{ LIVERPOOL

JOHN MOORES
UNIVERSITY

LJMU Research Online

Sosnowska, B, Mazidi, M, Penson, P, Gluba-Brzozka, A, Rysz, J and Banach, M

The Sirtuin Family Members SIRT1, SIRT3 and SIRT6: Their Role In Vascular
Biology and Atherogenesis

http:/Iresearchonline.ljmu.ac.uk/id/eprint/6987/

Article

Citation (please note it is advisable to refer to the publisher’s version if you
intend to cite from this work)

Sosnowska, B, Mazidi, M, Penson, P, Gluba-Brzozka, A, Rysz, J and Banach,
M (2017) The Sirtuin Family Members SIRT1, SIRT3 and SIRT6: Their Role In
Vascular Biology and Atherogenesis. Atherosclerosis. ISSN 0021-9150

LJMU has developed LJMU Research Online for users to access the research output of the
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by
the individual authors and/or other copyright owners. Users may download and/or print one copy of
any article(s) in LUIMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or
any commercial gain.

The version presented here may differ from the published version or from the version of the record.
Please see the repository URL above for details on accessing the published version and note that
access may require a subscription.

For more information please contact researchonline@Ijmu.ac.uk

http://researchonline.ljmu.ac.uk/


http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk

Accepted Manuscript

sclerosis

The sirtuin family members SIRT1, SIRT3 and SIRT6: Their role in vascular biology
and atherogenesis

Bozena Sosnowska, Mohsen Mazidi, Peter Penson, Anna Gluba-Brzézka, Jacek
Rysz, Maciej Banach

PII: S0021-9150(17)31249-2
DOI: 10.1016/j.atherosclerosis.2017.08.027
Reference: ATH 15182

To appearin:  Atherosclerosis

Received Date: 22 February 2017
Revised Date: 11 August 2017
Accepted Date: 23 August 2017

Please cite this article as: Sosnowska Boz, Mazidi M, Penson P, Gluba-Brzézka A, Rysz J, Banach M,
The sirtuin family members SIRT1, SIRT3 and SIRT6: Their role in vascular biology and atherogenesis,
Atherosclerosis (2017), doi: 10.1016/j.atherosclerosis.2017.08.027.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.atherosclerosis.2017.08.027

Thesirtuin family members SIRT1, SIRT3 and SIRTG6:

their rolein vascular biology and atherogenesis

Bozena Sosnowskd*Mohsen Mazidi® Peter Pensdh,

Anna Gluba-BrzézKs, Jacek Rysz Maciej Banacffe

®Department of Hypertension, Medical University afdz, Lodz, Poland

P Key State Laboratory of Molecular DevelopmentailBgy, Institute of Genetics and Developmental
Biology,Chinese Academy of Sciences, Beijing 1001T1ina

¢ School of Pharmacy and Biomolecular Sciences,rpivel John Moores University, Liverpool, UK.

OIDepartment of Nephrology, Hypertension and FamigdMine, WAM University Hospital, Lodz,
Poland

® Polish Mother’s Memorial Hospital Research Insgétu_odz, Poland

"Cardiovascular Research Centre, University of ZialGora, Zielona-Gora, Poland

*These authors contributed equally to this work.

¥ Correspondence to:
School of Pharmacy and Biomolecular Sciences, bwerJohn Moores University, Liverpool, L3 3AF
U.K..

E-mail: P.Penson@ljmu.ac.uk (P. Penson)

Department of Hypertension, WAM University HospitalLodz, Medical University of Lodz,
Zeromskiego 113; 90-549 Lodz, Poland.

E-mail address: maciejbanach77@gmail.com (M. Banach)




ABSTRACT:

The sirtuins, silent mating-type information redida 2 (SIRTs), are a family of nicotinamide adenin
dinucleotide (NAD)-dependent histone deacetylases with importanesrain regulating energy
metabolism and senescence. Activation of SIRTs agp® have beneficial effects on lipid metabolism
and antioxidants, prompting investigation of thkesoof these proteins in atherogenesis. Althougticell
data are currently limited, the availability andety of SIRT activators such as metformin and restvel
provide an excellent opportunity to conduct resear better understand the role of SIRTs in human
atherosclerosis. Encouraging observations fromlipreal studies necessitate rigorous large, pro$pec
randomized clinical trials to determine the rolésStRT activators on the progression of atherosslisr

and ultimately on cardiac outcomes, such as myadardarction and mortality.

Keywords: AtherosclerosisCVD, Sirtuin, SIRT1, SIRT3, SIRT6, Oxidative Strekgid metabolism.

Abbreviations: ABC, Adenosine triphosphate binding cassette; ABEBC sub-family G member; ADP,
Adenosine diphosphate; AMPK, Adenosine monophospaetivated protein kinase; eNOS, Endothelial
nitric oxide synthase; FOXO, Forkhead transcripfactor subclass O; HDL-C , High-density lipoprotei
cholesterol; HIF1A, Hypoxia-inducible factor 1A; MEC, Human umbilical vein endothelial cells;
LDL-C, Low-density lipoprotein cholesterol; LDLR,ow-density lipoprotein receptor; LOX-1, Lectin-
like oxidized low-density lipoprotein receptor-1XR, Liver X receptor; MnSOD, Manganese-dependent
superoxide dismutase; NAD, Nicotinamide adenineuclgotide; NADPH, Nicotinamide adenine
dinucleotide phosphate (reduced form) ; N-CoR, Maiclreceptor co-repressor; KB; Nuclear factor
kB; NFATc2, Nuclear factor of activated T cells Z-bDL,Oxidized low-density lipoprotein; p53, Tumor
protein 53; PCSK9, Proprotein convertase subtiksixin 9; PGC-&, Peroxisome proliferator-activated

receptory co-activator-&;, ROS, Reactive oxygen species; SIRT, Silent malpg information



regulation; SOD2, Superoxide dismutase 2; SR-Bhyv&uger receptor class B type I; STAT3, Signal

transducer and activator of transcription-3; VCAMVAscular cell adhesion molecule-1,



1. Sirtuinsfamily

The sirtuins, silent mating-type information redida 2 (SIRTs), are a family of nicotinamide adenin
dinucleotide (NAD)-dependent histone deacetylases. SIRTs are adiviat response to low cellular
energy stores and have been implicated in the aomifr many physiological processes including
senescence (1). The life-prolonging effects of SIRVEre first described iBaccharomyces cerevisiae (2).

The regulation of SIRTs by NADdictates that the activity of these enzymes alterssponse to changes
in prevailing intracellular redox potential (1) aBtRTs have been found to have important rolenergy
regulation (3). The main chemical reactions catdyzby sirtuin enzymes are protein lysine
deacetylations. Sirtuins couple the deacetylatiblysine to the hydrolysis of NAD+ by transferrinige
acetyl group to the adenosine diphosphat®P)-ribose moiety to form O-acetyl-ADP-ribose, aa$ing
free nicotinamide (4). Seven closely-related SIRmify members have been identified and these are
divided into four classes: class | (consisting ¢R'EL, SIRT2, and SIRT3), class 1l (SIRT4), clask I
(SIRT5), and class IV (SIRT6 and SIRT7) (5, 6). BIRTs have a conserved core catalytic domain, but
they differ with respect to their distribution iisgues and their intracellular locations (7). SIRFIRT6

and SIRT7 are predominantly located in the nucl&IRT2 is unique in its cytoplasmic location, and
SIRT3, SIRT4 and SIRTS5 are mitochondrial SIRTs @f.the seven SIRT subtypes, SIRT1, SIRT3, and

SIRT6 have been most extensively characterizedaemthe focus of this narrative review.

1.11. SIRT1
SIRT1 is a highly conserved NAD-dependent histoeacdtylase (6) and is the best characterized member
of the SIRT family. SIRTL1 is highly expressed imfan vascular endothelial cells (9), where it resiite
the nucleus of the cell and is associated with eamhtin (10). SIRT1 regulates many cellular proesss
essential for cell survival, apoptosis, inflammatistress resistance, cell growth, cell senescande

metabolism, by deacetylating histones and many hstene proteins such as forkhead transcription



factors (FOXOs), nuclear factaB (NF-«B), tumor protein 53 (p53), peroxisome proliferatativated
receptory co-activator-t (PGC-kr), and several DNA damage repair proteins includfng0 (11-14).
SIRT1 deficiency contributes to increased inflamorgt oxidative stress, foam cell formation, impdire
nitric oxide (NO) production and autophagy, therglbgmoting vascular aging and atherosclerosis (11-

14).

1.1.2. SIRT3
SIRT3 regulates several mitochondrial functions d@rftas important roles in maintaining homeostasis,
particularly under conditions of stress (15). Hoe\SIRT3 does not appear to be a prerequisitéféor
as demonstrated by knockout mice models which sti@mealmost normal phenotype at birth - although
these animals displayed excessive acetylation tdamondrial proteins (16). SIRT3 participates ie th
control of fatty-acid metabolism, and SIRT3 knockanice demonstrate abnormal lipid metabolism
which is associated with abnormal accumulationayicarnitines and triglycerides in the livers oésle
animals during fasting (17). Multiple cellular tetg including manganese-dependent superoxide
dismutase (MnSOD), NADH dehydrogenase sub-complexari succinate dehydrogenase complex
subunit A have been identified as being modulate®IRT3 (18, 19). SIRT3 provides protection against
oxidative stress by deacetylation and activatiosugferoxide dismutase 2 (20). Rabsl. indicated that
loss of SIRT3 does not change endothelial funciimnadvanced atherosclerosis, but may lead to

augmentation of osteogenic signaling and accekgaiegression of vascular calcification (21).

1.1.3. SIRT6
The core domain of SIRT6 is flanked by a N-termiwalch is necessary for histone deacetylation and
chromatin association and a C-terminal which isumegl for the nuclear localization of this SIRT sye
(22). Primarily characterized as an NAD+-dependwesione deacetylase (23), SIRT6 targets the histone

H3K9 (10) and H3K56 (24) and also directly deacetgk a variety of proteins (24, 25). SIRT6 expoessi



is decreased in atherosclerotic lesions from Apebnice (26) and human patients (27). However, the
role of SIRT6 in regulating vascular endotheliahdtion and atherosclerosis is not well understood.
Recently Xuet al. reported that SIRT6 reduces the formation ofradaerotic lesionsia the attenuation

of endothelial dysfunction and vascular inflammat{@8) .

1.1.4. Putativetherapeuticrolesof SIRTs

SIRTs regulate a variety of genes which encodeeprstthat regulate inflammation and endothelial cel
function (10). The importance of SIRTs in many pblggyical processes has led to pathophysiological
and therapeutic roles being investigated in a tyapé conditions including cancer, diabetes medljtand
cardiovascular disease (1), all leading causes abiaity and mortality (29). Cardiac (3, 30, 31)dan
cardiovascular (1, 32) effects of SIRTs have beeensively reviewed elsewhere. SIRT1 has been
implicated in protection against endothelial dysfion, thrombosis, myocardial infarction and
reperfusion injury. SIRT3 appears to have bendfi@ffects on the myocardium, ameliorating
cardiomyopathy and left ventricular hypertrophy gmgserving mitochondrial function (33). SIRT6 has
similar effects and additionally may have benefieffects on lipid profiles. Hepatic Sirt6 mightgaress
transcription of Pcsk9, which prevent hepatic loswsity lipoprotein receptor (LDLR) degradation and

subsequently reduce plasma LDL cholesterol (LDLe®gls in mice (34).

2. Atherosclerosis

Atherosclerosis is a progressive disorder, whichettps from foam cells and fatty streaks in arteria
walls through several stages of development, utBhgaesulting in atherosclerotic plaques. The pé&x)
can obstruct blood flow. In the coronary circulatihis can result in symptoms of angina pectofighée
plagues rupture, they expose the platelets to ggoegatory stimuli leading to thrombogenesis asd it

sequelae: coronary thrombosis and myocardial ititarcA similar process in cerebral arteries resiuit



ischaemic stroke (35). Research in recent decadgesirttreasingly highlighted the roles of oxidative
stress, inflammation (36-38), macrophage infilbatand deposition of oxidized low-density lipopiote
(ox-LDL) cholesterol in the walls of blood vessalsd endothelial dysfunction in the pathophysiology
atherosclerosis (35, 39). Results from preclingtatlies suggest that SIRTs are involved in thelatign

of many of these pathways. This review focuseshenviascular biology of SIRT1, SIRT3 and SIRTS6,
with a focus on the roles of these enzymes and thedulators on biological molecules and processes

involved in atherogenesis, including lipid metabolj inflammation and endothelial function.

3. Potential for SIRTsto modulate factorsinvolved in the development ather oscler osis

3.1. Lipid modification

The deposition of oxidized lipids in arterial walls a characteristic of atherosclerosis (35, 39).
Pharmacological modification of plasma lipid pre§| in particular the reduction of low-density
lipoprotein cholesterol (LDL-C), has been showrbteffective in the primary (40) and secondary (41)
prevention of cardiovascular events. Epidemioldgstadies have repeatedly demonstrated associations
between HDL-C and reduced risk of cardiovasculaeae, although the causal relationship of this
relationship has been called into question by camgfidies including a large, well-conducted Meratel
randomization investigation (42). Lipid-modifyindfects of SIRTs have been described, and, therefore
SIRTs may have the potential to alter the coursslodrogenesis (43figure 1).

SIRT1 modulates cholesterol biosynthesis in therl{#4) resulting in reduction of serum lipid les@l5).
These effects is associated with the fact that $IRTa positive regulator of the liver X receptbXR)
proteins, important regulators of the metabolisnfadfy acids, cholesterol, and glucose. LXR regsdat
reverse cholesterol transport, a process that resnavolesterol from macrophages and prevents fefim c
formation. SIRT1 may promote deacetylation of LX&R3ysine K432 (44). Deacetylation and subsequent

activation of LXR increase the expression of ATRdang cassette (ABC) sub-family A member (ABCA)



1 and ABC sub-family G member (ABCG) 1, which cdmite to the reverse cholesterol transport and the
suppression of foam cell formation and cholestdoalding in macrophages (44). Moreover, SIRT1
interacts with transcription factors including pasmme proliferator-activated receptor gamma (PIPAR
nuclear receptor co-repressor (N-CoR) (46), anadxyigome proliferator-activated receptor gamma co-
activator 1-alph (PGC-1a) (47), and may also cbaote to activation of LXR in cells via the N&B
pathways (14).

Of particular interest is the observation that precological activation of SIRT1 can increase LDLR
expression in mice through a reduction in secretainproprotein convertase subtilisin/kexin 9
(PCSK9) (48), which targets LDL receptors for intization in hepatic cells and thereby reduces the
capacity of the liver to take up circulating LDL9Y450). Monoclonal antibodies directed against P&@SK
have shown great efficacy in lowering circulatingll-C concentrations and are very promising agents i
the prevention of cardiovascular disease (CVD) &), Also, SIRT6 can reduce LDL-C levels through
regulation of the PCSK9 gene (34). Deficiency opdtec SIRT6 increased PCSK9 gene expression and
LDL-C. SIRT6 can be recruited by forkhead trangaip factor FOXO3 to the proximal promoter region
of the PCSK9 gene and deacetylates histone H3iely 9 and 56, which suppress the gene expression.
Moreover, overexpression of SIRT6 in mice fed ahHigt diet lowers LDL-C (34). FOXO3 and SIRT6
also suppress tH&rebp2 gene expression, a major regulator of cholestgaglynthesis in the liver. SIRT6
and FOXO3, have an impact on total cholesterollgeiwvethe circulatiorvia regulation of thesrebp2 gene

(51).

3.2. Reduction of oxidative stress

Anti-atherosclerotic actions of SIRTs may derivenirtheir potential to reduce the severity of oxidat
stress and stress-induced endothelial injury (53).(SIRT1 exerts antioxidant effects by modulating

FOXO signaling (54). FOXO proteins have many fumes, including cell cycle, metabolism, apoptosis,



stress resistance, DNA repair, and aging (55). Bigtation and then activation of FOXO1, 3 and 4
transcription factors by SIRT1 reduces oxidativeess by induction of anti-oxidative enzymes in
endothelial cells (56). SIRT1 promotes the expmsdf FOXO target genes associated with stress
resistance, and decreases the transcription ofsgessociated with apoptosis (57). Genetic variati@an
the SIRT1 and FOXO1 loci have been found to beaata with carotid atherosclerosis. A pronounced
effect was found for two SNPs (rs10507486 and rg829) at FOXO1 and common carotid intima-media
thickness (58). SIRT1 has been shown to promoteiliguitination and degradation of FOXO3a, which
protects endothelial progenitor cells against agastress-induced apoptosis (59).

SIRT3 reduces intracellular activity of reactiveygen species (ROS) via deacetylation and stimuiaifo
mitochondrial superoxide dismutase 2 (SOD2) (19), emzyme responsible for the conversion of
superoxide to molecular oxygen or hydrogen peroxifd). Correspondingly, it has been demonstrated
that SIRT3 deficiency in murine and human pulmorantgry smooth muscle cells was associated with
induction of the transcription factors involved fine pathogenesis of pulmonary artery hypertension
hypoxia-inducible factor 1A (HIF1A), signal transsu and activator of transcription-3 (STAT3), and
nuclear factor of activated T cells 2 (NFATc2) (60joreover, SIRT3 deficiency induces a mild,

superoxide-dependent endothelial dysfunction irenfiédl a high-cholesterol diet (61).

3.3. Anti-inflammatory actions

SIRTs have the potential to reduce the inflammatamponent of atherosclerotic disease. In particula
this may occur through regulation of nuclear fad&Br (NF-kB), which regulates the expression of
cytokines, chemokines and other pro-inflammatomlrag (62).

SIRT6 is an important regulator of inflammation.dndothelial cells, the down regulation of SIRT6 is
associated with enhanced expression of NF-kB, wbilerexpression of SIRT6 is associated with

diminished NF-kB activity. SIRT6 thus appears toduate the up-regulation of genes involved in



inflammation, vascular remodelling, oxidative streend angiogenesis including interleuindL-1p)

(7).

In a murine model, haploinsufficiency of SIRT6 ukks in more rapid atherosclerotic plague formation
and greater carotid plaque instability than in haygous SIRT6 controls. The homozygote animals had
greater expression of inflammatory cytokines (688jerestingly, the study also found that expressibn
SIRT6 was lower in carotid arteries from patientdhwatherosclerotic disease, compared to normal

controls (63)

3.4. Macrophage migration and foam cell deposition

Uptake of ox-LDL into endothelial cells, an importastage in the development of atherosclerosis, is
achieved via several scavenger receptors, for ebeardgetin-like oxidized low-density lipoprotein
receptor-1 (Lox-1) and CD36 (64). Inhibition of L-dxexpression would appear to be a potential
therapeutic strategy against atherosclerosis GBRT1 reduces the expression of the scavenger tacep
Lox-1 in macrophages (66), and may thereby acidw $he development of foam cells. Reduction of
Lox-1 expression by SIRT1 is associated with suggiom of NF-signaling by deacetylation of RelA/p65
(66). SIRT1 also exerts CD36 dependent and indegendctivities related to ox-LDL uptake (57).
Moreover, it was also indicated that SIRT1 does aftéct scavenger receptor class B type | (SR-B1)
which mediates cellular HDL cholesterol uptake (44) addition, SIRT1 may stabilize existing
atherosclerotic plaques by enhancing the activityissue inhibitor of metalloproteinase 3 in vasaul

smooth muscle cells (67).

3.5. Autophagy

Autophagy is catabolic process through which damagganelles and macromolecules are degraded and

recycled within the cell. Macrophage autophagy glayprotective role in atherosclerosis by reducing



inflammation and promoting cholesterol efflux (6&JRT1 can regulate autophagy by both epigenetic
mechanisms through histone modification and by tpastlational mechanisms through the action of
forkhead transcription factors (FOXO) (69). Thenmiry deacetylation target of SIRT1 is lysine 16 on
histone H4 (H4K16). H4K16 deacetylation inhibit® ttianscription of genes involved in the initialdan
late stages of autophagy (70). SIRT1 may direatkeract with ATG5, ATG7, and Atg8/LC3 (71).
Indirectly, SIRT1 might regulate autophagy by dégegion of FOXO1 and FOXO3, which cause
increased expression of molecules associated witiphagy. FOXO1 activation stimulates the expressio
of Rab7, which leads to the maturation of autopbagees (72). Deacylation of FOXO3 increases the
expression of Bnip3, which is critical for the iradion of autophagy (73).

SIRT6 also protects against atherosclerosis byciadufoam cell formation through an autophagy-
dependent pathway. Hat al. indicated that SIRT6 overexpression lowers thelled miR-33, which not
only increases autophagy flux but also upreguladCAl1 and ABCG1 expression, promoting

cholesterol efflux and preventing macrophage foathfarmation at the same time (74).

3.6. Vascular function

Two recent studies conducted in mouse models hawesiigated the effects of SIRT6 upon vascular
function using similar methods (26, 28). EndotHetlarived relaxation, provoked by an acetylcholine
challenge, was impaired in haploinsufficient SIRTénice (28) and when the function of SIRT6 was
attenuated by small hairpin RNAs. Haploinsufficigr®&IRT6”" mice had increased rates of atherogenesis
associated with elevated vascular cell adhesionecnt-1 (VCAM-1), an inflammatory cytokine.
Correspondingly, SIRT6 overexpression was assatiaiéh reduced expression of pro-atherosclerotic
genes (including tumour necrosis factor (TNF) fgnmiembers and reduced adhesion of monocytes to

endothelial cells) (28)



4. SIRTsand cigarette smoke

Cigarette smoke causes generalized endothelialdgsbn (75, 76), which is usually an indicatorawf

increased oxidative stress. In smokers and in stgyeith diabetes, SIRT1 expression and/or activigy

be decreased, despite the fact that the proteefifeets of SIRT1 against oxidative stress would be
especially helpful in this situation. It was foutitht the SIRT1 activator SRT2104 is safe and well
tolerated in otherwise healthy cigarette smokeis @ositively effects on lipid profiles through resitog

LDL-cholesterol concentrations in serum by 11%, bid not indicate beneficial effects on vascular,
endothelial, or platelet function compared with celao (77). Resveratrol, probably via a SIRT1-
dependent mechanism, may prevent the adverse waseffects of cigarette smoking by reducing
cigarette smoke-induced oxidative stress and ptawgrpro-inflammatory phenotypic alterations in
vascular tissues (78). Additionally, it was showratt SIRT1-PARP-1 axis plays a pivotal role in

regulation of autophagy induced by cigarette snm(@kg.

5. SIRTsand statins

In addition to their well-documented lipid-modifgineffects, statins (3-hydroxy-3-methylglutaryl—
coenzyme A reductase inhibitors) have pleiotropiascular protective effects associated with
improvement or restoration of endothelial functienhanced activity of endothelial nitric oxide dyade
(eNOS), and reduction of oxidative stress (80). &N@rotects the cardiovascular system from
atherosclerosis by regulating vascular relaxat®h).(A positive correlation was found between eNOS
and SIRT1 expression in subjects receiving staftaet al. indicated that an increase in eNOS activation
caused by statins could promote SIRT1 (82). Kati@l. shown that SIRT1 expression is increased and
eNOS expression is decreased in patients with @gbkarosis and statin, atorvastatin and rosuvastati

therapy may reduce SIRT1 expression and increa§€¥Sedkpression, to the similar levels as in healthy



population, independent from the studied SIRT1 gareants (rs7069102C>G and rs2273773C>T) (83).
Therefore, statin treatment could exert its pravecteffect on cardiovascular disease through the
inhibition of SIRT1 expression. Conversely, prewostudies, demonstrated an increase in SIRT1

expression with statin treatment (84, 85).

6. Pharmacological modulatorsof SIRTs

SIRTs present an interesting and attractive themtspdarget in the prevention of atherosclerotic
cardiovascular disease. The wide-ranging anti-afuberotic effects of SIRT activation afford an
opportunity simultaneously to influence multiple ngmonents of the development of atherosclerotic
cardiovascular disease with a single drug targetthErmore, a number of currently available drugg a
nutraceuticals have been demonstrated to activiR@sSdirectly or via allosteric activation (86, 87)
Thus, the clinical manipulation of SIRTs may be iachble without the costly and time-consuming
process of discovering new drug targets. Pharmgab modulators have been best characterized for
SIRT1 and several of these are discussed beloardear to test the hypotheses that these agentdbmay
beneficial in the treatment and prevention of cardscular disease, possibly long-term, outcomesebas
placebo-controlled clinical trials would be necegsélowever such studies are likely to be expenaive
relatively difficult to conduct. The short-term dtas, which simultaneously measure expression RTSI
and different parameters of cardiovascular rispatients taking SIRT modulators, may go some way to

addressing the question.

6.1. Metformin
Metformin is a safe and widely used antidiabetiggdrin addition to its well-characterized reductian
plasma glucose, it has anti-inflammatory propertigh the potential to modulate important components

of the pathophysiology of atherosclerosis. (88,. 88¢tformin increases SIRT1 expression and activity



and represses the expression of inflammatory madigeh as 11-6 and TNF-alpha in patients with aérot
artery atherosclerosis (90). Metformin has beenwshto promote phosphorylation of 5 adenosine
monophosphate-activated protein kinase (AMPK), WHeads to protection against oxidative injuries
(91). The signaling pathways of metformin-mediadedi-atherosclerotic effects involve inhibition thie
nicotinamide adenine dinucleotide phosphate (NADBKYlase activity and the ROS formation, which
impair the LOX-1 up-regulation and AKT/eNOS deaation. Importantly, these protective mechanisms

are attenuated when SIRT1 and AMPK are represshd (9

6.2. Resveratrol

Resveratrol (3,5,4rihydroxy-trans-stilbene) is a polyphenol foundnatural products including grapes
(93). Resveratrol is a strong activator of SIRTH anis potentially anti-atherosclerotic (2, 94,)95
Disappointingly, a well-conducted and extensive aratalysis did not find any evidence of resveratrol

supplementation impacting plasma lipids, or otlek factors (96).

6.3. Genistein

Genistein (4’,5,7-trihydroxyisoflavone) is an issmfbne which is present mainly in soybeans and red
clover. It has anti-atherosclerotic activities @) Genistein increases the activity of endo#heditric
oxide synthase (eNOS) and the production of ndxide (NO) (100). NO is a vasodilator and reduced
endothelial NO production is a hallmark of endatilebysfunction and atherosclerosis. In human
umbilical vein endothelial cells (HUVECS), genistehas been shown to reverse eNOS uncoupling
induced by ox-LDL, a process modulated by a SIR&pehdent pathway (100). This observation
provides an important potential mechanism for th&-a@herosclerotic actions of genistein and SIRT

activators in general.



6.4. Quercetin
Quercetin is a flavonoid with anti-oxidative andianflammatory activities. It is present in vegelas,
fruits, herbs and red wine (101). Like genisteimergetin suppresses ox-LDL-induced endothelial

dysfunction by activating SIRT1 (102).

6.5. Berberine

Berberine is a botanical alkaloid mainly isolatedin the Chinese her@optis chinensis which has been
proposed as an anti-atherosclerotic agent (103 &ell-culture model, berberine has been shown to
reduce the formation of foam cell formation by aating the AMPK-Sirt1l-PPAR- pathway and by

reduction of the uptake of ox-LDL by monocytes (104

6.6. Curcumin

Curcumin is a polyphenol extract @urcuma longa. Curcumin enhances cholesterol efflux from
macrophages, an important step in reverse chobégtansport, whereby cholesterol is returned ® th
liver for metabolism. This effect of curcumin magsult from an increase of ABCA1 expression through
activation of AMPK-Sirtl-LXRx signaling in THP-1 macrophage-derived foam cell35). Such effects
may reduce the development of atherosclerosis added curcumin has been proposed as an anti-

atherosclerotic agent (106).

6.7. Delphinidin-3-glucoside
Delphinidin-3-glucoside is a natural anthocyaninichkhis found in a variety of fruits, vegetablesdan
cereals (107). Several studies have demonstratéehtpdly beneficial effects of anthocyanins on

atherosclerosis, but the mechanisms have not ben dlucidated (108). It has been shown that



delphinidin-3-glucoside protects against ox-LDLeeéd injury in HUVECs (108). This effect may be

mediated via an adenosine monophosphate-activabéeimpkinase/Sirtl signaling pathway (109).

6.8. Ginkgolide B

Ginkgolide B is an extract of the ginkgo leaf asdainatural inhibitor with potentially protectivéfexts
on endothelial cells (110) Ginkgolide B can protegainst endothelial cell injury by reducing LOXatd
increasing Sirtl (111) and it has been suggestedpadential agent for the prevention of atherradis

(111, 112).

6.9 Evaluation of clinical effects of pharmacological modulatorsof SIRTs

The compounds described above have shown promisarying degrees in the modulation of SIRT
function. More rigorous evaluation of these compmisurs needed before any recommendations can be
made with respect to their clinical use. Metforngnprobably the most promising candidate in this
respect, because its widespread availability asharnpaceutical preparation would make a large
randomised controlled trial realatively easy talfate (88-92). Such a trial could be used to ueashe
effect of the drug on SIRT function and clinicalteames, to determine whether these effects were
correlated with one another. Natural products sashresveratrol, genistein, quercetin, berberine,
curcumin, delphinidin-3-glucoside and ginkgolidenBay be harder to investigate robustly owing to
difficulties in measuring dietary intake in obsdigaal studies and because of the difficulty imétiating
variability between batches of supplements usembirirolled studies (94-112). Perhaps the most igedct
approach to further research would be to investigagtformin initially as a ‘proof of concept’ arten to

investigate natural products if studies with metfor suggested a SIRT-mediated benefit of metformin.



7. Conclusions

SIRTs appear to have a prominent role in vasculaody, and in preclinical models they promote a
variety of physiological effects, which would bepexted to oppose atherogenesis. Preclinical studies
suggest roles for SIRTs in protecting vascular gimoouscle and endothelial cells from the deletexiou
effects associated with lipid deposition, oxidatsteess, and inflammation. Although clinical data a
currently limited, and caution must be applied wlegirapolating from the results of preclinical sas]

the availability and safety of SIRT activators sashmetformin and resveratrol make possible théiestu
that will be necessary to better understand thee 0ISIRTs in human atherosclerosis. These encmgag
observations necessitate rigorous large clini¢alstto determine the roles of SIRT activators ard@c

outcomes such as incident myocardial infarction modtality.
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Figure 1: An overview of potential interactions of SIRTS wjghthophysiological processes in atherosclerosis.
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HIGHLIGHTS:

» Thesirtuins, silent mating-type information regulation 2 (SIRTS), are afamily of
ni cotinamide adenine dinucleotide (NAD™)-dependent histone deacetyl ases

» SIRTS have important roles in regulating energy metabolism and senescence.

» Activation of SIRTs appears to have beneficia effects on lipid metabolism and
antioxidants

* Theavailability and safety of SIRT activators such as metformin and resveratrol
provide an excellent opportunity to conduct research to better understand the role of

SIRTs in human atherosclerosis.



