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Abstract
Sirtuins play an important role in signalling pathways associated with various metabolic regulations. They possess mono-
ADP-ribosyltransferase or deacylase activity like demalonylase, deacetylase, depalmitoylase, demyristoylase and desucciny-
lase activity. Sirtuins are histone deacetylases which depends upon nicotinamide adenine dinucleotide (NAD) that deacetylate 
lysine residues. There are a total of seven human sirtuins that have been identified namely, SIRT1, SIRT2, SIRT3, SIRT4, 
SIRT5, SIRT6 and SIRT7. The subcellular location of mammalian sirtuins, SIRT1, SIRT6, and SIRT7 are in the nucleus; 
SIRT3, SIRT4, and SIRT5 are in mitochondria, and SIRT2 is in cytoplasm. Structurally sirtuins contains a N-terminal, a 
C-terminal and a  Zn+ binding domain. The sirtuin family has been found to be crucial for maintaining lipid and glucose 
homeostasis, and also for regulating insulin secretion and sensitivity, DNA repair pathways, neurogenesis, inflammation, 
and ageing. Based on the literature, sirtuins are overexpressed and play an important role in tumorigenicity in various types 
of cancer such as non-small cell lung cancer, colorectal cancer, etc. In this review, we have discussed about the different 
types of human sirtuins along with their structural and functional features. We have also discussed about the various natural 
and synthetic regulators of sirtuin activities like resveratrol. Our overall study shows that the correct regulation of sirtuins 
can be a good target for preventing and treating various diseases for improving the human lifespan. To investigate the true 
therapeutic potential of sirtuin proteins and their efficacy in a variety of pathological diseases, a better knowledge of the link 
between the structure and function of sirtuin proteins would be necessary.
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Introduction

The human sirtuins are a highly conserved family of 
 NAD+-dependent histone deacetylases, which play a criti-
cal role in the regulation of a large number of metabolic 
pathways involved in stress response and ageing. They 
are also known as Silent information regulator 2 (Sir2) 
proteins. They possess mono-ADP-ribosyltransferase or 
deacylase activity like demalonylase, deacetylase, depalmi-
toylase, demyristoylase and desuccinylase activity. Sirtuins 
are nicotinamide adenine dinucleotide  (NAD+) dependent 

proteins that deacetylate lysine residues (Imai et al. 2000). 
They convert  NAD+ (nicotinamide adenine dinucleotide) 
into NAM (nicotinamide) which acts like an inhibitor of 
sirtuins. This hydrolysis also releases O-acetyl-ADP-ribose 
(Grabowska et al. 2017). NAM is a known potent inhibi-
tor of several classes of ribosylase enzymes that require 
NAD for their activity, as well as sirtuin (SIRT1), class III 
 NAD+-dependent-histone-deacetylase. SIRT1, one of the 
mammalian sirtuins, catalyzes the deacetylation of acetyl-
lysine residues by a mechanism whereby  NAD+ is cleaved. 
The reaction results in the release of NAM, which acts as an 
end-product noncompetitive inhibitor of SIRT1 by binding 
to a conserved pocket adjacent to  NAD+, thereby blocking 
 NAD+ hydrolysis (Peled et al. 2012). The sirtuin family has 
been found to be crucial for maintaining lipid and glucose 
homeostasis, and also for regulating insulin secretion and 
sensitivity, DNA repair pathways, neurogenesis, inflamma-
tion, and ageing. They are also responsible for the regula-
tion of transcription repression, cell cycle regulation and 
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microtubule organization. These proteins are ancient in 
evolution and have a highly conserved structure through-
out wide variety of organisms. Sirtuins are also detected 
in many gram positive and gram negative bacteria. For the 
first time sirtuin was recognised in yeast and named as sir2 
(Michan and Sinclair 2007; Ivy et al. 1986). Mammals have 
seven sirtuins, SIRT1 to SIRT7 which are found at different 
places in the cell. SIRT1, SIRT 6 and SIRT7 are found in the 
nucleus, SIRT2 is found in the cytoplasm whereas, sirtuins 
SIRT3, SIRT4 and SIRT5 are localised in the mitochondria.

Sirtuins consists of a highly conserved structure contain-
ing a core domain made up of approximately 275 amino 
acid residues and is flanked by N- and C- terminal regions 
of different lengths. The catalytic core domain has classical 
open α/β Rossmann-fold structure which is found in most of 
 NAD+/NADH binding proteins and a small globular domain 
that has two insertions, one for binding to zinc ion and 
other is helical module. The enzyme’s active site is located 
between the two domains in a deep cleft. It binds to both 
 NAD+ and acetyl-lysine substrates. When the substrate binds 
in the active site, the main chain makes β sheet-like interac-
tions with two flanking strands. The Rossmann fold con-
tains one of those strands. The other is situated between the 
Rossmann fold and the  Zn2+-binding module, in a loop that 

consists the highly conserved FGExL motif. This formation 
is called the “β staple” interaction, in which the substrate 
connects the Rossmann fold and the  Zn2+-binding module, 
positions the acetyl-lysine side chain of the substrate towards 
the conserved hydrophobic tunnel and consequently changes 
the enzyme´s conformation from an open to a closed form. 
This closed form helps in the correct binding of  NAD+ into 
the hydrophobic conserved C pocket that is close to the acyl-
lysine-binding tunnel. This binding order is very important 
as it restricts the binding conformation of  NAD+ when the 
acetyl-lysine-binding tunnel is occupied. As a result it attains 
the productive conformation in which its adenine ring estab-
lishes numerous hydrogen bonds and van der Waals interac-
tions with the Rossmann-fold domain and its nicotinamide 
ring is placed into the C pocket (Teixeira et al. 2020). The 
various positions of amino acid residues binding to  Zn2+ 
cofactor and positions of amino acid residues making dea-
cetylase sirtuin-type domain are shown in Table 1. The Root 
Mean Square Deviation (RMSD) values predicted by struc-
ture superpositions of SIRT1, SIRT2, SIRT3, SIRT5, SIRT6 
and SIRT7 using mTM-align (https:// yangl ab. nankai. edu. 
cn/ mTM- align/) also corroborate with the conserved core 
domain present in the sirtuins (Dong et al. 2018) as shown 
in Table 2.

Table 1  Different domain 
positions of mammalian sirtuins

Sr no Name of Protein 
(UniProt ID)

No. of amino 
acids

Deacetylase sirtuin-type 
Domain (Position)

Cofactor binding 
 (Zn+2) Positions

1 SIRT1
(Q96EB6)

747 244–498 371,374, 395, 398

2 SIRT2
(Q8IXJ6)

389 65–340 195, 200, 221, 224

3 SIRT3
(Q9NTG7)

399 126–382 256, 259, 280, 283

4 SIRT4
(Q9Y6E7)

314 45–314 256, 259, 280, 283

5 SIRT5
(Q9NXA8)

310 41–309 166, 169, 207, 212

6 SIRT6
(Q8N6T7)

355 35–274 141, 144, 166, 167

7 SIRT7
(Q9NRC8)

400 90–331 195, 198, 225, 228

Table 2  RMSD values(Å) predicted by structure superposition of sirtuins using mTM-align

Sirtuin ⇒
⇓

SIRT 5 (2NYR) SIRT 3 (3GLS) SIRT 6 (3K35) SIRT 2 (3ZGO) SIRT 1 (4IG9) SIRT 7 (5IQZ)

SIRT 5 (2NYR) 0 2.672 3.464 2.589 2.657 6.129
SIRT 3 (3GLS) 2.672 0 3.415 2.065 1.549 4.94
SIRT 6 (3K35) 3.464 3.415 0 3.319 3.224 6.939
SIRT 2 (3ZGO) 2.589 2.065 3.319 0 2.352 5.664
SIRT 1 (4IG9) 2.657 1.549 3.224 2.352 0 6.072
SIRT 7 (5IQZ) 6.129 4.94 6.939 5.664 6.072 0

https://yanglab.nankai.edu.cn/mTM-align/
https://yanglab.nankai.edu.cn/mTM-align/
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Sirtuins are also involved in the deacetylation of histone 
proteins. Various in vivo experimental data suggests that, 
activity like deacetylation of histones cause recombination 
suppression, silencing, and life extension. These studies 
reveal a molecular basis for NAD-dependent deacetylation 
of histones in yeast and, possibly, higher eukaryotes that 
integrates metabolism, genomic silencing, and ageing (Imai 
et al. 2000).

Classification of sirtuins

There are various types of sirtuins found in different organ-
isms. They are found in prokaryotes, and eukaryotes. Sir-
tuin was first time detected in the yeast and was named as 
sir2 (Silent information regulator 2) (Michan and Sinclair 
2007; Ivy et al. 1986). The sirtuin family has been classified 
into five distinct classes (I-IV and U) based on a phyloge-
netic study of sirtuins from a wide range of prokaryotes and 
eukaryotes (North and Verdin 2004). SIR-2.1, Drosophila 
melanogaster Sir2 (D.mel1) orthologues, Sir2 homologue 
of Sir Two (Hst) 1, and SIRT1 all belong to subclass Ia. 
Subclass Ib includes Hst2, D.mel2, and various fungi and 
protozoa sirtuins along with SIRT2 and SIRT3. Both SIRT4 
and SIRT5 belong to classes II and III, respectively, and both 
classes contain sirtuins from bacteria, Archea, nematodes, 
and protozoans. SIRT6 and SIRT7 belong to Class IV, which 
can be separated from the first two classes since it only 
includes sirtuins from eukaryotes. Sir2 homologues from 
bacteria with undifferentiated motifs constitute class U. The 
early eukaryotes had all four types of sirtuins, based on this 
categorization of the sirtuins, and it is thought that sirtuins 
from classes II, III, and U first appeared in evolution. Later 
in evolution, certain eukaryotes lost a few classes, which 
accounts for the diverse distribution of sirtuins in various 
organisms (Vassilopoulos et al. 2011).

In higher organisms there are seven types of sirtuins 
which work in similar way as does sir2 in yeast. In bacte-
ria one or two sirtuins are found, that are responsible for 
regulation of various pathways of metabolism. For the first 
time bacterial sirtuin was found in Salmonella enterica and 
it was named as CobB due to its involvement in cobalamin 
biosynthesis and propionic catabolism (Tsang and Escal-
ante-Semerena 1996). Mammals have seven sirtuins, SIRT1, 
SIRT2, SIRT3, SIRT4, SIRT5, SIRT6 and SIRT7 found at 
different places in the cell. SIRT 1, 6 and 7 are found in 
nucleus, SIRT2 is found in cytoplasm whereas, SIRT3, 4 
and 5 are found in mitochondria. Phylogenetic analysis on 
the basis of amino acid sequence revealed that mammalian 
sirtuins can be segregated into four classes: SIRT1 to SIRT3 
belong to class I, SIRT4 to class II, SIRT5 to III, and SIRT6 
and SIRT7 to class IV (Houtkooper et al. 2012) as shown 
in Table 3.

The subcellular location of mammalian sirtuins varies 
as well. The nucleus is home to SIRT1, SIRT6, and SIRT7 
(whereas SIRT1 also has certain vital cytoplasmic activi-
ties). SIRT1 is connected with euchromatin region of a 
chromosome in the nucleus, whereas the chromosome’s 
heterochromatin region and nucleolus are the locations for 
SIRT6 and SIRT7, respectively (Michan and Sinclair 2007). 
In mitochondria, SIRT3, 4 and 5 are found (Michan and 
Sinclair 2007). The cytoplasm has the most SIRT2 (North 
et al. 2003).

SIRT1

Human SIRT1 (UniProt id: Q96EB6) is constituted of 747 
amino acid residues. The structure of human SIRT1 shows 
a catalytic domain in combination with the C-terminal regu-
latory region (CTR) in an open apo form (Davenport et al. 
2014). The catalytic domain ranges from amino acid resi-
dues 234 to 510 and the C-terminal regulatory section ranges 

Table 3  Classification of mammalian sirtuins

Sirtuins Class Sub-cellular location Type of activity Biological role

SIRT1 Class I Nucleus (euchro-
matin region of 
chromosome)

Strong deacetylase activity Cell survival and lipid metabolism

SIRT2 Class I Cytoplasm Both deacetylase and mono-ADP-ribosyl transferase 
activity

Regulation of cell cycle and cell motility

SIRT3 Class I Mitochondria Both deacetylase and mono-ADP-ribosyl transferase 
activity

Metabolism and thermogenesis

SIRT4 Class II Mitochondria Mono-ADP-ribosyl transferase activity Glucose metabolism and Insulin secretion
SIRT5 Class III Mitochondria Weak deacetylase activity Cellular energy Metabolism
SIRT6 Class IV Nucleus (hetero-

chromatin region 
of chromosome)

Mono-ADP-ribosyl transferase activity DNA repair/ Glucose homeostasis

SIRT7 Class IV Nucleus (nucleolus) Deacetylase activity Metabolism, rDNA transcription



 3 Biotech (2023) 13:29

1 3

29 Page 4 of 15

from amino acid residues 641 to 665. Together they form a 
heterodimeric complex. The catalytic core of SIRT1 is made 
up of 277 amino acid residues and has one small and one 
large sub-domain. The larger domain has a Rossmann fold 
and it binds to  NAD+ whereas the smaller domain has two 
insertions in the  NAD+ binding domain, which is a helical 
unit made up of amino acid residues spanning from 269 to 
324 residues and a  Zn2+-binding unit made of amino acid 
residues spanning from 362 to 419. The Rossmann fold is a 
three-layered sandwich like structure made up of alternat-
ing beta strands and alpha helical segments found in pro-
teins that bind nucleotides. The beta strands are hydrogen 
bound to one other, forming an extended beta sheet, and the 
alpha helices surround both faces of the sheet. The  NAD+ 
binding region is made up of a core six-stranded parallel β 
sheet with strands β1-3 and β7-9, as well as eight helices 
namely, αA, αB, αG, αH, and αJ-M, that pack against the 
β sheet core. The helical unit is made up of four α helices 
namely, αC-F, while the  Zn2+-binding unit is made up of 
three β strands, β4 to β6 and one helix αI. The CTR cre-
ates a β hairpin shape that covers a fundamentally unchang-
ing, hydrophobic region, complementing the β sheet of the 
 NAD+ binding domain (Davenport et al. 2014). The smaller 
SIRT1 sub-domain rotates with respect to the larger  NAD+ 
binding sub-domain in the apo state, resulting in an unique 
open conformation as shown in Fig. 1.

SIRT1 has strong deacetylase activity (Michan and Sin-
clair 2007). Modulated Sirt1 along with AMPK has a signifi-
cant role to play in anti-ageing signalling pathways (Lu et al. 
2014a, b; Park et al. 2016). Sirtuin 1 also promotes healthy 
ageing and protects against cancers linked to the metabolic 
syndromes (Herranz et al. 2010). SIRT1 activation delays 
neurodegeneration progression (Gräff et al. 2013). SIRT1 
helps to maintain telomeres and promotes homologous 
recombination (Uhl et al. 2010; Palacios et al. 2010). DNA 
repair is also regulated by SIRT1 (Fan and Luo 2010). 
SIRT1 has a significant role in oxidative stress response, 
increased SIRT1 protein levels counteract the oxidative 
stress and ageing-related decline in levels of  NAD+ (Kilic 
et al. 2015; Bosch-Presegué et al. 2011). SIRT1 modulates 
the activity of DNA Methyltransferase 1 by deacetylating it 
(Peng et al. 2011) and also regulates the p53 activity (Liu 
et al. 2011). Down regulation of SIRT1 was found to be 
important in the senescence of different type of endothelial 
cells (Arunachalam et al. 2014; Vassallo et al. 2014).

SIRT2

Human SIRT2 (UniProt id: Q8IXJ6) is constituted of 389 
amino acid residues. SIRT2 comprises of a catalytic core 
made up of 304 amino acids and a 19 amino acid residue 
long helical extension at the N-terminal region. The cata-
lytic core of SIRT2 is a prolonged structure, consisting of 

one larger and one smaller domain. The larger domain is 
made up of amino acid residues ranging from 53 to 89, 146 
to 186, and 241 to 356. This is a type of the Rossmann fold, 
commonly found in many other NADH/NADPH binding 
enzymes. The smaller domain is made up of amino acid 
residues ranging from 90 to 145 and 187 to 240. It also has 
 Zn2+-binding site in it. Four crossovers in the polypeptide 
chain link the two domains together. A large groove is pro-
duced by the four crossovers and three loops of the large 
domain at the intersection of the two domains (Moniot et al. 
2013). The larger domain is comprised of six β-strands 
with β1–3 and β7–9, which forms a parallel β-sheet and six 
α-helices namely,α1, α7, α8 and α10–α12, that pack against 
the β-sheet. The smaller domain is made up of two struc-
tural modules that arise from two insertions in the larger 
domain's Rossmann fold. The primary insertion includes a 
helical module which is formed by folding four α-helices 
(α3–α6) together. A short three-stranded antiparallel β-sheet 
(β4, β5 and β6) is present in the second module, along with 
an α-helix (α9) and a zinc atom. The zinc-binding region 
is made up of a three-stranded antiparallel β-sheet and ̴ 45° 
angled α-helix (α9) to the plane of the β-sheet. The small 
domain primarily binds to one half of the Rossmann fold, 
forming a large groove perpendicular to the molecule's long 
axis. The boundaries of the large groove are determined by 

Fig. 1  Structure of SIRT1 (PDB ID: 4IG9). The  NAD+ binding 
region is made up of a core six-stranded parallel β sheet with strands 
β1-3 and β7-9, as well as eight helices namely, αA, αB, αG, αH, 
and αJ-M, that pack against the β sheet core. The helical module is 
made up of four α helices namely, αC-F, while the  Zn2+binding unit 
is made up of three β strands, β4 to β6 and one helix αI. The CTR 
creates a β hairpin shape that covers a fundamentally unchanging, 
hydrophobic region, complementing the β sheet of the  NAD+ binding 
domain
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huge, well-defined loops that are maintained by local sec-
ondary structure such as the β-turn in loop L4 and hydropho-
bic packing (Finnin et al. 2001) as shown in Fig. 2.

SIRT2 have both mono-ADP-ribosyl transferase and dea-
cetylase activity (Michan and Sinclair 2007). By targeting 
glycolytic enzymes, SIRT2 controls metabolic reprogram-
ming during induced pluripotency (Cha et al. 2017) and it 
also mediates tubulin acetylation in the presence of  NAD+ 
(Skoge et al. 2014). Enhanced expression of SIRT2 indicate 
senescence in cells especially in the presence of p53 (Anwar 
et al. 2016). SIRT2 regulates HIF-1 activity which is impor-
tant for tumour hypoxia responses. HIF-1 protein stability 
and transcriptional activity are both negatively influenced by 
SIRT2 (Seo et al. 2015). The level of SIRT2 is upregulated 
in non-small cell lung cancers (NSCLC) cell lines (Grbesa 
et al. 2015), metastatic human melanoma tissues compared 

to healthy cells and tissues (Wilking-Busch et al. 2017). 
SIRT2 could be a promising drug target for acute promye-
locytic leukaemia therapy (Sunami et al. 2013). SIRT2 also 
has a role in neurodegeneration and protects neural cells 
from oxidative damage (Singh et al. 2017).

SIRT3

Human SIRT3 (UniProt id: Q9NTG7) is constituted of 399 
amino acid residues containing a mitochondrial targeting 
domain at the N-terminal. Enzymatically, the full-length 
protein is inactive. Mitochondrial matrix processed pepti-
dase cleaves N-terminal 101 residues, which then activates 
the enzyme. SIRT3 has a two-domain structure, like other 
sirtuins, consisting of a large and a smaller domain. Large 
domain is a type of Rossmann fold for  NAD+ binding. The 
smaller domain consists of a helical bundle and a zinc bind-
ing region, which is created by two extending loops from 
the large domain. A groove formed between zinc binding 
and helical bundle region takes part in crystal packing. As a 
result, it might be a location for protein–protein interaction 
(Jin et al. 2009) as shown in Fig. 3.

Fig. 2  Structure of SIRT2 (PDB ID: 3ZGO). The catalytic core 
of SIRT2 is a prolonged structure, consisting of one larger and one 
smaller domain. The larger domain is comprised of six β-strands 
with β1–3 and β7–9, which forms a parallel β-sheet and six α-helices 
namely, α1, α7, α8 and α10–α12, that pack against the β-sheet. The 
smaller domain is made up of two structural modules. The primary 
insertion includes a helical module which is formed by folding four 
α-helices (α3–α6) together. A short three-stranded antiparallel β-sheet 
(β4, β5 and β6) is present in the second module, along with an 
α-helix (α9) and a zinc atom. The zinc-binding region is made up of a 
three-stranded antiparallel β-sheet and ̴ 45° angled α-helix (α9) to the 
plane of the β-sheet

Fig. 3  Structure of SIRT3 (PDB ID: 3GLS). SIRT3 has a two-domain 
structure, like other sirtuins, consisting of a large and a smaller 
domain. Large domain is a type of Rossmann fold for  NAD+ bind-
ing. The smaller domain consists of a helical bundle and a zinc bind-
ing region, which is created by two extending loops from the large 
domain
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The deacetylase activity of SIRT3 is required for viral 
suppression, during infection it keeps membrane potential 
and mitochondrial pH stable (Sheng and Cristea 2021). 
SIRT3 also has mono-ADP-ribosyl transferase activity 
(Michan and Sinclair 2007). Through the p53 pathway, 
SIRT3 prevents dysfunction and senescence caused by high 
level of glucose in endothelial cells (Chen et al. 2021) by 
partially abrogating p53 activity (Li et al. 2010). SIRT3 
could also be used as a marker for colon cancer (Liu et al. 
2014a, b). Sirt3 suppresses tumor growth via regulating 
hypoxia-inducible factor 1α and suppressing reactive oxy-
gen species (Bell et al. 2011). It also prevents cancer cell 
metabolic reprogramming by destabilising HIF1α (Finley 
et al. 2011). SIRT3 activation prevents amyotrophic lateral 
sclerosis motor neurons from developing metabolic abnor-
malities (Hor et al. 2021).

SIRT4

Human SIRT4 (UniProt id: Q9Y6E7) is composed of 314 
amino acid residues. A domain made up of amino acid resi-
dues ranging from 45 to 314, has deacetylase sirtuin-type 
activity. The crystal structure of SIRT4 from human is not 
yet reported so far in any of the structural databases.

SIRT4 is a mono-ADP-ribosyl transferase (Michan and 
Sinclair 2007). By ADP-ribosylation of glutamate dehydro-
genase, SIRT4, an enzyme with very low deacetylase activ-
ity, could downregulate glutamate metabolism (Mitra and 
Dey 2020). SIRT4 play crucial role in mitotic cell division 
regulation (Bergmann et al. 2020), oestrogen receptor (ER) 
positive breast cancer (Xing et al. 2019), development and 
metastasis of thyroid cancer cells (Chen et al. 2019) It is 
also found that SIRT4 is an effective tumour suppressor in 
non-small cell lung cancers cell (NSCLC) (Fu et al. 2017), 
human colorectal cancer (Miyo et al. 2015), neuroblastoma 
(Wang et al. 2018) and gastric cancer (Hu et al. 2019; Sun 
et al. 2018). According to research, expression of SIRT4 
is considerably downregulated in hepatocellular carcinoma 
tumour tissues (Li et al. 2019) and esophageal squamous 
cell carcinoma (Nakahara et al. 2016). In humans, SIRT4 
inhibits inflammation in endothelial cells of the umbilical 
vein (Tao et al. 2015) and osteoarthritis (Dai et al. 2020). As 
an outcome of cellular stresses, SIRT4 controls PTEN stabil-
ity via the insulin degrading enzyme (IDE) (Liu et al. 2019), 
it also controls ATP homeostasis and uses AMP-activated 
protein kinase (AMPK) to mediate retrograde signalling (Ho 
et al. 2013).

SIRT5

Human SIRT5 (UniProt id: Q9NXA8) is constituted of 310 
amino acid residues. The SIRT5 domain structure and fold 
is similar to those of other sirtuins. SIRT5 is made up of 14 

α-helices and 9 β-strands that are grouped in two globular 
domains: a larger domain and a smaller domain. A large 
Rossmann fold domain is found in  NAD+/NADH binding 
proteins (Schuetz et al. 2007). It consists of a core β-sheet 
formed by six parallel β-strands (β1– β3 and β7– β9) and 
nine α-helices (α1, α2, α6, α7, and α10– α14) that pack 
against the β-sheet. A smaller zinc-binding domain is 
made up of five α-helices (α3– α5, α8, and α9) and a three-
stranded antiparallel β-sheet (β4, β5, and β6). Various loops 
bridge the gap between SIRT5's two domains. The smaller 
zinc binding region shows structural variations between 
SIRT5 and the crystal structure of other sirtuins. Helix α9 
and the 16 amino acid residue loop that precedes the helix 
form a specific insertion in human SIRT5 (Schuetz et al. 
2007) as shown in Fig. 4.

SIRT5 has weak deacetylase activity (Michan and Sin-
clair 2007). SIRT5 is important in the growth of breast 
tumour cells (Greene et al. 2019), hepatocellular carcinoma 
(Guo et al. 2018; Zhang et al. 2019a, b; Chang et al. 2018) 

Fig. 4  Structure of SIRT5 (PDB ID: 2NYR). SIRT5 is made up of 14 
α-helices and 9 β-strands that are grouped in two globular domains: a 
larger domain and a smaller domain. A large Rossmann fold domain 
is found in NAD + /NADH binding proteins. It consists of a core 
β-sheet formed by six parallel β -strands (β1– β3 and β7– β9) and 
nine α-helices (α1, α2, α6, α7, and α10– α14) that pack against the 
β-sheet. A smaller zinc-binding domain is made up of five α-helices 
(α3– α5, α8, and α9) and a three-stranded antiparallel β-sheet (β4, β5, 
and β6). The smaller zinc binding region shows structural variations 
between SIRT5 and crystal structure of other sirtuins. Helix α9 and 
the 16 amino acid residue loop that precedes the helix form a specific 
insertion in human SIRT5
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and human non-small cell lung cancer tissues (Lu et al. 
2014a, b). SIRT5's deacetylation activity is unusually resist-
ant to nicotinamide inhibition (Fischer et al. 2012) and in 
lung epithelial cells, Forkhead protein Foxo3A deacetylation 
inhibits apoptosis induced by cigarette smoke extract (Wang 
et al. 2015). Desuccinylation of succinate dehydrogenase, 
serine hydroxy methyltransferase and superoxide dismutase 
by SIRT5 increases the growth of clear cell renal cell car-
cinoma tumours (Ma et al. 2019), cancer cell proliferation 
(Yang et al. 2018), and the elimination of ROS (Lin et al. 
2013), respectively. A finding suggests that in cardiomyo-
cytes, SIRT5 is a key moderator in cell death induced by 
 H2O2 (Liu et al. 2013a, b). As a result of the energy stress, 
SIRT5 modulates cellular energy metabolism and AMP-
activated protein kinase activity (Zhang et al. 2019a, b).

SIRT6

Human SIRT6 (UniProt id: Q8N6T7) is constituted of 355 
amino acid residues. It is made up of a potential catalytic sir-
tuin core and flanking N- and C-terminal extensions. SIRT6 
has two globular domains, each with eight α-helices and nine 
β-strands. A large Rossmann fold domain for  NAD+ binding 
is made up of amino acid residues ranging from 25–128 to 
191–266. It is made up of six-stranded (β1, β2, β3, β7, β8, 
and β9) parallel β-sheet amid between two helices (α6 and 
α7) on one side and four helices (α1, α4, α5, and α8) on 
the other side. The smaller domain, which contains a zinc-
binding motif is made up of amino acid residues ranging 
from 129–190. It is formed by two extending loops (link-
ing β3 and α6) from the large domain and includes a three-
stranded antiparallel β-sheet (β4, β5, and β6). SIRT6 has the 
same domain composition as SIRT2, SIRT3, and SIRT5, 
although there are some variations on the protein's surface. 
SIRT6 is deprived of the cofactor-binding loop, which has 
been replaced by a single helix (α3) with numerous  NAD+ 
binding residues. SIRT6's small domain lacks a helix bundle. 
A short loop replaces the helix bundle, interacting with the 
loop between α2 and α3, engaging with a small area on the 
zinc binding unit. One reason for SIRT6's scattered small 
domain is the absence of a helix bundle to build substantial 
contacts with the β-sheets in the zinc-binding motif (Pan 
et al. 2011) as shown in Fig. 5.

SIRT6 is a mono-ADP-ribosyl transferase (Michan and 
Sinclair 2007). In humans, SIRT6 is necessary to maintain 
the telomere position effect (Tennen et al. 2011) and also 
has a part to play in ageing of human induced pluripotent 
stem cells as well as their reprogramming (Sharma et al. 
2013). Sirtuin 6 inhibits the generation of reactive oxygen 
species and glycolysis, which decreases the inflammatory 
response generated by hypoxia in human osteoblasts (Hou 
et al. 2017). The DNA repair pathway could be activated by 
human SIRT6's ability to ADP ribosylate PARP1 (Mitra and 

Dey 2020). The transfer of radiolabel from  [32P]NAD, which 
is also catalysed by other members of the Sir2 family and 
was previously demonstrated to be mono-ADP-ribosylation, 
can be catalysed by pure SIRT6. Furthermore, a mono-ADP-
ribosylated protein-specific anti-ADP-ribose antibody may 
identify the enzymatically altered form of human SIRT6 
(Liszt et  al. 2005). Research has shown senescence of 
endothelial cell is induced by oxidative stress due to SIRT6 
downregulation (Liu et al. 2014a, b). It has also been dis-
covered in humans, that SIRT6 interacts with the nuclear 
factor erythroid-derived 2-like 2 (NRF2) for the protection 
of mesenchymal stem cells from oxidative damage (Pan 
et al. 2016). Compared to healthy cells, SIRT6 overexpres-
sion significantly accelerates apoptosis in tumour cells (Van 
Meter et al. 2011).

SIRT7

SIRT7 (UniProt id: Q9NRC8)  is consists of 400 amino 
acid residues. The DNA activated deacetylase activity of 
SIRT7 is dependent on both the N- and C-terminal domains. 
SIRT7-NTD (SIRT7 N-terminal domain) is made up of three 
helices, α1 to α3, including a short  310 helix connecting α1 

Fig. 5  Structure of SIRT6 (PDB ID: 3K35). SIRT6 has two globular 
domains, each with eight α-helices and nine β-strands. A large Ross-
mann fold domain for NAD + binding is made up of six-stranded (β1, 
β2, β3, β7, β8, and β9) parallel β sheet amid between two helices (α6 
and α7) on one side and four helices (α1, α4, α5, and α8) on the other 
side. The smaller domain, which contains a zinc-binding motif is 
formed by two extending loops (linking β 3 and α6) from the large 
domain and includes a three-stranded antiparallel β -sheet (β 4, β 5, 
and β 6). A short loop replaces the helix bundle, interacting with the 
loop between α2 and α3, engaging with a small area on the zinc bind-
ing unit. The dashed line represents the missing residues along the 
protein backbone
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and α2. α1 is the longest helix, with 35 amino acid resi-
dues ranging from Gly5 to Arg37. The α2 and α3 are short 
helices, which cover Ala45 to Leu51 and Ser54 to Glu60, 
respectively, and are almost perpendicular to the α1. Accord-
ing to the findings, SIRT7-NTD has structural similarities to 
transcription factor regulators and may have a role in DNA 
binding (Priyanka et al. 2016), as shown in Fig. 6.

SIRT7 has deacetylase activity, and plays a critical role in 
ageing and lifespan of hematopoietic cells in humans (Kaiser 
et al. 2020). SIRT7 arginine methylation maintains energy 
balance by coordinating glucose availability with mitochon-
dria biogenesis (Yan et al. 2018). Sirtuin 7 is required not 
only for rDNA transcription but also for particular pre-rRNA 
cleavage (Chen et al. 2016). SIRT7 depletion decreases 
DNA repair and compaction of chromatin, rendering cells 
more susceptible to genotoxic stressors (Li et al. 2016). 
As a heterochromatin stabiliser, SIRT7 counteracts human 
stem cell ageing (Bi et al. 2020). SIRT7 inactivation reduces 
breast cancer metastasis by blocking TGF-β signalling (Tang 
et al. 2017). In humans, SIRT7 take part in the genesis of 

colorectal cancer (Yu et al. 2014), gastric cancer (Zhang 
et al. 2015), and luminal breast cancer (Huo et al. 2020).

Physiological roles of sirtuins

Sirtuins in cancer

Sirtuins are implicated in tumour proliferation and metasta-
sis regulation. SIRT1 and SIRT2 promote cell proliferation 
and play a pro-tumorigenic role in lung cancer (Grbesa et al. 
2015). SIRT5 also enhances lung cancer growth and its over-
expression indicates a poor prognosis in human non-small 
cell lung cancer (Lu et al. 2014a, b). In metastatic human 
melanoma tissues, SIRT2 levels are increased as compared 
to tumours of early stage. It highly suggests that there is 
involvement of SIRT2 in the advancement of metastatic 
disease (Wilking-Busch et al. 2017). Hypoxia inducible 
factor-1α (HIF-1α) deacetylation mediated by SIRT2 is nec-
essary for HIF-1α destabilisation and tumour cell hypoxia 
response (Seo et al. 2015). SIRT3 stops mitochondrial reac-
tive oxygen species generation, which inhibits HIF-1α and 
tumour growth. When SIRT3 is overexpressed, it resists the 
growth of established cancer cell lines (Bell et al. 2011). 
In colon cancer, SIRT3 deficiency reduces cell prolifera-
tion, invasion, and migration while increasing apoptosis (Liu 
et al. 2014a, b). Upregulation of SIRT3 in breast cancer cells 
suppresses glycolysis and proliferation, offering a metabolic 
pathway for tumour suppression (Finley et al. 2011). Lower 
expression of SIRT4 promotes oesophageal squamous cell 
carcinoma and hepatocellular carcinoma development (Liu 
et al. 2014a, b). Researchers found that SIRT5 is upregulated 
during cellular transformation and is involved in cancer and 
its proliferation by desuccinylating serine hydroxy methyl-
transferase 2 (Yang et al. 2018). It also advances the growth 
of hepatocellular carcinoma (Chang et  al. 2018; Zhang 
et al. 2019a, b), clear cell renal cell carcinoma tumorigen-
esis through desuccinylating SDHA (Ma et al. 2019) and 
breast cancer progression by maintaining mitochondrial glu-
taminase (Greene et al. 2019). Lack of SIRT6 decreases the 
viability of prostate cancer cells while increasing chemother-
apeutic sensitivity (Liu et al. 2013a, b). Sirtuins may play 
pro-tumorigenic roles in some established tumours by aiding 
in survival under the stressful conditions that characterise 
the cancer cell state. SIRT7 overexpression has been found 
in multiple cancer tissues (Barber et al. 2012). Expression of 
the nuclear sirtuin, SIRT7, promotes the survival of cancer 
cells and the maintenance of a transformed state. In breast, 
thyroid and liver cancer, SIRT7 is up-regulated (Huo et al. 
2020), also in colorectal cancer (Yu et al. 2014) and gastric 
cancer (Zhang et al. 2015). Inactivation of SIRT7 signifi-
cantly reduces cancer cell metastasis in vivo, regardless of 
changes in original tumour development (Malik et al. 2015) 

Fig. 6  Structure of SIRT7 (PDB ID: 5IQZ). SIRT7-NTD (SIRT7 
N-terminal domain) is made up of three helices, α1 to α3, including a 
short  310 helix connecting α1 & α2. α1 is the longest helix. The α2 & 
α3 are short helices and are almost perpendicular to the α1
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and it is also discovered that SIRT7 deacetylase activity, 
inhibits metastasis of breast cancer by antagonising trans-
forming growth factor-β signalling (Tang et al. 2017). The 
importance of SIRT7 in DNA damage repair suggests that 
this enzyme may have tumour-suppressing abilities. How-
ever, SIRT7 is overexpressed in a lot of cancers. SIRT7 may 
therefore have opposing effects on the emergence and spread 
of cancer. (Tang et al. 2021).

Sirtuins in neurodegeneration

SIRT2 is overexpressed in neurodegenerative disorders and 
it protects neural cells from oxidative damage caused by 
ageing and disease (Singh et al. 2017). SIRT2 is found to be 
overexpressed in Parkinson’s disease. SIRT3 activation and/
or  NAD+ supplementation can help with amyotrophic lat-
eral sclerosis, which is a neurodegenerative disease caused 
by systemic  NAD+ depletion. The metabolic markers of 
amyotrophic lateral sclerosis motor neurons are decreased 
mitochondrial respiration and increased glycolysis. SIRT3 
activation has been discovered as a treatment for disease 
phenotypes in both sporadic and familial amyotrophic lateral 
sclerosis (Hor et al. 2021).

Sirtuins and epigenetics

In human cells, SIRT1 activation enhances homologous 
recombination. This function could help to decrease tumours 
by stabilising chromosomes and/or extending the lifespan 
by maintaining rDNA arrays (Uhl et al. 2010). A research 
revealed that SIRT1 controls the activity of DNA methyl-
transferase 1, a crucial enzyme in DNA methylation. Dea-
cetylation of DNA methyltransferase 1 at certain lysine 
residues, improves its methyltransferase activity, alters its 
transcription suppression activity, and impairs its ability to 
silence tumour suppressor genes (Peng et al. 2011). SIRT1 
also controls UV-induced DNA damage repair by deacetylat-
ing xeroderma pigmentosum group A, which is required for 
the nucleotide excision repair pathway to function properly 
(Fan and Luo 2010). SIRT6 has been discovered as the first 
enzyme that modifies histones to regulate the telomere posi-
tion effect in human cells, considering a novel role for SIRT6 
in the regulation of age-related genome silencing mechanism 
and providing a new approach for telomere chromatin silenc-
ing (Tennen et al. 2011).

SIRT7 regulates innate immune modulation and ensures 
geroprotection during stem cell ageing by acting as a het-
erochromatin stabiliser and safeguarding chromatin struc-
ture (Bi et al. 2020). SIRT7 regulates a multitude of essen-
tial physiological functions by inducing various genes to 
improve stress tolerance and cell survival (Chen et al. 2016).

Modulators of sirtuins

Various physiological functions like energy metabolism, 
stress response, etc. are regulated by sirtuins in humans. 
SIRT1-7, the human Sirtuin isoforms, are thought to repre-
sent promising therapeutic targets for age-related diseases 
like type 2 diabetes, inflammatory diseases, and neuro-
degenerative disorders. Because Sirtuins are appealing 
therapeutic targets, a lot of work has gone into generating 
specific sirtuin activators and inhibitors, both as tools for 
researching sirtuin activity and as prospective therapies 
for age-related diseases. The mammalian sirtuin family 
consists of seven proteins, however, not all of them possess 
deacetylase activity. All sirtuins have a 275-amino-acid 
catalytic core domain and a stoichiometric need for the 
cofactor  NAD+ to deacetylate substrates including histones 
and transcriptional regulators. Plant polyphenols notably 
butein, piceatannol, and isoliquiritigenin (ILQ) have been 
demonstrated to activate recombinant SIRT1 (Dai et al. 
2018), known as sirtuin activating compounds (STACs). 
One of the most prominent amongst these is resveratrol 
(3, 5, 4′-trihydroxystilbene) which is found in grapes and 
red wines. In lower organisms, resveratrol replicates the 
effects of calorie restriction, and mice fed a high-fat diet 
have lower insulin resistance. STACs interact directly 
with SIRT1 and other isoforms, according to substantial 
mechanistic and structural investigations conducted over 
the last few years (Shukla and Singh 2011). Many syn-
thetic STACs that are chemically unrelated to resveratrol, 
such as imidazo[1,2-b]thiazole core, including SRT1720, 
activate SIRT1 substantially more potently. These activa-
tors have been utilised in numerous studies to demonstrate 
their effect on SIRT1 (Vu et al. 2009). STACs of vari-
ous chemotypes, such as oxazolo[4,5-b]pyridine, thiazo-
lopyridine, benzimidazole, imidazo[4,5-c]pyridine, and 
dihydropyridine (DHP) derivatives, have been designed 
to improve activation potency, physicochemical charac-
teristics, and developability, and they appear to have even 
larger therapeutic promise (Bemis et al. 2009; Mai et al. 
2009; Dai et al. 2018). Some of the activators of sirtuins 
and their structures are shown in Fig. 7.

As up-regulated SIRT1 has been found in cancer cell 
lines, sirtuin inhibiting compounds (STICs) could be 
effective as therapeutic agents. Sirtuin inhibitors have 
also been considered for the treatment of Parkinson's dis-
ease, in addition to cancer therapy (Abbotto et al. 2022). 
Unlike the activators, where only SIRT1 activators have 
been produced, high-throughput and in silico screen-
ings have identified sirtuin inhibitors for SIRT1, SIRT2, 
SIRT3 and SIRT5. The majority of known sirtuin inhibi-
tors exclusively inhibit SIRT1 and/or SIRT2, however 
some also inhibit SIRT3 and SIRT5 with reduced affinity. 
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Splitomicin, HR73, Sirtinol, AGK2, Cambinol, Saler-
mide, Tenovin, and Suramin are some of the examples 
of STICs (Villalba and Alcaín 2012) as shown in Fig. 8. 

Splitomicin inhibits Sir2 in Saccharomyces cerevisiae, but 
showed weaker inhibition on human SIRT1. Yeast Sir2 
and human SIRT2 are inhibited by sirtinol (Carafa et al. 

Fig. 7  Activators of sirtuins a butein, b isoliquiritigenin, c piceatannol, d resveratrol and e SRT1720

Fig. 8  Inhibitors of sirtuins a Splitomicin, b HR73, c Sirtinol, d AGK2, e Cambinol, f Salermide and g Suramin
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2012). Suramin is a potent inhibitor of many sirtuins like 
SIRT1, SIRT2 and SIRT5. Cambinol has the most effective 
efficacy against Burkitt lymphoma cell lines. Salermide 
causes apoptosis in cancer cells without relying on p53. 
Both Cambinol and Salermide have inhibitory effects on 
SIRT1 and SIRT2 (Bai et al. 2018).

Conclusion

Sirtuins are a family of proteins that are present in all forms 
of life. Sirtuins have attracted a lot of investigation due to 
the way they control mammalian physiological processes. 
This is because they may offer brand-new targets for treat-
ing disorders linked to ageing and maybe extending human 
longevity. Six of the seven mammalian sirtuins have already 
been linked to biological processes ranging from DNA repair 
to metabolism, with SIRT1 being the most thoroughly inves-
tigated. The human sirtuin family contains seven members 
(SIRT1-7), which are localised to different cellular com-
partments and are capable of diverse catalytic activities to 
modify a great number of proteins, including histone and 
non-histone proteins. Their biological functions vary from 
metabolism to cell survival as key regulators and they’re 
involved in a range of diseases, such as diabetes, neurode-
generation and cancer. Emerging evidence suggests that sir-
tuins could be placed at the crossroads of stemness, ageing, 
and cancer.

The catalytic domain of sirtuins is unique to this family, 
and it requires nicotine adenine dinucleotide (NAD) as a 
cofactor. Sirtuins are implicated in the pathogenesis of many 
diseases, including obesity-related metabolic diseases, neu-
rodegenerative diseases, inflammation, cardiovascular dis-
eases, and cancer, amongst others, due to the extensive range 
of activities in which they participate. Emerging research has 
recently recognised their role in a wide range of ailments. 
The modulation of transcriptional repression by sirtuins is 
mediated by the binding of a complex containing sirtuins 
and other proteins. The activity of sirtuins can be modulated 
by various natural as well as synthetic compounds. A natural 
plant polyphenol resveratrol, can activate SIRT1 and other 
sirtuins and also enhances their activity. Molecular charac-
terizations of various inhibitors of sirtuins have also been 
done and is helpful in better understanding of complex role 
of sirtuins in cellular metabolism. Sirtuin activators have 
been used in clinical trials to protect against age-related ill-
nesses (Grabowska et al. 2017; Curry et al. 2021). Clini-
cal success of sirtuin-targeting drugs necessitates a com-
prehensive understanding of the "sirtuin-dependency" of 
the disease, strong lead compounds that are powerful and 
selective with perfect drug-like qualities, PK/PD profiling 
and improvement, as well as advancements in formula-
tion. Growing data suggest that sirtuins are an appealing 

anti-ageing proteins that improves health by targeting mol-
ecules engaged in a variety of biological processes; nonethe-
less, the significance of sirtuins in lifespan and the longevity 
effect of calorie restriction remain contentious. To inves-
tigate the true therapeutic potential and their efficacy in a 
variety of pathological diseases, a better knowledge of the 
link between the structure and function of sirtuin proteins 
would be necessary.
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