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ABSTRACT: Aging is a key risk factor for angiogenic dysfunction and cardiovascular diseases, including heart
failure, hypertension, atherosclerosis, diabetes, and stroke. Members of the NAD*-dependent class III histone
deacetylase family, sirtuins, are conserved regulators of aging and cardiovascular and cerebrovascular diseases.
The sirtuin SIRT6 is predominantly located in the nucleus and shows deacetylase activity for acetylated histone
3 lysine 56 and lysine 9 as well as for some non-histone proteins. Over the past decade, experimental analyses in
rodents and non-human primates have demonstrated the critical role of SIRT6 in extending lifespan. Recent
studies highlighted the pleiotropic protective actions of SIRT6 in angiogenesis and cardiovascular diseases,
including atherosclerosis, hypertension, heart failure, and stroke. Mechanistically, SIRT6 participates in vascular
diseases via epigenetic regulation of endothelial cells, vascular smooth muscle cells, and immune cells.
Importantly, SIRT6 activators (e.g., MDL-800/MDL-811) have provided therapeutic value for treating age-
related vascular disorders. Here, we summarized the roles of sirtuins in cardiovascular diseases; reviewed recent
advances in the understanding of SIRT6 in vascular biology, cardiovascular aging, and diseases; highlighted its
therapeutic potential; and discussed future perspectives.
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1. Introduction

The increasing aging population has created a huge social
burden as it consumes large amounts of human, economic,
and medical resources. Various diseases are correlated
with aging, including cardiovascular diseases, stroke,
cancer, and chronic obstructive pulmonary disease [1, 2].
For instance, aging is a key risk factor for cardiovascular

and cerebrovascular diseases and the vascular
complications of currently widespread SARS-CoV-2
infections [3]. Anti-aging drugs such as metformin and
rapamycin have shown great potential for treating aging-
related cardiac diseases and vascular diseases including
hypertension, atherosclerosis, and stroke in preclinical
animal models and humans [4-6]. Understanding the
functions and mechanisms of aging and its regulators is
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critical for designing strategies to treat aging-related
cardiovascular diseases [7, 8].

In recent decades, numerous pivotal regulators of
aging have been identified, including sirtuins, mammalian
target of rapamycin, insulin-like growth factor (IGF),
AMP-activated protein kinase, and forkhead box O
(FoxO) transcription factor family [9-11]. These
regulators critically  participate in aging-related
cardiovascular  diseases, including heart failure,
atherosclerosis, stroke, hypertension, and arterial
aneurysms [7, 12, 13].

2. Sirtuins in Aging and Cardiovascular Diseases

The sirtuin family comprises NAD"-dependent class 111
histone deacetylases with deacetylase and ADP-ribose

transferase activities [13-15]. In mammalian cells, the
sirtuin family consists of seven members (SIRTI-—
SIRT7), with SIRT1, SIRT6, and SIRT7 in the nucleus;
SIRT?2 in the cytoplasm; and SIRT3-5 in the mitochondria
predominantly [13] (Fig. 1). Interestingly, sirtuins also
shuttle across subcellular locations in response to stress.
For instance, most SIRT6 is found in the nucleus, where
it shows deacetylase activity for acetylated histone 3
lysine 56 (H3K56ac) and lysine 9 (H3K9ac). SIRT6 also
deacetylates non-histone proteins in the nucleus and
cytoplasm [16]. In addition, it also exhibits ADP-ribose
transferase activity and can hydrolyze long-chain fatty
acyl lysine such as myristoyl within the endoplasmic
reticulum [17, 18]. Thus, SIRT6 is a multifunctional
epigenetic enzyme (Fig. 1E).
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Figure 1. Basic information about Sirtuins. (A) Structures of Sirtuin members (left) and key domains of SIRT6
(PDB code: 3PKI). (B) Subcellular locations of Sirtuin members. ER, endoplasmic reticulum. (C) The enzymatic
activity model catalyzed by Sirtuin members. NAD, nicotinamide adenine dinucleotide; NAM, nicotinamide. (D)
Enzyme activity of Sirtuins for deacylation and ADP-ribosylation. (E) Substrates of SIRT6. DDB2, Damage specific
DNA binding protein 2; ERRYy, Estrogen-related receptor y; EZH2, Enhancer Of Zeste 2 polycomb repressive complex
2 subunit; FOXO01, Forkhead Box O1; GCNS5, General control nonderepressible 5; Ku70, Ku autoantigen P70 subunit;
MnSOD, Manganese-containing superoxide dismutase; ME1, Malic enzyme 1; NCOAZ2, Nuclear receptor coactivator
2; NAMPT, Nicotinamide phosphoribosyltransferase; PKM2, Pyruvate kinase M2; Prdx6, Peroxiredoxin 6; SMAD?2,
SMAD family member 2; XBP1s, Spliced form of X-box binding protein 1; R-Ras2, RAS related 2; TNFo, Tumor
necrosis factor-alpha; BAF170, BRG1-associated factor 170; KAP1, KRAB domain-associated protein 1; KDM2A,
Lysine demethylase 2A; PARP1, Poly (ADP-ribose) polymerase 1.
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Table 1. Effects of Sirtuin knockout (KO)/transgene (TG) on animal lifespan and cardiac homeostasis.

SIRT1 KO ALL Reduced  Cardiac developmental defect and cardiomyocyte [21]
apoptosis
KO Cardiomyocytes NA Augmented ischemic injury [114]
KO Cardiomyocytes Reduced  Cardiac abnormalities, arrhythmia-related premature [26]
death
TG Cardiomyocytes NA Reduced cardiomyocyte toxicity induced by chemical [115]
injury
TG of mutant Cardiomyocytes Reduced  Dilated cardiomyopathy and cardiomyocyte apoptosis [19]
SIRT1
SIRT2 KO ALL NA Aging-related cardiac fibrosis and cardiac hypertrophy [25]
TG Cardiomyocytes NA Repressed Ang II-induced cardiac hypertrophy [25]
SIRT3 KO ALL NA Spontaneous cardiac hypertrophy [33]
TG Cardiomyocytes NA Repressed cardiac hypertrophy induced by pressure [33,
overload and aging 116]
SIRT4 KO ALL NA Repressed Ang II-induced cardiac hypertrophy and [35]
fibrosis
TG Cardiomyocytes NA Promoted Ang Il-induced cardiac hypertrophy [35]
SIRTS KO NA Promoted Ang II-induced cardiac hypertrophy, [44,
augmented ischemic injury 117]
SIRT6 KO ALL Reduced  Spontaneous cardiac hypertrophy [46]
KO Cardiomyocytes NA Increased cardiac hypertrophy induced by pressure- [46]
overload
TG Cardiomyocytes NA Repressed cardiac hypertrophy induced by pressure- [46]
overload
SIRT7 KO ALL Reduced  Spontaneous inflammatory cardiomyopathy [20]
KO Cardiomyocytes NA Increased cardiac hypertrophy induced by pressure- [118]

overload
KO, knockout; TG, transgene; Ang I, angiotensin II; N/A, not available.

Sirtuins are enzymes that slow the process of aging
and aging-related disorders across species. Genetic
depletion of SIRT1, SIRT6, and SIRT7 affects the
development and reduces the lifespan of mice,
accompanied by cardiovascular defects [18-21]. Although
the effects of SIRT2 on lifespan have not been
investigated, studies from our lab and others have
highlighted the role of SIRT2 in preventing aging-related
cardiovascular remodeling, reproductive aging, aging-
associated chronic inflammation, and hematopoietic stem
cell aging [22-25]. However, the effects of mitochondrial
sirtuin members on lifespan in animals remain unclear.
Given the roles of mitochondrial sirtuins in key metabolic
and cellular processes that are directly linked to aging,
their activities should be further investigated.

The roles of sirtuins in cardiovascular diseases have
been widely studied over the past decade. In general,
sirtuin family members, except for SIRT4, are
cardioprotective factors (Table 1). SIRT1 has been shown
to protect the heart from aging-related cardiac
remodeling, arrhythmia, and ischemic injury [26-29]. Our
previous findings revealed that SIRT1 participates in
cardiac development by deacetylating P53 and NKX2.5

[19, 30]. We also showed that SIRT2 was a critical factor
preventing aging-related cardiac remodeling via
activation of liver kinase B1-AMP-activated protein
kinase signaling and contributes to metformin-mediated
anti-hypertrophic effects [25]. The cardioprotective role
of SIRT2 was validated in follow-up studies [31, 32].
SIRT3 and SIRT4 regulate cardiac remodeling by
targeting mitochondrial metabolism and reactive oxide
species (ROS) homeostasis. SIRT3 represses aging-
related and stress-induced cardiac hypertrophy and
fibrosis by deacetylating FOXO3 and manganese-
containing superoxide dismutase (MnSOD) to reduce the
levels of mitochondrial ROS [33, 34]. Furthermore, we
previously showed that SIRT4 inhibited the SIRT3-
MnSOD interaction to repress MnSOD deacetylation and

its antioxidative activity, thus indicating its pro-
hypertrophic role [35].
SIRT3-mediated  metabolic ~ homeostasis  in

mitochondria also contributes to its cardioprotective
functions [36, 37]. Interestingly, a recent report revealed
that SIRT3 was shuttled into the nucleus to inhibit FOS
via histone H3 deacetylation and subsequently prevented
cardiac fibrosis and inflammation [38]. Mitochondrial
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sirtuins also regulate short-chain lysine acylations to
participate in cardiovascular biology [39, 40]. For
instance, SIRT3 deacetylated ECHS1 [41], which
repressed cardiac hypertrophy by inhibiting histone
crotonylation [42]. Additionally, SIRTS maintains
metabolic homeostasis by regulating mitochondrial
succinylation to preserve cardiac function and increase the
survival of animals in response to cardiac pressure
overload [43, 44]. SIRT6 also regulates metabolism to
participate in cardiac remodeling. SIRT6 represses IGF-
AKT signaling to reduce cardiac aging and hypertrophy
while activating FOXO3 to reduce injury induced by
ischemia [45, 46].

Interestingly, sirtuins play important roles in cardiac
tissues in a deacetylase-independent manner. For
instance, we observed that the effects of SIRT4 on
MnSOD and mitochondrial ROS in hypertrophic
cardiomyocytes did not rely on its enzymatic activity [35].
Moreover, the deacetylase-independent function of
SIRT6 is coupled with the transcription factor GATA-
binding protein 4 and epigenetic activation to prevent
cardiomyocyte apoptosis induced by doxorubicin [47].
Taken together, sirtuins function as cardioprotective
factors, except for SIRT4 and SIRT1-3, which have been
shown to inhibit cardiac aging.

Table 2. Roles of Sirtuin knockout (KO)/transgene (TG) on vascular homeostasis.

SIRT1 KO Endothelial cells Promoted vascular aging with reduced muscle capillary, [119, 120]
nephrosclerosis, and atherosclerosis [52, 121]
KO Macrophages Promoted Ang II-induced abdominal aortic aneurysm [52]
KO VSMC Promoted abdominal aortic aneurysm; [48, 53]
TG Endothelial cells Inhibited hyperglycemia-induced endothelial dysfunction and [49, 51]
atherosclerosis
TG VSMC Inhibited abdominal aortic aneurysm, injury-induced neointima [50, 53,
formation, and diet-induced aortic stiffness 122]
SIRT3 KO ALL Spontaneous pulmonary arterial hypertension (PAH); PAH [56, 58, 59,
associated with HFpEF; promoted Ang II-induced hypertension 123, 124]
and accelerated arterial thrombosis
TG ALL Attenuated Ang II/deoxycorticosterone acetate-salt induced [57]
hypertension
SIRTS KO ALL Blunted arterial thrombosis [125]
TG ALL Accelerated arterial thrombus formation [125]
SIRT6  Heterozygote ALL Promoted atherosclerosis [78, 84]
KO Endothelial cells Exacerbated hypertension and complications; enhanced [77,79, 90,
atherosclerosis, stroke, and vascular aging. 126]
TG VSMC Reduced atherosclerosis [88]
SIRT7 KO ALL Enhanced neointimal formation [127]
TG VSMC Attenuated neointimal formation [127]
TG Endothelial cells Extended lifespan in Hutchinson-Gilford progeria syndrome [128]

KO, knockout; TG, transgene; VSMC, vascular smooth muscle cells; HFpEF, heart failure with preserved ejection fraction.

The roles of SIRT1 and SIRT3 in vascular biology
have been widely studied (Table 2). SIRT1 is a well-
known anti-aging factor in vascular diseases, and our
previous studies demonstrated the role of SIRT1 in
preventing atherosclerosis, hypertension, and abdominal
aortic aneurysm [3, 48-54]. In vascular tissues, SIRT1 is
a multifunctional protective factor that reduces the
senescence of vascular smooth muscle cells (VSMCs),

regulates M2 macrophage polarization, and prevents
endothelial dysfunction and senescence, which have been
discussed in previous reviews by our team and others [3,
13, 55]. SIRT3 was shown to play a role in hypertension
and pulmonary arterial hypertension (PAH). Loss of
SIRT3 induced a spontanecous PAH phenotype in mice,
which was accompanied by metabolic dysfunction and
VSMC hyperproliferation [56]. This finding was
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validated in humans; patients with single-nucleotide
polymorphisms in SIRT3 showed an increased risk of
PAH [56]. SIRT3 also represses stress-induced
hypertension by regulating MnSOD hypoacetylation and
ROS homeostasis in endothelial cells and by repressing
endothelial-to-mesenchymal transition [57-59]. For a long
time, the in vivo roles of other sirtuins in vascular biology
and aging-related vascular diseases remained largely
unknown. Over the past two years, the understanding of
SIRT6 in vascular diseases has achieved remarkable
progress.

3. SIRT6 Regulation of Aging

Among the sirtuin family members, SIRT6 is a key
regulator of genome stability, stemness, and aging. SIRT6
deficiency reduces the lifespan of mice [18, 60, 61]. In
2012, Kanfi et al. showed that transgenic mice
overexpressing SIRT6 had a remarkably longer lifespan
than their wild-type littermates, suggesting that SIRT6 has
important therapeutic potential in aging-related diseases
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SIRT6 activity
SIRT6 activity

.

[62]. In 2018, using a genome editing strategy, Zhang et
al. showed that SIRT6 is a pivotal regulator of
development and lifespan in non-human primates [63],
revealing an orchestrator role for SIRT6 in mammalian
aging. Interestingly, SIRT6 is more responsible for
efficient DNA double-strand break repair [64], a
conserved mechanism for preventing cell senescence and
aging, in long-lived species (Fig. 2A), suggesting that
SIRT6 activity is increased in long-lived species and that
the activity of this enzyme is associated with lifespan.
Although the activity of SIRT6 decreases with age [65,
66] (Fig. 2B), a clinical study implicated a low level of
SIRT6 methylation (high SIRT6 expression) as a
protective factor in the longevity of Chinese people [67].
In rodents, genetic overexpression of SIRT6 partially
prolongs lifespan by regulating IGF-AKT signaling,
contributing to SIRT6 function in preventing cardiac
aging and heart failure (Fig. 2C) [46, 62]. Thus, SIRT6 is
a critical protein regulating lifespan, making this protein
a hotspot in the field of aging-related diseases, including
vascular diseases.
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Figure 2. SIRT6 function in regulating aging. (A) SIRT6 activity is higher in long-lived species. SIRT6 is responsible for more
efficient DNA double-strand break repair in long-lived species. (B) SIRT6 activity declines with aging in primates and rodents. (C)

SIRT®6 high expression expands lifespan in mice.

The role of stem cells in aging is critical, and some
studies have focused on the functions and mechanisms
underlying SIRT6 in stem cells. For instance, Pan et al.
[68] reported that SIRT6 protected against oxidative
stress by activating NF-E2-related factor 2 in human
mesenchymal stem cells. A breakthrough study led by
Wang and Ju showed that SIRT6 controls the homeostasis
of hematopoietic stem cells in mice through epigenetic
regulation of WNT signaling by deacetylating H3K56ac
[69], highlighting the critical role of SIRT6 in maintaining
the stemness of these cells. Our work revealed important
roles for SIRT1 and SIRT6 in mouse somatic
reprogramming and pluripotency maintenance [70, 71].
Thus, SIRT6 controls stemness. Notably, the SIRT6
activator MDL-800 was recently shown to improve the
genome stability and pluripotency of aged murine-derived
induced pluripotent stem cells [72]. The ability of SIRT6
to regulate pluripotency and differentiation depends
mainly on its effects on histones and chromatin [69, 73].

For instance, SIRT6 regulates Tet-mediated production of
ShmC to serve as a chromatin regulator that safeguards
the balance between pluripotency and differentiation [74].
In non-human primates, genetic loss of SIRT6 delays
neuronal differentiation and shortens lifespan [63]. These
studies suggest that SIRT6 regulates stemness (anti-
senescence) and physiological differentiation to reduce
aging and aging-related disorders. Further studies are
needed to validate whether SIRT6 regulates aging and
lifespan by controlling the senescence of stem cells, such
as hematopoietic stem cells and vascular progenitor cells.

4. SIRT6 in Vascular Diseases

Senescence, phenotype switching, and activation of
vascular cells and immune cells are hallmarks of vascular
aging and contribute to vascular diseases, including
atherosclerosis, hypertension, stroke, arterial aneurysm,
and vascular injury in myocardial infarction. The critical
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role of SIRT6 in regulating aging and stem cell
senescence has driven studies of SIRT6 in vascular aging
and diseases. Recent studies from our lab and others
revealed that SIRT6 protects against vascular aging.
SIRT6 is widely expressed in vascular cells and
participates in vascular biology by epigenetically
regulating endothelial cells (ECs), VSMCs, and immune
cells. Here, we discuss recent advances in the
understanding of SIRT6 in aging-related vascular
diseases, including atherosclerosis, hypertension, and
ischemic stroke.

4.1 Atherosclerosis

Endothelial dysfunction and senescence are the initial
steps in atherosclerosis development. SIRT6 is a well-
known regulator of endothelial senescence. As discussed
previously, SIRT6 is essential for DNA damage repair and
genome stability in stem cells and plays a similar role in
vascular cells. SIRT6 deficiency in human ECs increases
DNA damage, the formation of telomere dysfunction-
induced foci, and the fraction of senescent cells as well as
reduces cell proliferation and angiogenesis capacity [75].
In human endothelial cells, SIRT6 represses the
expression of senescence-associated angiocrine factors,
such as plasminogen activator inhibitor-1 and TNF
superfamily member 4, and that of forkhead box M1 [75-
77]. In ApoE™" mice fed a high-fat diet (HFD), endothelial
loss of SIRT6 promotes monocyte adhesion to ECs,
impairs endothelium-dependent vasorelaxation, and
facilitates atherosclerosis development [78, 79]. This
function of SIRT6 was partially mediated by decreases in
the gene expression of TNF superfamily member 4 and
forkhead box M1 through binding to and deacetylating
H3K9ac at the gene promoters (Fig. 3A) [77, 78].
Collectively, SIRT6 guards against endothelial
dysfunction and senescence by deacetylating H3K9ac to
prevent DNA damage and the senescence-associated
secretory phenotype. Endothelial dysfunction is the
initiation step in the development of atherosclerosis,
indicating that SIRT6 participates in the early stages of
the disease [80, 81]. Patients with diabetic atherosclerosis
showed higher endothelial SIRT6 in plaques following
administration of glucagon-like peptide-1 (GLP-1)
receptor agonists [82], revealing endothelial SIRT6 as a
curative effect index and target for atherosclerosis
treatment. Endothelial SIRT6 facilitates angiogenesis and
hemorrhage of carotid plaques by inhibiting HIF-1a and
ROS [83]. Thus, the anti-atherosclerotic role of SIRT6
may also rely on its function in angiogenesis. Studies are
needed to determine whether SIRT6 activation in ECs can
reverse established plaques.

Immune cells are essential for vascular homeostasis,
aging, and disease. Macrophage activation is required for

the initiation of plaque formation and plaque instability in
atherosclerosis. Our findings revealed that SIRT6 in
macrophages inhibited HFD-induced atherosclerosis in
ApoE™ mice by reducing the levels of H3K9ac and
H3K56ac. This reduction represses the expression of
ligands for natural killer (NK) group 2D (NKG2D), which
is critical for activating NK cells to favor atherosclerosis
development and plaque instability (Fig. 3A) [84, 85].
However, we did not examine the role of SIRT in
polarization switching and foam cell formation, which are
two crucial features of macrophages in atherosclerotic
plaques. A follow-up study of bone marrow
transplantation validated the important role of
macrophage SIRT6 in preventing atherosclerosis in mice
[86]. In addition, another follow-up study showed that
SIRT6 repressed the expression of macrophage scavenger
receptor 1, a receptor for oxidative low-density
lipoprotein uptake and foam cell formation, in the
atherosclerotic plaques of ApoE” mice [86]. During
HFD-induced insulin resistance in the liver, SIRT6
deficiency promoted M1 macrophage transformation and
the inflammatory response [87], suggesting that SIRT6-
mediated macrophage polarization contributes to its
effects in atherosclerosis. Therefore, SIRT6 in
macrophages may prevent atherosclerosis by regulating
macrophage polarization and inflammation as well as
foam cell formation to inhibit the initiation of
atherosclerosis and plaque instability. In other types of
immune cells, SIRT6 may also be necessary for
preventing atherosclerosis. More detailed experiments are
required to validate the effects of SIRT6 on immune cells,
such as macrophages and T lymphocytes, in
atherosclerotic plaques. Additionally, high-throughput
strategies such as chromatin immunoprecipitation-seq
may reveal the direct targets of SIRT6 in immune cells.
Generally, VSMCs undergo phenotypic switching
and senescence in atherosclerotic plaques. Delaying
VSMC senescence is an approach for maintaining plaque
stability and reversing atherosclerosis. Grootaert et al.
[88] reported that SIRT6 protected VSMCs from
senescence by decreasing H3K9 acetylation levels in
telomeres to maintain telomere integrity in humans and
mice (Fig. 3A). In VSMCs from human and mouse
plaques, SIRT6 deacetylated telomere chromatin, leading
to reduced 53BP1 binding and VSMC senescence.
Genetic overexpression of SIRT6 in VSMCs delayed
senescence and inhibited atherosclerosis in HFD-fed
ApoE”" mice. This was the first study to investigate the
role of SIRT6 in VSMCs in vivo. A previous in vitro study
showed that SIRT6 regulates VSMCs to switch their
phenotypes from a quiescent contractile phenotype to a
synthetic phenotype [89], which may also contribute to
the function of SIRT6 in atherosclerosis. Thus, SIRT6
represses VSMC phenotype switching and senescence to
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increase plaque stability and delay the development of
atherosclerosis. However, the in vivo study of Grootaert
et al. was based on transgenic mice overexpressing

pathological conditions. Therefore, further studies using
VSMC-specific knockout mice are needed to determine
the vascular protective roles of endogenous VSMC
SIRT6.

SIRT6, which greatly differs from physiological and
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Figure 3. SIRT6 function in regulating vascular disease (Central Illustration). (A) SIRT6 represses the initiation,
development, and plaque instability of atherosclerosis. In endothelial cells, SIRT6 epigenetically represses the production of
pro-inflammatory angiocrine factors and senescence-associated secretory phenotype, thus inhibiting endothelial dysfunction
and senescence to reduce initiation and development of atherosclerosis. In macrophages, SIRT6 deacetylates H3K9ac and
H3K56ac to reduce the expression of natural-killer group 2, member D (NKG2D) ligands, inhibiting the activation of immune
cells and atherosclerosis development. SIRT6 also maintains the telomere integrity by deacetylating H3K9ac at the telomere
and inhibiting 53BP1 binding, thus suppressing vascular smooth muscle cells (VSMCs) senescence. SIRT6 deficiency leads
to VSMC senescence and plaque instability of atherosclerosis. PAIL, plasminogen activator inhibitor-1; TNFSF4, TNF
superfamily member 4; FoxM1, Forkhead box protein M1; ICAML, intercellular adhesion molecule-1. (B) SIRT6 suppresses
hypertension. By deacetylating H3K9ac, endothelial SIRT6 inhibits NKX3.2 (NK3 homeobox 2) expression to reduce the
transcription of GATAS (GATA-binding protein 5), a transcriptional factor controlling blood pressure. Endothelial loss of
SIRTE6 facilitates hypertension and associated cardiorenal injury. SIRT6-mediated suppression of VSMC may also contribute
to its role in preventing hypertension. (C) SIRT6 inhibits ischemic stroke. Endothelial loss of SIRT6 induces AKT inhibition
via an unknown mechanism, which activates Caspase 3 to cause endothelial apoptosis and subsequent blood-brain barrier
(BBB) injury and ischemic stroke. It remains unknown whether SIRT6 regulates endothelial senescence and angiocrine
phenotype to participate in ischemic stroke. Chemical drug MDL-811 can activate macrophage SIRT6 and repress ischemic
stroke via targeting histone acetylation and EZH2 activation to promote the expression of FOXCL1.
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4.2 Hypertension

The critical functions of SIRT6 in regulating ECs and
VSMCs also affect hypertension. In ECs, SIRT6
deacetylated H3K9ac at the promoter of Nkx3.2 (NK3
homeobox 2) and repressed its expression. Nkx3.2 is a
transcription factor that controls the expression of
GATAS, a novel regulator of blood pressure [90].
Endothelial overexpression of SIRT6 showed therapeutic
potential in deoxycorticosterone acetate/salt-induced
hypertension and related cardiorenal syndromes in mice
(Fig. 3B). SIRT6 showed pleiotropic protective effects in
ECs by promoting endothelium-dependent vasodilatation
and vascular nitric oxide bioavailability to ameliorate
endothelial senescence [90]. SIRT6 also participates in
hypertensive nephropathy in humans and mice [91].

Angiotensin-converting enzyme 2 (ACE2) is a
component of the renin-angiotensin-aldosterone system,
the most important regulator of vascular aging and the
pathophysiology of hypertension [92]. In hypertension
and related nephropathy, SIRT6 may also inhibit ACE2
expression in ECs [93], which requires further in vivo
validation. The cardiovascular complications of SARS-
CoV-2 infection include endothelial dysfunction and
activation of immune cells, such as neutrophils [94, 95].
Because SIRT6 represses the expression of the SARS-
CoV-2 receptor ACE2 in ECs [93], aging-induced
decreases in SIRT6 may be one of the mechanisms
underlying SARS-CoV-2-induced vascular complications
in aged populations.

VSMC senescence is an essential mechanism in
vascular remodeling during the development of
hypertension. A recent study demonstrated SIRT6
represses VSMC senescence [88]. This mechanism may
also contribute to hypertension. The senescence of
VSMCs and ECs is also functionally involved in
hypertension and PAH. Thus, SIRT6 may also repress
hypertension and PAH by maintaining VSMCs and ECs
“young”.

These studies highlight the pivotal role of SIRT6 in
aging-related  cardiovascular  disorders such as
atherosclerosis and hypertension. The results also suggest
that SIRT6 can prevent other types of vascular diseases,
such as diabetic angiopathy, artery dissection, and
ischemic vascular injury via a similar mechanism. Thus,
SIRT6 is an ideal target for treating atherosclerosis and
hypertension because the roles of SIRT6 in each type of
vascular cell protect the vascular tissues.

4.2 Ischemic Stroke

Although recent studies have focused on SIRT6 in
cardiovascular disorders, the role of SIRT6 in aging-
related cerebrovascular diseases is not fully understood.

Liberale et al. recently reported that endothelial SIRT6
preserved blood-brain barrier integrity and reduced stroke
size by repressing endothelial apoptosis through AKT
activation [96] (Fig. 3C). These findings improve the
understanding of the role of SIRT6 in blood-brain barrier
injury and stroke. Furthermore, preventing stroke by
overexpressing SIRT6 is a promising translational
strategy. Senescence-associated angiocrine factors from
ECs are crucial for neuronal survival and post-stroke
regeneration, which may be critical for SIRT6 function in
stroke, as AKT controls the angiocrine phenotype.
Another concern is how SIRT6 activates AKT (via
epigenetic regulation or not) and whether AKT is
critically involved in SIRT6 function in ischemic stroke.
A previous study of the heart revealed that SIRT6
repressed AKT [46], whereas Liberale et al. reported that
SIRT6 activated AKT [96], suggesting that SIRT6
indirectly regulates AKT. Further studies are needed to
determine the direct mechanism underlying SIRT6
function in stroke.

The mechanisms underlying SIRT6 functions in
cardiovascular tissues significantly differ from those of its
family member SIRT1. Generally, SIRT1 targets non-
histone proteins in vascular cells, whereas SIRT6
regulates vascular cells via epigenetic mechanisms [26,
50, 53, 55, 88, 90, 97]. A recent follow-up study revealed
that activated SIRT6 in macrophages repressed ischemic
stroke by interacting with zeste homolog 2 to balance
histone acetylation and methylation [97]. Endothelial
SIRT6 may also function in ischemic stroke by directly
regulating histone acetylation. In addition, VSMCs and
immune cells express SIRT6, which is downregulated in
the blood cells of patients with ischemic stroke [96].
Therefore, how SIRT6 regulates ischemic stroke via cell
types other than ECs should be further evaluated.

5. SIRT6 Activators for Treating Cardiovascular
Diseases

SIRT6 exerts anti-aging roles in vascular tissues,
indicating the therapeutic potential of SIRT6 activators.
Importantly, SIRT6 in all cell types can repress
cardiovascular aging and diseases, suggesting SIRT6 as
an ideal target for treating aging-related cardiovascular
diseases. Therefore, studies are needed to identify SIRT6
activators. Several SIRT6 activators have been identified
in recent years, with some candidates showing the
therapeutic value (Table 3), as described in previous
reviews [61, 98, 99].

Recent studies have provided a model for screening
SIRT6 activators (e.g., MDL-800 and MDL-811) for
treating cancer, ischemic stroke, and other aging-related
diseases such as liver fibrosis. In 2018, Huang et al.
identified MDL-800, MDL-801, and MDL-811 as SIRT6
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activators that increased SIRT6 deacetylase activity by up
to 22-fold via binding to an allosteric site [100]. MDL-
800 and MDL-811 showed significant anti-cancer effects
in hepatocellular carcinoma, non-small cell lung cancer,
and colorectal cancer [100-102]. SIRT6 may also possess
tumor-promoting functions; hence, some inhibitors have
been developed [61, 98, 103]. Additionally, MDL-800
promoted deacetylation of lysine 54 on SMAD?2 in hepatic
stellate cells to alleviate liver fibrosis [104]. The novel
SIRT6 activator MDL-811 ameliorated
neuroinflammation and ischemic injury via the zeste
homolog 2/FOXC1 axis [97], highlighting the value of
MDL-811 for treating aging-related ischemic stroke.
Notably, MDL-800 improves the genome stability and
pluripotency of induced pluripotent stem cells derived

Table 3. Identified SIRT6 activators.

MDL-800 10 22-fold
MDL-801 4.1 25.1-fold
MDL-811 7.1 >15-fold
Cyanidin 460 55-fold
4H-chromen N/A 40-fold
Quercetin 1200 2-fold
UBCS039 38 3.5-fold
CL5D 15 50-fold
Fucoidan N/A 335-fold
Oleoylethanolamide 3.1 2-fold
Myristic acid 246 35-fold
Nitro-fatty acid N/A 40-fold
12q 0.58 >38-fold

N/A, not available.
6. Conclusion Remarks and Perspectives

SIRT6 is critical for mammalian development and
determines the lifespan of rodents and non-human
primates. Findings obtained in the past two years have
highlighted the vital role of SIRT6 in preventing
angiogenic defects, vascular diseases, atherosclerosis,
hypertension, and ischemic stroke. The anti-senescence
function is crucial for the protective roles of SIRT6 in
aging and vascular diseases. Importantly, recent studies
suggested the translational value of SIRT6 activators,
such as MDL-800/811. However, some functions of
SIRT6 need further addressing.

(1) SIRT6-mediated metabolic regulation in
vascular diseases. Recent studies have mainly focused on
the function of SIRT6 in the epigenetic regulation of cell
senescence and inflammation. Cardiovascular diseases
are closely related to metabolic syndrome. Accumulating

from aged mice [72], revealing the potential of MDL-800
for preventing the senescence of stem cells and vascular
cells.

Taken together, the currently identified SIRT6
activators MDL-800/811 show significant value as
candidate drugs for treating aging and aging-related
cardiovascular diseases. As SIRT6 controls the lifespan of
non-human primates [63], the efficacy of MDL-
800/MDL-811 for treating aging-related vascular
disorders in non-human primates must be evaluated. More
importantly, further studies are needed to examine the
potential of SIRT6 activators such as MDL-800/MDL-
811 for treating aging-related vascular diseases, such as
atherosclerosis, hypertension, and stroke in humans,
followed by preclinical and clinical trials.

H3K9ac [100, 104]
H3K9myr [129]
H3K9ac, H3K56ac [97]
H3K9%ac [130]
H3K9%ac [131]
H3K9%ac [132]
H3K9%ac [133]
H3K9%ac [134]
H3K9%ac [135]
H3K9%ac [136]
H3K9ac [134]
H3K9myr [137]
Ac-RYQK(Ac)-AMC [138]

studies have shown that SIRT6 mediates liver and adipose
metabolism [105, 106], which may also contribute to the
function of SIRT6 in vascular diseases. SIRT6 may
regulate serum lipid and insulin sensitivity to prevent the
development of age-related vascular disorders such as
atherosclerosis and hypertension. The function of SIRT6
in regulating lifespan in mice and non-human primates
largely depends on IGF signaling, a key regulator of
cellular metabolism [62, 63]. SIRT6 also prevents cardiac
aging by epigenetically repressing the metabolic IGF-
AKT pathway [46]. Furthermore, SIRT6-mediated
metabolic changes in vascular cells may be equally
critical in aging-related vascular injury [88]. Therefore, it
is important to determine whether SIRT6 regulates the
intracellular metabolism of vascular cells to prevent
aging-related vascular diseases.

(2) Insight into the mechanisms underlying SIRT6
inactivation. Increased methylation of the SIRT6 gene
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and decreased SIRT6 protein stability occur in vascular
injury. Some studies suggested that SIRT6 is regulated by
miRNAs and IncRNAs (e.g., miR-25-3p, LncRNA Bincl,
and LncRNA SNHGI12) in vascular cells in vitro [107,
108]; however, the mechanisms by which SIRT6 is
repressed in aging and aging-related vascular diseases
remain unclear. Further studies of the detailed mechanism
underlying the aging-mediated decline in SIRT6
expression and activity will improve the understanding of
SIRT6 and promote the design of SIRT6-targeted
therapeutic translational strategies. The function and
mechanisms of SIRT6 in aging-related vascular diseases
such as myocardial infarction [109], arterial aneurysm [3],
artery dissection [110], arterial calcification [111], and
diabetic angiopathies [13] also require further analysis.

(3) Vascular protective roles in aged animals and
humans. SIRT6 is an anti-aging factor in rodents and
primates [46, 63, 67]; therefore, it would be interesting to
determine whether SIRT6 is critical for preventing
vascular disorders in aged animals and humans. Our
previous studies showed that SIRT6 expression is reduced
in atherosclerotic plaques in patients [84]. In addition,
polymorphisms in SIRT6 increase the risk of plaque
burden and coronary artery disease [112, 113]. Higher
endothelial SIRT6 levels in plaques were also observed in
patients administered GLP-1 receptor agonists. Notably, a
clinical study implicated the low level of SIRT6
methylation (high SIRT6 expression) as a protective
factor for Chinese longevity [67], and SIRT6 expression
was decreased in cells of aged humans [65, 66]. These
findings reveal the critical role of SIRT6 in human aging
and aging-related vascular diseases. Further studies of the
role of SIRT6 in vascular diseases in aged human patients
are needed to improve the understanding of SIRT6 and
enable targeting of SIRT6 in aged patients with vascular
diseases.

Acknowledgments

The authors thank Professor Hou-Zao Chen (Peking
Union Medical College) for his constructive suggestions.
The authors acknowledge the investigators whose
valuable works were unable to cite due to space
limitations. This work was supported by the National
Natural Science Foundation of China (grant numbers
81970426, 81800273, 81803967, and 82004097); the
Young Elite Scientists Sponsorship Program of China
Association for Science and Technology (grant number
2018QNRCO001); the Scientific and Technological
Innovation Talents Program of Sichuan Province (grant
number 2020JDRC0017); the China Postdoctoral Science
Foundation (2020M673163).

Conflict of interest
The authors declare that they have no competing interests.
References

[1] Ma Y, Bhuiyan MS, Kim I, Tang X (2021). Editorial:
Metabolic regulation in the development of
cardiovascular diseases. Frontiers in Cell and
Developmental Biology, 9:768689.

[2] Ren S-C, Mao N, Yi S, Ma X, Zhou J-Q, Tang X, et al.
(2022). Vascular calcification in chronic kidney
disease: An update and perspective. Aging and Disease,
13.

[3] Ding YN, Tang X, Chen HZ, Liu DP (2018).
Epigenetic regulation of vascular aging and age-
related vascular diseases. Adv Exp Med Biol, 1086:55-
75.

[4] Ajoolabady A, Aslkhodapasandhokmabad H,
Aghanejad A, Zhang Y, Ren J (2020). Mitophagy
Receptors and Mediators: Therapeutic Targets in the
Management of Cardiovascular Ageing. Ageing Res
Rev, 62:101129.

[5] Turdi S, Fan X, Li J, Zhao J, Huff AF, Du M, et al.
(2010). AMP-activated protein kinase deficiency
exacerbates aging-induced myocardial contractile
dysfunction. Aging Cell, 9:592-606.

[6] Zhu X, Shen W, Liu Z, Sheng S, Xiong W, He R, et al.
(2020). Effect of Metformin on Cardiac Metabolism
and Longevity in Aged Female Mice. Front Cell Dev
Biol, 8:626011.

[7] Ren J, Zhang Y (2018). Targeting Autophagy in Aging
and Aging-Related Cardiovascular Diseases. Trends
Pharmacol Sci, 39:1064-1076.

[8] Ren J, Bi Y, Sowers JR, Hetz C, Zhang Y (2021).
Endoplasmic reticulum stress and unfolded protein
response in cardiovascular diseases. Nat Rev Cardiol.

[9] Ren J, Sowers JR, Zhang Y (2018). Metabolic Stress,

Autophagy, and Cardiovascular Aging: from

Pathophysiology to Therapeutics. Trends Endocrinol

Metab, 29:699-711.

Covarrubias AJ, Perrone R, Grozio A, Verdin E (2021).

NAD(+) metabolism and its roles in cellular processes

during ageing. Nat Rev Mol Cell Biol, 22:119-141.

Gong H, Chen H, Xiao P, Huang N, Han X, Zhang J,

et al. (2022). miR-146a impedes the anti-aging effect

of AMPK via NAMPT suppression and NAD+/SIRT
inactivation. Signal Transduction and Targeted

Therapy.

Tang X, Chen X-F, Chen H-Z, Liu D-P (2017).

Mitochondrial Sirtuins in cardiometabolic diseases.

Clinical Science, 131:2063-2078.

Zhou S, Tang X, Chen H-Z (2018). Sirtuins and insulin

resistance. Frontiers in Endocrinology, 9:748.

Deng C, Qu J-H, Kim I, Tang X (2022). Histone

crotonylation in neurobiology: To be or not to be?

Chinese Medical Journal.

Chen X-F, Deng C, Wang H, Tang X (2022).

Acylations in cardiovascular diseases, the advances

[10]

(1]

[12]

[13]

[14]

[15]

Aging and Disease * Volume 13, Number 4, August 2022

1024



Ren SC., et al.

SIRT6 in Vascular Diseases

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

[29]

and perspectives. Chinese Medical Journal.

Chang AR, Ferrer CM, Mostoslavsky R (2020). SIRT6,
a Mammalian Deacylase with Multitasking Abilities.
Physiol Rev, 100:145-169.

Jiang H, Khan S, Wang Y, Charron G, He B, Sebastian
C, et al. (2013). SIRT6 regulates TNF-o secretion
through hydrolysis of long-chain fatty acyl lysine.
Nature, 496:110-113.

Mostoslavsky R, Chua KF, Lombard DB, Pang WW,
Fischer MR, Gellon L, et al. (2006). Genomic
instability and aging-like phenotype in the absence of
mammalian SIRT6. Cell, 124:315-329.

Mu W, Zhang Q, Tang X, Fu W, Zheng W, Lu Y, et al.
(2014). Overexpression of a dominant-negative
mutant of SIRT1 in mouse heart causes cardiomyocyte
apoptosis and early-onset heart failure. Sci China Life
Sci, 57:915-924.

Vakhrusheva O, Smolka C, Gajawada P, Kostin S,
Boettger T, Kubin T, et al. (2008). Sirt7 increases
stress resistance of cardiomyocytes and prevents
apoptosis and inflammatory cardiomyopathy in mice.
Circ Res, 102:703-710.

Cheng HL, Mostoslavsky R, Saito S, Manis JP, Gu Y,
Patel P, et al. (2003). Developmental defects and p53
hyperacetylation in Sir2 homolog (SIRT1)-deficient
mice. Proc Natl Acad Sci U S A, 100:10794-10799.
Luo H, Mu WC, Karki R, Chiang HH, Mohrin M, Shin
JJ, et al. (2019). Mitochondrial Stress-Initiated
Aberrant Activation of the NLRP3 Inflammasome
Regulates the  Functional Deterioration of

Hematopoietic Stem Cell Aging. Cell Rep, 26:945-954.

He M, Chiang HH, Luo H, Zheng Z, Qiao Q, Wang L,
et al. (2020). An Acetylation Switch of the NLRP3
Inflammasome Regulates Aging-Associated Chronic
Inflammation and Insulin Resistance. Cell Metab,
31:580-591.

Bertoldo MJ, Listijono DR, Ho WJ, Riepsamen AH,
Goss DM, Richani D, et al. (2020). NAD(+) Repletion
Rescues Female Fertility during Reproductive Aging.
Cell Rep, 30:1670-1681.

Tang X, Chen XF, Wang NY, Wang XM, Liang ST,
Zheng W, et al. (2017). SIRT2 acts as a
cardioprotective deacetylase in pathological cardiac
hypertrophy. Circulation, 136:2051-2067.

Vikram A, Lewarchik CM, Yoon JY, Naqvi A, Kumar
S, Morgan GM, et al. (2017). Sirtuin 1 regulates
cardiac electrical activity by deacetylating the cardiac
sodium channel. Nat Med, 23:361-367.

Packer M (2020). Cardioprotective Effects of Sirtuin-
1 and Its Downstream Effectors: Potential Role in
Mediating the Heart Failure Benefits of SGLT2
(Sodium-Glucose Cotransporter 2) Inhibitors. Circ
Heart Fail, 13:¢007197.

Bugyei-Twum A, Ford C, Civitarese R, Seegobin J,
Advani SL, Desjardins JF, et al. (2018). Sirtuin 1
activation attenuates cardiac fibrosis in a rodent
pressure overload model by modifying Smad2/3
transactivation. Cardiovasc Res, 114:1629-1641.
Yang G, Weng X, Zhao Y, Zhang X, Hu'Y, Dai X, et al.
(2017). The histone H3K9 methyltransferase SUV39H

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

links SIRT1 repression to myocardial infarction. Nat
Commun, 8:14941.

Tang X, Ma H, Han L, Zheng W, Lu Y-B, Chen X-F,
et al. (2016). SIRT1 deacetylates the cardiac
transcription factor Nkx2.5 and inhibits its
transcriptional activity. Scientific Reports, 6:36576.
Sarikhani M, Maity S, Mishra S, Jain A, Tamta AK,
Ravi V, et al. (2018). SIRT2 deacetylase represses
NFAT transcription factor to maintain cardiac
homeostasis. J Biol Chem, 293:5281-5294.

Sarikhani M, Mishra S, Maity S, Kotyada C,
Wolfgeher D, Gupta MP, et al. (2018). SIRT2
deacetylase regulates the activity of GSK3 isoforms
independent of inhibitory phosphorylation. Elife,
7:€32952.

Sundaresan NR, Gupta M, Kim G, Rajamohan SB,
Isbatan A, Gupta MP (2009). Sirt3 blocks the cardiac
hypertrophic response by augmenting Foxo3a-
dependent antioxidant defense mechanisms in mice. J
Clin Invest, 119:2758-2771.

Chen Y, Zhang J, Lin Y, Lei Q, Guan KL, Zhao S, et
al. (2011). Tumour suppressor SIRT3 deacetylates and
activates manganese superoxide dismutase to
scavenge ROS. EMBO Rep, 12:534-541.

Luo YX, Tang X, An XZ, Xie XM, Chen XF, Zhao X,
et al. (2017). SIRT4 accelerates Ang II-induced
pathological cardiac hypertrophy by inhibiting
manganese superoxide dismutase activity. European
Heart Journal, 38:1389-1398.

Koentges C, Pfeil K, Schnick T, Wiese S, Dahlbock R,
Cimolai MC, et al. (2015). SIRT3 deficiency impairs
mitochondrial and contractile function in the heart.
Basic Res Cardiol, 110:36.

Li L, Zeng H, He X, Chen JX (2021). Sirtuin 3
Alleviates Diabetic Cardiomyopathy by Regulating
TIGAR and Cardiomyocyte Metabolism. J] Am Heart
Assoc, 10:e018913.

Palomer X, Roman-Azcona MS, Pizarro-Delgado J,
Planavila A, Villarroya F, Valenzuela-Alcaraz B, et al.
(2020). SIRT3-mediated inhibition of FOS through
histone H3 deacetylation prevents cardiac fibrosis and
inflammation. Signal Transduct Target Ther, 5:14.
Chen X-F, Chen X, Tang X (2020). Short-chain fatty
acid, acylation and cardiovascular diseases. Clinical
Science, 134:657-676.

Liu D, Luo Y-X, Tang X, An X-Z, Xie X-M, Chen X-
F, etal. (2016). Abstract 434: Sirt4 Accelerates Ang II-
induced Pathological Cardiac Hypertrophy by
Inhibiting Mnsod Activity. Circulation Research,
119:A434-A434,

Zhang YK, QuYY, Lin Y, Wu XH, Chen HZ, Wang X,
et al. (2017). Enoyl-CoA hydratase-1 regulates mTOR
signaling and apoptosis by sensing nutrients. Nat
Commun, 8:464.

Tang X, Chen XF, Sun X, Xu P, Zhao X, Tong Y, et al.
(2021). Short-chain enoyl-CoA hydratase mediates
histone crotonylation and contributes to cardiac
homeostasis. Circulation, 143:1066-1069.
Hershberger KA, Abraham DM, Martin AS, Mao L,
Liu J, Gu H, et al. (2017). Sirtuin 5 is required for

Aging and Disease * Volume 13, Number 4, August 2022

1025



Ren SC., et al.

SIRT6 in Vascular Diseases

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

mouse survival in response to cardiac pressure
overload. J Biol Chem, 292:19767-19781.

Sadhukhan S, Liu X, Ryu D, Nelson OD, Stupinski JA,
Li Z, et al. (2016). Metabolomics-assisted proteomics
identifies succinylation and SIRT5 as important
regulators of cardiac function. Proc Natl Acad Sci U S
A, 113:4320-4325.

Wang XX, Wang XL, Tong MM, Gan L, Chen H, Wu
SS, et al. (2016). SIRT6 protects cardiomyocytes
against ischemia/reperfusion injury by augmenting
FoxO3a-dependent antioxidant defense mechanisms.
Basic Res Cardiol, 111:13.

Sundaresan NR, Vasudevan P, Zhong L, Kim G,
Samant S, Parekh V, et al. (2012). The sirtuin SIRT6
blocks IGF-Akt signaling and development of cardiac
hypertrophy by targeting c-Jun. Nat Med, 18:1643-
1650.

Peng L, Qian M, Liu Z, Tang X, Sun J, Jiang Y, et al.
(2020). Deacetylase-independent function of SIRT6
couples GATA4 transcription factor and epigenetic
activation against cardiomyocyte apoptosis. Nucleic
Acids Res, 48:4992-5005.

LiuY, Wang TT, Zhang R, Fu WY, Wang X, Wang F,
et al. (2016). Calorie restriction protects against
experimental abdominal aortic aneurysms in mice. J
Exp Med, 213:2473-2488.

Zhou S, Chen HZ, Wan YZ, Zhang QJ, Wei YS, Huang
S, et al. (2011). Repression of P66Shc expression by
SIRT1 contributes to the prevention of hyperglycemia-
induced endothelial dysfunction. Circulation Research,
109:639-648.

Li L, Zhang HN, Chen HZ, Gao P, Zhu LH, Li HL, et
al. (2011). SIRT1 acts as a modulator of neointima
formation following vascular injury in mice. Circ Res,
108:1180-1189.

Zhang QJ, Wang Z, Chen HZ, Zhou S, Zheng W, Liu
G, et al. (2008). Endothelium-specific overexpression
of class III deacetylase SIRT1 decreases
atherosclerosis in apolipoprotein E-deficient mice.
Cardiovasc Res, 80:191-199.

Zhang Z, Xu J, Liu Y, Wang T, Pei J, Cheng L, et al.
(2018). Mouse macrophage specific knockout of
SIRT1 influences macrophage polarization and
promotes angiotensin II-induced abdominal aortic
aneurysm formation. J Genet Genomics, 45:25-32.
Chen HZ, Wang F, Gao P, Pei JF, Liu Y, Xu TT, et al.
(2016). Age-Associated Sirtuin 1 Reduction in
Vascular Smooth Muscle Links Vascular Senescence
and Inflammation to Abdominal Aortic Aneurysm.
Circ Res, 119:1076-1088.

Jia YY, Lu J, Huang Y, Liu G, Gao P, Wan YZ, et al.
(2014). The involvement of NFAT transcriptional
activity suppression in SIRT1-mediated inhibition of
COX-2 expression induced by PMA/Ionomycin. PLoS
One, 9:¢97999.

Kane AE, Sinclair DA (2018). Sirtuins and NAD(+) in
the Development and Treatment of Metabolic and
Cardiovascular Diseases. Circ Res, 123:868-885.
Paulin R, Dromparis P, Sutendra G, Gurtu V,
Zervopoulos S, Bowers L, et al. (2014). Sirtuin 3

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

deficiency is associated with inhibited mitochondrial
function and pulmonary arterial hypertension in
rodents and humans. Cell Metab, 20:827-839.
Dikalova AE, Pandey A, Xiao L, Arslanbaeva L,
Sidorova T, Lopez MG, et al. (2020). Mitochondrial
Deacetylase Sirt3 Reduces Vascular Dysfunction and
Hypertension While Sirt3 Depletion in Essential
Hypertension Is Linked to Vascular Inflammation and
Oxidative Stress. Circ Res, 126:439-452.

Lin JR, Zheng YJ, Zhang ZB, Shen WL, Li XD, Wei
T, et al. (2018). Suppression of Endothelial-to-
Mesenchymal Transition by SIRT (Sirtuin) 3
Alleviated the Development of Hypertensive Renal
Injury. Hypertension, 72:350-360.

Dikalova AE, Itani HA, Nazarewicz RR, McMaster
WG, Flynn CR, Uzhachenko R, et al. (2017). Sirt3
Impairment and SOD2 Hyperacetylation in Vascular
Oxidative Stress and Hypertension. Circ Res,
121:564-574.

Kawahara TL, Michishita E, Adler AS, Damian M,
Berber E, Lin M, et al. (2009). SIRT6 links histone H3
lysine 9 deacetylation to NF-kappaB-dependent gene
expression and organismal life span. Cell, 136:62-74.
Liu G, Chen H, Liu H, Zhang W, Zhou J (2021).
Emerging roles of SIRT6 in human diseases and its
modulators. Med Res Rev, 41:1089-1137.

Kanfi Y, Naiman S, Amir G, Peshti V, Zinman G,
Nahum L, et al. (2012). The sirtuin SIRT6 regulates
lifespan in male mice. Nature, 483:218-221.

Zhang W, Wan H, Feng G, Qu J, Wang J, Jing Y, et al.
(2018). SIRT6 deficiency results in developmental
retardation in cynomolgus monkeys. Nature, 560:661-
665.

Tian X, Firsanov D, Zhang Z, Cheng Y, Luo L,
Tombline G, et al. (2019). SIRT6 Is Responsible for
More Efficient DNA Double-Strand Break Repair in
Long-Lived Species. Cell, 177:622-638.
GeJ,LiC,LiC,Huang Z, Zeng J, Han L, et al. (2019).
SIRT6 participates in the quality control of aged
oocytes via modulating telomere function. Aging
(Albany NY), 11:1965-1976.

Sharma A, Diecke S, Zhang WY, Lan F, He C,
Mordwinkin NM, et al. (2013). The Role of SIRT6
Protein in Aging and Reprogramming of Human
Induced Pluripotent Stem Cells Journal of Biological
Chemistry, 288:18439-18447.

Tang X, Wei Y, Wang J, Chen S, Cai J, Tang J, et al.
(2020). Association between SIRT6 Methylation and
Human Longevity in a Chinese Population. Public
Health Genomics:1-10.

Pan H, Guan D, Liu X, Li J, Wang L, Wu J, et al.
(2016). SIRT6 safeguards human mesenchymal stem
cells from oxidative stress by coactivating NRF2. Cell
Res, 26:190-205.

Wang H, Diao D, Shi Z, Zhu X, Gao Y, Gao S, et al.
(2016). SIRT6 Controls Hematopoietic Stem Cell
Homeostasis through Epigenetic Regulation of Wnt
Signaling. Cell Stem Cell, 18:495-507.

Xu P, Wang TT, Liu XZ, Wang NY, Sun LH, Zhang
ZQ, et al. (2019). Sirt6 regulates efficiency of mouse

Aging and Disease * Volume 13, Number 4, August 2022

1026



Ren SC., et al.

SIRT6 in Vascular Diseases

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

somatic reprogramming and maintenance of

pluripotency. Stem Cell Res Ther, 10:9.

Mu WL, Wang YJ, Xu P, Hao DL, Liu XZ, Wang TT,
et al. (2015). Sox2 Deacetylation by Sirtl Is Involved
in Mouse Somatic Reprogramming. Stem Cells,
33:2135-2147.

Chen Y, Chen J, Sun X, Yu J, Qian Z, Wu L, et al.
(2020). The SIRT6 activator MDL-800 improves
genomic stability and pluripotency of old murine-
derived iPS cells. Aging Cell, 19:e13185.

Geng A, Tang H, Huang J, Qian Z, Qin N, Yao Y, et al.
(2020). The deacetylase SIRT6 promotes the repair of

UV-induced DNA damage by targeting DDB2.
Nucleic Acids Res, 48:9181-9194.

Etchegaray JP, Chavez L, Huang Y, Ross KN, Choi J,
Martinez-Pastor B, et al. (2015). The histone
deacetylase SIRT6 controls embryonic stem cell fate

via TET-mediated production of 5-
hydroxymethylcytosine. Nat Cell Biol, 17:545-557.
Cardus A, Uryga AK, Walters G, Erusalimsky JD
(2013). SIRT6 protects human endothelial cells from
DNA damage, telomere dysfunction, and senescence.
Cardiovasc Res, 97:571-579.

Yepuri G, Ramasamy R (2019). Significance and
Mechanistic ~ Relevance  of  SIRT6-Mediated
Endothelial Dysfunction in Cardiovascular Disease
Progression. Circ Res, 124:1408-1410.

Lee OH, Woo YM, Moon S, Lee J, Park H, Jang H, et
al. (2020). Sirtuin 6 deficiency induces endothelial cell
senescence via downregulation of forkhead box M1
expression. Aging (Albany NY), 12:20946-20967.

Xu S, Yin M, Koroleva M, Mastrangelo MA, Zhang W,
Bai P, et al. (2016). SIRT6 protects against endothelial
dysfunction and atherosclerosis in mice. Aging
(Albany NY), 8:1064-1082.

Wang T, Sun C, Hu L, Gao E, Li C, Wang H, et al.
(2020). Sirt6 stabilizes atherosclerosis plaques by
promoting macrophage autophagy and reducing
contact with endothelial cells. Biochem Cell Biol,
98:120-129.

Liu Z, Wang J, Huang X, Li Z, Liu P (2016). Deletion
of sirtuin 6 accelerates endothelial dysfunction and
atherosclerosis in apolipoprotein E-deficient mice.
Transl Res, 172:18-29.

Tian K, Liu Z, Wang J, Xu S, You T, Liu P (2015).
Sirtuin-6 inhibits cardiac fibroblasts differentiation
into myofibroblasts via inactivation of nuclear factor
kB signaling. Transl Res, 165:374-386.

Balestrieri ML, Rizzo MR, Barbieri M, Paolisso P,
D'Onofrio N, Giovane A, et al. (2015). Sirtuin 6
expression and inflammatory activity in diabetic
atherosclerotic plaques: effects of incretin treatment.
Diabetes, 64:1395-1406.

Yang Z, Huang Y, Zhu L, Yang K, Liang K, Tan J, et
al. (2021). SIRT6 promotes angiogenesis and
hemorrhage of carotid plaque via regulating HIF-1a
and reactive oxygen species. Cell Death Dis, 12:77.
Zhang ZQ, Ren SC, Tan Y, Li ZZ, Tang X, Wang TT,
et al. (2016). Epigenetic regulation of NKG2D ligands
is involved in exacerbated atherosclerosis

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

development in Sirt6 heterozygous mice. Sci Rep,
6:23912.

Liu D-P, Zhang Z-Q, Ren S-C, Li Z-Z, Tan Y, Tang X-
Q, et al. (2014). Abstract 236: Sirt6 Heterozygosity
Exacerbates Atherosclerosis in Apolipoprotein E
Deficient Mice. Circulation Research, 115:A236-
A236.

Arsiwala T, Pahla J, van Tits LJ, Bisceglie L, Gaul DS,
Costantino S, et al. (2020). Sirt6 deletion in bone
marrow-derived cells increases atherosclerosis —
Central role of macrophage scavenger receptor 1.
Journal of Molecular and Cellular Cardiology, 139:24-
32.

Lee Y, Ka S-O, Cha H-N, Chae Y-N, Kim M-K, Park
S-Y, et al. (2017). Myeloid Sirtuin 6 Deficiency
Causes Insulin Resistance in High-Fat Diet-Fed Mice
by Eliciting Macrophage Polarization Toward an M1
Phenotype. Diabetes, 66:2659-2668.

Grootaert MOJ, Finigan A, Figg NL, Uryga AK,
Bennett MR (2021). SIRT6 Protects Smooth Muscle
Cells From Senescence and Reduces Atherosclerosis.
Circ Res, 128:474-491.

Yao Q-P, Zhang P, Qi Y-X, Chen S-G, Shen B-r, Han
Y, etal. (2014). The role of SIRT6 in the differentiation
of vascular smooth muscle cells in response to cyclic
strain. The International Journal of Biochemistry &
Cell Biology, 49:98-104.

Guo J, Wang Z, Wu J, LiuM, Li M, Sun Y, et al. (2019).
Endothelial SIRT6 Is Vital to Prevent Hypertension
and Associated Cardiorenal Injury Through Targeting
Nkx3.2-GATAS Signaling. Circ Res, 124:1448-1461.
Yang Q, Hu J, Yang Y, Chen Z, Feng J, Zhu Z, et al.
(2020). Sirt6 deficiency aggravates angiotensin II-
induced cholesterol accumulation and injury in
podocytes. Theranostics, 10:7465-7479.

Te Riet L, van Esch JH, Roks AJ, van den Meiracker
AH, Danser AH (2015). Hypertension: renin-
angiotensin-aldosterone system alterations. Circ Res,
116:960-975.

Zheng Z, Wang B, Lv X, Yao F, Gao H, Jin Z, et al.
(2021). Protective effect of SIRT6 on cholesterol
crystal-induced endothelial dysfunction via regulating
ACE?2 expression. Exp Cell Res, 402:112526.

Nicolai L, Leunig A, Brambs S, Kaiser R, Weinberger
T, Weigand M, et al. (2020). Immunothrombotic
Dysregulation in COVID-19 Pneumonia Is Associated
With Respiratory Failure and Coagulopathy.
Circulation, 142:1176-1189.

Zhang L, Feng X, Zhang D, Jiang C, Mei H, Wang J,
et al. (2020). Deep Vein Thrombosis in Hospitalized
Patients With COVID-19 in Wuhan, China.
Circulation, 142:114-128.

Liberale L, Gaul DS, Akhmedov A, Bonetti NR,
Nageswaran V, Costantino S, et al. (2020). Endothelial
SIRT6 blunts stroke size and neurological deficit by
preserving  blood-brain  barrier integrity: a
translational study. European Heart Journal, 41:1575-
1587.

He T, Shang J, Gao C, Guan X, Chen Y, Zhu L, et al.
(2021). A novel SIRT6 activator ameliorates

Aging and Disease * Volume 13, Number 4, August 2022

1027



Ren SC., et al.

SIRT6 in Vascular Diseases

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

neuroinflammation and ischemic brain injury via
EZH2/FOXC1 axis. Acta Pharmaceutica Sinica B,
11:708-726.

Fiorentino F, Mai A, Rotili D (2021). Emerging
Therapeutic Potential of SIRT6 Modulators. Journal of
Medicinal Chemistry, 64:9732-9758.

Korotkov A, Seluanov A, Gorbunova V (2021). Sirtuin
6: linking longevity with genome and epigenome
stability. Trends Cell Biol, 31:994-1006.

Huang Z, Zhao J, Deng W, Chen Y, Shang J, Song K,
etal. (2018). Identification of a cellularly active SIRT6
allosteric activator. Nat Chem Biol, 14:1118-1126.
Shang J, Zhu Z, Chen Y, Song J, Huang Y, Song K, et
al. (2020). Small-molecule activating SIRT6 elicits
therapeutic effects and synergistically promotes anti-
tumor activity of vitamin D(3) in colorectal cancer.
Theranostics, 10:5845-5864.

Shang JL, Ning SB, Chen YY, Chen TX, Zhang J
(2021). MDL-800, an allosteric activator of SIRT6,
suppresses proliferation and enhances EGFR-TKIs
therapy in non-small cell lung cancer. Acta Pharmacol
Sin, 42:120-131.

Fiorentino F, Carafa V, Favale G, Altucci L, Mai A,
Rotili D (2021). The Two-Faced Role of SIRT6 in
Cancer. Cancers (Basel), 13:1156.

Zhang J, Li Y, Liu Q, Huang Y, Li R, Wu T, et al.
(2021).  Sirt6  Alleviated Liver Fibrosis by
Deacetylating Conserved Lysine 54 on Smad2 in
Hepatic Stellate Cells. Hepatology, 73:1140-1157.
ZhuY, GuL, Lin X, Liu C, Lu B, Cui K, et al. (2020).
Dynamic Regulation of ME1 Phosphorylation and
Acetylation Affects Lipid Metabolism and Colorectal
Tumorigenesis. Mol Cell, 77:138-149.

Naiman S, Huynh FK, Gil R, Glick Y, Shahar Y,
Touitou N, et al. (2019). SIRT6 Promotes Hepatic
Beta-Oxidation via Activation of PPARa. Cell Rep,
29:4127-4143.e4128.

Qian W, Zheng ZQ, Nie JG, Liu LJ, Meng XZ, Sun H,
et al. (2021). LncRNA SNHGI2 alleviates
hypertensive vascular endothelial injury through miR-
25-3p/SIRT6 pathway. J Leukoc Biol, 110:651-661.
Xie L, Wang Y, Chen Z (2021). LncRNA Bincl
mediates the permeability and inflammatory response
of cerebral hemorrhage by regulating the PPAR-
v/SIRT6/FoxO3 pathway. Life Sci, 267:118942.

Tang X, Li PH, Chen HZ (2020). Cardiomyocyte
senescence and cellular communications within
myocardial ~ microenvironments.  Frontiers  in
Endocrinology, 11:280.

Deng C, Wang H, Chen X, Tang X (2021). A closure
look at the pregnancy-associated arterial dissection.
Frontiers in Cell and Developmental Biology,
9:658656.

LiW, Feng W, SuX, Luo D, LiZ, Zhou Y, et al. (2021).
SIRT6 protects vascular smooth muscle cell from
osteogenic transdifferentiation via Runx2 in chronic
kidney disease. J Clin Invest.

Tang S-s, Xu S, Cheng J, Cai M-y, Chen L, Liang L-1,
et al. (2016). Two tagSNPs rs352493 and rs3760908
within <i>SIRT6</i> Gene Are Associated with the

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Severity of Coronary Artery Disease in a Chinese Han
Population. Disease Markers, 2016:1628041.

Hsieh F, Huang J, Chiou H, Li-Ming L, Jeng J, Lin H,
et al. (2019). Impact Of Sirt6 And Sirt7 Genetic
Polymorphisms On Risk Of Early-Onset Ischemic
Stroke. Atherosclerosis, 287:€196.

Hsu CP, Zhai P, Yamamoto T, Maejima Y, Matsushima
S, Hariharan N, et al. (2010). Silent information
regulator 1 protects the heart from
ischemia/reperfusion. Circulation, 122:2170-2182.
Zheng W, Lu YB, Liang ST, Zhang QJ, Xu J, She ZG,
et al. (2013). SIRT1 mediates the protective function
of Nkx2.5 during stress in cardiomyocytes. Basic Res
Cardiol, 108:364.

Porter GA, Urciuoli WR, Brookes PS, Nadtochiy SM
(2014). SIRT3 deficiency exacerbates ischemia-
reperfusion injury: implication for aged hearts. Am J
Physiol Heart Circ Physiol, 306:H1602-1609.
Boylston JA, Sun J, Chen Y, Gucek M, Sack MN,
Murphy E (2015). Characterization of the cardiac
succinylome and its role in ischemia-reperfusion
injury. J Mol Cell Cardiol, 88:73-81.

Yamamura S, Izumiya Y, Araki S, Nakamura T,
Kimura Y, Hanatani S, et al. (2020). Cardiomyocyte
Sirt (Sirtuin) 7 Ameliorates Stress-Induced Cardiac
Hypertrophy by Interacting With and Deacetylating
GATAA4. Hypertension, 75:98-108.

Das A, Huang GX, Bonkowski MS, Longchamp A, Li
C, Schultz MB, et al. (2018). Impairment of an
Endothelial NAD(+)-H(2)S Signaling Network Is a
Reversible Cause of Vascular Aging. Cell, 173:74-89.
Vasko R, Xavier S, Chen J, Lin CH, Ratliff B, Rabadi
M, et al. (2014). Endothelial sirtuin 1 deficiency
perpetrates nephrosclerosis through downregulation of
matrix metalloproteinase-14: relevance to fibrosis of
vascular senescence. J Am Soc Nephrol, 25:276-291.
Gorenne I, Kumar S, Gray K, Figg N, Yu H, Mercer J,
et al. (2013). Vascular smooth muscle cell sirtuin 1
protects against DNA damage and inhibits
atherosclerosis. Circulation, 127:386-396.

Fry JL, Al Sayah L, Weisbrod RM, Van Roy I, Weng
X, Cohen RA, et al. (2016). Vascular Smooth Muscle
Sirtuin-1 Protects Against Diet-Induced Aortic
Stiffness. Hypertension, 68:775-784.

Lai YC, Tabima DM, Dube JJ, Hughan KS,
Vanderpool RR, Goncharov DA, et al. (2016). SIRT3-
AMP-Activated Protein Kinase Activation by Nitrite
and Metformin Improves Hyperglycemia and
Normalizes Pulmonary Hypertension Associated With
Heart Failure With Preserved Ejection Fraction.
Circulation, 133:717-731.

Gaul DS, Weber J, van Tits LJ, Sluka S, Pasterk L,
Reiner MF, et al. (2018). Loss of Sirt3 accelerates
arterial thrombosis by increasing formation of
neutrophil extracellular traps and plasma tissue factor
activity. Cardiovasc Res, 114:1178-1188.

Liberale L, Akhmedov A, Vlachogiannis NI, Bonetti
NR, Nageswaran V, Miranda MX, et al. (2021). Sirtuin
5 promotes arterial thrombosis by blunting the
fibrinolytic system. Cardiovasc Res, 117:2275-2288.

Aging and Disease * Volume 13, Number 4, August 2022

1028



Ren SC., et al.

SIRT6 in Vascular Diseases

[126]

[127]

[128]

[129]

[130]

[131]

[132]

Liberale L, Gaul DS, Akhmedov A, Bonetti NR,
Nageswaran V, Costantino S, et al. (2020). Endothelial
SIRT6 blunts stroke size and neurological deficit by
preserving blood-brain barrier integrity: a translational
study. Eur Heart J, 41:1575-1587.

Kimura Y, Izumiya Y, Araki S, Yamamura S, Hanatani
S, Onoue Y, et al. (2021). Sirt7 Deficiency Attenuates
Neointimal Formation Following Vascular Injury by
Modulating  Vascular  Smooth  Muscle  Cell
Proliferation. Circ J, 85:2232-2240.

Sun S, Qin W, Tang X, Meng Y, Hu W, Zhang S, et al.
(2020). Vascular endothelium-targeted Sirt7 gene
therapy rejuvenates blood vessels and extends life
span in a Hutchinson-Gilford progeria model. Sci Adv,
6:eaay5556.

LuS, ChenY, WeiJ, Zhao M, Ni D, He X, et al. (2021).
Mechanism of allosteric activation of SIRT6 revealed
by the action of rationally designed activators. Acta
Pharmaceutica Sinica B, 15:1355-1361.
Rahnasto-Rilla M, Tyni J, Huovinen M, Jarho E,
Kulikowicz T, Ravichandran S, et al. (2018). Natural
polyphenols as sirtuin 6 modulators. Sci Rep, 8:4163.
Tenhunen J, Kucera T, Huovinen M, Kiiblbeck J,
Bisenieks E, Vigante B, et al. (2021). Screening of
SIRT6 inhibitors and activators: A novel activator has
an impact on breast cancer cells. Biomed
Pharmacother, 138:111452.

You W, Zheng W, Weiss S, Chua KF, Steegborn C
(2019). Structural basis for the activation and

[133]

[134]

[135]

[136]

[137]

[138]

inhibition of Sirtuin 6 by quercetin and its derivatives.
Sci Rep, 9:19176.

You W, Rotili D, Li TM, Kambach C, Meleshin M,
Schutkowski M, et al. (2017). Structural Basis of
Sirtuin 6 Activation by Synthetic Small Molecules.
Angew Chem Int Ed Engl, 56:1007-1011.

Klein MA, Liu C, Kuznetsov VI, Feltenberger JB,
Tang W, Denu JM (2020). Mechanism of activation for
the sirtuin 6 protein deacylase. J Biol Chem,
295:1385-1399.

Rahnasto-Rilla MK, McLoughlin P, Kulikowicz T,
Doyle M, Bohr VA, Lahtela-Kakkonen M, et al. (2017).
The Identification of a SIRT6 Activator from Brown
Algae Fucus distichus. Mar Drugs, 15:190.
Rahnasto-Rilla M, Kokkola T, Jarho E, Lahtela-
Kakkonen @ M, Moaddel R  (2016). N-
Acylethanolamines Bind to SIRT6. Chembiochem,
17:77-81.

Carrefio M, Bresque M, Machado MR, Santos L,
Duran R, Vitturi DA, et al. (2020). Nitro-fatty acids as
activators of hSIRT6 deacetylase activity. J Biol Chem,
295:18355-18366.

Chen X, Sun W, Huang S, Zhang H, Lin G, Li H, et al.
(2020). Discovery of Potent Small-Molecule SIRT6
Activators: Structure-Activity Relationship and Anti-
Pancreatic Ductal Adenocarcinoma Activity. J] Med
Chem, 63:10474-10495.

Aging and Disease * Volume 13, Number 4, August 2022

1029



