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Summary
The Sir2 (silent information regulator 2) family of NAD-dependent deacetylases regulates aging and
longevity across a wide variety of organisms, including yeast, worms, and flies. In mammals, the
Sir2 ortholog Sirt1 promotes fat mobilization, fatty acid oxidation, glucose production, and insulin
secretion in response to nutrient availability. We previously reported that an increased dosage of
Sirt1 in pancreatic β cells enhances glucose-stimulated insulin secretion (GSIS) and improves glucose
tolerance in beta cell-specific Sirt1-overexpressing (BESTO) transgenic mice at 3 and 8 months of
age. Here, we report that as this same cohort of BESTO mice reaches 18–24 months of age, the GSIS
regulated by Sirt1 through repression of Ucp2 is blunted. Increased body weight and hyperlipidemia
alone, which are observed in aged males and also induced by a Western-style high-fat diet, are not
enough to abolish the positive effects of Sirt1 on β cell function. Interestingly, plasma levels of
nicotinamide mononucleotide (NMN), an important metabolite for the maintenance of normal NAD
biosynthesis and GSIS in β cells, are significantly reduced in aged BESTO mice. Furthermore, NMN
administration restores enhanced GSIS and improved glucose tolerance in the aged BESTO females,
suggesting that Sirt1 activity decreases with advanced age due to a decline in systemic NAD
biosynthesis. These findings provide insight into the age-dependent regulation of Sirt1 activity and
suggest that enhancement of systemic NAD biosynthesis and Sirt1 activity in tissues such as β cells
may be an effective therapeutic intervention for age-associated metabolic disorders such as type 2
diabetes.
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Introduction
The silent information regulator 2 (Sir2) family of NAD-dependent deacetylases has been
implicated in the regulation of aging and longevity in a wide variety of organisms, including
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yeast, worms, and flies (Blander & Guarente, 2004; Bordone & Guarente, 2005). An increased
dosage of Sir2 proteins extends life span in each of these organisms, while deletion or mutation
of Sir2 shortens life span (Kaeberlein et al., 1999; Tissenbaum & Guarente, 2001; Astrom et
al., 2003; Howitz et al., 2003; Rogina & Helfand, 2004; Wood et al., 2004). In budding yeast,
Sir2-mediated silencing at the rDNA loci is crucial for its ability to regulate life span because
Sir2 suppresses homologous recombination and hence the formation and accumulation of toxic
extrachromosomal rDNA circles, one of the primary causes of yeast aging (Gottlieb &
Esposito, 1989; Sinclair & Guarente, 1997; Kaeberlein et al., 1999). In Caenorhabditis
elegans, the Sir2 ortholog SIR-2.1 requires the forkhead transcription factor DAF-16 to
promote life span extension (Tissenbaum & Guarente, 2001) and acts in a stress response
pathway parallel to the insulin/IGF-1 signaling pathway that converges directly upon DAF-16
(Berdichevsky et al., 2006; Wang & Tissenbaum, 2006; Wang et al., 2006). In Drosophila,
whole body and neuronal-specific overexpression of the Sir2 ortholog dSir2 extends life span
(Rogina & Helfand, 2004). Finally, caloric restriction (CR), the single most consistent regimen
to extend life span across a wide range of species, requires the Sir2 genes for CR-mediated life
span extension in certain genetic backgrounds and conditions in these organisms (Lin et al.,
2000, 2002, 2004; Anderson et al., 2003; Rogina & Helfand, 2004; Wang & Tissenbaum,
2006).

While it is not yet known whether the mammalian Sir2 ortholog Sirt1 similarly regulates aging
and longevity in mammals, Sirt1 has been shown to regulate metabolic responses to changes
in nutrient availability in multiple tissues (Bordone & Guarente, 2005; Moynihan & Imai,
2006). Sirt1 levels are increased in tissues such as muscle, brain, liver, and fat in response to
fasting and CR in rodents (Al-Regaiey et al., 2004; Cohen et al., 2004; Nemoto et al., 2004;
Rodgers et al., 2005). Up-regulation of Sirt1 in adipocytes in response to fasting promotes
lipolysis and free fatty acid mobilization through repression of PPARγ, a nuclear hormone
receptor that promotes adipogenesis (Picard et al., 2004). Sirt1 also promotes gluconeogenesis
and represses glycolysis in hepatocytes in response to nutrient deprivation by interacting with
and deacetylating PGC-1α, a key transcriptional regulator of glucose production in the liver
(Rodgers et al., 2005). In skeletal muscle, Sirt1-mediated PGC-1α deacetylation is required to
induce mitochondrial fatty acid oxidation genes in states of nutrient deprivation (Gerhart-Hines
et al., 2007). Finally, we and others demonstrated that Sirt1 promotes insulin secretion in
pancreatic β cells in response to glucose partly through repression of uncoupling protein 2
(Ucp2), a mitochondrial inner membrane protein that uncouples respiration from ATP
production (Moynihan et al., 2005; Bordone et al., 2006).

Aging is one of the greatest risk factors for metabolic complications, such as obesity, glucose
intolerance, and type 2 diabetes (Chang & Halter, 2003; Moller et al., 2003). It has been shown
that a progressive decline in β cell function in the elderly is a major contributing factor to the
pathophysiology of type 2 diabetes (Iozzo et al., 1999; Basu et al., 2003). A similar age-
associated impairment of β cell function has also been demonstrated in rodents (Muzumdar et
al., 2004). In our previous study, we reported that pancreatic beta cell-specific Sirt1-
overexpressing (BESTO) transgenic mice exhibited enhanced glucose-stimulated insulin
secretion (GSIS) and improved glucose tolerance compared to controls at both 3 and 8 months
of age (Moynihan et al., 2005). BESTO islets had reduced levels of Ucp2 and correspondingly
increased levels of ATP. Furthermore, BESTO pancreata and islets secreted more insulin
compared to controls in response to the potent insulin secretagogue potassium chloride (KCl),
which directly depolarizes β cells. Based on these findings, we hypothesized that increased
Sirt1 dosage or activity in pancreatic β cells would provide life-long beneficial effects of
enhanced β cell function on glucose homeostasis and prevent or delay the development of
metabolic complications associated with aging.
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To address this hypothesis, we followed the same cohorts of BESTO mice that we used in our
previous study (Moynihan et al., 2005) and analyzed their β cell function at 18–24 months of
age. Unexpectedly, we found that the improved glucose tolerance and enhanced GSIS were
completely abolished as the BESTO mice reached these old ages. Furthermore, islets isolated
from the aged BESTO mice also no longer showed Sirt1-mediated repression of Ucp2
expression or increased ATP levels compared to controls. Because Sirt1 expression remained
high in the aged BESTO islets, our results suggest that either Sirt1 activity decreases with age,
perhaps because of a decline in NAD biosynthesis, or the actions of some alternative age-
associated factors, such as increased obesity and/or blood lipid levels, negate the Sirt1-
mediated enhancement of GSIS. Recently, we have demonstrated that nicotinamide
mononucleotide (NMN), a novel NAD biosynthetic metabolite circulating in plasma, plays a
critical role in the regulation of NAD biosynthesis and GSIS in pancreatic β cells (Revollo et
al., 2007b). Interestingly, we found that old BESTO mice have significantly reduced NMN
levels in their plasma and that NMN administration restored the improved glucose tolerance
and enhanced GSIS in the aged female BESTO mice. These findings strongly suggest that an
age-associated decline in systemic NAD biosynthesis indeed accounts for the reduced activity
of Sirt1 in aged pancreatic β cells. These surprising findings provide insight into the age-
dependent regulation of Sirt1 activity and may open up new avenues for the treatment of age-
associated metabolic complications such as impaired glucose tolerance and type 2 diabetes.

Results
Aged BESTO mice no longer show improved glucose tolerance or enhanced GSIS

We previously reported that an increased dosage of Sirt1 in pancreatic β cells results in
enhanced GSIS and improved glucose tolerance in BESTO transgenic mice at 3 and 8 months
of age (Moynihan et al., 2005). Based on these previous results, we were interested in
examining whether these beneficial effects of improved β cell function would persist into old
age in the BESTO mice. Surprisingly, the same cohort of BESTO male and female mice in
two independent transgenic lines no longer exhibited such an improvement at 18–24 months
of age (Fig. 1A and Supplementary Fig. S1A). Likewise, the enhancement of GSIS observed
after glucose injection in the young BESTO mice (Moynihan et al., 2005) was also abolished
in the aged BESTO male and female mice (Fig. 1B and Supplementary Fig. S1B). Consistent
with these in vivo results, islets isolated from the aged BESTO mice and cultured in RPMI
media for 18–20 h also no longer displayed the enhanced GSIS or increased ATP levels
compared to controls (Fig. 1C,D) that was characteristic of their younger counterparts
(Moynihan et al., 2005). Thus, contrary to our expectations, long-term overexpression of Sirt1
in pancreatic β cells does not result in life-long beneficial effects of improved β cell function
in BESTO mice.

Sirt1-mediated repression of Ucp2 expression is lost in aged BESTO islets
One possible explanation for the loss of glucose-responsive phenotypes in the aged BESTO
mice is that the Sirt1 transgene is no longer overexpressed. However, we found that Sirt1
protein levels were still high in islets isolated from aged BESTO mice compared to controls,
comparable to the level of overexpression in the young BESTO islets (Fig. 2A, top panels).

We and others previously demonstrated that Sirt1 promotes GSIS partly through the repression
of Ucp2 expression and the increase in ATP levels in pancreatic β cells (Moynihan et al.,
2005; Bordone et al., 2006). In young BESTO islets, Ucp2 expression levels were significantly
decreased compared to controls (Moynihan et al., 2005; see Fig. 2). However, despite
maintaining high levels of Sirt1 overexpression, islets from aged BESTO mice no longer
displayed reduced levels of Ucp2 (Fig. 2A,B), consistent with the lack of a difference in ATP
content (Fig. 1D).
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In order to determine whether the loss of Sirt1-dependent regulation with age was specific to
Ucp2 or whether it was a more general phenomenon, we also examined the mRNA levels of
stearoyl-CoA desaturase 1 (Scd1) and dipeptidyl peptidase IV (Dpp4), two genes found to be
up-regulated by Sirt1 in microarray analyses comparing young BESTO and control islets
(unpublished findings). While Sirt1 overexpression resulted in significant up-regulation of
Scd1 (2.7-fold) and Dpp4 (1.5-fold) mRNA levels in young BESTO islets compared to controls,
up-regulation of these two genes was reduced and no longer significantly different in old
BESTO compared to control islets (Fig. 2C). Together, these results suggest either that Sirt1
activity decreases with advanced age or that the actions of some alternative age-associated
factors negate the effect of Sirt1 in aged BESTO mice.

BESTO islets and mice still respond partially to other insulin secretagogues
In addition to being hyperresponsive to glucose, islets isolated from young BESTO mice also
elicit a pronounced increase in insulin secretion in response to KCl, a potent insulin
secretagogue, compared to controls (Moynihan et al., 2005). Because the enhancement of GSIS
and the repression of Ucp2 were completely abolished in the aged BESTO mice and islets, we
speculated that they also might have lost their ability to hyper-secrete insulin in response to
other secretagogues, such as KCl. We found that islets isolated from BESTO mice at 18–24
months of age still maintained their ability to secrete higher levels of insulin in response to
KCl (Fig. 3A). However, the extent of enhancement of insulin secretion in aged BESTO islets
was less pronounced than it was in young BESTO islets (Moynihan et al., 2005). To confirm
these results in vivo, we intraperitoneally injected arginine, which acts similarly to KCl in that
it directly depolarizes the β cell membrane (Newsholme et al., 2005), to 20-month-old BESTO
male mice and measured plasma insulin levels at 0, 2, and 5 min after arginine injection.
Consistent with the in vitro results, the same aged BESTO mice that no longer showed enhanced
GSIS maintained their ability to secrete more insulin in response to arginine than controls (Fig.
3B). Thus, interestingly, while Sirt1-stimulated GSIS was completely blunted as the BESTO
mice reached old age, the Sirt1-mediated mechanism that acts downstream of β cell
depolarization still remained partially intact in old BESTO islets.

BESTO mice maintain improved glucose tolerance and enhanced GSIS under a Western-
style high-fat diet (HFD)

We observed that both aged BESTO and control male mice had increased body weights
(Supplementary Fig. S2A) and statistically significant increases in lipid parameters such as
cholesterol, triglycerides, and free fatty acids compared to the young BESTO and control male
mice (Supplementary Fig. S3). Although similar differences in lipid profiles were not observed
in female mice, we speculated that the increased body weights and blood lipid levels in the
aged BESTO mice might contribute to their loss of glucose-responsive phenotypes.

To test this possibility, we placed BESTO and control mice at 2–4 months of age on a HFD
containing 42% calories from fat for up to 30 weeks. After 12 weeks of this HFD treatment,
BESTO and control mice both reached similar body weights to those of regular chow-fed mice
aged 15–18 months (compare Supplementary Fig. S2A and B). While BESTO and control
mice did not differ in the extent of the HFD-induced hyperglycemia, hyperinsulinemia,
hypercholesterolemia, and hypertriglyceridemia over the course of the HFD treatment (Fig.
4A–E), both male and female BESTO mice still maintained significantly improved glucose
tolerance and higher plasma insulin levels 15 min and 30 min post-glucose injection compared
to controls after 12 weeks on the HFD (Fig. 5A,B). Even following 30 weeks of HFD treatment,
the BESTO mice, which at that point were 9–11 months of age, still showed significantly
improved glucose tolerance and enhanced GSIS compared to controls (Supplementary Fig.
S4A,B). Additionally, islets from HFD-fed BESTO mice still displayed reduced Ucp2
expression compared to controls, similar to the level of repression observed in islets from young
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BESTO mice on a regular chow diet (Supplementary Figs S4C and 2). Therefore, although
BESTO mice did not differ from controls in HFD-induced weight gain and lipidemia, Sirt1
still improved β cell function under this diabetogenic condition, suggesting that increased body
weight and hyperlipidemia alone are not enough to abolish the positive effects of Sirt1 in β
cell function.

Administration of NMN restores the glucose-responsive phenotypes in aged BESTO female
mice

An alternative explanation for the absence of glucose-responsive phenotypes in the aged
BESTO mice is that Sirt1 activity decreases with advanced age. Because Sirt1 requires NAD
for its enzymatic activity, a decline in NAD biosynthesis with age could result in reduced Sirt1
activity and subsequent loss of the glucose-responsive phenotypes in BESTO mice. To address
this possibility, we initially assessed the NAD biosynthetic capability of pancreatic islets from
young (5-month-old) and old (19-month-old) BESTO mice. Because the NAD biosynthetic
machinery quickly adapts to culture conditions, we cultured isolated islets in RPMI media
containing a physiological concentration (1 μM) of nicotinamide, a major precursor to NAD,
for ~24 h prior to measuring the NAD content per 100 islets. No difference was detected in
NAD content between young and old BESTO islets in vitro (Fig. 6A), suggesting that the NAD
biosynthetic capability of the BESTO islets does not alter during aging.

Of note, we recently demonstrated that NMN, an intermediate compound synthesized from
nicotinamide in the NAD biosynthetic pathway (Revollo et al., 2007a), circulates systemically
in mouse plasma and plays a critical role in the regulation of NAD biosynthesis and GSIS in
pancreatic β cells (Revollo et al., 2007b). β cells depend on NMN in blood circulation for the
maintenance of normal NAD and GSIS levels. Therefore, we next assessed the levels of NMN
in plasma from young and old BESTO mice. Surprisingly, plasma NMN levels were
significantly lower in both old male and female BESTO mice compared to young BESTO mice
(Fig. 6B), suggesting that in vivo NAD levels must also be significantly reduced in the
pancreatic β cells of the aged BESTO mice. In our recent study, we also demonstrated that
administration of NMN ameliorates the defects in GSIS observed in mice and islets
heterozygous for nicotinamide phosphoribosyltransferase (Nampt), the rate-limiting enzyme
in the NAD biosynthetic pathway in mammals (Revollo et al., 2004). We therefore
hypothesized that if the reduced plasma NMN levels in the aged BESTO mice contribute to
their loss of phenotypes, we might be able to restore the improved glucose tolerance and
enhanced GSIS in aged BESTO mice by administration of NMN.

We injected either phosphate-buffered saline (PBS) or NMN (500 mg kg−1 body weight)
intraperitoneally to 20-month-old BESTO and control mice 14 h prior to performing IPGTTs.
Glucose tolerance and GSIS did not differ significantly between BESTO and control mice
following the PBS treatment (Fig. 6C,D, left panels). Interestingly, NMN-treated aged BESTO
female mice resumed significantly improved glucose tolerance and enhanced GSIS compared
to NMN-treated aged controls (Fig. 6C,D, right panels). While NMN administration slightly
impaired glucose tolerance in both the BESTO and control mice compared to PBS-treated mice
(Fig. 6C, right panel), it is important to note that NMN administration also augmented GSIS
significantly in both BESTO and control mice (compare 30 min results in left and right panels
in Fig. 6D). These phenomena appear to be sex specific, as we did not observe similar responses
to the same dose of NMN in aged BESTO male mice (Supplementary Fig. S5). Nevertheless,
NMN administration restored the positive effect of Sirt1 on glucose tolerance and GSIS, at
least in the aged BESTO female mice. Taken together, these findings suggest that an age-
associated decline in systemic NAD biosynthesis, and hence Sirt1 activity, accounts for the
loss of the phenotypes in aged BESTO mice.
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Discussion
In our previous study, we demonstrated that BESTO mice exhibit significantly enhanced GSIS
and improved glucose tolerance at both 3 and 8 months of age (Moynihan et al., 2005). In
BESTO islets, Sirt1 mediates the repression of Ucp2 and hence increases ATP levels in
response to glucose stimulation, resulting in the enhancement of GSIS (Moynihan et al.,
2005). Here, we speculated that increasing Sirt1 dosage or activity in pancreatic β cells would
provide life-long beneficial effects of enhanced β cell function on glucose homeostasis in the
process of aging. In this study, however, we made the unexpected finding that BESTO mice
lose their glucose-responsive phenotypes with advanced age, despite maintaining high levels
of Sirt1 over-expression in pancreatic β cells. First, both male and female BESTO mice from
two independent lines no longer showed glucose-responsive phenotypes at 18–24 months of
age (Fig. 1A,B and Supplementary Fig. S1). Second, islets isolated from these aged BESTO
mice no longer showed enhanced GSIS in vitro or higher ATP levels compared to controls,
consistent with the in vivo results (Fig. 1C,D). Third, aged BESTO islets no longer exhibited
the Sirt1-mediated down-regulation of Ucp2 or the up-regulation of Scd1 and Dpp4 that was
characteristic of their younger counterparts (Fig. 2). Together, these findings suggest that while
Sirt1 overexpression in β cells enhances GSIS and improves glucose tolerance at younger ages,
long-term overexpression of Sirt1 does not confer life-long beneficial effects of improved β
cell function in mice.

These unexpected results raised an interesting question: Why do BESTO mice lose their
glucose-responsive phenotypes with advanced age? Because Sirt1 expression remained high
in the aged BESTO islets, two possible explanations were considered to account for the loss
of the BESTO phenotypes: (i) Sirt1 activity decreases with advanced age or (ii) the actions of
some alternative age-associated factors negate the Sirt1-mediated enhancement of GSIS. We
first suspected that the increased body weight and circulating lipids might contribute to the loss
of the BESTO phenotypes with age because these parameters were all significantly elevated
in the old compared to young male mice (Supplementary Figs S2 and S3). However, following
a Western-style HFD regimen for up to 30 weeks, the BESTO mice still maintained
significantly improved glucose tolerance and enhanced GSIS compared to controls, and Ucp2
expression was still suppressed in islets from HFD-fed BESTO mice, as it was in islets from
regular chow-fed young BESTO mice (Figs 4 and 5, and Supplementary Fig. S4). These results
suggest that Sirt1 can still function to enhance GSIS and improve glucose tolerance even in
the face of diabetogenic dietary conditions. Considering that Sirt1 mediates the repression of
Ucp2 expression in β cells (Moynihan et al., 2005; Bordone et al., 2006), it is interesting to
note that the results from HFD-fed BESTO mice are similar to those from HFD-fed Ucp2-
deficient mice that also exhibit enhanced β cell glucose sensitivity compared to controls after
HFD (Joseph et al., 2002). Therefore, our findings on HFD-fed BESTO mice reemphasize the
notion that increasing Sirt1 dosage or activity in pancreatic β cells provides beneficial effects
of enhanced β cell function on glucose homeostasis (Moynihan et al., 2005). These findings
also suggest that common physiological changes observed in both aged and HFD-fed mice
alone are not enough to abolish the positive effects of Sirt1 in β cells.

Because Sirt1 requires NAD for its enzymatic activity (Imai et al., 2000), it is also possible
that a decline in NAD biosynthesis with age would result in a significant reduction of Sirt1
activity and subsequent loss of the glucose-responsive phenotypes. Although no difference was
detected in the ability of young and old BESTO islets to synthesize NAD in culture conditions,
we found that plasma levels of NMN, a critical component for β cells to maintain normal NAD
biosynthesis and GSIS (Revollo et al., 2007b), were significantly reduced in old compared to
young BESTO mice (Fig. 6A,B), indicating that in vivo NAD levels must also be reduced in
old BESTO islets. Consistent with these findings, administration of NMN was able to restore
improved glucose tolerance and enhanced GSIS compared to controls in aged BESTO female
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mice (Fig. 6C,D). While NMN leads to a slight impairment of glucose tolerance in both BESTO
and control female mice (Fig. 6C), the levels of insulin secretion post-glucose injection in
NMN-treated aged BESTO female mice were remarkably augmented compared to those in the
PBS-treated counterparts (compare 30 min results in left and right panels, Fig. 6D), resulting
in a pronounced difference in insulin secretion between aged BESTO and control mice (right
panel, Fig. 6D). The restoration of increased GSIS and hence the improvement of glucose
tolerance by NMN administration have also been observed in female Nampt-heterozygous
mice, another mouse model in which plasma NMN levels are also reduced (Revollo et al.,
2007b). Given that Nampt-mediated NAD biosynthesis has been shown to play an important
role in the regulation of Sirt1 activity (Revollo et al., 2004), it is very likely that NMN
administration restored the activity of over-expressed Sirt1 in β cells and thereby enhanced
GSIS and improved glucose tolerance in aged BESTO female mice compared to old controls.
Currently, why the aged BESTO male mice did not respond similarly to NMN administration
remains unclear, and it should be noted that a similar gender disparity has also been observed
in the case of the Nampt-heterozygous mice (Revollo et al., 2007b). Further investigation will
be necessary to clarify this sex-dependent difference. Nonetheless, these findings strongly
suggest that an age-dependent decline in plasma NMN levels contributes to decreased systemic
NAD biosynthesis and reduced Sirt1 activity in aged animals (Fig. 7).

We previously proposed a model whereby Sirt1 regulates insulin secretion by at least two
independent mechanisms, one of which acts upstream of depolarization through Ucp2, while
the other acts downstream of depolarization (Moynihan et al., 2005). In this current study, we
found that there is differential regulation of these two pathways with advanced age: while the
Sirt1-promoted GSIS was completely blunted as the BESTO mice reached 18–24 months of
age, the Sirt1-mediated mechanism that acts downstream of depolarization remained partially
intact (Fig. 3). Although the molecular target of Sirt1 in the mechanism acting downstream of
depolarization is still unclear, we currently suspect that Sirt1 might regulate the expression of
the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex
proteins, based on our recent microarray analyses (unpublished findings). SNARE complex
components are known to be critical for insulin granule exocytosis (Lam et al., 2005).
Therefore, it will be interesting to examine whether Sirt1 indeed affects the function of
SNAREs or SNARE-associated proteins in pancreatic β cells, resulting in the enhancement of
KCl-stimulated insulin granule exocytosis (Fig. 7).

One of the greatest risk factors for the development of type 2 diabetes in humans is age (Wilson
et al., 1986). Type 2 diabetes is characterized by a combination of defective insulin secretion
and insulin resistance that results from a progressive age-associated decline in β cell function,
increased visceral fat accumulation, and decreased physical activity, among other alterations
(Iozzo et al., 1999; Basu et al., 2003; Moller et al., 2003). An age-associated decline in β cell
function has also been reported in rat (Reaven et al., 1979, 1983, 1987; Muzumdar et al.,
2004). Although the molecular mechanism for this age-dependent β cell defect is still unknown,
the findings presented here suggest the possibility that a reduction in Sirt1 activity with age,
likely caused by a decline in plasma NMN levels, contributes to this age-related impairment
of β cell function (Fig. 7). If this is the case, it will be of great interest to examine whether
administration of NMN can restore normal β cell function in the elderly. While further
understanding of the precise molecular mechanisms by which Sirt1 activity is regulated with
advanced age is necessary, our findings provide new insights into the age-associated
pathophysiology of β cell function. Furthermore, our results suggest a novel approach for the
development of an effective therapeutic strategy to activate Sirt1 in β cells by increasing
systemic NAD biosynthesis in the treatment of age-associated metabolic disorders, such as
impaired glucose tolerance and type 2 diabetes.
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Experimental procedures
Animal experimentation

The BESTO transgenic mice have been described previously (Moynihan et al., 2005). BESTO
mice (18- to 24-month-old) were used as the aged cohort of mice, while 3- to 5-month-old
BESTO mice were considered the young cohort. Non-transgenic litter-mates were used as
controls. The regular chow [PicoLab Rodent Diet 20 (Lab Diets, St Louis, MO, USA), 5053]
contained protein (20%), fat (ether extract, 5.0%), far (acid hydrolysis, 5.6%), crude fiber
(4.7%), nitrogen-free extract (52.9%), ash (6.1%), and vitamins, and 13.2% of total calories
came from fat. The HFD consisted of chow containing 42% calories from fat (TD 88137;
Harlan Teklad, Madison, WI, USA). The precise dietary composition of TD88137 is: casein,
195; DL-methionine, 3.0; sucrose, 341.46; cornstarch, 150.0; anhydrous milk fat, 210.0;
cholesterol, 1.5; cellulose (fiber), 50.0; mineral mix (AIN-76), 35.0; calcium carbonate, 4.0;
vitamin mix, 10.0; ethoxyquin (antioxidant), 0.04 (g kg−1). All animal procedures were
approved by the Washington University Animal Studies Committee.

Fed and fasted glucose, insulin, and lipid measurements
Fed glucose, insulin, and lipid levels were measured between 09:00 and 10:00 hours, while
fasted glucose, insulin, and lipid levels were measured after 15 h of overnight fasting. Glucose
levels were determined using the Accu-Chek II glucometer (Roche Diagnostics, Indianapolis,
IN, USA) with blood collected from the tail vein. For insulin and lipid measurements, blood
was collected from the tail vein into chilled heparinized capillary tubes, plasma was separated
by centrifugation, and samples were stored at −80 °C. Insulin levels were determined on 10
μL aliquots using rat insulin enzyme-linked immunosorbent assay (ELISA) kits with mouse
insulin standards (Crystal Chem Inc., Downers Grove, IL, USA) at the Washington University
Radio-immunoassay (RIA) Core facility. Cholesterol and triglycerides were measured by the
Washington University Clinical Nutrition Research Unit (CNRU) Core facility using reagents
from Thermo Electron Corporation (Waltham, MA, USA), while nonesterified free fatty acid
levels were measured using reagents from Wako (Richmond, VA, USA).

IPGTTs and arginine stimulation
For the IPGTTs, mice were fasted for 15 h before being given an intraperitoneal injection of
50% dextrose (2 g kg−1 body weight). Blood was collected from the tail vein at 0, 15, 30, 60,
and 120 min post-injection for determination of glucose values. Plasma for insulin
measurements was also collected at 0, 15, and 30 min after glucose injection and stored at −80
°C. For the arginine stimulation experiments, mice were fasted for 15 h before being given an
intraperitoneal injection of arginine (1.5 g kg−1 body weight). Blood was collected from the
tail vein at 0, 2, and 5 min post-injection for both glucose and insulin measurements. For the
NMN administration experiments, mice were injected with either PBS or NMN (500 mg
kg−1 body weight) and fasted for 14 h prior to performing the IPGTTs as described earlier. All
insulin samples were submitted to the Washington University RIA Core facility for ELISA
analyses.

GSIS and ATP measurements from isolated islets
Islets were isolated by collagenase digestion as described previously (Moynihan et al., 2005).
Briefly, after clamping off the pancreatic ducts prior to their entry site to the duodenum,
pancreata were inflated with isolation buffer (10× Hank’s buffered salt solution, 10 mM 4-2-
hydroxyethyl-1-piperazineethanesulfonic acid, 1 mM MgCl2, 5 mM glucose, pH 7.4)
containing 0.375 mg mL−1 collagenase (Sigma, St Louis, MO, USA). The inflated pancreata
were then removed, incubated at 37 °C for 15 min, and shaken vigorously. Islets were separated
from acinar tissue after a series of washes and passages through a 70 μm nylon BD Falcon Cell
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Strainer (BD Biosciences, San Jose, CA, USA). Handpicked islets were cultured overnight in
RPMI media containing 5 mM glucose, 2 mM L-glutamine, penicillin/streptomycin, and 10%
fetal bovine serum (Gibco, Invitrogen, Carlsbad, CA, USA). The islets were then preincubated
in Krebs–Ringer bicarbonate (KRB) buffer containing 2 mM glucose for 1 h at 37 °C. Islets
of similar size were handpicked into groups of 10 islets in triplicate and incubated with 1 mL
KRB buffer containing either 2 mM glucose, 20 mM glucose, or 20 mM KCl plus 2 mM glucose
for 1 h at 37 °C. The supernatant was stored at −20 °C prior to insulin measurements. Islets
were then washed two times with PBS, followed by extraction with extraction buffer (0.1 M
NaOH, 0.5 mM ethylenediaminetetraacetic acid). After neutralizing the samples with 0.1 M
HCl, ATP levels were measured using the ATP Bioluminescent Assay Kit (Sigma) according
to the manufacturer’s instructions. Insulin levels of all samples were measured by radio-
immunoassay at the Washington University RIA Core facility.

Western blotting
Protein extracts prepared from islets were subjected to sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred onto Immobilon-P membranes (Millipore, Bedford, MA,
USA). Membranes were blocked in Tris–buffered saline with 0.1% Tween-20 (TBS-T) and
5% dry milk (w/v). The primary antibodies used were affinity-purified polyclonal rabbit anti-
mouse Sirt1 against an N-terminal fragment of mouse Sirt1 (1 : 5000), anti-Ucp2 [1 : 100,
Santa Cruz Biotechnology (Santa Cruz, CA, USA) sc-6525], and anti-actin [1 : 5000,
Calbiochem (La Jolla, CA, USA) #CP01]. Secondary antibodies included the horseradish
peroxidase-conjugated anti-rabbit IgG (1 : 10 000, Amersham), anti-mouse IgM (1 : 2000,
Calbiochem), and anti-goat IgG (1 : 10 000, Santa Cruz Biotechnology). Signals were
visualized using the ECL Advance detection system (Amersham, Pittsburgh, PA, USA) and
quantitated with the ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).

Quantitative real-time reverse transcriptase–polymerase chain reaction (RT–PCR)
Total RNA samples were purified from isolated islets as described previously (Moynihan et
al., 2005). cDNA synthesis and quantitative real-time RT–PCR were conducted as previously
described (Revollo et al., 2004). Primer sequences are available upon request.

Islet NAD and plasma NMN measurements
The measurements of islet NAD and plasma NMN levels were conducted as described
previously (Revollo et al., 2007b). Briefly, for NAD measurements in young and old BESTO
islets, primary islets (~100 per sample) were isolated from 5- and 19-month-old BESTO mice,
cultured in RPMI media containing 1 μM nicotinamide in 6 cm dishes, and harvested 24 h later
in 800 μL of ice-cold PBS. Islets were lysed with 100 μL of 1 M perchloric acid on ice for 15
min. Lysates were cleared by centrifugation and neutralized by adding 33 μL of 3 M K2CO3
and incubating on ice for 10 min. After centrifugation, 100 μL of the supernatant was mixed
with 300 μL of buffer A (50 mM K2PO4/KHPO4, pH 7.0) and loaded onto the column. The
high performance liquid chromatography (HPLC) was run, and the amounts of NAD were
quantitated based on the peak areas compared to a standard curve. The measurements were
conducted in duplicate or triplicate of primary islets pooled from three individual mice. For
NMN measurements, the HPLC was run at a flow rate of 0.7 mL min−1 in an isocratic condition.
Then, 10 μL of freshly collected mouse plasma was extracted with 100 μL of 1 M perchloric
acid, and the extracts were neutralized by adding 33 μL of 3 M K2CO3 and incubating on ice
for 10 min. After clearing the extracts, 25 μL of the plasma extract was mixed with 275 μL of
buffer and water. NMN levels were quantitated based on the peak areas compared to a standard
curve. The measurements were conducted with four individual mice for each sex and age.
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Statistical analysis
Unless otherwise indicated, all values are expressed as mean ± standard error, and statistical
analyses were carried out using an unpaired Student’s t-test. Differences were considered to
be statistically significant when P ≤ 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Intraperitoneal glucose tolerance tests (IPGTTs), plasma insulin levels, glucose-stimulated
insulin secretion assays, and ATP levels in male BESTO and control mice and islets at 18–24
months of age. (A) Intraperitoneal glucose tolerance tests were conducted in male BESTO
transgenic mice (closed circles) compared to controls (open circles) at 18–24 months of age in
two independent transgenic lines. Following a 15 h fast, 2 g of 50% glucose (w/v) per kg body
weight was injected intraperitoneally, and blood glucose values were assessed at 0, 15, 30, 60,
and 120 min post-injection (line 431-2, n = 13–15; line 431-4, n = 6–7). (B) Plasma insulin
levels in male BESTO mice (black bars) and controls (white bars) were measured at the 0 and
30 min time points during the IPGTTs (line 431-2, n = 13–15; line 431-4, n = 6–7). (C) Insulin
secreted (ng mL−1 h−1) and (D) ATP levels (pmol islet−1) from transgenic (black bars) and
control (white bars) islets were measured at the indicated glucose concentrations (line 431-2,
n = 11; line 431-4, n = 9–12). Insulin secretion and ATP assays were performed on triplicate
groups of 10 islets for each mouse. All results are expressed as mean ± standard error.
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Fig. 2.
Sirt1 and uncoupling protein 2 (Ucp2) protein levels and stearoyl-CoA desaturase 1 (Scd1) and
dipeptidyl peptidase IV (Dpp4) mRNA levels in islets isolated from aged BESTO and control
mice. (A) Western blot analysis of Sirt1 and Ucp2 expression in transgenic (Tg) and control
(Con) islet extracts from lines 431-2 and 431-4. Actin was used as a loading control for
normalization. (B) Quantitation of the Ucp2 expression levels normalized to actin in BESTO
transgenic islets (black bars) relative to control islets (white bars). (C) Quantitative real-time
reverse transcriptase–polymerase chain reaction analysis of Scd1 and Dpp4 expression in
BESTO transgenic islets (black bars) relative to control islets (white bars). The 3- to 5-month-
old mice were considered young, while 18- to 19-month-old mice were considered old. All
results are expressed as mean ± standard error. *P ≤ 0.05; **P ≤ 0.01.
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Fig. 3.
Insulin secretion in aged BESTO transgenic and control islets and mice in response to other
insulin secretagogues. (A) Insulin secreted (ng mL−1 h−1) from transgenic (black bars) and
control (white bars) islets was measured after stimulation with either 2 mM glucose or 20 mM
KCl. Insulin secretion assays were performed on islets isolated from 18- to 24-month-old male
BESTO and control mice from line 431-2 using triplicate groups of 10 islets for each mouse
(n = 11). (B) Insulin secretion in response to arginine stimulation was measured in male BESTO
mice (closed circles) compared to controls (open circles) from line 431-2 at 18–24 months of
age. Following a 15 h fast, 1.5 g of arginine per kg body weight was injected intraperitoneally,
and plasma insulin levels were assessed at 0, 2, and 5 min post-injection (n = 3–6). All results
are expressed as mean ± standard error. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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Fig. 4.
Plasma glucose, insulin, and lipid levels in BESTO transgenic and control mice fed a Western-
style, high-fat diet (HFD). (A) Fed and fasted plasma glucose levels in male (M) and female
(F) BESTO (black bars) and control (white bars) mice from line 431-4 before (0) and after (12
weeks) a HFD regimen. For fed glucose levels, n = 12–15. For fasted glucose levels, n = 5–
15. (B) Fed and fasted plasma insulin levels in male (M) and female (F) BESTO (black bars)
and control (white bars) mice before (0) and after (12) a HFD regimen. For fed insulin levels,
n = 4–12. For fasted insulin levels, n = 5–15. a, P ≤ 0.001; b, P ≤ 0.01; c, P ≤ 0.05, compared
to glucose or insulin levels before HFD feeding. (C–E) Fed and fasted plasma (C) cholesterol
(D) triglycerides, and (E) total free fatty acid levels in male (M) and female (F) BESTO (black
bars) and control (white bars) mice from line 431-4 before (0) and after (12 weeks) an HFD
regimen (n = 6–15). a, P ≤ 0.001; b, P ≤ 0.01, compared to values before HFD feeding. All
results are expressed as mean ± standard error. *P ≤ 0.05.
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Fig. 5.
Intraperitoneal glucose tolerance tests (IPGTTs) in BESTO transgenic and control mice fed a
Western-style high-fat diet (HFD). (A) IPGTTs were conducted in male and female BESTO
transgenic (closed circles) and control (open circles) mice following 12 weeks on a HFD.
Following a 15 h fast, 2 g of 50% glucose (w/v) per kg body weight was injected
intraperitoneally, and blood glucose values were assessed at 0, 15, 30, 60, and 120 min post-
injection (n = 9–14). (B) Plasma insulin levels in male and female transgenic mice (black bars)
and controls (white bars) were measured at the 0, 15, and 30 min time points during the IPGTTs
shown in (A). All results are expressed as mean ± standard error. *P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.001.
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Fig. 6.
The effect of NMN administration on IPGTTs and plasma insulin levels in aged BESTO and
control female mice. (A) NAD content in 100 cultured pancreatic islets isolated from young
(Y, 5 months old) and old (O, 19 months old) BESTO mice. The measurements were conducted
in duplicate or triplicate of primary islets pooled from three individual mice. (B) Plasma NMN
levels in young (Y, 5 months old) and old (O, 19 months old) BESTO mice. The measurements
were conducted with four individual mice for each sex and age. (C) IPGTTs were conducted
in 20-month-old female BESTO transgenic mice (closed circles) and controls (open circles)
from line 431-4 after mice were injected with PBS or NMN (500 mg kg−1 body weight) and
fasted for 14 h (n = 10–15). (D) Plasma insulin levels were measured at 0 and 30 min post-
glucose injection. #P ≤ 0.05; §P ≤ 0.01, compared to insulin levels 30 min after glucose
injection in PBS-injected aged BESTO and control mice. All results are expressed as mean ±
standard error. *P ≤ 0.05; ***P ≤ 0.001.
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Fig. 7.
A model for the age-associated loss of the glucose-responsive phenotypes in aged BESTO
mice. Sirt1 promotes insulin secretion through two independent mechanisms in pancreatic β
cells. In one mechanism, Sirt1 mediates the repression of Ucp2 expression and thereby
increases ATP content, resulting in the enhancement of GSIS. In the other mechanism, Sirt1
regulates the expression of an unidentified factor that acts downstream of β cell depolarization
and possibly stimulates insulin granule exocytosis, resulting in the enhancement of (KCl)-
stimulated insulin secretion (KSIS). Aging affects systemic NAD biosynthesis, perhaps at the
level of biosynthesis of NMN in plasma, and decreases Sirt1 activity in pancreatic β cells of
aged BESTO mice.
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