n = 6 per group. (I) SIRT1 enrichment in the Mmp2 promoter was markedly 
higher than normal IgG in the aortas of AL-Con Apoe−/− mice. n = 3 per group. (J) SIRT1 enrichment in the regions of −919 to −784, −669 to −485, −404 to 
−261, and −260 to −105 bp of the Mmp2 promoter in the aortas of Apoe−/− mice in the indicated groups. n = 3 per group. Three independent experiments 
were performed for ChIP assays. All values are shown as the means ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. P-values were obtained using one-way 
ANO​VA plus a Bonferroni posthoc analysis (A) or by an unpaired Student’s t test with Welch’s correction (B–J).
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up-regulation is critical for the prevention of AngII-induced 
AAA formation during CR.

Epigenetic mechanisms underlie many aspects of 
the effects of CR on CVD prevention and health mainte-
nance (Li et al., 2011b). As a metabolic sensor and a histone 
deacetylase, SIRT1 regulates CVDs by epigenetically regu-
lating transcriptional factors and histones (Liu et al., 2014). 
Endothelial SIRT1 has been previously demonstrated to 
improve endothelial function and prevent atherosclerotic 
diseases by deacetylating H3K9 and H4K16 in target gene 
promoters (Zhou et al., 2011; Wan et al., 2014). However, it 
remains unclear whether SIRT1 in VSMCs participates in 
the epigenetic regulation of AAA formation. In the present 
study, we observed that VSMC-SIRT1 was a main sensor of 
CR in the aorta and that VSMC-SIRT1 was required for the 
CR-mediated prevention of AngII-induced AAA. MMP2 
activation aggravated extracellular matrix degradation and 
promoted VSMC apoptosis, which is an important mecha-
nism underlying AAA formation (Nataatmadja et al., 2003). 
We observed in the present study that CR suppressed the 
increase of Mmp2 transcription and prevented the decrease of 
VSMC density in the aortas of Apoe−/− mice with AngII-in-
duced AAAs. Moreover, the epigenetic regulation of MMP2 
expression by SIRT1-dependent H3K9ac in the Mmp2 pro-
moter contributed to the CR-mediated inhibition of MMP2 
expression after AngII infusion. VSMC-SIRT1 reportedly 
plays an important role in attenuating vascular remodeling 
by deacetylating transcription factors, thus regulating the ex-
pression of downstream molecules (Li et al., 2011a; Gao et al., 
2014). MMP2 expression can be regulated by transcription 
factors such as NF-κB (Lin et al., 2010) and activator protein 
1 (Bergman et al., 2003), which are also substrates of SIRT1 
for deacetylation (Yeung et al., 2004; Zhang et al., 2010). Fur-
ther studies will elucidate whether the modulation of tran-
scription factors and histones by SIRT1 work in concert to 
regulate MMP2 expression in response to CR. In addition to 
the suppression of MMP2 expression and medial degradation, 
we also observed that CR decreased cytokine expression and 
8-OHdG staining in the aortas of Apoe−/− mice after AngII 
infusion (unpublished data). These functions of CR may fur-
ther contribute to protection against AAA progression.

In conclusion, the present study provides the first ev-
idence that reducing calorie intake reduces AAA formation 
in mice. Moreover, VSMC-SIRT1 plays a critical role in me-
diating the protective effect of CR on AAA formation. Our 
findings support the benefit of a calorie-restricted lifestyle 
for AAA prevention and suggest that SIRT1 is a promising 
molecular target for the treatment of AAA.

MAT​ERI​ALS AND MET​HODS
Animals
Apoe−/− mice on C57BL/6J background were obtained from 
Peking University. We established SVKO mice using a Cre/
LoxP strategy. Sirt1flox/flox mice that expressed SIRT1exon4 
flanked by LoxP sites on the 129 background were purchased 

from The Jackson Laboratory (stock no. 008041). SM22α-
Cre+/+ mice on the 129 background with a Cre-recombi-
nase gene inserted into the endogenous transgelin (SM22α) 
locus were purchased from The Jackson Laboratory (stock 
no. 006878). These mice were backcrossed with mice on the 
C57BL/6J background for at least 10 generations to yield 
Sirt1flox/flox mice and SM22α-Cre+/− mice on the C57BL/6J 
background. They were further crossed with Apoe−/− mice 
to generate Sirt1flox/flox;Apoe−/− and SM22α-Cre+/−;Apoe−/− 
mice. Male SM22α-Cre+/−;Sirt1flox/flox;Apoe−/− mice were 
crossed with female Sirt1flox/flox;Apoe−/− mice, both on the 
C57BL/6J background, to generate SVKO;Apoe−/− mice 
(SM22α-Cre+/−;Sirt1flox/flox;Apoe−/−). All of the mice were 
genotyped by PCR using tail clip samples. The primers used 
for genotyping are listed in Table S1. All of the animal proto-
cols were approved by the Animal Care and Use Committee 
at the Institute of Basic Medical Sciences, Chinese Academy 
of Medical Sciences, and Peking Union Medical College.

CR and AAA mouse model
8-wk-old male Apoe−/− or SVKO;Apoe−/− mice were 
housed individually and randomly allocated into four groups. 
AL-Con mice and AL-AngII mice were fed AL with AL food 
for 16 wk. CR-Con mice and CR-AngII mice were fed a 
10%-restricted diet for the first week and a 25%-restricted 
diet for the remaining experimental period of the CR diet. 
The AL and CR food were made according to the composi-
tion of AIN-93M, as previously described (Pugh et al., 1999). 
During the last 4 wk, AL-AngII and CR-AngII mice received 
subcutaneous AngII infusions in a dose of 1.44 mg/kg/d 
delivered via osmotic pumps (model 2004; Alzet). AL-Con 
and CR-Con mice received saline as a control. The detailed 
procedure was performed as previously described (Satoh et 
al., 2009). In the last week of the experiment, the mice un-
derwent indirect calorimetry, IPG​TT, and SBP measurement. 
After sacrifice, maximal diameters of suprarenal abdominal 
aortas and maximal diameters of ascending aortas were mea-
sured using Image Pro Plus software (Media Cybernetics) by 
a researcher blind to group assignment. AAA incidence was 
calculated based on a definition of aneurysm as an external 
width of the suprarenal aorta that was increased by ≥50% 
compared with aortas from saline-infused mice as previously 
described (Satoh et al., 2009).

Indirect calorimetry
Whole-body metabolic states of the mice were tested by in-
direct calorimetry in a comprehensive lab animal monitor 
system (Columbus Instruments) for 2 d after 1 d of habitua-
tion according to the manufacturer’s instructions. Light and 
feeding conditions were kept the same as in the home cages. 
EE and RQ were calculated using the equations: EE (kcal/h) = 
(3.818 × VO2) + (1.232 × VCO2) and RQ = VO2/VCO2. 
VO2 stands for the volume of oxygen consumed per hour, 
and VCO2 stands for the volume of carbon dioxide produced 
per hour. Because of the huge difference in BW between 
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the AL and CR mice, we compared their metabolic rates by 
normalizing to the metabolic size, as reflected by the BW0.75 
of each mouse (Zhou et al., 2012).

IPG​TT
Before IPG​TT, the mice were fasted overnight. Fasting blood 
glucose levels were measured with blood that was collected 
via tail tip cutting using a portable glucose meter (Yuyue). 
Mice were injected intraperitoneally with 2 g/kg BW d-glu-
cose dissolved in saline, and blood glucose levels were mea-
sured at 15, 30, 60, and 120 min after glucose injection.

SBP measurement
SBP was measured in the last week of AngII infusion. SBP was 
measured using tail-cuff plethysmography (BP-2000 System; 
Visitech Systems) as previously described (Li et al., 2011a).

Mouse serum collection and serum lipid measurement
Mice were fasted overnight and anesthetized before blood 
collection. Blood was collected from the abdominal vena cava 
before euthanasia, allowed to clot for 20–30 min, and cen-
trifuged at 3,000  g for 20 min. Serum was collected from 
the centrifuged samples and stored at −70°C until use. The 
serum was thawed, and triglyceride and cholesterol levels 
were measured at the Peking Union Medical College Hospi-
tal clinical laboratory.

EVG, IF, and IHC staining
After the mice were executed, aortas from the ascending aorta 
to the furcation of the common iliac artery were isolated. 
After macroscopic analysis, suprarenal abdominal aortas were 
subjected to histology analysis. The aortas and adventitia were 
fixed with 4% paraformaldehyde-PBS for 24 h and embed-
ded in paraffin, and serial sections were made using suprarenal 
abdominal aortas and four sections (5 µm each) at 500-µm 
intervals as previously described (Satoh et al., 2009). Paraffin 
sections were stained with EVG or used for IF staining and 
IHC staining. The grade of elastin degradation was quantified 
by a researcher who was blinded to the group assignment 
according to the criteria previously described (Satoh et al., 
2009). The grades were as follows: score 1, no degradation; 
score 2, mild elastin degradation; score 3, severe elastin deg-
radation; and score 4, aortic rupture. The primary antibodies 
used in IF and IHC staining were αSMA (A2547, Sigma- 
Aldrich; ab5694, Abcam) and SIRT1 (07-131; EMD Mil-
lipore). The secondary antibodies used in IF staining were 
Alexa Fluor 488–conjugated goat anti–mouse IgG and Alexa 
Fluor 594–conjugated goat anti–rabbit IgG. Nuclei were 
stained with Hoechst Stain solution (B2261; Sigma-Aldrich). 
All of the pictures were taken with the same settings.

Relative mRNA quantification
Total RNA was extracted using TRIzol reagent (Invitrogen) 
and first-strand cDNA was synthesized from 3 µg RNA using 
a reverse transcription system (New England Biolabs, Inc.) 

according to the manufacturer’s instructions. Quantitative 
real-time PCR was performed using Green Premix Ex Taq 
reagent (Takara Bio Inc.) on a Mastercycler machine (Ep-
pendorf) with cDNA as a template. Primers were designed to 
span exon boundaries to avoid genomic DNA amplification. 
Target mRNA expression was calculated relative to Actb. 
Primer sequences are provided in Table S2.

Western blotting
Western blotting was performed as previously described 
(Zhou et al., 2011). The primary antibodies used were SIRT1 
(07-131; EMD Millipore), SIRT3 (5490; Cell Signaling 
Technology), AMPKα (9957; Cell Signaling Technology), 
phosphorylated AMPKα (9957; Cell Signaling Technology), 
mTOR (2983; Cell Signaling Technology), phosphorylated 
mTOR (2971; Cell Signaling Technology), GAP​DH (5174; 
Cell Signaling Technology), MMP2 (sc13595; Santa Cruz 
Biotechnology, Inc.), MMP9 (ab38898; Abcam), H3K9ac 
(ab10812; Abcam), H3 (ab1791; Abcam), H4K16ac (07-329; 
EMD Millipore), and H4 (05-858; EMD Millipore). Western 
blots were quantified densitometrically using Image Pro-Plus 
software (Media Cybernetics), the intensity values were cal-
culated relative to GAP​DH, H3, or H4, and the values were 
normalized to AL-Con values.

SIRT1 activity assay
Freshly isolated mouse aortas were homogenized with im-
munoprecipitation buffer (P0013; Beyotime Biotechnology). 
SIRT1 was immunoprecipitated with SIRT1 antibodies (07-
131; EMD Millipore) from whole aortic homogenates (200 
µg protein). Aortic SIRT1 activity was assessed using a SIRT1 
deacetylase activity assay kit (CS1040; Sigma-Aldrich) ac-
cording to the manufacturer’s instructions.

NAD+/NADH level measurement
Freshly isolated mouse aortas were used for measuring aor-
tic NAD+/NADH levels following the manufacturer’s in-
structions (ab65348; Abcam).

VSMC culture and mouse serum incubation
VSMCs for culture were isolated from suprarenal abdom-
inal aortas of 2–3-mo-old 20–25-g WT male mice and 
maintained in DMEM containing 10% FBS at 37°C in a hu-
midified atmosphere of 5% CO2 and 95% air, as previously 
described (Ishida et al., 1999). Four to five passages of  VSMCs 
at 70–80% confluence were incubated in DMEM contain-
ing 10% serum from AL-Con or CR-Con Apoe−/− mice for 
48 h. Mouse serum was thawed and heat inactivated at 56°C 
for 30 min before use in cell culture experiments.

Gelatin zymography
MMP activity was measured as previously reported (Hawkes 
et al., 2010). Aortic homogenates (5 µg protein) were electro-
phoresed in SDS-PAGE gels containing gelatin. The gels were 
washed in 2.5% Triton X-100 for 30 min and incubated for 
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12–40 h in zymography development buffer (0.05 M Tris-
HCl, pH 8.8, 5 mM CaCl2, and 0.02% NaN3) at 37°C. The 
gels were subsequently stained with Coomassie brilliant blue.

Tissue ChIP assay
Freshly isolated mouse aortas were carefully stripped out 
of the adventitial layer and chopped into small pieces. Aor-
tic tissue was digested with 0.05% trypsin-EDTA (BRL 
25300; Gibco) for 5 min at 37°C, followed by the addition 
of 9 ml of 10% FBS-DMEM to stop digestion. ChIP assays 
were performed using aortic tissues as previously described 
(Wang et al., 2008). The antibodies used in ChIP included 
anti-H3 (ab1791; Abcam), H3K9ac (ab10812; Abcam), H4 
(05-858; EMD Millipore), H4K16ac (07-329; EMD Milli-
pore), SIRT1 (07-131; EMD Millipore), and normal rabbit 
IgG (sc-2027; Santa Cruz Biotechnology, Inc.). DNA was 
detected by quantitative real-time PCR. Specific primers 
were designed to amplify the Mmp2 promoter. The primer 
sequences are provided in Table S3.

Statistical analysis
Quantitative results are expressed as the means ± SEM. The 
normality and the homogeneity of variance of the data were 
tested. To compare among three or more groups, a one-way 
ANO​VA plus a posthoc analysis (Bonferroni test) was used 
for normally distributed variables, and a Kruskal-Wallis test 
plus a posthoc analysis (Dunn’s multiple comparison test) was 
used for variables not passing a normality or equal variance 
test. Two-way repeated-measures ANO​VA was used for BW 
data and IPG​TT data that were repeatedly measured. Fisher’s 
exact test was applied to the comparisons of aneurysm inci-
dence. The log-rank (Mantel-Cox) test was used for survival 
analysis. All statistical analyses were performed using Prism 
6.0 (GraphPad Software). A p-value <0.05 was considered to 
be statistically significant.

Online supplemental material
Table S1 shows primers used for genotyping. Table S2 shows 
primers used for measuring relative mRNA expression. Table 
S3 shows primers used in tissue ChIP assays.
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