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Abstract
Recent studies have reported associations of sirtuin 1 (SIRT1) single nucleotide polymorphisms
(SNPs) to both obesity and BMI. This study was designed to investigate association between
SIRT1 SNPs, SIRT1 gene expression and obesity. Case-control analyses were performed using
1,533 obese subjects (896 adults, BMI >40 kg/m2 and 637 children, BMI >97th percentile for age
and sex) and 1,237 nonobese controls, all French Caucasians. Two SNPs (in high linkage
disequilibrium (LD), r2 = 0.96) were significantly associated with adult obesity, rs33957861 (P
value = 0.003, odds ratio (OR) = 0.75, confidence interval (CI) = 0.61–0.92) and rs11599176 (P
value: 0.006, OR = 0.74, CI = 0.61–0.90). Expression of SIRT1 mRNA was measured in BMI-
discordant siblings from 154 Swedish families. Transcript expression was significantly correlated
to BMI in the lean siblings (r2 = 0.13, P value = 3.36 × 10−7) and lower SIRT1 expression was
associated with obesity (P value = 1.56 × 10−35). There was also an association between four
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SNPs (rs11599176, rs12413112, rs33957861, and rs35689145) and BMI (P values: 4 × 10−4, 6 ×
10−4, 4 × 10−4, and 2 × 10−3) with the rare allele associated with a lower BMI. However, no SNP
was associated with SIRT1 transcript expression level. In summary, both SNPs and SIRT1 gene
expression are associated with severe obesity.

INTRODUCTION
The sirtuin 1 (SIRT1) gene belongs to a family of NAD+-dependent protein deacetylases
known as sirtuins and is expressed in a wide range of tissues including the brain, adipose,
kidney, muscle, and liver (1,2). Its yeast ortholog, Sir2, is a crucial protein in the pathway
that controls the positive effects of caloric restriction on life span in lower organisms and it
is thought to mediate the same process in mammals (3,4). In humans, the SIRT1 protein
deacetylates a number of transcription factors and histones that are involved in energy
regulation (2). SIRT1 activity is under the control of NAD+ levels, which was recently
demonstrated to be mediated by AMP-activated protein kinase (5,6). AMP-activated protein
kinase is an enzyme important in the regulation of mitochondrial biogenesis in response to
energy deprivation (7). As such SIRT1 functions as an energy sensing molecule that controls
transcriptional regulation in response to the energy status of the cell (6).

Levels of the transcription factor peroxisome proliferator-activated receptor γ (PPARγ) and
its gene targets are inversely proportional to SIRT1 expression in adipocytes and since
PPARγ upregulates genes affecting lipogenesis and insulin-dependent glucose transport,
SIRT1 activity results in fat mobilization (8). It has also been demonstrated to reduce
adipocyte differentiation through PPARγ inhibition in mice (9). SIRT1 also upregulates the
transcriptional coactivator PPARγ-coactivator 1 α (PGC1-α) which leads to an increase in
fatty acid oxidation and gluconeogenesis and a decrease in glycolysis (10–12).

SIRT1 has also been found to regulate the expression of adiponectin, although these two
studies reported opposite effects (13,14). Adiponectin is secreted by adipocytes and leads to
an increased sensitivity to insulin in liver and muscle (15). Reduced levels of adiponectin in
the blood are linked to obesity and related insulin resistance (16) and variants in its gene
have been reported to associate with obesity and with type 2 diabetes (17–19). SIRT1
activators have been shown to protect against obesity and insulin resistance in mice fed a
high-fat diet through the activation of PGC1-α. SIRT1 activators are the subjects of research
into therapeutics for the treatment of type 2 diabetes due to their positive effects on fat
oxidation (10,20–22).

Three single nucleotide polymorphisms (SNPs) within the SIRT1 gene, rs3740051,
rs2236319, and rs2272773 have been associated with rates of energy expenditure in Finnish
subjects (10) and it is plausible that a reduced rate of energy expenditure caused by variants
in SIRT1 could predispose an individual to obesity. Three recent studies have reported
association of SIRT1 SNPs with obesity. One SNP, rs7069102, was found to be associated
with obesity in a Belgian study (n = 1,068 cases and 313 controls, P = 0.007) (23). Another,
rs2273773 was found to be associated with BMI in a Dutch study (n = 3,575, P = 0.001)
(24). A third study investigated three SNPs within two Dutch populations (n = 6,251 from a
population-based study and n = 2,347 from a family-based study) and found two SNPs
rs7895833 and rs1467568 to be associated with BMI (P = 0.02 and 0.008) and obesity (P =
0.007 and 0.0009)(25). None of these genetic studies investigated SIRT1 expression,
however a recent study in Danish women reported a significantly higher rate of SIRT1
transcription in lean compared to obese (n = 24, P < 0.02) (26).

Given its role in energy regulation and the associations already reported SIRT1 is a plausible
candidate gene for polygenic obesity and this study was designed to explore the possibility
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of genetic association between variants in the SIRT1 gene, SIRT1 gene expression levels
and common severe obesity.

METHODS AND PROCEDURES
Case-control subjects

Two groups of cases were included in this study: (i) 896 unrelated morbidly obese (BMI
over 40 kg/m2) adults (689 females and 207 males; mean BMI = 47.5 kg/m2, s.d. = 7.5 kg/
m2; mean age = 44.3 years, s.d. = 11.9 years) (ii) 637 unrelated severely obese children (age
< 18 years), with a BMI >97th percentile for age and sex (341 females and 296 males; mean
BMI = 29.6 kg/m2, s.d. = 6.5 kg/m2; mean zBMI = 4.27, s.d. = 1.2; mean age = 11 years,
s.d. = 3.2 years) (27). These were all French Caucasians recruited through a multimedia
campaign run by the Centre National de la Recherche Scientifique (CNRS), Hotel Dieu
Hospital, the Pasteur Institute, Lille and the Department of Paediatric Endocrinology of
Jeanne de Flandres Hospital. Control subjects were unrelated adult nonobese and
nondiabetic French Caucasians composed of 532 individuals (243 males, 289 females; mean
BMI = 21.3 kg/m2, s.d. = 2.0 kg/m2; mean age = 22.7 years, s.d. = 3.5 years) from the
Haguenau cohort (28) together with 705 subjects (282 males, 423 females; mean BMI =
23.3 kg/m2, s.d. = 1.8 kg/m2; mean age = 53.9 years, s.d. = 5.6 years) that were selected
among participants of the Data from the Epidemiology Study on the Insulin Resistance
(D.E.S.I.R) study (29). BMI was calculated as weight (in kilograms) divided by the square
of height (in metres). Height and weight were measured by trained professionals. Control
participants were pooled for case control analyses and χ2 tests did not show significant
difference in genotype or allele frequencies between both control groups (0.204 ≤ P ≤ 1).
Both adult and child obesity case groups were analyzed with the same set of controls. This
genetic study was approved by the ethical committee of Hôtel-Dieu in Paris and Centre
Hospitalier Régional Universitaire in Lille.

Families
The study cohort comprises 154 Swedish nuclear families (732 subjects) ascertained via an
extremely BMI-discordant sibpair (at least 10 units). The average family size was 4.75.
Blood samples for DNA extraction as well as a subcutaneous adipose tissue biopsy have
been obtained from all participants. BMI was measured for all subjects. The median (1st–3rd
quartiles) was 27.5 (24.0–33.2) ranging between 16.9 and 57.8. Informed written consent
was obtained from all participants. This study was approved by the ethics committee at
Gothenburg University (30).

Genotyping
Tagging SNPs were selected from the HapMap database (http://www.hapmap.org/) with r2 ≥
0.8 and a minor allele frequency ≥0.05 using Haploview 4.0 software (31). This gave three
SNPs capturing all 21 SNPs within SIRT1 in HapMap, with a mean r2 of 0.975. An
additional 24 SNPs were selected from the NCBI database, each with a minor allele
frequency ≥0.05, to provide overall coverage of approximately one SNP per kb in the SIRT1
gene (with the three tag SNPs accounting for 21 other SNPs).

Genotyping was carried out on the Sequenom MassArray platform (Sequenom, San Diego,
CA) (32). PCR and extension primers were designed using MassARRAY Assay Design 3.1
software (Sequenom). For a multiplex PCR, 2 μl (2.5 ng/μl) of each DNA sample were
mixed with 2.18 μl H2O, 0.5 μl Qiagen Hot Star Buffer, 0.2 μl MgCl2 (25 mmol/l), 0.02 μl
Qiagen Hot Star Taq (5 units/μl), 0.1 μl of 10 mmol/l dNTP mix and 0.5 μl of 1 μmol/l
primer mix. PCR was then carried out at 95 °C for 15 min, then five cycles of 95 °C for 20 s,
65 °C for 30 s, 72 °C for 1 min, followed by five cycles of 95 °C for 20 s, 58 °C for 30 s, 72
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°C for 1 min, followed by 38 cycles of 95 °C for 20 s, 53 °C for 30 s, 72 °C for 1 min, and
ending with 72 °C for 3 min. Shrimp alkaline phosphatase and iPLEX Gold extension
reactions were carried out according to the manufacturer’s instructions. For each reaction,
15–25 nl of sample was dispensed onto a SpectroCHIP and the chip was then analyzed using
the Sequenom MALDI-TOF mass spectrometer. Mass Array Typer 3.4 software was then
used to call the genotypes based on the calculated mass of the extension products.

Genotyping was considered satisfactory if the success rate for the SNP was ≥85% and the
genotype distribution did not depart significantly from Hardy–Weinberg equilibrium (HWE)
(P > 0.05 for χ2 test between expected and observed values) in the control groups. Hardy–
Weinberg test was evaluated using the online Finetti HWE calculator (http://ihg.gsf.de/cgi-
bin/hw/hwa1.pl). In the family data, Mendelian errors were detected using Pedstats while
genotypes that resulted in tight double recombinants were identified with Merlin and treated
as missing data in the analyses (33).

RNA isolation
Subcutaneous adipose tissue biopsies were immediately frozen in liquid nitrogen and stored
at −80 °C until analysis as described previously (30). RNA was extracted using Qiagen
Lipid Tissue (Qiagen, Hilden, Germany) according to the manufacturers’ recommendations.
The RNA concentration was measured spectrophotometrically using NanoDrop (Thermo
Fisher Scientific, Waltham, MA) and the quality assessed by agarose gel electrophoresis.

Gene expression: measurement
Sufficient amount of high quality RNA for gene expression analysis was available from 376
siblings. Gene expression was measured using the Affymetrix Human Genome U133 Plus
2.0 gene expression arrays (Affymetrix, Santa Clara, CA) according to the manufacturers
recommendations. In brief, RNA from subcutaneous tissue was reverse transcribed into
cDNA and biotin-labelled cRNA was prepared by in vitro transcription (Enzo Diagnostics,
Farmingdale, NY). After hybridization (according to the Minimum Information About a
Microarray Experiment guideline (34)), the arrays were scanned using an Affymetrix
confocal laser scanner (GeneArray scanner GCS3000; Affymetrix) and visualised using
GeneChip Operating Software (GCOS; Affymetrix). Gene expression levels were
normalized using the Robust Multiarray Average method (35).

Gene expression: replication
Technical replication of the gene expression results from the Affymetrix microarray was
achieved using a TaqMan assay (Applied Biosystems, Carlsbad, CA). The replication cohort
consisted of 71 unrelated individuals from the SibPair cohort described above for whom
sufficient RNA remained after the microarray experiment (obese males: n = 12, lean males:
n = 13, obese females: n = 24, lean females: n = 22). All groups were age and BMI-matched.
The standard curve was generated using cDNA generated from a pool of RNA from 18 of
the samples. These were representative for the cohort in terms of age, BMI, and gender
distribution.

The cDNA synthesis was carried out using the High Capacity cDNA Reverse Transcription
Kit from Applied Biosystems. 1 μg of RNA was used in a 100μl reaction. A total of 2 μg
RNA (110 ng of each sample) was used in a 100 μl reaction for the RNA pool. For each
sample 3.5 μl of cDNA was diluted with 14 μl of H2O and 5 μl of diluted cDNA was used
in each well. Each sample was run in triplicate. TaqMan reagents (from Applied
Biosystems) were: TaqMan Gene expression mastermix (2×) and AssayIDs
Hs01009006_m1 (SIRT1) and Hs00204094_m1 (LRP10).
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Statistical analysis
Case-control association analysis was performed using PLINK v1.07 (http://
pngu.mgh.harvard.edu/purcell/plink/) (36). Association to obesity was analyzed by
comparing allele frequencies using the assoc command. One million permutations were used
to compensate for the effects of multiple testing as this method is considered the most
rigorous (37). Odds ratios (OR) are reported with a 95% confidence interval (CI).
Haploview 4.0 was used to calculate and display linkage disequilibrium values in the region.
Linkage disequilibrium blocks were identified using the CI method described by Gabriel et
al (38). Haplotypes were constructed and analyzed for association using PLINK v1.07 using
linear regression and one hundred thousand permutations to correct for multiple testing.
Quantitative analysis of age- and sex-corrected BMI within the controls was performed
using the Kruskal–Wallis Test as implemented in SPSS v15 (SPSS, Chicago, IL). The
family data was analyzed for association with BMI using the within-families model of
association implemented in quantitative transmission disequilibrium test (39).

To analyze the microarray transcription data, an independent samples t-test was used to
compare obese to nonobese siblings using SPSS v15 (SPSS). R2 and P values were
calculated by linear regression using R project (http://www.r-project.org/). To correct for
relatedness between sib-pairs, regressions were evaluated considering a clustering option
within pairs. For the TaqMan replication, the expression of the SIRT1 gene was corrected
using the expression of the LRP10 gene as a baseline and lean and obese expression were
compared using an unpaired, two-sided, t-test.

RESULTS
Of the 27 SNPs genotyped within the French cases and controls, 22 achieved a success rate
of ≥85% with an average success rate of 90.2%. Six of these were found to be monomorphic
and a further five had minor allele frequencies below 1% and so were not taken forward for
analysis (See Supplementary Table S1 online). We did not observe significant departure
from HWE (P < 0.05). Of the remaining eleven SNPs, five were significantly associated
with obesity (See Table 1).

One SNP, rs2234975 was nominally associated with obesity in the severely obese children
(P = 0.018, OR = 0.74, CI = 0.57–0.95) although this did not withstand permutation
correction (P = 0.123). No association was found with this SNP in the morbidly obese adults
(P = 0.188). Four SNPs, rs33957861 (P = 0.006, OR = 0.75, CI = 0.61–0.92), rs12413112 (P
= 0.013, OR = 0.77, CI = 0.63–0.95), rs11599176 (P = 0.003, OR = 0.74, CI = 0.61–0.90)
and rs35689145 (P = 0.015, OR = 0.74, CI = 0.58–0.95) were found to be nominally
associated with obesity in the morbidly obese adults and two of these SNPs survive
correction using one million permutations (rs33957861, P = 0.034 and rs11599176, P =
0.019). These SNPs were all within high linkage disequilibrium (LD) (r2 values range from
0.63 to 0.96) (see Figure 1). None of these SNPs were found to be associated with obesity in
the severely obese children after correction (see Table 1). All associated SNPs had a greater
frequency of the minor allele in the controls compared to the cases, suggesting a protective
effect. Quantitative trait analysis revealed no association between any of the SIRT1 SNPs
and age and sex-corrected BMI in either French control group (data not shown).

Linkage disequilibrium analysis using r2 within the control samples revealed strong linkage
disequilibrium throughout the gene with one block including three of the SNPs associated
with adult obesity (rs35689145, rs12413112, and rs11599176) (see Figure 1). Haplotype
association analysis carried out on the four nominally associated SNPs within the adult case-
control cohort revealed a significant association to obesity (P = 0.028, see Table 2).
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In the Swedish BMI-discordant siblings, transcript levels of SIRT1 were found to be
significantly higher in lean compared to obese siblings (P = 1.56 × 10−35) (see Figure 2).
BMI was found to be negatively correlated to SIRT1 expression levels in lean siblings (r2 =
0.13, P = 3.36 × 10−7) but not in obese siblings (r2 = 0.012, P = 0.17) (see Figure 3). The
transcript levels of SIRT1 were confirmed as higher in lean subjects compared to obese in
the subset of unrelated lean and obese subjects, using a TaqMan assay for SIRT1 expression
(P = 0.016) (data not shown).

The five SNPs found to be nominally associated in the French case-control groups were
genotyped in the Swedish families. Four SNPs, rs11599176, rs12413112, rs33957861, and
rs35689145 were found to be significantly associated with BMI (P = 4 × 10−4, 6 × 10−4, 4 ×
10−4, and 0.020 respectively) (see Table 3). For each SNP, the minor allele was found to be
associated with reduced BMI with a mean BMI difference of up to 2.8 kg/m2 between the
homozygous common allele and homozygous minor allele (see Table 3). This again suggests
a protective effect. No SNPs were found to be significantly associated with levels of SIRT1
transcript (data not shown).

DISCUSSION
These results demonstrate an association between SNPs in the SIRT1 gene and severe
obesity using both unrelated cases and controls and families. For each of these SNPs, the
minor allele was present at a higher frequency in the controls, indicating a protective
association. The same four SNPs that were found to be nominally associated with obesity in
the adult case-control study, were also found to be associated with BMI in the Swedish
families. Strong linkage disequilibrium was identified throughout the gene, with one LD
block, defined using Gabriel’s CI method (36), containing the two HapMap SNPs genotyped
in this study, rs12413112 and rs11596401. This is consistent with the HapMap data in which
there is also a large degree of linkage disequilibrium throughout the gene and one block is
identified containing these two SNPs. The lack of association between SNPs and BMI in the
French control groups may be due to the relative lack of variance (mean BMI ± 2.0 kg/m2)
in these cohorts.

For each SNP the rare homozygote status was linked to a lower BMI, up to 2.8 kg/m2 lower
than the common homozygote. Although the low numbers of subjects with the rare
homozygote mean that this difference may not be accurate it is clear that the minor allele is
associated with a reduced BMI and this again indicates a protective association. The
correlation of SIRT1 expression to BMI in the lean group along with the association
observed between SIRT1 expression and obesity in siblings further supports a contribution
of SIRT1 to obesity. The replication of this result using the TaqMan assay is significant but
unsurprisingly not as significant as the original result as it is a simple case-control analysis
using a small subset of the cohort. The lack of association between any SIRT1 SNPs and
transcription levels of the gene may be due to not genotyping the causative variant. An
alternative explanation is that SIRT1 variants are causatively associated with obesity risk,
but not transcription level, and it is being obese that modifies the expression of SIRT1
through other mechanisms.

Our results corroborate and expand on two recent genetic studies. The first reported a
protective association between the SIRT1 SNP rs7069102 (tagged by rs11596401 in our
study with r2 = 0.956 in HapMap) and obesity (P = 0.007) (23). The second reported a
protective association of SIRT1 SNPs rs1467568 (P = 0.0009) and rs7895833 (P = 0.007)
and obesity (25). Rs1467568 is also tagged by rs11596401 in our study (r2 = 1.0 in
HapMap) but rs7895833 is located 21 kb upstream of SIRT1 and was not tagged by any
SNP we investigated, though this would be a good target to investigate for association with
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the transcript expression level. While rs11596401 was not found to be associated with
obesity in our study (P = 0.073 in adults and P = 1.000 in children), it is clear that in general
terms, genetic markers in this gene are associated with obesity. As the causative variant has
not been identified and because the association is not very strong (P > 10−4), it is not
surprising that these associations are observed to different markers, this is probably just due
to the variability introduced by different recruitment strategies or to differences in LD
structure between the different populations. The finding that SIRT1 expression levels were
significantly higher in nonobese compared to obese corroborates with a Danish study in
which SIRT1 transcription was found to be significantly higher in lean compared to obese
women (26).

The absence of SIRT1 association in any genome wide association study may be due to the
stringent multiple testing corrections required and this highlights the continuing importance
of candidate gene studies. It is notable that nominally-associated SNPs located near to
SIRT1 (P ≤ 0.05) are present in our own obesity GWAS (genome-wide association study)
data, with rs730821 (17 kb upstream of SIRT1) being associated with obesity in both French
children (P = 0.013) (40) and in adult type 2 diabetics (P = 0.011) (41). No significant
association is present within the Wellcome Trust Case-Control Consortium GWAS data (P <
0.05) (42). Although these are clearly not statistically significant after genome wide multiple
testing correction, these nominal associations indicate that the raw GWAS association
results support our findings.

All SNPs that were found to be associated are located within introns, with the exception of
rs2234975, which is located in the 3′ untranslated region and so none of them directly affect
the amino acid sequence of the protein. Therefore, it is likely that these SNPs are tagging
another variant that is causative. The fact that the haplotype produced a lower P value than
the individual SNPs may be evidence that these SNPs are tagging a more significantly
associated variant, although we have not calculated whether the difference in P values is
significant. With some associations reported upstream of SIRT1 (e.g., rs7895833 and
rs730821) it seems likely that this untyped variant is within the region 20 kb upstream of the
transcription start site, possibly within the promoter region where it could directly affect the
expression levels of the SIRT1 protein. We cannot rule out the possibility that individuals
with the protective minor alleles may have a higher transcription level of SIRT1 in adipose
or other tissues, even though we could not demonstrate an association between the SNPs and
SIRT1 transcript expression levels in subcutaneous adipose tissue. It is possible that the
SIRT1 protein influences susceptibility to obesity through its effects on the expression of
genes important in lipid and glucose metabolism, including PPARGC1A (8), PPARG (10–
12), and ADIPOQ (13–19). Alternatively, the associated SNPs may affect splicing of the
messenger RNA either directly or through LD with another variant that does.

In conclusion, our results indicate that the SIRT1 gene has a role in the development of
polygenic obesity and this will require both further investigations of other populations as
well as resequencing and functional work to locate the causative variant underlying this
genetic association.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Linkage disequilibrium (r2) plot of sirtuin 1 (SIRT1) SNPs genotyped in this study using
genotype data from control samples only. Figures within the squares are the r2 value
expressed as a percentage.
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Figure 2.
Transcription levels of sirtuin 1 (SIRT1) in nonobese and obese siblings. SIRT1
transcription was measured as the DNA microarray signal value corrected for age, sex, and
relatedness. Mean difference in SIRT1 transcription (95% CI) was 5.19 (4.46–5.92), P =
1.56 × 10−35. CI, confidence interval.
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Figure 3.
SIRT1 transcription levels plotted against BMI in nonobese (n = 196) and obese (n = 156)
siblings. SIRT1 transcription was the DNA microarray signal value corrected for age, sex,
and relatedness.
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Table 2

Haplotype association analysis to obesity in French morbidly obese adult case-controls using the four SNPs
found to be nominally associated with adult obesity

SNP 1 SNP 2 SNP 3 SNP 4 Haplotypes testedb Empirical P value Corrected P value

rs33957861 rs12413112 rs11599176 rs35689145 CATA (AGGG) 0.0079 0.0275a

Corrected P values result from 100,000 permutations.

a
Statistically significant P values.

b
Haplotypes displayed are wild-type (variant).
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Table 3

Analysis of SIRT1 SNPs and BMI in Swedish families

Genotype numbers Mean BMI ± 95% CI (kg/m2)

SNP 1,1a 1,2 2,2 1,1 1,2 2,2 P value

rs33957861 535 153 9 29.2 ± 0.55 28.4 ± 1.2 26.4 ± 3.0 0.0004b

rs12413112 527 149 8 29.3 ± 0.56 28.4 ± 1.2 26.8 ± 3.3 0.0006b

rs11599176 527 149 8 29.3 ± 0.56 28.4 ± 1.2 26.8 ± 3.0 0.0004b

rs35689145 594 91 2 29.1 ± 0.54 28.3 ± 1.5 31.6 ± 8.9 0.0197b

rs2234975 579 99 — 29.2 ± 0.57 28.8 ± 1.1 — 0.9226

Analysis was performed using the within-families model of association in quantitative transmission disequilibrium test.

a
1 denotes major allele, 2 denotes minor allele.

b
Statistically significant P values.
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