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Abstract Polyglutamine diseases, such as Huntington dis-
ease (HD) and spinocerebellar ataxia 1 and 3, are auto-

somal dominant neurodegenerative disorders. They are
caused by CAG trinucleotide repeat expansions that are
translated into abnormally long polyglutamine tracts. One
of the pathological hallmarks in polyglutamine diseases
is the formation of intranuclear inclusions of polygluta-
mine-containing proteins in the brain. Although causal rela-
tionships between polyglutamine aggregation and cellular
toxicity are much debated, inhibition of the polyglutamine-
mediated protein aggregation may provide treatment op-
tions for polyglutamine diseases. However, the extreme
insolubility of expanded polyglutamines makes it difficult
to prepare polyglutamine-containing proteins on a large
scale and to search for aggregation inhibitors by in vitro
high-throughput screening. To overcome this we developed
a novel in vitro model system for polygltamine diseases
using myoglobin as a host protein. We searched for small
molecules that inhibit polyglutamine-mediated aggregation
by in vitro screening with a mutant myoglobin containing
a 35 polyglutamine repeat. The screening assay revealed
that disaccharides have a potential to inhibit polyglutamine-
induced protein aggregation and to increase survival in a
cellular model of HD. Oral administration of trehalose, the
most effective disaccharide in vitro, decreased polygluta-
mine aggregates in the cerebrum and liver, improved motor
dysfunction and extended life span in a transgenic mouse
model of HD. In vitro experiments suggest that the ben-
eficial effects of trehalose result from its ability to bind and
stabilize polyglutamine-containing proteins. The lack of
toxicity and high solubility, coupled with its efficacy upon
oral administration, make trehalose promising as a thera-
peutic drug or lead compound for the treatment of poly-
glutamine diseases. The stabilization of aggregation-prone
proteins with small molecules is an attractive strategy be-
cause it can block the initial stage of the disease cascade.
In addition, this therapeutic approach could be applied not
only to polyglutamine diseases but also to a wide variety of
misfolding-induced diseases.

Keywords Polyglutamine . Huntington disease .
Amyloid . Trehalose

MOTOMASA TANAKA

received his Ph.D. degree in
chemistry from Kyoto Univer-
sity, Japan. He is presently a
postdoctoral fellow at the
Department of Cellular and
Molecular Pharmacology,
University of California at San
Francisco, USA. His research
interests include the molecular
mechanism and therapy of
polyglutamine diseases and
prion diseases.

NOBUYUKI NUKINA

received his M.D. and Ph.D.
degrees from the Faculty of
Medicine, University of Tokyo,
Japan. He is presently Director
of the Molecular Neuropathol-
ogy Group and Head of the
Laboratory for Structural
Neuropathology at RIKEN
Brain Science Institute, Japan.
His research interests include
the pathogenesis of polygluta-
mine diseases and Alzheimer’s
disease.

M. Tanaka (*) . Y. Machida . N. Nukina
Laboratory for Structural Neuropathology,
RIKEN Brain Science Institute,
2-1 Hirosawa, Wako-city,
351-0198 Saitama, Japan
e-mail: motomasa@cmp.ucsf.edu
Tel.: +1-415-5028089
Fax: +1-415-5144140

M. Tanaka
Department of Cellular and Molecular Pharmacology,
University of California at San Francisco,
600 16th street,
San Francisco, CA, 94143-2240, USA



Abbreviations CI2: Chymotrypsin inhibitor 2 . EGFP:
Enhanced green fluorescence protein . GdHCl: Guanidine
hydrochloride . GST: Glutathione S transferase . HD:
Huntington disease . Hsp: Heat-shock protein . Mb:
Myoglobin . MBP: Maltose-binding protein . mTOR:
Mammalian target of rapamycin . TTR: Transthyretin

Introduction

Huntington disease (HD) is an autosomal dominant pro-
gressive neurodegenerative disorder with a generallymidlife
age at onset. HD is characterized by uncontrolled move-
ment, personality changes, and dementia [1]. The mutation
that causes HD is an expansion of a CAG repeat in the first
exon of the gene encoding huntingtin, an approx. 350-kDa
protein that is essential to embryonic development, neuro-
genesis, and intracellular trafficking [2–4]. Huntingtin is a
widely expressed and predominantly cytoplasmic protein
that is enriched throughout the brain. While normal indi-
viduals possess a polyglutamine length of 6–34 repeats,
individuals with more than 36 repeats develop HD. There is
a positive correlation between repeat length and severity of
symptoms, but an inverse correlation exists between repeat
length and age at onset. A direct causative pathway from the
expansion of glutamine repeats in huntingtin to neuronal
dysfunction and death has not been established. Insoluble
aggregates of huntingtin protein are observed in vitro in
mammalian cells, in transgenic animals, and in the brain
tissues from HD patients [5–9]. Although causal relation-
ships between the formation of huntingtin aggregates and
HD pathology have been controversial [10–13], the forma-
tion of insoluble huntingtin aggregates may be related to
cellular dysfunctions underlying HD. Therefore small mol-
ecules that inhibit huntingtin aggregation could provide a
treatment option for HD [14]. In particular, inhibition of
protein aggregation by stabilizing causative proteins with
small molecules is an effective therapeutic strategy for a
neurodegenative disorder, transthyretin (TTR) amyloidosis.
The native ligand thyroxine inhibits TTR fibril formation by
stabilizing TTR tetramers against dissociation and thereby
preventing subsequent conformational changes required for
amyloid fibril formation [15]. A nonnative ligand 2,4,6-
triiodophenol which binds to TTR with slightly increased
affinity also inhibits TTR fibril formation by this mecha-
nism. Screening and structure-based drug design identified
several TTR amyloidosis inhibitors that function by in-
creasing the kinetic barrier associated with misfolding
through stabilization of the native tetrameric state [16, 17].
These results establish the importance of protein misfolding
energetics in pathogenesis [18, 19]. Here, we review and
discuss a therapeutic strategy for HD involving the sta-
bilization of aggregation-prone polyglutamine-containing
proteins by a small molecule trehalose.

Formation of polyglutamine aggregates and neuropathology
in HD

A characteristic neuropathology of HD is the significant
dysfunction and death of neurons, particularly medium
spiny neurons of the striatum (Fig. 1a). The caudate, puta-
men, and globus pallidus also undergo progressive atrophy,
and there are subtle changes in the cerebral cortex. Another
hallmark of HD pathology is the formation of intranuclear
inclusions of huntingtin protein in the brain (Fig. 1b). Neuro-
pil and cytoplasmic inclusions are also found in affected
individuals [20]. The formation of insoluble huntingtin ag-
gregates appears to be involved in cellular dysfunctions
leading to HD. For instance, expression of a dominant neg-
ative caspase-1 mutant slows the aggregate formation of
huntingtin-exon1 protein along with disease progression in
a transgenic mouse model of HD [21]. Congo red inhibits
neuronal aggregates of huntingtin-exon1 protein and is as-
sociated with phenotypic improvement in HD mice [22].
Huntingtin aggregates recruitmany essential proteins includ-
ing molecular chaperones, proteasome subunits, transcrip-
tion-regulating proteins, and ubiquitin-binding proteins
[23–30]. While the formation of insoluble aggregates of
huntingtin with an expanded polyglutamine may be related
to the pathogenesis of HD, a growing body of evidence
suggests that oligomeric species (e.g., protofibril andmicro-

Fig. 1 Characteristic striatal atrophy and intranuclear inclusions in
the cerebrum of HD patients. a Striatal atrophy of the cerebrum for
HD patients. Coronal sections of the cerebrum for a normal (left)
and an affected (right) individual. b Intranuclear inclusions in the
striatum of HD patients. Intranuclear inclusions (arrow) were visu-
alized with an antibody to ubiquitin
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aggregates) are the cytotoxic entity and inclusion body for-
mation plays protective roles in neuronal cells [31–33]. The
formation of oligomeic states similar to those formed by
α-synuclein and amyloid-β is observed for polyglutamine-
bearing proteins [34–38], and their relevance to cellular
toxicity has been suggested [22, 33, 37]. It is noted that
inhibitors targeting aggregates are likely to block the for-
mation of oligomeric species as well. Therefore the discov-
ery of small molecules or proteins that inhibit the formation
of huntingtin aggregates and/or oligomers may lead to an
effective treatment for HD [14].

Small molecules ameliorate polyglutamine-mediated
pathology in a mouse model of HD

An R6/2 transgenic mouse model of HD has played a
crucial role in evaluating the effects of small molecules on
neuropathology in vivo [39]. The R6/2mice overexpressing
truncated huntingtin (exon 1) with a 145 glutamine repeat
develop progressive ataxia and show pronounced neuronal
intranuclear aggregates that contain truncated huntingtin
and ubiquitin. The appearance of intranuclear inclusions
and characteristic morphological changes in the striatum of
R6/2 mice resemble those observed in HD patients [6].
Several types of small molecules including aggregation in-
hibitors have shown neuroprotective effects on the R6/2
mice.

A histone deacetylase inhibitor, suberoylanilide hydrox-
amic acid, was shown to alleviate motor impairment when
orally administered with cyclodextrin in water [40]. An-
other histone deacetylase inhibitor, sodium butyrate, also
improved body weight and motor performance and in-
creased survival [41]. Furthermore, phenylbutyrate also
attenuates gross brain and neuronal atrophy and extends life
span when administered after the onset of symptoms [42].
These results are consistent with the observation that tran-
scriptional deregulation is closely related to the pathogensis
of polyglutamine diseases [25, 26, 43–45], and therapies
aimed at modulating transcription may provide clinical
benefits to HD patients.

Apoptosis inhibitors such as ZVAD-fmk, and YVAD-
cmk together with DEVD-fmk delayed the development of
pathology and mortality of R6/2 mice [21, 46]. A tetra-
cycline derivative, minocycline, prevents disease progres-
sion by inhibiting caspase-1 and caspase-3 expression [46]
as well as caspase-independent mitochondrial cell death
pathways [47], although the results on the effects of mi-
nocycline are not consistent [48]. Treatment with a hy-
drophilic bile acid, tauroursodeoxycholic acid, reduces
striatal atrophy and the number of apoptotic cells and re-
sults in fewer and smaller striatal intranuclear inclusions
[49]. These results indicate that apoptosis contributes to the
pathogenesis of HD and its inhibition ameliorates poly-
glutamine-mediated pathology.

Creatine decreases the formation of intranuclear aggre-
gates, retards the progression of pathology, and delays the
mortality presumably by buffering intracellular energy lev-
els and compensating for mitochondrial dysfunction [50–

52]. Dichloroacetate, which stimulates the pyruvate dehy-
drogenase complex, improves motor function, attenuates
the development of striatal neuron atrophy, and increases
survival, providing evidence for a role of energy dysfunc-
tion in HD pathogenesis [53]. Coenzyme Q10 and re-
macemide delay the development of motor deficits by
boosting the lowered energy metabolism and decreasing
N-methyl-D-aspartate mediated excitotoxicity, respectively
[54, 55]. On the basis of these results, improvement in
mitochondorial dysfunction can be a therapeutic strategy
for HD.

As observed for the treatment with remacemide, a gluta-
mate antagonist riluzole alleviates motor dysfunction and
delays mortality [56]. Lithium chloride, which has pro-
tective properties against excitotoxicity, also ameliorates
motor performance [57]. Thus excitotoxicity is an alter-
native target for intervention. Antioxidants such as α-lipoic
acid and BN82451 were shown to increase survival of
R6/2 mice by inhibiting oxidative damage and blocking
microglial activation and induction of cyclooxygenase 2
activity, respectively [58, 59]. Recently, an antitumor anti-
biotic, mithramycin, has been shown to improve motor
performance and significantly prolong survival [60]. Thus
these therapeutic agents directed against oxidative stress,
inflammation, and tumor appear promising. A rapamycin
analog improves motor deficits and decreases aggregate
formation by inducing autophagy through inhibition of
mammalian target of rapamycin (mTOR) activity [61],
indicating that the mTOR pathway has a critical role in the
cellular dysfunction underlying HD and its regulation leads
to a therapy for HD.

A transglutaminase inhibitor, cystamine, given intraper-
itoneally decreases aggregate formation, reduces associated
tremor, and improves motor performance, suggesting that
cross-linking of huntingtin by transglutaminase is involved
in the HD pathogenesis [62, 63]. Intraperitoneal or intrace-
rebral infusion of Congo red delays the disease proression,
ameliorates motor impairment, and increases survival by
inhibiting oligomerization of huntingtin [22]. These ob-
servations together with several results obtained by the
above therapeutic strategies show that amelioration of motor
deficits and extension of life span are correlated with a
decreased level of huntingtin aggregation, suggesting inhi-
bition of the aggregate formation as one of the therapeutic
targets for HD. We thus designed a therapeutic strategy to
search for aggregation inhibitors for polyglutamine-con-
taining proteins initially through in vitro screening, fol-
lowed by testing the efficacy of candidate molecules in the
R6/2 transgenic mouse model of HD.

Design and characterization of molecular models for
polyglutamine-containing proteins

Although the potential importance of small molecules that
prevent the formation of polyglutamine aggregates is wide-
ly accepted [64–66], expanded polyglutamines render pro-
teins insoluble in water and make it difficult to prepare
such proteins on the large scale required for in vitro high
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throughput screening of aggregation inhibitors. Polygluta-
mine peptides can be employed for the screening but even a
peptide of approx. 20 glutamines (nonpathological length)
is insoluble in water [67], although treatment with trifluoro-
acetic acid and hexafluoroisopropanol helps dissolution of
long polyglutamine (Gln44) peptides [68]. For the proteins
carrying an expanded polyglutamine, proteolytic cleavage
of glutathione S transferase (GST) from GST-exon 1
huntingtin (Gln51) fusion protein rapidly leads to the for-
mation of insoluble aggregates [5]. Bevivino et al. [69]
prepared maltose-binding protein (MBP) fused ataxin-3
protein with Gln78, albeit in low yield, and showed that
an expanded glutamine repeat destabilizes native ataxin-3
structure and mediates formation of parallel β-fibrils. How-
ever, the MBP-fused ataxin-3 protein results in rapid aggre-
gation upon proteolytic cleavage of MBP. These studies
suggest that the natural causative proteins containing an
expanded polyglutamine are too unstable to use for the in
vitro screening. Another strategy to prepare polyglutamine-
bearing proteins suitable for the in vitro screening is to
insert a polyglutamine tract into a stable host protein.
Mutant mice carrying an expanded polyglutamine intro-
duced into a mouse hypoxanthine phosphoribosyltransfer-
ase protein developed a progressive late onset neurological
phenotype similar to that of human polyglutamine diseases,
indicating crucial roles of the expanded polyglutamine on
inducing neurodegeneration, regardless of the host protein
[70]. Stott et al. prepared a chymotrypsin inhibitor 2 (CI2)
mutant containing an inserted 10 glutamine repeat and
found that incorporation of glutamine repeats in CI2 in-
duces oligomerization of the protein [71]. However, the 10
glutamine repeat in the CI2 mutant is much shorter than the
pathological length for polyglutamine diseases, and its re-
activity with an expanded polyglutamine-specific 1C2 an-
tibody [72] has not been reported, although it would be a
piece of key evidence whether the inserted polyglutamine
forms a pathogenic conformation. We thus sought to de-
velop a novel in vitro molecular model for polygltamine
diseases which is stable enough for a large-scale prepa-
ration and has an expanded polyglutamine reactive to the
1C2 antibody.

Using sperm whale myoglobin (Mb) as a host protein,
we established a large-scale preparation of Mb mutants
containing glutamine repeats of various lengths (12, 28,
35, 50) as a molecular model for polyglutamine diseases
(Fig. 2a, b) [73]. In theMbmutants the 12 and 28 glutamine
repeats are of a nonpathological length and the 50 glutamine
repeat is a pathological length, while the 35 glutamine
repeat is located at the border between pathological and
nonpathological. The Mb mutants reacted with the 1C2
antibody in a polyglutamine-length dependent manner as do
natural polyglutamine-containing proteins, indicating that
an expanded polyglutamine inserted into Mb forms a path-
ogenic conformation similar to that in native proteins. The
Mb mutants spontaneously formed amyloid fibers in a
polyglutamine-length dependent fashion under the physio-
logical condition (pH 7.0, 37°C) as observed for truncat-
ed huntingtin containing a 51 glutamine repeat; Mb-Gln50
formed amyloid fibers more rapidly than Mb-Gln35, where-

as wild-type Mb and Mb-Gln12 did not form amyloid fibrils
(Fig. 2c) [35, 74]. Denaturing experiments with guanidine
hydrochloride (GdHCl) revealed that the insertion of poly-
glutamine into Mb destabilizes the host protein in a poly-
glutamine-length dependent manner. Small-angle X-ray
scattering analysis showed that the radius of gyration for
Mb-Gln50 increased to 27 Å from 17 Å for wild-type Mb,
indicating a partially unfolded structure of Mb-Gln50 [35].
The denaturing assay with GdHCl revealed that the ex-
panded glutamine repeat specifically unfolds a region at the
surface of the Mb mutant protein [73]. The destabilizing
effects of polyglutamine expansion are suggested for a
natural causative protein for ataxin-3 [69].

Fig. 2 Sperm whale myoglobin containing an inserted glutamine
repeat as a molecular model for polyglutamine diseases. a X-ray
crystal structure of sperm whale myoglobin. Arrow The C-D corner
into which a glutamine repeat was inserted; stick model a heme
group and a histidine legend. b Amino acid sequence showing the
region of polyglutamine insertion. c An electron microscopic image
of Mb-Gln50 amyloid fibers that were spontaneously formed under
the physiological condition (pH 7.0, 37°C). Mb-Gln50 fibers were
stained with 2% sodium phosphotungstic acid and observed by elec-
tron microscopy. Scale bar 100 nm. (Reproduced from [73])
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Trehalose alleviates polyglutamine-mediated pathology in a
mouse model of HD

Since Mb-Gln35 can be prepared with high yield and reacts
with the 1C2 antibody, we screened for inhibitors of poly-
glutamine-mediated aggregation in vitro using Mb-Gln35
and evaluated candidate molecules in cellular and trans-
genic mouse models of HD [75]. In the initial screening in
vitro, we focused on small molecules that are nontoxic and
can be safely and orally administered. Through the screen-
ing in vitro we found that various disaccharides have a
potential to reduce aggregation of Mb-Gln35. Among di-
saccharides trehalose showed the most inhibitory effects
for the Mb-Gln35 aggregation. GdHCl-induced denaturing
experiments revealed that trehalose increases the stability
of Mb-Gln35 to a level comparable to that of Mb-Gln12,
which contains a nonpathological length of glutamine re-
peat. Since Mb-Gln35 is partially unfolded due to the in-
sertion of a long polyglutamine repeat [73], the increased
stability of Mb-Gln35 by trehalose is consistent with the
previous finding that trehalose stabilizes proteins in a
partially unfolded state [76].

The effects of disaccharides were further investigated in
stable mouse neuroblastoma Neuro2a cells, where expres-
sion of truncated N-terminal huntingtin (1–90 amino acids)
containing 60 or 150 glutamines fused to an enhanced green
fluorescence protein (EGFP) is induced by ponasterone A
[77]. In the Neuro2a cells huntingtin-EGFP forms cyto-
plasmic aggregates, and cell death is induced upon ex-
pression of huntingtin-EGFP. Addition of disaccharides to
the cell culture show a tendency to reduce huntingtin-EGFP
aggregation, and this is correlated with a decrease in cell
death. In the screening of disaccharides trehalose shows
the most beneficial effects on the cellular model of HD. To
confirm this result we transiently overexpressedEscherichia
coli otsA and otsB, which produce trehalose intracellularly
[78], in the Neuro2a cellular model. The overexpression of
otsA and otsB reduced the huntingtin-EGFP aggregation
and enhanced cell viability by more than 50%. This result
verified the neuroprotective effects of trehalose in the cel-
lular model of HD.

We then explored the possible beneficial effects of tre-
halose on R6/2 transgenic mice in which N-terminal
truncated huntingtin with a 145 glutamine repeat is over-
expressed [39]. When trehalose (2%) was added to drink-
ing water for R6/2 mice, these mice spontaneously drank
the trehalose-containing water. We found that the oral ad-
ministration of trehalose reduced weight loss, ameliorated
striatal atrophy, and inhibited the formation of truncated
huntingtin aggregates in the cerebrum and liver by more
than 30% (Fig. 3a). In addition, the trehalose treatment
improved the associated motor dysfunction (Fig. 3b),
delayed the onset and reduced the frequency of foot
clasping, a cardinal phenotype of R6/2 mice (Fig. 3c), and
extended life span by approximately 10% (Fig. 3d). In
contrast, oral administration of glucose, a potential metab-
olite of trehalose, did not change the number of intranu-
clear inclusions, improve rotarod performance, influence
the onset and frequency of foot clasping, or increase sur-

vival [75]. Thus we conclude that treatment with treha-
lose specifically ameliorates the polyglutamine-mediated
pathology.

The alleviation of polyglutamine-mediated pathology
by trehalose is correlated with the decrease in the number
of intranuclear inclusions. Whether intranuclear inclusions
are crucial for pathophysiology is still much disputed [10].
Regardless of this, our present finding as well as previous
results using mouse and Drosophila models of HD [21,
22, 61, 62, 79] verifies that the inhibition of huntingtin
aggregation can be a therapeutic strategy [14]. The inhib-
itory effects of trehalose on polyglutamine-induced ag-
gregation in two different contexts of proteins (Mb-Gln35
and truncated huntingtin) suggest that trehalose can bind
to polyglutamine expansions shared by the two proteins.
Trehalose reduced the aggregation of Mb-Gln35 by in-
creasing stability of the partially unfolded Mb-Gln35 in
vitro. In vivo we detected trehalose in the brain homoge-
nates of trehalose-supplemented mice. It thus appears that
the incorporated trehalose exerts beneficial effects by bind-
ing to and stabilizing truncated huntingtin in the brain, al-
though we cannot completely rule out the possibility that
the alleviation of neuropathology is related to the effects of
trehalose outside the neuron or the brain. Piccioni et al. [80]
recently reported that a cardiac glycoside class of drugs
inhibits polyglutamine-mediated toxicity by preventing
caspase-3 activation. Thus saccharide molecules may have
broad functions that reduce cellular toxicity. It is noted here
that saccharide molecules possibly have adverse effects
on blood glucose levels when administered. R6/2 mice are
known to develop diabetes, a feature that mimics the ele-
vated diabetes rate in individuals with HD [81, 82]. Al-
though oral administration of trehalose did not substantially
affect blood glucose levels of fasting R6/2 mice, this will
need to be assessed carefully in clinical tests for HD
patients.

Some of trehalose that is orally administered can be
enzymatically hydrolyzed into two glucose molecules,
which may have some effects on R6/2 mice. When glucose
was orally administered to R6/2 mice, it did not attenuate
motor impairment or delay mortality of R6/2 mice, indi-
cating that the treatment with glucose does not ameliorate
the polyglutamine-induced pathology of the mice [75].
Thus it is most plausible that the beneficial effects on R6/2
mice results from trehalose, not from glucose metabolized.
Furthermore, based on this result it would be unlikely
that trehalose alleviates the pathology of R6/2 mice simply
by boosting intracellular energy levels. We are currently
investigating in more detail the mechanism of the trehalose-
mediated improvement in neuropathology. We are attempt-
ing to knock-out a gene encoding trehalase, an enzyme that
hydrolyzes trehalose into two glucose molecules, in R6/2
mice so that trehalose administered remains stable in the
mice. An alternate method is to synthesize trehalose analogs
that are not enzymatically metabolized by trehalase and
can be used for oral administration. These strategies will
not only reveal more detailed effects of trehalose but will
also lead to the development of more practical therapeutic
agents. Another question to be answered is whether treha-
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lose, as with Congo red [22], inhibits formation of oligo-
meric species (or microaggregates) of polyglutamine-con-
taining proteins. Although we could not detect oligomeric
states of truncated huntingtin in the brain of R6/2 mice [75],
we found that Mb-Gln50 forms microaggregate species in
the early stage of the aggregate (amyloid) formation [35].
Thus we are addressing this issue by investigating effects of
trehalose on the aggregation process of Mb-Gln50.

A general therapeutic strategy of stabilizing
aggregation-prone proteins and its future prospects

Our in vitro and in vivo studies suggest that trehalose in-
hibits aggregation of polyglutamine-containing proteins by
interacting with expanded polyglutamines and stabilizing
the polyglutamine-containing proteins. The polyglutamine-
containing proteins undergo proteolysis by caspases [21,
46, 77, 83, 84], calpain [85, 86], or a novel aspartyl pro-
tease [87]. Cleaved fragments such as truncated N-terminal

huntingtin show a virtually unordered structure [5] whereas
causative full-length proteins would be only partially un-
folded due to the expansion of glutamine repeats [69, 73].
Because trehalose stabilizes proteins in a partially unfolded
state [76], it is likely that trehalose stabilizes the full-length
proteins (before proteolysis) more efficiently than the fully
unfolded truncated forms. In contrast to the destabilizing
effects of polyglutamine expansion indicated by our results
[73] and others [69], no significant difference was observed
in an acid-induced equilibrium or the kinetic unfolding/
folding transition between ataxin-3 proteins carrying 15,
28, or 50 glutamine repeats [88]. Since the polyglutamine
tract in ataxin-3 protein is located in a flexible domain dif-
ferent from an N-terminal folded Josephin domain, it is
conceivable that release of a polygutamine-containing do-
main upon proteolytic cleavage enhances potential de-
stabilizing effects of the polyglutamine expansion on the
truncated protein. Thus trehalose may stabilize the truncated
form of ataxin-3 protein efficiently.

Fig. 3 Beneficial effects of trehalose on polyglutamine-mediated
pathology in R6/2 transgenic mice. a Number of intranuclear ag-
gregates (in mm2) in motor cortex of R6/2 transgenic mice. Hun-
tingtin aggregates in frozen sections of cerebrumwere visualized with
an antibody to ubiquitin. Black bars 8-week-old R6/2 transgenic
mice; gray bars 12-week-old R6/2 transgenic mice. *P<0.01 vs. 0%
R6/2 transgenic mice. b Latency time of rotarod performance
(seconds). Transgenic mice were placed on a rotating rod (3.5 rpm)
and the rotating speed was linearly increased to 35 rpm in 300 s (for
7- to 11-week-old mice) and continued at 35 rpm until 600 s (for
4-week old mice). Circle 0% trehalose mice; triangle 2% trehalose

mice. *P<0.05 vs. 0% R6/2 transgenic mice. c Frequency of the feet-
clasping behavior; 5- to 7-week-old R6/2 transgenic mice were
suspended by the tail for 30 s, and frequency of the feet-clasping
posture was scored as follows: 3 (>10 s), 2 (5–10 s), 1 (0–5 s), 0 (0 s).
Circle 0% trehalose mice; triangle 2% trehalose mice. *P<0.05 vs.
0% R6/2 transgenic mice. d Survival curves of R6/2 transgenic mice.
P=0.0015 by log-rank test. Circle 0% trehalose mice; triangle 2%
trehalose mice. Throughout the experiment trehalose (2%) was given
to R6/2 transgenic mice by oral administration starting at approx.
21 days of age and continuing until the date of killing. (Reproduced
from [75])
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A previous study indicated that translocation of poly-
glutamine aggregates to the nucleus is essential to cyto-
toxicity [89]. A fibrillar form of a polyglutamine (Gln42)
peptide caused dramatic cell death when directed to the
nucleus but was not toxic when restricted to the cytoplasm.
This translocation occurs after full-length polyglutamime-
containing proteins undergo proteolysis. The translocation
of truncated huntingtin can be inhibited by trehalose be-
cause the increase in stability of polyglutamine-containing
proteins by trehalose would make the proteins more re-
sistant to proteolysis, preventing eventual translocation
to the nucleus. Therefore it is noteworthy that, apart from
other types of inhibitors, trehalose has the potential to delay
the disease progression at the initial stage of the disease
cascade by stabilizing aggregation-prone polygluamine-
containing proteins and inhibiting their subsequent aggre-
gation (Fig. 4).

Huntingtin aggregation can be suppressed by chemical
compounds that activate a specific heat-shock response.
Cell culture studies showed that treatment of mammalian
cells with geldanamycin, a naturally occurring benzoqui-
none ansamycin that binds to heat-shock protein (Hsp) 90
and activates a heat shock response, induces the expres-
sion of Hsp40 and Hsp70, and inhibits huntingtin-exon 1
protein aggregation in a dose-dependent manner [90]. In
the R6/2 mouse model of HD it has been proposed that a
progressive decrease in HDJ1, HDJ2, Hsp70, and small
glutamine-rich tetratricopeptide repeat domain proteins α
and β levels in the brain contributes to the pathogenesis of
HD [91]. Pharmacological induction of the heat-shock re-
sponse with radicicol and geldanamycin in R6/2 mice could

both maintain chaperone induction for at least 3 weeks and
alter detergent insoluble properties of polyglutamine aggre-
gates [91]. In addition to the protective effects on R6/2
mice, geldanamycin treatment prevents dopaminergic cell
loss in a Drosophila model of Parkinson’s disease and in-
hibits α-synuclein aggregation and cytotoxicity in human
H4 neuroglioma cells [92, 93]. While trehalose does not
induce the Hsps [75], it could play similar roles of inhibit-
ing huntingtin aggregation as a chemical chaperone.

Together with the observation for TTR amyloidosis
[16, 17], the inhibition of unfolding and subsequent ag-
gregation of aggregation-prone proteins by stabilization
with small molecules could be a general strategy for var-
ious misfolding-induced diseases [18]. However, it is pos-
sible that nonspecific binding of small molecules induces
adverse effects. Thus further efforts toward polyglutamine
diseases including HD should be directed to search for
chemical chaperones that selectively bind causative pro-
teins. Since structural analysis of polyglutamine-containing
proteins is difficult due to the poor solubility of these pro-
teins, computational design cannot be applied to aggrega-
tion inhibitors for polyglutamine dieseases. High-throughput
screening and subsequent investigation of candidate mol-
ecules in cellular, Drosophila and/or mouse models is thus
a feasible way to search for aggregation inhibitors. Once an
effective molecule is identified, it may be used as a lead
compound to find more efficient inhibitors. For instance,
trehalose is an appropriate lead compound because it is
nontoxic and highly soluble in water. In addition, com-
binations of identified small molecules would be a practical
therapeutic strategy to ameliorate the disease progression
by targeting multiple pathways.
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