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�� Sirtuins are a family of highly conserved NAD+-dependent deacetylases.

�� Reduced sirtuin expression and/or activity is correlated with development of Type 2 diabetes.

�� SIRT1, SIRT3 and SIRT6 have currently been shown to have the most robust effects on metabolism.

�� Mice lacking any one of these sirtuins show characteristics of Type 2 diabetes, including insulin resistance 
and glucose intolerance, especially when fed a high-fat diet.

�� Single nucleotide polymorphisms associated with obesity and Type 2 diabetes have been identified 
in the SIRT1 and SIRT3 genes, suggesting that sirtuins may play a role in the development of these 
conditions in humans.

�� Recent clinical trials show that resveratrol, a SIRT1 activator, has moderate glucose-lowering and 
insulin-sensitizing effects in patients with diabetes, but not in healthy patients.

�� The resveratrol clinical trials demonstrate that SIRT1 is a promising target for future antidiabetic 
therapies; however, more specific and more effective activators are required.

�� Several compounds targeting SIRT1 have been developed and are entering clinical trials.

�� Activation of SIRT1 in certain neurons in the brain may lead to increased food intake, glucose intolerance 
and increased anxiety. Thus, the best activator of sirtuin action may be one that does not cross the 
blood–brain barrier.

�� Currently, over 30 clinical trials are in progress to investigate the possibility of resveratrol and other SIRT1 
activators for use in treating diabetes.

�� While human studies have not yet been performed, data from animal models suggest that therapies 
targeted at activating SIRT3 and SIRT6 may have beneficial effects in patients with Type 2 diabetes.
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Type 2 diabetes is endemic with over 366 mil-
lion adults estimated to have Type 2 diabetes, 
and is estimated to grow to 552 million by 2030 
[1]. Worldwide, diabetes expenditures exceeded 
US$465 billion in 2011, accounting for 11% of 
total healthcare costs in adults [1]. Strikingly, 
even with considerable investment, the WHO 
lists diabetes as one of the world’s top ten causes 
of death [201]. Furthermore, the WHO estimates 
that deaths from diabetes-related complications 
will increase by two-thirds between the years 
2008 and 2030 [202]. Clearly, new and better 
ways to treat and/or prevent Type 2 diabetes are 
required.

Type 2 diabetes is a complicated, multifacto-
rial disease, and the cause is probably a combi-
nation of both genetic and environmental fac-
tors. In fact, the cause of Type 2 diabetes could 
be different for each patient. An abundance of 
genome-wide array studies have identified sev-
eral different genes associated with Type 2 diabe-
tes incidence, as well as genes that are related to 
the response and effectiveness of current diabetes 
drugs in individual patients [2]. These studies 
suggest that a customized medical approach 
and/or combination therapies may be needed 
to effectively treat Type 2 diabetes.

Therefore, in order to leverage this strat-
egy to treat diabetes, a wide range of diabetes 
drugs are needed. While several current dia-
betes therapies are effective (metformin, insu-
lin and insulin secretagogues, among others), 
these drugs only treat the general symptoms of 
diabetes, and several side effects are associated 
with their use, including weight gain, gastro-
intestinal effects (nausea and diarrhea) and 
hypoglycemia [3]. In addition, considering the 
above statistics, these drugs have clearly not been 
effective enough at curtailing mortality associ-
ated with diabetes. Newer classes of antidiabetic 
drugs approved within the past 15 years include 

thiazolidinediones, GLP-1 receptor agonists and 
DPP-IV inhibitors. These drugs have increased 
the therapeutic options available to clinicians. 
However, thiazolidinedione availability has 
recently been restricted owing to increased risk 
of cardiovascular events; and the potential for 
safe long-term use of GLP-1 receptor agonists 
and DPP-IV inhibitors remains to be seen. 
Therefore, continued research into new classes 
of diabetes drugs is required.

One emerging class of proteins that is associ-
ated with Type 2 diabetes and its risk factors 
is the sirtuins. Sirtuins are highly conserved 
proteins with a wide array of biological func-
tions in organisms from bacteria to humans. 
There are seven members in the mammalian 
sirtuin family (SIRT1–7), each containing the 
conserved sirtuin core domain that confers 
NAD+-dependent deacylase activity (Figure 1). 
The sirtuins are divided into four phylogenetic 
classes [4] that seem to correlate with their spe-
cific deacylase activity [5]. SIRT1–3 are class I 
sirtuins that show strong deacetylase activity 
[6], whereas SIRT4, a class II sirtuin, has ADP-
ribosyltransferase activity [7]. SIRT5 is a class III 
sirtuin that displays weak deacetylase activity 
and has recently been shown to have desucciny-
lase [8–10] and demalonylase [9] activity. Class IV 
sirtuins include SIRT6 and SIRT7. SIRT6 has 
been reported to have deacetylase [11,12] and 
ADP-ribosyltransferase [13] activity, and the 
enzymatic activity of SIRT7 was recently shown 
to be a highly specific deacetylase [14]. 

Metabolic effects of sirtuins
The most well-studied sirtuin with effects on 
metabolism is SIRT1. The initial excitement 
for SIRT1 surrounded its homology to the yeast 
Sir2 protein, which was shown to extend lifespan 
when overexpressed in yeast [15]. Sir2 homologs 
in Caenorhabditis elegans [16] and Drosophila 

Summary	 Sirtuins are a class of NAD+-dependent deacetylases, such as deacetylases, 
that have a wide array of biological functions. Recent studies have suggested that reduced 
sirtuin action is correlated with Type 2 diabetes. Both overnutrition and aging, which are 
two major risk factors for diabetes, lead to decreased sirtuin function and result in abnormal 
glucose and lipid metabolism. Therefore, restoring normal levels of sirtuin action in Type 2 
diabetes may be a promising method of treating diabetes. This article reviews the biological 
functions of three of the seven mammalian sirtuins – SIRT1, SIRT3 and SIRT6 – that have 
demonstrated prominent metabolic roles and early potential for drug targeting. Clinical 
trials investigating the use of sirtuin activators for treating diabetes are already underway 
and show promise as alternatives to current diabetes therapies. Thus, further research 
into sirtuin activators is warranted and may lead to a new class of safe, effective diabetes 
treatments.
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melanogaster [17] initially showed similar life-
extending effects. Given that SIRT1 is the clos-
est mammalian homolog to yeast Sir2 [4], there 
was much hope that SIRT1 could also extend 
lifespan in humans. However, the life-extending 
effects of SIRT1 in C. elegans and D. melanogaster 
have recently been called into question [18]. Fur-
thermore, it has not been definitively demon-
strated whether SIRT1 is required or sufficient 
for increasing longevity in mammals, since some 
studies demonstrate SIRT1 is associated with 
increased lifespan [19,20], while others show no 
effects [21,22]. In contrast to the uncertain role on 
lifespan extension, what is more clear is the effect 
SIRT1 has on protecting against age-related 
disease, including Type 2 diabetes. SIRT1 is 
expressed in several metabolically active tissues, 
including liver [23–25], muscle [24,26], adipose tis-
sue [23,24], heart [24–26], pancreas [24,27] and brain 
[23–25,28]. Interestingly, SIRT1 levels decrease in 
mice upon diet-induced obesity [29,30], as well as 
during aging [31], two of the most prevalent risk 
factors for Type 2 diabetes. Humans with mor-
bid obesity also display decreased SIRT1 expres-
sion in visceral adipose tissue [32].These findings 
suggest that decreased SIRT1 expression may 
be one mechanism linking obesity and aging 
to the development of Type 2 diabetes. Indeed, 
mice with a moderate whole-body decrease in 
SIRT1 develop obesity and insulin resistance 
[33] and have elevated lipid accumulation in the 
liver, as well as increased inflammation in adi-
pose tissue when fed a high-fat diet [34]. Com-
plementary to these findings, transgenic mice 
with a whole body overexpression of SIRT1 are 
leaner and more metabolically active, eat less, 
have decreased fasting serum insulin, glucose 
and cholesterol, and have improved glucose 

tolerance compared with control animals [35]. 
Even mice with a moderate elevation of SIRT1 
still show improved fasting serum insulin and 
glucose levels, as well as improved glucose toler-
ance when fed a high-fat diet [24,36]. The molecu-
lar mechanisms behind these antidiabetic effects 
of SIRT1 have been intensely studied and have 
recently been reviewed [37–39]. Together, these 
studies suggest that SIRT1 is a potential drug 
target for both the treatment of diabetic symp-
toms, as well as possible prevention of diet- and 
age-induced diabetes.

While a large body of literature supports the 
important role that SIRT1 plays in metabolism, 
more recently SIRT3 and SIRT6 have gained 
attention in their respective roles in maintain-
ing metabolic homeostasis. SIRT3 is expressed 
in metabolic tissues, including the liver, brain, 
kidney, skeletal muscle [40,41] and brown adi-
pose tissue [42]. One study identified SIRT3 as a 
major mitochondrial deacetylase and found that 
a number of key mitochondrial enzymes were 
hyperacetylated in the liver, brown adipose tis-
sue, heart and brain of SIRT3-deficient mice[43]. 
While these mice had no metabolic abnormalities 
under basal conditions, under metabolic stresses, 
such as prolonged fasting and high-fat diet feed-
ing, SIRT3-deficient mice had several metabolic 
defects. Under fasting conditions, SIRT3 is nor-
mally upregulated in the liver and brown adipose 
tissue [44]. However, when SIRT3-deficient mice 
were fasted for 24 h, they did not have upregu-
lated SIRT3 and this resulted in decreased levels 
of fatty acid oxidation and increased triglyc-
erides in the liver [44]. In contrast to fasting, 
long-term high-fat feeding has been shown to 
downregulate levels of SIRT3 mRNA, protein 
and activity in the mouse liver [45–49], leading to 
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hyperacetylation and decreased activity of mito-
chondrial proteins [46,47] involved in oxidative 
metabolism [46,47]. Interestingly, unlike chronic 
high-fat feeding, acute high-fat feeding led to 
increased SIRT3 expression. The molecular basis 
for this is not known. Physiologically, when mice 
with a total loss of SIRT3 were chronically fed 
a high-fat diet, they showed accelerated obesity, 
glucose intolerance, insulin resistance, hyper-
lipidemia and steatohepatitis compared with 
wild-type mice fed a high-fat diet [46]. A more 
detailed review of the molecular mechanisms 
behind these physiological effects can be found 
in several recent reviews [37–39]. Collectively, these 
findings point to the important role SIRT3 plays 
in maintaining metabolic homeostasis, leading 
to speculation that patients with symptoms of 
the metabolic syndrome or Type 2 diabetes may 
have decreased levels of SIRT3. Thus, a therapeu-
tic intervention that activates SIRT3 may be an 
efficacious strategy for Type 2 diabetes treatment.

In addition to SIRT1 and SIRT3, SIRT6 has 
also been linked to metabolism, specifically in 
maintaining normal glucose homeostasis. SIRT6 
is located in the nucleus and plays a role in tel-
omere maintenance [11], DNA repair [48,49] and 
aging [48,49]. One study reported that SIRT6 
knockout mice are smaller than normal mice 
and develop considerable metabolic abnormali-
ties including lack of subcutaneous fat, severe 
hypoglycemia and premature death [48]. SIRT6 
was identified as a corepressor of the transcrip-
tion factor Hif1a [12], which is an important 
regulator of responses to nutritional stress [50]. 
The hypoglycemia observed in SIRT6 knockout 
mice may be attributed to an increase in Hif1a 
activity, which results in increased glucose uptake 
and diminished mitochondrial respiration [12]. 
It was further shown that deficiency of SIRT6 
led to low circulating insulin levels but enhanced 
insulin signaling, which also contributes to hypo-
glycemia [51]. Interestingly, when transgenic mice 
overexpressing SIRT6 were fed a high-fat diet [52] 
or aged to 19 months [53], they had improved 
glucose tolerance, which was associated with 
enhanced glucose-stimulated insulin secretion 
compared with wild-type controls [52]. These 
results indicate that SIRT6 has an important 
role in maintaining normal glucose homeostasis 
and more work is required to determine the full 
metabolic role of SIRT6 and uncover its potential 
as an antidiabetic therapeutic.

Compared with SIRT1, SIRT3 and SIRT6, 
less is known about the metabolic roles of the 

other sirtuins. SIRT2 has been shown to deacety-
late and prevent degradation of PEPCK [54], the 
rate-limiting enzyme in gluconeogenesis, as well 
as deacetylate and activate FOXO1 [55], a tran-
scription factor regulating both glucose and lipid 
metabolic genes. Two studies have demonstrated 
moderate effects of SIRT4 on metabolism [7,56]. 
SIRT4 knockout mice have increased amino 
acid-stimulated plasma insulin levels, moderately 
lower fasted blood glucose and slightly improved 
glucose tolerance [7]. Furthermore, knockdown 
of SIRT4 in mice via tail vein injections of an 
shRNA adenovirus resulted in increased expres-
sion of genes involved in fatty acid oxidation in 
liver and muscle and also slightly decreased blood 
glucose levels [56]. SIRT5 has been shown to dea-
cetylate [57] and desuccinylate [8] CPS1, leading to 
enhanced urea cycle function. Effects of SIRT7 
on metabolism have not yet been reported. While 
it is tempting to speculate that these other sir-
tuins could be antidiabetic drug targets, more 
studies need to be carried out to understand the 
biological pathways regulated by SIRT2, SIRT4, 
SIRT5 and SIRT7.

Genetic polymorphisms in sirtuin genes
In humans, a number of single nucleotide poly-
morphisms (SNPs) associated with obesity and 
Type 2 diabetes have been identified in the SIRT1 
and SIRT3 genes, suggesting that sirtuins may 
play a role in the development of these condi-
tions. In a study of obese and lean subjects of 
Belgian Caucasian origin, the SNP rs7069102 
located in intron 4 of SIRT1 was associated with 
a significant increase in visceral fat area in obese 
men carrying one or two copies of the minor 
allele compared with obese men with the wild-
type allele [58]. This same SIRT1 SNP (as well as 
SNPs rs7895833 and rs2273773) were found to 
be associated with high body fat and blood pres-
sure in a study of 1279 Japanese patients [59]. In 
a study of 3501 Pima Indians, who have a high 
incidence of Type 2 diabetes (44%), two SNPs in 
SIRT1 (rs10509291 and rs7896005) were associ-
ated with Type 2 diabetes but not BMI [60]. Par-
ticipants in the study carrying the at-risk alleles in 
these SNPs had a reduced acute insulin response 
to glucose, which may account for an increased 
risk of Type 2 diabetes [60]. 

In addition to being associated with an 
increase in obesity, some SNPs have been iden-
tified that are associated with leanness, suggest-
ing that genetic variation of SIRT1 may protect 
against obesity and, in turn, protect against 
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Type 2 diabetes. For example, the G allele of 
rs7895833 was associated with a lower BMI in 
a study of two independent Dutch populations 
[61]. In another study, a number of SIRT1 SNPs 
were identified that were associated with obe-
sity in morbidly obese adults; however, there 
was a greater frequency of the minor allele in 
the control lean population compared with 
the case population, suggesting that the minor 
allele of these SNPs may have a protective effect 
against obesity [62]. While specific SIRT1 SNPs 
may directly influence BMI, there is evidence 
that SIRT1 genetic variations may also affect 
the outcome of treatment. In a controlled life-
style intervention study of Caucasians at risk 
for Type 2 diabetes, patients carrying the minor 
allele of SNP rs12413112 did not respond as 
well to the lifestyle interventions of decreased 
fat intake and increased exercise compared with 
those with the wild-type allele as measured by 
fasting plasma glucose, insulin sensitivity and 
liver fat [63]. These results indicate that under-
standing genetic variations of SIRT1 may provide 
insight as to what type of treatment a prediabetic 
or diabetic patient will best respond to.

Some SNPs and their associated effects have 
also been identified in the human SIRT3 gene. 
In 2003, it was reported that the TT genotype of 
the G477T marker of SIRT3 increases survival 
in the elderly [64], but associations with obesity or 
diabetes were not examined. An additional study 
by Dransfeld et al. identified two SNPs within 
the functional domain of the SIRT3 protein in 
a cohort of 640 Caucasians, although they did 
not determine the functionality associated with 
these polymorphisms [65]. In 2011, Hirschey et 
al. independently identified and characterized 
one of the SNPs identified by Dransfeld et al., 
rs11246020 (change of valine to isoleucine in 
the sirtuin conserved domain of SIRT3), in a 
Caucasian cohort with fatty liver disease and 
found that this polymorphism is correlated with 
an increased risk of developing the metabolic 
syndrome [46]. Recombinantly expressed SIRT3 
with this point mutation had decreased activity 
compared with the wild-type protein, suggest-
ing that this reduction in SIRT3 function may 
predispose a patient to developing the metabolic 
syndrome [46]. Given the gap in knowledge of 
SIRT3 polymorphisms and their associated 
effects, this remains an important field of study 
with a strong need to identify the most effica-
cious individualized treatment for patients with 
metabolic syndrome or Type 2 diabetes.

First generation of sirtuin activators: 
resveratrol
The potential of the sirtuins for effective treat-
ment or even prevention of diabetes has resulted 
in significant efforts into finding novel therapeu-
tics that can activate sirtuins. Among these, a 
naturally occurring compound called resveratrol 
is the most well studied. Resveratrol was first iso-
lated from the white hellebore plant (Veratrum 
grandiflorum) in 1940 [66]. In 1963, Nonomura et 
al. extracted resveratrol from root extracts used in 
traditional Japanese and Chinese medicine that, 
among other things, was used to treat hyper-
lipidemia [67]. Indeed, resveratrol was shown to 
reduce liver lipid accumulation in rats fed a high-
fat diet [68]. When resveratrol was discovered in 
red wine [69], there was a great interest in deter-
mining whether resveratrol was the compound 
that conferred the health benefits of red wine and 
was responsible for the so-called French paradox, 
whereby the French have high consumption rates 
of saturated fats yet have one of the lowest rates of 
cardiovascular disease. In 2003, resveratrol was 
the top hit on a screen to identify SIRT1 acti-
vators [70]. Owing to the link between sirtuins 
and lifespan, the ability of resveratrol to extend 
lifespan in mice was tested. While administration 
to mice did not extend lifespan [71], resveratrol 
restored normal lifespan to mice fed a high-
calorie diet [72]. These early studies demonstrated 
that resveratrol had many antidiabetic effects in 
rodents fed a high-fat diet, including reduced cir-
culating glucose levels [72–74], reduced circulating 
insulin levels [72,73,75,76], improved glucose toler-
ance [72,75] and increased insulin sensitivity [75,77]. 
Even in rodent models of diabetes induced by the 
b-cell toxin streptozotocin, resveratrol potently 
reduced blood glucose levels [78–80]. Resvera-
trol also reduced hepatic lipid accumulation in 
rodents fed high-calorie diets [76,81,82]. Thus, data 
collected from rodent models support resveratrol 
as an antidiabetic treatment.

In humans, despite the widespread availability 
of oral resveratrol supplements, the data regard-
ing the effectiveness of resveratrol in humans are  
not fully understood. In a systematic review that 
compiled the opinions of experts who gathered 
at the first International Conference on Resvera-
trol and Health (Resveratrol 2010), Vang et al. 
concluded that the evidence in humans is not 
sufficient to justify administering resveratrol to 
humans for disease treatment [83]. The authors 
describe only two clinical studies by Elliott 
et al. [84] that reported decreased fasting glucose, 
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decreased postprandial glucose and decreased 
postprandial insulin levels in Type 2 diabetic 
patients treated with resveratrol, but experimental 
details were not disclosed. Even with such lim-
ited human data, Vang et al. point out that the 
data in animal models are promising and more 
clinical trials should be completed. More recently, 
additional small-scale studies on resveratrol have 
been performed to assess its effects on diabetes in 
humans. A report by Yoshino et al. showed that 
resveratrol treatment (75 mg/day for 12 weeks) 
to nonobese women with normal glucose toler-
ance (n = 15 in each group) had no effects on 
insulin sensitivity [85]. When Poulsen et al. treated 
obese but otherwise healthy men with resveratrol 
(500 mg, three-times per day for 4 weeks; n = 12 
in each group), they also reported no effects on 
body composition and insulin sensitivity [86]. 
However, Timmers et al. performed a crossover 
study on obese but otherwise healthy men (simi-
lar to Poulsen et al.) and found that resveratrol 
treatment (150 mg, once daily for 29 days; n = 11) 
mildly increased intramyocellular lipid levels but 
decreased hepatic lipids, decreased circulating 
glucose, insulin and leptin, and improved insulin 
sensitivity as assessed by the homeostatic model 
assessment of insulin resistance [87]. The reason 
for the discrepancy between the Poulsen et al. 
and Timmers et al. studies is unknown but may 
involve different study designs, different doses of 
resveratrol and the low number of subjects tested. 
In contrast to these studies on obese, healthy 
individuals, recent studies on glucose intolerant 
individuals demonstrated more effective results 
for resveratrol. For example, Brasnyo et al. treated 
19 Type 2 diabetic men with resveratrol (5 mg, 
twice daily for 4 weeks) and reported modest 
effects on decreasing postprandial glucose levels 
and improving insulin sensitivity as measured 
by the homeostatic model assessment of insulin 
resistance and by increased phophosphorylation 
of Akt in platelets [88]. Furthermore, resvera-
trol treatment (1–2 g/day for 4 weeks; n = 10) 
to elderly patients with impaired glucose toler-
ance resulted in no changes to fasting glucose or 
insulin levels but improved glucose tolerance and 
increased insulin sensitivity [89].

In reviewing the metabolic effects of res-
veratrol in several animal and human studies 
(Table 1), it is evident that in both rodent and 
human studies, resveratrol has little effect on 
metabolism in nondiabetic, nonobese subjects. 
This may be a positive aspect of resveratrol since 
the risk of hypoglycemia is low in a normal 

metabolic state. Furthermore, in conditions of 
positive energy balance, such as high-fat feeding 
or obesity, there is a trend for higher doses of res-
veratrol to decrease body weight. However, this 
could be an indirect effect of resveratrol since 
at high doses in clinical studies, mild gastroin-
testinal symptoms, such as nausea and diarrhea, 
have been reported [90]. Interestingly, in more 
metabolically stressed subjects, such as rodents 
fed a high-fat diet or humans with diagnosed 
diabetic pathologies, the evidence strongly points 
to an effect of resveratrol on reducing glucose 
levels and/or increasing insulin sensitivity. While 
these data are promising, more clinical data from 
larger studies are clearly needed in order to deter-
mine the appropriate dosing and to assess the 
long-term safety and efficacy of using resveratrol 
for diabetes treatment. To this end, more than 
20 studies are currently listed on the clinical tri-
als database provided by the US NIH [203] that 
are investigating the effects of resveratrol on the 
diabetic condition.

The promising studies on resveratrol have 
shown that activating sirtuins may be a viable 
way to treat diabetes. It is encouraging that 
resveratrol is well tolerated in patients with few 
adverse effects [85,87,90] aside from mild gastro-
intestinal complaints (nausea and diarrhea) at 
high doses [90], although long-term studies have 
not been completed. Importantly, few cases of 
hypoglycemia have been reported with resvera-
trol treatment, even in rodents or humans that 
had normal blood glucose levels prior to therapy. 
While promising, many of the glucose lowering 
and insulin sensitizing effects of resveratrol in 
humans have been mild, possibly due to the fact 
that the bioavailability of unaltered resveratrol 
taken orally in humans may be quite low [91,92]. 
Furthermore, it has recently been called into 
question whether resveratrol directly or indirectly 
activates SIRT1 [93]. Regardless of the molecu-
lar mechanisms, resveratrol has been shown in 
many studies to activate SIRT1 and elicit anti-
diabetic effects. However, indirect activation of 
SIRT1 leaves open the possibility that resvera-
trol may have several nonspecific effects. This 
further highlights the need for next-generation 
sirtuin activators that are more specific and more 
effective than resveratrol.

The next generation of sirtuin activators
The development of more effective sirtuin acti-
vators is currently underway. Recently, it was 
reported that AS101, a tellurium compound 
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developed at Bar-Ilan University (Ramat Gan, 
Israel), increases SIRT1 protein expression and 
activity and shows promise as an antidiabetic 
drug [94]. In a rat model of Type 2 diabetes, 
treatment with AS101 before clinical hyper-
glycemia resulted in increased insulin sensi-
tivity and decreased blood glucose levels, and 
treatment with AS101 after the development 
of Type  2 diabetes partially restored normal 
glucose homeostasis [94]. Another group at Sir-
tris, a Glaxosmithkline company (MA, USA), 
focuses specifically on developing small molecule 
drugs that target sirtuins in order to treat dis-
eases of aging, and is the leading pharmaceu-
tical company pursuing the discovery of small 
molecules that activate sirtuins. In 2007, Sirtris 
published a report describing the antidiabetic 
effects of SRT1720, a small molecule activator 
of SIRT1 that is structurally unrelated to res-
veratrol but 1000-fold more potent [95]. Initial 
studies indicated that diet-induced obese mice 
treated with SRT1720 had reduced fed glucose 
levels through 10 weeks of treatment with simi-
lar results observed in a genetic mouse model of 
Type 2 diabetes [95], indicating the potential to 
treat Type 2 diabetes with activators of SIRT1. 
Further studies reported that SRT1720 protects 
against diet-induced obesity and insulin resist-
ance by the induction of fatty acid oxidation 
[96]. Recently, Minor et al. described increased 
healthspan of obese mice treated with SRT1720 
as a result of reduced liver steatosis, increased 
insulin sensitivity, enhanced locomotive activ-
ity, and normalization of gene expression profiles 
and markers of inflammation and apoptosis [19].
While SRT1720 remains in the preclinical test-
ing phase due to controversy surrounding off 
target effects [97], three other SIRT1 small mol-
ecule activators developed at Sirtris (SRT2104, 
SRT2379 and SRT3025) are currently undergo-
ing clinical trials. Recently, the results of Phase I 
clinical trials that examined the tolerability and 
pharmacokinetics of SRT2104 oral dosing in 
healthy volunteers were published and reported 
no adverse reactions [98]. In this study, Hoff-
mann et al. referred to unpublished data that 
show improved glucose and insulin homeosta-
sis in diet-induced obese mice and genetically 
obese ob/ob mice when treated with SRT2104 [98]. 
Results of the clinical studies indicated that 
SRT2104 was well tolerated at doses up to 3.0 g; 
however, a lack of solubility of the small mol-
ecule prevented optimal absorption [98]. While 
no serious adverse reactions were reported in 

the studies described, Phase  II clinical trials 
of SRT2104 are necessary to demonstrate the 
efficacy of SRT2104 as a SIRT1 activator in 
humans.

In addition to the drug candidates described 
above, supplementation by NAD+ precursors is 
another potential therapeutic strategy for acti-
vation of sirtuins. In 2007, it was reported that 
exogenous nicotinamide riboside, a vitamin pre-
cursor of NAD+, extends the lifespan of yeast by 
elevating NAD+ and activating Sir2 [99]. Impor-
tantly, this result was observed in the absence of 
calorie restriction, suggesting that NAD+ precur-
sors might directly activate mammalian sirtuins. 
Indeed, nicotinamide riboside supplemented to 
mice led to increased levels of NAD+ in tissues 
and was accompanied by a slight improvement 
in glucose tolerance and a reduction in insulin 
secretion [100]. Additionally, supplementation by 
another NAD+ precursor, nicotinamide mono-
nucleotide, also demonstrated the potential of 
these compounds to activate sirtuins. In a high-
fat diet-induced Type 2 diabetes mouse model, 
treatment with nicotinamide mononucleotide 
restored the diet-induced depletion of NAD+ 
levels to normal and increased glucose toler-
ance, which was, in part, due to activation of 
SIRT1 [101]. The improvement in glucose toler-
ance observed in these two studies indicates that 
NAD+ precursors could hold promise as novel 
sirtuin activators to manage and treat Type 2 
diabetes.

The therapeutic strategies to activate sirtuins 
described above are mainly focused on activating 
SIRT1 owing to the fact that it is the best under-
stood sirtuin. However, there remain a number 
of strategies yet to be explored that may acti-
vate SIRT1, SIRT3 and/or SIRT6. Since SIRT3 
and SIRT6 are also NAD+-dependent enzymes, 
the activity of these sirtuins when treated with 
NAD+ precursors should be explored as a poten-
tial method to treat metabolic disorders. Addi-
tionally, as the mechanisms of sirtuin regulation 
become better understood, a number of targets 
of activation will certainly come to the forefront 
of efforts to discover novel therapeutics. For 
example, targeting transcriptional regulators or 
mechanisms of post-translational modifications 
of the sirtuins may provide efficacious methods 
to specifically activate the sirtuins.

Possible trade-offs of sirtuin activation
Another important point to consider in the 
development of new therapeutics is the potential 
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Table 1. Metabolic effects of resveratrol in various metabolic states.

Metabolic state Species Dose Effects Ref.

Normal, lean Mouse Mixed in with food, ad libitum feeding for 
20 weeks (est. dose is 200 mg/kg/day)

No change in fasting glucose or insulin; no effect on 
glucose tolerance; no change in insulin sensitivity; no 
effect on hepatic lipids; no effect on body weight

[106]

Normal, lean Mouse 4 g/kg of food, fed ad libitum for 16 weeks 
(est. dose is 400 mg/kg/day)

No significant change in body weight [75]

Normal, lean Rat 6 mg/l in drinking water (est. dose is 
1 mg/kg/day)

No effect on fasting glucose, total cholesterol or 
triglycerides; elevated HDL, reduced oxidized LDL; no 
effect on body weight

[74]

Normal, lean Rat 10 mg/kg/day for 8 weeks via oral gavage No change in fasting glucose, insulin, leptin, 
triglycerides, cholesterol or FFA; no change in insulin 
sensitivity; no effect on hepatic lipids; no effect on body 
weight or abdominal fat

[107]

Normal, lean, 
middle-aged

Nonhuman 
primate

200 mg/kg/day for 21 or 33 months No effects on fasting glucose or insulin; improved 
glucose tolerance; increased insulin sensitivity; no effect 
on body weight

[108]

Normal, 
nonobese, 
middle-aged

Human 75 mg/day for 12 weeks No change in plasma glucose, insulin, leptin, 
triglycerides, cholesterol or FFA; no effect on insulin 
sensitivity; no effect on body weight or adiposity

[85]

High-fat diet for 
19 weeks

Mouse 79.2 ng/day for 5 weeks via 
intracerebroventricular infusion

Decreased serum glucose and insulin; reduced hepatic 
glucose production; no effect on body weight

[73]

High-fat diet 
for 6 months 
starting at 
1-year old

Mouse 0.04% in food, fed ad libitum for 6 months 
(est. dose is 22.4 mg/kg/day)

Decreased fed and fasting insulin; decreased fasting 
glucose; increased fasting cholesterol; improved 
glucose tolerance; reduced hepatic lipids; no effect on 
body weight

[72]

High-fat diet for 
24 weeks

Mouse Mixed in with food, ad libitum feeding for 
20 weeks (est. dose is 200 mg/kg/day)

No change in fasting glucose; reduced serum 
insulin and leptin; improved glucose tolerance; 
increased insulin sensitivity; decreased hepatic lipid 
accumulation; no effect on body weight

[106]

High-fat diet for 
24 weeks

Mouse 400 mg/kg/day for 16 weeks via oral 
gavage

Reduced fasting blood glucose; decreased plasma 
insulin and FFA; normalized glucose tolerance; 
improved insulin sensitivity; normalized body weight 

[109]

High-fat diet for 
16 weeks

Mouse 4 g/kg of food, fed ad libitum for 16 weeks 
(est. dose is 400 mg/kg/day)

Decreased serum insulin; no change in serum glucose 
or lipids; increased insulin sensitivity; reduced body 
weight 

[75]

High-fat diet for 
26 weeks

Mouse 4 g/kg of food, fed ad libitum for 26 weeks Decreased serum insulin, leptin and triglycerides; 
improved glucose tolerance; decreased hepatic 
cholesterol; reduced body weight and adiposity

[110]

High-cholesterol, 
high-fructose 
diet for 15 weeks 
with no body 
weight gain

Rat 1 mg/kg/day for 15 days or 15 weeks via 
oral gavage

No change in fasting glucose; decreased fasting 
insulin, cholesterol and triglycerides; improved 
insulin-stimulated glucose uptake; no effect on body 
weight

[77]

High-fat diet for 
45 days

Rat 6 mg/l in drinking water for 15 days (est. 
dose is 1 mg/kg/day)

Reduced fasting glucose; no effect on fasting 
cholesterol or triglycerides; reduced oxidized LDL; no 
effect on body weight

[74]

High-fat diet for 
16 weeks

Rat 100 mg/kg/day for 10 weeks via oral 
administration

Decreased fasting insulin; improved insulin sensitivity; 
reduced hepatic lipid accumulation; decreased visceral 
obesity

[76]

High-fat diet for 
8 weeks

Rat 100 mg/kg/day via intragastric 
administration

No effect on fasting glucose, triglycerides or FFA; 
reduced fasting insulin; improved insulin sensitivity; 
reduced body weight

[111]

Studies are organized by metabolic state and species. Doses within a species are ordered from lowest to highest. 
Est.: Estimated; FFA: Free fatty acid; HDL: High-density lipoprotein; LDL: Low-density lipoprotein.
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trade-offs of developing broad-based sirtuin acti-
vators. For SIRT1 in particular, several studies 
have shown that the positive metabolic effects of 
SIRT1 may be restricted to specific cell types. For 
example, mice with a whole body overexpression 
of SIRT1, while leaner and more glucose tolerant 
than controls [35], displayed an increase in anx-
ious behaviours due to increased direct activation 
of monoamine oxidase A in the brain [102]. Fur-
thermore, overexpression of SIRT1 in neurons 
expressing neuron-specific enolase caused mem-
ory deficits [103]. Interestingly, while activation of 
SIRT1 in POMC- and SF1-expressing neurons 
in the hypothalamus appears to have antiobesity 
effects, SIRT1 action in hypothalamic AgRP-
expressing neurons may actually increase food 
intake [104]. In addition, overexpression of SIRT1 
in the forebrain of mice leads to increased adipos-
ity and impaired glucose tolerance [105]. Given 
these varying cell-specific effects of SIRT1 in the 
brain, perhaps the best pharmacological activa-
tor of SIRT1 may be one that does not cross the 
blood–brain barrier. 

Conclusion & future perspective
The data on sirtuins and their antidiabetic poten-
tial are compelling, and on-going studies will 
determine whether sirtuin activators will be an 
effective therapeutic against diabetes. While it 
appears that sirtuins may not extend lifespan in 
humans as first predicted, it is becoming clear that 
sirtuins may improve quality of life and extend 
healthspan by combatting age-related defects, 

such as the metabolic abnormalities associated 
with Type 2 diabetes. The evidence from human 
SNP studies and high-fat fed rodent models sug-
gest that dysfunction in various sirtuins may be 
a molecular mechanism linking overnutrition 
and diabetes. Thus, targeting sirtuins may be 
an effective method of treating or possibly even 
preventing the development of diabetes due to 
aging or unhealthy lifestyle. 

Currently, more than 30 clinical trials are 
investigating the safety and efficacy of resveratrol 
and other SIRT1 activators for use in treating dia-
betes [203]. While drug discovery of activators of 
SIRT3 and SIRT6 is still in its infancy, the review 
of animal models presented here highlights the 
therapeutic potential of activators of SIRT3 and 
SIRT6 in treating the metabolic abnormalities 
associated with Type 2 diabetes. Together, the 
fact that levels of SIRT1 and SIRT3 decrease with 
aging and high-fat feeding, decreased SIRT1 and 
SIRT3 activity is related to metabolic abnormali-
ties consistent with Type 2 diabetes, and human 
SNPs that result in decreased sirtuin activity are 
related to the development of metabolic syn-
drome, it is tempting to speculate that sirtuin 
activity may be a mechanistic link between aging 
and overnutrition and Type 2 diabetes. If true, 
sirtuin activators could be effective diabetes treat-
ments. While it is too early to tell, drugs aimed 
at preventing the decline in sirtuin activity asso-
ciated with aging or overnutrition could offset 
the continued rise in incidence and mortality 
associated with diabetes.

Table 1. Metabolic effects of resveratrol in various metabolic states (cont.).

Metabolic state Species Dose Effects Ref.

Nondiabetic, 
obese

Human 150 mg/day for 29 days Decreased circulating glucose, insulin, leptin and 
triglycerides; improved insulin sensitivity; increased 
intramyocellular lipids; decreased hepatic lipids; no 
effect on body weight

[87]

Nondiabetic, 
obese

Human 1.5 g/day for 4 weeks No effect on plasma glucose, insulin, leptin, cholesterol 
or triglycerides; no changes to insulin sensitivity; no 
effect on hepatic or intramyocellular lipids; no effect on 
body weight or adiposity

[86]

Elderly, 
overweight 
to obese, 
impaired glucose 
tolerance

Human 1–2 g/day for 4 weeks No changes to fasting glucose or insulin; improved 
glucose tolerance; increased insulin sensitivity; no 
change in body weight

[89]

Type 2 diabetes Human 10 mg/day for 4 weeks Decreased postprandial glucose levels; improved 
insulin sensitivity

[88]

Type 2 diabetes Human 5 g/day Decreased fasting glucose; decreased postprandial 
glucose and insulin

[84]

Studies are organized by metabolic state and species. Doses within a species are ordered from lowest to highest. 
Est.: Estimated; FFA: Free fatty acid; HDL: High-density lipoprotein; LDL: Low-density lipoprotein.
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