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Abstract

Diabetes mellitus (DM) is a systemic and complex dis-
ease with micro and macrovascular complications that
result from impaired metabolic pathways and genetic
susceptibilities. DM has been accepted as an epidemic
worldwide during the last two decades. A substantial
gap in our knowledge exists regarding the pathophysi-
ology of this metabolic disorder despite the improved
diagnostic tools and therapeutic approaches. Sirtuins
are a group of NAD" dependent enzymes that are in-
volved in cellular homeostasis due to their deacetylat-
ing activity. In the present review, we aimed to discuss
the role of associated sirtuins in the pathogenesis and
treatment of diabetes mellitus.
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Core tip: Diabetes mellitus has been accepted as an ep-
idemic worldwide during the last two decades. Despite
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the diagnostic tools and therapeutic approaches, the
pathophysiology of this metabolic disorder and cellular
defensive mechanisms are unknown. The maintenance
of cellular homeostasis requires a well-organized net-
work between glucose, amino acid and lipid metabo-
lism. Sirtuins are a group of NAD® dependent proteins
that are involved in cellular homeostasis due to their
deacetylating activity. Of these, sirtuin 1, -3 and -4
have been the most extensively investigated. In the
present review, we aimed to discuss the role of associ-
ated sirtuins in glucose and lipid metabolism and in the
pathogenesis and treatment of diabetes mellitus.
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INTRODUCTION

Diabetes mellitus is one of the leading causes of cardio-
vascular morbidity and mortality despite the emergence
of new diagnostic tools and therapeutic applications
in clinical practice!. According to American Diabe-
tes Association data, there are 17.5 million diagnosed
and 6.6 million undiagnosed diabetics in the United
States””. Hence, diabetes and its complications represent
a significant economic burden. Hyperglycemia, insulin
resistance, advanced glycation end products, polyol,
hexosamine and protein kinase C pathways collectively
contribute to the classical pathogenesis of diabetes com-
plications. However, to date, we know that only serum
glucose control is not sufficient to overcome the major
cardiovascular (CV) events™. In this regard, novel risk
factors including adipokines such as adiponectin, apelin,
obestatin, leptin and resistin, chronic inflammation, and
the renin-angiotensin-aldosterone system were found
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Table 1 The characteristic features of sirtuins

Sirtuin group Enzyme localization Enzyme activity

SIRT1 Cytoplasm and nucleus Deacetylase

SIRT2 Cytoplasm and nucleus Deacetylase

SIRT3 Cytoplasm, mitochondrion =~ Deacetylase

and nucleus

SIRT4 Mitochondrion ADP-Ribosyl transferase

SIRTS Mitochondrion Deacetylase

SIRT6 Nucleus Deacetylase and
ADP-Ribosyl transferase

SIRT7 Nucleus Deacetylase

SIRT1: Sirtuin 1.

to be involved in the pathogenesis of diabetes and its
chronic complicationsm. It would be wise to search the
main mechanisms of these undesirable pathophysiologic
events responsible for increased CV morbidity and moz-
tality in diabetic patients. In addition, treatment of these
various entities separately is illogical. Therefore, the
main pathogenetic mechanisms should be determined
and new therapeutic agents should be identified to treat
diabetes.

Mammalian sirtuins are a group of proteins that in-
clude seven NAD" dependent enzymes with homology
to the silent information regulator 2 (Sir2) family of Sac-
charomyces cerevisad®. Activation or deactivation of the en-
zymes occur as a consequence of this deacetylation. Since
both carbohydrate and lipid metabolism are affected in
diabetes, it would be wise to consider that sirtuins may be
the responsible key proteins that fight against the detri-
mental effects of these disorders. With this background,
in this review, we sought to highlight the role of sirtuins
as novel players in the pathogenesis of diabetes mellitus.

GENERAL FUNCTIONS OF SIRTUINS IN
CELLS

The main function of sirtuins is to deacetylate the im-
portant proteins for cellular homeostasis that regulate a
wide variety of processes regarding protein, carbohydrate
and lipid metabolism, mitochondrial homeostasis and
programmed cell death mechanisms such as apoptosis

and autophagy'”. Sirtuins remove the acetyl groups from
lysine residues of transcription factors, histones, specific
enzymes including manganese superoxide dismutase and
peroxisome proliferator activated receptor-y coactivator-
1o PGC-1a) and other miscellaneous proteins that have
important roles in cellular homeostasis™. As a conse-
quence of the deacetylation, nicotinamide and 2’-0-acetyl-
adenosine di phosphate (ADP) ribose are generated[()].
Experimental data showed the beneficial effects of
decreasing food intake by 30% without malnutrition, also
named calorie restriction (CR), on aging that could be
mediated by sirtuin overexpression and this effect leads to
increasing lifespanm]. Increased intracellular NAD™ con-
centrations and CR atre the main effectors that can stimu-
late sirtuin activation. In energy rich conditions, NAD" is
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reduced to nicotine-amide adenine di nucleotide NADH)
and the proportion of NAD" to NADH is reduced dut-
ing glycolysis, cyclic acid cycling, lipid B-oxidation and
protein catabolism"". Two main sources of NAD" are
the salvage pathway of nicotinamide catalyzed by the
enzyme, nicotinamide phosphoribosyltransferase, and de
novo synthesis from tryptophan metabolism”.

Recent experimental studies showed that sirtuins can
be found and activated in kidney, liver, spleen, lung, heart,
muscle, brain, testis, ovary, thymus, pancreas, white and
brown adipose tissue'"”. The localization of Sirtuin (SIRT)
proteins differ and matter in the cell, hence, the different
localizations develop various physiologic and possibly
pathologic metabolic effects under certain stress condi-
tions. SIRT1 resides both in the nucleus and cytoplasm
and SIRT?2 is primarily found in the cytoplasm, however,
it can be transferred into the nucleus in a cell cycle-de-
pendent manner. SIRT3, -4 and-5 exist in the mitochon-
drion. The last two members of the SIRT protein family,
SIRTG6 and-7 are found in the nucleus and the nucleolus
of the cell, respectively[w. Table 1 summarizes the char-
acteristic features of sirtuins.

SIRT1 is the most studied member of the sittuins,
probably because of its generalized effects on the cell
cycle, mitochondria metabolism, energy homeostasis, in-
flammation, oxidative stress and apoptosis'”. SIRT1 can
directly deacetylate nuclear histone proteins that results
in repression of gene transcription””. On the other hand,
the metabolic effects of SIRT1 depend on the deacety-
lation of non-histone proteins such as insulin receptor
substrate 2, PGC-1q., peroxisome-proliferator-activated
receptor (PPAR)-a,, PPAR-y, mitochondrial uncoupling
protein 2 (UCP-2), liver X receptor, farnesoid X receptor
and sterol-regulatory-element binding protein', Due
to its deacetylation activity, SIRT1 regulates insulin secre-
tion, adipogenesis and myogenesis.

In contrast to other sirtuins, SIRT4 has an additional
ADP-ribosyltransferase activity that is also involved in telo-
mere maintenance, genomic stability and longevitylzz’m.

SIRTS5 is a mitochondrial sirtuin. The main activity of
SIRTS is translocating SIRT?3 to the nucleus™.

SIRTG6 has auto-ADP-ribosyltransferase activity™™
and its main function includes genomic stability of cells
in terms of DNA repair and modulating telomere main-
tenance™.

THE ROLES OF ASSOCIATED SIRTUINS
IN GLUCOSE METABOLISM AND
DIABETES MELLITUS

Sirtuins, especially SIRT1, influence many steps of glu-
cose metabolism in liver, pancreas, muscle and adipose
tissue (Figure 1). The main regulator of these reactions
is the deactylated form of PGC-1q, in SIRT1 activated
states”".

Forkhead box group O (FOXO), a group of tran-

scriptional factors, can sense nutrient deprivation and
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Metabolic effects of SIRT1
in peripheral organs

Increased gluconeogenesis

Decreased glycolysis Increased lipolysis

Increased insulin secretion B islet cell protection

Increased lipolysis
Decreased adipogenesis

Increased adipose
triglyceride lipase

Figure 1 Metabolic effects of sirtuin 1 in peripheral organs.

promote cellular homeostasis™. FOXO1 regulates glu-
cose metabolism™ and feeding behaviors™”. During the
fasting state, the balance between insulin and glucagon
(decreased insulin »s increased glucagon) stimulates gluco-
neogenesis via cAMP response element-binding protein
regulated transcription coactivator 2 and FOXO1 PLA

The link between FOXO proteins, Signal transducer
and activator of transcription 3 (STAT3) and SIRT1
regarding hepatic glucose metabolism has been identi-
fied. FOXO1,-3a,-4 were found to be closely associated
with increased expression of gluconeogenesis genes and
decreased expression of glucokinase[33’34]. SIRT1 also
regulates gluconeogenesis »iz deacetylation and thereby
deactivates STAT3 which can inhibit the transcription of
gluconeogenic genes in normal conditions™.

The role of sirtuins in the pancreas has been dem-
onstrated. Experimental data of SIRT1 overexpression
suggested that serum insulin and cholesterol were dimin-
ished along with a reduction in adipose tissue volume
and decreased obesity-induced insulin resistance”",
Recently, beside experimental data, Song ef al™ also ob-
served that adipose tissue SIRT1 may play a key role in
the regulation of whole body metabolic homeostasis, and
downregulation of SIRT1 in visceral adipose tissue may
contribute to the metabolic abnormalities that are associ-
ated with visceral obesity in diabetic and obese women.
SIRT1 deficient mice also exhibit low levels of serum
glucose and insulin™. Despite the repetitive results of
the studies regarding the CR induced SIRT1 expression,
Moynihan ez a/*"" demonstrated that increased dosage
of mammalian Sir2 in pancreatic beta cells enhanced
glucose-stimulated insulin secretion in mice. Bordone e7
al™ also pointed out that insulin secretion was reduced
in SIRT1 knock-out mice and in pancreatic f3 islet cell
lines in which SIRT1 had been knocked down by RNA
interference. This effect partially depends on the SIRT1-
mediated inhibition of UCP-2 in pancreatic islet B—cellsm.
UCP-2 is a mitochondrial inner membrane protein that
regulates mitochondrial ATP synthesis. SIRT1 knock-out
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mice exhibit increased UCP-2 in B-cells along with low
levels of serum insulin™. Increased pancreatic secretion
of insulin and ATP were also demonstrated in UCP-2
knock-out mice™. In light of these studies, SIRT1 might
be a positive regulator rather than a supressor of insulin
in the postprandial fed state.

Insulin sensitivity is considered to be an important
part of glucose metabolism. Protein tyrosine phos-
phatase 1B (PTP1B) is involved in glucose metabolism
and diet-induced obesity"". PTP1B which is a tyrosine
phosphatase for the insulin receptor, can be repressed via
deacetylation. In accordance, resveratrol, an activator of
SIRT1 may also inhibit PTP1B. Thus, SIRT1 might im-
prove insulin sensitivity in insulin-resistant conditions by
reducing PTP1B activity™.

SIRT?2 is a cytosolic deacetylase which was originally
identified as a tubulin deacetylase. It was subsequently
demonstrated that SIRT2 can also transiently shuttle
into the nucleus in a cell cycle-dependent manner™, Tt is
possible that besides their tubulin deacetylating function,
nuclear proteins may be another target of SIRT2. In ad-
dition, researchers showed that SIRT2 was prominently
expressed in adipocytes™. Krishnan ez a/* also found
that SIRT2 was predominantly localized to the nucleus
in adipocytes. PGC-1o. has been strongly associated
with energy expcnditure[%]. The acetylation of PGC-1a
has been reported to be critical in regulating its activity.
In this regard, SIRT2 was found to deacetylate PGC-
1o The identification of PGC-1q as a SIRT2 substrate
suggests that SIRT2 regulates adipocyte mitochondrial
activity. Additionally, SIRT2 can deacetylate FOXO1 and
FOXO3. Hence, SIRT2 was found to be closely associ-
ated with DNA repair, cell cycle, metabolism, apoptosis,
and aging"’. Tt has also been demonstrated that STRT2
may increase the expression of the antioxidant mitochon-
drial superoxide dismutase due to its ability to deacety-
late FOXO3 and consequently increase FOXO3 DNA-
binding activity™.

SIRT3 has beneficial effects on glucose metabolism
by increasing insulin sensitivity and decreasing serum
glucose. Hirschey e a/*” showed that high-fat diet feeding
induces hepatic mitochondrial protein hyperacetylation
in mice and downregulation of the major mitochondrial
protein deacetylase SIRT3. They concluded that increased
obesity, insulin resistance, hyperlipidemia, and steato-
hepatitis were prominent in mice lacking SIRT3 com-
pated to wild-type mice. The same group also identified
a single nucleotide polymorphism which encoded a point
mutation in the SIRT3 protein. In this regard, impaired
mitochondrial protein acetylation and polymorphism of
SIRT3 have been shown to be closely associated with the
metabolic syndrome!”’

Another important sirtuin involved in glucose me-
tabolism is SIRT4. One of the target enzymes of SIRT4
is glutamate dehydrogenase (GDH) which converts glu-
tamate to o-ketoglutarate in the mitochondrion”™”. SIRT4
inhibits amino-acid induced insulin secretion by repress-

ing GDHP", During the fasting state, SIRT4 is inhibited
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in liver. This induces gluconeogenesis from amino acids
and fats and the inhibition of SIRT4 allows insulin secre-
tion from B-cells. However, SIRT4 is activated and the
reactions mentioned above are reversed in the fed state™”.

In the early stages of type 2 diabetes mellitus, insulin
resistance is the dominant feature and as a result hyperin-
sulinemia occurs. Impaired glucose uptake and utilization
follow this stage and hyperglycemia and hyperinsulinemia
contribute to pancreatic 3 islet cell destruction in the
following stages of diabetes”™. SIRT1 induces gluco-
neogenesis and inhibits glycolysis in liver during fasting
by deacetylating FOXO1 and PGCla. One of the most
important questions is what are the changes in gluco-
neogenesis and glycolysis in diabetes mellitus? Rodgers
et al” showed that hepatic PGC-1q. is upregulated and
gluconeogenesis is increased which can further aggravate
hyperglycemia in diabetic mice. Yechoor ez al demon-
strated that SIRT3 mRNA is down-regulated in muscle
insulin receptor knock-out mice. Hallows ez al”™ showed
that SIRT3 induces ketogenesis by activating acetylCo-A
synthetase in mammalian cells. Hence, one might expect
that SIRT3 may play an important role in the increased
ketogenesis observed during diabetes mellitus.

SIRT1, -3 and -4 play an important role in the patho-
genesis of hepatosteatosis which is commonly seen in
diabetic patients[56]. When taken together, inhibition of
SIRT1 and 3 and/or activation of SIRT4 might be at-
tributed to this heightened risk of hepatosteatosis in the
progression of diabetes mellitus.

Dong et al”" reported that there was an association
between the SIRT5 and SIKT6 gene variants with athero-
sclerosis. Several important relationships were found be-
tween gender and risk factors including smoking (for the
associations with SIRT5 and UCP-4), hypertension (for
the associations with SIRT3, SIRT5, and UCP-5), and
diabetes (for the associations with SIRT5 and UCP-5).
These results suggest that genetic variants in sirtuins may
have an influence on the development of vascular aging
phenotypes, independent of common risk factors.

NOVEL THERAPEUTIC AGENTS OF SIRT1
REGULATORS IN THE TREATMENT OF
DIABETES MELLITUS

A plant polyphenol, resveratrol, was found to be the first
drug to activate SIRT1"
that the positive effects of resveratrol on glucose metab-

| Recent research demonstrated

olism and insulin sensitivity wete closely associated with
AMPK subunit o activation of this agent rather than
the stimulatory effect on SIRT1. Um ¢ a/”" showed that
resveratrol did not improve glucose tolerance and insulin
sensitivity in AMPK o knock-out mice. On the other
hand, Timmers ¢ a/*" recently demonstrated the benefi-
cial effects of resveratrol in obese patients in terms of
lowering systolic blood pressure, serum lipid and glucose
levels and inflammation parameters.

There are conflicting results about the effects of
novel synthetic SIRT1 activators on glucose and lipid
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metabolism. SIRT1 activators might induce insulin secre-
tion and sensitivity, reduce adipogenesis, but also induce
gluconeogenesis in the liver which may worsen hyper-
glycemia in diabetes mellitus. Recently, Yamazaki ez al®
showed that treatment of mice with nonalcoholic fatty
liver disease with a synthetic SIRT1 activator, SRT1720,
might decrease the serum lipid levels, oxidative stress and
inflammation. In addition, Feige ez al®™ suggested that
activation of SIRT1 pia SRT1720 protected the organ-
ism from diet-induced obesity and insulin resistance by
increasing oxidation of fatty acids in liver, adipose tissue
and skeletal muscle.

Nicotinamide mononucleotide (NMN), a NAD"
intermediate, is another molecule that has been demon-
strated to have beneficial effects and improved glucose
and lipid levels in aging-induced diabetes™”. The role of
NMN regarding diabetic nephropathy has also been stud-
ied. Recent studies showed that SIRT1 in proximal tubule
cells protects against albuminuria in diabetes by maintain-
ing NMN concentrations around glomeruli and control-
ling podocyte function®**”. In addition, SIRT1 was found
to be closely associated with the survival of cells in an
affected kidney by modulating their responses to vari-
ous stress stimuli, SIRT1 also takes part in arterial blood
pressure control, protects against cellular apoptosis in
renal tubules by inducing catalase and triggers autophagy.
Hence, activation of SIRT1 may become a novel target in
the treatment of diabetic nephropathy’.

Niacin (vitamin Bs), is also an important intermediate
for the biosynthesis of NAD" that can used for the acti-
vation of SIRT1"".

Metformin, a commonly used anti-diabetic drug, de-
creases insulin resistance and hyperglycemia by inhibiting
gluconeogenesis and hepatic glucose output, and activa-
tion of free fatty acid oxidation in skeletal muscle!®.
Some of these beneficial effects of metformin were at-
tributed to SIRT1 activation zia the AMPK pathway[ég].

Calorie restriction results in a desirable metabolic
profile and improvement in mitochondrial function in
humans by activating several genes including SIRT1™. In
this regard, CR with increased physical activity should be
encouraged especially in obese diabetic patients.

In contrast to the above-mentioned data regarding
the beneficial effects of SIRT1 activation, Marampon
et al’" recently demonstrated that an angiotensin con-
verting enzyme inhibitor, zofenoprilat, triggered SIRT1
downregulation iz p38 activation. They concluded that
zofenoprilat negatively controlled angiotensin I receptor
protein expression through SIRT1 and this would be
associated with improved cardiovascular morbidity and
mortality especially in hypertensive and diabetic patients.
Hence, further research is needed to clarify the exact role
of the SIRT1-related pathways in the pathogenesis of
diabetes and hypertension.

In summary, SIRT1 may represent a new therapeutic
target for the prevention of insulin resistance, obesity, di-
abetes mellitus and its chronic cornplicationsm]. However,
to date, among the treatment options mentioned above,
using metformin along with CR may the optimal choices
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in obese type 2 diabetic patients.

CONCLUSION

Calorie restriction, oxidative stress, and various endog-
enous proteins might decrease nicotinamide and increase
the NAD/NADH ratio that trigger sirtuins. In the fasting
state, sirtuins inhibit insulin release in the pancreas and
prevent (-cell degeneration, promote gluconeogenesis
and insulin signaling, inhibit glycolysis and adipose tissue
differentiation, and prevent ketogenesis, especially in dia-
betes mellitus. Activation of sirtuins may result in various
beneficial metabolic effects which makes these proteins
target new drugs, especially for the future treatment of
metabolic disorders including diabetes and obesity. How-
ever, there are many missing pieces in the puzzle. Hence,
further experimental and clinical studies are needed to
highlight the exact roles of sirtuins in diabetes mellitus.
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