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Sirtuin 2 (SIRT2) is one of seven human sirtuins (SIRT1�
SIRT7) comprising the class III histone deacetylase (HDAC)

family, which are unique for their NAD-dependent catalytic
activities.1 Known SIRT2 substrates includeR-tubulin,2 FOXO1,
FOXO3a, p53 and histones 3 and 4,1 and likely others as yet
unidentified. In dividing cells, SIRT2 regulates mitosis and
cytoskeleton dynamics, while its function(s) in terminally differ-
entiated neurons are just beginning to be elucidated.2�5

A role for sirtuins as therapeutic targets in age-dependent neuro-
degenerative disorders has recently emerged, primarily due to their
functions as regulators of metabolism and subsequent effects on
longevity.1 To that end, most of these studies have focused on the
neuroprotective effects of SIRT1 activation.6 We previously reported
on inhibition of SIRT2 activity as a neuroprotective modality in
Parkinson’s and Huntington’s disease (HD) models.7,8 In the latter
study, genetic or pharmacologic inhibition of SIRT2 in a striatal
neuronmodel ofHD8 resulted in significant downregulationofRNAs
encoding enzymes responsible for sterol biosynthesis, which subse-
quently led to a reduction in total cholesterol levels.8 Whereas
exposure to mutant huntingtin protein increased sterol levels in

primary neurons, SIRT2 inhibition reduced this accumulation,
apparently by decreasing nuclear trafficking of the sterol regulatory
element binding protein-2 (SREBP-2) transcription factor.

According to a recent report, brain cholesterol levels are
reduced during progression of HD,9 which could be a compen-
satory effect, suggesting greater benefits from early intervention
with SIRT2-based therapeutics. However, while our studies have
focused mostly on a new regulatory role of SIRT2 in HD
models,8 this novel pathway could have a broader application
in other neurological conditions, such as Alzheimer’s disease, for
which modulation of cholesterol and other associated metabolic
pathways might be of therapeutic benefit.

’RESULTS AND DISCUSSION

Target validation in murine disease models is an essential step
prior to expensive and tedious drug development. Genetic
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ABSTRACT: Sirtuin 2 (SIRT2) deacetylase-dependent inhibition
mediates neuroprotective reduction of cholesterol biosynthesis in
an in vitro Huntington’s disease model. This study sought to
identify the first brain-permeable SIRT2 inhibitor and to character-
ize its cholesterol-reducing properties in neuronal models. Using
biochemical sirtuin deacetylation assays, we screened a brain-
permeable in silico compound library, yielding 3-(1-azepanyl-
sulfonyl)-N-(3-bromphenyl)benzamide as the most potent and
selective SIRT2 inhibitor. Pharmacokinetic studies demonstrated
brain-permeability but limited metabolic stability of the selected
candidate. In accordance with previous observations, this SIRT2
inhibitor stimulated cytoplasmic retention of sterol regulatory element binding protein-2 and subsequent transcriptional down-
regulation of cholesterol biosynthesis genes, resulting in reduced total cholesterol in primary striatal neurons. Furthermore, the
identified inhibitor reduced cholesterol in cultured naïve neuronal cells and brain slices from wild-type mice. The outcome of this
study provides a clear opportunity for lead optimization and drug development, targeting metabolic dysfunctions in CNS disorders
where abnormal cholesterol homeostasis is implicated.
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validation often relies on generation of knockout mice or RNAi-
driven knockdown of the target protein. Both genetic manipula-
tions can produce uncontrollable compensatory effects, obscur-
ing interpretation. Further, both methods remove the modality
of interest from native protein complexes, which can cause
unpredictable effects, and poorly mimic transient interactions
of small molecules with the target. Thus, we reasoned that
pharmacological target validation with small molecular probes
is more conclusive and consistent with the goal of drug devel-
opment. Previously identified SIRT2 inhibitors lack brain-
permeable properties,7 preventing animal efficacy studies, and
thus in this work we sought to identify such brain-permeable
compounds and their respective structural scaffold(s).
Sulfobenzoic Acid Derivatives as SIRT2 Inhibitors. Previous

work has demonstrated a relationship between SIRT2 activity and
aggregation that remains enigmatic.7,8However, an effect on SIRT2 is
conceivably intrinsic to the effects of some aggregation inhibitors and
useful for identification of bioactive compounds and respective
structural scaffolds. On that premise, we examined compounds
previously optimized for polyglutamine aggregate inhibition in
mammalian cell-based assays10 for an effect on SIRT2 deacetylase
activity. The panel, consisting of aggregation inhibitors derived from
three structural scaffolds (C2, C3, C4), was tested with a biochemical
SIRT2 deacetylation assay (Figure 1).7,11 Sulfobenzoic acid derivative
C2, the primary hit in a yeast polyglutamine toxicity screen and a

modest aggregation inhibitor in mammalian cells, did not show dose-
dependent SIRT2 inhibition (Figure 1, panels a and c).10 In contrast,
its structural analogues, including C2-8,10 C2-10-1, and C2-10-2,
identified in a second screen of a C2 focused library (Figure 1, panel
b) as optimal polyglutamine aggregation inhibitors, demonstrated
dose-dependent SIRT2 inhibition (Figure 1, panel c). A structurally
diverse aggregation inhibitor, C4-7,10 also showed SIRT2 inhibition
activity, while the benzothiazol derivative C3-5 10 did not (Figure 1,
panels b and c). The C4 scaffold was not pursued due to anticipated
cytotoxic properties of its analogues.
Notably, in this and previous studies, we observed consistent

association between identified bioactive sulfobenzoic acid deri-
vatives and SIRT2 inhibition activity.7,8,10 Furthermore, excellent
drug-like properties and brain permeability have been demon-
strated by the sulfobenzoic acid derivative C2-8, a previously
described neuroprotective polyglutamine aggregation inhibitor.12

Though it is unclear whether C2-8 or its metabolite act as SIRT2
inhibitor(s) in vivo, excellent pharmacological properties of
sulfobenzoic acid derivative(s) suggest utility of the scaffold for
CNS drug development. Thus, we selected the structural scaffold
of sulfobenzoic acid derivatives for development of potent and
selective brain-permeable SIRT2 inhibitors.
Sulfobenzoic Acid Derivative AK-7 Is an in Silico SIRT2

Inhibitor. To reach that objective, we performed a substruc-
tural search (Figure 2, panel a) of a diverse library of 389,813

Figure 1. SIRT2 activities of previously identified aggregation inhibitors. (a) Structure of sulfobenzoic acid derivative C2, identified as the primary hit in
a yeast polyglutamine toxicity screen. (b) Structures of compounds optimized in a mammalian aggregation model; C2 structural analogues C2-8, C2-10-
1, C2-10-2, and structurally diverse C3-5 and C4-7. (c) Compound dose�response tests using an in vitro deacetylase assay. Each compound dose was
tested in triplicate. Dashed line represents 50% of control SIRT2 activity (white bar).
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Figure 2. Identification of a brain-permeable SIRT2 inhibitor, the sulfobenzoic acid derivative AK-7. (a) Substructure used to design an in silico
focused library of brain-permeable sulfobenzoic acid derivatives. (b) Representative structures of brain-permeable sulfobenzoic acid
derivatives from the in silico library and AK-1. (c�i) Activity tests on representative sulfobenzoic acid derivatives using in vitro sirtuin
deacetylase assays with recombinant (c, e, h) SIRT2, (d, g) SIRT1, and (f, i) SIRT3. Each compound dose was tested in triplicate. (d�i)
Dose�response tests to establish compound selective inhibition of SIRT2 activity. (g�i) Compound 6672313 (AK-7) shows highly selective
inhibition of SIRT2 (IC50 = 15.5 μM). Dashed lines represent 50% (c, e, h), 25% (d, g), and 25% (f, i) of control SIRT2, SIRT1, and SIRT3
activities (white bars), respectively.
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compounds (ChemBridge) and identified 1,257 sulfobenzoic
acid derivatives; 223 of these were identified in a CNS sublibrary
of 50,047 compounds with in silico-predicted brain permeability.
A small fraction of these are shown in Figure 2, panel b. Analogs
were then tested in dose�response experiments using biochem-
ical SIRT2 deacetylation assays (Figure 2, panel c).7 Compounds
demonstrating at least 50% inhibition of SIRT2 activity in the
tested concentration range (0.1�50 μM) were prioritized and
retested in SIRT1, 2, and 3 deacetylation assays to determine
selectivity (Figure 2, panels d�f). Those demonstrating equal or
greater than 25% inhibition of SIRT1 or SIRT3 (Figure 2, panels
d�f) were eliminated to ensure high SIRT2 specificity.
The analysis yielded only one candidate compound, 3-(1-

azepanylsulfonyl)-N-(3-bromphenyl)benzamide, that satisfied
the above criteria (Figure 2, panels b, c, g�i). The compound,
named AK-7, demonstrated selective inhibition of SIRT2 in vitro
(IC50 = 15.5 μM) and is a close structural analogue of 3-(1-
azepanylsulfonyl)-N-(3-nitrophenyl)benzamide (AK-1, SIRT2
IC50 = 12.5 μM), an efficacious inhibitor in neurodegenerative
disease models.7,8

AK-7 Is Brain-Permeable. To assess pharmacokinetics, AK-7
(1.5 mg/mL�1 in 25% Cremophor/10% DMSO in water) was
administered by intraperitoneal injection to wild-type and R6/2
HD model mice13 at 15 mg/kg/dose. Brain and serum samples
were collected after 15, 30, 60, 120, 240, and 480 min (n = 3/
genotype/time point). AK-7 was rapidly eliminated from serum
with a peak concentration before 30 min post injection and
negligible levels detected after 1 h (Figure 3, panel a). Brain
permeability was observed with peak concentrations of 3�4 μM,
but only 2 μM remained 2 h post injection (Figure 3, panel b),
which suggested that achieving metabolic stability in the brain
may require further optimization of the lead by chemical

modifications. However, it remains promising that the kinetics
of brain penetration was similar in wild-type and R6/2 mice,
suggesting that HD-related phenotypes do not compromise (nor
enhance) the compound’s brain penetration.
AK-7 Is Efficacious in an in Vitro Neuronal HD Model.

Treatment with AK-7 resulted in protection of neurons in an in
vitro model of HD (Figure 4, panel a), and the number of
inclusions per neuron was also reduced (Figure 4, panel b).
Neither of these effects is attributable to a change in expression of
mutant huntingtin due to AK-7 treatment, as assessed by
Western blot (Figure 4, panel c). The achieved concentration
of the compound in brain (however transient) corresponded to
the observed neuroprotective dose (1 μM), despite being below
its IC50 (Figure 2, panel h). That result encourages testing
metabolically stable structural analogue(s) of AK-7 in HDmouse
models.
AK-7 Is a Cholesterol Reducer in Neuronal Models. To

verify the cholesterol-reducing properties of AK-7 in neuronal
models, it was compared to the biological outcomes previously
described for AK-1,8 for which it has a similar ability to inhibit
SIRT2 activity in vitro (Figure 4, panel d). In concordance with
our previous results,8 SIRT2-dependent nucleo-cytoplasmic
trafficking of the master regulator of cholesterol biosynthesis,
SREBP-2, was reduced by AK-7 in primary striatal neurons
(Figure 4, panels e and f). Subsequent transcriptional down-
regulation of cholesterol biosynthetic genes was highly signifi-
cant (Figure 4, panel g) and resulted in AK-7-dependent
reduction of total cholesterol levels (Figure 4, panel h). We then
extended the experiments to naïve N2a neuroblastoma cells and
hippocampal slice cultures from wild-type mice. In both models,
AK-7 reduced cholesterol levels at 10 μM, but was ineffective at a
lower concentration (Figure 4, panels i and j). The more potent
in vitro SIRT2 inhibitor AK-1, reduced cholesterol at a lower dose
in both models (Figure 4, panels i and j).
This study identified the sulfobenzoic acid derivative AK-7 as a

brain-permeable SIRT2 inhibitor that is capable of reducing neuro-
nal cholesterol levels. Although only a low micromolar concentra-
tion was achieved in the brain under the tested conditions (1 order
of magnitude below its in vitro IC50), the results established an
important proof of principle. However, it is imperative to optimize
this lead for potency and metabolic stability by chemical modifica-
tions. The identified scaffold of sulfobenzoic acid derivatives clearly
presents such an opportunity for medicinal chemistry, since design
and organic synthesis of diverse structural analogues can be
accomplished in a few simple steps.
The cholesterol-reducing properties of AK-7 were highly

consistent with the previously established effects of SIRT2
inhibition.8 These include cytoplasmic retention of SREBP-2,
transcriptional downregulation of genes responsible for sterol
biosynthesis, and subsequent cholesterol reduction in three
neuronal models at a concentration (10 μM) consistent with
its in vitro SIRT2 inhibition activity (IC50 = 15.5 μM). In
contrast, the neuroprotective effect of AK-7 in an HD model
was achieved at a low dose (1 μΜ), which is encouraging for the
sake of HD drug development, though it might indicate off-target
effects. Alternatively, SIRT2 inhibition might independently
modulate several neuroprotective pathways, such as cholesterol
biosynthesis and aggregation, allowing cumulative beneficial
effects to be achieved at lower concentrations.
The discovery of the first brain-permeable SIRT2 inhibitor

and its respective scaffold create a foundation for further
optimization to achieve increased potency and stability, en route

Figure 3. Pharmacokinetics of AK-7 in wild-type andHDmice. (a) AK-
7 time course in serum of wild-type (blue diamonds) and transgenic R6/
2 HDmice (red squares). AK-7 was rapidly eliminated from serum, with
peak serum concentrations occurring between 15 and 30 min post
administration. (b) AK-7 time course in brain of wild-type (blue
diamonds) and transgenic R6/2 HD mice (red squares). Peak brain
concentrations for AK-7 were 3 μM inwild-type and 4 μM in R6/2mice,
decreasing to 0.2 μM after 4 h.
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to preclinical efficacy testing in Huntington’s and Parkinson’s
disease mouse models. In addition, optimized SIRT2 inhibitors
may provide critical pharmacological reagents to targetmetabolic
dysfunctions in various human illnesses where cholesterol home-
ostasis is implicated. These include common neurodegenerative
diseases (notably Alzheimer’s disease), rare cholesteryl ester
storage disorders, and extremely prevalent metabolic and cardi-
ovascular conditions.14�16

’METHODS

Compound Source and Storage. Compounds were procured
from Chembridge, dissolved in molecular biology grade dimethyl
sulfoxide (DMSO) to 10 mM, and stored as aliquots at �80 �C.
Sirtuin Biochemical DeacetylationAssays. Sirtuin activity was

assessed using the Fleur de Lys assay (BioMol International, LP) with recom-
binant active enzymes SIRT1 (BioMol-SE-239), SIRT2 (BioMol-SE-251),

Figure 4. Bioactivity of AK-7 in in vitro neuronal models. (a) Neuroprotective effect of AK-7 in striatal HD neurons. Lentivirally transduced expression
of mutant huntingtin fragment N171-82Q (gray bar), but not wild-type fragment N171-18Q (white bar), led to significant neuronal cell death, rescued
by AK-7 (blue bar). (b) AK-7 decreases the number of polyglutamine inclusions inHDneurons. (c) AK-7 does not alter huntingtin transgene expression.
(d) In vitro SIRT2 inhibitory activities of structural analogues AK-1 (red bar) and brain-permeable AK-7 (blue bar) at 10 μM. (e, f) AK-7 decreases the
nuclear localization of SREBP-2. (e) Representative images of reduced SREBP-2 nuclear localization following AK-7 treatment usingHoechst staining to
delineate the neuronal nucleus. (Scale bar: 10 μm). (f) Quantification of the percentage of total endogenous SREBP-2 localized to neuronal nuclei
following AK-7 treatment. (g) AK-7 decreases the levels of RNAs encoding sterol biosynthetic enzymes. (h�j) AK-1 (red bars) and AK-7 (blue bars)
significantly reduce total cholesterol levels in primary striatal neuron cultures (h), N2a cells (i). and hippocampal brain slices (j). For compound treated
samples, bars are labeled as 1 for AK-1 and 7 for AK-7.
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and the catalytically active fragment of SIRT3 (BioMol-SE-251), as
described previously.7,11 Results were measured using a Perkin-Elmer
Victor2V 1420 Multilabel plate reader (excitation 355 nm, emission
460 nm).

Assays were performed using the manufacturer’s recommendations,
and each compound concentration was tested in triplicate. For each
experiment, SIRT1 activity was normalized to 1 U/reaction well and
SIRT2 and SIRT3 activity to 5 U/reaction well (where U = 1 pmol/min
at 37 �C, 250 μM substrate, 500 μM NADþ). Each reaction well
contained enzyme, 500 μM NADþ (BioMol-KI-282), 250 μM fluoro-
genic deacetylase substrate (BioMol-KI-177), supplied reaction buffer,
and the compound of interest or mock control (DMSO) in a total
volume of 50 μL. Autofluorescent backgrounds were measured in
triplicate in reaction solutions containing substrate, buffer, and NADþ

in triplicate and subtracted from experimental signals.
Formulation and Detection of AK-7 in Mouse Brain. AK-7

(Chembridge), solubilized at 1.5 mg/mL in 25% Cremophor EL
(BASF)/ 10% DMSO in water, was administered by intraperitoneal
injection to 11 week oldmice at 15mg/kg/dose, and compound levels in
serum and brain were measured following sacrifice. Experiments with
live animals were performed according to U.K. regulations. Blood was
collected and centrifuged at 7,000 rpm for 7 min, and then serum was
aspirated and immediately frozen in liquid nitrogen. Brains were
immediately frozen in liquid nitrogen and stored at �80 �C. Brains
were weighed and then homogenized in four volumes of 10% Cremo-
phor RH40 in water using a Polytron homogenizer, and 2% v/v
phosphoric acid was added to the homogenate, vortexed, and centri-
fuged at 10,000g at 25 �C for 1 h. The supernatant was aspirated, and
solid phase extraction was performed immediately. Serum samples were
vortexed into 2% v/v phosphoric acid and centrifuged at 2500 rpm for
10 min.

Samples (total collected serum or 1 mL homogenate supernatant)
were then spiked with an internal standard of N-(4-bromo-phenyl)-3-
(4-bromo-phenylsulfamoyl)-benzamide/DMSO to 5 μM and passed
through 1 mLOasis HLB SPE cartridges (Waters), preconditioned with
1mL of methanol followed by 1mL of water. The adsorbent was washed
with three volumes of 5% methanol in water, and the sample was eluted
with 0.5 mL of methanol and stored at �80 �C until HPLC.
HPLC Analysis. Samples were analyzed by HPLC on an Agilent

1100 system. Twenty microliters of each sample was injected onto a
Zorbax C8 5 μm column (4.6 � 150 mm) and eluted with 67:33
acetonitrile/water at 0.7 mL/min at 20 �C, with UV absorption at
270 nm. For brain and serum, the calibration curve was prepared with 1,
5, 10, 25, and 50 μM samples. Good linearity was observed for both (R-
squared: serum = 0.9603, brain = 0.9937). Blank samples provided a
clean baseline for AK-7 internal standard.
Primary Neuronal Cultures. Neuronal nuclear antigen (NeuN)-

positive neurons and some astroglia were derived from mechanically
dissociated ganglionic eminences of E16 rat embryos. The HD model
based on the expression of mutant huntingtin has been described
previously.8 Treatments of cultures with AK-7 were at 10 μM for 24 h
unless stated otherwise.8 DMSO was included at the same concentra-
tions as a control. Lower dose, chronic treatments with AK-7 were
introduced to neurons at DIV4 and continued weekly coinciding with
normal medium change.
Immunocytochemistry and Western Blotting. Immunola-

beling and Western blotting was performed as previously described.8

Images for quantitative analysis were acquired with a BD Pathway 855
Bioimager (BD Biosciences) and analyzed with NIH Image J software.
Evaluation of SREBP-2 Compartmentalization. Primary neu-

rons on coverslips were labeled for endogenous SREBP-2 and images
were obtained from 30 random fields using a Leica DMI 4000 micro-
scope (40X). Images were independently blinded prior to analysis.
Nuclei were traced using Image J, and pixel density was measured as a

percentage value of the soma. The number of neurons evaluated varied
for each condition (DMSO n = 202, AK-7 n = 161).
Gene Expression Analysis. RNAwas extracted using the RNeasy

system (Qiagen AD) following the manufacturer’s protocol, ethanol
precipitated, and reverse transcribed with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Analysis of samples
used the Applied Biosystems 7900HT Real-Time PCR System and SDS
2.3 software, with a cDNA input of 2 ng/test.
Inclusion Analysis. Quantification of inclusion total was per-

formed as previously described.8 Inclusions were labeled with antihun-
tingtin antibody and imaged with a BD Pathway 855 Bioimager. Image J
was used for analysis.
Cholesterol Assay. Total sterols were measured in primary

cultures using the Amplex Red Cholesterol Assay Kit (Invitrogen
Molecular Probes), with modifications as described in ref 8.
Hippocampal Slice Culture. Hippocampal slice cultures were

established as previously described17 and treated with DMSO or AK-7
(1 or 10 μM) for 48 h. After PBS rinsing, slices were removed from
inserts and sonicated in PBS. Protein content was measured using a
Bradford assay (BioRad). Total cholesterol and cholesterol ester levels
were measured using an enzymatic assay kit (Cayman) following the
manufacturer’s instructions and expressed as ng/μg protein.
N2a Cell Culture. N2a neuroblastoma cells, maintained in culture

as described previously,18 were treated with DMSO or AK-7 at indicated
concentrations for 48 h, and cholesterol was assessed as described above
for brain slices.
Statistical Analysis. For pairwise samples in bioactivity experi-

ments, one-tailed Student’s t tests were used to analyze significance
following assessment of normality and equal variance. Significance was
attributed to P values below 0.05 and is represented by an asterisk.
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