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Abstract

Sirtuin 1 is a nicotinamide adenine dinucleotide-dependent protein deacetylase

which regulates longevity and improves metabolism. Activation of Sirtuin 1

confers beneficial effects in models of neurodegenerative diseases. We and oth-

ers have provided convincing evidence that overexpression of Sirtuin 1 plays a

neuroprotective role in mouse models of Huntington’s disease. In this study,

we report that SRT2104, a small molecule Sirtuin 1 activator, penetrated the

blood–brain barrier, attenuated brain atrophy, improved motor function,

and extended survival in a mouse model of Huntington’s disease. These find-

ings imply a novel therapeutic strategy for Huntington’s disease by targeting

Sirtuin 1.

Introduction

Huntington’s disease (HD) is a hereditary neurodegenera-

tive disorder, which is caused by a CAG trinucleotide

repeat expansion in huntingtin gene. Currently, there are

no pharmacological interventions available to delay the

onset or reverse the progression of this devastating disease.1

Previously, we and others have provided convincing evi-

dence that genetically increasing Sirtuin 1 (SIRT1) shows

neuroprotection in several mouse models of HD, whereas a

deficiency of SIRT1 exacerbates the HD phenotype.2,3

Indeed, many connections exist between the deacetylation

function of SIRT1 and its role in neuroprotection.4 As a

result, pharmacological interventions targeting SIRT1

might provide a new therapeutic strategy for HD.

During the past decade, SIRT1 has been the focus of

intense investigation because of its ability to extend

lifespan in lower organisms and beneficial effects in vari-

ous models of human disorders such as diabetes, neu-

rodegeneration, and cancer.4 Therefore, there has been

great attention to characterize Sirtuin-activating com-

pounds (STACs) that can modulate the ability of SIRT1

to deacetylate substrate proteins.5 Recently, two studies

have definitively demonstrated that SIRT1 can be phar-

macologically activated by small molecule STACs in vitro

under certain conditions.6,7 Moreover, STACs extended

lifespan in mice fed the regular diet and protected neu-

rons against degeneration in Alzheimer’s disease mod-

els.8,9

In this study, we validated the brain penetration of

SRT2104, a newly characterized STAC,10 and found that

SRT2104 improved motor performance on the balance

beam, attenuated brain atrophy, and increased survival in

the N171-82Q HD mice. SRT2104 has been proven to be
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safe and possess biological effects in both healthy and

elderly populations of human phase I clinical trials.11,12

Our results suggest a novel therapeutic strategy for HD.

Materials and Methods

Mice and drug administration

All animal procedures were approved by the Institutional

Animal Care and Use Committee of the Johns Hopkins

University. Male N171-82Q HD mice were mated

to female hybrid mice (B6C3F1/J; Jackson Laboratory, Bar

harbor, ME). Male mice were used in our studies as

reported previously.13 SRT2104 (>98% purity) was syn-

thesized by Sirtris, a GlaxoSmithKline company. 0.5%

SRT2104 containing diet (Harlan 2018SX, Frederick, MD)

or control diet were provided to the mice from 6 weeks

of age until the end of study.

Drug concentration measurement

Eight brains were dissected from wild-type (WT) mice

fed SRT2104 for 6 month. SRT2104 was quantified in

brain homogenate via LC/MS/MS at Alliance Pharma

(Malvern, PA). SRT2104 was extracted with acetonitrile

followed by centrifugation; the supernatant was diluted

into an equal volume of water and directly injected

onto a reverse phase LC system. The eluent flowed into

a triple quadruple mass spectrometer running atmo-

spheric pressure chemical ionization set to detect a par-

ent-ion m/z of 517.3 and product-ion m/z of 203.3.

Peak area ratios of standards were used to calibrate the

LC/MS/MS and to subsequently quantify SRT2104 con-

centrations from the brain samples obtained during the

study.

Behavioral test, body weight, and survival

All mice were randomly divided into different groups.

Each group contained 10–12 mice at the beginning of

experiments for survival and behavioral tests. Motor func-

tion was assessed on an 80-cm-long and 11-mm-wide

cylindrical beam as described.14 All the mice tested were

at 12, 18, and 24 weeks of age.

The body weight of the mice was recorded every week.

Survival was monitored daily by experienced investiga-

tors.

In vivo structural MRI acquisition and
quantification of brain volume

In vivo structural MRI studies were performed on a verti-

cal bore 9.4-T magnetic resonance imager (Bruker

Biospin, Billerica, MA) with a triple-axis gradient and an

animal imaging probe. The detailed image capture and

analysis procedures were described in our previous

study.14

Statistics

Results are expressed as mean � SE. Behavioral and body

weight data were analyzed by two-way repeated analysis

of variance (ANOVA). Survival curve was analyzed by

Kaplan–Meier analysis. Brain volume comparisons

between groups were conducted by one-way ANOVA

with Holm–Sidak Post-hoc test. Differences were consid-

ered significant at P < 0.05.

Results

SRT2104 penetrated the blood–brain barrier

In order to validate brain penetration of SRT2104 in mice,

mice were fed 0.5% SRT2104 containing diet for 6 months,

brain tissue was harvested and the concentrations of

SRT2104 in the brain were measured. The concentrations

of SRT2104 in the mouse brain were 2.23 � 0.61 lmol/L

(mean � SE, n = 8). Our data confirmed the feasibility

of systematic administration of SRT2104 in a preclinical

trial of HD.

SRT2104 improved motor function and
increased survival in N171-82Q HD mice

WT and N171-82Q HD mice were fed 0.5% SRT2104 diet

or control diet from 6 weeks of age until the end of

study. Motor function was evaluated on balance beam

tests. HD mice displayed motor deficiency starting from

12 weeks of age, indicated by extended traverse time on

the balance beam (Fig. 1A); in contrast, HD mice fed

SRT2104 diets exhibited improved motor performance

compared to HD mice fed control diets, indicated by the

shortened traverse time on the balance beam at 12, 18,

and 24 weeks (Fig. 1A). SRT2104 had no effect on tra-

verse time in WT mice. These results indicated that

SRT2104 ameliorated motor deficits in N171-82Q HD

mice.

N171-82Q HD mice also lose body weight after the

onset of disease; SRT2104 did not prevent body weight

loss in HD mice and did not alter body weight in WT

mice (Fig. 1B). N171-82Q HD mice have short lifespan,

the median lifespan of HD mice was 168 days, while the

HD mice fed SRT2104 diet was 195 days (P = 0.03).

Thus, SRT2104 increased the median lifespan of N171-

82Q mice ~16% compared with HD mice in control diet

(Fig. 1C).
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SRT2104 attenuated brain atrophy in N171-
82Q mice

The selective regional brain volume loss is one of the key

pathological features in N171-82Q HD mice and is a

valuable measure of efficacy for treatment in preclinical

trials.15 Brain volumes were measured at 22 weeks of age

by structural MRI. As we previously reported, neocortex

and striatum displayed the most dramatic volume loss in

this model. HD mice fed SRT2104 diet had significant

preservation of neocortex volume (P < 0.05) (Fig. 2).

Striatum volume in HD mice fed SRT2104 had a trend of

better preservation, but did not reach statistical significant

difference compared to HD mice fed control diet

(P = 0.068) (Fig. 2). These data support that SRT2104

rescues regional brain atrophy in N171-82Q HD mice.

SRT2104 had no effect on brain volumes in WT mice.

Discussion

SIRT1 deacetylates a variety of substrates and thus it is

critical in diverse biological events including stress resis-

tance, metabolism, and aging. Genetic upregulation of

SIRT1 has protective effects on several neurodegenerative

diseases, including HD.2,3 In this study, we confirmed

brain penetration of a SIRT1 activator SRT2104, and

provided the first evidence that a small molecule SIRT1

activator ameliorated motor deficits, rescued brain atro-

phy, and extended survival in HD mouse model. The

beneficial effects of SRT2104 in HD mice provided a

proof of concept for developing STACs for the treatment

of HD as well as other neurodegenerative disorders with

similar pathogenic mechanisms.

Studies in worms indicated that increased Sir2 (homo-

log of SIRT1) protected neurons against polyglutamine-

mediated toxicity.16We and others demonstrated neuro-

protection mediated by SIRT1 in mammalian models of
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Figure 1. SRT2104 ameliorated motor deficits and increased survival

in N171-82Q HD mice. Mice were fed 0.5% SRT2104 containing diet

from 6 weeks of age until the end of life. (A) Mice were trained on

11-mm cylindrical beam and then tested at 12, 18, and 24 weeks of

age. The traverse time on the beam was recorded. The longer

traverse time indicates impaired motor function. The values are the

mean � SE, two-way (group and age) repeated ANOVA tests were

used. *P < 0.01 compared with the values of wild-type (WT) diet

group; **P < 0.05 compared with the values of HD diet group.

n = 10–12 mice. (B) Body weight was recorded weekly. The values

are the mean � SE, n = 10–12 mice. (C) Survival was monitored daily

by experienced operators. The mice were considered to be at the end

of life when they were unable to right themselves after being placed

on their backs and initiate movement after being gently prodded for

30 sec. n = 10–12 mice. Log rank analysis was used to compare

survival data between two groups.
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Figure 2. SRT2104 attenuated brain atrophy in N171-82Q mice. Mice were fed 0.5% SRT2104 containing diet from 6 weeks of age. Then, mice

were anesthetized with isoflurane (1%), respiration was monitored and the temperature was maintained during the entire scan. Images were

acquired by a three-dimensional T2-weighted fast spin echo sequence with the following parameters: echo time (TE)/repetition time (TR) = 40/

700 msec, resolution = 0.1 9 0.1 9 0.1 mm, echo train length = 4, number of average = 2 and flip angle = 40°. The imaging resolution and

contrast were sufficient for automatic volumetric characterization of the mouse brains and substructures. The intensity-normalized images were

submitted by the Diffeomap software to a linux cluster, which runs Large Deformation Diffeomorphic Metric Mapping (LDDMM). The

transformations encode morphological differences between subject and template images and can be analyzed with deformation-based

morphometry (DBM) to detect regional changes in brain volume. Twenty-nine different brain regions were automatically segmented and the

volume of each brain region was calculated. (A) Representative MRI images in mice from indicated groups. (B) The volumes of neocortex and

striatum were measured by structural MRI at 22 weeks of age. Values are mean � SE from four to six mice. *P < 0.05 compared with the WT

control group; **P < 0.05 compared with the HD control group (ANOVA with Holm–Sidak Post-hoc test).
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HD.2,3 Thus, the specific SIRT1 activator(s) provide

unique tools to dissect the pharmacological effects by tar-

geting SIRT1 in HD. SRT2104 was derived from the opti-

mization of previously lead structure – the imidazo [1,2-

b] thiazole scaffold. The combination of biochemical

activity and pharmacokinetic profile featured this com-

pound currently developed in clinical trials. It was

reported that SRT2104 is a specific SIRT1 activator.10 In

our study, we confirmed that SRT2104 penetrates the

blood–brain barrier and our data suggest protective

effects of SRT2104 in a HD mouse model. These findings

provide promising results in further development of

STACs for treatment of HD, although the variability of

pharmacokinetics among individuals’ hints that further

optimization might be needed.11 Nevertheless, this is the

first proof of concept that activation of SIRT1 by small

molecule compound is beneficial in HD.

Although the promising results of SRT2104 in an HD

mouse model encourage us to further pursue treatment

strategy in this direction, we need to mention that the

drugs targeting SIRT1 for clinical use are still in their

infancy. A recent study indicates that Selisistat, a SIRT1/

Sir2 inhibitor, alleviates pathology in Drosophila and

mammalian cell and mouse models of HD mice.17 It is

intriguing that NF-jB p65 subunit, a reported SIRT2 sub-

strate,18 was deacetylated by Selisistat at the concentra-

tions used in the study. It is interesting to know whether

Selisistat, at the concentrations used in this study, also

inhibits SIRT2, because SIRT2 inhibition was reported to

provide protective effects in HD.19

The results urge us to further explore the role of SIRT1

in different disease stages and develop more specific

SIRT1 modulators. Although the signaling pathway regu-

lated by SIRT1 in HD mice needs to be further addressed,

our results support developing STACs as therapeutic

agents for HD.
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