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Abstract

The nutrient sensing protein, SIRT1 influences aging and nutritional interventions such as caloric restriction in animals, however, the role of
SIRT1 in human aging remains unclear. Here, the role of SIRT1 single-nucleotide polymorphisms (SNPs) and serum-induced SIRT1 protein
expression (a novel assay that detects circulating factors that influence SIRT1 expression in vitro) were studied in the Concord Health and
Ageing in Men Project (CHAMP), a prospective cohort of community dwelling men aged 70 years and older. Serum-induced SIRT1 expression
was not associated with age or mortality, however participants within the lowest quintile were less likely to be frail (odds ratio (OR) 0.34,
95% confidence interval (CI) 0.17-0.69, N = 1,309). Serum-induced SIRT1 expression was associated with some markers of body composition
and nutrition (height, weight, body fat and lean % mass, albumin, and cholesterol) but not disease. SIRT1 SNPs rs2273773, rs3740051, and
rs3758391 showed no association with age, frailty, or mortality but were associated with weight, height, body fat and lean, and albumin
levels. There were some weak associations between SIRT1 SNPs and arthritis, heart attack, deafness, and cognitive impairment. There was no
association between SIRT1 SNPs and the serum-induced SIRT1 assay. SIRT1 SNPs and serum-induced SIRT1 expression in older men may be
more closely associated with nutrition and body composition than aging and age-related conditions.
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SIRT1 is an NAD*-dependent deacetylase with key roles in aging and
the responses to caloric restriction through its regulation of down-
stream targets such as PGC1a, FOXO, p53,and NF-xB (1,2). Caloric
restriction is associated with increased activity and/or expression of
SIRT1 (3,4), whereas increased SIRT1 activity generated by genetic
or pharmaceutical interventions has been associated with delayed
aging and delayed onset of metabolic disorders in animal models
(1,2,5).

SIRT1 is a protein found in nuclei of most tissues, which lim-
its the biological significance of blood measurements of SIRT1.
Therefore, de Cabo and colleagues developed a bioassay to

determine circulating factors that regulate the expression of SIRT1
protein (3,6). Rats and humans undergoing caloric restriction have
increased levels of circulating factors that induce SIRT1 expres-
sion, which is consistent with the conclusion that caloric restriction
delays aging at least in part by increasing SIRT1 expression (3,7).
However, in a pilot study of older men (7 = 159), we found that
those men with the lowest levels of serum-induced SIRT1 protein
expression were less frail and had higher body lean (muscle) mass.
We proposed that serum-induced SIRT1 expression might primarily
reflect nutritional intake, with higher levels found when food intake
is low, either as a result of illness or caloric restriction (8). On the
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other hand, direct measurement of circulating SIRT1 protein in 200
older subjects found that frailty was associated with lower levels of
SIRT1 protein (9).

An alternative option to determine the role of SIRT1 in humans
is from the study of SIRT1 single-nucleotide polymorphisms (SNPs).
There have been several reports studying the association between
various SIRT1 SNPs with longevity (10-12) as well as a number of
different diseases (13,14). As yet there is no consensus about whether
SIRT1 SNPs influence aging and hence susceptibility to age-related
conditions and diseases in humans.

The aims of the present study were to investigate the relationship
between serum-induced SIRT1 expression and age, frailty, mortality,
and age-related diseases (in a much larger cohort than our previ-
ous pilot study (8)) and to determine whether there are any asso-
ciations between serum-induced SIRT1 expression and nutritional
and body composition biomarkers. Genotyping assays were under-
taken to assess whether selected SIRT1 SNPs are associated with age,
frailty, mortality, and age-related diseases. Finally, we determined
whether there is any relationship between SIRT1 SNPs and mark-
ers of nutrition and body composition and with the serum-induced
SIRT1 expression assay. These were studied utilizing an established
cohort, the Concord Health and Ageing in Men Project (CHAMP)
(8,15-18).

Method

Participants

CHAMP is a longitudinal study of health and aging in a popula-
tion of Australian men aged 70 years and older that commenced
in 2005 and has been described previously (eg, (8,15-18)). The
CHAMP study population comprises of 1,705 men aged 70 years
and older living in an urban region (the Local Government Areas
of Burwood, Canada Bay, and Strathfield) near Concord Hospital
in Sydney, Australia. The sampling frame was the New South Wales
Electoral Roll, on which registration is compulsory in Australia. The
only exclusion criterion was living in a residential aged care facility.
Eligible men were sent a letter describing the study and, if they had
a listed telephone number, were telephoned about 1 week later. Of
the 2,815 eligible men with whom contact was made, 1,511 partici-
pated in the study (54%). An additional 194 eligible men living in
the study area heard about the study from friends or the local media
and were recruited before receiving a letter, yielding a total cohort of
1,705 subjects. All participants gave written informed consent. The
study was approved by the Sydney South West Area Health Service
Human Research Ethics Committee, Concord Repatriation General
Hospital, Sydney, Australia.

Blood tests were performed at the Diagnostic Pathology Unit
of Concord RG Hospital, which is a National Australian Testing
Authority-accredited pathology service, using a MODULAR
Analytics system (Roche Diagnostics, Castle Hill, Australia). Body
composition was measured by dual x-ray absorptiometry (DEXA)
using a Discovery-W scanner (Hologic, Bedford, MA). Frailty was
defined according to the Cardiovascular Health Study frailty crite-
ria of weight loss, weakness, exhaustion, slowness, and low activity
as described (8,16). Diseases, smoking, and alcohol consumption
were determined by self-report. Mortality data were collected via
telephone contact every 4 months and through access to the NSW
Registry of Births, Deaths and Marriages. After 8 years of follow-up,
616 deaths had been recorded.

The outcome of aging was indirectly inferred from chronological
age, frailty, and age-related diseases.

Serum-Induced SIRT1 Expression Bioassay

An indirect enzyme-linked immunosorbent assay was designed to
measure the amount of SIRT1 protein produced by SK Hep1 cells
(American Type Tissue Culture Collection, Manassas, VA) due to
factors present in human serum as described (8). The sensitivity of
the SIRT1 enzyme-linked immunosorbent assay was 0.125 ng/mL.
The mean interassay coefficient of variance was 15.3% (5%-18%).
The mean intra-assay coefficient of variance was 7.9% (4%-12%).
Linearity was confirmed over a range of dilutions. In each assay, the
internal pooled human serum control lysate was spiked with human
recombinant SIRT1 to determine percentage recovery.

SIRT1 SNPs

The SNPs rs2273773, rs3740051, and rs3758391 were selected
from published human studies on the SIRT1 gene and its association
with aging, age-related disorders, and longevity (10-14). Primers
were designed by the LightScanner primer design software version
1.0.R84 (Idaho Technology; Supplementary Table 1). Buffy coat
genomic DNA samples were outsourced to Macrogen (Seoul, Korea)
for genotyping using the standard company protocols with Tagman
probes and the ABI PRISM 7900HT Real-time PCR system.

Statistics

All results are presented as mean = SD and statistical tests were con-
sidered significant with a p value less than .05. Only participants
with complete data sets were used for each analysis. The correla-
tion between age and serum-induced SIRT1 expression was assessed
using the Pearson’s product correlation coefficient. The relationships
between quintiles of serum-induced SIRT1 expression and frailty
were evaluated using analysis of variance and y? test. Log rank and
Kaplan-Meier survival analyses were performed according to serum-
induced SIRT1 protein expression. Genotypic and allelic frequen-
cies were analyzed using > test or Fisher probability test statistics.
Dominant and recessive models were considered. Bonferroni correc-
tion for multiple comparisons was used to generate target p values
for statistical significance. Statistical Package for the Social Sciences
SPSS (version 23.0° IBM SPSS Statistics Software) and SigmaPlot
(version 11.0, Systat Software Germany) were used for analyses.

Results

Serum-Induced SIRT1 Expression and Age, Frailty,
Mortality, and Age-Related Disease

The bioassay measurements were completed for serum samples
from 1,318 participants (77.0 = 5.5 years, age range: 70-97 years).
There was a bimodal distribution of concentrations but there was
no relationship with the age of the participants or their frailty status
(Figure 1A-C). Kaplan—Meier survival analysis performed according
to quintiles of serum-induced SIRT1 expression showed no relation-
ship with survival (Supplementary Figure 1). Serum-induced SIRT1
expression levels were not influenced by self-reported history of dis-
ease apart from osteoporosis (Supplementary Figure 2).

There was no difference in the serum-induced SIRT1 expression
levels between the robust, prefrail, and frail groups (Table 1) but
the distributions of the SIRT1 results appeared to differ between
groups (Figure 1C) as noted in our pilot study (8). Frail participants
were less likely (odds ratio (OR) 0.34, 95% confidence interval (CI)
0.17-0.69) and robust participants more likely (OR 1.31, 95% CI
1.00-1.72) to have a serum-induced SIRT1 expression result in the
lowest quintile.
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Figure 1. The frequency distribution of serum-induced SIRT1 expression (A) and its relationship with age (B) (n = 1,318) and frailty (C) (n = 1,289). There was
overrepresentation of robust and prefrail subjects with low levels of serum-induced SIRT1 expression. (D) The relationship between serum albumin and the
serum-induced SIRT1 expression assay. There was a significant relationship (Pearson’s Product Moment correlation -0.12, p < .0001).

Table 1. Relationship Between Serum-Induced SIRT1 Expression
and Frailty

N Mean ANOVA
Robust 636 99.7 £ 36.5
Prefrail 548 104.1 = 38.8 p=.1,ns
Frail 105 102.3 = 26.8

Q1 Q2-Q5 OR (95% CI)
Frail 9 96 0.34 (0.17-0.69,
Robust + prefrail 254 930 p <.002)
Robust 144 492 1.31 (1.00-1.72,
Frail + prefrail 119 534 p =.049)

Note: ANOVA = analysis of variance; CI = confidence interval; OR = odds
ratio. The OR is calculated from participants in quintile 1 (lowest serum-
induced SIRT1 expression) vs participants in the other four quintiles.

Serum-Induced SIRT1 Expression and Markers of

Body Composition and Nutrition

Participants with serum-induced SIRT1 expression in the lowest
quintile had anthropometric and blood results (Table 2) that were
consistent with increased nutritional intake compared with the

rest of the participants. These parameters included higher body
weight, height, fat mass, albumin, cholesterol, and hemoglobin
levels. Participants with serum-induced SIRT1 expression in the
highest quintile had blood test results consistent with reduced
nutritional intake including lower albumin and increased creati-
nine levels. A scatter plot of albumin versus serum-induced SIRT1
expression confirmed a strong negative correlation (Figure 1D,
Pearson’s correlation p < .0001). Other biochemical and hema-
tological parameters were not associated with SIRT1 expression
(data not shown).

SIRT1 SNPs and Frailty, Mortality, and Age-Related
Diseases

The frequency of the alleles for the three SNPs are shown in
Supplementary Table 2. SNP rs3758391 was not in Hardy—Weinberg
equilibrium confirming another study (19), which also reported a
paucity of the CT heterozygotes.

The distribution of the polymorphisms was not significantly dif-
ferent between the frail, prefrail, and robust groups whether analyzed
by allele or genotype (Supplementary Table 3). There was a weakly
positive association between the distribution of the rs3740051
alleles and the prefrail phenotype (p = .04) but this is not significant
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when adjusted for multiple comparisons. In addition, there were no
statistically significant relationships between SNPs and mortality
(Supplementary Figure 3) or age (data not shown).

Associations were observed between some SIRT1 SNPs and
the diseases and conditions evaluated in the CHAMP database
(Supplementary Table 4). Both rs3740051 and rs3758391 were
associated at the allele and genotype level with arthritis. Other weak
associations included rs3758391 with hearing impairment and heart
attack and rs3740051 with back pain. The statistical significance of
these associations is limited by multiple comparisons and none remain
significant following Bonferroni correction. The relationship between
the SNPs and MMSE was also evaluated (Table 3). There was an

association between rs2273773 and MMSE with the CC genotype
having a lower score (24.8 = 3.5) than the TT genotype (27.2 = 2.9).

SIRT1 SNPs and Markers of Nutrition and Body
Composition

Given the associations between serum-induced SIRT1 expression and
markers of body composition and nutrition, we also studied the relation-
ships between these parameters and the SIRT1 SNPs. There were many
associations between the three SIRT1 SNPs and weight, height, and
body mass index and the DEXA measurements of body fat and body
lean (Table 4) and were strongest for rs2273773. The only consistent

Table 2. Relationship Between Quintiles of Serum-Induced SIRT1 Expression and Markers of Nutrition and Body Composition

p Value
Q1 Q2 Q3 Q4 Qs Q1 vs Rest QS vs Rest

BMI 27.93 = 4.04 27.66 = 3.94 27.65 «£3.77 27.44 = 4.00 28.10 = 4.18 ns ns
Height 1.70 = 0.07 1.69 = 0.08 1.68 = 0.07 1.68 = 0.07 1.68 = 0.13 0.002 ns
Weight 80.74 = 12.86 79.04 = 13.53 78.41 = 12.28 78.03 = 13.12 79.68 = 13.46 0.030 ns
DEXA % fat 29.05 = 5.53 27.96 = 5.35 27.66 = 5.79 28.10 = 6.04 28.11 = 5.64 0.006 ns
DEXA % lean 70.95 £ 5.53 72.04 £ 5.35 72.34 £ 5.80 71.90 = 6.04 71.89 = 5.64 0.006 ns
Albumin 44.76 +2.75 43.95+2.95 43.76 = 2.51 43.56 = 2.58 43.55+2.85 <10 0.02
Creatinine 94.53 £ 24.95 95.47 £ 26.54 97.21 = 33.85 94.19 = 25.01 102.64 = 68.61 ns 0.008
Hemoglobin 145.28 = 13.69 141.86 = 17.21 140.64 = 20.63 141.26 = 15.70 141.45 = 15.44 0.001 ns
Cholesterol 4.65+£0.99 4.67 = 1.06 4.56 =+ 0.94 4.35+0.93 4.43+0.92 0.03 ns
LDL 2.59 £0.90 2.58 £0.99 247 £0.85 2.32+0.83 2.40 = 0.84 0.02 ns

Note: DEXA = dual x-ray absorptiometry; LDL = low-density lipoprotein.

Table 3. The Relationship Between SIRT7 SNPs and MMSE Scores

rs2273773 N CcC CT

1,454 248 £3.5 26.73.4
rs3740051 N AA AG

1,440 27.2 = 30. 26.8+3.4
rs3758391 N CcC CT

1,458 27.0+3.1 27.1=+3.1

TT CC Dominant p Value CC Recessive p Value
272+29 .01 .01

GG AA Dominant p Value AA Recessive p Value
259=+23 ns ns

T CC Dominant p Value CC Recessive p Value
274 2.4 ns ns

Note: The p value for the CC dominant (CC and CT vs TT; AA and AG vs GG) and CC recessive (CC vs CT and TT, AA vs AG and GG) models are provided

and are equivalent to the TT recessive and dominant models.

Table 4. Association Between SIRT7 SNPs and Body Composition

rs2273773 N CC CT
Weight (kg) 1,615 70.82 = 14.26 77.79 = 12.87
Height (kg) 1,610 1.67 = 0.07 1.67 = 0.07
BMI 1,607 25.39 +3.46 27.74 + 3.78
% fat 1,610 24.56 = 4.86 28.05 = 5.52
% lean 1,610 72.02 = 4.66 68.66 = 5.32
rs3740051 N AA AG
Weight (kg) 1,599 79.58 +12.60 77.59 + 13.17
Height (m) 1,594 1.69 = 0.07 1.67 = 0.07
BMI 1,591 27.82 +3.91 27.68 = 3.89
% fat 1,594 28.40 = 5.60 28.03 = 5.64
% lean 1,594 68.30 = 5.37 68.69 = 5.44
rs3758391 N CC CT
Weight (kg) 1,617 80.25 = 12.17 78.69 = 12.78
Height (m) 1,612 1.69 = 0.07 1.69 = 0.07
BMI 1,609 28.08 = 3.78 27.57 +3.96
% fat 1,613 28.60 = 5.62 28.08 = 5.62
% lean 1,613 68.10 = 5.38 68.62 = 5.41

TT CC Dominant p Value CC Recessive p Value
79.51 = 12.64 0.02* 0.02*
1.69 + 0.07 0.00% ns
27.80 = 3.93 ns 0.03*
28.37 = 5.64 ns 0.02*
68.33 = 5.40 ns 0.02*
GG AA Dominant p Value AA Recessive p Value
73.67 = 14.90 ns 0.02*
1.67 = 0.08 ns 0.00*
26.29 = 3.86 ns ns
25.33 £4.35 0.06 ns
71.30 = 4.08 0.06 ns
TT CC Dominant p Value CC Recessive p Value
77.61 = 13.96 0.04* 0.004*
1.68 = 0.07 0.03* ns
27.45 = 4.10 Ns 0.01*
27.99 = 5.58 Ns 0.06
68.70 = 5.35 Ns 0.05*

Note: BMI = body mass index.
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association between the SNPs and blood tests was for albumin, which
was significantly associated with all three SNPs (Supplementary Table 5).

SIRT1 SNPs and Serum-Induced SIRT1 Expression

and Ethnicity

There was no relationship between SIRT SNPs and the serum-induced
SIRT1 expression bioassay for any of the SNPs (Supplementary Table 6).
Although the number of Chinese participants was low, there were

Table 5. Studies of SIRT1 SNPs, Longevity, and Disease

differences in the distribution of their SNP genotypes compared to
Australian, British and Mediterranean participants. Ethnicity did not
influence the serum-induced SIRT1 expression assay (Supplementary
Table 7).

Discussion

Much of the research on the biology of aging over the last dec-
ades has focused on putative mechanisms for aging. These include

SNP Results

N Population Citation

rs3758391
rs1885472
rs2273773
rs10997870
rs3758391
rs3740051
rs2236319
rs2273773
rs3818291
rs730821
rs12413112
rs7069102
rs2273773
rs12778366
rs3740051
rs2236319
rs2273773
rs3758391
rs3758391
rs4746720
rs10997875
rs2273773
rs4746720
rs12778366
rs3740051
rs3818291
rs2236319
rs2273773
rs7895833
rs7069102
rs2273773
rs3758391
rs3740051
rs2273773
rs4746720
rs100997870
rs2273773
rs7069102
rs7895833
rs2273773
rs4746720
rs7896005
rs144124002
rs3758391
rs369274325
rs10997854
rs142194353
rs12778366
rs35706870
rs932658

No effect on longevity

glucose

No association with Alzheimer’s disease

Both SNPs associated with older age

rs10997875 associated with major depressive disorder

Associated with diabetic nephropathy

calcification

rs4746720 associated with longevity

rs2273773 and rs7069102 associated with COPD

rs2273773 associated with hypertension

Associated with cardiovascular disease
rs3758391 associated with cardiovascular disease

longevity

rs2758391 associated with cardiovascular mortality and cognitive function 1,245

rs12413112 associated with energy expenditure, insulin sensitivity and blood 1,013

Weak association between rs3758391 and type 2 diabetes

rs7069102 associated with cholesterol and rs2273773 with coronary artery 219

rs10997854 and rs142194353 associated with blood lipids. No effect on 392

1,026  German (12)

Dutch, Leiden, Netherlands (13)

Caucasian Tuebingen family (26)

Study

326  Finnish (27)

519  Mexican (28)
482  Han Chinese (29)

450  Japanese (30)

1304  Japanese (14)

Japanese hemodialysis patients ~ (31)

500  Yongfu, Guangxi, China (11)

200  Mulga Turkish (32)

340  Kazakh Xinjiang, West China (33)

406  Turkish (34)

500  Iranian (35)

Ashkenazi Jewish (10)

Note: SNP = single-nucleotide polymorphism.
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cellular processes such as oxidative stress, mitochondrial dysfunc-
tion, impaired autophagy, impaired genome maintenance, telomere
shortening, and altered gene expression (20). On the other hand,
there has also been increasing research that has focused on the
mechanisms and cellular pathways associated with interventions
that influence aging. The most robust intervention known to influ-
ence aging is caloric restriction (21). Recent research has identified
four canonical pathways that appear to mediate some of the aging
effects of caloric restriction. These include the sirtuins, insulin/IGF1/
GH, AMPK and mTOR, and related downstream proteins such
as PGCla and FOXO (22). The sirtuin pathway in particular has
received enormous attention because an agonist of SIRT1 called
resveratrol was found to delay aging in various laboratory models
including yeast, Caenorhabditis elegans, Drosophila, and mice (1,5).

The aim of our study was to evaluate the role of SIRT1 in aging
in humans. Two assays were utilized to study SIRT1: the serum-
induced SIRT1 expression assay which measures the activity of uni-
dentified circulating factors that stimulate SIRT1 expression in vitro
and SNPs in the SIRT1 gene. These were studied in a study of older
men (CHAMP) in which we found that men with the lowest results
for the serum-induced SIRT1 expression assay were less likely to be
frail although the relationship was statistically weak. This result was
unexpected because rats and humans undergoing caloric restriction
with delayed aging have elevated levels of the serum-induced SIRT1
bioassay (3,6,7) and elevated expression and/or activity of SIRT1 is
generally expected to be associated with delayed aging and improved
age-related health (1).

To resolve this difference, we previously proposed that the
serum-induced SIRT1 expression bioassay reflected nutritional
intake rather than healthy aging (8). Therefore, the relationship
between the serum-induced SIRT1 expression bioassay and param-
eters that reflect nutrition was studied. We found an inverse relation-
ship between this assay and markers of nutrition as high levels of the
serum-induced SIRT1 expression were associated with parameters
such as lower body weight, body fat, and albumin. The results from
the in vitro SIRT1 bioassay were not associated with any particular
disease except osteoporosis.

Three SIRT1 SNPs were studied in CHAMP. There were no
associations between SIRT1 SNPs and age, survival, or frailty.
There were weak statistical associations between some of the
SNPs with conditions that are common in older people such as
arthritis, cognitive impairment, and hearing impairment. There
have been other studies of SIRT1 SNPs with disease and these are
shown in Table 5. These studies have found associations with car-
diometabolic risk factors, diabetes mellitus, chronic obstructive
pulmonary disease, cardiovascular disease, depression, cognitive
function, and in some studies longevity. The possible associa-
tion between SIRT1 SNPs with a broad range of diseases in this
and other published studies might be consistent with an effect
on aging biology influencing susceptibility to many age-related
diseases.

The relationship between the SIRT1 SNPs, nutritional mark-
ers, and the serum-induced SIRT1 expression bioassay was stud-
ied. It was found that SNPs were associated with anthropometric
measures such as height, body mass index, percentages body fat
and body lean, and also with albumin but not with other blood
measures of nutrition. There have been other reports that SIRT1
SNPs are associated with changes in body composition that might
reflect nutrition. For example, Zillikens and colleagues reported
that SIRT1 SNPs were associated with body mass index in the
Rotterdam study (23), whereas Peeters and colleagues found

that they were associated with obesity (24). SIRT1 regulates
many processes that influence body metabolism and therefore
SIRT1 SNPs may plausibly have an impact on the response to
nutrition (1).

There are limitations to this study. The CHAMP cohort is
a group of older men and does not provide the opportunity to
study women or the relationship between SIRT1 and aging over a
broader range of ages. The serum-induced SIRT1 expression assay
measures the effects of unidentified circulating factors and until
these factors are identified, the biological significance of the assay
remains uncertain. The study of the SIRT1 SNPs examined many
aging and disease outcomes, therefore the statistical significance of
the results is limited by multiple comparisons and the conclusions
can only be considered to be hypothesis-generating rather than
definitive. Future studies should focus on repeating these inves-
tigations in other populations in order to confirm the generaliz-
ability of the conclusions. Studies of the association between SNPs
and diseases in single populations must be replicated before the
results can be considered to be robust. Our conclusion that SIRT1
might be associated with nutritional factors is inferred indirectly
on blood and body composition parameters rather than direct
measurement of dietary intake. In addition, participants were all
aged 70 years or more, so the results do not capture the aging
process over a longer timeframe. A major future goal is to iden-
tify the circulating factors that underpin the serum-induced SIRT1
expression bioassay.

Overall, the results of these studies of serum-induced SIRT1
expression and SIRT1 SNPs in CHAMP suggest that SIRT1 in
humans is more strongly associated with nutritional markers and
body composition, than directly with aging per se. Even so, SIRT1
may indirectly influence aging because of the association between
nutrition and aging (8,25).

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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