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Peslome

OKWUCAUTENbHBINM CTPECC ABNAETCA O6LWMM MPU3HAKOM CTApeHWs 1 CEPAEYHO-COCYANCTbIX 3abonesanunii (CC3), BKOUas aTepocKIepos, CepaeUHyto
HeJ0CTaTOYHOCTb, FUNEPTOHMIO, CaxapHbIi AnabeT u Apyrue 3aboneBaHVsa COCYAMCTON cuCTeMbl. B 3Tol cBA3K, B MOC/eAHNe roapbl UccieoBaTen
NPOABASAIOT MOBbILEHHBIA UHTEPEC K cupTyuHam (SIRT) — aganTepam cTpecca v aNUreHeTUYeckM GepMeHTaM, yHacTBYIOWMM B KNETOUHbIX MeXa-
HU3Max KOHTPOIS BO3PACTHbIX NaToN0ruiA, paka u CC3. Cpeau CUPTYMHOB, KOTOPbIX y MieKonuTarowwmx ceMb (SIRT1-SIRT7), KapauonpoTeKTOPHbIMM,
NPOTMBOBOCNA/NINTE/IbHBIMU, aTEPONPOTEKTOPHLIMM U @aHTMBO3PACTHbIMU CBOMCTBaMM B Hanbonblueit cteneHn obnagatoT SIRT1T n SIRT6. B gaHHOM
0630pe Mbl Npe/CTaB/fseM BCECTOPOHHUI aHa/IM3 NOCAeAHUX COBbITUIA B 061aCTU KNETOYHBIX M MONEKYNAPHbIX CUrHANbHbIX MyTel, KOHTPOIMPYeMbIX
ABYMSA NOCTTPAHCAALMOHHbIMU MogndukaTtopamn — SIRT1T u SIRT6, KoTopble foKa3anu CBOIO LLeHHOCTb B Ka4eCTBe MHCTPYMEHTOB A/1f 0ciabneHuns
BOCMasieHNA U OKUCINTENbHOTO CTPecca Ha YPOBHe Cep/ieqHO-COCYy/AUCTOM cucTeMsl. bonee ranybokoe noHMMaHue 3nMreHeTUYECKMX MeXaHW3MOB,
Yepes KOTOPble OKa3blBaloT CBOE KapguonpoTekTopHoe Aeicteue SIRT1 1 SIRT6, 6yaeT UMeTb LWIMPOKME NOCAEACTBUA U YCKOPUT pa3paboTKy cesek-
TUBHbIX U 3G PEKTUBHBIX PapMaKOSIOrMYeCKMX NpenapaToB A/1f MOAYNALUM CUPTYMHOB C LieNbio NPOPUAaKTUKK 1 nedveHnsa CC3.
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Abstract

Oxidative stress is a common sign of aging and cardiovascular disease (CVD), including atherosclerosis, heart failure, hypertension, diabetes mellitus
and other diseases of the vascular system. In this regard, in recent years, researchers have shown increased interest in sirtuins (SIRTs) — stress
adapters and epigenetic enzymes involved in cellular mechanisms for controlling age-related pathologies, cancer and CVD. Among sirtuins, of which
there are seven in mammals (SIRT1-SIRT7), SIRT1 and SIRT6 possess the most cardioprotective, anti-inflammatory, atheroprotective and anti-aging
properties. In this review, we present a comprehensive analysis of the latest developments in the field of cellular and molecular signaling pathways
controlled by two post-translational modifiers — SIRT1 and SIRT6, which have proven their worth as tools to reduce inflammation and oxidative
stress at the level of the cardiovascular system. A deeper understanding of the epigenetic mechanisms through which SIRT1 and SIRT6 exert their
cardioprotective effect will have widespread implications and will accelerate the development of selective and effective pharmacological agents for
modulating sirtuins for the prevention and treatment of CVD.
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BCA — ATP-binding cassette subfamily A, ABCG — ANP-binding cassette subfamily G, Akt — protein kinase B, AMPK — AMP-activated protein kinase,
Ang II — angionensin II, ApoE — apolipoprotein E, AP-1 — activator protein 1, ATIR — angiotensin II type I receptor, Bcl-2 — B cell lymphoma 2,
Bcl xL — B cell lymphoma-extra-large, CVD — cardiovascular diseases, CAT — catalase, CCR7 — C-C chemokine receptor 7, COL1A2 — collagen type 1,
EC — endothelial cells, eNOS — endothelial nitric oxide synthase, ECP — endothelial cell precursors, EPCs — endothelial progenitor cells, ERR — estrogen-
related receptors, ERK — extracellular signal-regulated kinase, FOXO — forkhead box O, I/R — ischemia-reperfusion, ICAM-1 — intercellular adhesion
molecule-1, IGF — insulin-like growth factor, JNK — c¢-Jun N-terminal kinase, LKB1 — liver kinase B1, Lox-1 — lectin-like oxLDL receptor 1, LXR — liver
X-receptor, MCP-1 — monocyte chemoattractant protein 1, MMP-9 — matrix metalloproteinase-9, MnSOD — manganese superoxide dismutase, NAD —
nicotinamide adenine dinucleotide, NADPH — nicotinamide adenine dinucleotide phosphate, NAMPT — nicotinamide phosphoribosyltransferase,
NBS-1— Nijmegen breakage syndrome- 1, NFkB — nuclear factor-kappa B, NKG2D — natural-killer group 2 member D, NO — nitric oxide, NRF1 — nuclear
respiratory factorl, ox-LDL — oxidized low density lipoproteins, PARP1 — poly-(ADP-ribose) polymerase 1, PGC-1a — proliferator-activated receptor
g coactivator-1a, PI3K — phosphoinositide 3-kinases, PIP3 — phosphatidylinositol-3,4,5-triphosphate, PCSK9 — proprotein convertase subtilisin/kexin
type 9, PDK1 — 3-phosphoinositide-dependent kinase 1, PPAR-a — peroxisome proliferator-activated receptor coactivator-a, ROS — reactive oxygen
species, SERCA2a — sarcoplasmic calcium ATPase, SIRT — sirtuin, SOD — superoxide dismutase, SREBP — sterol regulatory element-binding proteins,
STAT3 — signal transducer and activator of transcription 3, TG — triglycerides, TIMP3 — tissue inhibitor of metalloproteinase, TNFSF4 — tumor necrosis
factor superfamily member 4, VCAM-1 — vascular cell adhesion molecule-1

Introduction Accumulated data have shown that sirtuins play an

Sirtuins (SIRT), nicotinamide adenine dinucleo-
tide (NAD+)-dependent deacetylating enzymes, first
found in yeast, are class IIT histone deacetylases. They
all have a highly conserved NAD+ dependent catalytic
core domain of 250-270 amino acid residues. Mammals
have seven sirtuins (SIRT1-SIRT7). SIRT1 is localized in
the nucleus and translocated to the cytosol under special
conditions. It has been proven that SIRT6 is localized not
only in the nucleus, but also in the cytosol. SIRT2 is pri-
marily found in the cytosol, SIRT3, SIRT4 and SIRT5 in
mitochondria, and SIRT7 is nuclear and nucleolar.
Besides performing the well-known deacetylase function,
sirtuins also function as mono-ADP-ribosyltransferase,
lipoamidase (SIRT4), hydrolase (SIRT6), demalonylase,
decrotonylase (SIRT3) and desuccinylase (SIRT5).

Sirtuins regulate important molecular pathways in
eubacteria, archaea, and eukaryotes, and have a positive
effect on life expectancy. They are involved in a vari-
ety of metabolic and homeostatic processes, including
gluconeogenesis, fatty acid oxidation, oxidative phos-
phorylation, urea cycle, and endothelial homeostasis.

important role in cell adaptation to nutritional stress and
are not only important sensors of energy status, but also
counteract cellular metabolic stress by acting as stress
adapters [1]. They play a central role in the development
of age-related metabolic disorders, as well as stress resis-
tance [2]. In addition to histone modifications, sirtuins
directly modulate non-histone substrates, including
DNA repair enzymes and other repair factors. The role
of sirtuins in maintaining vascular homeostasis and in
the development of cardiovascular diseases (CVD) is
interesting. In endothelial cells (ECs), SIRT1 regulates
cellular physiology in a unique way by controlling endo-
thelial homeostasis and the functional state of blood
vessels by modulating the activity of endothelial nitric
oxide synthase (eNOS), p53, angiotensin II receptor
(Ang II) of type 1 (ATIR, Ang II type 1 receptor) and
transcription factor forkhead box O (FOXO) 1. SIRT2 is
involved in vascular remodeling due to arterial hyper-
tension [3], while SIRT3 controls systemic levels of oxi-
dative stress and increases the survival rate of ECs in
response to hypoxia [4]. SIRT4 and SIRT7 exacerbate
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cardiac hypertrophy and negatively affect the prolifera-
tion and migration of ECs and vascular smooth muscle
cells (VSMCs) [5]. The cardioprotective role of SIRT6 in
the development of atherosclerotic plaque was recently
established [6].

In this review, we discuss new views on cellular and
molecular signals regulated by SIRT1 during the onset
and development of CVD, as well as by SIRT6 during
the formation of atherosclerotic plaques. In particu-
lar, we highlight their role in protection from patho-
logical processes mediated by oxidative stress, includ-
ing ischemia-reperfusion (I/R) heart damage, arterial
wall remodeling, inflammation, vascular aging, and
atherosclerosis.

Protective Role of SIRT1
and SIRTG6 in Cases of
Atherosclerosis

Aging processes are closely associated with athero-
sclerosis, which is the most common cause of death in
elderly people, diabetes mellitus, dyslipidemia, metabolic
syndrome, and hypertension. Atherosclerosis is triggered
by SIRT1 deficiency in endothelial cells, smooth muscle
cells, and monocytes/macrophages, which activates such
processes as oxidative stress, inflammation, develop-
ment of foam cells and impaired autophagy in the vascu-
lar wall. In turn, excessive autophagy triggered by high
level of inflammation or oxidative stress contributes to
decreased collagen synthesis, thinning of the fibrous cap
and plaque destabilization, restenosis, and the develop-
ment of acute coronary syndrome. In recent years, a link
was also demonstrated between SIRT6 and the vulner-
ability of atherosclerotic plaque [6, 7].

Studies have shown that SIRT1 has an atheropro-
tective effect by increasing the nitric oxide (NO) level,
degradation of serine-threonine kinase LKBI1 (liver
kinase B1), blocking NF-kB (nuclear factor-kappa B) —
mediated inflammatory process, reducing the intensity
of oxidative stress and control of autophagy [8]. In apo-
lipoprotein E knockout (ApoE —/-) mice, endothelium-
dependent vasorelaxation is usually reduced. However,
if these mice are crossed with SIRT1-transgenic (SIRT1-
Tg) mice, the endothelium-dependent vasorelaxation
in their offspring, i.e. in SIRT1-Tg/ApoE (-/-) mice, is
significantly improved and is accompanied by increased
aortic eNOS [9]. Overexpression of endothelial SIRT1 in
these mice, along with activation of eNOS expression,
also prevents the expression of endothelial adhesion
molecules and inhibits the development of aortic plaques
in response to a high-fat diet [10].

Along with these data, SIRT1 involvement in prevent-
ing the progression of atherosclerotic lesions is evidenced
by increased aortic eNOS activity and SIRT1 expression

in hypercholesterolemic mice after oral administra-
tion of low doses of red wine as a source of resveratrol,
a SIRT1 activator [11]. SIRT1 levels and activity were
also significantly reduced in the lungs of ApoE —/— mice
prone to atherosclerosis, which caused lung endothelium
dysfunction due to increased acetylation and inactivation
of eNOS [12]. Moreover, SIRT1 counteracted neointima
development by suppressing the activity of the transcrip-
tion factor AP-1 (activator protein 1) and decreasing
the expression of cyclin D1 and MMP-9 (matrix metal-
loproteinase 9) [13].

At the level of smooth muscle cells, SIRT1 protects
DNA from damage and inhibits atherosclerosis, in part,
by activating NBS-1 (Nijmegen breakage syndrome-1)
repair protein. It is notable that ApoE —/— mice express-
ing inactive truncated SIRT1 (Dex4) in smooth muscle
cells demonstrate progressive atherosclerosis and signs
of plaque vulnerability (relatively thin fibrous cap and
media degeneration). In patients with type 2 DM,
atherosclerotic plaques are usually characterized by
increased MMP9 activity and decreased expression of
TIMP3, tissue inhibitor of metalloproteinase 3. These
changes in atherosclerotic plaques have been shown to
be associated with significantly reduced SIRT1 levels
[14]. In particular, overexpression of SIRT1 in smooth
muscle cells increased the activity of gene promoter
TIMP3, whereas inhibition of SIRT1 activity decreased
TIMP3 expression. It is worth noting that SIRT1 in
smooth muscle cells supports collagen synthesis and
prevents the process of destabilization and destruc-
tion of plaque by promoting nuclear displacement and
proteasomal degradation of the activity of the X-box
transcription factor (RFX5, regulatory factor X5), thus
weakening its binding to the promoter of the collagen
I gene (COL1A2) [14]. In response to atheroprotective
pulsatile shear stress, co-regulation of AMPK (adenos-
ine monophosphate-activated protein kinase) and SIRT1
by CaMKKb (Ca2+ / calmodulin-dependent protein
kinase b) promotes the development of an atheroprotec-
tive phenotype. In the proposed cell mechanism, AMPK
and SIRT1 act in coordination in the cytoplasm in order
to activate eNOS, thereby stimulating NO-mediated
anti-inflammatory effects through the suppression of
MCP-1 (monocyte chemoattractant protein-1), adhe-
sive molecules VCAM-1 (vascular cell adhesion mol-
ecule-1), ICAM-1 (intercellular adhesion molecule-1)
and E-selectin. Furthermore, AMPK and SIRTI in
the nucleus activate PGCla (peroxisome proliferator-
activated receptor gamma, coactivator 1 alpha), result-
ing in an increase in the level of antioxidant enzymes
superoxide dismutase (SOD) and catalase (CAT) [15].
AMPK/NADPH (nicotinamide adenine dinucleotide
phosphate)-oxidase / Akt (serine/threonine protein
kinase B) / eNOS signaling pathway is also modulated
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by quercetin, an antioxidant that activates SIRT1 and
suppresses endothelial oxidative damage caused by
oxidized low density lipoproteins (ox-LDL) [16]. Res-
veratrol, similarly to quercetin, reduces endothelial
vascular inflammation and ox-LDL-induced damage by
increasing the activity of AMPK/SIRT1 or cAMP-PRKA
(serine/threonine protein kinase)-AMPK-SIRT1 signal-
ing pathway [17]. In particular, ox-LDL inhibit autoph-
agic flow due to a mechanism that includes ox-LDL-
induced SIRT1-dependent lysosomal dysfunction [18].

The atheroprotective effect of SIRT1 is also mediated
through the subtle modulation of the aging of endothe-
lial cell precursors (ECP) and migration of adventitial
fibroblasts [19]. In particular, in ECP, NAMPT (nico-
tinamide phosphoribosyltransferase), a rate-limiting
enzyme in the NAD + biosynthetic pathway, diminishes
ox-LDL-induced aging by increasing SIRT1 expression
through the channel PI3K (phosphoinositide 3-kinases) /
Akt / ERK (extracellular signal-regulated kinases) [19].
In peripheral blood mononuclear cells of individuals
with metabolic syndrome, high glucose and palmitate-
dependent damage to SIRT1 is associated with decreased
NAMPT expression, subsequent depletion of cellular
NAD+, and increased generation of reactive oxygen spe-
cies (ROS).

The key event in atherogenesis is the infiltration of
macrophages of monocytic origin into subendothelial
space. The uptake of ox-LDL via lectin-like Lox-1 recep-
tors determines the accumulation of cholesterol in mac-
rophages and the subsequent development of foam cells.
SIRT1 +/+ ApoE —/— mice demonstrated reduced rates
of foam cell development and ox-LDL uptake that were
accompanied by decreased Lox-1 receptor expression via
NF-kB signaling pathway [20]. Accordingly, increased
SIRT1 expression and decreased Lox-1 expression were
also observed in ox-LDL-stimulated endothelial cells of
the human umbilical vein that were exposed to gink-
golide B (biologically active terpene lactone found in
Ginkgo biloba) — a platelet activating factor inhibitor
with anti-inflammatory properties [21]. It is interest-
ing that Lox-1 regulation of thrombus formation in vivo
depended on the degree of ox-LDL activation. In partic-
ular, at low levels of ox-LDL, Lox-1 activated the SIRT1
protective pathway, whereas at higher levels of ox-LDL,
it switched to the thrombogenic ERK1 / 2-dependent
pathway [22].

SIRT1 controls the development of foam cells by
deacetylation and activation of liver X-receptor (LXR),
which, in turn, triggers the activity of member 1 of ATP-
binding cassette subfamily A (ABCA1) and member 1 of
ATP-binding cassette subfamily G (ABCGL1), as well as
C-C chemokine receptor 7 (CCR7), thereby contributing
to the reverse transport of cholesterol and slowing down
the development of foam cells [23].

SIRT6 inhibits triglyceride (TG) synthesis and fat
metabolism, contributes to the f-oxidation of fatty acids,
and maintains low LDL cholesterol levels through deacet-
ylation of histone H3 at the lysine 9 (H3K9) position in
the promoter of several genes involved in these meta-
bolic processes [24]. Under nutritional stress, SIRT6 is
positively modulated by SIRT1 through the development
of SIRT1 / FOXO3a / nuclear respiratory factor 1 (NRF1)
complex at the SIRT6 promoter, which, in turn, nega-
tively regulates TG synthesis, lipogenesis, and glycolysis
[24]. Accordingly, SIRT6-mediated histone deacetylation
suppresses the transcription of proprotein convertase
subtilisin / kexin type 9 (PCSK9) and transcriptional
regulators SREBP (sterol regulatory element-binding
proteins) 1 and 2. In particular, SIRT6 and FOXO3 can
coordinate the regulation of cholesterol homeostasis
through FOXO3-mediated recruitment of SIRT6 to
the gene promoter SREBPI/2 where it deacetylates his-
tone H3 in lysine positions 9 (H3K9) and 56 (H3K56)
and promotes the repressive state of chromatin [25].
Also, SIRT6 regulates cholesterol metabolism through
suppression of lipogenic cholesterol transcription factors
SREBP1 and SREBP2 and their target genes, inhibition
of SREBP1/SREBP2 cleavage into their active forms, and
activation of AMPK enzyme that phosphorylates and
inhibits SREBP1 [26].

Recent ex vivo and in vivo studies demonstrated
the direct involvement of SIRT6 in the development of
atherosclerotic plaques in patients with diabetes and
animal models of atherosclerosis [6]. In the carotid ath-
erosclerotic plaques of patients with type 2 diabetes,
SIRT6 expression was reduced compared to plaques in
nondiabetic patients [6]. Also, decreased expression of
SIRT6 protein in these atherosclerotic plaques was asso-
ciated with decreased interstitial collagen content and
increased levels of oxidative stress, pro-inflammatory
cytokine NF-kB and MMP-9 [6]. All of these molecu-
lar events that characterize the phenotype of athero-
sclerotic carotid plaques in patients with asymptomatic
type 2 diabetes are positively modulated by therapy with
glucagon-like peptide-1 receptor agonists, a new class
of antihyperglycemic agents with pleiotropic effects on
arterial wall function.

Therefore, the short term in vitro effect of high glu-
cose on EPCs (endothelial progenitor cells) and ECs
induced suppression of SIRT6 and increased NF-kB
[6]. In vivo studies of animal models of atherosclerosis
confirmed the role of SIRT6 as a negative regulatory
factor in the development of endothelial dysfunction
and atherosclerosis. The expression of the SIRT6 gene
and protein was suppressed in atherosclerotic plaques
of ApoE —/— mice on a high cholesterol diet. In par-
ticular, SIRT6 knockdown ApoE —/- mice demon-
strated impaired endothelium-dependent vasodilation,
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increased size and increased vulnerability of plaques as
evidenced by increased necrotic region of the nucleus,
accumulation of macrophages, and decreased collagen
amount.

In addition, SIRT6 heterozygous (SIRT6 +/—) mice
demonstrated increased expression of natural killer
(NKG2D) group 2 member D ligand on macrophages
and ECs, which promoted activation of killer cells and
increased levels of inflammatory cytokines. Finally,
another key piece of evidence for the atheroprotec-
tive role of SIRT6 is the observation that SIRT6 +/— /
ApoE —/- mice on a high-fat diet demonstrated signifi-
cantly accelerated progression of atherosclerotic lesion
along with increased expression of pro-inflammatory
cytokine VCAM-1.

Analysis of potential targeting genes of
SIRT6 revealed that SIRT6 binds to the promoter of
the proatherogenic gene of tumor necrosis factor super-
family member 4 (TNFSF4) where it deacetylates histone
H3 at the lysine 9 (H3K9) position, leading to SIRT6-
dependent suppression of TNESF4 transcription in
ECs. However, we still have to figure out whether over-
expression of SIRT6 and/or its modulation by specific
activators can suppress vascular inflammation and slow
down the development of atherosclerotic plaques. It was
found just recently that SIRT6 protected against athero-
sclerosis by reducing the development of foam cells via
the autophagy-dependent pathway [27]. Under ox-LDL
conditions, SIRT6 reduces the development of foam
cells of macrophages through the induction of autoph-
agy and cholesterol efflux. In particular, overexpression
of SIRT6 in foam cells increased ABCA1 and ABCG1
levels, activated cholesterol efflux, and reduced miR-33
levels. Moreover, transfection of miR-33 into cells with
SIRT6 overexpression reduced the development of foam
cells and resulted in reverse induction of the flow of
autophagy.

SIRT1 and SIRTG6
in Cardiac Diseases

SIRT1 and SIRT6 have different roles in maintain-
ing cardiac function, especially in terms of protecting it
from oxidative and ischemia-reperfusion (I/R) damage,
as well as hypertrophic stimuli. SIRT1, which is the most
important part in the pathogenesis of heart failure and
regulation of cardiac electrical activity, was proposed as
a tool for predicting the incidence of new myocardial
infarctions.

In cardiac tissue, SIRT1 negatively regulates pro-
apoptotic proteins Bax (BCL-2-associated X protein)
and positively regulates the expression of anti-apop-
totic protein of large B-cell lymphoma (Bcl-xL, B-cell
lymphoma-xL) through FOXO activation. It is worth

noting that SIRT1 has a protective effect via specific
control of the acetylation and transcriptional activity
of p53 in cardiomyocytes. In a chronic model of type 1
diabetes, decreased cardiac SIRT1 level is associated
with decreased cardiac Ca-ATPhase levels of the sarco-
plasmic reticulum (SERCA2a, cardiac sarcoplasmic cal-
cium ATPase) [28]. More recently, Prola et al. reported
that SIRT1 protects cardiomyocytes from endoplasmic
reticulum (ER) stress through physical interaction and
deacetylation of the eukaryotic protein translation initia-
tion factor 2a (eIF2a) at lysine positions 141 (K141) and
143 (K143) [29]. In contrast, inhibition of SIRT1 induces
nuclear fragmentation and cleavage of caspase-3, while
SIRT1-deficient mice demonstrate abnormal heart
development and prenatal mortality [30]. SIRT® is valu-
able in cases of heart failure and control of cardiac fibro-
sis, a pathological condition that is critical in the devel-
opment of heart failure [31]. SIRT6 negatively regulates
the differentiation of cardiac fibroblasts into myofibro-
blasts; its depletion increases the proliferation of cardiac
fibroblasts and the accumulation of extracellular matrix,
and also stimulates genes associated with adhesion and
fibrosis via the NF-kB signaling pathway [31].

Oxidative and Ischemia-
Reperfusion (I/R) Damage

SIRT1 responds differently to various cardiac stresses.
The expression of this protein increases during pressure
overload, nutritional deficiencies, exercise and acute
ischemic preconditioning and decreases with underly-
ing I/R damage. SIRT1 protects cardiomyocytes from
oxidative stress-mediated damage through the activation
of CAT and MnSOD by deacetylation and activation of
PGC-1a and FOXO [32].

SIRT1 expression in cardiac tissue decreases after
I/R, while SIRT1 overexpression improves function
recovery after I/R damage through increased MnSOD,
thioredoxin-1 (Trx1), and Bcl-xL, as well as decreased
activity of the proapoptotic protein Bax [32]. SIRT1 acti-
vation by resveratrol diminishes I/R damage to the heart
by increasing ERK phosphorylation and decreasing
p38 and JNK (c-Jun N-terminal kinase) expression.
Also, exogenous administration of nicotinamide mono-
nucleotide protects the heart from I/R damage by mim-
icking the cardioprotective effect of ischemic precon-
ditioning and NAMPT overexpression, i.e. through a
SIRT1-dependent mechanism. In contrast, autophagic
flow in cardiac myocytes is impaired by a decrease in
NAMPT, probably in conjunction with SIRT1 signaling
pathway.

However, the effect of SIRT1 against oxidative stress in
the heart depends on its concentration. In fact, at baseline,
high cardiac expression of SIRT1 in mice, on the contrary,
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induces oxidative stress through dysregulation of mito-
chondrial function. Hearts of male Wistar-Kyoto rats
subjected to I/R were characterized by increased apop-
tosis of cardiomyocytes, cleavage of caspase 3, transient
increase in SIRT1 level, increased expression of FOXO1
and binding to the SIRT1 promoter region, suppression
of SIRT6 expression and AMPK-dependent reduction
of NAD+ amount, reflecting a complex molecular net-
work to protect the heart during I/R [33]. Moreover, in
diabetic mice, resveratrol-enhanced autophagic flux pre-
vented oxidative stress damage to the myocardium via
the SIRT1/FOXO1/Rab7 pathway [34].

The protection provided by SIRT6 against cardiac I/R
involves activation of FOXO3 in an AMPK-dependent
manner, followed by the development of a complex with
FOXO3 in the nucleus. Like SIRT1, the SIRT6-FOXO3
complex enhances the transcription of FOXO-depen-
dent antioxidant genes (MnSOD and CAT) to coun-
teract damage due to I/R [35]. Also, overexpression of
SIRT6 protects cardiomyocytes from hypoxic stress
by activating AMPK, increasing Bcl2 level, suppress-
ing NFkB activity, and decreasing cell levels of ROS
(reactive oxygen species) [36]. SIRT6 directly binds to
PARP1 (poly-[ADP-ribose] polymerase 1) and increases
its poly-ADP-ribosylase activity, thereby stimulating
the restoration of double-strand break under oxidative
stress [37]. Since excessive PARP1 activation can deplete
NAD+ levels in cardiomyocytes, it is important to limit
the excessive activation of SIRT6 in the heart to optimize
its cardioprotective effects.

Finally, SIRT6 also protects against hypoxia/reoxy-
genation-induced damage by reducing hypoxia-induced
apoptosis and mitochondrial defects through suppres-
sion and translocation of the p65 subunit of NF-BkB [38].

Cardiac Hypertrophy

Both SIRT1 and SIRT6 protect the heart from hyper-
trophy, although SIRT1 also demonstrates opposite
effects depending on the interaction with other factors
and stress severity [39]. Pressure overload in the heart
causes cardiac hypertrophy and failure through an
increase in PPAR-a (peroxisome proliferator-activated
receptor coactivator-a) -SIRT1 complex and suppression
of estrogen-related receptors (ERRs) of the transcrip-
tional pathway [39]. Also, SIRT1-dependent activation
of ACT exacerbates cardiac hypertrophy. In particu-
lar, SIRT1-mediated deacetylation as a plextrin homol-
ogy (PH) domain of Akt and its upstream kinase PDK1
(3-phosphoinositide-dependent kinase 1) facilitates their
interaction with phosphatidylinositol-3,4,5-trisphos-
phate (PIP3) in the plasma membrane where PDK1 phos-
phorylates and activates Akt, causing cardiac hypertro-
phy. SIRT1-deficient hearts demonstrated decreased Akt

activation and less development of cardiac hypertrophy
in response to exercise and Ang II stimulation.

In neonatal rat cardiomyocytes, inhibition of SIRT6-
dependent NF-kB suppresses cardiomyocyte hypertro-
phy, and overexpression of wild-type SIRT6 diminishes
Ang II-induced cardiac hypertrophy [40]. Interestingly,
the overexpression of nicotinamide mononucleotide
adenylyl transferase 2 (Nmnat2) prevented the develop-
ment of Ang II-induced cardiac hypertrophy. Among
all sirtuins, elevated mRNA levels in response to Ang
II stimulation were observed for SIRT6 and SIRTI,
with the predominant role of SIRT6 [40]. Therefore, a
new PARPI inhibitor, AG-690/11026014, a compound
that can prevent Ang II-induced cardiomyocyte hyper-
trophy, reverses the depletion of cellular NAD+ and
SIRT6 deacetylase activity. It is noteworthy that under
normal conditions SIRT6 blocks the expression of genes
associated with IGF (insulin-like growth factor) signal-
ing, which is responsible for heart failure by deacety-
lation of H3 at Lys-9 (H3K9) and suppression of c-Jun
activity. In contrast, the reduction of SIRT6 expression
in the heart in cases of pathological stress leading to
the development of cardiac hypertrophy, fibrosis, and
heart failure was associated with increased H3K9 acety-
lation on the IGF signaling gene promoters and c-Jun-
mediated transcriptional activation.

The attenuation of Akt signaling through SIRT6-
dependent activation of FOXO3 also contributes to
the pro-autophagic effect of SIRT6 in suppressing iso-
proterenol-induced cardiac hypertrophy. More recently,
the protective role of SIRT6 with underlying cardiomyo-
cyte hypertrophy was confirmed by the observation that
the suppression of the signal transporter and transcrip-
tion activator 3 (STAT3), critical for the development
of cardiac hypertrophy and heart failure, was involved
in signaling, which mediated the protective effect of
SIRT6 [41].

SIRT1 and SIRTOG
Modulators in Preclinical
and Clinical Conditions

Today, intensive studies are focused on modulating
SIRT1 and SIRT6 using pharmacological and natural
food compounds, as well as miRs [42]. SIRT1 activa-
tion by resveratrol derivatives such as BTM-0512 dem-
onstrated a beneficial effect on high glucose-induced
dysfunction of ECs [43]. According to these results,
eight-week male C57BL/6 mice treated with resveratrol
demonstrated less significant development of insulin
resistance and endoplasmic reticulum stress induced by
a high-calorie diet through increased SIRT1 expression
and reversal of adipokine expression in both subcuta-
neous and visceral adipose tissues. Another compound,
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icariin, an important active ingredient in Herba Epime-
dii (horny goat weed), also acts as a SIRT6 activator and
NF-inhibitorkB and demonstrated its potential efficacy
in the treatment of CVD [44].

As was widely reported [42], the following clinical
trials are currently underway or have been completed
(http://clinicaltrials.gov): safety, efficacy, pharmacody-
namics, and pharmacokinetics of natural and synthetic
compounds that can modulate SIRT1 and SIRT6 in sev-
eral diseases, including cardiovascular, inflammatory,
metabolic syndrome, insulin resistance, type 2 diabe-
tes and obesity. In this regard, clinical evaluations of
the pharmacological activators of SIRT1 (SRT1720,
SRT3025, SRT2104 and SRT501) have resulted in
the prevention of metabolic diseases, decreased ath-
erosclerotic plaque formation, improved lipid profile
in cigarette smokers, and improved glucose tolerance
in patients with type 2 diabetes [45]. Also, the results
of a double-blind, placebo-controlled study in patients
with carotid atherosclerosis revealed that treatment
with metformin reduced the state of proinflamma-
tion in peripheral blood mononuclear cells through
the induction of SIRT1, p65, as well as the blockade of
NF-kB [46].

However, the problem of controlling SIRT1 and
SIRT6 activity by specific compounds in order to achieve
protection against CVD remains unresolved. And there
is still a long way to go before sirtuin modulators can
be used for therapeutic purposes. This is because clini-
cal evaluations of SIRT6 are still limited, and clinical
results on the effectiveness of SIRT1 modulators are
contradictory. Nevertheless, studies on sirtuin modula-
tion by pharmacological compounds remain significant
today and are being carried out quite intensively. A sul-
fonylurea compound (G004) was recently synthesized.
It had a positive impact on hyperglycemia and ath-
erosclerosis due to its effect on the SIRT1/eNOS axis.
A new PARPI inhibitor (poly[ADP-ribose] polymerase
1) AG-690/11026014 demonstrated protective effects on
Ang II-induced cardiac muscle remodeling by restoring
SIRT1 activity in cardiac tissue [47].

Among natural that
SIRT1 and SIRTS6, ergothioneine has been shown to pre-
vent high glucose-induced endothelial aging by modulat-
ing SIRT1/p66shc (one of the isoforms of SHC1 protein)
and SIRT6/NF-kB [48]. Finally, the recently identified
SIRT6 inhibitor, compound 1 (2,4-dioxo-N-(4- (pyr-
idin-3-yloxy)phenyl)-1,2,3,4-tetrahydroquinazoline-
6-sulfonamide), tested in a mouse model of type 2 dia-
betes reduced levels of insulin, triglycerides, and plasma
cholesterol, and improved glycemic control by increas-

nutrients can modulate

ing the expression of GLUT (glucose transporter) 1 and
GLUT4 in muscles and increased the activity of the gly-
colytic pathway [49].

Conclusions and
Future Focus Areas

Studying the role of SIRT1 and SIRT6 signaling path-
ways in protection against CVD became relevant over
the past couple of years. The beneficial effects of these
compounds on inflammation, vascular aging, control of
glucose homeostasis, atherosclerosis, and cardiac dis-
eases are now intensively analyzed, and new targets are
constantly being discovered within the complex struc-
tures [50]. In this regard, summarizing the achievements
in the study of the role of SIRT1 and SIRT6 signals in
protection against CVD, we can conclude that they are
associated with the establishment of:

o dependence of SIRT1 and SIRT6 activity on
the cellular redox state. This fact indicates that
antioxidant compounds have a strong potential to
protect against CVD, which compounds have an
effect on the SIRT1/FOXO axis, SIRT1/NF-kB axis,
SIRT1/p66Shc axis and SIRT6/NFkB axis;
antiatherogenic role of SIRT6 in vivo, which
makes this sirtuin a potentially new target in

the prevention of atherosclerosis;
o effectiveness of SIRT1 synthetic activators with
good tolerance and bioavailability in individuals
who overcome the limit of low bioavailability of
resveratrol;
overlapping of regulatory mechanisms including

transcription factors and miRs such as NF-kB and
miR-34a, which indicates a regulatory interaction
between these sirtuins.

Overall, regarding the mechanisms controlled by
these sirtuins, recently obtained data linking SIRT6 with
the development of atherosclerotic plaques and their
vulnerability by NF-kB/NKG2D (natural-killer group 2
member D) indicate that the control of inflammatory
pathways in CVD is very important, especially for SIRT1
and SIRT6. At the same time, equally important are cell
mechanisms that influence intracellular glutathione
levels under conditions of oxidative stress, which appears
to be critical for controlling both SIRT1 and SIRTé6.

Although these sirtuins control the mechanisms
responsible for genome longevity and stability, and
this fact makes them attractive in terms of their roles
in the context of age-related diseases, the interactions
between SIRT1 and SIRT6 signals clearly demonstrate
the need to understand the set of their molecular targets
in order to achieve highly specific and selective modu-
lation at cardiovascular level. As demonstrated in this
review, the discussion of both SIRT1 and SIRT6 signal-
ing pathways in the protection against CVD, as well as
the presence of common molecular targets, suggests that
these sirtuins can act synergistically.

The complete discovery of the whole set of SIRT1 and
SIRT6 signaling pathways, including their possible
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associations with the cell mechanisms of vascular aging
and CVD, remains a key challenge in this area, along with
a deeper understanding of the redox regulation of these
sirtuins. In this regard, the prospects for future research
will be associated with the expected mapping of the epig-
enome in human diseases, which will allow the identifi-
cation of epigenetic targets specific to a particular disease
or disease stage. As for today, using dietary antioxidant
compounds, as well as a healthy lifestyle with moder-
ate exercise and calorie restriction, can be important for
controlling the conditions of cellular oxidative stress that
cause vascular aging and cardiovascular disease.
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