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Abstract Proteolytic stress, resulting from the intracel-

lular accumulation of misfolded or aggregated proteins,

which exceed the capacity of the ubiquitin–proteasome

system to degrade them, plays a relevant role in neuro-

degenerative disorders, such as Alzheimer’s disease,

Parkinson’s disease, and Huntington’s chorea. Most of

toxic protein aggregates are characterised by the presence

of isopeptide bonds (cross-links) catalysed by transgluta-

minase activity; further, several disease-specific pro-

teins—tau, amyloid-beta, alpha-synuclein, huntingtin—are

in vitro and/or in vivo substrates of transglutaminase 2.

These findings suggest an important role for transgluta-

minase 2-mediated cross-linking reactions in neurode-

generation. Therefore, the use of transglutaminase activity

inhibitors could ameliorate neuronal cell death. New

therapeutic perspectives also arise from the possibility to

prevent or reduce protein aggregation by enhancing the

activation of heat shock proteins, which have been shown

to be potent suppressors of neurodegeneration in cell

cultures/animal models. Interestingly, some heat shock

proteins have been shown to be in vitro or in vivo cross-

linked by transglutaminase 2. These observations seem to

suggest that transglutaminase activity could be involved

in the stabilization of intracellular protein aggregates by

interfering with proteasomal degradation of misfolded

proteins. Further studies are needed to validate leading

hypotheses and to open new prospects for developing

therapeutic tools.
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Abbreviations

AD Alzheimer’s disease

PD Parkinson’s disease

ALS Amyotrophic lateral sclerosis

CSF Cerebrospinal fluid

ECM Extracellular matrix

GGEL c-Glutamyl-e-lysine

HD Huntington’s chorea

HSPs Heat shock proteins

NF-kappa B Nuclear factor-kappa B

NMDA N-methyl-D-aspartate

RA Retinoic acid

SCA Spinocerebellar ataxia

SBMA Spinobulbar muscular atrophy

TG(s) Transglutaminase(s)

TG2 Tissue transglutaminase

Introduction

A common feature of several neurodegenerative diseases

of the central nervous system (CNS), such as Alzheimer’s

disease (AD), Parkinson’s disease (PD), amyotrophic lat-

eral sclerosis (ALS), and Huntington’s chorea (HD) is the

accumulation of misfolded and/or aggregated proteins

(Ross and Poirier 2004). The characterization of mecha-

nisms underlying the formation of intracellular protein

inclusions or extracellular protein aggregates might be
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important for the development of new therapeutic approa-

ches of these diseases.

The current hypothesis, explaining how protein mis-

folding and aggregation might occur, would suggest that

changes in the expression or post-translational modifica-

tions of a specific protein lead to misfolding. Then, alter-

ations in the clearance pathways and/or the activity of

molecular chaperones or other factors involved in the

control of protein folding, may cause the formation of

protein aggregates (Soto and Estrada 2008).

The relationships between protein aggregates and cell

damage have been investigated using different in vitro and

in vivo experimental models. Based on several observa-

tions, it is reasonable to hypothesize that the onset and/or

progression of brain degeneration may be linked mecha-

nistically to abnormal interactions between brain proteins,

which lead to the assembly of the disease proteins into

filaments, and the aggregation of these filaments within

brain cells or in the extracellular space. The accumulation

of large cytotoxic protein aggregates triggers proteolytic

stress, which, in turn, causes the onset of programmed cell

death in vulnerable brain regions (Mattson 2000). Aggre-

gation-prone, disease-specific proteins and selectively

affected brain regions in various neurodegenerative disor-

ders are shown in Table 1.

Several in vitro and in vivo studies have shown that the

enzyme activity of some transglutaminases (TGs) present in

the CNS—namely, TG1, TG2, TG3, and TG5—might con-

tribute to the formation of protein aggregates typical of AD,

PD, HD, and other neurodegenerative diseases (Kim et al.

1999; Griffin et al. 2002; Muma 2007; Jeitner et al. 2009).

Transglutaminases and neurodegeneration

TGs are Ca2?-dependent enzymes that catalyse a variety

of modifications of glutamine (Q) residues. The most

common reaction is the inter- or intra-molecular protein

transamidation (cross-linking), leading to the formation of

stable soluble and insoluble polymers characterised by the

presence of c-glutamyl-e-lysine (GGEL) isopeptide bonds

(cross-links) between Q and K residues. Other functional

reactions mediate polyamine incorporation and deamida-

tion of Q residues in the absence of suitable amine

acceptors (Griffin et al. 2002).

Under physiological conditions, the majority of cross-

links are generated in the extracellular space where the

Ca2? concentration is high enough to stimulate TG activ-

ity. Intracellular Ca2? concentration is usually lower than

the extracellular one. Moreover, GTP and ATP act in cells

as endogenous inhibitor of TGs (Griffin et al. 2002; Jeitner

et al. 2009). Nevertheless, intracellular TG-catalysed

reaction products can be detected in normal cells, espe-

cially those products related to polyamine incorporation

into cell proteins (Jeitner et al. 2009).

In the brain, these modifications serve to either regulate

enzyme activity or attach the TG substrates to biological

matrices (Jeitner et al. 2009). However, only a small num-

ber of polyaminated proteins have been identified in the

brain; thus, the effects of polyamination on nervous cells

are poorly understood (Tucholski et al. 1999). Instead, TG

cross-linking activity seems to play a key role in the protein

aggregation process observed in most of neurodegenerative

diseases. Post-mortem analysis of disease-affected brains

demonstrated the co-localization of TG-mediated cross-

links with aggregates of some disease-specific proteins,

which are a typical feature of neurodegenerative diseases

(Muma 2007).

Indeed, increased expressions of TGs have been repor-

ted in AD, PD, HD, and ALS (Muma 2007). Further, the

activation of these enzymes in the above cited diseases is

stimulated by perturbations in intracellular Ca2? homeo-

stasis, due to glutamate-mediated excitotoxicity and other

toxic stimuli, as well as decreases in GTP concentrations

Table 1 Neurodegenerative diseases characterised by deposits of protein aggregates

Disease Most affected regions Toxic proteins Deposits

Alzheimer’s disease (AD) Hippocampus, cerebral cortex Amyloid-b, tau Extracellular plaques, intracellular

tangles

Parkinson’s disease (PD) Substantia nigra, hypothalamus a-Synuclein Lewy bodies

Fronto-temporal dementia with

Parkinsonism

Frontal and temporal cortex, hippocampus Hyperphosphorylated

tau protein

Extracellular, cytoplasmic

Prion disease Cortex, brainstem, cerebellum PrPSc Prion plaque

Huntington’s disease (HD) Striatum, cerebral cortex Huntingtin Intranuclear inclusions

Dentatorubral-pallidoluysian

atrophy (DRPLA)

Globus pallidus dentatorubral and

subthalamic nucleus

Atrophin-1 Nuclear and cytoplasmic

inclusions

Other polyglutamine diseases

(SCA1-3,7; SBMA)

Cerebellar cortex, cerebellum, globus

pallidus, motor neurons

Ataxins or androgen

receptor

Intranuclear inclusions and

cytoplasmic aggregates

SCA spinocerebellar ataxia, SBMA spinobulbar muscular atrophy
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following from losses in energy production (Jeitner et al.

2009).

TG2 and protein aggregation

Among various members of TGs family, TG2 is the most

abundantly expressed in the human brain, being present in

the amygdala, corpus callosum, cerebellum, and frontal

cortex (Muma 2007). Other than in the cytosolic space,

TG2 also localizes in the nucleus, mitochondria, at the

cell surface, and in the extracellular matrix (ECM)

(Griffin et al. 2002; Battaglia et al. 2007). Increased

expression of TG2, accompanied by dysregulation of

enzyme activity, has been observed in several neurode-

generative disorders (Muma 2007). Cell culture and ani-

mal experiments have shown that TG2 activation, other

than by prolonged stimulation with excitatory amino acids

and perturbation of calcium homeostasis, is triggered by

various stress conditions, such as alterations of cell redox

state, oxygen/glucose deprivation, inflammation, and

extracellular matrix alterations (Ientile et al. 2002, 2004,

2007; Campisi et al. 2003, 2004; Caccamo et al. 2004).

Interestingly, an important target of TG activity is the

nuclear transcription factor-kappa B (NF-kappaB) (Lee

et al. 2004), that is known to be involved in several

conditions linked to neurodegeneration, such as excito-

toxicity, oxidative stress, and inflammation (Mattson and

Camandola 2001). TG-activated NF-kappaB, in turn, has

been shown to sustain TG2 up-regulation in cell response

to redox state alterations (Caccamo et al. 2005; Currò

et al. 2009).

The involvement of TG2-mediated cross-linking reac-

tions in the generation of protein aggregates is still con-

troversial. Several in vitro studies have shown that protein

transamidation by TG2 might contribute to the pathogen-

esis of neurodegenerative disorders, such as AD, PD and

HD, by facilitating the formation and stabilization of dis-

ease-related protein oligomers, which result in toxicity for

the nervous cells (Jeitner et al. 2009). Indeed, tau and

amyloid-beta proteins, which typically aggregate in the

intracellular neurofilaments and extracellular plaques,

respectively, in AD-affected brains, have been reported as

in vitro substrates of TG2 (Dudek and Johnson 1994;

Miller and Johnson 1995). Moreover, tau polyamination

can be observed in vivo (Tucholski et al. 1999).

However, a direct involvement of TG-mediated cross-

linking in the generation of tau and amyloid-beta aggre-

gates has not been proven, neither by immunohistochemi-

cal nor immunoenzymatic approaches (Singer et al. 2002;

Bonelli et al. 2002), probably due to the poorly specific

recognition of GGEL cross-links by commercially avail-

able antibodies (Johnson and LeShoure 2004).

Higher levels of TG2 proteins have been observed in

dopamine neurons of brain substantia nigra, and in the

cerebrospinal fluid (CSF) of PD patients compared with

healthy subjects; also, the pattern of TG2 intracellular

distribution in diseased dopamine neurons frequently

overlaps that of alpha-synuclein, a PD-specific protein

(Andringa et al. 2004).

Furthermore, cross-linking of alpha-synuclein as well as

polyamination of several cell proteins are markedly

enhanced in PD brains (Vermes et al. 2004; Jeitner et al.

2008).

Co-transfection studies in COS-7 cells, using mutant

alpha-synuclein and TG2 recombinant vectors, demon-

strated that the formation of alpha-synuclein oligomers was

dependent upon enzymatically active TG2 since TG2

inactive mutants failed to induce aggregation. Also, the

inhibition of TG activity by cystamine reduced the amount

of alpha-synuclein aggregates (Junn et al. 2003). However,

it has recently been demonstrated that TG2 binds equally to

wild type and disease mutant alpha-synuclein variants,

suggesting that the cross-linking of aggregation-prone

proteins may prevent their progression into pathogenic

species (Segers-Nolten et al. 2008).

The presence of elevated levels of GGEL cross-links in

the CSF of HD patients support the hypothesis that in vivo

TG activity is increased in HD brains (Jeitner et al. 2001).

Indeed, TG-catalysed cross-links are also present in neu-

ronal nuclei and co-localize with intracellular aggregates of

huntingtin protein (Zainelli et al. 2003).

Interestingly, TG2 knockout provided beneficial effects

in HD transgenic mice, as it produced significant increases

in life span and improvement of motor dysfunction (Bailey

and Johnson 2005). It has also been reported that TG

activity inhibition by cystamine caused a reduction of

huntingtin intracellular inclusions (Van Raamsdonk et al.

2005). However, results obtained in TG2-/- HD mice

also suggested that the formation of inclusions might not

depend on TG activity (Bailey and Johnson 2005). In the

light of these findings, therapeutic approaches have been

designed, and tested in animal models, to exploit the

potential of several TG activity inhibitors which have

displayed beneficial effects against protein aggregation in

multiple biological models of neurodegenerative diseases

(Siegel and Khosla 2007).

Heat shock proteins and proteolytic stress

in neurodegenerative diseases

The accumulation of misfolded or aggregated proteins,

which exceed the capacity of the ubiquitin–proteasome

system to degrade them, usually triggers proteolytic stress

within neuronal cells (Kopito and Ron 2000).
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Given the relevant role played by proteolytic stress in

neurodegeneration, a new classification as protein confor-

mational diseases has been proposed for neurodegenerative

disorders (Kopito and Ron 2000).

In this context, the role of heat shock proteins (HSPs)

has attracted much attention, in that these molecular

chaperones provide the first line of defence against

misfolded or aggregation-prone proteins (Matthew and

Morimoto 1998).

Constitutive HSPs assist the proper folding of newly

synthesised proteins, ensure the maintenance of protein

native conformation during stress conditions, and the

recovery of misfolded proteins inside the cells. In addi-

tion, HSPs are involved in the trafficking of misfolded

proteins to target organelles in order to facilitate the

degradation by the ubiquitin–proteasome system or by the

autophagic pathway within lysosomes (Sherman and

Goldberg 2001).

Inducible HSPs prevent the emergence of protein

aggregation events during cell exposure to many stress

stimuli, including a variety of central nervous system

insults, such as cerebral ischemia, seizures, neurotoxin

exposure, and other physiochemical insults (Muchowski

and Wacker 2005).

A recent study in the US population showed that the

overall level of constitutively expressed HSPs in different

classes of neurons, seems intimately related to the age of

onset, kinetics of progression, and severity of disease, since

it correlates with the relative frequencies of AD, PD, and

ALS (Chen and Brown 2007). Indeed, recent observations

in the in vitro and in vivo models of AD, PD and HD,

indicate that HSPs are potent suppressors of cell death

evoked by toxic aggregates of disease-specific proteins,

such as tau, beta-amyloid1-42, alpha-synuclein and hun-

tingtin (Kopito and Ron 2000).

Based on this, novel therapeutic approaches have been

suggested, aimed to potentiate cell stress response by

enhancing the activation of HSPs against misfolded or

aggregation-prone proteins (Chaudhuri and Paul 2006).

Interestingly, small HSPs, namely, Hsp20 and Hsp27,

have been found in pathological protein aggregates, that

are a typical feature of several neurodegenerative disorders

(Renkawek et al. 1994; Wilhelmus et al. 2006). Further-

more, Hsp20, as well as other small HSPs, such as alphaB-

crystallin, Hsp27, and HspB2, have been shown to act as in

vitro lysine- and/or glutamine-donors for TG2, and to be

readily cross-linked with beta-amyloid1-40 (Boros et al.

2004). More recently, Hsp20 has been shown to be easily

transamidated and deamidated by TG2 in the in vitro

experiments (Boros et al. 2006). Some in vivo observations

have also demonstrated the cross-linking of (poly)ubiquitin

moieties to parkin and alpha-synuclein, via Hsp27, by

TG-catalysed c-glutamyl-e-lysine bonds in neurofibrillary

tangles of AD brains (Nemes et al. 2004).

In the light of these findings, some experimental work

was carried out in our lab to test the hypothesis of an

interaction between TG2 and small HSPs in cell response

to neurodegeneration.

Preliminary results (unpublished) show that excitotoxic

doses of N-methyl-D-aspartate (NMDA) caused a strong

reduction of basal Hsp20 and Hsp27 levels in retinoic acid

(RA)-differentiated human neuroblastoma cells, SH-SY5Y,

expressing high levels of TG2. Notably, NMDA effects

were reversed in the presence of R283, a site-specific

inhibitor of TG activity (Griffin et al. 2004). Immunopre-

cipitation experiments demonstrated an interaction

between TG2 and Hsp27, and the occurrence of Hsp27

macromolecular assemblies that was partially prevented by

TG activity inhibition.

These observations seem to suggest a likely involvement

of TG activity in the stabilization of intra-neuronal protein

aggregates by interference with the proteasome-mediated

degradation of unfolded proteins. Further investigations are

needed to elucidate this topic.

Conclusions

In the last years, several reports have significantly con-

tributed to our knowledge of TG2 role in the mechanisms

of neurodegeneration. However, to date it has not yet been

clarified whether TG2 plays a protective or adverse role in

neuronal cell death.

Further studies aimed to the identification of TG

substrates, and a deeper characterization of the relation-

ships between TG2 and other stress proteins, such as

HSPs, would be very helpful in the perspective to

improve the therapeutic management of neurodegenera-

tive disorders.

Therapeutic strategies to decrease neurotoxicity have so

far included the use of antibodies, caspase inhibitors, and

various chemical inhibitors.

Since proteolytic stress plays a pivotal role in the onset

of neuronal damage, it has recently been proposed that

neurodegenerative disorders could be cured by preventing

protein misfolding and aggregation, or by returning mis-

folded proteins to normal, or by accelerating the degrada-

tion of aggregated proteins.

In this perspective, the use of transglutaminase inhibi-

tors or the stimulation of the HSP activation pathway,

preventing aggregation processes, may result in beneficial

effects against neurodegeneration.
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Caccamo D, Campisi A, Currò M, Aguennouz M, Li Volti G, Avola

R, Ientile R (2005) Nuclear factor-kappaB activation is associ-

ated with glutamate-evoked tissue transglutaminase up-regula-

tion in primary astrocyte cultures. J Neurosci Res 82:858–865

Campisi A, Caccamo D, Raciti G, Cannavò G, Macaione V, Currò M,

Macaione S, Vanella A, Ientile R (2003) Glutamate-induced

increases in transglutaminase activity in primary cultures of

astroglial cells. Brain Res 978:24–30

Campisi A, Caccamo D, Li Volti G, Currò M, Parisi G, Avola R,
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