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Summary
The sirtuins are a family of highly evolutionary conserved NAD+-dependent deacetylases 
(SIRT1, 2, 3, 5). Certain human sirtuins (SIRT4, 6) have, in addition, an ADP-ribosyltransferase 
activity. SIRT1 and SIRT2 are located in the nucleus and cytoplasm; SIRT3 exists predominantly 
in mitochondria, and SIRT6 is located in the nucleus. The mammalian sirtuins have emerged 
as key metabolic sensors that directly link environmental nutrient signals to metabolic ho-
meostasis. SIRT1 is involved in the regulation of gluconeogenesis and fatty acid oxidation, as 
well as inhibiting lipogenesis and inflammation in the liver. In addition, they contribute to 
the mobilization of fat in white adipose tissue, sense nutrient availability in the hypothala-
mus; regulate insulin secretion in the pancreas; as well as modulating the expression of genes 
responsible for the activity of the circadian clock in metabolic tissues. Sirtuins are implicated 
in a variety of cellular functions ranging from gene silencing, through the control of the cell 
cycle, to energy homeostasis. Caloric restriction, supported by polyphenols, including res-
veratrol, which is the SIRT1 activator, plays a special role in maintaining energy homeostasis. 
On a whole body level, the wide range of cellular activities of the sirtuins suggests that they 
could constitute a therapeutic target to combat obesity and related metabolic diseases. In 
addition, this work presents the current state of knowledge in the field of sirtuin activity in 
relation to nutritional status and lifespan.
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SIRT1 is the best-known mammalian sirtuin, which is simi-
lar to Sir2p in Saccharomyces cerevisiae yeast. It is present 
in the cell nucleus and catalyses the NAD+-dependent dea-
cetylation of many transcription-regulating factors. SIRT2 
is also a deacetylase, but it is found both in the cell cyto-
plasm and nucleus and it is responsible for polymerisa-
tion of α-tubulin and stabilisation of microtubules. SIRT3 
is present in the cell nucleus, where it participates in dea-
cetylation of histones, which form nucleosomes, but also 
in mitochondria, to which it is transported under cellular 
stress conditions [93].

Sirtuins (SIRT1-SIRT3 and SIRT5) [75] catalyse the par-
ticular deacetylation reaction, in which first a hydrolysis 
occurs of the glycoside bond between nicotinamide and 
ADP-ribose residue in NAD+ molecule. Then, the acetyl 
group is transferred from the bound protein substrate to 
ADP-ribose residue. That reaction yields 2’-O-acetyl-ADP 
ribose (AADPR) and nicotinamide (NAM) (Fig. 2). The reac-
tion of deacetylation is inhibited by nicotinamide (final 
product of the reaction), but can be also regulated by 
[NAD+]/[NADH] ratio, which depends on the energy status 
of the cell. The absolute requirement of the sirtuin-cata-
lysed reaction is the availability of NAD+ co-substrate, what 
places sirtuins in the centre of cell energy metabolism reg-
ulation and can be a link between the energy status in the 
cytoplasm and nuclear signalling. Catabolic reactions, such 
as β-oxidation of fatty acids, glycolysis, degradation of pro-
teins or citrate cycle, reduce NAD+ to NADH. Under con-
ditions of high energy potential – the intracellular NADH 
concentration increases significantly, while [NAD+]/[NADH] 
ratio usually changes in favour of NAD+.

It seems that SIRT1 can play the role of a sensor affect-
ing the gene expression process in order to ensure normal 
cell metabolism. AADPR (acetyl-ADP-ribose nicotinamide), 
the product yielded in deacetylation reaction catalysed 
by sirtuins plays also the role of a second messenger. It 
is involved in the process of transcription silencing and 
achieving a functional status of heterochromatin [38, 45]. 
AADPR achieves that in two independent mechanisms. The 
first one of them is induction of conformational changes in 
SIRT1, which enhance the silencing [45]. The second mech-
anism consists in binding AADPR to a macro histone vari-
ant (H2A1), which is present in inactive heterochromatin 
region [38].

Two sirtuins: SIRT4 and SIRT6 have no deacetylase activ-
ity (Table 1) but show the activity of NAD+-dependent ADP- 
-ribosyltransferase. The ability of human sirtuins to cata-
lyse ADP-ribosylation of target proteins was suggested 
already in the first reports on those enzymes [83]. The 
detailed mechanism of that reaction has not been fully elu-

INTRODUCTION 

The „founder” of the sirtuin family is the silent information 
regulator 2 protein (Sir2p) detected in the cells of Saccha-
romyces cerevisiae yeast. The protein is a nicotinamide ade-
nine dinucleotide (NAD+) – dependent histone deacetylase 
which regulates chromatin silencing [5]. Yeast strains with 
altered Sir2p level show many metabolic disorders includ-
ing transcriptional and recombination silencing, ageing and 
repair of DNA. Besides Sir2p, S. cerevisiae cells produce four 
other NAD+-dependent histone deacetylases – Hist1 – Hist 4. 
In mammals, seven sirtuin homologues have been identi-
fied: SIRT1 – SIRT7 [16, 17]. The unusual homology of sir-
tuin genes from yeast to human ones indicates that these 
proteins play a significant vital role [17]. SIRT1 and SIRT2 
are found both in the nucleus and cytoplasm, while SIRT6 
and SIRT7 are only present in the nucleus. SIRT3, SIRT4 and 
SIRT5 are called mitochondrial sirtuins [54]. Based on the 
phylogenetically preserved basic domain, the sirtuins have 
been divided into five subclasses (I-IV and U). The subclass I 
includes SIRT1, SIRT2 and SIRT3, which show a deacetylase 
activity. SIRT4 with ADP-ribosyltransferase activity belongs 
to the subclass II [2, 21]. The subclass III includes SIRT5, 
which has a deacylase activity [95] and a weak deacetylase 
activity [56]. Sirtuins from subclass IV, i.e. SIRT6 and SIRT7, 
show both deacetylase and ADP-ribosyltransferase activi-
ties [34]. The subclass U includes sirtuins present in archaea 
and bacteria; they constitute a bridge between classes I 
and IV [17]. Mammalian sirtuins belonging to classes I, II 
and IV contain in their structure zinc as a cofactor. Zinc, as  
a nucleophilic element, participates in the activation of 
water molecules and enables hydrolysis of the acetamide 
bond between acetate and ε-amine residue of lysine [29]. 
Mammalian deacetylases from class III also contain zinc, but 
it is not directly involved in the reaction.

Initially, the function of sirtuins was associated with 
repression of transcription. The acetylated H1, H3 and H4 
histones are physiological substrates of sirtuins. Lysine in 
position 16 of the H4 histone is the critical residue in sir-
tuin-mediated transcription silencing [38, 88]. It has been 
disclosed, however, that sirtuin substrates include many 
important non-histone proteins, such as transcription 
factors, enzymes, and structural proteins (Table 1).

SIRTUIN STRUCTURE AND MECHANISM OF ACTION

The sequence of seven genes of sirtuins present in humans 
is known. They encode proteins of molecular masses from 
33.8 (SIRT5) to 81.7 kDa (SIRT1). Human sirtuins show  
a significant homology of sequences and contain  
conservative catalytic domains and NAD+-binding 
domains (Fig. 1).

490

Postepy Hig Med Dosw (online), 2020; tom 74: 489-497

adeninedinucleotide, NAM –nicotinamide, NFκB – nuclear factor κB, PDC – pyruvate dehydroge-
nase complex, PDP1 – pyruvate dehydrogenase phosphatase-1, PDHA1 – pyruvate dehydroge-
nase E1 component subunit alpha, PER2 – period circadian protein homolog 2, PGC-1α – PPAR γ 
coactivator 1α (peroxisome proliferator-activated receptor γ coactivator 1α), PPAR γ – peroxisome 
proliferator-activated receptor γ, SREBP – steroid regulatory element binding protein, Sir2p – silent 
information regulator 2 protein, UCP2 – uncoupling protein 2.
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catalysed by peptidase, 142 amino acids are detached from 
the N-terminal domain, what causes an activation of SIRT3 
[64, 74, 78].

SIRT4 plays a significant role in the regulation of energy 
substrate consumption in the mitochondria [22, 58] and 
is strongly expressed in tissues, such as pancreatic β cells, 
liver, heart, brain and kidneys [2, 22, 54]. SIRT4 shows 
mono-ADP-ribosyltransferase and lipoamidase activities 
[22]. The basic substrate of SIRT4 is glutamate dehydroge-
nase (GDH). ADP-ribosylation of GDH leads to an inhibition 
of its enzymatic activity [44].

SIRT5 is a sirtuin, which is a demalonylase and desucciny-
lase [67]. SIRT5 shows a weak deacetylase activity and no 
ADP-ribosyltransferase activity [90]. SIRT5 removes acylic 
residues from lysine and therefore it seems to be more  
a deacylase than deacetylase [95].

Mitochondrial sirtuins also control the activity of pyru-
vate dehydrogenase complex (PDC) through allosteric 
regulation. Pyruvate dehydrogenase is a multienzymatic 
complex transforming pyruvate into acetyl-CoA, CO2 and 
NADH. Succinylation of PDC increases the activity of that 
complex [65]. PDC activity reduction occurs in the effect of 
SIRT5-catalysed desuccinylation of Lys residue [11]. SIRT3 
increases PDC activity through deacetylation of pyruvate 
dehydrogenase (PDHA1) and pyruvate dehydrogenase 
phosphatase (PDP1). SIRT4 inhibits PDC activity through 
lipoamidase activity [49].

THE ROLE OF SIRT1 IN THE REGULATION OF METABOLISM 

The proteins from the sirtuin family are a link between 
the nutrition status of the body and life span [20, 92]. The 
activity of sirtuins, as protein deacetylases and ADP-ribo-
syltransferases, is directed towards histones, transcription 

cidated and remains the subject of studies [13, 25, 26]. The 
hypothesis by Hawse and Wolberger [26] seems most likely, 
suggesting that acetylated lysine is the target point for sir-
tuins. At the first stage of the reaction, acetyllysine reacts 
with NAD+  to yield intermediate O-alkylamide. O-alkyla-
mide can react with nicotinamide to regenerate the initial 
reagents (NAD+ and acetyllysine) or with arginine, leading 
to ADP-ribosylation of the protein substrate and repeated 
acetylation of lysine.

SIRT3, SIRT4 and SIRT5 sirtuins are present in the mito-
chondrial matrix. They contain at the N-terminus of the 
peptide chain the targeting sequences enabling their trans-
portation from the cytoplasm to the mitochondria. Among 
the three sirtuins present in the mitochondria, SIRT3 is the 
main mitochondrial deacetylase playing an important role 
in controlling the energy metabolism [47]. For that reason, 
SIRT3 expression is very high in many metabolically active 
tissues, such as the heart, brain, kidneys, liver, brown adi-
pose tissue and muscles [62]. SIRT3 is synthesized in the 
form of inactive protein and in that form is transported to 
the mitochondrial matrix. After translocation, in a reaction 

Table 1. Characteristics of human sirtuins.

Sirtuin Intracellular localization Enzymatic activity Destinations Biological effects References

SIRT 1 Cell nucleus Deacetylation PGC-1α, FOXO, NFκB
Metabolism, inflammation, 
neurodegeneration

[23]

SIRT 2
Cytoplasm, 
cell nucleus

Deacetylation H4, α-tubulin FOXO 3a Cell cycle, carcenogenesis [61, 89, 91]

SIRT 3 Cell nucleus, mitochondrion Deacetylation AceCS2,
Metabolism,  
ATP synthesis, thermogenesis

[1, 24, 28, 70, 77, 79, 82, 84]

SIRT 4 Mitochondrion (matrix)
ADP-ribozylation
Lipoamidation

GDH
PDC

ROS generation,
Insulin secretion
β-oxidation 

[22, 42, 49, 57]

SIRT 5
Mitochondrion,
cytoplasm

Deacetylation
Demalonylation
Desuccinylation

CPS1 Urea cycle [11, 56, 67]

SIRT 6 Cell nucleus ADP-ribozylation DNA polimerase β
DNA repair, metabolism, 
inflammation

[32, 52, 53, 94]

SIRT 7 Cell nucleus Deacetylation RNA polimerase 1 DNA repair, transcription [15, 86]

PGC-1α – PPAR γ coactivator 1α (peroxisome proliferator-activated receptor γ coactivator 1α), PPAR γ – peroxisome proliferator-activated receptor γ, FOXO – forheadbox type O 
transcription factor, NFκB – nuclear factor κB, H4 – histone 4, AceCS2 – acetyl coenzyme A synthetase 2, GDH – glutamate dehydrogenase, PDC – pyruvate dehydrogenase complex, 
CPS 1 – carbamoyl phosphate synthetase 1.

Fig. 1. Schematic structure of human sirtuins. 
Presented acc. to [22], aa – amino acids.
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factors, co-regulators and also enzymes involved in the 
regulation of gene expression and metabolism adjusted 
to the energy status of the cells [30, 41, 81]. Many of those 
enzymes, including also Sir2p, are related to the ageing 
process of many organisms – from yeasts to mammals. The 
protective effect of those proteins includes a positive regu-
lation of response to stress and maintaining energy homeo-
stasis [5, 72, 76, 92]. SIRT1, similarly as its yeast homologue 
Sir2p, is often called the master metabolic regulator due to 
the ability to modify and control many transcription fac-
tors involved in the homeostasis of the whole body (Fig. 3) 
[76].

SIRT1 deacetylates not only histone proteins but also 
many transcription factors and cofactors. SIRT1 contains 

no DNA-binding domain, what causes that the transporta-
tion to the target promoters is realised through a specific 
sequence of transcription factors and leads to chromatin 
remodelling and then to regulation of gene expression [69]. 
SIRT1 can also bind to the heterochromatin region and pro-
mote H1 histone deacetylation [88]. That epigenetic mod-
ification causes silencing of gene transcription and plays 
an important integral role, both in respect of health and 
life span of the organism [80]. The multitude of SIRT1 func-
tions: deacetylation, epigenetic modifications and modula-
tion of transcription factors indicate that SIRT1 is regarded 
as a molecular bridge between metabolic status and adap-
tive cell response at gene expression level.

CALORIC RESTRICTION AND SIRTUIN ACTIVITY

The activity of sirtuins is strictly controlled by various envi-
ronmental factors. One of the regulators is the food con-
sumption regimen [20]. Caloric restriction (CR) of 20–40% 
below calorie consumption ad libitum, but without signs 
of undernutrition, is a strong inductor of sirtuin activity 
[92]. An effect of CR has also been observed on the mean 
and maximum life span of many organisms, from yeasts, 
through: worms, fish, birds, to mammals. In mammals, CR 
application alleviates many pathologies associated with 
obesity and metabolic syndrome through reduction of fat 
content in the adipose tissue, reduction of triglyceride and 
LDL cholesterol concentrations in serum and increase of 
insulin sensitivity [14, 35]. SIRT1 is also an important factor 
regulating autophagia [43], which is the basic mechanism 
ensuring cell survival under hunger conditions [33, 73].

SIRT1 protein concentration under CR conditions increases 
in the brain, white adipose tissue, muscles, liver and kid-
neys [60, 68]. CR activates not only SIRT1 but also SIRT6. It 
has been found that fat-rich as well as carbohydrate-rich 
diet can inhibit both SIRT1 and SIRT6, what is consistent 
with its observed unfavourable effect on the hepatocytes 
(non-alcoholic fatty liver disease) [59].

Fig. 2. Mechanism of reactions catalysed by sirtuins: deacetylation and ADP- 
-ribosylation SIRT 1, 2, 3 and 5 sirtuins catalyse the reaction of acetyl residue transfer 
from ε-N-acylated lysine of the protein substrate to ADP-ribose in NAD+ molecule. SIRT 
4 and 6 sirtuins catalyse the reaction of protein ADP-ribosylation. NAM – nicotinamide.

Fig. 3. SIRT1 activity in the regulation of metabolism
FXR – farnesoid X receptor, LXR – liver X receptor, SREBP – steroid regulatory element binding protein, PGC-1α – PPAR γ coactivator 1α (peroxisome proliferator-activated 
receptor γ coactivator 1α), PPARα – peroxisome proliferator-activated receptor α, CRTC2 – coactivator 2 transcription factor CREB (CREB - cAMP response element-binding protein),  
NF-κB – nuclear factor κB.
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The fact that cellular NAD+ concentration and NAD+/NADH 
ratio, as important factors in the mechanism of SIRT1 activ-
ity regulation, are different in individual tissues, suggests 
that under CR conditions the changes of SIRT1 activity in 
various tissues occur in various directions [9]. SIRT1 activ-
ity is also independently modulated by various stimula-
tors. For example, in murine myogenic cells (myoblasts) 
of C2C12 line, SIRT1 activity is stimulated by AMP-depend-
ent protein kinase (AMPK) and by increased cellular NAD+ 
concentration [7, 8]. In such cells SIRT1 activity is also con-
trolled by adiponectin as a result of Ca2+-mediated signal-
ling and changes in the NAD+/NADH ratio [31]. It should 
be mentioned, however, that the mechanisms regulating 
cellular NAD+ concentration and SIRT1 activity in various 
physiological conditions have not been learned in detail 
and still remain not elucidated. Some study results sug-
gest straight out that not the NAD+/NADH ratio but rather 
posttranslational modifications and interactions between  
proteins significantly regulate SIRT1 activity [12]. 

SIRTUINS AND LIFE SPAN

It has been stressed in many reports that SIRT1 is the basic 
mediator of longevity. That view is, however, highly con-
troversial. It has been demonstrated that SIRT1 overex-
pression in mice causes the so-called healthy ageing but 
the changes observed have not contributed to prolonga-
tion of life [27]. Furthermore, the conditions of maintain-
ing full health harmony seem most important and such 
chance may be offered by adequate control of the calorie 
supply/consumption, in which sirtuins can be absolutely 
helpful. In caloric restriction, a significant effect on sirtuin 
(particularly SIRT1) activity was exerted by resveratrol,  
a natural vegetal polyphenol contained in grapes and berries  

Fig. 4. Effect of SIRT1 on the energy metabolism of various tissues and organs
PPAR γ – peroxisome proliferator-activated receptor γ, FOXO – forhead box type O transcription factor, UCP2 – uncoupling protein 2, PER2 – period circadian protein homolog 2), 
CLOCK – transcription factor activating the PERIOD gene. The remaining abbreviations as under Fig. 3.

[19, 50]. The mechanisms of the protective effect of res-
veratrol have not been fully elucidated as yet. Resveratrol 
shows many activities, important for the development of 
obesity, which include in the first place: anti-inflammatory 
effect, regulation of glucose metabolism or insulin sensi-
tivity [46, 66, 85]. Not without significance are also its car-
dioprotective, neuroprotective or antitumour effects [3, 37, 
40, 50, 71]. Among many activities of resveratrol, particular 
attention has been attracted by the reports on its partici-
pation in the secretion of many myokines and adipokines 
[36]. Moreover, resveratrol not only promotes SIRT1 activ-
ity but also enhances SIRT5 activity, which is confirmed by 
the engagement of another sirtuin in the energy homeo-
stasis and the effect on the life span of cells [39]. The ques-
tion of resveratrol effect remains, however, open: does 
resveratrol activate SIRT1 directly, or is its effect mediated 
by many signalling pathways? [4, 63].

SUMMARY AND PERSPECTIVES

In summary, sirtuins, being potential modulators under 
caloric restriction conditions, participate in important bio-
logical processes in mammals, including cell survival and 
ageing, DNA repair, DNA transcription, and in many meta-
bolic pathways. The activity of sirtuins, particularly mito-
chondrial ones (SIRT3, SIRT4, SIRT5) is closely related to the 
development of diseases exacerbating with age, including 
cardiomyopathies, insulin resistance, immunity reduction, 
neurodegenerative diseases or other disorders [51, 87]. 
Among many functions of sirtuins, the important functions 
of SIRT1 come to the fore, indicating its ability to regulate 
and maintain homeostasis of the whole body, including the 
metabolism of cholesterol, fatty acid, glucose homeostasis 
and immune response (Fig. 3).
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decisive importance for the balance between metabolism 
and ageing process. The multitude of activities of SIRT1 
suggest that a pharmacological modulation of its effect 
can be an important therapeutic goal, particularly in obe-
sity-related metabolic diseases of civilisation [55]. Much 
attention has been recently paid to caloric restriction 
mimetics [10, 18, 48]. Micromolecular SIRT1 activators, 
such as polyphenols (resveratrol) could be potentially 
used in the future in the treatment of metabolic diseases 
[6, 50, 55], although their future still remains the subject 
of an interesting debate: are they direct SIRT1 activators 
or whether their function is prevention of development 
of obesity and/or diabetes? [4, 63]. Therefore, further 
studies are indispensable, concerning systemic and tis-
sue-specific effects of sirtuins also in other aspects of the 
ageing process, such as stem cell regeneration or control 
of protein quality in the mechanism of autophagia.

SIRT1 activity is regulated by cell energy status, micro-
molecular activators, interactions between proteins and 
posttranslational modifications. After activation, SIRT1 
modulates various metabolic processes, both systemic 
and local (Fig. 4), which concern, among other processes: 
hepatic metabolism of lipids, adipose tissue activity, control 
of food intake, and expression of genes responsible for the 
circadian rhythm.

The findings suggesting life span prolongation in sim-
ple organisms (e.g. Saccharomyces cerevisiae yeast), 
in which an overexpression of sirtuins was observed, 
caused a significant development of studies on their 
role in the metabolism and ageing processes in humans. 
Energy metabolism disorders, genome instability and also 
response to stress in mice with sirtuin deficit, seem to 
suggest that human sirtuins are a significant element, of 

leted in breast cancer-1 regulates SIRT1 activity and contributes 
to high-fat diet-induced liver steatosis in mice. J. Clin. Invest., 
2010; 120: 545–558

[13] Fahie K., Hu P., Swatkoski S., Cotter R.J., Zhang Y., Wolberger 
C.: Side chain specificity of ADP-ribosylation by a sirtuin. FEBS J., 
2009; 276: 7159–7176

[14] Fontana L., Meyer T.E., Klein S., Holloszy J.O.: Long-term calorie 
restriction is highly effective in reducing the risk for atheroscle-
rosis in humans. Proc. Natl. Acad. Sci. USA, 2004; 101: 6659–6663

[15] Ford E., Voit R., Liszt G., Magin C., Grummt I., Guarente L.: 
Mammalian Sir2 homolog SIRT7 is an activator of RNA polymerase 
I transcription. Genes Dev., 2006; 20: 1075–1080

[16] Frye R.A.: Characterization of five human cDNAs with homol-
ogy to the yeast SIR2 gene: Sir2-like proteins (sirtuins) metabolize 
NAD and may have protein ADP-ribosyl transferase activity. Bio-
chem. Biophys. Res. Commun., 1999; 260: 273–279

[17] Frye R.A.: Phylogenetic classification of prokaryotic and eu-
karyotic Sir2-like proteins. Biochem. Biophys. Res. Commun., 2000; 
273: 793–798

[18] Gabandé-Rodríguez E., Gómez de las Heras M.M., Mittelbrunn 
M.: Control of inflammation by calorie restriction mimetics: On 
the crossroad of autophagy and mitochondria. Cells, 2020; 9: 82

[19] Galiniak S., Aebisher D., Bartusik-Aebisher D.: Health benefits 
of resveratrol administration. Acta Biochim. Pol., 2019: 66: 13–21

[20] Grabowska W., Sikora E., Bielak-Zmijewska A.: Sirtuins, a prom-
ising target in slowing down the ageing process. Biogerontology, 
2017; 18: 447–476

[21] Haigis M.C., Guarente L.P.: Mammalian sirtuins – emerging 
roles in physiology, aging, and calorie restriction. Genes Dev., 2006; 
20: 2913–2921

[22] Haigis M.C., Mostoslavsky R., Haigis K.M., Fahie K., Christo-
doulou D.C., Murphy A.J., Valenzuela D.M., Yancopoloulos G.D., 
Karow M., Blander G., Wolberger C., Prolla T.A., Weindruch R., Alt 
F.W., Guarente L.: SIRT4 inhibits glutamate dehydrogenase and op-
poses the effects of calorie restriction in pancreatic β cells. Cell, 
2006; 126: 941–954

[23] Haigis M.C., Sinclair D.A.: Mammalian sirtuins: Biological in-
sights and disease relevance. Annu. Rev. Pathol., 2010; 5: 253–295

[24] Hallows W.C., Lee S., Denu J.M.: Sirtuins deacetylate and ac-
tivate mammalian acetyl-CoA synthetases. Proc. Natl. Acad. Sci. 
USA, 2006; 103: 10230–10235

[25] Hawse W.F., Hoff K.G., Fatkins D.G., Daines A., Zubkova O.V., 
Schramm V.L., Zheng W., Wolberger C.: Structural insights into 

REFERENCES
 
[1] Ahn B.H., Kim H.S., Song S., Lee I.H., Liu J., Vassilopoulos A., 
Deng C.X., Finkel T.: A role for the mitochondrial deacetylase Sirt3 
in regulating energy homeostasis. Proc. Natl. Acad. Sci. USA, 2008; 
105: 14447–14452

[2] Ahuja N., Schwer B., Carobbio S., Waltregny D., North B.J., Cas-
tronovo V., Maechler P., Verdin E.: Regulation of insulin secretion 
by SIRT4, a mitochondrial ADP-ribosyl transferase. J. Biol. Chem., 
2007; 282: 33583–33592

[3] Ardid-Ruiz A., Ibars M., Mena P., Del Rio D., Muguerza B., Bla-
dé C., Arola L., Aragonés G., Suárez M.: Potential involvement of 
peripheral leptin/STAT3 signaling in the effects of resveratrol 
and its metabolites on reducing body fat accumulation. Nutri-
ents, 2018; 10: 1757

[4] Beher D., Wu J., Cumine S., Kim K.W., Lu S.C., Atangan L., Wang 
M.: Resveratrol is not a direct activator of SIRT1 enzyme activity. 
Chem. Biol. Drug Des., 2009; 74: 619–624

[5] Blander G., Guarente L.: The Sir2 family of protein deacetylases. 
Annu. Rev. Biochem., 2004; 73: 417–435

[6] Camins A., Sureda F.X., Junyent F., Verdaguer E., Folch J., Pel-
egri C., Vilaplana J., Beas-Zarate C, Pallàs M.: Sirtuin activators: 
Designing molecules to extend life span. Biochim. Biophys. Acta, 
2010; 1799: 740–749

[7] Cantó C., Gerhart-Hines Z., Feige J.N., Lagouge M., Noriega L., 
Milne J.C., Elliott P.J., Puigserver P., Auwerx J.: AMPK regulates 
energy expenditure by modulating NAD+ metabolism and SIRT1 
activity. Nature, 2009; 458: 1056–1060

[8] Cantó C., Jiang L.Q., Deshmukh A.S., Mataki C., Coste A., Lagouge 
M., Zierath J.R., Auwerx J.: Interdependence of AMPK and SIRT1 
for metabolic adaptation to fasting and exercise in sketal muscle. 
Cell Metab., 2010; 11: 213–219

[9] Chen D., Bruno J., Easlon E., Lin S.J., Cheng H.L., Alt F.W., Guaren-
re L.: Tissue-specific regulation of SIRT1 by calorie restriction. 
Genes Dev., 2008; 22: 1753–1757

[10] Chung J.H., Manganiello V., Dyck J.R.: Resveratrol as a calorie 
restriction mimetic: Therapeutic implications. Trends Cell Biol., 
2012; 22: 546–554

[11] Du J., Zhou Y., Su X., Yu J.J., Khan S., Jiang H., Kim J., Woo J., 
Kim J.H., Choi B.H., He B., Chen W., Zhang S., Cerione R.A., Auwerx 
J., Hao Q., Lin H.: Sirt5 is an NAD-dependent protein lysine dem-
alonylase and desuccinylase. Science, 2011; 334: 806–809

[12] Escande C., Chini C.C., Nin V., Dykhouse K.M., Novak C.M., 
Levine J., van Deursen J., Gores G.J., Chen J., Lou Z., Chini E.N.: De-



495

Sygitowicz D. et Stikiewicz D. – Sirtuins and their role as physiological modulators of metabolism

[44] Li Y., Zhou Y., Wang F., Chen X., Wang C., Wang J., Liu T., Li Y., 
He B.: SIRT4 is the last puzzle of mitochondrial sirtuins. Bioorg. 
Med. Chem., 2018; 26: 3861–3865

[45] Liou G.G., Tanny J.C., Kruger R.G., Walz T., Moazed D.: Assem-
bly of the SIR complex and its regulation by O-acetyl-ADP-ribose, 
a product of NAD-dependent histone deacetylation. Cell, 2005; 
121: 515–527

[46] Liu K., Zhou R., Wang B., Mi M.T.: Effect of resveratrol on glu-
cose control and insulin sensitivity: A meta-analysis of 11 rand-
omized controlled trials. Am. J. Clin. Nutr., 2014: 99: 1510–1519

[47] Lombard D.B., Alt F.W., Cheng H.L., Bunkenborg J., Streeper 
R.S., Mostoslavsky R., Kim J., Yancopoulos G., Valenzuela D., Mur-
phy A., Yang Y., Chen Y., Hirschey M.D., Bronson R.T., Haigis M., et 
al.: Mammalian Sir2 homolog SIRT3 regulates global mitochondrial 
lysine acetylation. Mol. Cell. Biol., 2007; 27: 8807–8814

[48] Madeo F., Carmona-Gutierrez D., Hofer S.J., Kroemer G.: Caloric 
restriction mimetics against age-associated disease: Targets, mech-
anisms, and therapeutic potential. Cell Metab., 2019; 29: 592–610

[49] Mathias R.A., Greco T.M., Oberstein A., Budayeva H.G., Chakra-
barti R., Rowland E.A., Kang Y., Shenk T., Cristea I.M.: Sirtuin 4 is a 
lipoamidase regulating pyruvate dehydrogenase complex activity. 
Cell, 2014; 159: 1615–1625

[50] Mayack B.K., Sippl W., Ntie-Kang F.: Natural products as modu-
lators of sirtuins. Molecules, 2020; 25: 3287

[51] Mendes K.L., de Farias Lelis D., Santos S.H.: Nuclear sirtuins 
and inflammatory signing pathways. Cytokine Growth Factor Rev., 
2017; 38: 98–105

[52] Michishita E., McCord R.A., Berber E., Kioi M., Padilla-Nash H., 
Damian M., Cheung P., Kusumoto R., Kawahara T.L., Barrett J.C., 
Chang H.Y., Bohr V.A., Ried T., Gozani O., Chua K.F.: SIRT6 is a his-
tone H3 lysine 9 deacetylase that modulates telomeric chromatin. 
Nature, 2008; 452: 492–496

[53] Michishita E., McCord R.A., Boxer L.D., Barber M.F., Hong T., 
Gozani O., Chua K.F.: Cell cycle-dependent deacetylation of telo-
meric histone H3 lysine K56 by human SIRT6. Cell Cycle, 2009; 8: 
2664–2666

[54] Michishita E., Park J.Y., Burneskis J.M., Barrett J.C., Horikawa 
I.: Evolutionarily conserved and nonconserved cellular localiza-
tions and functions of human SIRT proteins. Mol. Biol. Cell, 2005; 
16: 4623–4635

[55] Milne J.C., Lambert P.D., Schenk S., Carney D.P., Smith J.J., 
Gagne D.J., Jin L., Boss O, Perni R.B., Vu C.B., Bemis J.E., Xie R., 
Disch J.S., Ng P.Y., Nunes J.J., et al.: Small molecule activators of 
SIRT1 as therapeutics for the treatment of type 2 diabetes. Nature, 
2007; 450: 712–716

[56] Nakagawa T., Lomb D.J., Haigis M.C, Guarente L.: SIRT5 dea-
cetylates carbamoyl phosphate synthetase 1 and regulates the urea 
cycle. Cell, 2009; 137: 560–570

[57] Nasiri A., Sadeghi M., Vaisi-Raygani A., Kiani S., Aghelan Z., 
Khodarahmi R.: Emerging regulatory roles of mitochondrial sir-
tuins on pyruvate dehydrogenase complex and the related meta-
bolic diseases: Review. Biomed. Res. Ther., 2020; 7: 3645–3658

[58] Nasrin N., Wu X., Fortier E., Feng Y., Bare’ O.C., Chen S., Ren X., 
Wu Z., Streeper R.S., Bordone L.: SIRT4 regulates fatty acid oxida-
tion and mitochondrial gene expression in liver and muscle cells. 
J. Biol. Chem., 2010; 285: 31995–32002

[59] Nassir F., Ibdah J.A.: Sirtuins and nonalcoholic fatty liver dis-
ease. World J. Gastroenterol., 2016; 22: 10084–10092

[60] Nisoli E., Tonello C., Cardile A., Cozzi V., Bracale R., Tedesco 
L., Falcone S., Valerio A., Cantoni O., Clementi E., Moncada S., Car-
ruba M.O.: Calorie restriction promotes mitochondrial biogenesis 
by inducing the expression of eNOS. Science, 2005; 310: 314–317

[61] North B.J., Marshall B.L., Borra M.T., Denu J.M., Verdin E.: The 
human Sir2 ortholog, SIRT2, is an NAD+-dependent tubulin dea-
cetylase. Mol. Cell, 2003; 11: 437–444

intermediate steps in the Sir2 deacetylation reaction. Structure, 
2008; 16: 1368–1377

[26] Hawse W.F., Wolberger C.: Structure-based mechanism of ADP-
ribosylation by sirtuins. J. Biol. Chem., 2009; 284: 33654–33661

[27] Herranz D., Muñoz-Martin M., Cañamero M., Mulero F., Mar-
tinez-Pastor B., Fernandez-Capetillo O., Serrano M.: Sirt1 improves 
healthy ageing and protects from metabolic syndrome-associated 
cancer. Nat. Commun., 2010; 1: 3

[28] Hirschey M.D., Shimazu T., Goetzman E., Jing E., Schwer B., 
Lombard D.B., Grueter C.A., Harris C., Biddinger S., Ikayeva O.R., 
Stevens R.D., Li Y., Saha A.K., Ruderman N.B., Bain J.R., et al.: SIRT3 
regulates mitochondrial fatty-acid oxidation by reversible enzyme 
deacetylation. Nature, 2010; 464: 121–125

[29] Holbert M.A., Marmorstein R.: Structure and activity of en-
zymes that remove histone modifications. Curr. Opin. Struct. Biol., 
2005; 15: 673–680

[30] Imai S., Armstrong C.M., Kaeberlein M., Guarente L.: Transcrip-
tional silencing and longevity protein Sir2 is an NAD-dependent 
histone deacetylase. Nature, 2000; 403: 795–800

[31] Iwabu M., Yamauchi T., Okada-Iwabu M., Sato K., Nakagawa 
T., Funata M., Yamaguchi M., Namiki S., Nakayama R., Tabata M., 
Agata H., Kubota N., Takamoto I., Hayashi Y.K., Yamauchi N. et al.: 
Adiponectin and AdipoR1 regulate PGC-1α and mitochondria by 
Ca2+ and AMPK/SIRT1. Nature, 2010; 464: 1313–1319

[32] Kaidi A., Weinert B.T., Choudhary C., Jackson S.P.: Human SIRT6 
promotes DNA and resection through CtIP deacetylation. Science, 
2010; 329: 1348–1353

[33] Kaushik S., Singh R., Cuervo A.M.: Autophagic pathways and 
metabolic stress. Diabetes Obes. Metab., 2010; 12: 4–14

[34] Kawahara T.L., Michishita E., Adler A.S., Damian M., Berber E., 
Lin M., McCord R.A., Ongaigui K.C., Boxer L.D., Chang H.Y., Chua K.F.: 
SIRT6 links histone H3 lysine 9 deacetylation to NF-κB-dependent 
gene expression and organismal lifespan. Cell, 2009; 136: 62–74

[35] Kim C., Park J., Park J., Kang E., Ahn C., Cha B., Lim S., Kim K., 
Lee H.: Comparison of body fat composition and serum adiponec-
tin levels in diabetic obesity and non-diabetic obesity. Obesity, 
2006; 14: 1164–1171

[36] Kim O.Y., Chung J.Y., Song J.: Effect of resveratrol on adipokines 
and myokines involved in fat browning: Perspectives in healthy 
weight against obesity. Pharmacol. Res., 2019; 148: 104411

[37] Kisková T., Kassayová M.: Resveratrol action on lipid metabo-
lism in cancer. Int. J. Mol. Sci., 2019; 20: 2704

[38] Kustatscher G., Hothorn M., Pugieux C., Scheffzek K., Ladurner 
A.G.: Splicing regulates NAD metabolite binding to histone mac-
roH2A. Nat. Struct. Mol. Biol., 2005; 12: 624–625

[39] Lagouge M., Argmann C., Gerhart-Hines Z., Meziane H., Lerin 
C., Daussin F., Messadeq N., Milne J., Lambert P., Elliott P., Geny B., 
Laakso M., Puigserver P., Auwerx J.: Resveratrol improves mito-
chondrial function and protects against metabolic disease by ac-
tivating SIRT1 and PGC-1α. Cell, 2006; 127: 1109–1122

[40] Lançon A., Frazzi R., Latruffe N.: Anti-oxidant, anti-inflam-
matory and anti-angiogenic properties of resveratrol in ocular 
diseases. Molecules, 2016; 21: 304

[41] Landry J., Sutton A., Tafrov S.T., Heller R.C., Stebbins J., Pillus 
L., Sternglanz R.: The silencing protein SIR2 and its homologs are 
NAD-dependent protein deacetylases. Proc. Natl. Acad. Sci. USA, 
2000; 97: 5807–5811

[42] Lang A., Anand R., Altinoluk-Hambüchen S., Ezzahoini H., Ste-
fanski A., Iram A., Bergmann L., Urbach J., Böhler P., Hänsel J., 
Franke M., Stühler K., Krutmann J., Scheller J., Stork B., Reichert 
A.S., Piekorz R.P.: SIRT4 interacts with OPA1 and regulates mito-
chondrial quality control and mitophagy. Aging, 2017; 9: 2163–2189

[43] Lee I.H., Cao L., Mostoslavsky R., Lombard D.B., Liu J., Bruns 
N.E., Tsokos M., Alt F.W., Finkel T.: A role for the NAD-dependent 
deacetylase Sirt1 in the regulation of autophagy. Proc. Natl. Acad. 
Sci. USA, 2008; 105: 3374–3379



496

Postepy Hig Med Dosw (online), 2020; tom 74: 489-497

[79] Shimazu T., Hirschey M.D., Hua L., Dittenhafer-Reed K.E., 
Schwer B., Lombard D.B., Li Y., Bunkenborg J., Alt F.W., Denu J.M., 
Jacobson M.P., Verdin E.: SIRT3 deacetylates mitochondrial 3-hy-
droxy-3-methylglutaryl CoA synthase 2 and regulates ketone body 
production. Cell Metab., 2010; 12: 654–661

[80] Sinclair D.A., Oberdoerffer P.: The ageing epigenome: Damaged 
beyond repair? Ageing Res. Rev., 2009; 8: 189–198

[81] Smith J.S., Brachmann C.B., Celic I., Kenna M.A., Muhammad 
S., Starai V.J., Avalos J.L., Escalante-Semerena J.C., Grubmeyer C., 
Wolberger C., Boeke J.D.: A phylogenetically conserved NAD+-de-
pendent protein deacetylase activity in the Sir2 protein family. 
Proc. Natl. Acad. Sci. USA, 2000; 97: 6658–6663

[82] Someya S., Yu W., Hallows W.C., Xu J., Vann J.M., Leeuwenburgh 
C., Tanokura M., Denu J.M., Prolla T.A.: Sirt3 mediates reduction of 
oxidative damage and prevention of age-related hearing loss under 
caloric restriction. Cell, 2010; 143: 802–812

[83] Tanny J.C., Dowd G.J., Huang J., Hilz H., Moazed D.: An enzy-
matic activity in the yeast Sir2 protein that is essential for gene 
silencing. Cell, 1999; 99: 735–745

[84] Tao R., Coleman M.C., Pennington J.D., Ozden O., Park S.H., 
Jiang H., Kim H.S., Flynn C.R., Hill S., Hayes McDonald W., Olivier 
A.K., Spitz D.R., Gius D.: Sirt3-mediated deacetylation of evolution-
arily conserved lysine 122 regulates MnSOD activity in response 
to stress. Mol. Cell, 2010; 40: 893–904

[85] Timmers S., Konings E., Bilet L., Houtkooper R.H., van de Weijer 
T., Goossens G.H., Hoeks J., van der Krieken S., Ryu D., Kersten S., 
Moonen-Kornips E., Hesselink M.K., Kunz I., Schrauwen-Hinder-
ling V.B., Blaak E., Auwerx J., Schrauwen P.: Calorie restriction-
like effects of 30 days of resveratrol supplementation on energy 
metabolism and metabolic profile in obese humans. Cell Metab., 
2011; 14: 612–622

[86] Vakhrusheva O., Smolka C., Gajawada P., Kostin S., Boettger 
T., Kubin T., Braun T., Bober E.: Sirt7 increases stress resistance of 
cardiomyocytes and prevents apoptosis and inflammatory cardio-
myopathy in mice. Circ. Res., 2008; 102: 703–710

[87] van de Ven R.A., Santos D., Haigis M.C.: Mitochondrial sirtuins 
and molecular mechanisms of aging. Trends Mol. Med., 2017; 23: 
320–331

[88] Vaquero A., Scher M., Lee D., Erdjument-Bromage H., Tempst 
P., Reinberg D.: Human SirT1 interacts with histone H1 and pro-
motes formation of facultative heterochromatin. Mol. Cell, 2004; 
16: 93–105

[89] Vaquero A., Scher M.B., Lee D.H., Sutton A., Cheng H.L., Alt F.W., 
Serrano L., Sternglanz R., Reinberg D.: SirT2 is a histone deacety-
lase with preference for histone H4 Lys 16 during mitosis. Genes 
Dev., 2006; 20: 1256–1261

[90] Verdin E., Hirschey M.D., Finley L.W., Haigis M.C.: Sirtuin regu-
lation of mitochondria: Energy production, apoptosis, and signal-
ing. Trends Biochem. Sci., 2010; 35: 669–675

[91] Wang F., Nguyen M., Qin F.X., Tong Q.: SIRT2 deacetylates FOX-
O3a in response to oxidative stress and caloric restriction. Aging 
Cell, 2007; 6: 505–514

[92] Wątroba M., Dudek I., Skoda M., Stangret A., Rzodkiewicz P., 
Szukiewicz D.: Sirtuins, epigenetics and longevity. Ageing Res. 
Rev., 2017; 40: 11–19

[93] Yamamoto H., Schoonjans K., Auwerx J.: Sirtuin functions in 
health and disease. Mol. Endocrinol., 2007; 21: 1745–1755

[94] Yang B., Zwaans B.M., Eckersdorff M., Lombard D.B.: The sirtuin 
SIRT6 deacetylates H3 K56Ac in vivo to promote genomic stability. 
Cell Cycle, 2009; 8: 2662–2663

[95] Yu J., Sadhukhan S., Noriega L.G., Moullan N., He B., Weiss R.S., 
Lin H., Schoonjans K., Auwerx J.: Metabolic characterization of a 
Sirt5 deficient mouse model. Sci. Rep., 2013; 3: 2806

 
The authors have no potential conflicts of interest to declare.

[62] Onyango P., Celic I., McCaffery J.M., Boeke J.D., Feinberg A.P.: 
SIRT3, a human SIR2 homologue, is an NAD-dependent deacety-
lase localized to mitochondria. Proc. Natl. Acad. Sci. USA, 2002; 
99: 13653–13658

[63] Pacholec M., Bleasdale J.E., Chrunyk B., Cunningham D., Flynn 
D., Garofalo R.S., Griffith D., Griffor M., Loulakis P., Pabst B., Qiu X., 
Stockman B., Thanabal V., Varghese A., Ward J., Withka J., Ahn K.: 
SRT1720, SRT2183, SRT1460, and resveratrol are not direct activa-
tors of SIRT1. J. Biol. Chem., 2010; 285: 8340–8351

[64] Palacios O.M., Carmona J.J., Michan S., Chen K.Y., Manabe Y., 
Ward J.L.3rd, Goodyear L.J., Tong Q.: Diet and exercise signals regu-
late SIRT3 and activate AMPK and PGC-1α in skeletal muscle. Ag-
ing, 2009; 1: 771–783

[65] Park J., Chen Y., Tishkoff D.X., Peng C., Tan M., Dai L., Xie Z., 
Zhang Y., Zwaans B.M., Skinner M.E., Lombard D.B., Zhao Y.: SIRT5-
mediated lysine desuccinylation impacts diverse metabolic path-
ways. Mol. Cell, 2013; 50: 919–930

[66] Park S.J., Ahmad F., Philp A., Baar K., Williams T., Luo H., Ke 
H., Rehmann H., Taussig R., Brown A.L., Kim M.K., Beaven M.A., 
Burgin A.B., Manganiello V., Chung J.H.: Resveratrol ameliorates 
aging-related metabolic phenotypes by inhibiting cAMP phospho-
diesterases. Cell, 2012; 148: 421–433

[67] Peng C., Lu Z., Xie Z., Cheng Z., Chen Y., Tan M., Luo H., Zhang 
Y., He W., Yang K., Zwaans B.M., Tishkoff D., Ho L., Lombard D., He 
T.C., Dai J., Verdin E., Ye Y., Zhao Y.: The first identification of ly-
sine malonylation substrates and its regulatory enzyme. Mol. Cell. 
Proteomics, 2011; 10: M111.012658

[68] Picard F., Kurtev M., Chung N., Topark-Ngarm A., Senawong 
T., Machado De Olivera R., Leid M., McBurney M.W., Guarente L.: 
Sirt 1 promotes fat mobilization in white adipocyte by repressing 
PPAR-γ. Nature, 2004; 429: 771–776

[69] Prozorovski T., Schulze-Topphoff U., Glumm R., Baumgart J., 
Schröter F., Ninnemann O., Siegert E., Bendix I., Brüstle O., Nitsch 
R., Zipp F., Aktas O.: Sirt1 contributes critically to the redox-de-
pendent fate of neural progenitors. Nat. Cell Biol., 2008; 10: 385–394

[70] Qiu X., Brown K., Hirschey M.D., Verdin E., Chen D.: Calorie 
restriction reduces oxidative stress by SIRT3-mediated SOD2 acti-
vation. Cell Metab., 2010; 12: 662–667

[71] Ramírez-Garza S.L., Laveriano-Santos E.P., Marhuenda-Muñoz 
M., Storniolo C.E., Tresserra-Rimbau A., Vallverdú-Queralt A., La-
muela-Raventós R.M.: Health effects of resveratrol: Results from 
human intervention trials. Nutrients, 2018; 10: 1892

[72] Rogina B., Helfand S.L.: Sir2 mediates longevity in the fly 
through a pathway related to calorie restriction. Proc. Natl. Acad. 
Sci. USA, 2004; 101: 15998–16003

[73] Salminen A., Kaarniranta K.: Regulation of the aging process 
by autophagy. Trends Mol. Med., 2009; 15: 217–224

[74] Scher M.B., Vaquero A., Reinberg D.: SirT3 is a nuclear NAD+-
dependent histone deacetylase that translocates to the mitochon-
dria upon cellular stress. Genes Dev., 2007; 21: 920–928

[75] Schlicker C., Gertz M., Papatheodorou P., Kachholz B., Becker 
C.F., Steegboorn C.: Substrates and regulation mechanisms for the 
human mitochondrial sirtuins Sirt3 and Sirt5. J. Mol. Biol., 2008; 
382: 790–801

[76] Schug T.T., Li X.: Sirtuin 1 in lipid metabolism and obesity. 
Ann. Med., 2011; 43: 198–211

[77] Schwer B., Bunkenborg J., Verdin R.O., Andersen J.S., Verdin 
E.: Reversible lysine acetylation controls the activity of the mito-
chondrial enzyme acetyl-CoA synthetase 2. Proc. Natl. Acad. Sci. 
USA, 2006; 103: 10224–10229

[78] Schwer B., North B.J., Frye R.A., Ott M., Verdin E.: The human 
silent information regulator (Sir)2 homologue hSIRT3 is a mito-
chondrial nicotinamide adenine dinucleotide-dependent deacety-
lase. J. Cell. Biol., 2002; 158: 647–657


