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Resumo 

O aumento da esperança média de vida tem-se traduzido no envelhecimento progressivo da população 
mundial e consequente aumento da incidência de doenças associadas ao envelhecimento, tais como as 
doenças neurodegenerativas de Alzheimer ou de Parkinson. A doença de Parkinson é a segunda doença 
neurodegenerativa mais comum, a seguir à doença de Alzheimer, e é caracterizada pela degeneração 
progressiva de neurónios dopaminérgicos na substantia nigra pars compacta. Uma das características 
mais comuns desta doença é a formação de corpos de Lewy, estruturas maioritariamente compostas por 
a-sinucleína agregada. A perda dos neurónios dopaminérgicos conduz à redução da produção de 
dopamina, um neurotransmissor essencial à sinalização do movimento voluntário. Tal facto é 
responsável por várias manifestações motoras apresentadas pelos doentes. Estas incluem tremores, 
bradicinesia e rigidez muscular. Os doentes de Parkinson também podem manifestar sintomas não 
motores como a psicose, depressão, hiposmia e cognição comprometida. A maioria dos casos de 
Parkinson tem origem desconhecida, sendo o envelhecimento o seu maior fator de risco. A diabetes tem 
vindo a ser sugerida como um fator de risco importante para o aparecimento/desenvolvimento desta 
doença. Nomeadamente, cerca de 80% dos doentes de Parkinson apresentam intolerância à glucose; 
proteínas modificadas por açúcares nos seus cérebros; e falhas nas defesas contra os açucares. 

A hiperglicemia, consequência da diabetes, promove o aumento dos níveis de açúcares redutores no 
cérebro, tais como o metilglioxal. Este composto é um metabolito secundário, proveniente de diferentes 
vias metabólicas e, como outros açúcares redutores, pode reagir com proteínas numa reação denominada 
de glicação. A glicação é um processo que compreende uma série de reações entre açúcares redutores e 
grupos amina de proteínas, lípidos ou nucleótidos. Quando em reação com proteínas, formam como 
produto final os denominados produtos avançados de glicação (do inglês advanced glycation end-
products – AGEs). A glicação pode promover diversas alterações a diferentes níveis celulares, tais como 
disfunção mitocondrial, alteração de degradação proteica, ou até promoção de processos de inflamação. 
No contexto de modelos de Parkinson, verificou-se que a glicação induz o aumento da agregação e da 
toxicidade da a-sinucleína, provocando efeitos negativos em diversos processos celulares. Em 
particular, a glicação da a-sinucleína induzida pelo metilglioxal, altera o seu clearance, e afeta o 
proteossoma, macro-autofagia e também a secreção, levando à sua acumulação. A glicação pelo 
metilglioxal conduz também à perda de neurónios dopaminérgicos na substantia nigra e no estriado em 
ratinhos, modelos da doença de Parkinson.  

Enquanto que a formação do metilglioxal é inevitável, este pode ser catabolizado por diferentes vias, 
sendo o sistema dos glioxalases um dos mais eficientes. Para além de processos enzimáticos, existem 
também compostos capazes de sequestrar metilglioxal e impedir que este reaja com as proteínas. 
Existem também compostos que inibem o processo de glicação, ou que têm capacidade de remover os 
AGEs das proteínas. Assim, coloca-se por hipótese que os compostos que previnam a glicação possam 
ser benéficos na prevenção ou tratamento da agregação e citotoxicidade da a-sinucleína.  

Tendo em conta que o metilglioxal assume um papel importante na doença de Parkinson, neste estudo 
foi avaliado o potencial terapêutico de diversos compostos supressores de glicação tais como a 
metformina, pioglitazona, sulforafane, resveratrol, carnosina e aminoguanidina. A atividade destes 
compostos foi avaliada pela sua capacidade em proteger dos efeitos deletérios induzidos pela glicação. 
Nomeadamente, em reduzir a citotoxicidade da a-sinucleína/metilglioxal; os níveis de a-sinucleína; a 
agregação de a-sinucleína; os níveis gerais de AGEs; bem como de potenciar o clearance de a-
sinucleína. O potencial de proteção foi avaliado de forma preventiva (antes do insulto) ou restaurativa 
(após insulto com metilglioxal). Para este efeito, foi utilizado como modelo de estudo células H4 
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(neuroglioma) a sobre-expressar a-sinucleína. Os compostos a avaliar foram incubados na ausência e/ou 
presença metilglioxal. A citotoxicidade foi avaliada pela perda de integridade da membrana 
citoplasmática, medida pela actividade do enzima lactato desidrogenase libertado. Os níveis de a-
sinucleína foram avaliados por Western blot. A solubilidade de proteínas em Triton X-100 permitiu 
estudar a solubilidade da a-sinucleína proveniente de um extrato nativo de células que expressam SynT, 
uma variante da a-sinucleína com maior tendência para agregar. Na presença deste detergente, as 
proteínas mais solúveis, após uma centrifugação a alta velocidade por um período longo de tempo, 
permanecem na fração solúvel, enquanto que as insolúveis ficam precipitadas na base do tubo de 
centrifugação (fração insolúvel). À fração insolúvel correspondem proteínas agregadas. A agregação da 
a-sinucleína foi também avaliada por imunocitoquímica. Ao hibridar a a-sinucleína com um anticorpo 
secundário fluorescente, é possível, recorrendo a um microscópio de fluorescência, visualizar a presença 
de agregados intracelulares. O “clearance” da a-sinucleína foi estudado pela monitorização dos níveis 
desta proteína por western blot, de extratos proteicos de células cuja síntese proteica de novo foi inibida 
(pelo uso de cicloheximida) em diferentes momentos no decurso do tempo. 

Os resultados obtidos neste estudo revelaram que a metformina, a carnosina e a aminoguanidina, nas 
concentrações testadas, não apresentam citotoxicidade num contexto basal. O mesmo se verifica quando 
as células expressam a a-sinucleína e/ou quando a glicação é induzida pelo metilglioxal. A metformina, 
a carnosina e a aminoguanidina apresentaram capacidade de reduzir a citotoxicidade induzida pelo 
metilglioxal em células que sobre-expressam a a-sinucleína. Tal verificou-se num contexto preventivo 
bem como restaurativo. A metformina e a carnosina são igualmente capazes de prevenir o aumento dos 
níveis gerais de AGEs e de a-sinucleína/SynT, induzido pelo metilglioxal. No entanto, o mesmo não 
foi observado num contexto restaurativo, onde apenas a carnosina reduziu os níveis de AGEs em células 
que expressam a variante SynT, e por isso num contexto em que a agregação da a-sinucleína está 
potenciada. No que diz respeito ao perfil de solubilidade da a-sinucleína, a metformina solubilizou a 
proteína num contexto preventivo, o que sugere que tenha capacidade de prevenir a agregação da SynT. 
Por outro lado, a carnosina não parece modular a solubilidade da SynT. Num contexto restaurativo, 
nenhum dos compostos testados mostrou potencial para alterar a solubilidade da a-sinucleína. A 
agregação desta proteína foi também avaliada por imunocitoquímica. Uma vez que os compostos não 
apresentaram potencial restaurativo, a sua eficácia foi apenas avaliada num contexto preventivo. Os 
resultados preliminares revelam que tanto o tratamento com a metformina como com a carnosina 
resultam numa diminuição do número de células com agregados. Estes resultados estão em concordância 
com os observados nos testes de solubilidade. No que diz respeito ao clearance da a-sinucleína, os 
resultados preliminares sugerem que a metformina, não só previne contra os efeitos do metilglioxal (que 
impede o clearance da a-sinucleína) como potencia o clearance da a-sinucleína. 

Em suma, os resultados obtidos neste estudo sugerem que a metformina e a carnosina apresentam 
elevado potencial de proteção contra a citotoxicidade da a-sinucleína (30% e 20%, respetivamente), 
principalmente num contexto de glicação. A sua eficácia é maior num contexto preventivo, em modelos 
que apresentam maior agregação da proteína, bem como em condições de glicação induzida pelo 
metilglioxal. Em contexto preventivo, tanto a metformina como a carnosina diminuem os níveis gerais 
de glicação, o que está em concordância com o facto destes compostos serem sequestradores de 
metilglioxal. A carnosina também apresentou capacidade de reduzir os níveis de a-sinucleína ou SynT 
em células glicadas com metilglioxal. Ainda num contexto preventivo, tanto a metformina como a 
carnosina preveniram a agregação da SynT. A metformina apresenta ainda potencial para aumentar o 
clearance da a-sinucleína. É importante referir que no que diz respeito aos estudos de agregação 
(imunocitoquímica), bem como os de clearance da a-sinucleína, os resultados apresentados nesta tese 
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são preliminares, e carecem por isso de confirmação com experiências adicionais. De futuro, pretende-
se ainda testar o efeito da carnosina no clearance da a-sinucleína. 

Com este estudo conclui-se que a metformina e a carnosina são compostos com elevado potencial de 
proteção/prevenção contra os efeitos citotóxicos da a-sinucleína, particularmente em condições de 
glicação induzida pelo metilglioxal. Sugere-se, por isso, que estes compostos são potenciais fármacos 
para o tratamento da doença de Parkinson. 

 

Palavras-chave: doença de Parkinson; glicação; agregação proteica; terapêutica 
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Abstract 

Parkinson’s disease is the second most common neurodegenerative disorder, characterized by the loss 
of dopaminergic neurons in the substantia nigra pars compacta, leading to several features of the disease 
such as abnormal motor performance and, at later stages, cognitive impairment. The main hallmark of 
this disease is the presence of Lewy bodies, which are primarily composed of a-synuclein. Diabetes has 
been associated as a risk factor for the development of Parkinson’s disease, and recently, glycation was 
suggested as the missing link between the two diseases. Reducing sugars, such as methylglyoxal, 
intervene in this reaction, leading to the formation of advance glycation end-products, which promote 
protein cross-linking. a-synuclein is an appealing target of glycation, since more than 10% of its 
residues are putative targets of this post-translational modification. Glycation is thought to play a key 
role in the aggregation of a-synuclein, as it promotes its aggregation and toxicity. As such, modulation 
of glycation defenses in Parkinson’s disease can represent a new therapeutic approach to delay or 
prevent the disease progression.  

This study aimed to evaluate the therapeutic potential of metformin, pioglitazone, sulforaphane, 
carnosine, and aminoguanidine, compounds already shown to protect against glycation toxic effects. To 
this purpose, the selected pharmacological compounds activity was tested, in a preventive or restorative 
paradigm, in cellular models of Parkinson’s disease under methylglyoxal-induced glycation.  

Regarding a-synuclein/methylglyoxal associated toxicity assessment, metformin and carnosine were 
the most active compounds. They were able to decrease toxicity both in a preventive and restorative 
manner. Moreover, these agents were also able to decrease the formation of advance glycation end-
products in cells treated with methylglyoxal. Carnosine, in a preventive manner, decreased a-synuclein 
protein levels. On the other hand, metformin is able to maintain a-synuclein (SynT) solubility. 
Preliminary data suggests that metformin not only decreases the number of cells with a-synuclein 
aggregates, but also promotes its clearance. In contrast, under a restorative paradigm, neither metformin 
nor carnosine modulate a-synuclein levels.  

In summary, metformin and carnosine have a protective potential against methylglyoxal-induced a-
synuclein glycation in a cellular model of Parkinson’s disease, making these a novel potential 
therapeutic approach to Parkinson’s disease. 

 

Key-words: Parkinson’s disease, glycation, protein aggregation, therapeutics 
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1 Background 

1.1 Parkinson’s disease 

The incidence of neurodegenerative diseases has become more pronounced in the last decade due to the 
sharp increase in life expectancy achieved by modern medicine. This population ageing has increased 
the incidence of progressive neurodegenerative diseases such as Alzheimer’s, Parkinson’s (PD), and 
Huntington’s disease, since ageing is their main risk factor. These diseases share a common 
denominator: formation of protein aggregates. Huntington’s disease is characterized by the aggregation 
of the protein huntingtin. On the other hand, in Alzheimer’s disease, two major types of protein 
aggregates may be found: extracellular neuritic plaques, mainly composed by amyloid-b peptide; and 
intracellular neurofibrillary tangles, which consist of tangled microtubule-associated protein tau 1. The 
hallmark of PD is the formation of Lewy bodies (LBs), mainly composed by aggregated a-synuclein 
(aSyn) 2. Although different areas of the brain are affected in these diseases, several symptoms may 
overlap. The clinical manifestations experienced by these patients are associated with the progressive 
neuronal loss, that could be due to the deposition of the proteins associated with the diseases. 

PD was first described by James Parkinson in “An Essay on the Shaking Palsy”, published in 1817, 
where he describes its pathognomonic features, and distinguishes PD from other diseases with similar 
clinical manifestations. He describes a diseased state of the medulla spinalis as a proximate cause of the 
disease, that extends to the medulla oblongata as the disease progresses 3. Although Parkinson did not 
correctly describe the cause of the disease, he described the tremors as the main feature of this disease. 
The term ‘Parkinson’s disease’ was later coined by French neurologist Jean-Martin Charcot 4, who also 
had a great impact in the description of the disease. 

PD is the second most common neurodegenerative disease, following Alzheimer’s disease. It is 
estimated that around 2% of the population over 80 years old present with the disease 5. Females present 
a milder phenotype, lower incidence 6, and a later onset of the disease 7. In Portugal, it is estimated that 
0,24% of the population over 50 years old has PD 8. 

1.1.1 Pathophysiology and Clinical Features 

PD is characterized by the progressive degeneration of nigrostriatal dopaminergic neurons in the 
substantia nigra pars compacta, in the brain basal ganglia 9. However, several other brain regions are 
affected, such as the amygdala and the hypothalamus 2. 

The hallmark of PD is the accumulation of LBs and Lewy neurites, primarily composed of aSyn 2,10. 
These are also composed by more than 76 components 11, including other proteins such as aSyn-
interacting proteins (synphilin-1 and 1A) 12, ubiquitinated proteins 13 including ubiquitinated-aSyn 14 
and even some organelles, such as mitochondria. aSyn belongs to a family of misfolding proteins 15, 
which are prone to aggregate. This process leads to the formation of fibrils that can be found in the brain 
and in the peripheral nervous system 2. LBs do not necessarily promote neuronal death, and are 
hypothesized to be formed as a protective response to further neuronal damage, harvesting misfolded 
and dysfunctional proteins or organelles 11,16,17. Both LBs and Lewy neurites are present in other 
pathologies such as dementia with Lewy bodies 18. 

The loss of dopaminergic neurons leads to a dopamine deficiency and, consequently, triggers the main 
motor features associated with PD. These include resting tremor, bradykinesia, muscular rigidity, 
postural instability, and gait impairment. Non-motor features are also present in the disease, such as 
hyposmia, cognitive impairment, constipation, psychosis, depression, sleep disorders, autonomic 
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dysfunction, pain, and fatigue 2,9,10. The onset of non-motor symptoms frequently precedes motor 
symptoms and can be a useful diagnostic tool 2,9. 

1.1.2 Etiology 

1.1.2.1 Genetic risk factors 

Most PD cases are of unknown origin, however there are genetic mutations and genetic risk factors that 
are associated with the disease. The first gene associated with PD was the SNCA gene 19, which encodes 
for aSyn 2,9. Mutations in this gene, although rare, have been implicated in monogenic forms of the 
disease 2. Duplications and triplications of the SNCA gene have been reported. Triplications have an 
earlier onset and faster and more aggressive disease progression than SNCA duplications 20,21. These 
findings suggest that the severity of the disease is aSyn dose-dependent 22. 

The most frequent genetic cause of PD is the mutation of the LRRK2 gene (PARK8), which encodes for 
leucine-rich kinase 2, and can account for 4-5% of hereditary PD, and 1% of sporadic PD 23,24. When 
mutated, this gene confers an autosomal dominant form of the disease 2,9. Mutations in LRRK2 have 
similar characteristics to classic forms of PD, including the presence of LBs and Lewy neurites 25,26, 
although some cases may not present LBs. 

Autosomal recessive forms of PD are associated with early onset of the disease, and implicate Parkin, 
PINK1, and DJ-1. Of these genes, mutations in the Parkin gene are the most common, responsible for 
50% of hereditary cases 27 and around 15% of all patients under 45 years old 27,28. Parkin accounts for 
most monogenic forms of early onset PD 29.  

Parkin is an E3 ubiquitin-protein ligase 30 and is therefore involved in the ubiquitin-proteasome system 
(UPS). Thus, mutations in this gene lead to an impairment of protein degradation, potentiating misfolded 
protein accumulation, such as aSyn. This cytosolic protein also mediates the process of mitochondria 
autophagy (mitophagy), and is recruited to the mitochondria by PINK1, which is also associated with 
familial forms of PD 31. PINK1 is a PTEN-induced putative kinase 1 and is localized in the mitochondria 
32. This protein is activated by alterations in the mitochondria membrane potential, and in turn recruits 
Parkin to regulate mitophagy 33.  

Both Parkin and PINK1 mutations lead to an early onset of PD, although the disease is of slower 
progression 27,28,34. Patients with mutations in Parkin are also less likely to develop dementia 27. The 
most notable difference between patients harboring the Parkin mutation and idiopathic PD is the absence 
of LBs and the restriction of neuronal loss to the substantia nigra and the locus caeruleus 27,28. However, 
there is a very small percentage of cases that present LBs 35,36. 

PD-associated DJ-1 mutations are rare 37 and have similar phenotypes as the Parkin and PINK1 
mutations 38. DJ-1 is a ubiquitous-expressed 39 multifunctional protein 38 with redox activity, that was 
shown to be involved in PD pathology. This protein, mainly present in the cytosol, is able to translocate 
to the mitochondria in an oxidation-dependent manner 40 to protect against oxidative stress. In vivo 
studies suggested that under basal conditions, DJ-1 knockout has little to no impact on 
neurodegeneration 41–43. However, once exposed to the PD toxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), DJ-1-/- mice become susceptible to striatal denervation 44,45. Studies 
involving other animal models such as zebrafish and Drosophila also report an increase in oxidative 
stress vulnerability in knockdown and knockout DJ-1, respectively 38. 
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Table.1.1 Most studied Monogenic forms of PD. 
Gene nomenclature, protein and type of parkinsonism are presented. 

Gene Protein Inheritance Type of parkinsonism Reference 

SNCA aSyn Autosomal Dominant Late onset/early onset PD 19 

LRRK2 Leucine-rich repeat kinase 2 Autosomal Dominant Late onset PD 9,46 

Parkin Parkin Autosomal Recessive Early onset PD 27,28,34 

PINK1 PTEN-induced putative kinase 1 Autosomal Recessive Early onset PD 27 

DJ-1 DJ-1 Autosomal Recessive Early onset PD 37,38 

 

1.1.2.2 Non-genetic risk factors 

Several non-genetic risk factors can account for the sporadic cases of PD, being ageing the major factor 
2. Upon ageing, there is a decrease in the efficiency of the UPS 47–50 and autophagy lysosome pathway 
51,52, which are invaluable mechanisms through which proteins and organelles are degraded. The 
dysfunction of either of these pathways leads to an imbalance in protein degradation, an increase in 
oxidative stress due to mitophagy impairment, and, among other consequences, accumulation of 
misfolded proteins. Pathways and mechanisms that are altered upon ageing may increase the 
vulnerability of dopaminergic neurons, leading to their dysfunction, and eventual degeneration. 

As previously mentioned, gender is also a risk factor for the disease, with the male-to-female ratio being 
3:2 2,6. The prevalence of PD also seems to be affected by geography, as there is a higher prevalence in 
Europe, North America and South America, compared with African, Asia, and Arabic countries 2,5. 
Patients with prior head injury are also at an increased risk to develop PD, while a decreased risk has 
been associated with tobacco smoking, coffee drinking, and alcohol consumption 2. 

Diabetes has also been linked to PD as an increased diabetes prevalence was observed in PD patients 53–

56, and has therefore been described as an important risk factor for the disease 55,56. Both diseases share 
common dysfunctional pathways such as mitochondrial pathway, autophagy, and the UPS 57. It is 
therefore understandable that there might be an association between the two diseases. Accordingly, 
studies have described that glucose tolerance was impaired in up to 80% of PD patients, and that blood 
sugar levels were higher than expected 58,59. The increase of glucose levels associated with diabetes can 
also be correlated with an increase in methylglyoxal (MGO) 60, a potent reducing sugar capable of 
inducing aSyn aggregation 61,62. A study conducted in endothelial cells and mice also shows that chronic 
hyperglycemia decreases proteasomal activity 63. The impairment of the proteasome system is a well 
described characteristic of PD, and is thought to play a role in aSyn accumulation, thus helping to explain 
the association between the two diseases. Previous work has also demonstrated that a high-fat diet, that 
induces hyperglycemia, leads to an increase in dopamine depletion in the substantia nigra in 6-
hydroxydopamine (6-OHDA) rat model of PD 64.  

An increased risk for PD can also be attributed to toxins exposure. MPTP is a toxin frequently used to 
reproduce the pathological changes associated with PD in models of the disease, more specifically, it 
mimics the selective degeneration of dopaminergic neurons 65. Rotenone is another compound used to 
mimic PD, as it selectively promotes de degeneration of nigrostriatal dopaminergic neurons in vivo, in 
addition to forming LB-like cytoplasmic inclusions containing ubiquitin and aSyn 66.  
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1.1.3 Treatment 

Although PD is currently incurable, symptomatic treatments are available. Motor features are mostly 
treated by stimulating dopamine receptors, either through increasing dopamine levels with precursor 
drugs such as levodopa (L-DOPA), or with dopamine agonists 2,67. However, several studies indicate 
that long-term levodopa treatment may increase oxidative stress in the cell, as an increase in free 
dopamine will lead to an increase in its degradation by monoamine oxidase and, consequently, an 
increase in hydrogen peroxide, a reactive oxygen species (ROS). 

Deep brain stimulation is an established PD treatment also used to control the motor manifestations. 
This procedure consists in the electrical stimulation of areas of the brain associated with the tremors, 
similar to the activity of a pacemaker 68. However, consistent stimulation may interfere with normal 
motor function 69, leading researchers to develop an intermittent more adaptive deep brain stimulation 
that outperforms standard continuous deep brain stimulation 70. 

1.1.4 a-Synuclein 

One of the key players in PD is aSyn. This soluble and heat-resistant 71 presynaptic protein, which 
aggregates in PD, is part of the synuclein family, which comprises a-, b-, and g-synuclein. aSyn is the 
most common synuclein implicated in neurodegeneration 72, although b-synuclein has been shown to 
be neurotoxic for nigral dopaminergic neurons 73, and g-synuclein led to motor neurons loss in the spinal 
cord of transgenic mice 74. 

aSyn is a natively unfolded small protein of 140 aminoacids 75 that has three main regions: the N-
terminal, the hydrophobic central region (NAC domain), and the C-terminal. Synucleins have a 
conserved N-terminal sequence, containing KTKEGV repeats that, in the case of aSyn, are proposed to 
be required for conformational change to a-helix after interacting with lipids and membranes 71. This is 
speculated to promote aSyn folding and fibrillization 72. This domain is suggested to work in synergy 
with the C-terminal to confer this protein a chaperon-like activity 76. On the other hand, aSyn NAC 
domain has 12 aminoacids that differ from the other members of the synuclein family. This central 
hydrophobic region of the protein allows for a change of conformation to b-sheet structure, promoting 
the formation of oligomeric species 71,77. Therefore, these aminoacids are essential for the protein’s 
oligomerization and fibrillization 71,72,75,77. Finally, the C-terminal region is negatively charged and has 
a disordered structure. It is hypothesized to contribute to the thermostability 72,76,78 and chaperon-like 
activity 76,79 of aSyn, acting as a solubilizing domain 79,80. Intramolecular interactions between different 
regions of aSyn have been described and are proposed to stabilize the protein, inhibiting its 
oligomerization 71. 

aSyn does not have a defined secondary level of structure 71,72,77. Upon misfolding, this protein 
aggregates in a nucleation-dependent manner, generating several intermediate species 71. SNCA 
mutations and post-translational modifications such as phosphorylation, ubiquitination, acetylation, 
glycation, among others, are known to modulate aSyn aggregation 71. Oligomerized aSyn is accepted to 
be more toxic than aSyn aggregates 72,81–83. Its accumulation is thought to promote the loss of 
dopaminergic neurons 72.  

The function of aSyn is still unclear, however several putative roles have been identified. Studies showed 
that aSyn is required for vesicle trafficking, and regulation of synaptic function, neurotransmitter 
release, and modulation of proteasomal activity 72,75. Overexpression of aSyn has been implicated in 
endoplasmic reticulum impairment, calcium homeostasis dysregulation, and abnormal mitochondria 
function 72,77,84,85. 
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1.1.4.1 Clearance of a-synuclein 

In physiological conditions, proteins and organelles are degraded via the UPS or through the autophagy 
pathway, which involves the lysosome 86. The UPS consists in the poly-ubiquitination of proteins which 
targets them for degradation by the 26S proteasome 87 in an ATP dependent manner 86,87, and is therefore 
affected by mitochondria related stress. Furthermore, this process may involve Parkin, a protein whose 
mutations are linked with the familial cases of PD 87. Autophagy, on the other hand, can be split into 
three categories, depending on the cargo: macroautophagy, microautophagy, and chaperone-mediated 
autophagy 86. While macroautophagy involves the engulfment of the target protein by the 
autophagosome, which fuses with the lysosome at later stages 88, microautophagy consists in the direct 
uptake of the target protein by the lysosome 89. Chaperone-mediated autophagy degrades proteins 
containing a specific motif, and involves interaction with heat shock proteins and with the receptor 
LAMP2A, which internalizes the protein into the lysosome 88. Finally, mitophagy is a specific type of 
autophagy intended for damaged mitochondria 86. Its degradation generally involves the recruitment of 
cytosolic Parkin to the mitochondria and subsequent phosphorylation by PINK1 90. However, it was 
shown that clearance of damaged mitochondria may also be independent of Parkin recruitment 91. The 
damaged organelle is then engulfed by the autophagosome and delivered to the lysosome for degradation 
92. 

aSyn is known to be degraded via proteasome, macroautophagy, or chaperone-mediated autophagy. 
However, the major degradation pathway is still not known, and it seems to depend on aSyn 
oligomerization status. 93,94. In pathological conditions, such as PD, these systems may be impaired, 
leading to the accumulation of aSyn. Notably, proteasome function is impaired in sporadic PD patients 
95,96. Moreover, mutant aSyn showed a slower degradation rate compared to wild-type aSyn 97, and cause 
a direct inhibitory effect 94, as well as a downregulation of subunits of the proteasome 98,99. Furthermore, 
mutant aSyn can also impair autophagy by interacting with chaperone-mediated autophagy receptor 
LAMP2A, inhibiting not only its degradation but also the degradation of other proteins 100. 

1.2 Glycation 

Diabetes is recently suggested as an important risk factor for PD. Studies have shown that some 
metabolic byproducts of glycolysis, known as glycation agents, potentiate aSyn aggregation and 
cytotoxicity 10,61,101. These glycation agents participate in a process known as glycation. Glycation 
corresponds to the non-enzymatic reaction between the carbonyl group of a reducing sugar, like glucose, 
and the amine group of proteins, lipids, or nucleic acids, leading to the formation of a Schiff’s base 72,101 
(Figure 1.1). This base will then suffer Amadori rearrangements, and, through several reactions, will 
eventually lead to the formation of irreversible advanced glycation end-products (AGEs) 10,72,102 (Figure 
1.1). Although glucose is a glycation agent and can directly modify proteins, it is one of the least reactive 
agents 10,102. MGO is a byproduct of different metabolic pathways, mainly formed via the glucose 
metabolism, and is 20,000 times more reactive than glucose 10,102. MGO is mainly formed through the 
non-enzymatic degradation of the phosphate group of the glycolytic triose phosphates: glyceraldehyde 
3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP), and reacts with arginine, cysteine, and 
lysine residues of proteins 10,72,102. This compound may also arise from the catabolism of threonine and 
acetone, or through lipid peroxidation 102 (Figure 1.3). 
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Figure 1.1 Schematic representation of the glycation reaction. 
Reducing sugars react with the side-chain amino-groups of aminoacids (lysine, arginine and cysteine) to form a Schiff’s base, 
which then suffers Amadori rearrangements, generating advanced glycation end-products (AGEs). AGEs may alter protein 
structure and function ultimately contributing to the aggregation of proteins.  

This process has severe consequences for the cell by altering cellular proteins function and structure, 
and dysregulating natural cell processes 102. Furthermore, glycation can also occur in lipids, forming the 
advanced lipoxidation end products which can, for example, lead to the impairment of LDL clearance 
103. 

AGEs can bind to several receptors. The most well characterized is the receptor for AGE (RAGE), a 
multi-ligand receptor 104–106. RAGE is a cell surface receptor that is involved in different responses such 
as inflammation, as it is part of the immunoglobulin superfamily 104,107. RAGE is expressed on microglia, 
endothelial cells, and smooth muscle of the vasculature 105,106,108, among others, and has been reported 
to be increased in neurodegenerative diseases, such as dementia with Lewy Bodies, Alzheimer’s disease, 
and in cases with early stages of parkinsonism 72,109–111. The interaction between RAGE and AGEs leads 
to a cascade of responses that activates transcription factor nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-kB) 105,112, which promotes inflammation (Figure 1.2). In turn, NF-kB further 
expresses RAGE113, creating a vicious cycle 101 that contributes to sustained inflammation, eventually 
leading to cell death and neurodegeneration 72. Furthermore, RAGE was also described to induce ROS 
formation 114,115. 

1.2.1 Glycation in PD 

Although glycation is mostly studied in a context of diabetes, it is important to recognize that it may 
also have a great impact in neurodegeneration. Studies have reported the occurrence of glycation in the 
brains of PD patients 61,111,116, as well as the presence of aSyn in Lewy bodies 78. 

aSyn is a lysine rich protein 72,101, which makes it highly vulnerable to glycation. Glycation can affect 
different aspects of the protein, ranging from its cytotoxicity to its ability to aggregate. Several studies 
have reported glycation’s effects on aSyn such as the formation of cross-links between proteins, and 
increase in its ability to aggregate 117 (Figure 1.2). Moreover, Lee et. al (2009) demonstrated that with 
an increasing concentration of reducing sugars such as MGO, aSyn oligomerization increased 
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concomitantly 62. This phenomenon has also been confirmed by similar works 83,118. Recently, Vicente 
Miranda and colleagues demonstrated that MGO induces aSyn aggregation and toxicity in yeast, 
mammalian cells and animal models of PD 61.  

Uchiki and colleagues (2012) showed that the presence of MGO reduces intracellular protein 
degradation and that glycated proteins are less susceptible to degradation. Additionally, the authors 
showed that glycated ubiquitin decreases degradation, suggesting that proteins ubiquinated with 
glycated ubiquitin are less degraded than proteins bound to wild-type ubiquitin 119. Moreover, since 
ubiquitin binds to the lysine residues of proteins to be targeted for degradation 120, and glycation also 
occurs in lysine residues, if aSyn is glycated, the lysine residues will not be available for ubiquitination, 
interfering with the protein’s degradation. Recently, it was shown that glycated aSyn is less 
ubiquitinated, leading to the impairment of the proteasome and autophagy pathways 61(Figure 1.2). This 
ultimately leads to a deficient degradation of aSyn, resulting in its intracellular accumulation 61. These 
authors also show that MGO-induced glycation of aSyn drives the loss of dopaminergic neurons in the 
substantia nigra and striatum of a mouse model of PD 61. The effect of glycated aSyn was also 
investigated in a Drosophila model of PD which showed an impairment of its motor performance as 
well as a decrease in adult-stage survival 61.  

Thus, glycated aSyn has a great impact not only on its ability to aggregate and its consequent 
cytotoxicity, but also in its clearance pathways (Figure 1.2), culminating in an aggravated PD phenotype. 
The resulting accumulation of this protein could account for the neuronal death observed in PD patient’s 
brains. 

 
Figure 1.2 Schematic of glycation effects in PD. 
MGO modifies aSyn causing its oligomerization and the generation of AGEs. Protein structural alterations have an impact on 
the function of several organelles, activation of inflammation pathways, and ROS generation. The resulting effects inevitably 
lead to neurodegeneration. Abbreviations: MGO: methylglyoxal, AR: aldose reductase, GLO1: glyoxalase-1, AGE: advanced 
glycation end-product, RAGE: receptor for AGE, ROS: reactive oxygen species. 

1.2.2 Glycation defenses 

MGO can be catabolized through different pathways, such as the glyoxalase system, aldehyde 
dehydrogenase, and the aldose reductase 10,102 (Figure 1.3). The glyoxalase system is the most efficient 
pathway of MGO degradation, and it is active in the cytoplasm of all mammalian cells 102. This system 
comprises two important enzymes, lactoylglutathione methylglyoxal lyase (Glo1), and 
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hydroxyacylglutathione hydrolase (Glo2), in addition to reduced glutathione (GSH) as a co-factor 102 
(Figure 1.3). Glo1 catalyzes the reaction between GSH and MGO forming S-D-lactoylglutathione, while 
Glo2, converts S-D-lactoylglutathione in D-lactate, restoring GSH 10,102(Figure 1.3).  

GSH is one of the main protective agents against ROS, converting H2O2 to H2O and generating oxidized 
glutathione (GSSG) via GSH peroxidase 121. However, GSH levels decline with age 122–124. In agreement, 
studies performed in aged rat brain reported the decrease of GSH and increase of GSSG levels, leading 
to a decreased GSH/GSSG ratio 123. Furthermore, it was shown that γ-glutamylcysteine synthetase 
(GCS) which, along with glutathione synthetase (GS), generates GSH, has a decreased activity in aged 
rat brain 123. GSH is also decreased in the substantia nigra of PD patients 125,126, which is consistent with 
the fact that age is the greatest risk factor for the disease. The dysfunction of the GSH pathway with 
ageing increases the cell’s vulnerability to ROS and, consequently, oxidative stress, which is elevated 
in PD patients. This decrease in GSH levels impairs the glyoxalase system, increasing the risk for the 
accumulation of MGO which thereby potentiates the loss of dopaminergic neurons. 

 
Figure 1.3 Schematic of methylglyoxal (MGO) metabolism. 
Schematic representation of anabolic (green arrows) and catabolic (red arrows) pathways of MGO. Abbreviations: MGO: 
methylglyoxal, DHAP: dihydroxiacetone phosphate, GAP: glyceraldehyde 3-phosphate, TCA: tricarboxylic acid, GLO1: 
glyoxalase-1, GLO2: glyoxalase-2, AR: aldose reductase, ALDH: aldehyde dehydrogenase, NADPH: Reduced nicotinamide 
adenine dinucleotide phosphate, NADP+: Nicotinamide adenine dinucleotide phosphate. 
 
Recently, DJ-1 was reported to have deglycase and methylglyoxalase activity, interacting with glycated 
proteins 127. Richarme and colleagues suggest that, in contrast to the glyoxalase system, DJ-1 is able to 
degrade MGO in a GSH independent manner. Furthermore, it was also shown that DJ-1 can protect 
against the effects of glycated DNA128. 

The impairment of MGO catabolism brings severe consequences to the cell, as the accumulation of 
MGO leads to an increase in protein glycation and AGEs formation. The impairment of glycation 
defenses is especially deleterious in patients with diabetes, where the concomitant hyperglycemia leads 
to an increase of MGO levels 129–132. 

1.2.3 Potential pharmacological compounds 

Given that diabetes increases the risk for PD, it is reasonable that anti-diabetic compounds may have 
beneficial effects in PD. Potential pharmacological compounds such as MGO scavengers, AGEs 
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breakdown agents, or AGEs inhibitors 101 are likely to reduce glycation levels and, consequently, aSyn 
aggregation and toxicity 61. MGO scavengers typically trap MGO molecules preventing its reaction with 
proteins, therefore suppressing glycation. On the other hand, AGEs breakdown agents have the ability 
to break-down protein cross-links promoted by AGEs, avoiding protein aggregation, whereas AGEs 
inhibitors halt glycation by interfering with the glycation process, reacting with its intermediates 
(Figure. 1.4). 

Metformin, pioglitazone, sulforaphane, resveratrol, carnosine, aminoguanidine, tenilsetam, N-
acetylcysteine, pyridoxamine, N-phenacylthiolozium bromide, and penicillamine, among several other 
compounds have already shown to inhibit or prevent glycation, therefore being promising therapeutic 
agents (Figure. 1.4). 

 
Figure 1.4 Potential anti-glycation pharmacological compounds. 
Schematic representation of MGO scavengers, AGEs breakdown agents, and AGEs inhibitors, along with their proposed 
mechanism of action. AGEs breakdown agents act directly on AGEs, while AGEs inhibitors react with glycation intermediates, 
inhibiting the glycation process. MGO scavengers trap this compound, preventing glycation. The compounds selected for this 
study are in Bold. Abbreviations: AGEs: advanced glycation end-products, MGO: methylglyoxal. 

1.2.3.1 Metformin 

Metformin, a member of the biguanide family, is a mitochondrial complex I inhibitor and activator of 
adenosine monophosphate-activated protein kinase (AMPK), an important homeostasis regulator, 
possibly through glucose starvation 133. Metformin is currently used for the treatment of type-2 diabetes 
134–136. This compound is known to lower blood glucose levels and enhance insulin sensitivity 134. 
Metformin increases lifespan by mimicking a caloric restriction environment in mice 134 and yeast 137, 
and attenuate the expression of NF-κB, inhibiting chronic inflammation in mice 134. In Caenorhabditis 
elegans, metformin promoted an increase of about 40% in median survival 138. Metformin has been 
shown to be neuroprotective. Studies demonstrated that it prevents or attenuates MPTP-induced 
dopaminergic neurodegeneration 135,136, decreases aSyn expression, and increases autophagy and 
mitophagy through the activation of AMPK 136. Furthermore, this compound is able to reduce 
neurotoxicity in aSyn overexpressing cells 139. Moreover, this compound is known to be a MGO 
scavenger 140–144 and to reduce AGEs levels 141,142,145, making it a potential pharmacological agent against 
glycation.  
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1.2.3.2 Pioglitazone 

Pioglitazone is a synthetic ligand that activates nuclear receptor peroxisome proliferator-activated 
receptor g (a transcription factor) and increases insulin sensitization, being therefore useful in the 
treatment of type-2 diabetes mellitus 146,147. Pioglitazone was shown to inhibit AGEs cross-link 148, block 
intracellular signaling of RAGE by down-regulating NF-kB activation, and counteract AGEs-induced 
pancreatic beta cell necrosis 149. This compound can also inhibit tau phosphorylation and ameliorate 
Alzheimer’s disease progression 147. 

1.2.3.3 Sulforaphane 

Sulforaphane is a natural compound found in vegetables such as broccoli and cauliflower, known to 
activate nuclear factor erythroid-related factor 2 (Nrf2), a transcription factor responsible for anti-
oxidative stress response 150. Several studies have shown its anti-proliferative 151 and anti-angiogenic 
properties 152,153 as well as its protective effect against oxidative stress 154 and hyperglycemia 155. 
Moreover, it has been shown that the activation of Nrf2 inhibits the accumulation of MGO-modified 
proteins 156. Recently, Angeloni and colleagues demonstrated that sulforaphane protects cells from 
necrotic and apoptotic cell death, increases Glo1 expression and activity along with GSH levels, and 
increases glucose uptake, being able to rescue from the cytotoxic phenotype induced by MGO 157. 
Furthermore, this compound was shown to decrease AGE-induced RAGE expression 158,159 and ROS 
generation 159. Moreover, it was demonstrated that sulforaphane increases DJ-1 expression, decreasing 
protein glycation levels 160. Sulforaphane can also increase the nuclear translocation of Nrf2 161, leading 
to the expression of genes associated with antioxidant response 162. 

1.2.3.4 Resveratrol 

Resveratrol is a natural occurring compound found in different plant species 163. This compound 
activates sirtuin-1, a deacetylase found to stimulate oxidative stress response and cell survival 164,165. 
Furthermore, resveratrol improves mitochondrial function via sirtuin-1 166, and increases autophagic 
flux, promoting aSyn degradation167. This compound is also thought to modulate inflammation168. A 
study performed in neuroblastoma cells revealed that this compound was able to protect against 
dopamine-induced cytotoxicity and apoptosis 169. Moreover, in another study conducted in 
neuroblastoma cells, resveratrol induced autophagy-dependent clearance of aSyn 170 via AMPK 
pathway. In a 6-OHDA-induced rat PD model, researchers also showed that resveratrol can attenuate 
neuronal damage in the substantia nigra 171. Recently, it was observed that resveratrol had anti-glycating 
properties as it prevented the formation of AGEs in a dose-dependent manner 172. Additionally, a 
different study suggests that resveratrol can modulate RAGE expression as it was able to decrease its 
expression in resveratrol-treated rats in contrast with a diabetic group, where these levels were elevated 
173. 

1.2.3.5 Carnosine 

Carnosine is a naturally occurring dipeptide abundant in human muscle 174,175. Several studies showed 
its ability to extend cell survival and division potential, to chelate metal ions, scavenge free radicals, as 
well as present antioxidant activity 176,177. Carnosine was also proposed to play a role as neurotransmitter 
in the olfactory bulb 178. Carnosine reacts with MGO interacting and protecting against MGO-induced 
protein modification 175,179. Furthermore, it suppresses the formation of AGEs in vivo, protecting from 
lethal concentrations of glucose and MGO 180. Carnosine also prevents cross-linking of b-amyloid, 
which aggregates in Alzheimer’s disease 181. 
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1.2.3.6 Aminoguanidine 

Aminoguanidine is a MGO scavenger and AGEs inhibitor. This compound extends yeast lifespan by 
45-50%, reduces AGEs protein modifications, and increases mitochondria respiration 137. 
Aminoguanidine significantly increases the survival of neuroblastoma cells challenged with MGO 182. 
It also inhibits AGEs formation by reacting with MGO 182. Recently, it was observed in cellular models 
that aminoguanidine, in addition to lowering MGO levels (20%), aSyn aggregation (20%), and toxicity 
(50%), it also reverted the impairment of aSyn clearance upon glycation 61. Furthermore, this scavenger 
also improved Drosophila motor performance after 10 days treatment 61. Aminoguanidine was evaluated 
in type 1 and type 2 diabetes mellitus. However, several side effects such as impaired liver function, and 
gastrointestinal disturbances, among others, were observed 183.  

1.2.3.7 Tenilsetam 

Tenilsetam is a MGO scavenger, shown to protect against MGO toxicity 182. This compound inhibits the 
Maillard reaction and protects against AGEs cross-link 184. A recent study revealed that tenilsetam could 
reduce intracellular levels of MGO by 20%, aSyn aggregation (20%) and toxicity (50%) 61. Moreover, 
this compound improves aSyn clearance in a glycating conditions 61. Similar to aminoguanidine, 
tenilsetam also improved Drosophila motor performance after 10 days treatment 61. 

1.2.3.8 N-acetylcysteine 

N-acetylcysteine is a derivative of the amino acid L-cysteine, and is known to possess antioxidant 
properties, mainly by restoring GSH 185. A study involving three patients with PD showed that blood 
and brain glutathione levels increased transiently after N-acetylcysteine intravenous administration 186. 
Furthermore, in a rotenone model of PD, treatment with N-acetylcysteine increased the percentage of 
dopaminergic neurons compared to untreated cells, conferring a protective effect 185. Moreover, N-
acetylcysteine may attenuate deleterious renal effects cause by chronic exposure to AGEs 187. 

1.2.3.9 Pyridoxamine 

Pyridoxamine is one of the natural occurring forms of vitamin B6 188,189. This compound has been 
proposed to be an AGE inhibitor and MGO scavenger 190–193, reacting with intermediates of the Maillard 
reaction 191. Pyridoxamine was successfully able to reduce MGO levels in diabetic rats, not only when 
compared with non-treated diabetic rats, but also when compared to control ones 192. Moreover, this 
compound can increase Glo1 activity in hyperglycemic conditions 192. When compared with 
aminoguanidine, pyridoxamine proved to be a stronger inhibitor of post-Amadori AGE formation and 
ROS accumulation, although showing a weaker scavenging activity 190,191. 

1.2.3.10 N-phenacylthiazolium bromide 

N-phenacylthiazolium bromide is a thiazolium-based nucleophile that was shown to disrupt AGEs 
cross-links in vitro and in vivo 194. N-phenacylthiazolium bromide treatment also leads to a decrease in 
vascular AGEs accumulation in vivo 195 and modulates inflammation through the downregulation of the 
RAGE receptor 196. A study performed on human skeletal tissue showed that AGEs levels were 
decreased after N-phenacylthiazolium bromide treatment 197. 

1.2.3.11 Penicillamine 

Penicillamine was shown to be an AGE inhibitor 141,198. This compound inhibits the formation of 
Amadori products by 56% and AGEs formation by 44% in vitro 198. Furthermore, penicillamine prevents 
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glycation-induced cytotoxicity and GSH depletion by scavenging glyoxal compounds such as MGO 199. 
Penicillamine can also improve cell proliferation by approximately 80% 200.  

 

2 Objectives 

PD significantly decreases the well-being of the affected patients, and it is currently untreatable. Recent 
findings suggested a link between PD and glycation, since glycated aSyn was detected in the brain of 
PD patients, and it promotes its aggregation and toxicity. Therefore, the main aim of this project was to 
investigate the protective ability of selected compounds in suppressing the deleterious effects of 
glycation in cellular models of PD. Specifically, this study aimed to evaluate the therapeutic potential 
of metformin, pioglitazone, sulforaphane, carnosine, and aminoguanidine, compounds already observed 
to modulate different aspects of the glycation process, in what regards to their cytotoxicity, their ability 
to modulate AGEs and aSyn/SynT expression, and their ability to suppress protein aggregation and/or 
promote aSyn clearance. Their protective properties were evaluated in cellular models of PD, namely 
H4 neuroglioma cells overexpressing aSyn/SynT, in the presence/absence of MGO-induced glycation. 

 

3 Materials and Methods 

3.1 MGO purification and measurement 

MGO was produced as previously described in Vicente Miranda (2017) 61. Briefly, MGO was prepared 
by sulfuric acid hydrolysis of 1,1-dimethyl acetal. Purified MGO was obtained by fractional distillation 
under reduced pressure and nitrogen bleed of the resulting mixture. MGO was fractioned through a 
vaporization process at 72 ºC. The first fraction was discarded, since it contains a mixture of MGO and 
methanol, whereas the second and third fractions were collected and stored at -80 ºC until further use. 

MGO measurement was performed as described in Arai (2014) 201 by its derivatization with 
aminoguanidine. Briefly, purified MGO was diluted to around 50-100 µM in a solution with 1 mM 
aminoguanidine hydrochloride in 50 mM sodium phosphate buffer (pH 7.4), with incubation at 37 ºC 
for 4 hours. The resulting compound generated from the reaction between MGO and aminoguanidine, 
aminotriazine, was then assayed by spectrophotometry at 320 nm, from which the concentration of 
MGO is deduced (e320 = 2411 M-1.cm-1). 

3.2 Pharmacological compounds 

Aminoguanidine hydrochloride (Sigma-Aldrich: 396494; St. Louis, MO, USA), Metformin 
hydrochloride (Sigma-Aldrich: PHR1084; St. Louis, MO, USA), and Carnosine (Santa Cruz 
Biotechnology: sc-202521; Dallas, TX, USA) were prepared in phosphate-buffered saline (PBS, Gibco). 
DL-Sulforaphane (Sigma-Aldrich: S4441; St. Louis, Missouri, USA), Pioglitazone (Santa Cruz 
Biotechnology: sc-204848; Dallas, TX, USA), and Resveratrol (Sigma-Aldrich: R5010; St. Louis, MO, 
USA) were prepared in DMSO. 

3.3 Cell culture 

H4 human neuroglioma cells (ATCC® HTB-148™; Manassas, VA, USA) were maintained at 37ºC in 
a humidified incubator with 5% CO2; in 10 cm tissue culture dish (Techno Plastic Cultures AG, TPP; 
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Trasadingen, Switzerland) seeded at 1.000.000 cells in Opti-MEM® I Reduced Serum Medium (1x) 
(Gibco, Thermo Fisher Scientific; Waltham, MA, USA) supplemented with 10% fetal bovine serum 
(Gibco, Thermo Fisher Scientific; Waltham, MA, USA). 

3.3.1 Transfection 

Cells were transfected with plasmids containing the gene sequence of human wild-type aSyn (aSyn WT) 
or were co-transfected with plasmids with the gene sequences for an aggregation-prone variant of aSyn 
(SynT) and synphilin-1 (Synph 1), using FuGENE® 6 Transfection Reagent (Promega; Madison, WI, 
USA), according to manufacturer's instructions. Briefly, 24 hours after cell seeding, the transfection 
mixture in a 1:3 ratio (DNA:Fugene) for one plasmid, or 1:5 ratio for two plasmids was prepared and 
added to cells. 

3.3.2 Cell assays 

3.3.2.1 Pharmacological compound cytotoxicity 

For drugs’ basal cytotoxicity evaluation and concentration range screening, H4 cells were seeded at 
15,000 cells/well in 24-well plates (Techno Plastic Cultures AG, TPP; Trasadingen, Switzerland). After 
medium renewal, cells were treated with vehicle, PBS (Gibco), or aminoguanidine hydrochloride (150-
450 µM), metformin hydrochloride (0.05-25 mM), carnosine (1-40 mM), DL-sulforaphane (0.5-10 µM), 
pioglitazone (2.5-30 µM) or resveratrol (0.5-30 µM) for 24 hours. The medium was renewed and the 
drug treatment was repeated, for an additional period of 24 hours. 48 hours post-transfection, cell 
toxicity was evaluated by lactate dehydrogenase (LDH) release (see 5). 

3.3.2.2 Evaluation of pharmacological compounds’ preventive potential 

In order to assess the preventive potential of the drugs, H4 cells were seeded at 15,000 cells/well in 24-
well plates (Techno Plastic Cultures AG, TPP; Trasadingen, Switzerland), 100,000 cells/well in 35 mm 
imaging dishes (Ibidi; Planegg, Germany), 170,000 cells/well in 6-well plates and at 300,000 cells in 6 
cm plates (Techno Plastic Cultures AG, TPP; Trasadingen, Switzerland). 24 hours post-seeding, cells 
were transfected with empty vector or vector containing aSyn WT, or co-transfected with SynT and 
Synph 1. After 24 hours, the medium was renewed and cells were treated with vehicle (PBS), 
aminoguanidine hydrochloride (150-450 µM), metformin hydrochloride (0.05-25 mM), carnosine (1-40 
mM), DL-sulforaphane (0.5-10 µM), pioglitazone (2.5-30 µM), or Resveratrol (0.5-30 µM) for 24 hours. 
The medium was renewed and the drug treatment was repeated, followed by a treatment with vehicle 
(PBS) or MGO (0.2 mM) for 24 hours. 48 hours post-initial drug treatment, cytotoxicity (LDH release), 
protein extraction for western blot (see 6.1 and 6.3), and aggregates analysis by immunocytochemistry 
(see 7) were performed. 

3.3.2.3 Evaluation of pharmacological compounds’ restorative potential 

For drugs’ restorative potential assessment, H4 cells were seeded at 20,000 cells/well in 24-well plates 
(Techno Plastic Cultures AG, TPP; Trasadingen, Switzerland), at 100,000 cells/well in 35 mm imaging 
dishes (Ibidi; Planegg, Germany), at 170,000 cells/well in 6-well plates, at 300,000 cells in 6 cm plates 
(Techno Plastic Cultures AG, TPP; Trasadingen, Switzerland). 24 hours post-seeding, cells were 
transfected with empty vector or vector containing aSyn WT, or co-transfected with SynT and Synph 1. 
After 24 hours, the medium was renewed and cells were treated with vehicle (PBS) or MGO (0.2 mM) 
for 18 hours. After that period, medium was renewed, and cells treated with vehicle, aminoguanidine 
hydrochloride (150-450 µM), metformin hydrochloride (0.05-25 mM), carnosine (1-40 mM), DL-
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sulforaphane (0.5-10 µM), pioglitazone (2.5-30 µM), or resveratrol (0.5-30 µM). 24h post-treatment, 
medium was renewed and the drug treatment repeated 48 hours post-initial drug treatment, cytotoxicity 
(LDH release), protein extraction for western blot (see 6.1 and 6.3) or triton X-100 solubility (see 6.2 
and 6.3), and aggregate analysis by immunocytochemistry (see 7) were performed. 

3.4 LDH Cytotoxicity Assay 

Cytotoxicity was measured using LDH kit (Clontech; Mountain View, CA, USA), according to 
manufacturer's instructions. LDH is an enzyme present in all cells that is released to the medium when 
cellular membrane integrity is lost, indicative of cell death. Briefly, conditioned medium from cells was 
collected and centrifuged at 750 rpm for 5 minutes (to discard cellular debris). Fresh medium containing 
1% Triton®X 100 (Panreac; Barcelona, Spain) was added to cells, in order to completely lyse them. This 
conditioned media was collected, and used as 100% cell death control. Based on a colorimetric assay, 
the collected medium was then incubated with the reaction mixture to determine LDH activity and 
quantify cell death. The measured cytotoxicity was then calculated by the ratio between the measured 
absorbance and total cell death, which was then normalized to vehicle treated cells or MGO treated cells. 

3.5 Protein Analysis 

3.5.1 Extraction of total protein 

Cells were lysed using NP-40 lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40) 
supplemented with cOmplete™, Mini, EDTA-free Protease Inhibitor (Roche; Basel, Switzerland). Cells 
were scrapped and lysed by three cycles of freezing and thawing in liquid nitrogen. Proteins were 
separated from debris by centrifugation at 10,000 g, at 4 ºC, for 10 minutes. Quantification of total 
protein was performed using Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA, 
USA). 

3.5.2 Triton-X 100 solubility assay 

Cells were lysed using PBS supplemented with cOmplete™, Mini, EDTA-free Protease Inhibitor (Roche; 
Basel, Switzerland). After cell scrapping, lysates were sonicated 3 times for 30 seconds (amplitude of 
10 microns) with 1 minute incubation on ice between each sonication step. Samples were then quantified 
with Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA, USA). Triton®X 100 
was added at a final concentration of 1% to 200 µg of protein extract, followed by an incubation, at 4ºC, 
for 30 minutes. Protein fractions were separated by centrifugation at 16,000 g, at 4˚C, for 1 hour. Soluble 
protein fraction was collected and the insoluble protein fraction pellet was resuspended in 40 µL of PBS 
supplemented with sodium dodecyl sulfate (SDS, 2% final concentration) and cOmplete™, Mini, EDTA-
free Protease Inhibitor (Roche; Basel, Switzerland). Soluble fraction (10 µL), and insoluble fractions 
(15 µl), both supplemented with 2% SDS, were loaded and resolved by SDS-Page and immunoblotted 
as described below. 

3.5.3 SDS-Page and Western Blotting 

10 µg of total protein from cell extracts were separated by SDS-PAGE electrophoresis using a Tetra cell 
(Bio-Rad; Hercules, CA, USA), in 12% polyacrylamide separation gel and a 4% polyacrylamide 
stacking gel, applying a constant voltage of 120 V. Pre-stained standard proteins were also loaded onto 
the gel. Proteins were transferred to nitrocellulose membranes, using standard procedures with a Mini 
Trans-Blot system (Bio-Rad; Hercules, CA, USA). Membranes were incubated with blocking solution 
(3% bovine serum albumin) in 1x TBS (20 mM Tris, 136 mM NaCl, pH 7.6) at room temperature for 
30 minutes. Membranes were incubated overnight at 4ºC with the primary antibody using given 
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concentrations (see 5.3.1) in blocking solution. Membranes were washed and incubated with secondary 
antibody in blocking solution for 1.5 hours. Detection procedures were performed according to ECL 
system (GE Healthcare, Life Sciences; Little Chalfont, UK), and the signal was detected using a 
ChemiDoc™ Imaging Systems (Bio-Rad, Hercules, CA, USA) with the most appropriate exposure time. 
Densitometry was performed using ImageJ - Image Processing and Analysis in Java 202. When required, 
membranes were incubated with stripping solution (250 mM Glycine, 0.1 % of 10 % SDS, pH 2.0) for 
45 minutes at room temperature with agitation, followed by 4 washing steps, twice with 1x TBS and 
twice with 1x TBS supplemented with 10% Tween 20 solution. Membranes were then incubated in 
blocking solution for 30 minutes, before reprobing with the required antibodies. 

3.5.3.1 Antibodies 

For glycation profile screening, membranes were incubated with the primary antibody Anti-
Methylglyoxal monoclonal antibody (Cell Biolabs; San Diego, CA, USA) in a dilution of 1:1000 in 
blocking solution. For aSyn levels screening, the primary antibody used was Purified Mouse Anti-α-
Synuclein antibody (BD Biosciences; San Jose, CA, USA) in a dilution of 1:1000 in blocking solution. 
b-actin was the housekeeping gene used as loading control for signal normalization, using the primary 
antibody Mouse Monoclonal anti-b-actin antibody (Ambion, Thermo Fisher Scientific; Waltham, MA, 
USA) in a dilution of 1:5000 in blocking solution. Secondary antibody used was ECL™ Anti-Mouse 
IgG, HRP-Linked antibody (Amersham™; Little Chalfont, UK) in a dilution of 1:5000 in blocking 
solution. 

3.6 Immunocytochemistry 

Immunocytochemistry assays were performed to evaluate aSyn aggregates formation in H4 cells co-
transfected with plasmids containing SynT and Synph 1 gene sequences. These cells were treated with 
selected drugs in a glycation context (MGO insult) as described in section 4.2. Briefly, cells were washed 
with PBS and fixed and permeabilized in 100% ice-cold methanol, at -20 ºC, for 10 minutes. Cells were 
then incubated for 1 hour with blocking solution (1.5% normal goat serum in PBS) at room temperature, 
and immediately used or stored in PBS at 4ºC. Cells were incubated overnight at 4ºC with the primary 
antibody anti-α-Synuclein (Cell Signaling Technology, Danvers, MA, USA) in a dilution of 1:50 in 
blocking solution. Cells were then washed with PBS and incubated for 4 hours at room temperature with 
Alexa Fluor® 488 goat anti-rabbit conjugated secondary antibody (Invitrogen; Carlsbad, CA, USA) 
using a dilution of 1:1000 in blocking solution. Microscopy images were acquired in a Widefield 
fluorescent microscope Zeiss Axiovert 40 (Carl Zeiss MicroImaging) and in a point scanning confocal 
microscope Zeiss LSM 710 (Carl Zeiss MicroImaging).  

3.7 Clearance assay  

To assess aSyn clearance, H4 cells transfected with vector containing aSyn WT sequence were 
challenged with the selected pharmacological compound, MGO, and with cyloheximide (a de novo 
protein synthesis inhibitor). Briefly, cells seeded at 170,000 cells/well in 6-well plates (Techn-o Plastic 
Cultures AG, TPP; Trasadingen, Switzerland) were transfected with aSyn WT vector 24 hours post-
seeding. 24 hours later, the medium was renewed and cells were treated with metformin (16 mM). After 
24 hours, medium was renewed and cells were treated with metformin (16 mM) and MGO (0.2 mM), 
and challenged with cycloheximide (100 µM) for a period up to 12 hours. This treatment arrests de novo 
protein synthesis, which allows to monitor the clearance of aSyn. 
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3.8 Statistical analysis 

Each assay was performed at least three times, unless stated otherwise, and all values are expressed as 
normalized means ± standard deviation. Statistical analysis was performed using GraphPad Prism 
version 7.0a. T-test or one-way ANOVA were used to compare differences among conditions, followed 
by Dunnett’s multiple comparison test. Values of p < 0.05 were considered significant. 

 

4 Results and Discussion 

4.1 Cytoprotective activity of pharmacological compounds 

4.1.1 Basal cytotoxicity of pharmacological compounds  

First, the cytotoxicity of the selected pharmacological compounds under basal conditions was 
investigated. The assessment of these agents’ cytotoxicity was performed according to Figure 4.1 A.  

 

Figure 4.1 Pharmacological compounds’ basal cytotoxicity. 
(A) Schematic representation of pharmacological compounds basal cytotoxicity setup. Cytotoxicity was measured by LDH 
release and levels normalized to Ctrl. Toxicity of H4 WT cells treated with vehicle (PBS) (Ctrl), or with (B) metformin 
hydrochloride (1-8 mM), (C) pioglitazone hydrochloride (10-40 µM), (D) dl-sulforaphane (2-10 µM), (E) resveratrol (1-1 
5µM), (F) carnosine (2-40 mM), or (G) aminoguanidine (150-450 µM), (n=3, at least). Data in all panels are average ± SD, 
*p < 0.05, **p < 0.01, ***p  < 0.001, ****p < 0.0001. One-way ANOVA, followed by Dunnett’s multiple comparisons test.  

Briefly, pharmacological treatment (48 hours) started 24 hours post-seeding and was re-enforced 24 
hours later. Metformin showed little to no toxicity at low concentrations. However, at 8 mM, it was 
cytotoxic (Figure 4.1 B). Similarly, pioglitazone revealed little or no toxicity at low concentrations, 
being toxic at 40 µM (Figure 4.1 C). Sulforaphane was the most toxic compound under these conditions, 
exhibiting toxicity from 5 µM onwards, reaching 7-fold higher toxicity at 10 µM (Figure 4.1 D). Of all 
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concentrations tested for resveratrol, only 1 µM was not cytotoxic (Figure 4.1 E). Carnosine (Figure 4.1 
F) and aminoguanidine (Figure 4.1 G) were not cytotoxic at all tested concentrations. 

These findings suggest that from of all the compounds tested, metformin, carnosine, and 
aminoguanidine were the least cytotoxic. These assays allowed for the selection of the most appropriate 
concentrations to be used in cells overexpressing aSyn, where glycation will be induced by MGO. 

4.1.2 Preventive activity of pharmacological compounds 

4.1.2.1 Upon aSyn overexpression 

To evaluate the preventive potential of pharmacological compounds, their cytotoxicity was assessed in 
H4 cells overexpressing aSyn. The experimental setup of this experiment is described in Figure 4.2 A.  

 
Figure 4.2 Pharmacological compounds potential to prevent from aSyn overexpression toxicity.  
(A) Schematic representation of pharmacological compounds’ preventive potential assay. Cytotoxicity measured by LDH 
release and normalized to non-treated cells (Ctrl). Toxicity of H4 cells transfected with aSyn and treated with vehicle (PBS) 
(Ctrl), or (B) metformin hydrochloride (1-16 mM), (C) pioglitazone hydrochloride (10-30 µM), (D) dl-sulforaphane (2-8 µM), 
(E) resveratrol (1-15 µM), (F) carnosine (10-40 mM), or (G) aminoguanidine (150-450 µM) (n=3, at least). Data in all panels 
are average ± SD, *p < 0.05, **p< 0.01, ***p  < 0.001, ****p < 0.0001. One-way ANOVA, followed by Dunnett’s multiple 
comparisons test. 

Briefly, the pharmacological treatment (48 hours) started 43 hours post-seeding and 19 hours post-aSyn 
overexpression and was re-enforced 24 hours later. Metformin showed a tendency to decrease 
cytotoxicity at 1 and 8 µM, although not statistically significant (Figure 4.2 B). At 16 µM, it induced 
cytotoxicity (Figure 4.2 B). Pioglitazone at 10 µM slightly decreased aSyn associated cytotoxicity, 
although not significantly. At 30 µM it was cytotoxic (Figure 4.2 C). With sulforaphane, no 
cytoprotection was observed (Figure 4.2 D). Resveratrol at 1 µM slightly decreased aSyn cytotoxicity, 
however not significantly (Figure 4.2 E). At 15 µM, it became significantly cytotoxic (Figure 4.2 E). 
Carnosine showed no effect at tested concentrations (Figure 4.2 F). Although aminoguanidine had a 
tendency to suppress aSyn cytotoxicity, data was not significant (Figure 4.2 G).  
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All tested compounds were not able to decrease aSyn associated cytotoxicity for the studied 
concentrations and timings, suggesting that their potential to suppress aSyn cytotoxicity is limited. Since 
these compounds are known glycation suppressors and/or MGO scavengers, it was hypothesized that 
they could show a preventive effect under glycation conditions. 

4.1.2.2 Upon aSyn overexpression and MGO-induced glycating conditions 

The preventive potential of these compounds was evaluated not only under aSyn overexpression, but 
also in a glycating environment. The experimental setup is described in Figure 4.3 A.  

 
Figure 4.3 Pharmacological compounds’ potential to prevent from aSyn overexpression toxicity under MGO-induced 
glycation conditions.  
(A) Schematic representation of drugs’ preventive potential assay. Cytotoxicity measured by LDH release and normalized to 
MGO-treated cells (Ctrl). Toxicity of aSyn expressing H4 cells treated with MGO (Ctrl) (0.2 mM), or treated with (B) 
metformin hydrochloride (1-16 mM), (C) pioglitazone hydrochloride (10-30 µM), (D) dl-sulforaphane (2-8 µM), (E) 
resveratrol (1-15 µM), (F) carnosine (10-40 mM), or (G) aminoguanidine (150-450 µM), followed by MGO treatment (n=3 at 
least). Data in all panels are average ± SD, *p < 0.05, **p < 0.01, ***p  < 0.001, ****p < 0.0001. One-way ANOVA, followed 
by Dunnett’s multiple comparisons test. 

Briefly, these experiments were performed as previously (Section 4.1.2.1), however cells were also 
challenged with MGO in the last 24 hours period before cell collection. Metformin significantly 
prevented aSyn/MGO associated cytotoxicity at 8 and 16 mM (~30% suppression) (Figure 4.3 B, Table 
4.1). A concentration of 25 mM for metformin was also explored, however it did not further suppress 
the cytotoxicity (data not shown). Pioglitazone did not show preventive properties. In fact, aSyn and 
MGO cytotoxicity was aggravated in a concentration-dependent manner (Figure 4.3 C). Similar to 
pioglitazone, sulforaphane (Figure 4.3 D) and resveratrol (Figure 4.3 E) did not show preventive 
potential. Carnosine at 10 mM significantly prevented aSyn/MGO associated cytotoxicity (~20% 
suppression) (Figure 4.3 F, Table 4.1). The effect of carnosine at 1 and 5 mM was also investigated, 
however they did not further prevent cytotoxicity (data not shown). In agreement with previous 
findings61, aminoguanidine markedly prevented MGO/aSyn associated toxicity by 60% (Figure 4.3 G, 
Table 4.1). The findings here presented suggest that metformin, carnosine, and aminoguanidine prevent 
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from aSyn associated toxicity in the presence of MGO. Since aminoguanidine was previously shown to 
reduce aSyn/MGO cytotoxicity 61, this compound was not further evaluated on its effects on protein 
levels. Metformin and carnosine were further explored, and their effects on AGEs and aSyn protein 
levels were evaluated. 

4.1.3 Restorative activity of pharmacological compounds 

4.1.3.1 Upon aSyn overexpression 

The restorative potential against aSyn overexpression of the pharmacological compounds was also 
evaluated. The experimental setup of this assay is described in Figure 4.4 A. 

 
Figure 4.4 Pharmacological compounds’ potential to restore from aSyn overexpression toxicity.  
(A) Schematic representation of the pharmacological compounds’ restorative potential assay. Cytotoxicity measured by LDH 
release and normalized to non-treated cells (Ctrl). Toxicity of H4 cells transfected with aSyn and treated with vehicle (PBS) 
(Ctrl), or (B) metformin hydrochloride (1-16 mM), (C) pioglitazone hydrochloride (10-30 µM), (D) dl-sulforaphane (2-8 µM), 
(E) resveratrol (1-15 µM), (F) carnosine (10-60 µM), or (G) aminoguanidine (150-450 µM), (n=3, at least). Data in all panels 
are average ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA, followed by Dunnett’s multiple 
comparisons test. 

In contrast to the previous conditions, the aim was to evaluate the restorative activity of the compounds 
in cells that were already affected by either aSyn or the combined action of aSyn/MGO (in 4.1.3.2). To 
that purpose, the timings of the pharmacological treatments were optimized, starting 66 hours post-
seeding (in contrast to the 43 hours post-seeding performed previously). Metformin at 8 mM was able 
to restore from aSyn-induced cytotoxicity (~15% suppression), while at 16 mM it potentiated 
cytotoxicity (Figure 4.4 B). In contrast, neither pioglitazone (Figure 4.4 C), sulforaphane (Figure 4.4 
D), nor resveratrol (Figure 4.4 E) showed restorative potential. In fact, at some concentrations they 
potentiated cytotoxicity. Carnosine at 25 and 40 mM was able to significantly decrease aSyn cytotoxicity 
(Figure 4.4 F) by ~20%. Aminoguanidine was also able to decrease aSyn associated toxicity at 450 µM 
(Figure 4.4 G, Table 4.1) (15%). 
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4.1.3.2 Upon aSyn overexpression and MGO-induced glycating conditions 

Next, the restorative potential of the pharmacological compounds was investigated in cells 
overexpressing aSyn under glycation conditions. The experimental setup of this assay is described in 
Figure 4.5 A. 

 
Figure 4.5 Pharmacological compounds’ potential to restore from aSyn overexpression toxicity under MGO-induced 
glycation conditions.  
(A) Schematic representation of drugs’ restorative potential assay. Cytotoxicity measured by LDH release and normalized to 
Ctrl. Toxicity of H4 cells expressing aSyn treated with MGO (Ctrl), or treated with MGO followed by treatment with (B) 
metformin hydrochloride (0.5-8 mM), (C) pioglitazone hydrochloride (10-30 µM), (D) dl-sulforaphane (2-8 µM), (E) 
resveratrol (1-15 µM), (F) carnosine (10-60 mM), or (G) aminoguanidine (150-450 µM). Data in all panels are average ± SD, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA, followed by Dunnett’s multiple comparisons test. 

These assays were performed as previously (4.1.3.1), however cells were challenged with MGO 18 
hours prior to the pharmacological treatment. In these conditions, metformin at 1 mM was able to 
successfully decrease cytotoxicity (~30%) (Figure 4.5 B, Table 4.1). In contrast, pioglitazone (Figure 
4.5 C), sulforaphane (Figure 4.5 D) and resveratrol (Figure 4.5 E) were not able to decrease aSyn/MGO 
associated cytotoxicity. Carnosine at 25 mM also showed a ~30% suppression of cytotoxicity (Figure 
4.5 F, Table 4.1). Aminoguanidine at 450 µM was able to decrease cytotoxicity (~20%) (Figure 4.5 G, 
Table 4.1). The results obtained for aminoguanidine were unexpected as it was previously described to 
reduce cytotoxicity by 50% in a preventive manner. These findings suggest that aminoguanidine 
protective activity is more efficient in a preventive manner. It is therefore hypothesized that although 
aminoguanidine is also an AGEs breakdown agent, it is more efficient as a MGO scavenger. 

Table 4.1 Cytotoxicity protective potential of selected compounds. 
Summary of cytotoxicity results regarding preventive and restorative potential of selected compounds under aSyn 
overexpression and MGO-induced glycation conditions. 
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Pharmacological compound Preventive cytotoxicity decrease Restorative cytotoxicity decrease 

Metformin 30% 30% 

Carnosine 20% 30% 

Aminoguanidine 60% 20% 

4.2 Protective effects of pharmacological compounds in the levels of glycation and 
aSyn/SynT 

After evaluating the protective activity of the analyzed compounds, the levels of AGEs, aSyn, and SynT, 
the aggregation-prone variant of aSyn, were assessed. As previously mentioned, metformin and 
carnosine were the most active compounds. Therefore, their ability to modulate the levels of AGEs and 
aSyn at their most active concentrations was evaluated. 

4.2.1 Preventive activity of pharmacological compounds on AGEs and aSyn/SynT levels 

4.2.1.1 Upon overexpression of aSyn 

First, the preventive activity of metformin and carnosine was evaluated. Impressively, metformin 
reduced the levels of AGEs (~40%) (Figure 4.6 A, Table 4.2). However, in comparison to MGO-treated 
cells, no changes in the levels of aSyn were observed (Figure 4.6 A). In contrast, carnosine only showed 
a tendency to decrease AGEs levels (not significant) (Figure 4.6 A). However, this compound was able 
to successfully decrease aSyn levels in MGO treated cells to the levels of non-MGO treated cells (~30% 
decrease) (Figure 4.6 A, Table 4.2). 

 
Figure 4.6 Preventive effects of metformin and carnosine in the levels of AGEs and aSyn/SynT. 
(A) Cells were transfected with aSyn WT and treated in a preventive paradigm with vehicle (PBS) (Ctrl), metformin 
hydrochloride (16 mM), or carnosine (10 mM), followed by a MGO treatment (0.2 mM) (n=3, at least). (B) Cells co-expressing 
SynT and Synph 1 were treated with vehicle (PBS) (Ctrl), metformin hydrochloride (16 mM), or carnosine (10 mM), followed 
by MGO treatment (0.2 mM) (n=3, at least). Protein extracts were probed for AGEs, aSyn, and b-actin, for normalization. t-
test was performed. Data in all panels are average ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. * comparison 
to Ctrl; ✝ comparison to Ctrl MGO. MT: Metformin 16 mM, Car: Carnosine 10 mM. 

The decrease of AGEs levels from MGO-treated cells by metformin was expected, as this compound is 
a well-known MGO scavenger and is currently used for the treatment of type-2 diabetes 134–136. 
Furthermore, metformin was already shown to reduce the levels of AGEs in numerous studies 140–145. 
However, since this compound was also described as neuroprotective 135,139, having the ability to 
decrease aSyn levels 136, we also expected that metformin treatment would decrease its levels, which 
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was not observed. The difference may be due to the evaluated cell type, which was different, as well as 
the experimental design, i.e., it used a different transfection agent, different vector for the expression of 
aSyn, and different metformin exposure times. 

Carnosine was also described as a MGO scavenger, protecting against MGO-induced post-translational 
protein modifications 175,179. The present findings show that this compound slightly decreases the levels 
of AGEs, although not significantly. Furthermore, they show that carnosine decreases aSyn levels by 
30% (Table 4.2), corresponding to the levels present in non-MGO treated cells. These findings are in 
agreement with carnosine’s antioxidant and neuroprotective ability, protecting against the aggregation 
of aSyn mediated by H2O2 and ceruloplasmin, a copper transporter 203. Moreover, carnosine is a known 
MGO scavenger, therefore, its ability to decrease aSyn levels may be due to its successful scavenging 
of MGO. Carnosine could inhibit the formation of AGEs and potentially prevent aSyn aggregation. 
Glycation, as previously described 61, increases aSyn aggregation and impairs its correct clearance, 
leading to its accumulation 61. On the other hand, carnosine could also be scavenging ROS. As 
mentioned previously, AGEs can bind to RAGE and lead to the formation of ROS 114,115. These may 
have a direct impact on mitochondrial function, decreasing ATP production, which is fundamental for 
the proteasome activity 86,87. Upon impairment of protein clearance, aSyn, especially when glycated, is 
susceptible to accumulate 61. However, since the findings from the present work were evaluated in a 
preventive context, it is unlikely that carnosine would be acting on such a downstream level. However, 
this hypothesis should be evaluated in future experiments.  

4.2.1.2 Upon overexpression of SynT 

Next, the effects of these compounds in a context of increased aSyn aggregation were evaluated. 
Experimentally, this could be achieved by the overexpression of an aggregation-prone variant of aSyn 
– SynT 204. Notably, metformin reduced the levels of AGEs to the ones present in non-glycated cells 
(~60%) (Figure 4.6 B, Table 4.2). As for the levels of SynT, it showed a non-significant tendency to 
decrease its levels (Figure 4.6 B). Carnosine presented a high preventive activity by suppressing both 
the levels of AGEs and SynT by 50% and 60%, respectively (Figure 4.6 B, Table 4.2). 

In comparison to the previous findings in cells only expressing aSyn, both metformin and carnosine 
have a higher protective activity against MGO insult in an aggregation prone environment. They display 
a higher ability to decrease the levels of both AGEs and SynT.  

 
Table 4.2. Preventive activity profile of pharmacological compounds in reducing the levels of AGEs and aSyn/SynT. 
Summary of the preventive activity of metformin and carnosine in cells expressing aSyn or SynT. 

Pharmacological 
compound 

AGEs levels Protein Levels 
aSyn SynT aSyn SynT 

Metformin - 40% - 60% No effect No effect 

Carnosine - 30% - 50% - 30% - 60% 
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4.2.2 Restorative activity of pharmacological compounds on the levels of AGEs and 
aSyn/SynT 

4.2.2.1 Upon overexpression of aSyn 

Metformin and carnosine’s restorative activity on the levels of AGEs and aSyn were also evaluated. In 
contrast with what was observed in a preventive context, neither metformin nor carnosine (Figure 4.7 
A) were able to significantly reduce the levels of AGEs or aSyn.  

Under this experimental setup in cells expressing aSyn, MGO insult was not able to significantly raise 
AGEs levels (Figure 4.7 A). In the experimental setup for the preventive activity, MGO increased 
~1.7-fold the levels of AGEs in both aSyn or SynT expressing cells (Figure 4.6). This could be explained 
by the fact that in a restorative experimental setup, cells are analyzed 66 hours post-MGO insult, in 
contrast to the 24 hours post-MGO insult in the preventive setup. This additional time in culture may be 
sufficient for cells to recover from overall levels of glycation. However, the levels of aSyn remain 
significantly increased (2-fold) (Figure 4.7 A) and are not altered by the compounds.  

 
Figure 4.7 Restorative effects of metformin and carnosine in the levels of AGEs and aSyn/SynT. 
 (A) Cells were transfected with aSyn WT, and treated in a restorative paradigm with MGO (0.2 mM), followed by treatment 
with vehicle (PBS) (Ctrl), metformin hydrochloride (1 mM), or carnosine (25 mM) (n=3, at least). (B) Cells co-expressing 
SynT and Synph 1 were treated with MGO (0.2 mM), followed by treatment with vehicle (PBS) (Ctrl), metformin 
hydrochloride (1 mM), or carnosine (25 mM) (n=3, at least). Protein extracts were probed for AGEs, aSyn and b-actin, for 
normalization. t-test was performed. Data in all panels are average ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
* comparison to Ctrl; ✝ comparison to Ctrl MGO. MT: Metformin 1 mM, Car: Carnosine 25 mM. 

4.2.2.2 Upon overexpression of SynT 

The levels of AGEs and SynT were also assessed in the aggregation paradigm. Metformin was able to 
decrease AGEs levels in 30% (Table 4.3), although the same was not observed for SynT levels (Figure 
4.7 B). On the other hand, carnosine showed a significant decrease in AGEs levels (~50%) (Figure 4.7 B, 
Table 4.3), although not being able to modulate SynT levels (Figure 4.7 B). In contrast with aSyn 
expressing cells, in this experimental setup, MGO was able to increase ~1.6-fold the levels of AGEs in 
SynT expressing cells (Figure 4.7 B). 

These findings suggest that both metformin and carnosine have a higher preventive activity in 
decreasing the levels of AGEs and aSyn.  
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Table 4.3. Restorative activity profile of pharmacological compounds in reducing the levels of AGEs and aSyn/SynT. 
Summary of the restorative activity of metformin and carnosine in cells expressing aSyn or SynT. 

Pharmacological 
compound 

AGEs levels Protein Levels 
aSyn SynT aSyn SynT 

Metformin No effect - 30% No effect No effect 

Carnosine No effect - 50% No effect  No effect 

4.3 Protective activity of pharmacological compounds in the aggregation profile of SynT 

The data obtained in this study suggests that both metformin and carnosine are able to prevent the 
increase of the levels of AGEs and/or aSyn/SynT under MGO insult. Next, it was interrogated if these 
compounds are modulating aSyn aggregation status. To that purpose, Triton X-100 solubility assay and 
immunocytochemistry were performed in order to assess if these compounds are able to inhibit the 
aggregation of this protein. Although metformin and carnosine did not show restorative potential to 
suppress the levels of AGEs or aSyn/SynT, their restorative potential in modulating protein aggregation 
was evaluated. 

4.3.1 Evaluation of SynT insolubility by Triton-X 100 solubility assay 

To evaluate aSyn aggregation status, a Triton X-100 solubility assay was performed. Briefly, non-
denatured protein extracts were solubilized in a given amount of Triton X-100 (1%). After a high-speed 
long centrifugation, soluble protein will remain in the supernatant, while insoluble protein will be 
retained at the bottom of the tube. Therefore, if the compounds are able to decrease aggregation, aSyn 
amount in the soluble fraction should be increased, while it should be decrease in the insoluble fraction. 
In fact, in a preventive paradigm, metformin (16 mM) prevented the aggregation of SynT by ~15% 
(Figure 4.8 A). In contrast, in a restorative paradigm, metformin (1 mM) did not restore SynT solubility 
and actually increased its insolubility (Figure 4.8 B). Carnosine, on the other hand, does not seem to 
modulate SynT aggregation (Figure 4.8).  

 
Figure 4.8 Metformin and Carnosine preventive and restorative effect on SynT insolubility. 
(A) Cells were transfected with SynT and Synph 1 and treated in a preventive paradigm with vehicle (PBS) (Ctrl), metformin 
hydrochloride (16 mM), or carnosine (10 mM), followed by a MGO treatment (0.2 mM) (n=3, at least). (B) Cells 
overexpressing SynT and Synph 1 were treated in a restorative paradigm with MGO (Ctrl) (0.2 mM), followed by treatment 
with vehicle (PBS) (Ctrl), metformin hydrochloride (1 mM), or carnosine (25 mM) (n=3, at least). The ratio between insoluble 
and soluble fraction are presented as SynT insolubility. Triton X-100 soluble and insoluble (TS and TI) fractions were probed 
for aSyn. t-test was performed. Data in all panels are average ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.	

4.3.2 Evaluation of SynT aggregation by immunocytochemistry 

The status of SynT aggregation in the preventive paradigm was also assessed by immunocytochemistry. 
Briefly, cells co-expressing SynT and Synph 1 were challenged with metformin or carnosine, followed 
by MGO insult, and probed for aSyn. One should take caution that the data presented is preliminary 
(n=1). 
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Figure 4.9 Metformin and Carnosine preventive effects on SynT aggregation. 
H4 cells co-expressing SynT and Synph 1 were treated in a preventive paradigm with PBS (Ctrl), metformin hydrochloride 
(16mM) or carnosine (10mM), followed by a MGO treatment (0.2mM).  (A) Representative images of H4 cells with or without 
aSyn aggregates. (B) The normalized number of cells exhibiting SynT aggregates (to Ctrl) is presented (n=1). Scale bar = 5 
µm. 
Data obtained by Vicente Miranda and colleagues demonstrated that a MGO-treatment increases the 
percentage of cells with aggregates (~1.6-fold) 61. In the present study, cells were also challenged with 
MGO and preventively treated with the selected active compounds. The preliminary data suggests that 
metformin or carnosine prevent the formation of aSyn aggregates, since a decreased number of cells 
displaying SynT aggregates was observed (Figure 4.9). Previous data already indicates that metformin 
and carnosine are able to decrease not only aSyn/MGO associated cytotoxicity (Figure 4.3), but also 
AGEs (Figure 4.6 A, B), and aSyn/SynT levels in the case of carnosine (Figure 4.6 A, B). Furthermore, 
metformin promoted SynT solubility (Figure 4.8A), suggesting it decreases SynT aggregation, in 
comparison to MGO-treated cells. Thus, the findings presented in Figure 4.9 D are in agreement with 
the ones obtained in the Triton X-100 solubility assay.  

Since this procedure was performed only once, these results should be further explored. aSyn 
aggregation will also be assessed in a restorative context. 

4.4 Preventive activity of Pharmacological compounds in aSyn clearance 

Previous findings indicated that MGO-induced glycation impairs the clearance of aSyn 61. It was 
previously observed that metformin is preventing overall glycation (Figure 4.6), therefore it is expected 
that this agent is also able to prevent aSyn glycation, and consequently, stimulate its normal clearance. 
Thus, despite not observing a decrease in the total levels of aSyn with a metformin treatment, the effects 
of this compound in modulating aSyn clearance were investigated. To that purpose, a time-chase 
experiment was performed. Briefly, de novo protein synthesis was arrested using cycloheximide and 
aSyn protein levels were followed as illustrated in Figure 4.10 A. The following presented data is 
preliminary, since this assay was performed only once.  

In agreement with Vicente Miranda and colleagues 61, MGO-glycation impairs aSyn clearance 
(Figure 4.10 B, C). Notably, metformin is able to prevent MGO effects, promoting aSyn clearance even 
in comparison to non-MGO treated cells (Figure 4.10 B, C).  
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Figure 4.10 Modulation of aSyn clearance by metformin in a MGO-induced glycation context. 
(A) Schematic representation of pharmacological compounds preventive potential on the modulation of protein clearance assay. 
(B) H4 cells overexpressing aSyn treated with vehicle (PBS) (Ctrl), or metformin hydrochloride (16mM), followed by MGO 
insult, and challenged with cycloheximide for the last 0, 4 and 12 hours. Protein extracts were probed for aSyn and b-actin, for 
normalization (n=1). Normalized aSyn levels are presented (Ctrl, black MGO, red; MGO + metformin hydrochloride, green). 

Metformin prevented aSyn/MGO associated cytotoxicity, likely through glycation prevention, since it 
was observed that it is able to decrease the levels of AGEs levels, in comparison to MGO-treated cells 
(Figure 4.6 A). These preliminary results suggest that metformin could be promoting aSyn clearance, 
most likely due to its anti-glycation beneficial effects. It can then be hypothesized that metformin could 
be preventing aSyn glycation, allowing its successful clearance. Furthermore, metformin is a known 
AMPK activator 136, which potentiates autophagy 133. It is plausible that this compound could also 
potentiate protein autophagic clearance, as observed in the preliminary data shown in Figure 4.10. 
Surprisingly, the levels of aSyn/SynT are not modulated by metformin (Figure 4.6), although SynT 
levels do show a non-significant tendency to decrease (Figure 4.6B). One should expect that the total 
levels of SynT would be lower in comparison to MGO-treated cells. Nevertheless, metformin promoted 
SynT solubility (Figure 4.8 A). It is plausible that aSyn synthesis should be elevated upon metformin 
treatment. However, the produced aSyn should be non-toxic, more soluble and with a faster degradation 
rate. Since these findings are preliminary, this data needs to be further confirmed. mRNA levels and the 
activity of carnosine should also be evaluated. 

 

5 Concluding remarks 

Recent advances in modern medicine are increasing the lifetime expectancy of the world population. 
However, with ageing, the incidence of ageing-related disorders, such as neurodegenerative diseases, is 
increasing, representing a significant burden for today’s society. PD is the second most common 
neurodegenerative disorder, and it is characterized by severe motor features, along with cognitive 
impairment due to the loss of dopaminergic neurons in the substantia nigra pars compacta. 

Protein glycation was recently suggested to play an important role in several neurodegenerative 
disorders, such as PD. Upon glycation, protein’s structure and function may be altered and, in the case 
of aSyn, it impairs its clearance and potentiates its aggregation and cytotoxicity 61. Recently, several 
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evidences establish a link between diabetes and PD. Glycation is one of the main consequences of 
hyperglycemia, a critical condition of diabetes, and was described to play a major role in PD, as one of 
the culprits of aSyn aggregation. MGO is the most potent glycation agent in living cells, promoting the 
formation of AGEs. In turn, these may potentiate aggregation. 

Since glycation could be the missing link underlying the molecular pathogenesis of PD, strategies aimed 
at increasing glycation defenses might represent novel therapeutic approaches for this disorder. The 
main purpose of this work was to evaluate the pharmacological potential of several compounds in 
suppressing the deleterious effects of glycation in cellular models of PD, either in a preventive or 
restorative manner. The compounds for this study were selected according to their evidenced 
neuroprotective properties or ability to interfere with AGEs metabolism, by scavenging MGO or by 
inhibiting glycation.  

Metformin and carnosine presented the highest therapeutic potential, both under preventive or 
restorative paradigm. These findings are in agreement with their pharmacological activity, since they 
are described as MGO scavengers. Therefore, one could hypothesize that by suppressing MGO, they 
would prevent the formation of AGEs. On the other hand, the fact that metformin is an AGEs inhibitor 
and carnosine antioxidant ability might explain their efficacy in a restorative paradigm. 

The glycation profile analysis showed that these compounds prevented/restored from increased levels 
of AGEs, in the aSyn/SynT PD cellular models. Moreover, carnosine also modulates aSyn/SynT protein 
levels in a preventive manner. Impressively, both compounds were most efficient in modulating AGEs 
and aSyn levels when the aggregation-prone variant of aSyn, SynT, was expressed. This suggests that 
metformin and carnosine could be important therapeutic tools in more advanced stages of the disease, 
where aSyn aggregation already occurred. 

Moreover, metformin improved the solubilisation of aSyn and preliminary data suggests that aSyn 
aggregation is decreased and clearance is potentiated.  

Under a restorative paradigm, neither metformin nor carnosine modulated aSyn/SynT levels or SynT 
insolubility. This may be due to the experimental setup chosen for this analysis. Cells were maintained 
in culture for a long period of time after MGO-insult, which may be sufficient for them to recover. 
Therefore, further experiments are required to understand the effects of these compounds in a restorative 
paradigm. 

Although overall glycation was suppressed by metformin and carnosine, it is still not known if they are 
able to specifically modulate aSyn glycation levels. To that purpose, aSyn immunoprecipitation assays 
should be performed, and the levels of glycated aSyn measured. 

Compounds such as pioglitazone, sulforaphane and resveratrol showed either no cytoprotective effects, 
or in fact they exacerbated the cytotoxicity induced by aSyn, in the presence or absence of MGO. These 
findings are surprising, since pioglitazone is a known AGEs cross-link inhibitor, and was expected to 
prevent aSyn/MGO associated cytotoxicity. Sulforaphane was also expected to reduce cytotoxicity, 
since it increases Glo1 expression and GSH levels, possibly promoting MGO degradation through the 
glyoxalase pathway. However, the basal cytotoxicity of this compound was very high, meaning that its 
inherent toxicity in this model might be hindering any therapeutic potential. Resveratrol is able to 
enhance autophagy-dependent aSyn degradation, and was expected to be cytoprotective. However, no 
protective activity was observed. 

In future studies, it will be important to perform additional clearance and aggregation assays in the 
presence of metformin and carnosine, to better understand their protective effects on aSyn. Moreover, 
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it will be important to evaluate how they are able to modulate aSyn clearance mechanisms, with major 
focus on autophagy and the proteasome-dependent protein degradation systems. For validation of their 
therapeutic potential, it would be of great interest to investigate these compounds activity in vivo, in a 
Drosophila or a mouse model of PD. Their activity in other aspects of the disease, such as motor 
performance and cognitive impairment, should also be evaluated. Ultimately, for the case of metformin, 
in case it is proven to display a high therapeutic potential, its usage for the treatment of PD could be 
easily translated, since metformin is already approved by the FDA as an anti-diabetic medication. 

In conclusion, metformin and carnosine protect against MGO-induced glycation in cellular models of 
PD (Figure 5.1). Therefore, they may represent a novel pharmacological approach for the treatment of 
PD, and could also be extended for the treatment of other protein-aggregating diseases. 

 
Figure 5.1 Schematic representation of the protective effects of Metformin and Carnosine in PD. 
Metformin and carnosine protect against MGO-induced glycation. Carnosine is able to protect from the increase in cytotoxicity, 
aSyn and AGEs levels, and aSyn aggregation induced by MGO glycation. Metformin can protect from the increase in 
cytotoxicity, AGEs levels, aggregation, and the decrease in protein clearance promoted by MGO-induced glycation. It is also 
able to increase SynT solubility. This is possibly due to their MGO-scavenging activity, preventing AGEs formation and their 
toxic effects on different cellular mechanisms. Abbreviations: MGO: methylglyoxal, AGEs: advanced glycation end-products, 
aSyn: α-synuclein. 

 

 
 

 

  



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 29 

6 References 

1. Ross, C. A. & Poirier, M. A. Protein aggregation and neurodegenerative disease. Nat. Med. 10 Suppl, S10-
7 (2004). 

2. Kalia, L. V. & Lang, A. E. Parkinson’s disease. Lancet 386, 896–912 (2015). 

3. Parkinson, J. An essay on the shaking palsy. 1817. J. Neuropsychiatry Clin. Neurosci. 14, 223–36; 
discussion 222 (2002). 

4. Lees, A. J. Unresolved issues relating to the Shaking Palsy on the celebration of James Parkinson’s 250th 
birthday. Mov. Disord. 22, (2007). 

5. Pringsheim, T., Jette, N., Frolkis, A. & Steeves, T. D. L. The prevalence of Parkinson’s disease: A 
systematic review and meta-analysis. Mov. Disord. 29, 1583–1590 (2014). 

6. Haaxma, C. A. et al. Gender differences in Parkinson’s disease. J. Neurol. Neurosurg. &amp; Psychiatry 
78, 819–824 (2007). 

7. Twelves, D., Perkins, K. S. M., Uk, M. & Counsell, C. Systematic Review of Incidence Studies of 
Parkinson ’ s Disease. Mov. Disord. 18, 19–31 (2003). 

8. Ferreira, J. J. et al. Prevalence of Parkinson’s disease: a population-based study in Portugal. Eur. J. Neurol. 
(2017). doi:10.1111/ene.13273 

9. Shulman, J. M., De Jager, P. L. & Feany, M. B. Parkinson’s Disease: Genetics and Pathogenesis. Annu. 
Rev. Pathol. Mech. Dis. 6, 193–224 (2011). 

10. Vicente Miranda, H., El-Agnaf, O. M. A. & Outeiro, T. F. Glycation in Parkinson’s disease and 
Alzheimer’s disease. Mov. Disord. 31, 782–790 (2016). 

11. Beyer, K., Domingo-Sàbat, M. & Ariza, A. Molecular pathology of lewy body diseases. Int. J. Mol. Sci. 
10, 724–745 (2009). 

12. Engelender, S. Ubiquitination of a-synuclein and autophagy in Parkinson’s disease. Autophagy 4, 372–
374 (2008). 

13. Kuzuhara, S., Mori, H., Izumiyama, N., Yoshimura, M. & Ihara, Y. Lewy bodies are ubiquitinated. A light 
and electron microscopic immunocytochemical study. Acta Neuropathol. 75, 345–353 (1988). 

14. Tofaris, G. K., Razzaq, A., Ghetti, B., Lilley, K. S. & Spillantini, M. G. Ubiquitination of alpha-synuclein 
in Lewy bodies is a pathological event not associated with impairment of proteasome function. J. Biol. 
Chem. 278, 44405–44411 (2003). 

15. Soto, C. Unfolding the role of protein misfolding in neurodegenerative diseases. Nat. Rev. Neurosci. 4, 
49–60 (2003). 

16. Tompkins, M. M. & Hill, W. D. Contribution of somal Lewy bodies to neuronal death. Brain Res. 775, 
24–29 (1997). 

17. Tanaka, M. et al. Aggresomes Formed by ??-Synuclein and Synphilin-1 Are Cytoprotective. J. Biol. Chem. 
279, 4625–4631 (2004). 

18. Kay, S. et al. The brainstem pathologies of Parkinson’s disease and dementia with Lewy bodies. Brain 
Pathol. 33, 395–401 (2015). 

19. Polymeropoulos, M. H. et al. Mutation in the α-Synuclein Gene Identified in Families with Parkinson’s 
Disease. Science (80-. ). 276, 2045–2047 (1997). 

20. Ross, O. A. et al. Genomic investigation of α-Synuclein multiplication and parkinsonism. Ann Neurol 63, 
(2008). 

21. Ibañez, P. et al. α-Synuclein Gene Rearrangements in Dominantly Inherited Parkinsonism. Arch. Neurol. 
66, 102–108 (2009). 

22. Devine, M. J., Gwinn, K., Singleton, A. & Hardy, J. Parkinson’s Disease and α-synuclein Expression. Mov 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 30 

Disord. 26, 2160–2168 (2011). 

23. Nichols, W. C., Pankratz, N., Hernandez, D. & Paisán-Ruíz, C. Genetic screening for a single common 
LRRK2 mutation in familial Parkinson’s disease. Lancet 365, 410–412 (2005). 

24. Healy, D. G. et al. Phenotype, genotype, and worldwide genetic penetrance of LRRK2-associated 
Parkinson’s disease: a case-control study. Lancet Neurol. 7, 583–590 (2008). 

25. Zimprich, A. et al. Mutations in LRRK2 Cause Autosomal-Dominant Parkinsonism with Pleomorphic 
Pathology. Neuron 44, 595–600 (2004). 

26. Di Fonzo, A. et al. A frequent LRRK2 gene mutation associated with autosomal dominant Parkinson ’ s 
disease. Lancet 365, 412–5 (2005). 

27. Lucking, C. B. et al. Association between early-onset Parkinson’s Disease and Mutations in the Parkin 
Gene. N. Engl. J. Med. 432, 1560–1567 (2000). 

28. Periquet, M. et al. Parkin mutations are frequent in patients with isolated early-onset parkinsonism. Brain 
126, 1271–1278 (2003). 

29. Schrag, A. & Schott, J. M. Epidemiological , clinical , and genetic characteristics of early-onset 
parkinsonism. 5, (2006). 

30. Shimura, H. et al. Familial Parkinson disease gene product, parkin, is a ubiquitin-protein ligase. Nat. 
Genet. 25, 302–305 (2000). 

31. Narendra, D., Tanaka, A., Suen, D. F. & Youle, R. J. Parkin is recruited selectively to impaired 
mitochondria and promotes their autophagy. J. Cell Biol. 183, 795–803 (2008). 

32. Valente, E. M. et al. Hereditary early-onset Parkinson’s disease caused by mutations in PINK1. Science 
304, 1158–1160 (2004). 

33. Narendra, D. P. et al. PINK1 is selectively stabilized on impaired mitochondria to activate Parkin. PLoS 
Biol. 8, e1000298 (2010). 

34. Savitt, J. M., Dawson, V. L. & Dawson, T. M. Diagnosis and treatment of Parkinson disease: molecules 
to medicine. Journal of Clinical Investigation 116, 1744–1754 (2006). 

35. Miyakawa, S. et al. Lewy body pathology in a patient with a homozygous Parkin deletion. Mov. Disord. 
28, 388–391 (2013). 

36. Sharp, M. E. et al. Parkinson’s disease with Lewy bodies associated with a heterozygous PARKIN dosage 
mutation. Mov. Disord. 29, 566–568 (2014). 

37. Hedrich, K. et al. DJ-1 (PARK7) mutations are less frequent than Parkin (PARK2) mutations in early-
onset Parkinson disease. Neurology 62, 389–394 (2004). 

38. Kahle, P. J., Waak, J. & Gasser, T. DJ-1 and prevention of oxidative stress in Parkinson’s disease and 
other age-related disorders. Free Radic. Biol. Med. 47, 1354–1361 (2009). 

39. Nagakubo, D. et al. DJ-1, a novel oncogene which transforms mouse NIH3T3 cells in cooperation with 
ras. Biochem. Biophys. Res. Commun. 231, 509–513 (1997). 

40. Canet-Avilés, R. M. et al. The Parkinson’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic 
acid-driven mitochondrial localization. Proc Natl Acad Sci U S A 101, 9103–9108 (2004). 

41. Yamaguchi, H. & Shen, J. Absence of dopaminergic neuronal degeneration and oxidative damage in aged 
DJ-1-deficient mice. Mol. Neurodegener. 2, 10 (2007). 

42. Andres-Mateos, E. et al. DJ-1 gene deletion reveals that DJ-1 is an atypical peroxiredoxin-like peroxidase. 
Proc Natl Acad Sci U S A 104, 14807–14812 (2007). 

43. Chen, L. et al. Age-dependent motor deficits and dopaminergic dysfunction in DJ-1 null mice. J. Biol. 
Chem. 280, 21418–21426 (2005). 

44. Kim, R. H. et al. Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyrindine (MPTP) and oxidative stress. Proc Natl Acad Sci U S A 102, 5215–5220 (2005). 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 31 

45. Manning-Boǧ, A. B. et al. Increased vulnerability of nigrostriatal terminals in DJ-1-deficient mice is 
mediated by the dopamine transporter. Neurobiol. Dis. 27, 141–150 (2007). 

46. Kalia, L. V. et al. Clinical Correlations With Lewy Body Pathology in LRRK2- Related Parkinson Disease. 
JAMA Neurol. 72, 100–105 (2015). 

47. Ferrington, D. A., Husom, A. D. & Thompson, L. V. Altered proteasome structure, function, and oxidation 
in aged muscle. FASEB J.  Off. Publ. Fed. Am. Soc.  Exp. Biol. 19, 644–646 (2005). 

48. Vernace, V. A., Arnaud, L., Schmidt-Glenewinkel, T. & Figueiredo-Pereira, M. E. Aging perturbs 26S 
proteasome assembly in Drosophila melanogaster. FASEB J.  Off. Publ. Fed. Am. Soc.  Exp. Biol. 21, 
2672–2682 (2007). 

49. Chondrogianni, N. & Gonos, E. S. Proteasome dysfunction in mammalian aging: steps and factors 
involved. Exp. Gerontol. 40, 931–938 (2005). 

50. Grune, T., Jung, T., Merker, K. & Davies, K. J. A. Decreased proteolysis caused by protein aggregates, 
inclusion bodies, plaques, lipofuscin, ceroid, and ‘aggresomes’ during oxidative stress, aging, and disease. 
Int. J. Biochem. Cell Biol. 36, 2519–2530 (2004). 

51. Del Roso, A. et al. Ageing-related changes in the in vivo function of rat liver macroautophagy and 
proteolysis. Exp. Gerontol. 38, 519–527 (2003). 

52. Cuervo, A. M. & Dice, J. F. Age-related decline in chaperone-mediated autophagy. J. Biol. Chem. 275, 
31505–31513 (2000). 

53. Schernhammer, E., Hansen, J., Rugbjerg, K., Wermuth, L. & Ritz, B. Diabetes and the Risk of Developing 
Parkinson’s Disease in Denmark. Diabetes Care 34, 1102–1108 (2011). 

54. Wahlqvist, M. L. et al. Metformin-inclusive sulfonylurea therapy reduces the risk of Parkinson’s disease  
occurring with Type 2 diabetes in a Taiwanese population cohort. Parkinsonism Relat. Disord. 18, 753–
758 (2012). 

55. Hu, G., Jousilahti, P., Bidel, S., Antikainen, R. & Tuomilehto, J. Type 2 Diabetes and the Risk of Parkinson 
’ s Disease. Diabetes Care 30, 842–847 (2007). 

56. Xu, Q. et al. Diabetes and risk of Parkinson’s disease. Diabetes Care 34, 910–915 (2011). 

57. Santiago, J. A. & Potashkin, J. A. Shared dysregulated pathways lead to Parkinson’s disease and diabetes. 
Trends Mol. Med. 19, 176–186 (2013). 

58. Sandyk, R. The relationship between diabetes mellitus and Parkinson’s disease. Int. J. Neurosci. 69, 125–
30 (1993). 

59. Lipman, J., Boykin, M. E. & Flora, R. E. Glucose intolerance in Parkinson’s Disease. J Chron Dis 27, 
573–579 (1974). 

60. Matafome, P., Sena, C. & Seica, R. Methylglyoxal, obesity, and diabetes. Endocrine 43, 472–484 (2013). 

61. Vicente Miranda, H. et al. Glycation potentiates alpha-synuclein-associated neurodegeneration in 
synucleinopathies. Brain (2017). doi:10.1093/brain/awx056 

62. Lee, D., Park, C. W., Paik, S. R. & Choi, K. Y. The modification of alpha-synuclein by dicarbonyl 
compounds inhibits its fibril-forming process. Biochim. Biophys. Acta 1794, 421–430 (2009). 

63. Queisser, M. A. et al. Hyperglycemia impairs proteasome function by methylglyoxal. Diabetes 59, 670–
678 (2010). 

64. Morris, J. K., Bomhoff, G. L., Stanford, J. A. & Geiger, P. C. Neurodegeneration in an animal model of 
Parkinson’s disease is exacerbated by a high-fat diet. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299, 
R1082-90 (2010). 

65. Blandini, F. & Armentero, M.-T. Animal models of Parkinson’s disease. FEBS J. 279, 1156–1166 (2012). 

66. Betarbet, R. et al. Chronic systemic pesticide exposure reproduces features of Parkinson’s disease. Nat. 
Neurosci. 3, 1301–1306 (2000). 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 32 

67. Connolly, B. S. & Lang, A. E. Pharmacological Treatment of Parkinson Disease. J. Neurol. 311, 442–449 
(2014). 

68. Godden, B. Deep brain stimulation for Parkinson’s disease. J. perianesthesia Nurs.  Off. J. Am. Soc. 
PeriAnesthesia Nurses 29, 230–233 (2014). 

69. Chen, C. C. et al. Deep brain stimulation of the subthalamic nucleus: a two-edged sword. Current biology : 
CB 16, R952-3 (2006). 

70. Little, S. et al. Adaptive Deep Brain Stimulation In Advanced Parkinson Disease. Annals of Neurology 
74, 449–457 (2013). 

71. Wales, P., Pinho, R., Lazaro, D. F. & Outeiro, T. F. Limelight on alpha-synuclein: pathological and 
mechanistic implications in neurodegeneration. J. Parkinsons. Dis. 3, 415–459 (2013). 

72. Guerrero, E., Vasudevaraju, P., Hegde, M. L., Britton, G. B. & Rao, K. S. Recent Advances in alpha-
Synuclein Functions, Advanced Glycation, and Toxicity: Implications for Parkinson’s Disease. Mol. 
Neurobiol. 1–12 (2012). doi:10.1007/s12035-012-8328-z 

73. Taschenberger, G. et al. beta-synuclein aggregates and induces neurodegeneration in dopaminergic 
neurons. Ann. Neurol. 74, 109–118 (2013). 

74. Ninkina, N. et al. Gamma-synucleinopathy: neurodegeneration associated with overexpression of the 
mouse protein. Hum. Mol. Genet. 18, 1779–1794 (2009). 

75. Surguchov, A. Synucleins: Are they two-edged swords? J. Neurosci. Res. 91, 161–166 (2013). 

76. Park, S. M. et al. Distinct roles of the N-terminal-binding domain and the C-terminal-solubilizing domain 
of alpha-synuclein, a molecular chaperone. J. Biol. Chem. 277, 28512–28520 (2002). 

77. Auluck, P. K., Caraveo, G. & Lindquist, S. α-Synuclein: Membrane Interactions and Toxicity in 
Parkinson’s Disease. Annu. Rev. Cell Dev. Biol 26, 211–33 (2010). 

78. Jakes, R., Spillantini, M. G. & Goedert, M. Identification of two distinct synucleins from human brain. 
FEBS Lett. 345, 27–32 (1994). 

79. Souza, J. M., Giasson, B. I., Lee, V. M. & Ischiropoulos, H. Chaperone-like activity of synucleins. FEBS 
Lett. 474, 116–119 (2000). 

80. Yamin, G., Uversky, V. N. & Fink, A. L. Nitration inhibits fibrillation of human alpha-synuclein in vitro 
by formation of soluble oligomers. FEBS Lett. 542, 147–152 (2003). 

81. Outeiro, T. F. et al. Formation of Toxic Oligomeric α-Synuclein Species in Living Cells. PLoS One 3, 
e1867 (2008). 

82. Winner, B. et al. In vivo demonstration that alpha-synuclein oligomers are toxic. Proc. Natl. Acad. Sci. U. 
S. A. 108, 4194–4199 (2011). 

83. Chen, L., Wei, Y., Wang, X. & He, R. Ribosylation Rapidly Induces α-Synuclein to Form Highly 
Cytotoxic Molten Globules of Advanced Glycation End Products. PLoS One 5, e9052 (2010). 

84. Oaks, A. W., Marsh-Armstrong, N., Jones, J. M., Credle, J. J. & Sidhu, A. Synucleins Antagonize 
Endoplasmic Reticulum Function to Modulate Dopamine Transporter Trafficking. PLoS One 8, (2013). 

85. Guardia-Laguarta, C., Area-Gomez, E., Schon, E. A. & Przedborski, S. A new role for a-synuclein in 
Parkinson’s disease: Alteration of ER-mitochondrial communication. Mov. Disord. 30, 1026–1033 (2015). 

86. Reeve, A., Simcox, E. & Turnbull, D. Ageing and Parkinson’s disease: Why is advancing age the biggest 
risk factor? Ageing Res. Rev. 14, 19–30 (2014). 

87. Betarbet, R., Sherer, T. B. & Greenamyre, J. T. Ubiquitin-proteasome system and Parkinson’s diseases. 
Exp. Neurol. 191 Suppl, S17-27 (2005). 

88. Martinez-Lopez, N., Athonvarangkul, D. & Singh, R. Autophagy and Aging. Advances in experimental 
medicine and biology 847, 73–87 (2015). 

89. Li, W., Li, J. & Bao, J. Microautophagy: lesser-known self-eating. Cell. Mol. Life Sci. 69, 1125–1136 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 33 

(2012). 

90. Eiyama, A. & Okamoto, K. PINK1/Parkin-mediated mitophagy in mammalian cells. Curr. Opin. Cell Biol. 
33, 95–101 (2015). 

91. Sterky, F. H., Lee, S., Wibom, R., Olson, L. & Larsson, N.-G. Impaired mitochondrial transport and 
Parkin-independent degeneration of respiratory chain-deficient dopamine neurons in vivo. Proc. Natl. 
Acad. Sci.  108, 12937–12942 (2011). 

92. Wei, H., Liu, L. & Chen, Q. Selective removal of mitochondria via mitophagy: distinct pathways for 
different  mitochondrial stresses. Biochim. Biophys. Acta 1853, 2784–2790 (2015). 

93. Vogiatzi, T., Xilouri, M., Vekrellis, K. & Stefanis, L. Wild type alpha-synuclein is degraded by chaperone-
mediated autophagy and macroautophagy in neuronal cells. J. Biol. Chem. 283, 23542–23556 (2008). 

94. Emmanouilidou, E., Stefanis, L. & Vekrellis, K. Cell-produced alpha-synuclein oligomers are targeted to, 
and impair, the 26S proteasome. Neurobiol. Aging 31, 953–968 (2010). 

95. McNaught, K. S. P., Belizaire, R., Isacson, O., Jenner, P. & Olanow, C. W. Altered proteasomal function 
in sporadic Parkinson’s disease. Exp. Neurol. 179, 38–46 (2003). 

96. McNaught, K. S. & Jenner, P. Proteasomal function is impaired in substantia nigra in Parkinson’s disease. 
Neurosci. Lett. 297, 191–194 (2001). 

97. Bennett, M. C. et al. Degradation of alpha-synuclein by proteasome. J. Biol. Chem. 274, 33855–33858 
(1999). 

98. Chen, Q., Thorpe, J. & Keller, J. N. Alpha-synuclein alters proteasome function, protein synthesis, and 
stationary phase viability. J. Biol. Chem. 280, 30009–30017 (2005). 

99. Tanaka, Y. et al. Inducible expression of mutant α-synuclein decreases proteasome activity and increases 
sensitivity to mitochondria-dependent apoptosis. Hum. Mol. Genet. 10, 919–926 (2001). 

100. Cuervo, A. M., Stefanis, L., Fredenburg, R., Lansbury, P. T. & Sulzer, D. Impaired degradation of mutant 
alpha-synuclein by chaperone-mediated autophagy. Science 305, 1292–1295 (2004). 

101. Vicente Miranda, H. & Outeiro, T. F. The sour side of neurodegenerative disorders: the effects of protein 
glycation. J Pathol 221, 13–25 (2010). 

102. Maessen, D. E. M., Stehouwer, C. D. A. & Schalkwijk, C. G. The role of methylglyoxal and the glyoxalase 
system in diabetes and other age-related diseases. Clin. Sci. 128, 839–61 (2015). 

103. Gempel, K. E., Gerbitz, K. D., Olgemoller, B. & Schleicher, E. D. In-vitro carboxymethylation of low 
density lipoprotein alters its metabolism via the high-affinity receptor. Horm. Metab. Res. 25, 250–252 
(1993). 

104. Singh, R., Barden, A., Mori, T. & Beilin, L. Advanced glycation end-products : a review. (2001). 

105. Schmidt, A. M., Hofmann, M., Taguchi, A., Yan, S. D. & Stern, D. M. RAGE: a multiligand receptor 
contributing to the cellular response in diabetic vasculopathy and inflammation. Semin. Thromb. Hemost. 
26, 485–93 (2000). 

106. Schmidt, A. M. et al. A novel cellular receptor for advanced glycation end products. Diabetes 45, 3–6 
(1996). 

107. Neeper, M. et al. Cloning and expression of a cell surface receptor for advanced glycosylation end products 
of proteins. J. Biol. Chem. 267, 14998–15004 (1992). 

108. Schmidt,  a M. et al. Advanced glycation endproducts interacting with their endothelial receptor induce 
expression of vascular cell adhesion molecule-1 (VCAM-1) in cultured human endothelial cells and in 
mice. A potential mechanism for the accelerated vasculopathy of diabetes. J. Clin. Invest. 96, 1395–1403 
(1995). 

109. Teismann, P. et al. Receptor for advanced glycation endproducts (RAGE) deficiency protects against 
MPTP toxicity. Neurobiol. Aging 33, 2478–2490 (2012). 

110. Lue, L. F. et al. Involvement of microglial receptor for advanced glycation endproducts (RAGE) in 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 34 

Alzheimer’s disease: identification of a cellular activation mechanism. Exp. Neurol. 171, 29–45 (2001). 

111. Dalfó, E. et al. Evidence of oxidative stress in the neocortex in incidental Lewy body disease. J. 
Neuropathol. Exp. Neurol. 64, 816–830 (2005). 

112. Hofmann, M. A. et al. RAGE mediates a novel proinflammatory axis: A central cell surface receptor for 
S100/calgranulin polypeptides. Cell 97, 889–901 (1999). 

113. Gkogkolou, P., Bohm, M. & Böhm, M. Advanced glycation end products: key players in skin ageing? 
Gkogkolou, Paraskevi Bohm, Markus 4, 259–270 (2012). 

114. Xanthis, A. et al. Receptor of advanced glycation end products (RAGE) positively regulates CD36 
expression and reactive oxygen species production in human monocytes in diabetes. Angiology 60, 772–
779 (2009). 

115. Tan, A. L. Y., Forbes, J. M. & Cooper, M. E. AGE, RAGE, and ROS in diabetic nephropathy. Semin. 
Nephrol. 27, 130–143 (2007). 

116. Castellani, R., Smith, M. A., Richey, P. L. & Perry, G. Glycoxidation and oxidative stress in Parkinson 
disease and diffuse Lewy body disease. Brain Res. 737, 195–200 (1996). 

117. Shaikh, S. & Nicholson, L. F. B. Advanced glycation end products induce in vitro cross-linking of alpha-
synuclein  and accelerate the process of intracellular inclusion body formation. J. Neurosci. Res. 86, 2071–
2082 (2008). 

118. Padmaraju, V., Bhaskar, J. J., Prasada Rao, U. J. S., Salimath, P. V & Rao, K. S. Role of advanced 
glycation on aggregation and DNA binding properties of alpha-synuclein. J. Alzheimers. Dis. 24 Suppl 2, 
211–221 (2011). 

119. Uchiki, T. et al. Glycation-altered proteolysis as a pathobiologic mechanism that links dietary glycemic 
index, aging, and age-related disease (in nondiabetics). Aging Cell 11, 1–13 (2012). 

120. Plotegher, N. & Bubacco, L. Lysines, Achilles’ heel in alpha-synuclein conversion to a deadly neuronal 
endotoxin. Ageing Res. Rev. 26, 62–71 (2016). 

121. Meister, A. Glutathione metabolism and its selective modification. J. Biol. Chem. 263, 17205–17208 
(1988). 

122. Beckman, K. B. & Ames, B. N. The free radical theory of aging matures. Physiol. Rev. 78, 547–581 (1998). 

123. Zhu, Y., Carvey, P. M. & Ling, Z. Age-related changes in glutathione and glutathione-related enzymes in 
rat brain. Brain research 1090, 35–44 (2006). 

124. Mosoni, L., Breuille, D., Buffiere, C., Obled, C. & Mirand, P. P. Age-related changes in glutathione 
availability and skeletal muscle carbonyl content in healthy rats. Exp. Gerontol. 39, 203–210 (2004). 

125. Perry, T. L., Godin, D. V & Hansen, S. Parkinson’s disease: a disorder due to nigral glutathione 
deficiency? Neurosci. Lett. 33, 305–310 (1982). 

126. Sofic, E., Lange, K. W., Jellinger, K. & Riederer, P. Reduced and oxidized glutathione in the substantia 
nigra of patients with Parkinson’s disease. Neurosci. Lett. 142, 128–130 (1992). 

127. Richarme, G. et al. Parkinsonism-associated protein DJ-1/park7 is a major protein deglycase that repairs 
methylglyoxal- and glyoxal-glycated cysteine, arginine, and lysine residues. J. Biol. Chem. 290, 1885–
1897 (2015). 

128. Richarme, G. et al. Guanine glycation repair by DJ-1/Park7 and its bacterial homologs. Science 357, 208–
211 (2017). 

129. Beisswenger, P. J. et al. alpha-Dicarbonyls increase in the postprandial period and reflect the degree of 
hyperglycemia. Diabetes Care 24, 726–732 (2001). 

130. Brownlee, M. Advanced protein glycosylation in diabetes and aging. Annu. Rev. Med. 46, 223–234 (1995). 

131. Brownlee, M. The pathobiology of diabetic complications: a unifying mechanism. Diabetes 54, 1615–
1625 (2005). 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 35 

132. Dornadula, S., Elango, B., Balashanmugam, P., Palanisamy, R. & Kunka Mohanram, R. 
Pathophysiological Insights of Methylglyoxal Induced Type-2 Diabetes. Chem. Res. Toxicol. 28, 1666–
1674 (2015). 

133. Kim, J., Kundu, M., Viollet, B. & Guan, K.-L. AMPK and mTOR regulate autophagy through direct 
phosphorylation of Ulk1. Nat Cell Biol 13, 132–141 (2011). 

134. Martin-Montalvo, A. et al. Metformin improves healthspan and lifespan in mice. Nat. Commun. 4, 2192 
(2013). 

135. Bayliss, J. A. et al. Metformin prevents nigrostriatal dopamine degeneration independent of AMPK 
activation in dopamine neurons. PLoS One 11, 1–15 (2016). 

136. Lu, M. et al. Metformin prevents dopaminergic neuron death in MPTP/P-induced mouse model of 
Parkinson’s disease via autophagy and mitochondrial ROS clearance. Int. J. Neuropsychopharmacol. 19, 
1–11 (2016). 

137. Kazi, R. S. et al. Glycation inhibitors extend yeast chronological lifespan by reducing advanced glycation 
end products and by back regulation of proteins involved in mitochondrial respiration. J. Proteomics 156, 
104–112 (2017). 

138. Onken, B. & Driscoll, M. Metformin induces a dietary restriction-like state and the oxidative stress 
response to extend C. elegans Healthspan via AMPK, LKB1, and SKN-1. PLoS One 5, e8758 (2010). 

139. Dulovic, M. et al. The protective role of AMP-activated protein kinase in alpha-synuclein neurotoxicity 
in vitro. Neurobiol. Dis. 63, 1–11 (2014). 

140. Solís-Calero, C., Ortega-Castro, J., Frau, J. & Muñoz, F. Scavenger mechanism of methylglyoxal by 
metformin. A DFT study. Theor. Chem. Acc. 134, (2015). 

141. Ahmad, S. et al. Inhibitory effect of metformin and pyridoxamine in the formation of early, intermediate 
and advanced glycation end-products. PLoS One 8, e72128 (2013). 

142. Ruggiero-Lopez, D. et al. Reaction of metformin with dicarbonyl compounds. Possible implication in the 
inhibition of advanced glycation end product formation. Biochem. Pharmacol. 58, 1765–1773 (1999). 

143. Beisswenger, P. J., Howell, S. K., Touchette, A. D., Lal, S. & Szwergold, B. S. Metformin reduces 
systemic methylglyoxal levels in type 2 diabetes. Diabetes 48, 198–202 (1999). 

144. Kinsky, O. R. et al. Metformin Scavenges Methylglyoxal To Form a Novel Imidazolinone Metabolite in 
Humans. Chem. Res. Toxicol. 29, 227–234 (2016). 

145. Tanaka, Y., Iwamoto, H., Onuma, T. & Kawamori, R. Inhibitory effect of Metformin on formation of 
advanced glycation end products. October 58, 693–697 (1997). 

146. Chen, J., Li, S., Sun, W. & Li, J. Anti-diabetes drug pioglitazone ameliorates synaptic defects in AD 
transgenic mice by inhibiting cyclin-dependent kinase5 activity. PLoS One 10, e0123864 (2015). 

147. Cho, D.-H. et al. Troglitazone, a thiazolidinedione, decreases tau phosphorylation through the inhibition 
of cyclin-dependent kinase 5 activity in SH-SY5Y neuroblastoma cells and primary neurons. J. 
Neurochem. 126, 685–695 (2013). 

148. Rahbar, S. et al. Evidence that pioglitazone, metformin and pentoxifylline are inhibitors of glycation. Clin. 
Chim. Acta. 301, 65–77 (2000). 

149. Puddu, A., Sanguineti, R., Durante, A. & Viviani, G. L. Pioglitazone attenuates the detrimental effects of 
advanced glycation end-products in the pancreatic beta cell line HIT-T15. Regul. Pept. 177, 79–84 (2012). 

150. Guerrero-Beltran, C. E., Calderon-Oliver, M., Pedraza-Chaverri, J. & Chirino, Y. I. Protective effect of 
sulforaphane against oxidative stress: recent advances. Exp. Toxicol. Pathol. 64, 503–508 (2012). 

151. Baenas, N. et al. Metabolism and antiproliferative effects of sulforaphane and broccoli sprouts in human 
intestinal (Caco-2) and hepatic (HepG2) cells. Phytochem. Rev. 14, 1035–1044 (2015). 

152. Bertl, E., Bartsch, H. & Gerhauser, C. Inhibition of angiogenesis and endothelial cell functions are novel 
sulforaphane-mediated mechanisms in chemoprevention. Mol. Cancer Ther. 5, 575–585 (2006). 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 36 

153. Davis, R., Singh, K. P., Kurzrock, R. & Shankar, S. Sulforaphane inhibits angiogenesis through activation 
of FOXO transcription factors. Oncol. Rep. 22, 1473–1478 (2009). 

154. Tarozzi, A. et al. Sulforaphane as an inducer of glutathione prevents oxidative stress-induced cell  death 
in a dopaminergic-like neuroblastoma cell line. J. Neurochem. 111, 1161–1171 (2009). 

155. Song, M.-Y. et al. Sulforaphane protects against cytokine- and streptozotocin-induced beta-cell damage 
by suppressing the NF-kappaB pathway. Toxicol. Appl. Pharmacol. 235, 57–67 (2009). 

156. Nishimoto, S., Koike, S., Inoue, N., Suzuki, T. & Ogasawara, Y. Activation of Nrf2 attenuates carbonyl 
stress induced by methylglyoxal in human neuroblastoma cells: Increase in GSH levels is a critical event 
for the detoxification mechanism. Biochem. Biophys. Res. Commun. 483, 874–879 (2017). 

157. Angeloni, C. et al. Neuroprotective Effect of Sulforaphane against Methylglyoxal Cytotoxicity. Chem. 
Res. Toxicol. 28, 1234–1245 (2015). 

158. Matsui, T., Nakamura, N., Ojima, A., Nishino, Y. & Yamagishi, S.-I. Sulforaphane reduces advanced 
glycation end products (AGEs)-induced inflammation  in endothelial cells and rat aorta. Nutr. Metab. 
Cardiovasc. Dis. 26, 797–807 (2016). 

159. Maeda, S., Matsui, T., Ojima, A., Takeuchi, M. & Yamagishi, S.-I. Sulforaphane inhibits advanced 
glycation end product-induced pericyte damage by reducing expression of receptor for advanced glycation 
end products. Nutr. Res. 34, 807–813 (2014). 

160. Advedissian, T., Deshayes, F., Poirier, F., Viguier, M. & Richarme, G. The Parkinsonism-associated 
protein DJ-1/Park7 prevents glycation damage in human keratinocyte. Biochem. Biophys. Res. Commun. 
473, 87–91 (2016). 

161. Ziaei, A., Schmedt, T., Chen, Y. & Jurkunas, U. V. Sulforaphane Decreases Endothelial Cell Apoptosis 
in Fuchs Endothelial Corneal Dystrophy: A Novel Treatment. Investigative Ophthalmology & Visual 
Science 54, 6724–6734 (2013). 

162. Itoh, K. et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes 
through antioxidant response elements. Biochem. Biophys. Res. Commun. 236, 313–322 (1997). 

163. Szkudelski, T. & Szkudelska, K. Resveratrol and diabetes: from animal to human studies. Biochim. 
Biophys. Acta 1852, 1145–1154 (2015). 

164. Olmos, Y. et al. SirT1 regulation of antioxidant genes is dependent on the formation of a FoxO3a/PGC-
1alpha complex. Antioxid. Redox Signal. 19, 1507–1521 (2013). 

165. Cheng, H.-L. et al. Developmental defects and p53 hyperacetylation in Sir2 homolog (SIRT1)-deficient  
mice. Proc. Natl. Acad. Sci. U. S. A. 100, 10794–10799 (2003). 

166. Price, N. L. et al. SIRT1 is required for AMPK activation and the beneficial effects of resveratrol on 
mitochondrial function. Cell Metab. 15, 675–690 (2012). 

167. Guo, Y.-J. et al. Resveratrol alleviates MPTP-induced motor impairments and pathological changes by 
autophagic degradation of alpha-synuclein via SIRT1-deacetylated LC3. Mol. Nutr. Food Res. 60, 2161–
2175 (2016). 

168. Moussa, C. et al. Resveratrol regulates neuro-inflammation and induces adaptive immunity in Alzheimer’s 
disease. J. Neuroinflammation 14, 1 (2017). 

169. Lee, M. K., Kang, S. J., Poncz, M., Song, K.-J. & Park, K. S. Resveratrol protects {SH-SY5Y} 
neuroblastoma cells from apoptosis induced by dopamine. Expr. Mol. Med. 39, 376–384 (2007). 

170. Wu, Y. et al. Resveratrol-activated AMPK/SIRT1/autophagy in cellular models of Parkinson’s disease. 
NeuroSignals 19, 163–174 (2011). 

171. Jin, F., Wu, Q., Lu, Y.-F., Gong, Q.-H. & Shi, J.-S. Neuroprotective effect of resveratrol on 6-OHDA-
induced Parkinson’s disease in rats. Eur. J. Pharmacol. 600, 78–82 (2008). 

172. Shen, Y., Xu, Z. & Sheng, Z. Ability of resveratrol to inhibit advanced glycation end product formation 
and carbohydrate-hydrolyzing enzyme activity, and to conjugate methylglyoxal. Food Chem. 216, 153–
160 (2017). 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 37 

173. Moridi, H. et al. Resveratrol-Dependent Down-regulation of Receptor for Advanced Glycation End-
products and Oxidative Stress in Kidney of Rats With Diabetes. Int. J. Endocrinol. Metab. 13, e23542 
(2015). 

174. Quinn, P. J., Boldyrev, A. A. & Formazuyk, V. E. Carnosine: its properties, functions and potential 
therapeutic applications. Mol. Aspects Med. 13, 379–444 (1992). 

175. Brownson, C. & Hipkiss, A. R. Carnosine reacts with a glycated protein. Free Radic. Biol. Med. 28, 1564–
1570 (2000). 

176. McFarland, G. A. & Holliday, R. Retardation of the senescence of cultured human diploid fibroblasts by 
carnosine. Exp. Cell Res. 212, 167–175 (1994). 

177. Kohen, R., Yamamoto, Y., Cundy, K. C. & Ames, B. N. Antioxidant activity of carnosine, homocarnosine, 
and anserine present in muscle  and brain. Proc. Natl. Acad. Sci. U. S. A. 85, 3175–3179 (1988). 

178. Margolis, F. L. Carnosine in the primary olfactory pathway. Science 184, 909–911 (1974). 

179. Hipkiss, A. R. & Chana, H. Carnosine protects proteins against methylglyoxal-mediated modifications. 
Biochem. Biophys. Res. Commun. 248, 28–32 (1998). 

180. Pepper, E. D., Farrell, M. J., Nord, G. & Finkel, S. E. Antiglycation effects of carnosine and other 
compounds on the long-term survival of escherichia coli. Appl. Environ. Microbiol. 76, 7925–7930 (2010). 

181. Munch, G. et al. Influence of advanced glycation end-products and AGE-inhibitors on nucleation-
dependent polymerization of beta-amyloid peptide. Biochim. Biophys. Acta 1360, 17–29 (1997). 

182. Webster, J. et al. The carbonyl scavengers aminoguanidine and tenilsetam protect against the neurotoxic 
effects of methylglyoxal. Neurotox. Res. 7, 95–101 (2005). 

183. Freedman, B. I. et al. Design and Baseline Characteristics for the Aminoguanidine Clinical Trial in Overt 
Type 2 Diabetic Nephropathy (ACTION II). Control. Clin. Trials 20, 493–510 (1999). 

184. Shoda, H. et al. Inhibitory effects of tenilsetam on the Maillard reaction. Endocrinology 138, 1886–1892 
(1997). 

185. Monti, D. A. et al. N-Acetyl Cysteine May Support Dopamine Neurons in Parkinson’s Disease: 
Preliminary Clinical and Cell Line Data. PLoS One 11, e0157602 (2016). 

186. Holmay, M. J. et al. N-acetylcysteine Boosts Brain and Blood Glutathione in Gaucher and Parkinson’s 
Diseases. Clinical neuropharmacology 36, 103–106 (2013). 

187. Thieme, K. et al. N-Acetyl Cysteine Attenuated the Deleterious Effects of Advanced Glycation End-
Products on the Kidney of Non-Diabetic Rats. Cell. Physiol. Biochem. 40, 608–620 (2016). 

188. Cardoso, S. et al. Effects of methylglyoxal and pyridoxamine in rat brain mitochondria bioenergetics and 
oxidative status. J. Bioenerg. Biomembr. 46, 347–355 (2014). 

189. Metz, T. O., Alderson, N. L., Thorpe, S. R. & Baynes, J. W. Pyridoxamine, an inhibitor of advanced 
glycation and lipoxidation reactions: A novel therapy for treatment of diabetic complications. Arch. 
Biochem. Biophys. 419, 41–49 (2003). 

190. Booth, A. A., Khalifah, R. G., Todd, P. & Hudson, B. G. In vitro kinetic studies of formation of antigenic 
advanced glycation end products (AGEs). Novel inhibition of post-Amadori glycation pathways. J. Biol. 
Chem. 272, 5430–5437 (1997). 

191. Voziyan, P. A. & Hudson, B. G. Pyridoxamine as a multifunctional pharmaceutical: targeting pathogenic 
glycation and oxidative damage. Cell. Mol. Life Sci. C. 62, 1671–1681 (2005). 

192. Nagaraj, R. H. et al. Effect of pyridoxamine on chemical modification of proteins by carbonyls in diabetic 
rats: characterization of a major product from the reaction of pyridoxamine and methylglyoxal. Arch. 
Biochem. Biophys. 402, 110–119 (2002). 

193. Onorato, J. M., Jenkins, A. J., Thorpe, S. R. & Baynes, J. W. Pyridoxamine, an inhibitor of advanced 
glycation reactions, also inhibits advanced lipoxidation reactions. Mechanism of action of pyridoxamine. 
J. Biol. Chem. 275, 21177–84 (2000). 



Targeting the glycation defenses as a protective strategy for Parkinson’s disease 

 38 

194. Vasan, S. et al. An agent cleaving glucose-derived protein crosslinks in vitro and in vivo. Nature 382, 
275–277 (1996). 

195. Cooper, M. E. et al. The cross-link breaker, N-phenacylthiazolium bromide prevents vascular advanced 
glycation end-product accumulation. Diabetologia 43, 660–664 (2000). 

196. Chang, P. C., Tsai, S. C., Chong, L. Y. & Kao, M. J. N-Phenacylthiazolium bromide inhibits the advanced 
glycation end product (AGE)-AGE receptor axis to modulate experimental periodontitis in rats. J. 
Periodontol. 85, e268-76 (2014). 

197. Bradke, B. S. & Vashishth, D. N-phenacylthiazolium bromide reduces bone fragility induced by 
nonenzymatic glycation. PLoS One 9, e103199 (2014). 

198. Jakus, V., Hrnciarova, M., Carsky, J., Krahulec, B. & Rietbrock, N. Inhibition of nonenzymatic protein 
glycation and lipid peroxidation by drugs with antioxidant activity. Life Sci. 65, 1991–1993 (1999). 

199. Shangari, N. & O’Brien, P. J. The cytotoxic mechanism of glyoxal involves oxidative stress. Biochem. 
Pharmacol. 68, 1433–1442 (2004). 

200. Zhang, J. et al. Comparison of protective effects of aspirin, D-penicillamine and vitamin E against high 
glucose-mediated toxicity in cultured endothelial cells. Biochim. Biophys. Acta 1762, 551–557 (2006). 

201. Arai, M., Nihonmatsu-Kikuchi, N., Itokawa, M., Rabbani, N. & Thornalley, P. J. Measurement of 
glyoxalase activities. Biochem. Soc. Trans. 42, 491–494 (2014). 

202. Abràmoff, M. D., Magalhães, P. J. & Ram, S. J. Image Processing with ImageJ Second Edition. 
Biophotonics Int. 11, 36–42 (2004). 

203. Kim, K. S. et al. The ceruloplasmin and hydrogen peroxide system induces alpha-synuclein aggregation 
in vitro. Biochimie 84, 625–631 (2002). 

204. McLean, P. J., Kawamata, H. & Hyman, B. T. Alpha-synuclein-enhanced green fluorescent protein fusion 
proteins form proteasome sensitive inclusions in primary neurons. Neuroscience 104, 901–912 (2001). 

 


