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Summary

Aging is the major risk factor for the development of hu-
man neurodegenerative maladies such as Alzheimer’s,
Huntington’s and Parkinson’s diseases, and prion disorders,
all of which stem from toxic protein aggregation. Although
sporadic cases typically onset during the patient’s seventh
decade of life or later, mutation-linked, familial disorders
manifest during the fifth or sixth decade of life. This com-
mon temporal emergence pattern suggests that slowing
aging can postpone the onset of these maladies and alle-
viate their symptoms once emerged. Studies in worms and
flies that express disease-linked aggregative proteins re-
vealed that reducing the activity of the insulin / insulin-
like growth factor (IGF) signalling (IIS), a prominent aging
regulatory pathway, protects these animals from toxic pro-
tein aggregation. The therapeutic potential of this approach
has been tested and confirmed in mammals as reducing
the activity of the IGF1 signalling cascade partially pro-
tects Alzheimer’s-model mice from premature death, and
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behavioural and pathological impairments associated with
the disorder. Here we review the recent advances in the
field, describe the known mechanistic links between toxic
protein aggregation, neurodegenerative disorders and the
aging process and delineate recent studies that point at
IGF1 signalling inhibitors as promising therapies for the
treatment of various late-onset neurodegenerative disor-
ders.
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The maintenance of protein
homeostasis is vital for life

Homeostasis at the molecular, cellular and organismal
levels is required for viability and functionality of all living
organisms. Specialised mechanisms act to maintain the in-
tegrity of the proteome by assisting newly synthesised mo-
lecules to attain their desired, functional spatial structures
and by restoring the correct confirmation of unfolded ma-
ture proteins (reviewed in [1]). Polypeptides that fail to
fold properly and damaged mature proteins are designated
for degradation by the ubiquitin proteasome system [2] or
by autophagy [3]. The clearance of these molecules pre-
vents deleterious effects associated with protein misfolding
and aggregation (proteotoxicity). These coordinated cellu-
lar activities of protein folding, post-translational modific-
ation, quality control and degradation maintain function-
al protein homeostasis that was termed “proteostasis” [4].
Despite the activity of the proteostasis network, subsets of
aggregation-prone proteins fail to fold properly, escape de-
gradation and form insoluble aggregates within the cell.
Cells tend to gather nondegradable protein aggregates in
deposition sites that either serve as dynamic quality control
structures or accumulate terminally aggregated proteins
[5]. Although cellular deposition sites are often protective
[6], it is possible that under certain circumstances they
turn to be sources of toxicity (reviewed in [7]). In some
cases, protein aggregation leads to the development of mal-
adies that were collectively termed “conformational dis-
cases” [8]. Late-onset neurodegenerative maladies such as
Alzheimer’s disease (AD), Huntington’s (HD) disease,
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amyotrophic lateral sclerosis (ALS) and prion disorders are
conformational diseases. Accordingly, the presence of pro-
tein aggregate-containing deposition sites is a unifying
pathological hallmark of these neurodegenerative disorders

[9].

The mechanisms of
neurodegenerative disorders

The widely accepted amyloid hypothesis suggests that AD,
the most prevalent neurodegenerative disorder, stems from
a dual digestion of the amyloid precursor protein (APP)
by two proteases,  and y secretases. This cleavage of
APP releases a family of short peptides that are known
as “Ap peptides” including AP, 4 and AP, 4. Owing to
their hydrophobic nature, AP peptides have the tendency to
form aggregates of various sizes [10]. Small Ap aggregat-
ive structures (oligomers) have been shown to be the most
toxic species and to correlate best with the development
of AD [11, 12]. The disease is characterised by neuron-
al loss, neuroinflammation, cognitive failure and eventu-
ally death [10]. Hitherto, the mechanistic details of how
AP oligomers lead to the manifestation of AD are poorly
understood; however, mutations in presenilin-1, the active
component of the y secretase complex, that increase the
production of AP have been shown to be associated with
the development of familial AD [13]. The discovery that
a mutation in APP that reduces AP production decreases
the risk of developing AD supports the idea that AP ag-
gregation is a key aetiological cause of the disorder [14].
However, a careful analysis revealed that not all famili-
al AD-associated mutations in the sequence of presenil-
in-1 increased A production [15], suggesting that in some
cases loss of presenilin-1 function underlies the develop-
ment of AD [16]. Among other functions, presenilin-1 has
key roles in autophagy [17, 18] and in the formation of
functional interactions between the endoplasmic reticulum
and the mitochondria [19]. Together these studies propose
that more than one mechanism is accountable for the devel-
opment of AD.

The aggregation of mutant huntingtin bearing an abnor-
mally long poly-glutamine stretch (polyQ) causes HD, a
disease that solely appears as a familial disorder, is char-
acterised by impaired movement and cognition and eventu-
ally leads to death [20].

Like HD, Machado—Joseph disease (MJD, also known as
spinocerebellar ataxia 3) is caused by a CAG trinucleotide
expansion within the sequence of the SCA3 gene that en-
codes the ataxin-3 protein. This results in aberrantly ex-
panded polyQ stretch within the deubiquitinating enzyme
ataxin-3, which in turn acquires the tendency to form toxic
aggregates. In addition, it has been suggested that mutated
ataxin-3, carrying a polyQ expansion, initiates MJD by dir-
ecting the E3-ubiquitin ligase parkin to autophagic-medi-
ated degradation [21].

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease that was found to be associated with frontotemporal
dementia and characterised by muscle atrophy and spasti-
city (reviewed in [22]). Mutations in the transactivation re-
sponse (TAR) deoxyribonucleic acid (DNA) binding pro-
tein 43 (TDP-43) [23] and in the Cu/Zn superoxide dis-

mutase 1 (SOD1) [24] were found to destabilise these pro-
teins, enhance their propensity to aggregate and to be ac-
countable for certain familial ALS cases. Many neurode-
generative disorders, including Alzheimer’s diseases and
ALS, exhibit surprisingly similar temporal emergence pat-
terns. Although most cases manifest sporadically during
the seventh decade of life or later, the rarer, familial,
mutation-linked cases appear during the patient’s fifth or
sixth decade of life. This common feature of different
neurodegenerative maladies defines aging as the major risk
factor for the development of these disorders [25] and sug-
gests that the aging process enables the emergence of
neurodegeneration in late life stages by actively reducing
the activity of proteostasis-maintaining mechanisms. Thus,
these mechanisms, which protect the young organism from
diseases, fail to prevent their onset late in life. Accordingly,
this theme raises the prospect that the alteration of aging
could serve as a novel strategy for the treatment of neuro-
degeneration. The exploration of aging regulating path-
ways during the last two decades allowed significant pro-
gress in this research avenue.

Aging regulating mechanisms

For decades, aging was thought to emanate from a random
deterioration in the integrity of cellular maintenance mech-
anisms (reviewed in [26]). Although random events prob-
ably play important roles in the progression of aging, this
process is also amenable to metabolic and genetic regula-
tion. The first indication that aging can be manipulated was
provided by McCay and colleagues [27], who discovered
that rats that consumed reduced amounts of food had an ex-
tended lifespan compared with their counterparts that had
unlimited access to food. This effect of dietary restriction
(DR) was later extended to a variety of organisms ranging
from yeast to monkeys (reviewed in [28]). The discovery
that DR-associated longevity is dependent upon the activity
of transcription factors [29, 30] indicated that genetic path-
ways are involved in the mediation of this effect.

Reducing the activity of the electron transport chain (ETC)
can also alter the aging process as RNA interference
(RNAi) mediated knockdown of genes that encode ETC
components extend the lifespan of Caenorhabditis elegans
(C. elegans) [31, 32]. Interestingly, to achieve this lifespan
extension effect the activity of the ETC has to be mitigated
during development [31]. This mechanism involves inter-
tissue communication that is promoted by signalling medi-
ating molecules [33].

Perhaps the most prominent and best characterised aging-
regulating genetic pathway is the insulin/IGF signalling
pathway (1IS). IIS reduction by RNAi or mutations extends
the lifespans of flies [34], worms [35] and mice [36]. In the
nematode C. elegans, DAF-2, the lone insulin/IGF recept-
or, initiates a signalling cascade that promotes the phos-
phorylation of its downstream transcription factors,
DAF-16/FOXO [37] and SKN-1/NRF [38]. These phos-
phorylation events prevent the transcription factors from
entering the nucleus and from regulating their target gene
networks. Similarly, the IIS negatively regulates the activ-
ity of the heat shock factor 1 (HSF-1) by preventing the
phosphorylation of the HSF-1 interacting protein DDL-1.
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Nonphosphorylated DDL-1 binds HSF-1 and retains it in
the cytosol [39]. The IIS also governs the cellular local-
isation of the transcription factor PQM-1, which responds
to IIS in opposition to DAF-16 and has a role in the IIS-
controlled lifespan mechanism [40]. Thus, IIS reduction
by daf-2 knockdown modifies the cellular localisation of a
nexus of downstream transcription factors creating youth-
ful, long-lived, stress resistant worms (reviewed in [41]).
The mammalian signalling pathway downstream of IGF1
shares a high rate of similarity with the worm’s IIS. Upon
activation, the IGF1 receptor (IGF1r), the closest daf-2 or-
thologue in mammals [42], undergoes auto-phosphoryla-
tion, followed by the recruitment and phosphorylation of
the insulin receptor substrates (IRS) 1 and 2 on tyrosine
residues. These events lead to the activation of the kinase
Akt which phosphorylates its downstream transcription
factors, including the family of the forkhead box class O
(FOXO). Phosphorylated FOXO molecules are prevented
from entering the nucleus and from regulating their target
genes [43].

The functional roles of the IIS as a lifespan and stress res-
istance regulator have been shown to be conserved from
worms to mammals. First, female mice carrying only one
copy of Igf1r are long-lived and exhibit elevated resistance
to oxidative stress [36]. Similarly, mice lacking IRS1, and
thus exhibiting impaired IGF1 signalling, are also long-
lived [44]. Studies that compared components of the IGF1
signalling mechanism of human centenarians and individu-
als members of cohorts that do not exhibit extended
lifespans, revealed association of mutations in either the
IGFIr or the FOXO transcription factors with extreme
longevity [45-47].

These observations indicate that the aging regulating func-
tions of the IIS are conserved from worms to mice and
strongly suggest that IGF1 signalling is also a lifespan de-
terminant in humans.

IIS-regulated target gene networks

The identification of the IIS and its downstream transcrip-
tion factors as pivotal regulators of aging enabled the char-
acterisation of the gene networks that are involved in set-
ting the pace of aging. Several approaches have been ad-
opted to identify these genes; DNA microarrays have been
used to compare the gene expression patterns of worms
that carry weak daf-2 alleles or mutated daf-16 with these
of wild-type animals [48, 49]. The most prominent group
of genes identified in these experiments was the family of
heat shock proteins (Hsps) and genes that encode stress re-
sponse proteins such as catalase. However, the expression
levels of many other genes that possess various biological
activities have been found to be 1IS-regulated. Serial ana-
lysis of gene expression (SAGE) [50] and chromatin im-
munoprecipitation (ChIP) [51] have also been utilised to
identify DAF-16 regulated genes. These techniques yiel-
ded partially overlapping results, confirming that stress res-
istance mediating genes are regulated by the IIS. Finally,
the differences in soluble protein content among worms
with mitigated IIS and wild-type animals has also been ana-
lysed by quantitative mass spectrometry [52]. This study
revealed that the levels of catalases and Hsps are increased

consequently to IIS knockdown, supporting the previous
discoveries. Together these findings raised the prospect that
DAF-16 and HSF-1 promote longevity via the preservation
of proteostasis in late stages of life and suggest that their
activation by IIS reduction can protect from proteotoxicity-
related diseases.

IIS reduction protects model
nematodes from proteotoxicity

To explore the possible links between proteotoxicity and
aging, and to test whether IIS reduction ameliorates the
toxic phenotypes of neurodegeneration-associated pro-
teotoxicity, a series of transgenic C. elegans strains, each
expressing a fluorescently tagged, polyQ stretch of differ-
ent length, was created [53]. The visualisation of polyQ-
YFP fluorescent dots in these worm strains revealed that at
least 40 glutamine repeats were needed to promote efficient
aggregation in young (day 2 of adulthood) nematodes. In-
terestingly, 40 glutamine repeats is also the threshold num-
ber required to initiate the development of HD in humans
[20]. Visualisation of polyQ-YFP deposits over time re-
vealed that the number of polyQ repeats required for effi-
cient aggregation declines with age. Fluorescent foci con-
taining polyQ35-YFP aggregates were first visible at day
4 of adulthood, whereas polyQ29-YFP deposits could not
be detected earlier than day 9 of adulthood. These find-
ings directly linked polyQ-YFP aggregation to the animal’s
aging process, and corroborated the notion that the altera-
tion of aging could slow protein aggregation and mitigate
proteotoxicity. To directly test this theme, IIS activity was
reduced by the knockdown of age-1, a gene that encodes a
key IIS component. This manipulation reduced the level of
polyQ82-YFP aggregation in worm embryos and protected
adult nematodes from polyQ aggregation-associated motil-
ity impairment [53].

To further explore the molecular mechanisms by which IIS
reduction protects from proteotoxicity we employed worms
that express human AP in their body wall muscles (AP
worms [54]). AP aggregation in the muscles of these an-
imals results in a progressive paralysis within the worm
population. Following this phenotype we found that IIS re-
duction by daf-2 RNAI protects worms from AP aggreg-
ation in DAF-16 and HSF-1 dependent manners. Surpris-
ingly, these transcription factors were found to mediate op-
posing activities: HSF-1 promotes disaggregation where-
as DAF-16 facilitates protective active aggregation [55].
These transcription factors exhibit dissimilar temporal pat-
terns of activity; whereas HSF-1 was found to execute its
counter-proteotoxic activity during development, DAF-16
is foremost important for protection from proteotoxicity
during adulthood [56].

Interestingly, DR was also shown to protect Ap worms
from proteotoxicity in an HSF-1 dependent manner [57]
and to attenuate AP deposition in the brains of AD-model
mice [58], indicating that aging manipulation other than IIS
reduction also counters proteotoxicity.

The protective effects of 1IS reduction were recently ex-
tended to several additional neurodegeneration-linked ag-
gregative proteins in worm models. Nematodes that ex-
press an ALS-linked, mutated TDP-43 [59], were protected
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from motility impairment when their IIS was reduced by
the knockdown of daf-2. This protection was dependent on
DAF-16 and HSF-1 [60]. The aggregation of ALS-linked
mutated SOD-1 and the resulting locomotion impairments
were also mitigated by the knockdown of daf-2 [61]. Sim-
ilarly, the toxicity associated with the aggregation of atax-
in-3, an MJD-linked polyQ-containing protein, was
lessened by reducing IIS activity [62].

Collectively, these studies clearly indicate that, in the nem-
atode, the aging process and proteotoxicity are directly
linked and that IIS reduction can counter proteotoxicity in
these animals. However, to assess the therapeutic potential
of this approach it was necessary to test whether this link is
conserved from worms to the mammalian brain.

IGF1 signalling and proteotoxicity:
from the nematode to the mammalian
brain

The creation of AD-model mice with altered aging pro-
grammes enabled the investigation of whether the altera-
tion of IGF1 signalling protects from neurodegeneration.
Killick and colleagues [63] crossed transgenic mice that
harbour the familial AD-linked, mutated human APP gene
carrying the Swedish mutation (K670N, M671L) (7g2576
mice) [64] with animals lacking IRS2 to achieve offspring
that produce AP and have an altered aging programme
(strain Tg2576/Irs2-/-). Comparison of 12-month-old
Tg2576/Irs2-/- and their age-matched 7g2576 counterparts
revealed that the deletion of Irs2 resulted in a significant
reduction of the AP plaque burden in the animals’ brains.
Adopting a similar approach, the Schubert group crossed
Tg2576 mice with animals that lack the IGF1 receptor ex-
clusively in neurones (7g2576/nlgflR-/-) and found that
both males and females were protected from the premature
death typical of 7g2576 mice [65]. Aged Tg2576/nigf1R-
/- animals had lower amounts of both peptides, AP, 4 and
AP_4p, compared with their age matched 7g2576 siblings.
These results revealed that reduction of IGF1 signalling in
the mouse brain protect from proteotoxicity.

In order to explore the underlying mechanism by which
IGF1 signalling reduction protects mice from AD-like dis-
ease we crossed mice that express two mutated AD-linked
genes, humanised APP,, and a hyperactive human PS1
(APP,/PS1AE9 mice) [66], with a long-lived mouse
strain that harbours only one copy of Igflr [36].
APP,/PS1AE9 mice develop relatively slow age-depend-
ent neurodegenerative symptoms which resemble those of
human AD patients, including behavioural impairments
[67], neuroinflammation and AP plaque formation [66].
APP,/PS1AE9 mice which carried only one Igfir copy
(APP,/PS1AEY/Igf1R+/- mice) were protected from AD-
associated memory and orientation impairments and ex-
hibited reduced rates of neuroinflammation and neuronal
loss [68]. AP plaques of APP, . /PS1AE9/IgfiR+/- mice
were smaller in size and of higher density compared with
their littermates that hada natural level of IGF1 signalling.
Our results proposed that IGF1 signalling reduction confers
protection by sequestering toxic AP oligomers from the
brain [11, 69], packing them in large fibrils of lower tox-

icity [68].

These mouse-based studies suggest that the manipulation
of aging by IGF1 signalling reduction protects the mam-
malian brain from toxic AP aggregation and supported the
idea that IIS inhibitors have the promise to serve as
counter-neurodegeneration drugs. However, it is important
to note that several studies have proposed that circulating
IGF1 protects AD-model rodents from proteotoxicity and
from Alzheimer’s-like disease.

To test the possible mutual relation of circulating IGF1 on
AD-linked pathologies, IGF 1was infused to old rats whose
brains contain higher levels of AP than those of their young
counterparts, and the levels of A in the brain were meas-
ured. The results showed that elevated levels of IGFlin old
rats enhanced the clearance of AP to achieve levels simil-
ar to those observed in brains of young animals [70]. Re-
cently, it was shown that reduced IGF1 levels in the ser-
um of AD-model mice accelerates the accumulation of Af
plaques and elevates the load of astrocytes and microglia in
the brain [71]. These findings suggested that an increased
amount of circulating IGF-1 protects from A toxicity and
that hyperactivation of the IIS pathway is neuroprotective
(reviewed in [72]).

Although the question of whether decreased or increased
IGF1 signalling counters proteotoxicity is under debate, the
idea that an increased activity of this pathway protects the
mammalian brain is challenged by a few findings. Firstly,
reducing IGF1 signalling alters the aging process [36, 44]
and the major risk factor for the development of neuro-
degeneration is aging [25]. Thus, slowing aging by IGF1
signalling reduction rather than increase should ameliorate
aging-associated diseases. In addition, increased AP load
and plaque formation were considered in many studies as a
marker of toxicity [71, 73] whereas hyperaggregation may
be protective [68]. Lastly, it is possible that increased IGF1
levels in the serum lead to the recycling of the IGF1r and to
long-term reduction in the activity of this pathway. Further
experimental work is required to resolve this dispute.

Reducing IGF1 signalling as a novel
strategy to combat neurodegeneration

To assess the therapeutic potential of IGF1 signalling in-
hibitors it was first necessary to test whether this manipula-
tion provides protection from proteotoxicity when applied
late in life, the stage in which neurodegenerative disorders
emerge and are diagnosed. Employing the A worm mod-
el and conditional daf-2 knockdown, we found that late-
life IIS reduction was sufficient to protect the worms from
AP toxicity when it can no longer extend lifespan [56]. In-
terestingly, this temporal study showed that in the worm
the counter-proteotoxic effect of IIS reduction is separable
from its longevity effects, proposing that protection from
toxic protein aggregation can be achieved without lifespan
extension.

Next, it was necessary to develop compounds that stabilise
proteostasis and assess whether they can mitigate pro-
teotoxicity. To identify such molecules, Calamini and col-
leagues screened a set of small molecules using model
worms and cultured cells. They identified compounds that
modulate proteostasis, which act through the activation of
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HSF-1, FOXO, Nrf-2 [74] and the induction of Hsp encod-
ing genes.

Several additional compounds were shown to alleviate pro-
teotoxicity in worm models. Trehalose, which activates
DAF-16 and HSF-1, was shown to increase lifespan and
protect C. elegans from polyQ-associated proteotoxicity
[75]. Similarly, the amyloid binding dye, Thioflavin T, was
also shown to slow aging, increase lifespan and protect
nematodes from AP-mediated toxicity [76]. The counter-
proteotoxic compound psammaplysene A, which has been
tested in cell culture and in a fly model of proteotoxicity,
drives FOXO3a into the neuronal nuclei and protects motor
neurones and fly eyes from proteotoxicity and death [77].
These studies highlighted the pivotal roles of IIS-regulated
transcription factors for the maintenance of proteostasis
and strengthened the hypothesis that the inhibition of IIS
by small molecules has a counter-neurodegeneration poten-
tial.

Potent IIS inhibitors offer the advantage of concurrently
enhancing the activity of several protective transcription
factors and preserving proteostasis. Recently, we found that
NT219, a newly developed, highly efficient IIS inhibit-
or reduces the activity of the mammalian IGF1 signalling
cascade by a dual step mechanism. It inhibits the auto-
phosphorylation of the IGF1 receptor, confers the phos-
phorylation of IRS1 and IRS2 and promotes their degrad-
ation. NT219 elevates the expression of IIS target genes
and protects model worms from the toxic effects of Ap and
polyQ aggregation [78] (fig. 1). These observations con-
firm that IIS inhibitors can serve as a panacea for the treat-
ment of distinct proteotoxicity worm models that express
neurodegeneration-linked, aggregative proteins.

Future prospects

The development of counter-proteotoxic compounds and
their evaluation as counter-neurodegeneration therapies has
become an important research avenue. However, key issues
should be addressed before this research avenue yields true
therapy. Although it was shown that IGF1 signalling reduc-
tion by genetic manipulations is capable of protecting mice
from AD-associated phenotypes it will be crucial to test
whether IGF1 signalling inhibitors that alleviate proteotox-

Figure 1

mammals.

icity in worms can protect the mouse brain from neurode-
generation. To address this question it will be necessary to
ensure proper penetration of the drug into the brain, define
the optimal administration regimen and characterise pos-
sible side effects. It is plausible that the highest therapeutic
competence will be achieved by a combination of proteo-
stasis enhancing compounds which will generate a syner-
gistic protective effect that slows the progression of neuro-
degenerative disorders. Accordingly, we foresee an effort
to test the efficiency of proteostasis-modifying compounds
as counter-neurodegeneration drugs in model mice, prior
to clinical trials. It is plausible that this new strategy of
selective alteration of aging will eventually provide care
givers with new tools for the treatment of hitherto incurable
neurodegenerative disorders and new hope for patients and
their families.
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Figure 1

A model for the prevention of neurodegeneration by IS reduction in worms and mammals.

A. The binding of IGF1 to its receptor leads to the dimerisation and activation of the IGF1 signalling cascade (). Upon activation the IGF1
receptor undergoes auto-phosphorylation (I1) followed by the recruitment of downstream components and the phosphorylation of its downstream
transcription factors DAF-16/FOXO and SKN-1/NRF (lll). Phosphorylated DAF-16/FOXO and SKN-1/NRF are prevented from entering the
nucleus and from regulating their target genes (IV). Similarly, IS activity prevents the phosphorylation of DDL-1 which retains the heat shock
factor 1 (HSF-1) in the cytosol, preventing it from controlling its target gene network (V). 1IS activity enables PQM-1 to stay in the nucleus and
repress gene activity. The modulated activity levels of 1IS-regulated transcription factors promote proteostasis collapse (V1) allowing the
development of neurodegenerative disorders late in life.

B. Reducing IIS activity by pharmacological agents (1) reduces the rate of DAF-16/FOXO and of SKN-1/NRF phosphorylation and promotes the
phosphorylation of DDL-1 (ll). The migration of DAF-16/FOXO, SKN-1/NRF and HSF-1 into the nucleus and the exit of PQM-1 to the cytosol,
activate the expression of their target gene networks (Ill) which reduce the rate of aging-mediated proteostasis collapse (V). The maintenance
of proteostasis prevents the accumulation of toxic protein aggregates (V) and preserves healthspan, delaying the manifestation of late-life
neurodegenerative maladies.
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