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ORIGINAL ARTICLE

Sirtuin 1 Reduction Parallels the Accumulation of Tau
in Alzheimer Disease

Carl Julien, MSc, Cyntia Tremblay, MSc, Vincent Émond, PhD, Meryem Lebbadi, BSc,
Norman Salem, Jr., PhD, David A. Bennett, MD, and Frédéric Calon, BPharm, PhD

Abstract
Aging and metabolism-related disorders are risk factors for

Alzheimer disease (AD). Because sirtuins may increase the life
span through regulation of cellular metabolism, we compared the
concentration of sirtuin 1 (SIRT1) in the brains of AD patients
(n = 19) and controls (n = 22) using Western immunoblots and in
situ hybridization. We report a significant reduction of SIRT1 (mes-
senger RNA [mRNA], j29%; protein, j45%) in the parietal cortex
of AD patients, but not in the cerebellum. Further analyses in a
second cohort of 36 subjects confirmed that cortical SIRT1 was
decreased in AD but not in individuals with mild cognitive
impairment. SIRT1 mRNA and its translated protein correlated
negatively with the duration of symptoms (mRNA, r2 = j0.367;
protein, r2 = j0.326) and the accumulation of paired helical
filament tau (mRNA, r2 = j0.230; protein, r2 = j0.119), but
weakly with insoluble amyloid-A 42 (mRNA, r2 = j0.090; protein,
r2 = j0.072). A significant relationship between SIRT1 levels
and global cognition scores proximate to death was also found
(r2 = +0.09, p = 0.049). In contrast, cortical SIRT1 levels remained
unchanged in a triple-transgenic animal model of AD. Collectively,
our results indicate that loss of SIRT1 is closely associated with the
accumulation of amyloid-A and tau in the cerebral cortex of persons
with AD.

Key Words: Sirtuins, Amyloid-A peptide, Cognitive function, Fatty
acids, Mild cognitive impairment, Postmortem analysis, Silent
information regulator 2 (Sir2).

INTRODUCTION
Alzheimer disease (AD) is a prevalent cause of the loss

of cerebral functions and is mainly diagnosed postmortem by
the accumulation of neurofibrillary tangles and amyloid-A
(AA) plaques in the brain (1). Despite the identification of
genetic and environmental factors, aging remains the main
risk factor of AD. The incidence of AD is extremely low
before the age of 65 years, and even in the presence of highly
penetrant genetic factors, the development of AD is delayed
until old age in most cases (2Y4). In parallel, peripheral
metabolic diseases, such as diabetes, obesity, and insulin
resistance have been associated with an increased risk of
developing AD (5Y8). It is thus highly probable that
molecular events linked with aging and metabolic processes
are closely involved in AD pathogenesis.

Silent information regulator 2 (Sir2) proteins, or
sirtuins (SIRTs), are protein deacetylases found in organisms
ranging from bacteria to humans (9Y11). Their nicotine
adenine dinucleotideYdependent capacity to deacetylate both
histone and nonhistone substrates is essential to the reg-
ulation of various cellular functions (9, 10). In mammals,
SIRTs 1 to 7 have been identified as homologs of Sir2.
From the 7 sirtuins in mammals, SIRT1 is the most closely
related to Sir2 and has been the most studied (9, 10, 12, 13).
In addition to histone targets, SIRT1 deacetylates various
substrates including p53, forkhead transcription factor,
nuclear factor-JB, and liver X receptor (12, 13). Most
importantly, the capacity of SIRTs to promote longevity has
been demonstrated in yeast, Caenorhabditis elegans and
Drosophila, and is thought to act similarly in mammals (10,
14Y18). Calorie restriction is one of the most consistent
nongenetic strategies to prolong life span, whereas inducing
SIRT activity (3, 9, 10, 13, 16) has been shown to reduce
AA pathology and tau concentration, and improve cognitive
performance in animal models of AD (19Y22).

Because SIRT1 might regulate aging and metabolic
processes involved in the pathogenesis of AD and could,
therefore, represent a potential therapeutic target, the con-
nection between SIRTs and AD has received much recent
attention (9Y11, 23). Specifically, SIRT1 has recently been
shown to suppress F-secretase activity in different in vitro
models, thereby reducing the production of AA (24).
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Reduction of F-secretase activity has been replicated in vivo
using transgenic mice that overexpress SIRT1, thus providing
the first evidence linking calorie restriction, SIRTs, and AD
(24). A correlative relationship between SIRT1 and AA load
was also found in the brains of calorie-restricted nonhuman
primates (21).

To investigate the regulation of SIRT1 and its link with
the progression of AD, we compared SIRT1 protein and
messenger RNA (mRNA) in postmortem brain samples from
individuals with the neuropathologic diagnosis of AD with
those from controls. SIRT1 was also studied in a second
study cohort divided into 3 groups based on detailed
antemortem assessment of cognitive function as no cogni-
tive impairment (NCI), mild cognitive impairment (MCI), or
AD. The relationships between brain SIRT1 protein and
mRNA concentrations and all available neuropathologic,
biochemical, and clinical indexes were investigated to
identify significant correlations. At the current state of
knowledge, such postmortem investigations are critical for
determining the role of SIRTs as potential therapeutic targets
in AD.

MATERIALS AND METHODS

Patients and Handling of Brain Tissue
Cohort No. 1: Douglas Hospital Research Center
Brain Bank

Tissue from the parietal cortex, hippocampus, and
cerebellum from 19 AD patients and 22 controls who died

with no other neurological disorders were obtained from the
Douglas Hospital Research Center Brain Bank (Montreal,
Canada) and have been detailed elsewhere (25). All brain
samples included in the present study were from patients
from whom informed consent forms had been obtained from
either the patient or a family member. Table 1 summarizes
relevant information available for the subjects from Cohort
No. 1. The diagnosis of AD was based on the neuro-
pathologic examination as having Bdefinite AD[ or Bprobable
AD[ according to the Consortium to Establish a Registry for
AD (CERAD 1Y2) diagnostic criteria; controls were rated as
Bpossible AD[ or Bno AD[ (CERAD 3Y4) (26).

Cohort No. 2: Religious Orders Study (Rush
Alzheimer’s Disease Center)

Samples from the parietal cortex from 36 individuals
were divided into 3 groups based on clinical diagnoses
(12 MCI, 12 AD, and 12 NCI), as described (27). The
study volunteers were from the Religious Orders Study, a
longitudinal clinicopathologic study of aging and dementia
from which an extensive amount of clinical and neuropath-
ologic data are available (28, 29). The institutional review
board of Rush University Medical Center approved the study.
Each participant underwent a uniform structured baseline
clinical evaluation as described elsewhere (28Y30). Briefly,
the evaluation included a medical history, neurological exam-
ination, neuropsychological performance testing, review of
a brain scan when available, and diagnostic classification by
an examining physician. In addition to the Mini-Mental State

TABLE 1. Clinical and Biochemical Data of Cohort No. 1 From the Douglas Hospital Research Center Brain Bank
Clinical and Biochemical Data Controls AD Statistical Analysis

n 22 19

Men, % 55 47 C; Pearson test, W2 = 0.21; p = 0.65

Age at first symptom, years n/a 68.5 (9.0) n/a

Duration of symptoms, years n/a 7.7 (3.7) n/a

Age at death, years 71.1 (9.1) 77.5 (8.8)* Student t-test, p = 0.028

Postmortem delay, hours 18 (8) 18 (9) Student t-test, p = 0.98

Brain mass, g 1,259 (134) 1,080 (141)† Student t-test, p = 0.0002

Brain pH 6.16 (0.30) 6.22 (0.28) Student t-test, p = 0.54

Total mRNA in cortex 3.0 (0.9) 3.1 (0.7) Student t-test, p = 0.70

Total mRNA in cerebellum 4.7 (0.6) 4.5 (0.7) Student t-test, p = 0.43

Soluble AA40 concentration 25 (22) 68 (55)‡ Student t-test, p = 0.0016

Insoluble AA40 concentration 21 (8) 125 (191)‡ Student t-test, p = 0.0142

Soluble AA42 concentration 240 (285) 782 (388)† Student t-test, p G 0.0001

Insoluble AA42 concentration 626 (967) 2190 (1,521)† Student t-test, p = 0.0003

Soluble total tau content 124 (26) 113 (26) Student t-test, p = 0.21

Insoluble total tau content 404 (461) 9580 (5302)† Student t-test, p G 0.0001

Total PHFtau content 182 (159) 1736 (1689)† Student t-test, p G 0.0001

Total n-3 3.0 (0.6) 2.8 (0.7) Student t-test, p = 0.37

Total n-6 3.2 (0.8) 3.0 (0.7) Student t-test, p = 0.27

Neuropathologic data were generated on coronal sections or immunoblots from the parietal cortex, and the diagnosis was based on CERAD neuropathologic criteria; brain pH was
measured in cerebellum extracts. Values are expressed as means (SD) unless otherwise indicated.

Concentrations of AA are expressed in picograms per milligram of protein or nanograms per milligram of tissue in soluble and insoluble fractions, respectively. Tau content and
levels of mRNA are expressed in relative optical density. Fatty acid composition is expressed in nanograms per gram of tissue. For more details on methodology, see Materials and
Methods section and Julien et al (25).

*p G 0.05, †p G 0.001, ‡p G 0.01 versus CERAD 3 to 4 controls.
AA, amyloid-A peptide; AD, Alzheimer disease (CERAD 1Y2); CERAD, Consortium to Establish a Registry for AD; C, Contingency; Controls; mRNA, messenger RNA; n-3,

omega-3 polyunsaturated fatty acids; n-6, omega-6 polyunsaturated fatty acids; n/a, not applicable.
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Examination, the 19 tests used in these analyses included
measures of episodic memory, semantic memory, working
memory, perceptual speed, and visuospatial ability (31). The
composite measure of global cognition combined these 19
separate tests (31). At death, each case was assigned a Braak
score based on neurofibrillary tau pathology, a senile plaque
score based on modified CERAD criteria, and a diagnosis
based on the National Institute on AgingYReagan criteria by a
neuropathologist blinded to all clinical data (30). Density of
AA and paired helical filament tau (PHFtau) staining area was
determined in paraffin-embedded sections from the temporal
cortex by immunohistochemistry using MO0872 and AT8
antibodies, respectively, as described (32). Neuritic plaques,
diffuse plaques, and neurofibrillary tangles in the temporal
cortex were counted after Bielschowsky silver staining, as
previously described (33). Cerebellar pH was measured to
assess the degree of preservation of the tissue (34, 35).
Concentrations of AA and tau in the temporoparietal cortex
were assessed using ELISA and Western immunoblotting, as
described (27). Table 2 summarizes relevant data on Cohort
No. 2 (27).

Tissue Handling
Tissue blocks were cut into coronal sections (20 Km)

on a cryostat (j18-C) from which small punches (È50 mg)

of tissue were extracted. Sections were used for in situ
hybridization, whereas tissue extracts were kept for Western
immunoblotting, ELISA, and/or gas chromatography
(see later).

Animals
The triple transgenic model of AD (3�Tg-AD) was

developed to produce age-dependent AA and tau pathology in
the mouse brain (36). Male and female 3�Tg-AD mice were
raised in our animal facilities with the approval of Laval
University Animal Ethics Committee in accordance with the
standards of the Canadian Council on Animal Care. Animals
were perfused at different ages with 1� PBS containing a
cocktail of protease inhibitors (SIGMAFAST Protease Inhib-
itor Tablets, Sigma-Aldrich, Oakbridge, Ontario, Canada)
and phosphatase inhibitors (1 mmol/L each of sodium
vanadate and sodium pyrophosphate, 50 mmol/L sodium
fluoride). Brain regions were dissected from 1 hemisphere as
previously described (37).

Sample Preparation
Tissue extracts were homogenized in 5 volumes of Tris

buffered saline (TBS) containing a cocktail of protease
inhibitors and phosphatase inhibitors as described (25).
Samples were sonicated briefly (3 � 10 seconds) and

TABLE 2. Clinical and Biochemical Data of Subjects From Cohort No. 2 (Religious Order Study)
Characteristics NCI MCI AD Statistical Analysis

n 12 12 12

Men, % 8.4 50 25 C; Pearson test, W2 = 5.26; p = 0.07

Mean education, years 17.5 (3.9) 19.6 (2.4) 18.0 (2.8) A; F2,33 (groups) = 1.49; p = 0.24

Mean MMSE 27.4 (2.0) 26.9 (2.2) 16.2 (8.9)* A; F2,33 (group) = 16.57; p G 0.0001

Global cognition score j0.12 (0.23) j0.43 (0.46) j1.75 (0.96)* A; F2,32 (group) = 22.22; p G 0.0001

ApoE ?4 allele carriage, % 25 33 50 C; Pearson test, W2 = 1.69; p = 0.43

Age at death, years 85.0 (6.0) 84.5 (3.8) 86.1 (5.8) A; F2,33 (groups) = 0.29; p = 0.75

Postmortem delay, days 7.4 (6.4) 6.0 (4.1) 6.3 (3.9) A; F2,33 (groups) = 0.26; p = 0.77

Cerebellar pH 6.36 (0.31) 6.46 (0.21) 6.49 (0.37) A; F2,33 (groups) = 0.62; p = 0.55

AA IHC density 0.9 (1.2) 1.8 (1.7) 4.7 (3.0)† A; F2,22 (group) = 7.66; p = 0.003

PHFtau IHC density 1.0 (2.6) 4.0 (7.3) 26.8 (35.5)‡ A; F2,27 (group) = 4.59; p = 0.019

Neuron plaque counts 2.3 (2.8) 4.7 (4.3) 25.9 (26.5)§ A; F2,33 (group) = 8.12; p = 0.0014

Neuron diffuse plaque counts 12.3 (23.8) 22.8 (26.2) 20.4 (17.2) A; F2,33 (groups) = 0.69; p = 0.51

Soluble AA40 concentration 0.7 (1.0) 0.3 (0.6) 0.5 (0.6) A; F2,33 (groups) = 0.90; p = 0.42

Insoluble AA40 concentration 1.9 (4.0) 0.2 (0.6) 20.42 (17.22) A; F2,33 (groups) = 1.24; p = 0.30

Soluble AA42 concentration 4.5 (4.5) 5.9 (7.0) 0.8 (2.3) A; F2,33 (groups) = 1.93; p = 0.16

Insoluble AA42 concentration 1.0 (1.0) 1.1 (1.3) 2.5 (1.6)k A; F2,33 (groups) = 4.65; p = 0.015

Soluble total tau content 1.0 (0.2) 1.1 (0.2) 0.9 (0.2) A; F2,33 (groups) = 2.51; p = 0.10

Insoluble total tau content 0.6 (0.2) 0.9 (0.7) 1.5 (0.9)† A; F2,33 (groups) = 5.46; p = 0.009

Total PHFtau content 3.7 (2.8) 8.8 (13.0) 29.1 (37.2)‡ A; F2,33 (groups) = 4.16; p = 0.024

CERAD score 4/3/2/1 (n) 3/3/5/1 6/0/4/2 0/1/3/8 n/a

Braak Score I/II/III/IV/V (n) 2/0/6/4/0 0/0/5/6/1 0/0/5/1/6 n/a

Reagan score 3/2/1 (n) 7/5/0 6/5/1 1/5/6 n/a

Neuropathologic data were generated from tissue sections and immunoblots from the temporal and/or parietal cortex; diagnoses were based on clinical evaluation; brain pH was
measured in cerebellar extracts. Values are expressed as means (SD) unless otherwise indicated.

AA concentrations are expressed in picograms per milligram of protein or nanograms per milligram of tissue in soluble and insoluble fractions, respectively. Tau content is
expressed in relative optical density from immunoblots. See Materials and Methods section and Tremblay et al (27).

Intergroup comparisons: *p G 0.001 versus NCI and MCI, †p G 0.01 versus NCI and p G 0.05 versus MCI, ‡p G 0.05 versus NCI, §p G 0.01 versus NCI or MCI, kp G 0.05 versus
NCI or MCI.

A, ANOVA; AA, amyloid-A peptide; ApoE, apolipoprotein E; C, Contingency; CERAD, Consortium to Establish a Registry for AD; IHC, immunohistochemistry; MCI, mild
cognitive impairment; MMSE, Mini-Mental State Examination; n/a, not applicable; NCI, no cognitive impairment; PHFtau, paired helical filament tau.
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centrifuged at 100,000 � g for 20 minutes at 4-C to generate
a TBS-soluble fraction containing intracellular and extracel-
lular proteins (TBS-soluble fraction). The TBS-insoluble pel-
let was sonicated in 5 volumes of lysis buffer (150 mmol/L
NaCl, 10 mmol/L NaH2PO4, 1% Triton X-100, 0.5% sodium
dodecyl sulfate, and 0.5% deoxycholate) containing the same
protease and phosphatase inhibitor cocktail. The resulting
homogenate was centrifuged at 100,000 � g for 20 minutes
at 4-C to produce a lysis buffer-soluble fraction (detergent-
soluble fraction). The pellets were homogenized in 5 volumes
of 99% formic acid followed by a short sonication (3 � 10
seconds). The resultant suspension was centrifuged (100,000
� g, 4-C, 20 minutes) to generate a formic acid extract
(detergent-insoluble fraction). Fifty microliters of this super-
natant were neutralized with a 1:30 dilution of Tris-base
1 mol/L (pH 10) to be used for ELISA. The rest of the
supernatant was dried by SpeedVac (Thermo Savant,
Waltham, MA), solubilized in Laemmli buffer and processed
for Western immunoblotting.

ELISA
Concentrations of AA40 and AA42 in the brain parie-

tal cortex were measured with the AA40/A42 ELISA (HS)
kits (The Genetics Company, Schlieren, Switzerland), as
described (25, 27).

Western Immunoblotting
The protein concentration in each fraction was deter-

mined using bicinchoninic acid assays (Pierce, Rockford, IL).
Equal amounts of protein per sample (15 mg of total protein
per lane) were added to Laemmli loading buffer, heated to
95-C for 5 minutes before loading, and subjected to sodium
dodecyl sulfateYpolyacrylamide gel electrophoresis. Proteins
were electroblotted onto polyvinylidene difluoride mem-
branes (Immobilon, Millipore, MA) before blocking in 10%
nonfat dry milk and 0.1% gelatin in PBS for 1 hour.
Membranes were immunoblotted with appropriate primary
and secondary antibodies followed by chemiluminescence
reagents (ECL, Amersham/Pharmacia Biotech, Piscataway,
NJ, or Supersignal from Pierce). Band intensities were
quantified using a KODAK Image Station 4000 Digital
Imaging System (Molecular Imaging Software version
4.0.5f7, KODAK, New Haven, CT). The following primary
antibodies were used in this study: drebrin (clone M2F6;
MBL, Woburn, MA), p21-activated kinase (PAK1/2/3; Cell
Signaling Technology, Danvers, MA), ROCK1 (Chemicon,
Temecula, CA), SIRT1 (anti-Sir2; Upstate, Chicago, IL),
SNAP-25 (clone SMI 81; Covance, Berkeley, CA), synap-
tophysin (clone SVP-38; Chemicon), total tau (tau-13,
Covance), anti-PHFtau (AD2, Bio-Rad, Hercules, CA), and
actin (Chemicon).

In Situ Hybridization
In situ hybridization procedures were performed essen-

tially as described (25), at room temperature unless otherwise
noted. Oligonucleotide sequences used correspond to bases
461-420 (h461: CGCCGCCTCTTCCTCCTCCTC
GCCCTCGTCGTCGTCGTCTTC) and 328-289 (h328:
GCCTCTTGCTCCCCGCCTGCCGCCGCCGCCTCTGCC

TCCG) of human SIRT1 mRNA (NM_012238) (38). The
series of in situ hybridization experiments were performed
in parallel; total mRNA level was assessed with a 35-mer
T-only probe targeting poly-A tails. Oligonucleotides were
labeled with 33P-dATP (PerkinElmer, Wellesley, MA) using
a 3-terminal deoxynucleotidyltransferase enzyme kit (GE
Healthcare, Baie d’Urfé, Quebec, Canada). The reaction was
carried out at 37-C for 60 minutes, and labeled oligonucleo-
tides were purified using a QIAquick Nucleotide Removal
Kit (Qiagen, Mississauga, Ontario, Canada). The puri-
fied probes were kept at j20-C until the assay on the
next day.

Tissue sections were dried under vacuum with desic-
cant at 4-C, were fixed for 5 minutes in 4% paraformal-
dehyde (Electron Microscopy Sciences, Hatfield, PA) in
0.1 mol/L of sodium phosphate buffer (PBS; pH 7.4), and
then rinsed twice for 5 minutes each in PBS. The sections
were then incubated in a fresh solution of 0.25% acetic
anhydride in 0.1 mol/L of triethanolamine (pH 8.0) for
10 minutes. They were then rinsed (2 minutes) twice in 2�
standard saline citrate (SSC; 1� SSC is 0.15 mol/L of
NaCl, 0.015 mol/L of trisodium citrate, pH 7.0) and dehy-
drated through a series of ascending concentrations of ethanol
(70%, 85%, and 95%, 1 minute each), air-dried, and stored
2 to 3 hours under vacuum with desiccant.

The 2 SIRT1 oligonucleotide probes (h461:h328, ratio
2:1) were diluted (10,000 c.p.m./mL final) in the hybridi-
zation buffer containing 50% deionized formamide, 10%
dextran sulfate, 1� Denhardt solution, 0.25 mg/mL yeast
tRNA, 0.5 mg/mL denatured salmon sperm DNA, and
4� SSC. Hybridization was performed at 37-C for 18 hours
in a humid chamber with each slide covered with a glass
coverslip. Sections were then washed successively in
2� SSC (90 minutes), 1� SSC (120 minutes), 0.5� SSC
(30 minutes, 42-C), 0.5� SSC (30 minutes), 0.5� SSC
(30 minutes, 50-C). Finally, the slides were dehydrated in
a series of ascending concentrations of ethanol (70%, 85%,
and 95%, 1 minute each), air-dried, and exposed to Kodak
Biomax MR film for 28 days. Unless specified otherwise,
hybridization products were obtained from Sigma-Aldrich
(Oakbridge, Ontario, Canada).

Optical densities within subregions were macroscopi-
cally quantified on the KODAK IS 4000MM Digital Imaging
System. Computed optical density data corresponded to the
mean of all pixels inside the delimited areas of the parietal
cortex, dentate gyrus/CA1/CA3 regions of the hippocampus,
or the cerebellum. The hybridization signal value from a
single section was obtained after subtracting the labeling
from the white matter quantified in the same section. The
final data from each individual was from the mean of 4 to 8
tissue sections. Nonspecific hybridization to tissue sections
was found to be negligible, as determined by adding a 100-
fold excess of unlabeled probes. To control for total mRNA
content, we measured poly-A mRNA expression, and this did
not differ between experimental groups (Table 1).

Gas Chromatography
Fatty acid profiles of samples from Cohort No. 1 were

generated using gas chromatography and flame ionization
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detection, using a previously reported methodology (39, 40).
Approximately 30 mg of frozen cortical tissue from each
sample was used for the present study. Weighed brain tissues
were homogenized with BHT-Methanol (Sigma, St Louis,
MO) and with 22:3n-3 methyl ester internal standard
(NuChek Prep company, Elysian, MN) at a concentration of
500 Kg/g of tissue. Extraction of lipids and transmethylation
was performed as described (41), and fatty acid methyl esters
were quantified on a model 6890 series gas chromatograph
(Agilent Technologies, Palo Alto, CA) using a FAST-GC
method (39, 40).

Data and Statistical Analyses
Statistical comparisons of data between AD patients

and controls were performed using the Student t-test for
unpaired values when appropriate. Statistical comparisons of
means between more than 2 groups were performed using an
analysis of variance (ANOVA) followed by Tukey-Kramer
post hoc tests. When homogeneity of variance was not
confirmed (p 9 0.05 using Bartlett test), Welch ANOVA
followed by Dunnett post hoc tests were computed. In
addition, variances were reduced using logarithmic trans-
formations to provide more normally distributed measures
when needed. Coefficients of correlation and significance of
the degree of linear relationship between parameters were
determined with a simple regression model, and all statistical
analyses were done using JMP Statistical Analysis Software
(version 5.0.1).

RESULTS

Comparison Between Subjects
Table 1 shows that AD patients (CERAD 1Y2) and

controls (CERAD 3Y4) from Cohort No. 1 (Douglas Hospital
Research Center Brain Bank) were comparable with respect
to sex, postmortem delay, cerebellar pH, and total poly-A
mRNA content in gray matter from the brain cortex or
cerebellum. Controls were significantly younger (j6.4 years;
p = 0.0283) than subjects with AD (Table 1). Massive
increases in AA40, AA42, and total tau were measured in
fractions containing soluble (i.e. TBS) and insoluble (formic
acid extracts) proteins (Table 1). Similarly, PHFtau was
increased by 867% in formic acid extracts of parietal cortex
homogenates (Table 1). No significant changes in brain fatty
acid profiles were detected between the 2 groups of persons
(Table 1 and data not shown). Alzheimer disease biochemical
data have been presented in detail elsewhere (25).

Table 2 summarizes clinical, neuropathologic, and
biochemical data from Cohort No. 2 (Religious Orders
Study) as grouped by clinical diagnoses. Individuals with
AD showed a significant cognitive deficit as assessed with
Mini-Mental State Examination and global cognition mea-
sures compared with persons with MCI and NCI (Table 2).
Accumulation of tau PHFtau and AA42 in the cerebral cortex
was more prominent in AD, as demonstrated with immuno-
staining (AA or PHFtau density), Bielschowsky silver impreg-
nation (plaque counts), ELISA (AA concentration), and
Western immunoblotting (tau levels) (Table 2). Complete
information on these patients was previously published (27).

Lower SIRT1 Levels in AD Patients From
Cohort No. 1

Representative examples of SIRT1 immunostaining as
seen on Western immunoblot of TBS-soluble fractions are
shown in Figure 1A. Two bands immunoreactive to SIRT1
were detected at approximately 110 kDa, consistent with
reports also showing the presence of a SIRT1 doublet in
murine and human cells (15, 42). The predicted molecular
weight of SIRT1 is 82 kd; posttranslational events such as
glycosylation, phosphorylation, or ubiquitination might
explain differences in gel migration leading to the detection
of 2 SIRT1 bands around 110 kd.

Western immunoblot analysis of samples from Cohort
No. 1 revealed lower SIRT1/actin ratios in the parietal cortex
(j45%; p = 0.0087, unpaired Student t-test) of AD patients
(CERAD 1 or 2) compared with controls (CERAD 3 or 4;
Fig. 1B). No differences were observed in hippocampal or
cerebellar samples (Fig. 1B). Because SIRT1 showed no
trend for correlation with the age of death (r2 = 0.03, p =
0.332; Table 3), differences in SIRT1/actin ratio cannot be
explained by the younger ages of the controls compared with
the AD patients.

To determine whether the alteration in SIRT1 was pre-
sent at the level of transcription, we performed in situ hybrid-
ization in the same series of samples. Figure 2A shows
representative examples of the in situ hybridization of
SIRT1 mRNA on parietal cortex, hippocampal, and cerebellar
sections. Addition of unlabeled oligonucleotides (100�)

FIGURE 1. Lower sirtuin 1 (SIRT1) protein concentration in the
cerebral cortex of patients with advanced Alzheimer disease
(AD). (A) Representative immunoblots from homogenates of
the parietal cortex of control subjects and AD patients. (B)
Sirtuin 1 concentrations normalized to actin in homogenates
from the parietal cortex, the hippocampus and the cerebellum
from control subjects (Consortium to Establish a Registry for
AD [CERAD] 3Y4) and persons diagnosed with AD (CERAD
1Y2) based on CERAD neuropathology stages. Values are
expressed as SIRT1/actin ratios based on relative optical
densities (each point represents an individual and the hori-
zontal bar is the average). **p G 0.01 versus control subjects.
C, controls; CRB, cerebellum; Hip, hippocampus; kd, kilo-
daltons; OD, relative optical density; PCtx, parietal cortex.
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completely abolished the signal from the specific hybrid-
ization; the 2 oligonucleotide probes tested led to an identical
signal distribution, consistent with their specificity for SIRT1
mRNA (not shown).

SIRT1 mRNA levels in the parietal cortex of individ-
uals diagnosed as definite or probable AD based on CERAD
stages were significantly lower than levels in the controls
(j29%, p = 0.0055, unpaired Student t-test; Fig. 2B). In

FIGURE 2. Lower sirtuin 1 (SIRT1) messenger RNA (mRNA)
levels in the brain cortex and hippocampus of patients with
advanced Alzheimer disease (AD). (A) Representative auto-
radiograms of parietal cortex (PCtx), hippocampus (Hip), and
cerebellum (CRB) showing hybridization of [33P]-labeled
probes to SIRT1 mRNA in a control (C) and an AD patient
(Scale bar = 2 mm). (B) Quantification of SIRT1 mRNA
expression in the PCtx, CA1, CA3, and dentate gyrus (DG)
region of the Hip and in the CRB. (C) Correlation between
SIRT1 mRNA content and SIRT1 protein levels. Values are
expressed as percentage (mean T SEM) of relative optical
density (OD) compared with Consortium to Establish a
Registry for AD (CERAD) 3 to 4 controls. Diagnoses were
based on CERAD criteria (controls, CERAD 3Y4; AD patients,
CERAD 1Y2). *p G 0.05, **p G 0.01 versus control levels. CA1
and CA3, CA1 and CA3 areas of the hippocampus; n.s., not
significant; WM, white matter.

TABLE 3. Clinical and Biochemical Correlates of SIRT1 Loss

Markers

SIRT1 mRNA SIRT1

n r2 n r2

Duration of symptoms, years

All subjects 16 j0.367* 16 j0.326*

Controls V V V V

AD 16 j0.367* 16 j0.326*

Brain weights, g

All subjects 41 +0.173† 37 +0.159*

Controls 22 n.s. 20 n.s.

AD 19 n.s. 17 n.s.

Age at death, years

All subjects 41 n.s. 37 n.s.

Controls 22 n.s. 20 n.s.

AD 19 n.s. 17 n.s.

Soluble AA42

All subjects 40 j0.104* 37 n.s.

Controls 21 n.s. 20 n.s.

AD 19 n.s. 17 n.s.

Insoluble AA42

All subjects 41 n.s. 72 j0.072*

Controls 22 n.s. 33 n.s.

AD 19 n.s. 39 n.s.

Insoluble/soluble tau ratio

All subjects 39 j0.161* 36 j0.176*

Controls 20 n.s. 19 n.s.

AD 19 n.s. 17 n.s.

PHFtau
All subjects 41 j0.230† 72 j0.119†

Controls 22 n.s. 33 n.s.

AD 19 n.s. 39 j0.110*

EPA

All subjects 41 n.s. 37 n.s.

Controls 22 n.s. 20 n.s.

AD 19 n.s. 17 j0.254*

DHA

All subjects 41 n.s. 37 n.s.

Controls 22 n.s. 20 n.s.

AD 19 n.s. 17 +0.315*

Diagnoses were based on CERAD neuropathologic criteria (controls, CERAD 3Y4;
AD patients, CERAD 1Y2). SIRT1 protein values used for correlative analyses were
normalized to actin. Soluble and insoluble AA values were expressed as femtograms per
microgram of protein and as picograms per milligram of tissue, respectively. The EPA
and DHA values were expressed as nanograms per gram of tissue. The PHFtau was
measured with the AD2 antibody.

*p G 0.05, †p G 0.01.
(j), Negative correlation; (+), positive correlation; AA, amyloid-A peptide; AD,

Alzheimer disease patients; All, all subjects; C, controls; CERAD, Consortium to
Establish a Registry for AD; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
mRNA, messenger RNA; n.s., not significant; PHFtau, paired helical filament tau;
SIRT1, sirtuin 1.
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contrast to the protein data, there were also differences in
SIRT1 mRNA in the CA1 (j34%, p = 0.0128) and CA3
(j49%, p = 0.0053) regions of the hippocampus of AD
patients compared with those of the controls, but there were
no differences in the dentate gyrus or cerebellar samples
(Fig. 2B). The age at death was not associated with SIRT1
mRNA level in the parietal cortex (r2 = 0.034, p = 0.249;
Table 3). Sirtuin 1 mRNA content correlated positively with
SIRT1 protein levels in the cerebral cortex (r2 = +0.208,
p = 0.0046; Fig. 2C), but not in the cerebellar cortex
(r2 = 0.05, p = 0.175; not shown).

Lower SIRT1 Levels Were Not Observed in
MCI Subjects From Cohort No. 2

To determine whether the lower SIRT1 was related to
the diagnosis of AD based on either the neuropathology or
the clinical evaluation, we performed immunoblotting in a
second cohort of participants with extensive antemortem
clinical information from the Religious Orders Study. We
again found a lower SIRT1 in individuals in whom the
diagnosis of AD was supported by CERAD, Braak, and
Reagan neuropathologic rating scales (Figs. 3AYC; unpaired
Student t-test, unequal variance). Sirtuin 1 levels were,
however, only moderately different between groups when
the cases were divided according to the clinical diagnosis;
these differences were not significant (Fig. 3D; Welch
ANOVA, F2,18 (groups) = 2.84; p = 0.085). It is noteworthy
that SIRT1 concentrations were very similar between
individuals with MCI and noncognitively impaired subjects
(Fig. 3D).

SIRT1 Correlated With Markers of
Disease Severity

As shown in Figure 3E, the levels of SIRT1 in the
temporoparietal cortex normalized to actin showed a weak
but significant linear relationship with antemortem composite
indices of global cognition (r2 = +0.09, p = 0.049). More
detailed analyses revealed that SIRT1 also correlated linearly
with episodic memory (r2 = + 0.09, p = 0.043) and perceptual
speed (r2 = + 0.10, p = 0.037) but not with semantic memory
(r2 = 0.04, p = 0.130), working memory (r2 = 0.02,
p = 0.204), or visuospatial ability (r2 = 0.02, p = 0.202; data
not shown). We next examined the relationship between the
levels of SIRT1, markers of AD neuropathology, and clinical

FIGURE 3. Relationship between postmortem cortical sirtuin 1
(SIRT1) concentration, neuropathologic diagnoses, clinical
diagnosis, and global cognition score. Severe Alzheimer
disease (AD) neuropathology as assessed by (A) Consortium
to Establish a Registry for AD (CERAD), (B) Braak, and (C)
National Institute on AgingYReagan criteria was associated
with lower SIRT1 protein levels. (D) Cortical SIRT1 content
was not significantly different among individuals with no
cognitive impairment (NCI), mild cognitive impairment
(MCI), or AD, based on the clinical evaluation (Welch analysis
of variance). (E) There is a significant relationship between
SIRT1 and the antemortem global cognition score. Values are
expressed as SIRT1/actin ratios based on relative optical
densities (each point represents an individual; horizontal bars
indicate averages).
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or biochemical variables by performing a series of correlative
analyses. We found strong significant inverse correlations
between SIRT1 and the time between the initial diagnosis
and death (Bduration of symptoms,[ Table 3). A significant
positive relationship between SIRT1 and brain weight was
also observed (Table 3). On the other hand, no significant
association between SIRT1 and the age at death was seen in
any group (Table 3).

Interestingly, the levels of SIRT1 were inversely
correlated with insoluble AD2-stained hyperphosphorylated
paired helical filament tau (Table 3) and total insoluble tau
(not shown). Sirtuin 1 loss was also associated with the
conversion from normal soluble tau into insoluble tau
(insoluble/soluble total tau ratio) (Table 3). Overall, the
relationship between SIRT1 and accumulation of AA was
weaker than with markers of tau pathology. Nevertheless,
inverse correlations were detected between SIRT1 mRNA
and soluble AA40 (not shown), and soluble AA42 (Table 3),
whereas SIRT1 correlated negatively with insoluble AA42
(Table 3), but not with insoluble AA40, age, postmortem
delay, or brain pH (Table 3 and data not shown). Because
Rho-associated coiled-coil protein kinase 1 (ROCK1) is a
possible mediator of the effect of SIRT1 on AA production
(21, 24), we also measured ROCK1 in the parietal cortex of
our 2 cohorts using Western immunoblots, but no significant
change was observed (not shown).

Because AD is also characterized by a loss of synaptic
proteins drebrin, synaptophysin, and PAK (37, 43, 44), we
assessed the relationship between SIRT1 and selected
synaptic markers. We observed that the SIRT1 decrease

correlated with reduction of PAK and SNAP-25, particu-
larly within subjects with a CERAD-based AD diagnosis
(Table 4).

SIRT1 Correlated With Docosahexaenoic
Acid Concentration

Epidemiological analyses and studies in animal models
suggest that a deficiency in omega-3 polyunsaturated fatty
acid (n-3 PUFA) intake plays a role in the development of
AD (37, 45Y48). Because of the role of SIRTs in various
metabolic and cellular pathways, it has been recently
hypothesized that n-3 PUFA effect is related to regulation
of SIRT1 expression (49). Therefore, concentrations of fatty
acids in brain tissue were determined using gas chromatog-
raphy and studied in relation to SIRT1 levels. Our analysis
did not reveal a significant difference in the concentrations of
the 2 major n-3 PUFA, docosahexaenoic (DHA; 22:6n-3) and
eicosapentaenoic acid (EPA; 20:5n-3), between samples from
controls and AD patients (not shown). On the other hand,
a positive relationship between SIRT1 protein and DHA
concentration was significant in AD subjects (r2 = +0.315,
p = 0.0190; Table 3). Intriguingly, we detected an inverse
relationship between SIRT1 and EPA (r2 = j0.254, p =
0.0394), the main precursor of DHA in the brain from the
same patients (Table 3).

SIRT1 Did Not Differ in 3�Tg-AD Mice at 12,
16, and 20 Months of Age

The triple-transgenic mouse model of AD (3�Tg-AD)
developed by LaFerla and colleagues displays evidence of
both AA and tau pathologies in AD-relevant brain regions
(36). Antibody-based assessments indicate that both AA
plaques and tau-loaded neurofibrillary tangles are readily
detected in the 3�Tg-AD mice at 12 months of age and
continue to accumulate thereafter (36, 50, 51). To determine
whether overproduction of pathogenic mutant AA and tau
directly alters brain SIRT1 concentrations, we performed
Western immunoblotting on homogenates from the parietal

TABLE 4. Correlations Between SIRT1 and SIRT1 mRNA and
Synaptic Proteins

Markers n

SIRT1 mRNA SIRT1

r2 r2

Drebrin
All subjects 37Y41 n.s. n.s.

Controls 20Y22 n.s. n.s.

AD 17Y19 n.s. n.s.

SNAP-25

All subjects 37Y41 n.s. n.s.

Controls 20Y22 n.s. n.s.

AD 17Y19 0.208* (+) n.s.

Synaptophysin

All subjects 37Y41 n.s. n.s.

Controls 20Y22 n.s. n.s.

AD 17Y19 n.s. n.s.

PAKs

All subjects 37 0.237† (+) 0.378† (+)

Controls 20Y21 n.s. 0.208* (+)

AD 17Y19 0.268* (+) 0.451‡ (+)

Diagnoses were based on CERAD neuropathologic criteria (controls, CERAD 3Y4;
AD patients, CERAD 1Y2). All protein values used for correlative analyses were
normalized to actin, except when performed on the same gel.

*p G 0.05, †p G 0.001, ‡p G 0.01.
(j), Negative correlation; (+), positive correlation, AD, Alzheimer disease;

CERAD, Consortium to Establish a Registry for AD; mRNA, messenger RNA; n.s.,
not significant; PAKs, p21-activated kinases; SIRT1, sirtuin 1; SNAP-25, synaptosome-
associated protein-25.

FIGURE 4. Sirtuin 1 (SIRT1) protein levels are constant in 12-,
16-, and 20 month-old triple transgenic model of AD (3�Tg-
AD or Tg) and control nontransgenic littermate (NonTg) mice.
Values are expressed as SIRT1/actin ratios based on relative
optical densities ([ODs] each point represents a single mouse;
horizontal bars indicate averages).
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cortex of 3�Tg-AD mice. Very similar levels of SIRT1 were
found in the cortex of 12-, 16-, and 20-month-old 3�Tg-AD
mice compared with control nontransgenic littermates
(Fig. 4), indicating that this model does not reproduce the
SIRT1 loss found in AD brains.

DISCUSSION
To our knowledge, this study provides the first direct

evidence for downregulation of SIRT1 in AD. Quantitative
assessment of SIRT1 expression established a relationship
between SIRT1, AD neuropathology, antemortem cognitive
impairment, and disease duration; these correlations suggest
that SIRT1 loss is associated with AD progression. Aging is
central to AD pathogenesis, and growing evidence suggests
that metabolic syndrome is linked to AD. Because SIRT1
activation may act against risk factors of AD by increasing
longevity and regulating cellular metabolic processes, it is
possible that the loss of SIRT1 we identified contributes to
AD pathogenesis.

Among the brain regions investigated, greater losses of
SIRT1 protein and mRNA were observed in the cerebral
cortex, whereas no change was detected in the cerebellum. In
the hippocampus, we found decreased SIRT1 transcripts in
the CA1 and CA3 subregions, but not in the dentate gyrus.
Interestingly, CA1 and CA3 subregions of the hippocampus
are the target site of projecting neurons of the entorhinal
cortex, which are among the first to develop neurofibrillary
tangles in AD (52Y54). In contrast, no such difference was
detected by Western immunoblotting probably because the
analysis was performed with homogenates from the whole
hippocampal structure that precluded subregion analyses.
Thus, overall, the reduction in SIRT1 was observed in AD-
relevant regions but not in the cerebellum, a region that is
relatively spared in AD. This pattern of loss suggests that a
SIRT1 deficit occurs in affected brain regions over the course
of AD progression.

It is not possible to determine exactly when SIRT1 loss
occurs in AD, but our observations suggest that it is a
relatively late event. First, we found a convincing relation-
ship between SIRT1 and the duration of disease. This
suggests that SIRT1 loss becomes more apparent in patients
who have AD for a longer time; an observation inconsistent
with an early occurrence. Second, individuals with MCI did
not show any trend toward a decrease in SIRT1; statistically
significant loss of SIRT1 occurred only in patients with the
highest indices of AD neuropathology. That observation
suggests that measurement of SIRT1 is unlikely to be of
value as a marker in the early stages of AD. Third, no
reduction of SIRT1 was detected in the 3�Tg-AD mouse
model at ages when significant brain AA and tau pathologies
are found. Because frank neuron loss is not observed in this
transgenic mouse, it can be considered as a model of early
AD, which does not progress to a stage at which SIRT1 loss
would occur. Indeed, a reduction in SIRT1 expression was
recently reported in the brains of senescence-accelerated mice
(SAMP8 mice), supporting the contention that 3�Tg-AD
mice may not model the aging characteristics necessary to
reproduce the diminution of SIRT1 found in advance stages

of AD (55). The present data are, therefore, consistent with
the view that the decrease of SIRT1 occurs late in the disease,
perhaps as a correlate of AA and tau pathologies.

Independent of its point of occurrence in the course of
AD, a decrease of SIRT1 may have a wide range of
consequences at the cellular level. A specific role of SIRT1
in the CNS has not been determined, but it is known to
regulate a plethora of cellular cascades related to cell survival
and metabolic homeostasis that likely affect brain cells (9Y13,
23). Double labeling immunohistochemistry experiments in
the mouse cortex using NeuN show that SIRT1 is mainly
localized in neurons (24), whereas expression in astrocytes
cannot be ruled out (56, 57). Transgenic mice that over-
express SIRT1 display improved glucose homeostasis and
increased metabolic rates (15), 2 processes expected to be
beneficial in AD (6). More specifically, a reduction of SIRT1
desacetylating action in AD brain could limit the capacity of
AcetylCoA synthetase to generate AcetylCoA, a key mole-
cule in cellular metabolism (58). Additional evidence from
experiments in cultured neurons suggests that decreased
SIRT1 activity could accelerate neurodegeneration through
upregulation of nicotinamide mononucleotide adenylyl-
transferase 1 activity (59) or repression of p25-mediated cell
death (60). In a more direct connection with AA production,
SIRT1 loss might enhance the ROCK1-dependent F-secretase
cleavage of the amyloid precursor protein, thereby promoting
the accumulation of AA (24). The present immunoblot data
do not, however, support a modulation of ROCK1 levels in
AD brains. In vitro evidence suggests that altered SIRT1
activity may also increase nuclear factor-JB signaling in
microglia, which would exacerbate AA42 neurotoxicity (56).
The significant correlation between SIRT1 and AA levels in
the brain as seen in human patients (Table 3) and previously
in squirrel monkeys (21) provides additional argument for a
link between SIRT1 and AA production.

Brain samples in the present study were characterized
for AA, tau, and synaptic abnormalities, making detailed
correlative analyses possible. We found strong inverse
relationships between the extent of tau pathology and the
loss of SIRT1. This is particularly important because the
conversion of normal tau into its detergent-insoluble PHF
form usually correlates particularly well with cognitive
impairment in AD (27, 32, 61Y64). This association suggests
that the conversion from normal tau into insoluble PHF
shares common mechanistic pathways with the decrease in
SIRT1 in AD, thus linking SIRT1 concentration to the
severity of the disease. On the other hand, the relationships
between SIRT1 and AA levels or between SIRT1 and
synaptic markers were relatively weaker (except for p21-
activated kinase). The stronger statistical significance
between SIRT1 levels and Braak staging criteria, which
focuses more on tangles compared with National Institute on
AgingYReagan or CERAD staging, also supports our
correlative analyses. Therefore, these observations suggest
the existence of a tight and specific link between the
accumulation of tau and the regulation of SIRT1.

Mounting evidence suggests that brain fatty acids are
involved in AD pathogenesis. The n-3 PUFA have received
considerable attention because their concentrations in the
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brain depend on dietary consumption. Epidemiological,
postmortem, and animal studies provide arguments for n-3
PUFA to be considered as modifiable risk factors or as
therapeutic targets in AD (37, 45Y48). It has been speculated
that n-3 PUFA could exert their action through regulation of
SIRT1 activity (49). Our present data suggest that concen-
tration in SIRT1 is indeed linked to DHA and EPA levels.
Surprisingly, SIRT1 protein levels were positively and
negatively linked to DHA and EPA, respectively. Brain
EPA can be converted into DHA, which can be retrocon-
verted into EPA, leading to an equilibrium where DHA
concentrations are usually at least 20 times higher than EPA
(65, 66). The present observation suggests that SIRT1 is
involved in this state of equilibrium between EPA and DHA
and apparently linked to the conversion of EPA into DHA.
Despite the fact that we observed no correlation between
SIRT1 and autopsy delays, we cannot rule out the possibility
that postmortem biochemical events may have altered PUFA
levels, thereby contributing in part to the relationships
reported here.

It has been proposed that SIRT1 plays a critical role in
aging processes, metabolism-related disorders, and possibly
neurodegenerative diseases. Indeed, profound postmortem
losses of SIRT1 were detected in the frontal cortex of patients
with Huntington disease (55). Our present analyses have
established a strong relationship between SIRT1 decrease,
duration of AD symptoms, and the accumulation of tau.
Altogether, these data indicate that the loss of SIRT1
accompanies AD neurodegeneration. Whether SIRT1 loss
plays a causal role or is a consequence of other neuro-
pathologic events is unknown, but the findings in Huntington
disease indicate that SIRT1 loss can occur in the absence of
tau pathology. Because a decrease in SIRT1 activity can
clearly have deleterious effects on neuron health, therapeutic
strategies aiming at increasing SIRTs activity in AD brain
warrant further research.
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