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Abstract

Aims The mechanisms underlying ageing-induced vascular remodelling remain unclear. This study investigates the role and under-
lying mechanisms of the cytoplasmic deacetylase sirtuin 2 (SIRT2) in ageing-induced vascular remodelling.

Methods 
and results

Transcriptome and quantitative real-time PCR data were used to analyse sirtuin expression. Young and old wild-type and Sirt2 
knockout mice were used to explore vascular function and pathological remodelling. RNA-seq, histochemical staining, and biochem-
ical assays were used to evaluate the effects of Sirt2 knockout on the vascular transcriptome and pathological remodelling and ex-
plore the underlying biochemical mechanisms. Among the sirtuins, SIRT2 had the highest levels in human and mouse aortas. Sirtuin 2 
activity was reduced in aged aortas, and loss of SIRT2 accelerated vascular ageing. In old mice, SIRT2 deficiency aggravated ageing- 
induced arterial stiffness and constriction–relaxation dysfunction, accompanied by aortic remodelling (thickened vascular medial 
layers, breakage of elastin fibres, collagen deposition, and inflammation). Transcriptome and biochemical analyses revealed that 
the ageing-controlling protein p66Shc and metabolism of mitochondrial reactive oxygen species (mROS) contributed to SIRT2 func-
tion in vascular ageing. Sirtuin 2 repressed p66Shc activation and mROS production by deacetylating p66Shc at lysine 81. Elimination of 
reactive oxygen species by MnTBAP repressed the SIRT2 deficiency–mediated aggravation of vascular remodelling and dysfunction 
in angiotensin II–challenged and aged mice. The SIRT2 coexpression module in aortas was reduced with ageing across species and 
was a significant predictor of age-related aortic diseases in humans.

Conclusion The deacetylase SIRT2 is a response to ageing that delays vascular ageing, and the cytoplasm–mitochondria axis (SIRT2–p66Shc– 
mROS) is important for vascular ageing. Therefore, SIRT2 may serve as a potential therapeutic target for vascular rejuvenation.
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Structured Graphical Abstract

The epigenetic mechanisms in vascular ageing remain poorly understood.

• The epigenetic enzyme SIRT2 in vascular tissues was repressed with ageing.
• SIRT2 deficiency promoted ageing-induced vascular remodelling via regulation of p66Shc and oxidative damage of macromolecules.
• SIRT2 dysregulation was involved in human vascular ageing and diseases.

• Deficiency of the epigenetic enzyme SIRT2 aggravates vascular ageing.
• SIRT2 may represent a novel target for prevention and treatment of vascular ageing and related diseases.
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The epigenetic regulator sirtuin 2 (SIRT2) governs a cytoplasm–mitochondria signal to repress vascular ageing. Ageing reduces SIRT2 protein levels 
and activity, which results in the hyperacetylation and activation of the adaptor protein p66Shc and production of mitochondrial reactive oxygen 
species (mROS), which subsequently reprogrammes the vascular transcriptome to aggravate ageing-induced vascular remodelling and diseases. 
The circulating SIRT2 may serve as a prognostic biomarker for ageing-related vascular diseases, and the cytoplasm–mitochondria axis SIRT2– 
p66Shc–mROS could be targeted for treating ageing-related vascular diseases.

Keywords Ageing • Arterial stiffness • Vascular remodelling • SIRT2 • p66Shc • mROS

Translational perspective
Ageing promotes the likelihood of developing cardiovascular diseases, which increasingly contribute to global mortality, and vascular rejuvenation 
is geroprotective. However, the epigenetic mechanism underlying ageing-induced vascular remodelling remains unclear. The data obtained from 
humans and mice demonstrate that the cytoplasmic deacetylase sirtuin 2 (SIRT2) is a protective factor against vascular ageing, which relies on a 
novel cytoplasm–mitochondria signal (SIRT2–p66Shc–mROS axis). These findings suggest that SIRT2 activators can serve as potential drugs for 
delaying vascular ageing and ageing-induced angiopathies.
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Introduction
Ageing increases the likelihood of developing cardiovascular diseases, 
increasing global mortality.1,2 In ageing individuals, arteries undergo 
pathological remodelling, resulting in age-related arterial diseases, in-
cluding hypertension, atherosclerosis, arterial aneurysms, and coronary 
artery diseases.3,4 Improving vascular health via counteracting 
age-related signals promotes healthy ageing and extends lifespan.5

Therefore, vascular rejuvenation is geroprotective. However, the me-
chanisms underlying ageing-induced vascular remodelling remain 
unclear.

The impairment of intracellular metabolites, such as nicotinamide ad-
enine dinucleotide (NAD+), is a cause of vascular ageing.6,7 Nicotinamide 
adenine dinucleotide is not only a coenzyme for redox reactions but also 
an essential cofactor for non-redox NAD+-dependent enzymes, includ-
ing sirtuins, poly (ADP-ribose) polymerases, and CD38.8 Impairment of 
the endothelial NAD+ signalling network is a reversible cause of vascular 
ageing.6 Nicotinamide adenine dinucleotide–boosting therapies are bene-
ficial in inhibiting ageing-induced vascular remodelling and other function-
al declines in rodents and humans.9–11 Members of the sirtuin (SIRT) 
family are NAD+-dependent deacetylases that regulate longevity and car-
diovascular diseases.12–15 Sirtuin 2 (SIRT2) is not only predominantly lo-
calized in the cytoplasm but also translocated into the nucleus and 
mitochondria under stress.16–18 The epigenetic factor SIRT2 acts as a 
deacylase to reduce acetylation, benzoylation, lactylation, and crotonyla-
tion of histones and non-histone proteins.19,20 Studies during the past 
years have revealed the key roles of SIRT2 in extending lifespan and re-
pressing ageing-induced functional decline in diverse organs.21–23 For in-
stance, overexpression of SIRT2 delayed systemic ageing. It extended the 
lifespan of premature mice by inducing the checkpoint kinase BubR1,21

and SIRT2 activation also contributed to the reversion of reproductive 
ageing in mice.24 Besides, SIRT2 in the bone marrow delayed haemato-
poietic stem cell senescence and repressed the ageing-associated insulin 
resistance via an acetylation switch of the NLRP3 inflammasome.22,25 In 
the nervous system, SIRT2 promoted white matter oligodendrogenesis 
during development,26 and we found that restoring SIRT2 in oligo-
dendrocyte progenitor cells promoted remyelination during ageing.27

However, few studies have attempted to understand SIRT2 in cardiovas-
cular ageing. Our previous study demonstrated that SIRT2 regulated car-
diac ageing by maintaining metabolic health via activating LKB1–AMPK 
signalling.23 Thus, it is reasonable to hypothesize that SIRT2 may partici-
pate in age-dependent vascular remodelling, but little direct evidence is 
currently available.

Mitochondrial reactive oxygen species (mROS) is pivotal to vascular 
remodelling and ageing.28,29 Mitochondrial reactive oxygen species–tar-
geted drugs show therapeutic values for treating cardiovascular dis-
eases.30,31 Cytoplasmic and nuclear factors can regulate mROS by 
targeting enzymes located in the mitochondria.32 However, the regula-
tory mechanism underlying cytoplasm/nucleus–mitochondria–mROS 
signalling in vascular ageing remains largely unknown.32 The mitochon-
drial adaptor protein p66Shc is a cytoplasm–mitochondria traveller that 
is phosphorylated and activated in the cytoplasm and translocated into 
the mitochondria to participate in the generation of hydrogen perox-
ide.14,33 Inhibition of p66Shc in mice can prolong the lifespan34 and re-
duce vascular ageing and related diseases such as myocardial 
ischaemia, stroke, and diabetic angiopathy.35–41 However, the upstream 
cytoplasmic regulator of the p66Shc–mROS axis is not fully understood 
in aged cardiovascular tissues.

In the present study, we identified a previously unrecognized role of 
the epigenetic regulator SIRT2 in age-dependent vascular ageing. 

Profiling of human and mouse aortas revealed that SIRT2 had the high-
est expression among the SIRT family. Sirtuin 2 protein levels and activ-
ity declined with ageing, and SIRT2 deficiency aggravated vascular 
dysfunction and remodelling in old mice. Transcriptome and biochem-
ical analyses revealed that SIRT2 regulated vascular ageing partially by 
inhibiting the ageing-controlling protein p66Shc and its downstream 
mROS. In contrast, the reactive oxygen species (ROS) scavenger 
MnTBAP rescued vascular remodelling in aged mice. In humans, the 
SIRT2 coexpression module was correlated with ageing and had a pre-
dictive significance for age-related aortic diseases. These findings estab-
lish an unrecognized role for the deacetylase SIRT2 as a protector 
against vascular ageing and provide evidence that the cytoplasm– 
mitochondria axis SIRT2–p66Shc–mROS is critical for ageing-induced 
vascular remodelling.

Methods
Animals
C57BL/6 wild-type (WT) and Sirt2 knockout (Sirt2-KO) mice were used as 
described previously.23 The mice were kept in a pathogen-free facility, fed 
ad libitum, and maintained on a standard 12 h light/dark cycle. The responses 
of males and females to ageing-induced vascular remodelling are very differ-
ent.42,43 To control the influence of sex, we chose to analyse male mice 
only. C57BL/6 strain mice are susceptible to cardiovascular ageing and dis-
eases and their risk factors such as diet-induced obesity and type 2 dia-
betes.44–46 Thus, we used the C57BL/6 strain because this strain is the 
most widely used in studies of cardiovascular biology and diseases and 
the best-known of all inbred strains.47 All animal protocols were approved 
by the Laboratory Animal Ethics Committee of the Institute of Basic 
Medical Sciences (Chinese Academy of Medical Sciences) and West 
China Second University Hospital (Sichuan University).

To analyse the roles of Sirt2 in vascular ageing, male WT and Sirt2-KO 
mice were maintained for 24 months. For angiotensin II (Ang II)–induced 
vascular remodelling, the mice were subcutaneously challenged with Ang 
II (1.3 mg/kg/day; Sigma-Aldrich, A9525) for 28 days with minipumps.48–50

To eliminate ROS, the mice were intraperitoneally injected with MnTBAP 
(5 mg/kg/day; MedChemExpress, HY-126397) for 4 weeks.30 For 
MnTBAP treatment, MnTBAP was dissolved in saline (vehicle). Control 
mice were injected with an equal volume of saline solution only.

Statistical analysis
All values are expressed as mean ± standard deviation. Data normality was 
evaluated using the Shapiro–Wilk test. When reporting two groups with a 
normal distribution, we used a standard Student’s t-test. Otherwise, the 
non-parametric Mann–Whitney U test was applied. In the analysis of data 
from more than two groups, we used one-way ANOVA followed by the 
Bonferroni post hoc test when the assumptions satisfied a normal distribu-
tion. Otherwise, we used the non-parametric Kruskal–Wallis test followed 
by Dunn’s post hoc test to correct for multiple comparisons. Detailed meth-
ods for each analysis are described in the figure legends. All statistical ana-
lyses were performed using GraphPad Prism 9, and P-values < .05 were 
considered significant.

Detailed materials and methods, including the study subjects and pa-
tients, are described in Supplementary data online.

Results
Sirtuin 2 expression and activity in vascular 
ageing in humans and mice
To test the potential roles of sirtuins in vascular ageing, we profiled the 
basal levels of SIRT1–SIRT7 mRNAs in human and mouse aortas. We 
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analysed aortic transcriptome data from 607 human donors using the 
Genotype-Tissue Expression (GTEx) database. Interestingly, SIRT2 
(but not the more popular SIRT1 or SIRT6) had the highest basal expres-
sion levels among the sirtuins in human aortas (Figure 1A). This finding 
was verified using quantitative real-time PCR (qRT-PCR) of human aor-
tic samples (Figure 1B). Besides, Sirt2 also had the highest basal expres-
sion levels among sirtuins in mouse aortas, as evidenced by bulk 
RNA-seq and qRT-PCR analyses (Figure 1C and D). Thus, we tested 
the enzymatic activity of SIRT2 in the aortas of young and aged mice 
and observed that SIRT2 activity was reduced in the aortas of aged 
mice compared with that in young mice (Figure 1E). However, Sirt2 
mRNA levels in the aorta were comparable between young and aged 
mice (Figure 1F). Western blot and immunofluorescence staining re-
vealed that the protein levels of SIRT2 were reduced in aged aortas 
and vascular smooth muscle cells (VSMCs) (Figure 1G and H ). In add-
ition, we also found that the ageing-induced SIRT2 protein decline 
was partially due to the activation of the tyrosine kinase c-Src (see 
Supplementary data online, Figure S1).23,51 These findings suggested 
that SIRT2 protein levels and activity were reduced in the aortas of 
aged mice.

Sirtuin 2 deficiency promotes 
ageing-induced vascular remodelling
The decline in SIRT2 expression and activity in aged aortas prompted us 
to investigate its involvement in ageing-induced vascular dysfunction. 

Male Sirt2-KO mice and their WT littermates were maintained for 24 
months to explore the potential role of SIRT2 in vascular ageing (see 
Supplementary data online, Figure S2A). As we reported previously, 
the body weight, heart rate, and blood pressure between aged 
Sirt2-KO and WT mice were comparable.23 To evaluate the effects 
of SIRT2 on vascular function, we measured pulse wave velocity 
(PWV), a measure of arterial stiffness.52 Compared with young mice, 
the aged WT mice showed significantly increased PWV values, which 
were further increased in aged Sirt2-KO mice (Figure 2A), indicating 
that SIRT2 deficiency aggravated the ageing-induced increase in arterial 
stiffness. To further test the effects of SIRT2 on arterial constriction– 
relaxation function, the aortas were dissociated for an ex vivo functional 
study.50 Phenylephrine-induced vascular constriction in endothelium- 
denuded aortas was impaired in aged mice and further deteriorated 
with SIRT2 deficiency (Figure 2B). Although endothelium-dependent re-
laxation was identical in aged WT and Sirt2-KO mice (Figure 2C), aged 
Sirt2-KO mice exhibited poorer endothelium-independent relaxation 
(Figure 2D). These findings suggest that SIRT2 loss aggravates 
ageing-induced vascular dysfunction, which may correlate with dysfunc-
tion of the middle layer but not the endothelium.

Anatomical and histological analyses were performed to test 
whether the aggravation of vascular dysfunction in aged Sirt2-KO 
mice was coupled with vascular remodelling. Aged mice had an in-
creased aorta weight-to-body weight (AW/BW) ratio compared with 
young WT mice. Significantly, Sirt2-KO promoted an ageing-induced in-
crease in the AW/BW ratio (Figure 2E). We also performed 

Figure 1 Sirtuin 2 expression pattern in young and aged aortas. (A) Levels of SIRT1–SIRT7 mRNAs in human aortas analysed using the 
Genotype-Tissue Expression database (n = 607). (B) Quantitative real-time PCR analysis of SIRT1–SIRT7 mRNA levels in human aortas (n = 6). (C ) 
The bulk RNA-seq analysis of the expression level of sirtuin members Sirt1–Sirt7 in mouse aortas (n = 3). (D) Quantitative real-time PCR analysis 
of sirtuin members Sirt1–Sirt7 in mouse aortas (n = 3). (E) Sirtuin 2 enzymatic activity was reduced in aged aortas (24 months old) compared with 
that in young aortas (4 months) of mice (n = 6). (F ) mRNA level of Sirt2 in aortas from young and aged mice (n = 6). (G) Protein level of sirtuin 2 
(both bands) in aortas from young and aged mice (n = 4). (H ) Immunofluorescence staining revealed that the sirtuin 2 protein level was reduced in 
aged aortas compared with that in young aortas of mice. Representative images and quantitative results are shown (n = 5). αSMA, alpha-smooth muscle 
actin. Statistical analyses were performed using the Kruskal–Wallis test with Dunn’s post hoc test (A), one-way ANOVA with the Bonferroni post hoc test 
(B–D), unpaired Student’s t-test (E, G, H ), and the Mann–Whitney U test (F ). **P < .01, *** P < .001.

SIRT2 deficiency aggravates ageing-induced vascular remodelling in humans and mice                                                                                        2749

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad381#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad381#supplementary-data


Figure 2 Sirtuin 2 deficiency aggravates ageing-induced vascular dysfunction and remodelling. (A) Pulse wave velocity measurements in young and aged 
mice revealed that Sirt2 knockout promoted an ageing-induced increase in arterial stiffness (n = 8–10). (B–D) Ex vivo analysis of the vascular constric-
tion–relaxation function of aortas from mice (n = 5). (B) Arterial vessel contractions mediated through phenylephrine. (C ) Endothelium-dependent 
relaxation in response to acetylcholine (Ach). (D) Endothelium-independent relaxation in response to nitric oxide donor sodium nitroprusside 
(NO-donor SNP), an endothelium-independent agonist. (E) Sirt2 knockout increased aged mice’s aorta weight-to-body weight ratio (n = 8–10). 
The aorta weight/body weight ratio of young and aged wild-type and Sirt2 knockout mice was analysed. (F ) Sirt2 knockout enhanced vascular remod-
elling in aged mice. Haematoxylin–eosin staining of the thoracic aortas was performed, and the medial thickness and the ratio of the media area to the 
vessel lumen were quantified (n = 7–8). (G) Elastin van Gieson staining of elastin fibres in thoracic aortas. Representative images and quantitative results 
are shown (n = 7). Arrows denote broken elastin fibres. (H–L) Immunohistochemical staining of collagen III (H ), matrix metallopeptidase 2 (I ), matrix 
metallopeptidase 9 (J ), monocyte chemotactic protein-1 (K ), and CD45 (L). Representative images and quantitative results are shown (n = 7). Statistical 
analyses were performed using one-way ANOVA with the Bonferroni post hoc test. *P < .05, **P < .01, ***P < .001.
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haematoxylin–eosin (H&E) staining to determine whether the in-
creased AW/BW ratio was associated with potential vascular remodel-
ling. Compared with the thoracic and abdominal aortas of aged WT 
mice, aged Sirt2-KO mice exhibited an increased medial thickness and 
ratio of the media area to the vessel lumen (Figure 2F; see 
Supplementary data online, Figure S2B). The breakage of elastin fibres 
is a hallmark of increased arterial stiffness and vascular ageing.53 Thus, 
we performed elastin van Gieson (EVG) staining to monitor fibre 
breakage and found that SIRT2 deficiency promoted the breakage of 
elastin fibres in the aortas of aged mice (Figure 2G). We also observed 
that Sirt2-KO aggravated other vascular ageing features, such as colla-
gen deposition (Figure 2H; see Supplementary data online, 
Figure S2C ). Matrix metalloproteinases (MMPs, MMP2 and MMP9) 
are critical to vascular remodelling and ageing.54 We observed that 
Sirt2-KO promoted ageing-induced overexpression of MMP2 and 
MMP9 in mouse aortas (Figure 2I and J; see Supplementary data 
online, Figure S2D), suggesting that SIRT2 may regulate MMPs to partici-
pate in age-dependent vascular remodelling and stiffness.

Inflammation is another hallmark of vascular medial layer remodel-
ling.55,56 Therefore, the inflammatory factors and immune cells in the 
aorta were examined. The chemokine monocyte chemotactic 
protein-1 (MCP-1) and total immune cells (CD45+) were enriched in 
aged aortas and were further elevated by Sirt2-KO (Figure 2K and L). 
In addition, immunostaining analysis demonstrated that Sirt2-KO pro-
moted ageing-induced infiltration of dendritic cells and neutrophils 
into mouse aortas (see Supplementary data online, Figure S3A and B). 
Pro-inflammatory M1 macrophages promote vascular remodelling 
and disease.57,58 Significantly, Sirt2-KO also promoted macrophage in-
filtration and M1 polarization in aged aortas (see Supplementary data 
online, Figure S3C–F).

These findings demonstrate that decreased SIRT2 expression leads 
to increased age-induced vascular arterial stiffness and constriction– 
relaxation dysfunction, which may be partially due to vascular medial 
layer remodelling.

Sirtuin 2 deficiency reprogrammes the 
vascular transcriptome and aggravates 
mitochondrial oxidative stress
To further elucidate the mechanism underlying the role of SIRT2 in vas-
cular ageing, the transcriptomes of aged aortas from WT and Sirt2-KO 
mice were analysed using bulk RNA-seq. Transcriptome analysis re-
vealed that 844 genes were up-regulated and 259 were down-regulated 
following Sirt2-KO in aged aortas (Figure 3A). Sirtuin 2 deficiency in aged 
aortas led to the enrichment of gene sets involved in age-dependent ar-
terial diseases, such as atherosclerosis and arterial aneurysms, suggest-
ing that SIRT2 regulates a gene signature that participates in 
age-dependent arterial diseases (Figure 3B). However, the effects of 
SIRT2 on vascular remodelling and ageing may not result from cell death 
or proliferation, as evidenced by the transcriptome data and in vitro cell 
experiments (see Supplementary data online, Figure S4A–D).

To further understand the transcriptome regulated by SIRT2 in aged 
aortas, enrichment analysis was performed to analyse the gene ontol-
ogy (GO) molecular function gene signatures. Sirtuin 2 loss led to the 
enrichment of gene signatures involved in oxidative stress (Figure 3C), 
indicating that SIRT2 may regulate the oxidation–reduction system to 
affect age-related arterial diseases. To validate this finding, we measured 
total cellular superoxide and mROS levels using dihydroethidium 
(DHE) and MitoSOX staining. Sirt2 knockout increased ageing-induced 
up-regulation of total superoxide (DHE) and mROS (MitoSOX) in 

mouse aortas (Figure 3D and E). We also examined the effect of 
SIRT2 on oxidative stress in aortic smooth muscle cells (ASMCs). 
Oxidative stress was induced by treatment with Ang II, an 
ageing-induced effector peptide hormone of the renin–angiotensin sys-
tem,59 and SIRT2 was inhibited by the specific inhibitor, AGK2.60 AGK2 
treatment significantly aggravated the Ang II–induced increase in total 
superoxide and mROS levels (Figure 3F and G). To further evaluate oxi-
dative stress in aortic tissues and cells, we monitored the oxidative 
damage to macromolecules by analysing protein oxidation 
[3-nitrotyrosine (3-NTR)], lipid peroxidation (4-hydroxynonenal), 
and DNA oxidation (8-oxoguanine). Ageing induced oxidative damage 
to macromolecules, such as proteins, lipids, and DNA in the aorta, fur-
ther aggravated by Sirt2-KO (Figure 3H–J; see Supplementary data 
online, Figure S5). Sirtuin 2 inhibition also aggravated macromolecular 
damage (protein oxidation) induced by Ang II in ASMCs (Figure 3K). 
However, the effects of SIRT2 on oxidative stress may not be due to 
antioxidative activity because Sirt2-KO did not affect the enrichment 
of oxidative response signals and expression of antioxidants in aged 
aortas (see Supplementary data online, Figure S6).

Sirtuin 2 deacetylates and inhibits the 
adaptor protein p66Shc to target 
mitochondrial reactive oxygen species 
accumulation
Because SIRT2 regulates lysine modifications of histone and non- 
histone proteins,18,23,61–65 we first tested whether SIRT2 regulates his-
tone modifications to modulate the vascular transcriptome directly. 
Sirtuin 2 has been reported to regulate histone acetylation, crotonyla-
tion, and benzoylation under stress conditions.18,61–64 Therefore, we 
measured histone acetylation, crotonylation, and benzoylation in the 
aorta of aged WT and Sirt2-KO mice. However, SIRT2 deficiency did 
not affect H3K18ac, H3K18cr, or benzoylation in the aged aortas 
(Figure 4A). These findings suggested that SIRT2 indirectly regulates 
the vascular transcriptome. Thus, we considered the candidate targets 
that elevate ROS to reprogramme the transcriptome and are known 
regulators of ageing.

Studies from our laboratory and others have revealed that the adap-
tor protein p66Shc transcriptionally regulates genes involved in the oxi-
dation–reduction process, thus affecting ageing-induced vascular 
remodelling and lifespan.33–36,39,40,66 Sirtuin 2 did not affect p66Shc total 
protein levels in the aortas of aged mice. However, we observed that 
SIRT2 deficiency up-regulated p66Shc phosphorylation (Figure 4B), 
which promotes p66Shc mitochondrial translocation and activation to 
generate mROS.33,34,66 In cultured ASMCs, overexpression of SIRT2 
with an adenovirus repressed p66Shc phosphorylation (Figure 4C). In 
contrast, SIRT2 inhibition with AGK2 up-regulated p66Shc phosphoryl-
ation in ASMCs (Figure 4C). Further evidence revealed that SIRT2 dir-
ectly inhibited p66Shc. Immunoprecipitation assays showed that SIRT2 
bound to p66Shc in ASMCs (Figure 4D). In ASMCs, adenovirus-mediated 
SIRT2 overexpression reduced acetylation of WT p66Shc (Figure 4E). 
Therefore, we explored the acetylation site of p66Shc to determine 
whether SIRT2 regulated p66Shc via an acetylation-dependent mechan-
ism. By searching a public database,67 we identified three conserved ly-
sine residues in the CH2 domain at positions 7, 9, and 81 of p66Shc; only 
lysine 81 (K81) could be acetylated. Thus, we mutated p66Shc at K81 
and observed that adenovirus-mediated SIRT2 overexpression did 
not reduce the acetylation level of the mutated p66Shc in ASMCs, sug-
gesting that SIRT2 deacetylates p66Shc at K81 (Figure 4F). In addition, 
SIRT2 overexpression did not reduce the phosphorylation of mutated 
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Figure 3 Sirtuin 2 regulates gene signatures associated with age-related arterial diseases and oxidative stress. (A) Bulk RNA-seq analysis of the tran-
scriptome of aged aortas of wild-type and Sirt2 knockout mice (n = 3). Venn plot showing the overlapped genes among differentially expressed genes 
identified by three methods. A total of 844 genes were up-regulated, while 259 were down-regulated in aged Sirt2 knockout aortas (|log2 FC| ≥ 0.5, 
adjusted P < .05). (B) Sirt2 knockout led to the enrichment of genes involved in age-related arterial diseases. Human disease enrichment analysis 
(DisGeNET) was performed with the up-regulated genes using ToppGene Suite. (C ) Sirt2 knockout led to the enrichment of genes involved in the 
oxidation–reduction process. Gene Ontology Molecular_function enrichment analysis was performed with the up-regulated genes using ToppGene 
Suite. (D, E) Sirt2 knockout increased ageing-induced oxidative stress in mouse aortas. Total cellular superoxide and mitochondrial reactive oxygen 
species were monitored by dihydroethidium and MitoSOX staining, respectively. Representative results and quantitative results of dihydroethidium 
(D) and MitoSOX staining (E) are shown (n = 8). (F, G) Sirtuin 2 inhibition promoted stress-induced oxidative stress in aortic smooth muscle cells. 
Aortic smooth muscle cells were treated with the sirtuin 2–specific inhibitor AGK2 (10 μM) with/without angiotensin II (1 μM) treatment for 24 h. 
Total cellular superoxide and mitochondrial reactive oxygen species were monitored by dihydroethidium and MitoSOX staining, respectively. 
Representative results and quantitative results of dihydroethidium (F ) and MitoSOX staining (G) are shown (n = 5). (H–J) Sirt2 knockout increased 
ageing-induced oxidation of macromolecules in mouse aortas: (H ) protein oxidation (3-nitrotyrosine); (I ) lipid peroxidation (4-hydroxynonenal); 
and (J ) DNA oxidation (8-oxoguanine). Representative results and quantitative results are shown (n = 7). (K ) Sirtuin 2 inhibition promoted 
stress-induced protein oxidation in aortic smooth muscle cells. Aortic smooth muscle cells were treated with the sirtuin 2–specific inhibitor AGK2 
(10 μM) with/without angiotensin II (1 μM) treatment for 24 h. Protein oxidation was analysed by western blot. Representative blots and quantitative 
results are shown (n = 3). Statistical analyses were performed using one-way ANOVA with the Bonferroni post hoc test (D–K). **P < .01, ***P < .001.
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Figure 4 Sirtuin 2 regulates oxidative stress by deacetylating p66Shc. (A) Sirtuin 2 effects on histone modification in aortas from aged mice. 
Representative western blot and quantitative results are shown (n = 4). (B) Sirtuin 2 deficiency increased p66Shc phosphorylation in the aortas of 
aged mice. Representative and quantitative results are shown (n = 4). (C ) Sirtuin 2 repressed p66Shc phosphorylation in aortic smooth muscle cells. 
Aortic smooth muscle cells were infected with an adenovirus carrying sirtuin 2/control adenovirus or treated with the sirtuin 2 inhibitor AGK2 
(10 μM)/DMSO for 24 h, followed by western blot analysis. Representative and quantitative results are shown (n = 3). (D) Sirtuin 2 interacted with 
p66Shc in aortic smooth muscle cells. Aortic smooth muscle cells were infected with an adenovirus carrying Myc-tagged p66Shc and HA-tagged sirtuin 
2, followed by immunoprecipitation with Myc and HA antibodies and western blot analysis (n = 3). (E) Sirtuin 2 deacetylated p66Shc in aortic smooth 
muscle cells. Aortic smooth muscle cells were infected with Ad-Myc-p66Shc with Ad-SIRT2 or Ad-Ctrl, followed by immunoprecipitation with anti-Myc 
antibodies and western blot analysis of acetylated lysine (Ac-K) on p66Shc (n = 3). (F, G) Sirtuin 2 deacetylated p66Shc at lysine 81 (K81) to inhibit p66Shc 

phosphorylation in aortic smooth muscle cells. Aortic smooth muscle cells were infected with Myc-tagged K81R (lysine to arginine) mutant p66Shc 

(Ad-Myc-p66ShcK81R) with Ad-SIRT2 or Ad-Ctrl, followed by immunoprecipitation with anti-Myc antibodies and western blot analysis of acetylated 
lysine on p66Shc (F ) (n = 3) and phosphorylation of p66Shc (G) (n = 3). (H ) siRNA-mediated knockdown of p66Shc in aortic smooth muscle cells. The 
cells were transfected with si-NC or si-p66Shc for 48 h. Then, a western blot was performed to analyse protein expression (n = 3). (I ) p66Shc contrib-
uted to sirtuin 2 function in regulating mitochondrial reactive oxygen species in aortic smooth muscle cells. Aortic smooth muscle cells were transfected 
with si-p66Shc or control si-NC for 24 h, followed by treatment with/without the sirtuin 2–specific inhibitor AGK2 (10 μM) and angiotensin II (1 μM) for 
another 24 h. Mitochondrial reactive oxygen species were monitored by MitoSOX staining. Representative and quantitative results are shown (n = 5). 
(J ) p66Shc contributed to sirtuin 2 function in regulating protein oxidation and matrix metalloproteinase expression in aortic smooth muscle cells. The 
cells were treated as in (I ), and protein expression was analysed by western blot. Representative blots and quantitative results are shown (n = 3). (K ) 
Illustration showing that sirtuin 2 regulates p66Shc acetylation and phosphorylation to repress mitochondrial reactive oxygen species in vascular cells. 
Statistical analyses were performed using unpaired Student’s t-test (A–H) and one-way ANOVA with the Bonferroni post hoc test (I, J ). **P < .01, 
***P < .001.
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p66Shc, revealing that K81 acetylation of p66Shc determines its phos-
phorylation (Figure 4G). Thus, we identified K81 as the core target 
site for SIRT2 deacetylation of p66Shc, which accounts for 
SIRT2-mediated repression of p66Shc phosphorylation/activation. 
Collectively, SIRT2 inhibits the adaptor protein p66Shc via an acetyl-
ation–phosphorylation mechanism.

Since the ageing-controlling protein p66Shc is a core regulator of 
mitochondrial and cellular oxidative stress,33–36,40,66 we also tested 
whether p66Shc contributes to the SIRT2-mediated inhibition of oxida-
tive stress by silencing p66Shc with siRNA (Figure 4H). In ASMCs, SIRT2 
inhibition with AGK2 aggravated Ang II–induced accumulation of total 
superoxide and mROS, and these effects of AGK2 were blocked by 
p66Shc knockdown (Figure 4I; see Supplementary data online, 
Figure S7). In addition, p66Shc contributed to the role of SIRT2 in regu-
lating protein oxidation and MMP2/9 expression in ASMCs (Figure 4J). 
Thus, p66Shc contributes to the role of SIRT2 in regulating oxidative 
stress and MMPs in vascular cells, which may explain the role of 
SIRT2 in vascular remodelling and ageing. These findings reveal that 
SIRT2 deficiency activates p66Shc to drive mitochondrial oxidative sig-
nalling, reprogramming the transcriptome of vascular cells to accelerate 
ageing-induced vascular remodelling (Figure 4K).

Reactive oxygen species partially 
contributes to sirtuin 2 function in vascular 
ageing
The overload of mROS is a fundamental mechanism underlying vascular 
remodelling and ageing-related vascular diseases.28,31,32 To test the role 
of ROS in SIRT2 deficiency–mediated aggravation of vascular remodel-
ling, we first used a mouse vascular remodelling model induced by Ang II 
(Figure 5A). This ageing-related vasoconstricting peptide hormone 
promotes vascular remodelling.4,23,68 Sirtuin 2 deficiency promoted 
Ang II–induced accumulation of total superoxide and mROS, as well 
as oxidation of macromolecules (Figure 5B; see Supplementary data 
online, Figure S8A–C). Functional analysis demonstrated that SIRT2 
loss promoted Ang II–induced vascular dysfunction, including increased 
vascular stiffness and constriction–relaxation dysfunction (Figure 5C–F). 
Sirtuin 2 loss also promoted Ang II–mediated vascular remodelling, in-
cluding thickened vascular medial layers, breakage of elastin fibres, col-
lagen I and III depositions, MMP2 and MMP9 overexpression, and 
inflammation (Figure 5G–L; see Supplementary data online, 
Figure S8D–H). Next, we examined the involvement of ROS in SIRT2 
function during vascular ageing by eliminating ROS with MnTBAP 
(5 mg/kg/day), a known superoxide dismutase mimetic and superoxide 
scavenger.30,69 Notably, MnTBAP reduced the effects of Sirt2-KO on 
vascular ROS accumulation, macromolecule oxidation, vascular stiff-
ness, constriction–relaxation dysfunction, remodelling, and inflamma-
tion in Ang II–infused mice (Figure 5B–L; see Supplementary data 
online, Figure S8A–H). Besides, the effects of Sirt2-KO on M1 macro-
phage polarization in the aorta were repressed by MnTBAP in Ang 
II–infused mice (see Supplementary data online, Figure S8H–K). In add-
ition, ROS contributed to the inhibitory effects of SIRT2 on Ang II– 
induced overexpression of MMPs in ASMCs (see Supplementary data 
online, Figure S8L), revealing that the SIRT2–ROS axis in smooth muscle 
cells (SMCs) contributes to vascular remodelling.

To further confirm whether ROS can serve as a target for treating 
established vascular remodelling and dysfunction in aged mice, we ap-
plied a therapeutic strategy by treating aged WT and Sirt2-KO mice 
with MnTBAP for 4 weeks (Figure 6A). MnTBAP therapy repressed 
the effects of SIRT2 deficiency on ROS accumulation and oxidation 

of macromolecules (proteins, lipids, and DNA) in aged mice 
(Figure 6B; see Supplementary data online, Figure S9A–C). MnTBAP 
treatment significantly inhibited vascular dysfunction in aged mice and 
blocked the effects of Sirt2-KO on ageing-induced vascular dysfunction, 
including increased vascular stiffness (Figure 6C) and constriction–relax-
ation dysfunction (Figure 6D–F). Additionally, we observed that 
MnTBAP treatment reduced vascular remodelling and blocked the ef-
fects of SIRT2 deficiency on the increase in aorta weight (Figure 6G) 
and medial remodelling, including thickened vascular medial layers, 
breakage of elastin fibres, collagen I and III depositions, MMP2 and 
MMP9 overexpression, and inflammation (MCP-1 overexpression 
and immune cell infiltration) in aged mice (Figure 6H–L; see 
Supplementary data online, Figure S9D–H). MnTBAP also repressed 
the effects of Sirt2-KO on M1 macrophage polarization in aged aortas 
(see Supplementary data online, Figure S9I and J ). These findings dem-
onstrate that ROS contributes to SIRT2 function in vascular remodel-
ling and may serve as a target for treating established vascular ageing.

Sirtuin 2 is associated with ageing-related 
vascular remodelling and related diseases 
in humans
To explore the potential implications of SIRT2 in human vascular age-
ing, we examined plasma SIRT2 levels across the lifespan using a public 
proteome dataset,70 which included 2925 plasma proteins from 4263 
young adults to nonagenarians (18–95 years old). The results showed 
that the plasma levels of SIRT2 were negatively correlated with age 
(Figure 7A),70 indicating that a decline in SIRT2 levels may be an import-
ant risk factor for ageing and related diseases. Since the Sirt2 mRNA le-
vel is not changed with ageing, we performed an alternative analysis of 
SIRT2-coexpressing genes in human and mouse aortas to test their po-
tential roles in vascular biology and diseases.71 To this end, Weighted 
Gene Coexpression Network Analysis (WGCNA) was performed to 
identify the SIRT2 coexpression module using transcriptome data of 
607 human aortic tissues and 10 mouse aortic tissues (Figure 7B; see 
Supplementary data online, Figure S10A and B).71,72 Then, GO signalling 
pathway enrichment analysis of the SIRT2 coexpression module was 
performed. The results revealed the enrichments of pathways involved 
in the oxidation–reduction system and mitochondrial metabolism in 
both the human and mouse SIRT2 coexpression modules (Figure 7C). 
Thus, the effects of SIRT2 on the mitochondrial oxidation–reduction 
system may be conserved for SIRT2 function in the vascular system, 
which is consistent with our findings in the aged mouse aorta (Figs 3–
6). Next, we compared the expression levels of the SIRT2 coexpression 
module eigengene in humans and mice of various ages. We observed 
that the SIRT2 coexpression module eigengene was reduced in old 
(>60 years) human aortas compared with young aortas (Figure 7D).

To examine the potential implications of the SIRT2 coexpression 
module in age-related aortic diseases, we applied the receiver operating 
characteristic (ROC) curve to analyse the predictive capabilities of the 
SIRT2 coexpression module in distinguishing aortic tissues from con-
trols and patients with age-related aortic diseases. The results showed 
that the SIRT2 coexpression module exhibited a predictive significance 
for abdominal aortic aneurysm (AAA) and aortic occlusive disease 
(AOD), with an area under the curve (AUC) of 0.784 and 0.867, re-
spectively (Figure 7E). These findings suggest that the SIRT2 coexpres-
sion module has a predictive significance for ageing and age-related 
aortic disease. Finally, we explored the expression pattern of the 
SIRT2 coexpression module eigengene in human aortic cells using pub-
lic scRNA-seq data of human aortic tissues (GSE155468).73 Among the 
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major types of vascular cells (SMCs, endothelial cells, lymphocytes, and 
myeloid cells), SMCs had the highest expression levels of 
SIRT2-coexpressing genes (see Supplementary data online, 
Figure S10C ), which was matched with our findings in mice 
(Figure 1F). In addition, the level of SIRT2-coexpressing genes was re-
duced in SMCs from age-related thoracic aortic aneurysms (TAA) 

compared with control aortic samples (see Supplementary data 
online, Figure S10D). Thus, we performed ROC analysis using SMC 
gene expression data from the human control and aortic aneurysm 
(AA) samples. The results revealed that the SIRT2 coexpression mod-
ule level in SMCs has a high predictive significance for AA, with an AUC 
of 0.92 at the patient level (Figure 7F). We also performed ROC analysis 

Figure 5 Sirtuin 2–reactive oxygen species axis contributes to vascular remodelling and dysfunction in angiotensin II–challenged mice. (A) 
Experimental design. Male young (4-month-old) wild-type and Sirt2 knockout mice were infused with angiotensin II (1.3 mg/kg/day) to replicate vascular 
ageing phenotypes. The mice were treated with/without the superoxide scavenger MnTBAP (5 mg/kg/day, i.p.) treatment for 4 weeks. (B) MnTBAP 
reduced reactive oxygen species in angiotensin II–infused wild-type and Sirt2 knockout mice. Young wild-type and Sirt2 knockout mice were infused 
with angiotensin II (1.3 mg/kg/day) and intraperitoneally treated with MnTBAP (5 mg/kg/day, daily) or saline (vehicle) for 4 weeks. Then, reactive oxygen 
species levels in mouse thoracic aortas were analysed by dihydroethidium (total superoxide) and MitoSOX (mitochondrial reactive oxygen species) 
staining (n = 7–8). (C ) MnTBAP treatment reduced the angiotensin II–induced increase in pulse wave velocity (n = 10–12). (D–F) Ex vivo analysis of 
the vascular constriction–relaxation function of aortas from mice (n = 5). (D) Arterial vessel contractions mediated through phenylephrine. (E) 
Endothelium-dependent relaxation in response to acetylcholine. (F ) Endothelium-independent relaxation in response to nitric oxide donor sodium 
nitroprusside. (G) MnTBAP treatment reduced the angiotensin II–induced increase in aorta weight (n = 10–12). (H ) Representative and quantitative 
results showing MnTBAP treatment reduced angiotensin II–induced aortic remodelling (n = 8). (I ) Elastin van Gieson staining of elastin fibres in thoracic 
aortas. Quantitative results are shown (n = 8). (J–L) Immunohistochemical staining of collagen I and III (J ), monocyte chemotactic protein-1 (K ), and 
CD45 (L). Quantitative results are shown (n = 7–8). Statistical analyses were performed using one-way ANOVA with the Bonferroni post hoc test. 
**P < .01, ***P < .001.
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using scRNA-seq data of TAA. The analysis showed that the SIRT2 co-
expression module level in SMCs has a predictive significance for TAA, 
with an AUC of 0.61 at the single-cell level (Figure 7G).

The integrative analysis of multi-omics data, including 4263 pro-
teomes, 607 transcriptomes, and 52 882 single-cell transcriptomes, re-
veals that the role of cytoplasmic SIRT2 in human vascular ageing and 
age-related vascular diseases is related to its effects on VSMCs and 

the mitochondrial oxidation–reduction system. These findings are con-
sistent with our findings in mice.

Discussion
In the present study, we identified a previously unrecognized role of 
the epigenetic factor SIRT2 in vascular ageing in humans and mice. 

Figure 6 Reactive oxygen species contributes to sirtuin 2 deficiency–mediated aggravation of vascular remodelling and dysfunction in aged mice. (A) 
Experimental design. Aged wild-type and Sirt2 knockout mice received MnTBAP (5 mg/kg/day, i.p.) or vehicle therapy for 4 weeks. (B) MnTBAP reduced 
reactive oxygen species in aged wild-type and Sirt2 knockout mice. Aged wild-type and Sirt2 knockout mice were intraperitoneally treated with 
MnTBAP (5 mg/kg/day, daily) or saline (vehicle) for 4 weeks. Then, reactive oxygen species levels in mouse thoracic aortas were analysed by dihydroethi-
dium (total superoxide) and MitoSOX (mitochondrial reactive oxygen species) staining (n = 7–8). (C ) MnTBAP therapy mitigated sirtuin 2 effects on 
pulse wave velocity in aged mice (n = 7–8). (D–F) Ex vivo analysis of mouse aortas’ vascular constriction–relaxation function (n = 5). Arterial vessel con-
tractions mediated through phenylephrine (D), endothelium-dependent relaxation in response to acetylcholine (E), endothelium-independent relax-
ation in response to nitric oxide donor sodium nitroprusside (F ), and an endothelium-independent agonist. (G) MnTBAP therapy reduced sirtuin 2 
effects on aorta weight in aged mice (n = 7–8). (H ) Representative and quantitative results showing MnTBAP therapy reduced sirtuin 2 effects on aortic 
remodelling in aged mice (n = 7–8). (I ) Elastin van Gieson staining of elastin fibres in thoracic aortas. Quantitative results are shown (n = 7–8). (J–L) 
Immunohistochemical staining of collagen I and III (J ), monocyte chemotactic protein-1 (K), and CD45 (L). Quantitative results are shown (n = 7–8). 
Statistical analyses were performed using one-way ANOVA with the Bonferroni post hoc test. *P < .05, **P < .01, ***P < .001.
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Figure 7 Sirtuin 2 in ageing-related arterial remodelling and diseases in humans. (A) Plasma sirtuin 2 level is decreased with ageing. Plasma sirtuin 2 level 
across the lifespan was analysed using a public proteome dataset,70 which involved plasma protein data from 4263 young adults to nonagenarians (18– 
95 years old). (B) Flowchart for the identification of the sirtuin 2 coexpression module in human and mouse aortas. (C ) Network showing the gene 
ontology enrichment of the sirtuin 2 coexpression module in humans and mice. The dot size denotes the ratio of genes within the pathway, and 
the dot colour represents the species. (D) Comparison of the expression level of the sirtuin 2 coexpression module eigengene in human aortas across 
three age groups (Kruskal–Wallis test with Dunn’s post hoc test). (E–G) Receiver operating characteristic (ROC) curves of the sirtuin 2 module level 
show that the sirtuin 2 coexpression module is associated with age-related human aortic diseases. Area under the curve was calculated by receiver 
operating characteristic analysis. (E) Sirtuin 2 coexpression module exhibits a predictive significance for human abdominal aortic aneurysm and aortic 
occlusive disease. Gene expression data (GSE57691) of human abdominal aortic aneurysm and atherosclerosis (aortic occlusive disease) were used to 
analyse the level of the sirtuin 2 coexpression module, and subsequently, receiver operating characteristic analysis was performed. (F ) Sirtuin 2 coex-
pression module in smooth muscle cells shows a predictive significance for aortic aneurysms. Gene expression data (GSE140947) of fresh human nor-
mal aortic media smooth muscle cells and aortic aneurysm media smooth muscle cells were subjected to evaluate the sirtuin 2 coexpression module, 
and subsequently, receiver operating characteristic analysis was performed. (G) Sirtuin 2 coexpression module in single smooth muscle cells exhibits a 
predictive significance for thoracic aortic aneurysms. scRNA-seq data of control and human thoracic aortic aneurysm tissues (GSE155468) were used 
to analyse the sirtuin 2 coexpression module level in smooth muscle cells, and then receiver operating characteristic analysis was performed at the 
single-cell level.
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Among the sirtuins, SIRT2 has the highest basal level in the aortas of 
humans and mice, and SIRT2 activity and protein levels are reduced 
with ageing. In old mice, SIRT2 deficiency aggravates vascular dys-
function, which correlates with mitochondrial oxidative stress, tran-
scriptome reprogramming, and medial remodelling. Sirtuin 2 
expression has also been correlated with ageing and related vascular 
diseases in humans. The epigenetic regulator SIRT2 governs mROS 
production by deacetylating and inhibiting p66Shc and regulates vas-
cular transcriptome reprogramming to participate in ageing-induced 
vascular remodelling and arterial diseases (Structured Graphical 
Abstract).

Ageing is an independent risk factor for vascular dysfunction,3,74 but 
the underlying mechanisms remain largely unknown. Although the roles 
of sirtuins in vascular diseases have been analysed in young mice,40,75–79

their roles in vascular ageing remain unknown. The functions of sirtuins 
in individual tissues largely depend on their expression levels.16 Analysis 
of sirtuin expression patterns revealed that SIRT2 had the highest ex-
pression in human and mouse aortas. The nuclear members SIRT1/6/ 
7 are also expressed in human and mouse aortas at considerable levels. 
Previous studies in vascular biology mainly focused on the roles of 
SIRT1 and SIRT6,16,41,80 and our previous studies showed that SIRT1 
and SIRT6 regulated aortic diseases such as atherosclerosis and arterial 
aneurysms.81–83 Recently, SIRT7 was reported to protect the vascular 
endothelium.76 The mitochondrial sirtuins SIRT3 and SIRT5 are moder-
ately expressed in the aortas, and some studies reported their roles in 
arterial thrombosis and hypertension.78,84 Notably, mitochondrial 
SIRT4 was lowly expressed in the aortas, consistent with its mild roles 
in vascular biology.85 All these studies were performed on young ani-
mals. The roles of endogenous sirtuins in vascular ageing remain un-
known. Our evidence in old animals demonstrated that SIRT2 
deficiency amplified ageing-induced vascular remodelling and that 
SIRT2 correlated with ageing and vascular disease in humans. 
Therefore, the epigenetic enzyme SIRT2 is critical for preventing 
ageing-induced vascular remodelling. Further studies are needed to 
evaluate the role of other sirtuins in vascular ageing and disease in older 
animals.

We demonstrated that the SIRT2-coexpressing module is correlated 
with vascular ageing in humans and has a predictive significance for 
age-related aortic diseases, including atherosclerosis and arterial aneur-
ysms. Ageing-related coronary artery diseases, such as acute myocardial 
infarction, are complications of atherosclerosis. Our previous study in a 
human cohort (n = 752) demonstrated that the functional genetic var-
iants within the SIRT2 gene promoter were risk factors for acute myo-
cardial infarction.86 Notably, we showed that circulating SIRT2 protein 
levels declined with ageing in humans.70 These findings revealed one 
possibility that loss of circulating SIRT2 may serve as a biomarker for 
biological ageing and a prognostic factor for ageing-related vascular dis-
eases and complications. However, further studies are still needed to 
test whether circulating SIRT2 can regulate vascular cells to prevent 
vascular ageing in animals. If yes, it is worth testing the values of circu-
lating SIRT2 in predicting vascular ageing and diseases, and further, the 
recombinant SIRT2 protein may be used to treat vascular ageing and 
related diseases. One such example is our current finding that circulat-
ing CCL17 predicted cardiac and vascular ageing in humans and mice, 
and recombinant anti-CCL17 antibodies delayed cardiac and vascular 
ageing in animals.49,50

Sirtuin 2 was considered an unwholesome factor in cancer biology 
for a long time.87,88 However, our and others’ studies have demon-
strated the protective roles of SIRT2 in ageing-induced cardiac remod-
elling, insulin resistance, and remyelination.22,23,27 Therefore, SIRT2 

may be a geroprotective deacetylase in ageing and age-related diseases, 
and SIRT2 activators may have potential health benefits. 
Overexpression of SIRT2 or treatment with nicotinamide mononu-
cleotide (NMN, an NAD+ precursor) rejuvenated oligodendrocyte 
progenitor cells in old mice27 and extended the lifespan of progeria 
mice.21 Our findings in the present work suggested that SIRT2 defi-
ciency was critical for aggravating vascular ageing in humans and mice. 
The activity of SIRT2 and the coexpression module were reduced in 
aged aortas in humans and mice. The activity of SIRT2 is controlled 
by the metabolite NAD+.15 Our previous study has demonstrated 
that NAD+ levels declined in aged tissues.27,89 The decline in NAD+ 

also contributed to the reduced SIRT2 activity. Activation of SIRT2 
by supplying NAD+ may be a potential strategy for preventing or treat-
ing vascular ageing. Indeed, our recent studies revealed that activating 
SIRT2 with NMN (NAD+ donor) promoted remyelination during age-
ing.27 Besides, activating SIRT2 with NMN also delayed cardiac ageing in 
premature mice.21 Thus, activating intracellular SIRT2 with NAD+ do-
nors or other specific SIRT2 activators may serve as a promising strat-
egy for preventing vascular ageing and related vascular diseases in 
humans. Currently, many SIRT2 inhibitors have been identified or 
synthesized,60,87,88 but further studies screening SIRT2 activators are 
necessary to evaluate the application of SIRT2 as a therapeutic target 
for treating ageing-related diseases.

In aged mice, SIRT2 reprogrammes the transcriptome of the aorta. 
Cytoplasmic SIRT2 enters the nucleus to regulate histone acetylation, 
crotonylation, and benzoylation to regulate transcription direct-
ly.18,61,62 However, SIRT2 loss does not strongly affect H3K18ac, 
H3K18cr, or histone benzoylation in aged aortas. Therefore, SIRT2 
may indirectly regulate vascular transcriptome reprogramming. 
Because the transcriptome data of aged mice revealed the reprogram-
ming of oxidative pathways, we focused on oxidative stress, which in-
duces macromolecular damage and serves as a signal regulator of the 
proteome, epigenome, and transcriptome.28,32,90 The cytoplasm–mito-
chondria traveller p66Shc regulates the transcriptome by increasing cel-
lular mROS levels, subsequently affecting individual transcriptional 
events within the nuclei.33,66,91 Here, we observed that SIRT2 re-
pressed the phosphorylation of p66Shc by deacetylating p66Shc at K81 
to reduce mROS levels. p66Shc-driven mROS play a critical role in regu-
lating the vascular transcriptome and phenotypes.34,37,40,66,91 Thus, 
SIRT2 loss induces the hyperacetylation/activation of p66Shc, resulting 
in ROS overload, transcriptome reprogramming, and subsequent 
ageing-induced vascular remodelling and diseases. Our findings highlight 
that the deacetylase SIRT2 acts as an orchestrator of the cytoplasm– 
mitochondria–nucleus axis to control the development of vascular re-
modelling and ageing.

Sirtuin 2 repressed p66Shc to reduce mROS generation. Our experi-
ments in VSMCs suggested that either p66Shc silencing or MnTBAP 
treatment could block the inhibitory effects of SIRT2 deficiency on 
the expression of MMP2 and MMP9, which contribute to vascular re-
modelling and dysfunction.3,52,56 p66Shc hyperacetylation/hyperactiva-
tion and related oxidative damage and vascular remodelling (MMPs) 
were also observed in human AAA, an ageing-related aortic disease 
(see Supplementary data online, Figure S11). The superoxide scavenger 
MnTBAP also represses vascular remodelling in aged mice and partially 
represses the effects of SIRT2 deficiency. Thus, the p66Shc–ROS axis 
contributed to SIRT2 deficiency–induced MMPs in VSMCs, which 
may account for the aggravated vascular ageing observed in the aortas 
of Sirt2-KO mice. The cytoplasm–mitochondria axis SIRT2–p66Shc– 
mROS could be targeted for treating vascular ageing and diseases. 
However, the SIRT2–p66Shc–mROS axis is complex. MnTBAP only 
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targets superoxide,92 the product of SIRT2 deficiency, rather than the 
SIRT2–p66Shc–mROS axis. In addition, as ROS in these animals were 
not found solely in SIRT2-expressed tissues/cells, the observed 
ROS-related findings may not be specific to SIRT2. For instance, oxida-
tive stress affects endothelial cells and leads to age-related endothelial 
dysfunction,28 and the ROS scavenger might rescue endothelial func-
tion. Therefore, it would be interesting to study the role of ROS in 
SIRT2-expressed tissues and cells during vascular ageing.

This study had some limitations. We provided evidence that the 
p66Shc–mROS pathway partially contributed to the role of SIRT2 in vas-
cular ageing, but our transcriptome analysis revealed that SIRT2 regu-
lates multiple pathways in aged aortas. Sirtuin 2 also affects oxidative 
stress via multiple mechanisms.93,94 Thus, other mechanisms may con-
tribute to the effects of SIRT2 on age-induced vascular dysfunction. 
Second, we used male mice to study SIRT2 function in vascular ageing; 
further studies in female animals are needed because the responses of 
males and females to ageing-induced vascular remodelling are very dif-
ferent.42,43 Finally, some clinical analyses were based on public datasets, 
and the lack of clinical information affected the statistical analysis. Thus, 
using cohorts with complete clinical character information for further 
analysis of SIRT2 function in human ageing and related vascular diseases 
would help strengthen the clinical conclusions of the present study.

Conclusions
In conclusion, our study demonstrates that SIRT2 is a repressor of vas-
cular ageing, which may contribute to NAD+-mediated clinical benefits 
in preventing age-dependent vascular diseases. Therefore, SIRT2 is a 
potential therapeutic target for vascular and systemic rejuvenation.
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