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T he silent information regulator 2 (Sir2
or sirtuins) NAD�-dependent histone
deacetylases (HDACs) participate in a

number of age-related phenomena, includ-
ing life-span extension, glucose homeo-
stasis, and neurodegeneration (1). Sir2-
dependent life-span extension has been ob-
served in organisms as diverse as Saccharo-
myces cerevisiae (2), Caenorhabditis
elegans (3), and Drosophila melanogaster
(4). Sirtuins may also mediate several path-
ways that dictate life span in mammals (1).
However, the role of sirtuins in the molecular
mechanisms underlying aging remains un-
clear. Targeting key players in the aging pro-
cess may allow therapeutic intervention in
age-associated diseases such as neurode-
generation. In a recent study, Outeiro et al.
(5) suggest that inhibition of the human sir-
tuin homologue SIRT2 rescues cells from
�-synuclein-mediated toxicity in Parkinson’s
disease (PD) (Figure 1).

Of the seven human sirtuins (SIRT1–
SIRT7), the neuroprotective role of SIRT1 is
the most established. For example, SIRT1
protects from axonal degeneration in re-
sponse to increased NAD� biosynthesis (6).
SIRT1 is thought to achieve axonal protec-
tion primarily through regulation of gene
expression, not through deacetylation of
proteins involved in axon stability. Other evi-
dence suggests that SIRT1 protects against
Alzheimer’s disease (AD) at several levels.
Indirectly, SIRT1 combats AD by significantly
reducing nuclear factor kappa B (NF-�B) sig-
naling in nearby glia (7), thereby alleviating
amyloid-� (A�) peptide-induced neuronal
death. In a recent study, SIRT1 was found

to protect mouse models of AD and amyo-
trophic lateral sclerosis, possibly by affect-
ing pathways involving deacetylation of p53
and PGC-1� (8).

The roles of SIRT2 in neurodegenerative
diseases are less established. In a recent
study, SIRT2 was established as an inhibi-
tor of oligodendroglial differentiation/aging
via deacetylation of the microtubule cy-
toskeleton (9). This may serve to protect
oligodendrocytes for the purposes of re-
myelination or central nervous system self-
repair. In some instances, the effects of
SIRT2 appear to be detrimental to neuronal
health. For example, SIRT2 may oppose re-
sistance to axonal degeneration (10).

Outeiro et al. (5) report that small-
molecule inhibition of SIRT2 may provide a
unique means for therapeutic intervention
in PD. PD is characterized by the develop-
ment of �-synuclein-containing Lewy bodies
and the loss of dopaminergic neurons in
the substantia nigra (Figure 1) (11). In addi-
tion, it is becoming increasingly evident that
properly balanced protein acetylation sta-
tus plays a crucial role in neuronal vitality
(12). Indeed, small-molecule HDAC inhibi-
tion provides protection in many models of
neurodegeneration (13). Thus, SIRT2 may
provide a unique target for intervention
in PD.

Bodner et al. (14) identified a small-
molecule (compound B2; Figure 2) that
was associated with increased size of
�-synuclein inclusion in cells transfected
with a tagged �-synuclein construct. It is
thought that the larger �-synuclein aggre-
gates may have reduced toxicity relative to
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ABSTRACT A recent study has identified selec-
tive inhibitors of the human silent information
regulator 2 NAD�-dependent protein deacetylase,
SIRT2, and has shown that these compounds pro-
tect against �-synuclein-mediated toxicity in cellu-
lar models of Parkinson’s disease. The inhibitors
were found to ameliorate dopaminergic cell death
in vitro and in a Drosophila model of Parkinson’s
disease. Although the molecular mechanism of ac-
tion is unclear, the compounds may function by
promoting the formation of enlarged inclusion
bodies, which are suggested to provide a cell-
survival advantage.
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their smaller-sized counterparts (15)
(Figure 1). Outeiro et al. (5) tested the inhibi-
tion of B2 against a variety of HDACs, pro-
teases, and chaperones and found weak
but selective inhibition of SIRT2. A library
screen of 200 analogues of B2 and known
aggregation modifiers identified two no-
table compounds, AGK2 and AK-1 (Figure 2).
In a fluorometric assay, AGK2 exhibited 10-
fold more potent SIRT2 inhibition compared
with B2. In addition, AGK2 exhibited �14-
fold selective inhibition of SIRT2 compared
with SIRT1 and SIRT3. The authors also dem-
onstrated that the acetylation state of
�-tubulin, a known substrate of SIRT2 (16),
increased in a dose-dependent manner
upon treatment with AGK2 in HeLa cells.
Interestingly, another tubulin deacetylase,
HDAC6, is believed to have a neuroprotec-
tive role (17) and has been shown to
function in complex with SIRT2 (16). If
�-synuclein-mediated toxicity in models
of PD is due in part to deacetylation of
�-tubulin by SIRT2, one might expect a simi-
lar effect from inhibition of HDAC6. How-
ever, the ability of HDAC6 to clear misfolded
protein aggregates from the cytoplasm (17)
may counter this effect.

Having identified novel SIRT2 inhibitors,
Outeiro et al. employed molecular docking
experiments of AGK2 and AK-1 to suggest a
mechanism of inhibition. Using the known
structure of SIRT2 (18), the authors used
virtual ligand modeling to identify low-
energy binding conformations within the
nicotinamide-binding site of NAD�. From

these observations, they propose that inhi-
bition occurs through competition at the
nicotinamide binding site of cosubstrate
NAD� (Figure 2). However, direct biochemi-
cal evidence for competitive binding be-
tween these inhibitors and NAD� was not
presented. It is interesting that if AGK2 and
AK-1 utilize the nicotinamide binding
pocket, they may alleviate nicotinamide-
induced product inhibition (19). Future bio-
chemical experiments evaluating the mode
of inhibition will be needed to provide in-
sight into the mechanism of action for these
compounds.

To examine these compounds in a cellu-
lar context, Outeiro et al. showed that hu-
man neuroglioma cells (H4) transfected
with �-synuclein could be rescued from
�-synuclein-mediated toxicity in a dose-
dependent manner when treated with AGK2
or subjected to small interfering RNA (siRNA)
knockdown of SIRT2. Taken together, these
experiments suggest that SIRT2 may be a di-
rect in vivo target for the AGK class of mol-
ecules, but they do not rule out indirect
pathways. Interestingly, AGK2 and AK-1
treatment of H4 cells cotransfected with
�-synuclein and synphilin-1 (to promote in-
clusion formation) increased the size of the
inclusions, a possible mechanism for cyto-
protection (14) (Figure 1). However, the au-
thors did not provide genetic evidence that
siRNA knockdown of SIRT2 also resulted in
increased inclusion size. In a complemen-
tary experiment, Outeiro et al. established
that AGK2 and AK-1 protect against

�-synuclein-mediated dopaminergic cell
death. Again, the absence of genetic evi-
dence for the direct involvement of SIRT2
makes it unclear whether the rescue is due
to specific SIRT2 inhibition.

Finally, Outeiro et al. evaluated the pro-
tective effects of AGK2 and AK-1 in a Dros-
ophila model of PD. Notably, they found that
administration of these compounds caused
a dose-dependent rescue of dorsomedial
neurons. However, it is not clear which sir-
tuin homologue, if any, was being targeted
in Drosophila and whether the acetylation
status of �-tubulin is affected. If the com-
pounds are indeed inhibiting a Drosophila
Sir2 homologue, then this raises some con-
cern about the actual selectivity of the com-
pound because of the great diversity among
sirtuin orthologues from flies to humans.
Further in vivo studies will be needed to
demonstrate selectivity for SIRT2 and to es-
tablish the true target in Drosophila.

Many other SIRT2 inhibitor compound
classes have been described recently. In the
past two years, there have been several re-
ports of SIRT2 inhibitors with IC50 values
�25 �M. These include phloroglucinol (20),
indole (21), and suramin derivatives (22)
as well as adenosine mimetics (23). These
compounds possess comparable potency
to that displayed by AGK2 and AK-1 but ex-
hibit significantly lower selectivity for SIRT2.
It will be useful to examine these com-
pounds in the context of PD models and es-
tablish SIRT2 as a direct target. In addition,
it is unclear whether compounds that inhibit
SIRT2 deacetylation through competition
for the adenosine portion of NAD� or the
acetyl-lysine binding site would provide pro-
tection in PD models.

SIRT2 has been implicated in a variety of
other cellular processes. Previous studies
have shown that in addition to �-tubulin
(16), SIRT2 deacetylates p53 (24), FOXO3a
(25), and histones (26). These observations
indicate a potentially broad regulatory role
for SIRT2, particularly in mitosis/cell cycle
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Figure 1. Putative biological mechanism of SIRT2 inhibition for treating PD. PD is characterized by
buildup of �-synuclein-containing Lewy bodies within the substantia nigra region of the brain.
Lewy bodies are composed of fibrils of misfolded �-synuclein. Small-molecule inhibition of SIRT2
results in a reduced occurrence of small Lewy bodies. Instead, a smaller number of larger Lewy
bodies are formed, which are proposed to offer protection from neuronal cell death. The mecha-
nism of increased Lewy body size is unknown, but increased �-tubulin acetylation may play a role.
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regulation (27, 28), apoptosis (24), and ag-
ing by oxidative stress (25). It will be crucial
to establish how SIRT2 inhibition affects
these pathways and their effects on neuro-
nal health.

In summary, Outeiro et al. report an in-
triguing connection between SIRT2 and PD.
Although the molecular basis of how SIRT2
is involved in �-synuclein aggregation re-
mains unclear, the compounds identified

in this screen provide an exciting starting
point in combating PD. Future studies com-
paring the role of SIRT1 and SIRT2 in neuro-
degenerative diseases will be necessary to
dissect the apparent paradox of the neuro-
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Figure 2. Structures of known SIRT2 inhibitors. The compounds from Outeiro et al. are hypothesized to function through competition for the nicoti-
namide binding site within SIRT2.
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protective properties of sirtuins. In particu-
lar, why does activation of SIRT1 but inhibi-
tion of SIRT2 deacetylase activity appear to
promote neuroprotection? Furthermore, if
deacetylation of �-tubulin confers neuro-
toxicity in models of PD, what role does
HDAC6 play? Because reversible acetyla-
tion appears to play a significant role in a
variety of other neurodegenerative disor-
ders such as Alzheimer’s and Huntington’s
diseases (12), similar classes of therapeu-
tics might target multiple disorders. Future
work aimed at the identification of more po-
tent and selective inhibitors/activators of
sirtuins will be critical in manipulating the
pathways responsible for neurodegen-
eration and may provide avenues for
therapeutic intervention.

REFERENCES
1. Michan, S., and Sinclair, D. (2007) Sirtuins in mam-

mals: insights into their biological function, Bio-
chem. J. 404, 1–13.

2. Kaeberlein, M., McVey, M., and Guarente, L. (1999)
The SIR2/3/4 complex and SIR2 alone promote lon-
gevity in Saccharomyces cerevisiae by two differ-
ent mechanisms, Genes Dev. 13, 2570–2580.

3. Tissenbaum, H. A., and Guarente, L. (2001) In-
creased dosage of a sir-2 gene extends lifespan in
Caenorhabditis elegans, Nature 410, 227–230.

4. Rogina, B., and Helfand, S. L. (2004) Sir2 mediates
longevity in the fly through a pathway related to cal-
orie restriction, Proc. Natl. Acad. Sci. U.S.A. 101,
15998–16003.

5. Outeiro, T. F., Kontopoulos, E., Altman, S., Kufareva,
I., Strathearn, K. E., Amore, A. M., Volk, C. B., Max-
well, M. M., Rochet, J. C., McLean, P. J., Young, A. B.,
Abagyan, R., Feany, M. B., Hyman, B. T., and Ka-
zantsev, A. (2007) Sirtuin 2 inhibitors rescue
{alpha}-synuclein-mediated toxicity in models of Par-
kinson’s disease, Science 317, 516–519.

6. Araki, T., Sasaki, Y., and Milbrandt, J. (2004) In-
creased nuclear NAD biosynthesis and SIRT1 activa-
tion prevent axonal degeneration, Science 305,
1010–1013.

7. Chen, J., Zhou, Y., Mueller-Steiner, S., Chen, L. F.,
Kwon, H., Yi, S., Mucke, L., and Gan, L. (2005) SIRT1
protects against microglia-dependent amyloid-beta
toxicity through inhibiting NF-kappaB signaling,
J. Biol. Chem. 280, 40364–40374.

8. Kim, D., Nguyen, M. D., Dobbin, M. M., Fischer, A.,
Sananbenesi, F., Rodgers, J. T., Delalle, I., Baur, J. A.,
Sui, G., Armour, S. M., Puigserver, P., Sinclair, D. A.,
and Tsai, L. H. (2007) SIRT1 deacetylase protects
against neurodegeneration in models for Alzhei-
mer’s disease and amyotrophic lateral sclerosis,
EMBO J. 26, 3169–3179.

9. Li, W., Zhang, B., Tang, J., Cao, Q., Wu, Y., Wu, C.,
Guo, J., Ling, E. A., and Liang, F. (2007) Sirtuin 2, a
mammalian homolog of yeast silent information
regulator-2 longevity regulator, is an oligodendro-
glial protein that decelerates cell differentiation
through deacetylating alpha-tubulin, J. Neurosci. 27,
2606–2616.

10. Suzuki, K., and Koike, T. (2007) Mammalian Sir2-
related protein (SIRT) 2-mediated modulation of re-
sistance to axonal degeneration in slow Wallerian
degeneration mice: a crucial role of tubulin deacety-
lation, Neuroscience 147, 599–612.

11. Spillantini, M. G., Schmidt, M. L., Lee, V. M., Tro-
janowski, J. Q., Jakes, R., and Goedert, M. (1997)
Alpha-synuclein in Lewy bodies, Nature 388, 839–
840.

12. Saha, R. N., and Pahan, K. (2006) HATs and HDACs
in neurodegeneration: a tale of disconcerted acetyla-
tion homeostasis, Cell Death Differ. 13, 539–550.

13. Langley, B., Gensert, J. M., Beal, M. F., and Ratan,
R. R. (2005) Remodeling chromatin and stress resis-
tance in the central nervous system: histone
deacetylase inhibitors as novel and broadly effec-
tive neuroprotective agents, Curr. Drug Targets CNS
Neurol. Disord. 4, 41–50.

14. Bodner, R. A., Outeiro, T. F., Altmann, S., Maxwell,
M. M., Cho, S. H., Hyman, B. T., McLean, P. J., Young,
A. B., Housman, D. E., and Kazantsev, A. G. (2006)
Pharmacological promotion of inclusion formation: a
therapeutic approach for Huntington’s and Parkin-
son’s diseases, Proc. Natl. Acad. Sci. U.S.A. 103,
4246–4251.

15. Tanaka, M., Kim, Y. M., Lee, G., Junn, E., Iwatsubo,
T., and Mouradian, M. M. (2004) Aggresomes
formed by alpha-synuclein and synphilin-1 are cyto-
protective, J. Biol. Chem. 279, 4625–4631.

16. North, B. J., Marshall, B. L., Borra, M. T., Denu, J. M.,
and Verdin, E. (2003) The human Sir2 ortholog,
SIRT2, is an NAD�-dependent tubulin deacetylase,
Mol. Cell 11, 437–444.

17. Kawaguchi, Y., Kovacs, J. J., McLaurin, A., Vance,
J. M., Ito, A., and Yao, T. P. (2003) The deacetylase
HDAC6 regulates aggresome formation and cell via-
bility in response to misfolded protein stress, Cell
115, 727–738.

18. Finnin, M. S., Donigian, J. R., and Pavletich, N. P.
(2001) Structure of the histone deacetylase SIRT2,
Nat. Struct. Biol. 8, 621–625.

19. Sauve, A. A., Moir, R. D., Schramm, V. L., and Willis,
I. M. (2005) Chemical activation of Sir2-dependent
silencing by relief of nicotinamide inhibition, Mol.
Cell 17, 595–601.

20. Gey, C., Kyrylenko, S., Hennig, L., Nguyen, L. H., Butt-
ner, A., Pham, H. D., and Giannis, A. (2007) Phloro-
glucinol derivatives guttiferone G, aristoforin, and
hyperforin: inhibitors of human sirtuins SIRT1 and
SIRT2, Angew. Chem., Int. Ed. 46, 5219–5222.

21. Napper, A. D., Hixon, J., McDonagh, T., Keavey, K.,
Pons, J. F., Barker, J., Yau, W. T., Amouzegh, P., Flegg,
A., Hamelin, E., Thomas, R. J., Kates, M., Jones, S.,
Navia, M. A., Saunders, J. O., DiStefano, P. S., and
Curtis, R. (2005) Discovery of indoles as potent
and selective inhibitors of the deacetylase SIRT1,
J. Med. Chem. 48, 8045–8054.

22. Trapp, J., Meier, R., Hongwiset, D., Kassack, M. U.,
Sippl, W., and Jung, M. (2007) Structure-activity
studies on suramin analogues as inhibitors of
NAD(�)-dependent histone deacetylases (sirtuins),
ChemMedChem published online July 12 DOI:
10.1002/cmdc.200700003.

23. Trapp, J., Jochum, A., Meier, R., Saunders, L., Mar-
shall, B., Kunick, C., Verdin, E., Goekjian, P., Sippl,
W., and Jung, M. (2006) Adenosine mimetics as in-
hibitors of NAD�-dependent histone deacety-
lases, from kinase to sirtuin inhibition, J. Med. Chem.
49, 7307–7316.

24. Heltweg, B., Gatbonton, T., Schuler, A. D., Posa-
kony, J., Li, H., Goehle, S., Kollipara, R., Depinho,
R. A., Gu, Y., Simon, J. A., and Bedalov, A. (2006) An-
titumor activity of a small-molecule inhibitor of hu-
man silent information regulator 2 enzymes, Cancer
Res. 66, 4368–4377.

25. Wang, F., Nguyen, M., Qin, F. X., and Tong, Q. (2007)
SIRT2 deacetylates FOXO3a in response to oxidative
stress and caloric restriction, Aging Cell 6, 505–
514.

26. Vaquero, A., Scher, M. B., Lee, D. H., Sutton, A.,
Cheng, H. L., Alt, F. W., Serrano, L., Sternglanz, R.,
and Reinberg, D. (2006) SirT2 is a histone deacety-
lase with preference for histone H4 Lys 16 during mi-
tosis, Genes Dev. 20, 1256–1261.

27. Dryden, S. C., Nahhas, F. A., Nowak, J. E., Goustin,
A. S., and Tainsky, M. A. (2003) Role for human
SIRT2 NAD-dependent deacetylase activity in con-
trol of mitotic exit in the cell cycle, Mol. Cell Biol. 23,
3173–3185.

28. Inoue, T., Hiratsuka, M., Osaki, M., Yamada, H.,
Kishimoto, I., Yamaguchi, S., Nakano, S., Katoh, M.,
Ito, H., and Oshimura, M. (2007) SIRT2, a tubulin
deacetylase, acts to block the entry to chromosome
condensation in response to mitotic stress, Onco-
gene 26, 945–957.

532 VOL.2 NO.8 • 529–532 • 2007 www.acschemicalbiology.orgGARSKE ET AL.


