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Abstract 

 

Glycation is the nonenzymatic modification of biomolecules caused by reactive dicarbonyl species. In 

vivo, the major physiological glycation agent is methylglyoxal. This compound’s formation occurs in 

all living cells, mainly nonenzymatically from dihydroxyacetone phosphate and D-glyceraldehyde 3-

phosphate during glycolysis. When glycation occurs on proteins it originates advanced glycation end-

products (AGEs), which will change the structure and stability of proteins, consequently impairing their 

functionality. AGEs tend to accumulate on cells, being associated with ageing and several human 

diseases, such as diabetes and amyloidotic neuropathies (Alzheimer’s disease, Parkinson’s disease and 

transthyretin amyloidosis). Hence, there is a growing interest in this post-translational modification. 

However, little is known about the physiologic effects of glycation, since most studies use in vitro 

approaches, which do not fully reproduce the in vivo process. Saccharomyces cerevisiae is an ideal 

model of in vivo glycation, being able to reproduce the effects that happen in higher eukaryotic cells. 

The in vivo study and use of Saccharomyces cerevisiae cells with different genetic backgrounds, gives 

us an accurate vision of a wide range of phenotypical and physiological effects caused by glycation. In 

the present study we show that the glyoxalase system seems to be the major detoxifying mechanism of 

methylglyoxal, since mutations on this pathway lead to lower growth rates. Moreover, using 

fluorescence microscopy and flow cytometry we found that glycation is not sufficient to alter cell 

morphology or its viability. However, the effects of glycation seem to be devastating on mitochondrial 

activity causing its dysfunction and the accumulation of reactive oxygen species (ROS). These findings 

provide insight to uncover knowledge of the process of glycation, necessary for better comprehension 

and advance in the cure and early identification of many human diseases that haunt our society.  

 

Keywords: glycation; methylglyoxal; MAGEs; oxidative stress; Saccharomyces cerevisiae 
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Resumo 

 

A glicação é uma modificação não enzimática de biomoléculas causada por espécies dicarbonilicas 

reativas. In vivo, a glicação ocorre predominantemente pelo metilglioxal, um composto sintetizado em 

todas as células vivas, principalmente de forma não enzimática a partir de fosfato de di-hidroxiacetona 

e 3-fosfato de D-gliceraldeído durante a glicólise. Quando a glicação ocorre em proteínas dá origem a 

produtos avançados de glicação (AGEs, Advanced glycation end-products), que irão alterar a estrutura 

e estabilidade destas mesmas, consequentemente prejudicando a sua função. Os AGEs tendem então a 

acumular-se nas células, estando associados ao envelhecimento e a várias doenças humanas, tais como 

a diabetes e as suas complicações, neuropatias amiloidóticas (doença de Alzheimer, doença de Parkinson 

e Amiloidose familiar por transtirretina) e formação de tumores. Para além disso, a acumulação de AGEs 

leva ao aumento da expressão de recetores destes AGEs (RAGEs), cuja ativação causa um aumento no 

nível de espécies reactivas de oxigénio (ROS, reactive oxygen species) com consequente indução de 

stress oxidativo, para além de também estarem associados a processos inflamatórios. 

Em condições fisiológicas normais, os mecanismos de defesa de anti-glicação previnem esta 

acumulação de AGEs, com a proteólise lisossomal, os macrófagos e a autofagia a removerem as 

proteínas glicadas, a ocorrência de reparação dos nucleótidos e o com o próprio turnover dos lípidos a 

remover os productos glicados.  Para além destes processos, existem ainda mecanismos de prevenção 

de glicação, como o sistema dos glioxalases e o sistema do aldose reductase, que evitam a acumulação 

de metiglioxal. No entanto, todos estes mecanismos tendem a deixar de funcionar corretamente com o 

envelhecimento e aparecimento de diversas patologias. Desta forma há um interesse crescente no estudo 

desta modificação pós-traducional e nos seus efeitos celulares.  

A maioria dos estudos que envolvem processos de glicação utilizam abordagens in vitro que não 

reproduzem de forma precisa o processo in vivo, uma vez que a glicação se torna num processo 

inespecífico. É fundamental a realização de estudos in vivo, através da utilização de modelos celulares 

adequados.  

No presente estudo pretendemos estudar o impacto da glicação em células eucariotas, utilizando a 

levedura Saccharomyces cerevisiae como modelo celular. Este modelo é conhecido como um modelo 

ideal no estudo da glicação in vivo, sendo capaz de reproduzir os efeitos que acontecem em células 

eucarióticas superiores. Para além disso, o acesso a estirpes com diferentes mutações genéticas permite 

consequentemente uma visão ampla e precisa com diversos efeitos fenotípicos e fisiológicos causados 

pela glicação.  

 Os estudos foram realizados em leveduras de referência (BY4741) e em estirpes deficientes em genes 

que codificam para enzimas envolvidos no catabolismo do metilglioxal (glioxalase I, glioxalase II e 

aldose redutase). Em primeiro lugar, foi estudado o impacto da glicação em determinadas características 

fenotípicas destas leveduras, tais como o crescimento, a morfologia celular e a viabilidade.  

Para o estudo do crescimento, foram comparadas as velocidades de crescimento da estirpe de referência 

com as estirpes que possuíam deleções nos sistemas de destoxificação celular do metilglioxal, o sistema 

dos glioxalases e o sistema do aldose reductase.  Submeteram-se ainda as estirpes em estudo a dois tipos 

de meios de crescimento, um meio standard YPD (condições normais) e um meio com excesso de 

glucose (condições de glicação). Este último irá aumentar o stress associado à glicação, uma vez que a 

formação de metilglioxal está associada ao fluxo glicolítico. Os resultados obtidos neste ensaio, 

demonstraram que a taxa de crescimento diminuía, de forma estaticamente significativa, apenas nas 

estirpes com deleções associadas ao sistema dos glioxalases. Desta forma, concluímos então que o 
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sistema dos glioxalases é o principal método para a destoxificação de metilglioxal e prevenção da 

glicação. Curiosamente, não houve diminuição significativa no crescimento em condições de glicação 

em nenhuma das estirpes, havendo, no entanto, uma subida da taxa de crescimento na estirpe deletada 

para o glioxalase 1 (glo1). 

Sendo o sistema dos glioxalases o principal sistema na eliminação do metilglioxal in vivo, e o glioxalase 

I o mais relevante nesta via, para os estudos seguintes optámos por comparar apenas a estirpe selvagem 

com a estirpe deletada para glo1. 

No estudo de morfologia celular e viabilidade recorremos a técnicas de microscopia de fluorescência e 

citometria de fluxo. Concluímos que, nem as condições de glicação causadas pelo meio, nem a glicação 

obtida pela deleção do glo1, eram suficientes para observar qualquer mudança significativa em termos 

destas características. No entanto, é importante referir que se consegue observar um ligeiro desvio para 

o estado viável mas não cultivável (VBNC, viable but not culturable) tanto na estirpe de referência 

crescida em meio com excesso de glucose tanto em qualquer dos crescimentos da estirpe glo1. A 

manutenção da viabilidade nas células, mesmo estando estas sujeitas ao stress de glicação, é 

possivelmente devido a haver um shift no balanço entre a apoptose e a autofagia,  havendo já estudos  

que comprovam que um aumento na autofagia aumenta a protecção celular, removendo organelos e 

proteínas não-funcionais, bem como outras moléculas danificadas. 

Após o estudo fenotípico, foi realizado um estudo fisiológico, com vista a compreender melhor a relação 

entre o stress causado pela glicação e o stress oxidativo. Uma vez que a maior fonte de ROS provem da 

cadeia respiratória mitocondrial, devido ao leak de protões e electrões que ocorre nesta mesma, e que 

tende a agravar-se com a disfunção mitocondrial, foi estudado o efeito da glicação no mitocôndrio, 

recorrendo novamente à citometria de fluxo, nomeadamente nos efeitos desta modificação na actividade 

mitocondrial e na acumulação de ROS. Demonstrámos que a glicação afecta drasticamente a actividade 

mitocondrial, uma vez que esta é muito superior na estirpe selvagem do que em qualquer uma das outras 

condições. Ainda conseguimos observar que a descida de actividade mitocondrial da estirpe selvagem 

crescida em condições de glicação se assemelha à descida na estirpe glo1, o que poderá significar que 

a hiperglicemia reduz a actividade do glioxalase 1. Curiosamente, apesar da disfunção mitocondrial estar 

normalmente associada  ao aumento dos níveis de ROS, isto não se verificou na estirpe glo1, o que 

poderá significar um aumento na actividade do sistema do aldose redutase de modo a tentar contrariar o 

stress carboxílico, e consequentemente o stress oxidativo e acumulação de ROS.  No entanto, como já 

mencionado, este esforço não é suficiente para manter a actividade mitocondrial. No caso da estirpe 

selvagem este aumento esperado de ROS foi verificado. 

O conjunto destes resultados mostra os efeitos nefastos da glicação sobre as células e quão relacionada 

está esta modificação com o stress oxidativo. Desta forma, concluímos que a glicação parece induzir o 

stress oxidativo, havendo a possibilidade das células aumentarem a actividade do sistema do aldose 

redutase de modo a contrariar o excesso de glucose e a inibição do sistema dos glioxalases. No entanto, 

este esforço feito pelas células não é suficiente para combater a hiperglicemia, nem os efeitos que esta 

causa a nível do mitocôndrio. 

O conhecimento obtido com este estudo poderá ter relevância na melhor compreensão dos efeitos da 

glicação no ser humano, o que será importante no avanço da cura e da identificação precoce de muitas 

doenças humanas que estão cada vez mais presentes na nossa sociedade.  

 

Palavras-chave: glicação; metilglioxal; MAGEs; stress oxidativo; Saccharomyces cerevisiae 
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Abbreviations 

 

AGEs – Advanced Glycation End-products 

 

BY4741 – Reference yeast strain from the Euroscarf project  

 

CFDA – 5-carboxyfluorescein diacetate (stain), represents esterase’s activity 

 

DCFDA – 2',7'-dichlorodihydrofluorescein diacetate (stain), represents ROS accumulation 

DHAP – Dihydroxyacetone phosphate, triose phosphate intermediate 

 

FL1 – term used in flow cytometry, meaning the green channel specific fluorescence - used for green 

stains, such as Rhodamine, CFDA, DCFA 

FL3 – term used in flow cytometry, meaning the red channel specific fluorescence - used for red stains, 

such as propidium iodide 

FSC – term used in flow cytometry, meaning forward scatter, represents cell dimension 

 

G3P – D-Glyceraldehyde 3-phosphate, triose phosphate intermediate 

Glo1 – glyoxalase 1, lactoylglutathione lyase, EC 4.4.1.5 
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GSH – glutathione 

 

MAGEs– Methylglyoxal Advanced Glycation End-products (AGEs formed by methylglyoxal) 

 

RAGE – receptor for AGEs/ MAGEs 
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SSC – term used in flow cytometry, meaning side scatter, represents cell complexity 
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1.Introduction 

 

1.1. History of Glycation  

1.1.1. Maillard reaction 

In 1912, a French scientist, Louis-Camille Maillard established the reaction between reducing sugars 

and amino groups of amino acids, leading to the formation of brown pigments. This network of reactions 

is known as the Maillard reaction is also termed food browning or Maillard browning, which is to this 

day very relevant to the food industry. For instance, the process of turning bread into toast is the result 

of the Maillard reaction [1, 2]. 

In the 1920s, an Italian scientist, Mario Amadori showed that glucose-aniline Schiff bases could be 

converted to isomeric products that were not glycosylamine anomers but were subsequently found to be 

1-anilino-1-deoxy fructose derivatives [1, 2]. Later in 1955, an American scientist, John Hodge realized 

that Amadori products can arise from aliphatic amines such as amino acids, not just from aromatic 

amines, and that the Amadori rearrangement was a key early step (Fig.1.1, Step B) in the Maillard 

reaction [3]. Hodge then constructed a diagram that attempted to simplify the complete reaction network, 

but it was not until 1973 that the core of this diagram would be truly complete, with the work of the 

Japanese scientist, Namiki, whom introduced one more crucial step (Fig.1.1, Step H), the free radical 

degradation of Maillard intermediates [4]. This complete reaction scheme initiates with the initial stage 

of the Maillard reaction (Fig. 1.1, Step A), that involves the condensation of a carbonyl group from a 

reducing sugar, such as glucose, with a free amino group, such as the epsilon amino group of a protein 

lysine residue, that will do a nucleophilic attack to the electrophilic carbonyl group of an aldehyde or 

ketone. This reaction will result in an unstable Schiff base (aldimine), that spontaneously rearranges 

(Fig.1.1, step B) to form the more stable 1-amino-1-deoxy-2-ketose (ketoamine), known as the Amadori 

product.  

 

 

 

 

 

 

 

 

Figure 1.1 The Hodge Diagram – Maillard Reaction. A - initial reaction between a reducing sugar and amino group, forming 

an unstable Schiff base. B - the Schiff base rearranges to an Amadori product. C - degradation of the Amadori product. D - 

formation of reactive carbonyl and dicarbonyl compounds. E - formation of Strecker aldehydes of amino acids and aminoketones. 

F - aldol condensation of furfurals, reductones, and aldehydes produced in Steps C, D, and E without intervention of amino 

compounds. G -reaction of furfurals, reductones, and aldehydes produced in Steps C, D, and E with amino compounds to form 

melanoidins. H - free radical-mediated formation of carbonyl fission products from the reducing sugar (Namiki pathway). 

Extracted from: [1, 2]. 
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It is worth to note that when the initial sugar is glucose, the Amadori product is fructoselysine [5, 6].  

Amadori products are degraded through the pathways in steps C and D, which will lead to the formation 

of furfurals, reductones and fragmentation products (carbonyl and hydroxycarbonyl compounds).  In 

step C, furfural formation is favored under acidic conditions, while alkaline media favors the production 

of reductones. In step D sugar fragmentation occurs by retro-aldolisation. The α-dicarbonyl compounds 

formed, such as methylglyoxal, are able to react with amino acids via the Strecker degradation (Fig1., 

step E), to give Strecker aldehydes of the amino acids and aminoketones. 

Steps F and G are the final stages of the Maillard reaction. Step F involves aldol condensation of the 

furfurals, reductones and aldehydes produced in steps C, D and E without the intervention of amino 

compounds. While in step G the same reactions between the same intermediates occurs, but with amino 

compounds, leading to the formation of melanoidins [1, 7, 8].  

 

1.1.2. The Maillard reaction in vivo & Formation of AGEs 

For more than 60 years, the Maillard reaction was studied with a focus on food-like model systems.  

However, the human body is no less than a low heat cooking oven with an approximately 85 year 

cooking cycle, thus getting the attention in the late 1970s to study the Maillard reaction in vivo [9, 10].  

For proteins, glycation is frequently used in apposition to glycosylation, with glycation being a 

nonenzymatic process while glycosylation is a highly regulated and specific enzymatic process forming 

a glycosidic bond. 

In 1978, Bunn focused his studies on the elevated values of glycation in diabetes in hemoglobin A1c, 

which is an adduct of glucose with the b-chain of hemoglobin. It is well known that the increase in 

glycated proteins is a consequence of hyperglycemia and correlates with the severity of diabetic 

complications, glycated hemoglobin is currently being used as a biomarker for this disease [10, 11]. 

Protein glycation in vivo includes three types of reactions (Fig.1.2), [12]: early Maillard reactions 

(initiation) – Reactive electrophilic carbonyl groups of a reducing sugar react with nucleophilic free 

amino groups of proteins to form a non-stable Schiff base. Through rearrangement a more stable 

Amadori product is formed; intermediate Maillard reactions (propagation) – Amadori compounds are 

then converted into more reactive substances, such as α-dicarbonyl glyoxal compounds; late Maillard 

reactions (termination) – α-dicarbonyl glyoxal compounds can react with amino acid residues of 

peptides or proteins to form protein adducts or protein crosslinks. Alternatively, they can undergo further 

oxidation, dehydration, polymerization and oxidative breakdown reactions to give rise to numerous 

other AGEs (advanced glycation end products) [10, 13, 14].  
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However, glycation occurs not only in proteins but also in other biomolecules with free amine groups 

like nucleotides and also some phospholipids. Chemically, side chains of arginine and lysine residues, 

the protein N-terminal amino group and the thiol groups of cysteine residues, are the main targets of 

glycation in proteins. Nevertheless, biologically the N-terminal is usually modified, and the glycation 

of cysteine thiol groups is reversible, originating unstable adducts. So, the main glycation targets in 

biomolecules that will originate AGEs are lysine and arginine side chains [6, 15, 16].   

In the 1970s, with Bunn’s investigation, the focus was on protein glycation by glucose. Nevertheless, 

glucose is one of the least reactive sugars and therefore less likely to perform a nucleophilic attack. 

Dicarbonyl compounds, such as glyoxal, 3-deoxyglucose and methylglyoxal, formed in Fig. 1.1 Step D 

(Fig. 1.2, intermediate Maillard reactions, propagation phase), are far more reactive [15, 17]. 

 

Among these dicarbonyl compounds, methylglyoxal is one of the most reactive glycating agents in vivo, 

which is present in all cells and has affinity to react with several amino acids including arginine and 

lysine residues to produce MAGEs (methylglyoxal advanced glycation end products), which exert 

intracellular oxidative stress and loss of function and structure [18]. Oxidative and carbonyl stress are 

the key factors in many pathological complications such as diabetes and neurodegenerative disorders of 

the amyloid type [1, 19–21]. 

 

1.2. Methylglyoxal 

1.2.1. Methylglyoxal Formation 

Methylglyoxal is produced as a result of both enzymatic and non-enzymatic reactions. Its production is 

inevitable and tightly coupled to glycolysis. However, the rate of methylglyoxal production depends on 

the organism, tissue, cell metabolism, and physiological conditions [22]. As such, this compound can 

arise mainly as a by-product of glycolysis and by different metabolic pathways, including the Wolff 

pathway (Figure 3, green), in which the acyclic form of glucose undergoes autooxidation to form glyoxal 

Figure 1.2 Three main types of glycation that occur in vivo. Adapted from: [10, 13, 14] 
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or break down to 3-deoxyglucosone which in turn degrades to glyceraldehyde and methylglyoxal; the 

Namiki pathway (Figure 3, purple), glucose reacts with amine groups on proteins to form a Schiff base 

which undergoes a similar breakdown generating glyoxal and methylglyoxal; the acetoacetate 

metabolism (Figure 3, blue), via acetone and acetol and catalyzed by acetone monooxygenase (EC 

1.14.13.226) and acetol monooxygenase (EC 1.14.13.M34); the L-threonine metabolism (Figure 3, 

yellow), which involves oxidation of threonine by threonine dehydrogenase (EC 1.1.1.103) to 2-

aminoacetoacetate, followed by spontaneous decarboxylation to aminoacetone, that will be then 

catalyzed by monoamine oxidase (EC 1.4.3.4) and converted to methylglyoxal. Additionally, this 

compound can also be formed through lipoperoxidation (Figure 3, cyan) [23–26].  

 As mentioned, in eukaryotic cells, methylglyoxal is mainly produced during glycolysis, by the β-

elimination of the phosphate group from the triose phosphate intermediates glyceraldehyde 3-phosphate 

(G3P) and dihydroxyacetone phosphate (DHAP), (Figure 3, orange). This reaction was initially reported 

in 1930s by Meyerhof and Lohmann, but it was overlooked by referring to it as an experimental artifact. 

Later in 1993, Richard investigated the mechanism of formation of methylglyoxal from triose 

phosphates and showed that it had a physiological significance [22, 24]. In this reaction at the 

physiological pH, there is more tendency for the loss of α-carbonyl protons from the phosphorylated 

triose than the non-phosphorylated trioses, producing an enediolate phosphate intermediate possessing 

a low energy barrier, due to the phosphate group elimination. It is thus the deprotonation followed by 

the spontaneous cleavage of phosphate group of the triose phosphates that leads to the formation of 

methylglyoxal [23–26].  

 

 

 

1.2.2. Catabolism of Methylglyoxal  

As previously mentioned, methylglyoxal can react with proteins, nucleic acids and lipids, being the most 

significant agent of glycation in vivo, making it’s accumulation highly deleterious for the cell [27]. 

Figure 1.3 Metabolic origins of methylglyoxal. Adapted from: [20, 26] 
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Methylglyoxal production is inevitable in vivo, so to avoid its toxic effects, cells possess different 

detoxifying mechanisms such as the glyoxalase, aldose reductase, aldehyde dehydrogenase and carbonyl 

reductase pathways [28–30]. Of these protective enzymatic mechanisms, the glutathione-dependent 

glyoxalase system  and the NADPH-dependent aldose reductase system  are the main detoxifying 

mechanisms for methylglyoxal, playing a major role the cellular defense against glycation [25, 26, 31].  

 

1.2.2.1. The Glyoxalase System 

The glyoxalase system is a two-step pathway comprising glyoxalase I (Glo1, lactoylglutathione lyase, 

EC 4.4.1.5) and glyoxalase II (Glo2, hydroxyacylglutathione hydrolase, EC 3.1.2.6) enzymes, which act 

sequentially to convert methylglyoxal into D-lactate, using glutathione as a co-factor [27].  

First, Glo1 catalysis the isomerization of hemithioacetal, formed by the non-enzymatic reaction of 

reduced glutathione (GSH) with methylglyoxal, to S-D-lactoylglutathione. Then Glo2 catalysis this 

thioester hydrolysis to D-lactate regenerating GSH in the process [32, 33]. This was thought to be the 

termination of the glyoxalase system, but in 1968 the scientists George Long and Nathan Kaplan 

determined that in biological systems D-lactate is converted to pyruvate, with the help of the enzyme 

D-lactate dehydrogenase [22, 34, 35].  

The compound S-D-lactoylglutathione, produced by the first step of the glyoxalase system, is a non-

toxic compound, making this a crucial step for methylglyoxal detoxification. Therefore, Glo1 activity 

indirectly determines methylglyoxal toxicity and the rate of MAGEs formation. Consequently, 

decreased concentrations of this enzyme, caused by aging and oxidative stress, are associated with 

increased glycation and tissue damage [36, 37].  

One should also consider that the recycling of GSH, necessary for the proper functioning of the 

glyoxalase system, occurs as S-D-lactoylglutathione is metabolized to D-lactate. As such, if there is a 

large amount of methylglyoxal, it may result in S-D-lactoylglutathione accumulation, keeping the 

limited amounts of GSH trapped in this step and reducing its availability for other cellular processes, 

such as defense against oxidative stress [27, 38].  

Glo2 has been found to have a significant role in Huntington’s and Parkinson’s disease, being also 

associated with inhibitors of apoptosis and tumorigenesis [39, 40]. Glo1 has been found to be down-

regulated in ageing, hyperglycemia, diabetes and Alzheimer’s disease [25, 41–44].  

 

1.2.2.2. Aldose Reductase System 

Aldose reductase (EC 1.1.1.21, Gre3 in yeast), an aldo-keto reductase, is part of the rate-limiting step in 

the polyol pathway, which converts glucose to sorbitol. However, methylglyoxal is a preferred substrate 

of this enzyme. 

In the presence of physiological concentrations of GSH, methylglyoxal is significantly converted into 

hemithioacetal, and catabolized by the glyoxalase system[28, 30, 45, 46].  Nonetheless, in the presence 

of high GSH concentrations, the efficiency of reduction of methylglyoxal, catalyzed by aldose reductase, 

increases instead. In addition, the site of reduction switches from an aldehyde to a ketone carbonyl. 

Thus, glutathione converts aldose reductase from an aldehyde reductase to a ketone reductase. This 

enables aldose reductase to catalyze the NADPH-dependent reduction of methylglyoxal to produce D-

lactaldehyde and hydroxyacetone. A second reduction is also catalyzed by aldose reductase which 

further reduces these products to propane-l,2-diol [47]. If the concentration of GSH decreases to low 
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levels, aldose reductase catalyzes the NADPH reduction of methylglyoxal at the aldehyde carbonyl to 

produce acetol [28, 30, 45, 46]. 

 

 

1.3. Pathological significance of AGEs  

AGEs are known to be mainly associated with aging, neurodegenerative disorders, diabetes and its 

complications, atherosclerosis, renal failure, immunological changes, retinopathy, osteoporosis, and 

progression of some tumors [48–51]. 

 The presence of AGEs in proteins alter their structure and function. Nucleotides and lipids are also 

particularly vulnerable targets to this modification, which can favor DNA mutations or a decrease in 

cell membrane integrity and associated biological pathways [52]–[54]. In mitochondria, glycation can 

affect bioenergy production [55].  

Under physiological conditions, anti-glycation defenses are enough to prevent the nefarious effects of 

this modification, with lysosomal proteolysis preventing accumulation of glycated extracellular proteins 

and autophagy eliminating glycated components inside the cell, while lipid turnover clears glycated 

products and nucleotide excision repair removes glycated nucleotides. Moreover, there are also 

detoxifying mechanisms for the glycation agents, such as the glyoxalase system and the aldose reductase 

system, as described above. If these clearance mechanisms are impaired, glycation damage accumulates 

and pathologies may develop [48, 56–59].  

 

1.3.1. Consequences of glycation on amino groups 

When proteins are glycated, their structural and physical characteristics are altered. For instance, when 

methylglyoxal reacts with arginine residues of proteins to form hydroimidazolone derivate (MG-H), 

argpyrimidine, and THP (tetrahydropyrimidine) [60]. In addition, the cross-linking between lysine 

residues and methylglyoxal leads to the formation of CEL [Nε-(carboxyethyl)lysine] and MOLDs 

(methylglyoxal–lysine dimers) [61, 62].  

The proteins can also become resistant to proteases for which they would previously act as the substrate, 

resulting in an accumulation of that protein. Likewise, glycated intracellular proteins become less 

sensitive to proteolysis (due to glycation preventing ubiquitination) [48, 63–67]. As such, AGEs tend to 

accumulate over time in tissues, where glycation will result in protein aggregates due to the bonds 

created. Chemical bridges formed by AGEs also result in the reticulation of proteins and their cross-

linking, a phenomenon that occurs within the extracellular matrix and significantly increases the 

structural rigidity [13, 48, 65].  

It is also worth to note that, AGE accumulation is dependent on protein turnover rate, therefore long-

lived proteins and proteins which exhibit a slow turnover, are thought to be mainly modified by glycation 

[13, 68].  

If the protein in question acts as an enzyme, glycation can cause conformational changes near the active 

site, making it non-functional, which can be highly deleterious for the cell [48, 65, 69, 70].  
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When glycation affects amino groups in nucleotides there will be breaks to the DNA strand and 

mutations that lead to production of abnormal proteins or total suppression in the synthesis of a specific 

protein [52–54].  

Modified proteins by any of this process can also cause an immune response, where antibodies against 

these proteins will be produced. In addition, the autoantibodies can bind to circulating AGEs and form 

immune complexes [13, 46, 48, 71, 72].  

 

1.3.2. Glycation and oxidative stress 

Glycation and oxidative stress are closely linked due to the fact that many glycation products, such as 

Amadori products and AGEs, react with oxygen producing significant quantities of free radicals. In 

addition, the overexpression and activation of RAGEs, receptors of AGEs, caused by the increase of 

glycation products, also causes production of reactive oxygen species (ROS), [48, 73–75]. Furthermore, 

this AGE receptor can not only be activated by AGEs, but also by other molecules, such as the family 

of S100/calgranulin proteins, which includes pro-inflammatory and pro-oxidizing polypeptides [51, 76]; 

β-amyloid peptides, which are implicated in Alzheimer’s disease [77]; high-mobility group box-1 

(HMGB) proteins, a nuclear protein secreted in stressful conditions. Its binding to RAGEs promotes the 

growth and invasive quality of glial tumors [51].  

All these ligands make the activation of RAGEs play an important role not only in oxidative stress, but 

also in sustaining inflammation and increasing vascular endothelial growth factor production, all 

associated with diabetic complications and neurodegeneration [48, 73].  

Moreover, when methylglyoxal concentrations exceed the detoxifying capacity of the cell’s system, 

cells suffer from oxidative stress, which depletes the pool of glutathione and results in an accumulation 

of AGEs [78]. 

 

1.3.3. Elimination of AGEs  

The repair of glycated proteins and the clearance of AGEs is still unknown and a matter of debate in the 

scientific community.  There are a few hypotheses regarding potential mechanisms that repair glycated 

proteins. Two of the most accepted intracellular anti-glycation systems only act on Amadori products/ 

Schiff’s bases and cannot change AGEs. The first, known as transglycation, is a non-enzymatic process 

that separates the carbohydrate portion from the glycated protein and transfers it to a low-molecular 

weight intracellular nucleophile, made up of free amino acids, such as glutathione. Removing this 

portion allows the protein to regain its original shape and consequently some of its function. The second 

repair mechanism uses fructosamine-3-kinase (FN3K), an enzyme that catalyzes the repair of the 

glycation intermediaries fructoselysines. Phosphorylation of fructoselysine on proteins by FN3K to 

fructoselysine-3-phosphate (FL3P) produces a compound that is intrinsically unstable and that 

decomposes spontaneously to lysine, 3-deoxyglucosone, and inorganic phosphate, thereby regenerating 

an unmodified amine such as a lysine residue in proteins. The fructosamine-3-kinase enzyme thus limits 

the formation of glycated hemoglobin in erythrocytes [48, 79]. 

Regarding the clearance of AGEs, glycated proteins can be taken up by macrophages via the AGE 

receptor, which is similar to the macrophage scavenger receptor. Moreover, a number of waste 

macromolecules, including AGEs are taken up from the circulation mainly via scavenger receptor-

mediated endocytosis in the liver scavenger cells, such as liver sinusoidal endothelial cells and Kupffer 
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cells - resident macrophages located in the liver [80–82]. Moreover, extracellular glycated products can 

also be broken down by proteases. Their elimination through the kidneys is directly dependent on renal 

function [48, 82]. However, AGEs are scarcely degraded, and these clearance mechanisms tend to 

deteriorate and mal-function with ageing and other pathologies, consequently leading to accumulation 

of AGEs in different tissues [48, 80–82]. 

 

1.4. Oxidative stress 

Under physiological conditions, the steady-state formation rate of reactive oxygen species (ROS) is 

normally balanced by a similar rate of consumption by antioxidants.  Indeed, in physiological 

concentrations, ROS act as signaling molecules and play an important role in cell proliferation, hypoxia 

adaptation and cell fate determination [83]. 

An overproduction of free radicals in the organism that exceeds the endogenous antioxidant capacity for 

them to be eliminated results in oxidative stress [84].  

Overproduction of ROS can damage NADH dehydrogenase, cytochrome c oxidase, and ATP synthase, 

resulting in mitochondrial damage - including mutations in mitochondrial DNA; damage to the 

mitochondrial respiratory chain and mitochondrial membrane permeability; and disruption to 

Ca2+ homeostasis [84–87]. Furthermore, ROS are capable of activating cellular signaling cascades that 

lead to the transcription of genes that facilitate the development of diabetic complications [19, 83]. In 

addition, oxidative stress and oxidative protein damage can accelerate the formation of toxic protein 

oligomers and aggregates in the nucleus and cytoplasm of nerve cells, which contributes to the 

pathogenesis of many neurodegenerative diseases [84, 87]. Despite the distinct causative factors and 

clinical symptoms of neurodegenerative diseases, these diseases have common pathogenetic features 

such as mitochondrial dysfunction, which is implicated in excessive ROS accumulation, impairment in 

proteostasis network, and neuroinflammation [88].  

 

1.4.1. Mitochondria  and production of ROS 

In 1966, the production of ROS by the respiratory chain was reported [89]. This finding was followed 

by the work of Chance and colleagues who showed that isolated mitochondria produced hydrogen 

peroxide (H2O2) [90–92]. Later, it was assessed that this H2O2 originated from the dismutation of 

superoxide (O2
− •), which in turn was produced within mitochondria [93]. With these findings we now 

know that the main source of ROS is the mitochondrial electron transport chain. 

The mitochondrial respiratory chain complexes consist of five complexes: complexes I (nicotinamide 

adenine dinucleotide (NADH)-coenzyme Q), II (succinate dehydrogenase-coenzyme Q), III (coenzyme 

Q-cytochrome c reductase), IV (cytochrome c oxidase) and V (ATP synthase), [94].  

Complex I, II, III, and IV as well as the electron transporters ubiquinone and cytochrome c constitute 

the electron transport chain (ETC). There are two electron transport pathways in the ETC (Fig. 1.4): 

Complex I/III/IV, with NADH as the substrate and complex II/III/IV, with succinic acid as the substrate 

[84, 94].   
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Coenzyme Q (CoQ)  accepts electrons released from the NADH-CoQ reductase complex (CI, complex 

I) and the succinate-CoQ reductase complex (CII), forming the reduced CoQH2 [94].  

Reduced CoQH2, donates two electrons to the CoQH2-cytochrome c reductase complex (CIII), 

regenerating oxidized CoQ. Within this complex the released electrons are transferred to an iron-sulfur 

protein and to two b-type cytochromes, then to cytochrome c1. Finally, the two electrons are transferred 

to two molecules of the oxidized form of cytochrome c, forming reduced cytochrome c [84, 94]. 

 After being reduced by the CoQH2-cytochrome c reductase complex (CIII), cytochrome c transports 

electrons to the cytochrome c oxidase complex (CIV). Within this complex, electrons are transferred 

firstly to a pair of copper ions, then to cytochrome a, then to a complex of a second copper ion and 

cytochrome a3, and lastly to O2, the ultimate electron acceptor, yielding H2O [84, 94].  

Regarding the yeast Saccharomyces cerevisiae, the only difference from this global electron transport 

mechanism is that, in contrast to most eukaryotes, yeast does not possess a complex I, but rather three 

NADH dehydrogenases associated with the inner mitochondrial membrane [95, 96]. 

Nevertheless this exergonic process is used, both in yeast and humans, to pump protons from the 

mitochondrial matrix into the intermembrane space, creating an electrochemical gradient known as the 

protonmotive force, Δp. Δp drives protons back into the matrix through the ATP synthase (CV), driving 

the conversion of ADP and inorganic phosphate to ATP and thereby coupling substrate oxidation and 

ADP phosphorylation [97]. 

 

However, this coupling of ATP synthesis and substrate oxidation is not complete, as protons can return 

to the matrix independently of ATP synthase. The processes by which this occurs are named as proton 

leak [94, 97–100].  

 

On the other side of the spectrum, electron leakage occurs when electrons passed down the respiratory 

chain exit prior to the reduction of oxygen to water at cytochrome c oxidase. The non-enzymatic 

production of  O2
− • occurs when a single electron is directly transferred to oxygen by reduced 

coenzymes, prosthetic groups or by xenobiotics previously reduced by certain enzymes [55].   

As such, proton and electron leak are intricately linked, as superoxide production is highly sensitive to 

the decrease in Δp due to proton leak. At low concentrations, superoxide production may be involved in 

cellular signal transduction, but at high concentrations the radicals cause oxidative damage due to their 

high reactivity towards other cellular compounds [97].  

Figure 1.4 Two electron transport pathways present in the electron transport chain (yeast and mammal). CI – 

complex I; CII – complex II; Q – CoQ/ reduced CoQH2; CIII – complex III; c – cytochrome c/ reduced  cytochrome c; CIV – 

complex IV. Adapted from: [179, 95, 96] 
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Even though O2
− • is not a strong oxidant, it is a precursor of most other reactive oxygen species, and it 

also becomes involved in the propagation of oxidative chain reactions. Dismutation of O2
− • produces 

H2O2, which in turn may be fully reduced to water or partially reduced to hydroxyl radical (OH•), one 

of the strongest oxidants in nature. OH• may also be re-reduced by O2
− •, propagating this process. In 

addition, O2
− • may react with other radicals including nitric oxide (NO•), leading to the formation of a 

very powerful oxidant [55, 94, 101].  

 

1.4.2. ROS Elimination 

As previously mentioned, under physiological conditions, the steady-state formation of ROS is normally 

balanced by a similar rate of consumption by antioxidants. As such, there are a number of ways the cells 

can tackle ROS formation. 

In mitochondria there are two main H2O2 degrading pathways, the glutathione (GSH) and thioredoxin 

(Trx) systems [102–105]. 

Glutathione has a crucial role in antioxidant defenses either by reacting directly with reactive oxygen, 

acting as a donor of electrons, or by acting as an essential cofactor for GSH S-transferases and 

glutathione peroxidases, having a role in converting vitamin C and E back to their active forms [104, 

105]. Vitamin C provides intracellular and extracellular antioxidant capacity primarily by scavenging 

oxygen free radicals. It converts vitamin E free radicals back to vitamin E. Vitamin E, thus functions as 

a powerful antioxidant that interferes with the propagation of free radical-mediated chain reactions [105, 

106]. Glutathione S-transferase catalyzes the formation of glutathione S-conjugates between reduced 

glutathione and ROS. Glutathione peroxidase catalyzes the reduction of H2O2 to water and oxygen, as 

well as the reduction of peroxide radicals to alcohols and oxygen, and in turn oxidizes glutathione to 

glutathione disulfide. The Glutathione peroxidase / glutathione system is thought to be a major defense 

in low-level oxidative stress [107, 108].  

Thioredoxin (Trx) can reduce target proteins via cysteine thiol-disulfide exchanges. Trx-dependent 

peroxidase can also directly scavenge ROS (mainly H2O2), [102, 103].  

 

Nevertheless, the main ROS produced is superoxide, and for this compound the most significant agent 

of the detoxifying pathway is the enzyme superoxide dismutase (SOD). SOD catalyzes the dismutation 

of superoxide anion (O2
− •) to O2 and H2O2, which then undergoes elimination by the pathways 

mentioned [105]. 

 

Apart from these major detoxifying systems, it is known that the cell has other helpers for the elimination 

of ROS, namely cytochrome c, coenzyme Q and catalase. 

Reduced cytochrome c can transfer electrons to the terminal oxidase. Thus, some of the electrons that 

escaped the respiratory chain producing O2
− • may re-reduce cytochrome c and still contribute to energy 

production by providing the energy needed to pump H+ through Complex IV [103, 109].  

Reduced coenzyme Q (CoQ), can act as a reducing agent in the elimination of various peroxides in the 

presence of succinate [110]. Thus, CoQ is a source of O2
− • when partially reduced (semiquinone form) 

and an antioxidant when fully reduced.  
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Catalase is also a major H2O2 detoxifying enzyme present in mitochondria [111]. Catalase-ferricatalase 

(iron coordinated to water) catalyzes the conversion of two H2O2 molecules to oxygen and water. This 

reaction requires H2O2  to bind at the active site in order to generate catalase compound I (iron 

coordinated with an oxygen atom), which reacts with a second molecule of H2O2 [55, 105, 112].  

 

Under normal physiological conditions these detoxifying pathways put at bay ROS accumulation 

however, when the mitochondria is damaged proton and electron leak increase, generating an excess of 

superoxide [75, 102, 103].  

 

1.5. Studying glycation in yeast 

Although it may seem that yeast and humans have little in common, yeast is a eukaryotic organism, 

sharing many basic biological properties with humans, such as, cell cycle progression and regulation; 

nucleic acid transcription and translation; protein targeting and secretion; cytoskeletal structures; and 

organelle biogenesis, which are essentially the same in yeast as in other eukaryotes [113]. Interestingly, 

approximately 30% of yeast genes have counterparts in the human genome, and two-thirds of all yeast 

genes share at least one conserved domain with human genes [114, 115]. Many of these similar genes 

are known to have a role in human diseases, suggesting that such diseases result from the disruption of 

basic cellular processes [113, 116] .  

The yeast Saccharomyces cerevisiae has long served as a model eukaryote by virtue of its facile genetics, 

scalability for biochemical  analysis, short generation time and availability of large-scale screening 

methods  [86, 113, 117–119]. In 1996, with the Saccharomyces cerevisiae’s genome fully sequenced, 

efficient homologous recombination was possible, giving researchers the opportunity to either replace 

any gene with a mutant allele or completely delete the gene by replacing it with a selectable marker. 

This enabled a collection of deletion mutant strains to be formed and used to study many cellular 

processes relevant to human diseases [120], DNA damage [121], oxidative stress [122], and organelle 

physiology [113, 123–125]. 

S. cerevisiae is an outstanding model to study protein glycation, for the ability to use mutant strains with 

different glycation phenotypes and the identification of specific protein glycation targets [60, 126, 127]. 

Yeast cells growing on D‐glucose show a high glycolytic flux and, consequently, a high rate of 

methylglyoxal formation [126]. Additionally, in vivo glycation conditions can be simulated by 

increasing D-glucose concentration in growing media, allowing the study of the effects of this proteins’ 

modification in vivo [126]. 
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1.6. Motivation & Objectives 

Glycation is at the core of many of the human diseases that haunt our society today, this stress state is 

thought to be deeply associated with diabetes and its complications, progression of tumors, a wide range 

of amyloidogenic neuropathies and ageing. The culprit is the accumulation of AGEs/ MAGEs, mainly 

formed by methylglyoxal, a compound tightly coupled with glycolysis and therefore with inevitable 

formation. Under physiological conditions, anti-glycation defenses are sufficient to put glycation 

damage at bay, with lysosomal proteolysis preventing accumulation of glycated extracellular proteins 

and autophagy eliminating glycated components inside the cell, while lipid turnover clears glycated 

products and nucleotide excision repair removes glycated nucleotides. However, when this does not 

occur, glycation damage accumulates, and pathologies may develop. 

Despite the importance of glycation in our biology, little is known about the in vivo consequences of 

this nonenzymatic modification. Therefore, the main goal of the present work was to investigate the 

differences that occur when glycation occurs in eukaryotic cells. To achieve this, different strains of 

Saccharomyces cerevisiae, with different glycation phenotypes, were used. The strain’s phenotypical 

and physiological characteristics were tested under growth in normal glucose medium and excess 

glucose medium. Growth rate was assessed by growth curve analysis, while morphology of the cell and 

viability were analyzed by fluorescence microscopy and flow cytometry. Regarding physiological 

characteristics, the goal was to tackle a matter that is of growing interest in the scientific community, 

and that is the correlation between glycation stress and oxidative stress, due to the fact that AGEs react 

with oxygen producing significant quantities of free radicals.  To achieve this, flow cytometry was used 

to assess mitochondrial dysfunction and ROS accumulation in glycated yeast cells, comparing them with 

non-stressed yeast cells.  

These findings partially uncovered the veil in glycation, getting us closer to reveal the true effects of 

this modification, which are necessary for better comprehension and advance in the cure and early 

identification of many human diseases 

 

 

Figure 1.5 Global aims of this project 
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2.Materials & Methods 

 

2.1. Yeast strains and culture conditions 

Saccharomyces cerevisiae strains, Euroscarf (European Saccharomyces cerevisiae ARchive for 

Functional analysis) collection, were: BY4741 (genotype BY4741 MATa; his3Δ1; leu2Δ0; met15Δ0; 

ura3Δ0); ΔGLO1, a glyoxalase I-deficient strain (isogenic to BY4741 with YML004c::KanMX4); 

ΔGLO2, a glyoxalase II-deficient strain (isogenic to BY4741 with YDR272w::KanMX4) and ΔGRE3, 

an aldose reductase-deficient strain (isogenic to BY4741 with YHR104w::KanMX4). 

Strains were kept in YPD (0.5% yeast extract - BD, 1% peptone - BD and 2% D-glucose - MERCK; 

100mM glucose) agar slopes (2% agar - nzytech) at 4 ˚C and cultured in 20mL of liquid YPD medium 

100mM glucose in 100mL Erlenmeyers overnight, at 30˚C with constant shaking. 

Yeast strains under glycation conditions were kept in YPD (0.5% yeast extract - BD, 1% peptone - BD 

and 2% D-glucose - MERCK; 100mM glucose) agar slopes (2% agar - nzytech) at 4 ˚C and cultured in 

20mL of liquid YPD medium 250mM glucose in 100mL Erlenmeyers for approximately 18h, 30˚C with 

constant shaking. 

 

2.2. Growth curves 

To 5mL of liquid YPD medium (100mM glucose for control strains; 250mM glucose for glycated 

strains) 250μL of each yeast strain was added to create pre-inoculums of similar Absorbance at λ640nm 

(0.3-0.7). 

Control and glycated yeast strains from the pre-inoculum were grown in 2mL of liquid YPD medium 

100mM glucose or liquid YPD medium 250mM glucose, respectively, in cuvettes of 3mL with constant 

shaking at 30˚C. Absorbance measures at λ640nm were taken in intervals of 3min for approximately 

14h. Growth curves were smoothed by the Savitzky Golay method and then derivatized, the growth rate 

being the maximum of the first derivative.    

 

2.3. Fluorescence microscopy 

Yeast samples for fluorescence microscopy analysis were prepared using 2mL of each yeast strain, 

control and glycated. Samples were centrifuged 7000g, 4˚C for 3min. The supernatant was discarded 

and 1mL of PBS pH 7.4 (NaCl, KCl, Na2HPO4, KH2PO4 – MERCK) and 1μL of 1000x concentrated 

stain, Hoechst (Biotium) and Calcofluor-white (Biotium), was added to the cell pellet, in case of Live-

or-Dye (Biotium), 2μL of 500x concentrated stain was added instead. After vortexation the samples 

were incubated in the dark at room temperature for 20min. Then a centrifugation 7000g, 4˚C for 3min 

was done and repeated 3 times to remove the excess stain, always washing the cell pellet with 1mL of 

PBS pH 7.4. In the final centrifugation 50μL of PBS pH7.4 and 50μL of glycerol were added, to stop 

the movement of yeast cells.  

For fluorescence microscopy analysis, 10μL of each sample were analyzed. Samples with the same 

staining were treated with the same exposure time for comparison of results to be possible. Hoechst and 

Calcofluor-white stained samples were excited with UV cube (340-380nm) and visualized in the blue 
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channel. Live-or-Dye stained samples were excited with Leica Y5 cube (590-650nm) and visualized in 

the red channel. To have a significant pool of cells 10 images of each stain were taken, using 

fluorescence microscope Leica TCS SPE with an objective of 63x, and analyzed (150 to 250 cells), 

using Fiji: ImageJ software [128, 129]. The images were split by color channels and then adjusted with 

a color threshold to make Fiji recognize only the true signal in each cell. Taking into account that the 

size of a single yeast cell can vary between 5 microns to 10 microns and that the nucleus is as small as 

1 micron, fluorescence analyses were performed in this particle range, for the nucleus morphologic 

analysis particles between 0,1 pixel2 and 5 pixel2 were chosen instead.  

 

2.4. Flow Cytometry 

Yeast samples for flow cytometry were prepared using 2mL of each yeast strain, control and glycated. 

Cells were centrifuged 7000g, 4˚C for 3min. The supernatant was discarded and 1mL of PBS pH 7.4 

was added to the pellet. This process was repeated twice to obtain a clear sample without presence of 

growth medium. 

Yeast samples were stained with Rhodamine (Biotium) by adding 1μL of 1000x concentrated stain was 

added to the clean sample. Then the samples were incubated with constant shaking at room temperature 

in the dark for 1h. A centrifugation 7000g, 4˚C for 3min was done and repeated 3 times to remove the 

excess of stain, always adding to the pellet 1mL of PBS pH 7.4. For the analysis a 1:100 dilution was 

made. 

Yeast samples stained with DCFDA (2',7'-dichlorodihydrofluorescein diacetate) (Biotium) were 

prepared by adding 1μL of 1000x concentrated stain to the diluted 1:100 sample. Then the samples were 

incubated with constant shaking at 37˚C in the dark for 30min.  

Yeast samples stained with CFDA (5-carboxyfluorescein diacetate) plus propidium iodide by adding 

1μL of each 1000x concentrated stain to the diluted 1:100 sample. Then the samples were incubated at 

room temperature in the dark for 10min. 

Flow cytometry analysis were performed CyFlow PARTEC and 30 000 cells/events were analyzed, with 

a sample concentration of 5.70-6,90x105 cells/mL. The reference sample was the yeast strain BY4741, 

diluted 1:100 and prepared as mentioned above, without stain. A gating was applied in the channel FSC 

versus SSC to ensure there were no interferences from excess stain or other residue particles. Data from 

FL1, green channel – DCFDA and CFDA; and FL3, red channel – propidium iodide, was collected. 

Results were analyzed using FlowJo software [130].  

 

 

 

  



15 
 

3.Results 

 

3.1. Yeast strains control vs glycated - Similar but not Equal 

To assess if the single-gene mutated strains (Δglo1, Δglo2 and Δgre3) or the glycated conditions (yeast 

strains grown in enhanced glucose medium) could be distinguished from one another and from the wild-

type (BY4741), we performed several phenotypical and physiological assays to evaluate the 

characteristics of the strains, specially BY4741, wild-type, and Δglo1, single gene mutated yeast on 

glyoxalase I.  

We choose to continue this study only with BY4741 and Δglo1 since it has been reported that the 

glyoxalase system is the main mechanism of detoxification of methylglyoxal. Moreover, the enzyme 

glyoxalase 1 is the major enzyme of this pathway, being down-regulated in many pathologies (ageing, 

hyperglycemia, diabetes and Alzheimer’s disease) [25, 41–44]. 

The single gene mutated strains Δglo1, Δglo2 and Δgre3 have deletions in genes related to the catabolism 

of methylglyoxal (glyoxalase I, glyoxalase II, and aldose reductase, respectively). 

 

3.1.1. Phenotypical Characteristics  

3.1.1.1. Growth Curves 

We first investigated yeast growth (Fig. 3.1) to verify if we could distinguish the strains by comparison 

of their growth rate.  

 

After smoothing of the growth curves by Savitzky Golay method, the curves where derivatized.  The 

growth rate is the highest first order derivative, located at the inflexion point (Fig. 3.2).  

Figure 3.1 Growth Curves. A - Growth comparison between yeast strains (BY4741, Δglo1, Δglo2 and Δgre3) grown in 

normal glucose medium. B- Growth comparison between yeast strains (BY4741, Δglo1, Δglo2 and Δgre3) grown in excess 

glucose medium (glycated conditions, Gly). 
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The growth rates between the single-gene mutated yeast strains (Δglo1, Δglo2 and Δgre3) and wild type 

(BY4741); and between the control and glycated yeast were then statistically analyzed by two tailed t-

test α = 0.05 (Table 1). 

BY4741 Δglo1 Δglo2 Δgre3 

Control  Glycated Control  Glycated Control  Glycated Control  Glycated 

0.0244 0.0230 0.0218 0.0230 0.0220 0.0226 0.0233 0.0234 

T-test (α=0.05) 

Control BY4741 vs Δ 
0.006 0.012 0.212 

0.717 0.036 0.390 0.953 

 

From this analysis we observed that the growth rates of the single-gene mutated yeast strain Δgre3 

cannot be statistically distinguished from BY4741, being Δglo1 and Δglo2 the mutations that seem to 

significantly affect the growth rate, having a lower growth rate than BY4741. However, when Δglo1 is 

grown in glucose enhanced medium it seems to have a higher growth rate than when grown in normal 

medium. The other yeast strains (BY4741, Δglo2 and Δgre3) don´t appear to have any difference in the 

growth-rate between the non-glycated and glycated conditions. 

 

Figure 3.2 1st derivative of the Growth Curves. A, B, C – Smoothed 1st derivative growth curve comparison between yeast 

strains (Δglo1, Δglo2 and Δgre3, respectively) grown in normal medium and the wild type strain BY4741. D – 1st derivative 

growth curve comparison between control BY4741 and BY4741 grown in excess glucose medium, glycated conditions 

(GlyBY4741). E – 1st derivative growth curve comparison between control Δglo1 and Δglo1 grown in excess glucose medium, 

glycated conditions (GlyΔglo1). 

 

Table 3.1 1st derivative of the Growth Curves. Two tailed t-test α = 0.05 statistical analysis of the highest first order 

derivative, located at the inflexion point, between the single-gene mutated yeast strains (Δglo1, Δglo2 and Δgre3) and wild 

type (BY4741); and between the control and glycated conditions of these yeast strains. The values underlined represent the p-

value values that are inferior to the α, meaning these results are statistically different from the control BY4741.The results are 

a mean ±STD from three biological independent experiments. 
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3.1.1.2. Morphology 

For the cell morphology analysis, we used Flow Cytometry to assess if the dimension and complexity 

of the cells was maintained between the single-gene mutated yeast strain (Δglo1) and wild type 

(BY4741); and between the control and glycated conditions.  Data was analyzed in the FlowJo software 

as a density plot, which displays two parameters (in this case, SSC – cell complexity vs FSC – cell 

dimension) as a frequency distribution. Color was used to code the different frequencies of events in the 

density plot, being the color red the highest density of events and blue the lowest [131], (Fig. 3.3).  

 

The geometric mean values of the frequency of the events for FCS (cell dimension) and SSC (cell 

complexity) were then statistically analyzed by Two tailed t-test α = 0.05 (Table 2). 

FSC (cell dimension) SSC (cell complexity) 

BY4741 Δglo1 BY4741 Δglo1 

Control Glycated Control Glycated Control Glycated Control Glycated 

24.32 23.88 23.44 23.95 10.98 10.75 11.05 11.27 

T-test (α=0.05) 

0.0540 0.822 

0.436 0.060 0.519 0.496 

  

 

Table 3.2 Cell’s Morphology. Two tailed t-test α = 0.05 statistical analysis of the frequency of the events for FCS (cell 

dimension) and SSC (cell complexity) between yeast strain BY4741 and Δglo1 and between the control and glycated condition 

of this yeast strains. The results are a mean ±STD from three biological independent experiments and three technical replicates. 

Figure 3.3 Cell’s Morphology. A – Flow cytometry density plot (SSC vs FSC) of BY4741 and Δglo1, non-glycated (control) 

and glycated growth conditions. B – Geometric mean values of the frequency of the events for FCS (cell dimension) and SSC 

(cell complexity). Error bars represent ±STD from three biological independent experiments and three technical replicates. 
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From this analysis we observed that the cell complexity and dimension of the single-gene mutated yeast 

strain Δglo1 cannot be statistically distinguished from BY4741. Nor the glycated and non-glycated 

growth conditions could be distinguished from one another in any of the yeast strains. 

 

Next, to assess the morphology of the cell’s nucleus we used fluorescence microscopy to detect the 

fluorescence of the stain Hoechst, which binds to the minor groove of the DNA with a preference for 

sequences rich in adenine and thymine. Using Fiji: ImageJ software we measured the shape descriptors, 

Circularity (4π ×
area

perimeter2 – a value of 1 indicates a perfect circle, as the value approaches 0, it 

indicates an increasingly elongated shape; captures perimeter smoothness); Aspect Ratio ( 
major axis

minor axis
 – 

higher values indicates an ellipse shape); Roundness (4 ×
area

π×major axis2 – indicates a value of Circularity 

correlated with Aspect Ratio; overall shape); and  Solidity ( 
area

convex area
 – lower values indicate a convex 

shape) (Fig.3.4) [129, 132]. 

 

 

 

The values of the shape descriptors were then statistically analyzed by two tailed t-test α = 0.05 (Table 

3). 

  

Figure 3.4 Nucleus Morphology. Fluorescence microscopy images of samples (BY4741 in non-glycated and glycated 

conditions; Δglo1 in non-glycated and glycated conditions) stained with Hoechst. 
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 Nucleus Morphology 

 

BY4741 Δglo1 

 Control Glycated Control Glycated 

Circularity 0.940 0.932 0.947 0.947 

Aspect Ratio 1.380 1.461 1.382 1.382 

Roundness 0.749 0.728 0.748 0.747 

Solidity 0.883 0.868 0.873 0.869 

                  T-test (α=0.05) 

Circularity 
0.438 

0.660 0.992 

Aspect Ratio 
0.957 

0.321 0.998 

Roundness 
0.972 

0.406 0.961 

Solidity 
0.105 

0.116 0.577 

 

From this analysis we observed that the nucleus morphology of the single-gene mutated yeast strain 

Δglo1 cannot be statistically distinguished from BY4741. Nor the glycated and non-glycated growth 

conditions could be distinguished from one another in any of the yeast strains. 

 

3.1.1.3. Viability & Vitality  

For the viability and vitality analysis between the single-gene mutated yeast strain (glo1) and wild-type 

(BY4741); and between the control and glycated conditions, we used Flow Cytometry analysis using 

CFDA and propidium iodide to stain the samples. CFDA is a membrane-permeant dye that fluoresces 

after being processed by intracellular esterases. Once processed the stain requires cell membrane 

integrity to retain fluorescence within the cell, having fluorescence in the green channel (FL1). 

Therefore, CFDA can be used to monitor if cells are metabolically active, which translates to their 

vitality [133]. Propidium iodide is cell impermeable and is excluded from viable cells. Thus, propidium 

iodide can monitor the cells viability, having fluorescence in the red channel (FL3), [134].   

To perform this assay, we analyzed the data in the FlowJo software as a density plot, FL3 vs FL1. In the 

left upper corner (Q2) we observe the frequency of dead cells; in the right upper corner (Q1) we observe 

the frequency of cells with a compromised membrane; in the left down corner (Q3) we observe the 

frequency of cells that are viable but don’t have conditions to be cultured, having membrane integrity 

but only residual metabolic activity; in the right down corner (Q4) we observe the frequency of live cells 

(Fig. 3.5 A). 

Table 3.3 Nucleus Morphology. Two tailed t-test α = 0.05 statistical analysis of the values of the shape descriptors between 

the yeast strain BY4741 and Δglo1 and between the control and glycated conditions of these yeast strains. The results are a 

mean ±STD from three biological independent experiments. 
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We also used fluorescence microscopy for the analysis of cell viability, in which samples were stained 

with Live-or-Dye. This stain only enters dead cells that have a compromised membrane integrity and 

upon entering it covalently labels free amines on intracellular proteins. Using Fiji: ImageJ software we 

were able to count the total number of cells and dead cells and therefore calculate the viability 

(
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠−𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
× 100) (Fig.3.5 B), [129, 135]. 

Calcofluor-white was used to easily identify the cells, being a stain that binds to cellulose and chitin in 

cell walls [136]. 

 

From this analysis we observed that both the viability and vitality are not influenced by neither the 

single-gene mutations nor the glycation growth conditions, having always a high viability and vitality 

above 98%. 

 

 

 

 

 

Figure 3.5 Viability and Vitality of the cells. A – Flow Cytometry analysis of viability and vitality, FL1 vs FL3, of BY474, 

control and glycated growth conditions, and Δglo1, control and glycated growth conditions. FL1 represents the fluorescence 

of the green channel (CFDA); FL3 represent the fluorescence of the red channel (propidium iodide). B – Representative image 

of the Fluorescence Microscopy results of viability of samples stained with Live-or-Dye. The results are a mean ±STD from 

three biological independent experiments. 
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3.1.2. Physiological Characteristics  

3.1.2.1. Mitochondrial Activity 

To compare the mitochondrial activity between the single-gene mutated yeast strain (glo1) and wild-

type (BY4741); and between the control and glycated conditions, we used Flow Cytometry analysis 

using Rhodamine 123 to stain the samples. Rhodamine 123 is positively charged fluorochrome at 

physiological pH which selectively stains mitochondria in living cells, depending on the mitochondrial 

membrane potential. Thus, rhodamine, is a useful probe for monitoring the abundance and activity of 

mitochondria, having fluorescence in the green channel (FL1) [137–139]. 

To perform this assay, we analyzed the data in the FlowJo software as a histogram, FL1 vs count. A 

histogram is a single parameter plot where the x-axis (FL1) represents the fluorescence intensity in a 

given channel, the y-axis (count) represents the number of events which have the same value of 

fluorescence intensity. More intense signals are displayed to the far right of the x-axis while dimmer 

signals appear in the left side [131]. 

 

 

 

 

Figure 3.6 Mitochondrial Activity. A – Flow Cytometry analysis of mitochondrial activity, FL1 vs count, of BY474, control 

and glycated conditions, and Δglo1, control and glycated conditions. FL1 represents the fluorescence intensity of the green 

channel (Rhodamine); count represents the number of events of a given fluorescence value. B – Geometric mean values of the 

frequency of the events for Rhodamine fluorescence (mitochondrial activity). Error bars represent ±STD from three biological 

independent experiments and three technical replicates. 
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The geometric mean values of the frequency of the events for FL1 (Rhodamine fluorescence, 

mitochondrial activity) were then statistically analyzed by two tailed t-test α = 0.05 (Table 4). 

 

Mitochondrial Activity 

BY4741 Δglo1 

Control Glycated Control Glycated 

0.394 0.182 0.151 0.160 

T-test (α=0.05) 

Control              1.50×10-4 

1.66×10-4 0.27 

Glycated                  0.25 

 

Mitochondrial activity of the yeast strains BY4741 and Δglo1 is statistically different. The single-gene 

mutated yeast strain Δglo1 has a lower mitochondrial activity than its wild-type counterpart. 

Nevertheless, between glycated conditions of the yeast strain Δglo1 we observe that the mitochondrial 

activity is maintained. In contrast to the mitochondrial activity of BY4741 glycated and non-glycated, 

where we observe that when glycated BY4741 has a lower activity. It is also worth to note that there 

seems to be no statistical difference between the mitochondrial activity of glycated BY4741 and glycated 

Δglo1. 

  

3.1.2.2. ROS Accumulation  

For the analyzes of the ROS accumulation between the single-gene mutated yeast strain (Δglo1) and 

wild-type (BY4741); and between the control and glycated conditions, we used Flow Cytometry 

analysis using DCFDA to stain the samples. DCFDA is a fluorogenic dye that measures hydroxyl, 

peroxyl and other ROS within the cell. After diffusion into the cell, DCFDA is deacetylated by cellular 

esterases to a non-fluorescent compound, which is later oxidized by ROS into 2',7'-dichlorofluorescein 

(DCF). DCF is a highly fluorescent compound which can be detected by flow cytometry in the green 

channel (FL1), [140]. 

Data was analyzed in the FlowJo software as a histogram, FL1 vs count. 

Table 3.4 Mitochondrial Activity. Two tailed t-test α = 0.05 statistical analysis of the geometric mean values of the frequency 

of the events for FL1 (Rhodamine fluorescence, mitochondrial activity –  original values) between the yeast strain BY4741 

and Δglo1 and between the control and glycated condition of these yeast strains. The results are a mean ±STD from three 

biological independent experiments and three technical replicates. 
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The geometric mean values of the frequency of the events for FL1 (DCFDA fluorescence, ROS 

accumulation) were then statistically analyzed by two tailed t-test α = 0.05 (Table 5). 

ROS accumulation 

BY4741 Δglo1 

Control Glycated Control Glycated 

0.205 0.290 0.167 0.149 

T-test (α=0.05) 

2.96×10-6 

2.04×10-5 0.35 

 

Since DCFDA fluorescence is dependent on esterase’s activity we then analyzed the fluorescence of 

CFDA of the samples in the green channel (FL1), which gives us a dependent measure of the esterase’s 

activity after being processed by these enzymes. This way we can better evaluate the true significance 

of DCFDA fluorescence results. 

Table 3.5 ROS Accumulation. Two tailed t-test α = 0.05 statistical analysis of the geometric mean values of the events for FL1 

(DCFDA fluorescence, ROS accumulation – original values) between the yeast strain BY4741 and Δglo1 and between the 

control and glycated condition of these yeast strains. The results are a mean ±STD from three biological independent 

experiments and three technical replicates. 

Figure 3.7 ROS Accumulation. A – Flow Cytometry analysis of ROS accumulation, FL1 vs count, of BY474, control and 

glycated conditions, and Δglo1, control and glycated conditions. FL1 represents the fluorescence of the green channel 

(DCFDA); count represents the number of events of a given fluorescence value. B – Geometric mean values of the frequency 

of the events for DCFDA fluorescence (ROS accumulation). Error bars represent ±STD from three biological independent 

experiments and three technical replicates.  
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The geometric mean values of the frequency of the events for FL1 (CFDA fluorescence, esterase’s 

activity) were then statistically analyzed by Two tailed t-test α = 0.05 (Table 6). 

Esterase’s Activity 

BY4741 Δglo1 

Control Glycated Control Glycated 

2.238 2.572 1.155 1.197 

T-test (α=0.05) 

0.014 

0.330 0.348 

 

Esterase’s activity of the yeast strains BY4741 and Δglo1 are statistically different. The single-gene 

mutated yeast strain Δglo1 has a lower esterase’s activity than its wild-type counterpart. Nevertheless, 

Table 3.6 Esterase’s Activity. Two tailed t-test α = 0.05 statistical analysis of the geometric mean values of the events for FL1 

(CFDA fluorescence, esterase’s activity) between the yeast strain BY4741 and Δglo1 and between the control and glycated 

condition of these yeast strains. The results are a mean ±STD from three biological independent experiments and three technical 

replicates. 

Figure 3.8 Esterase’s Activity. A – Flow Cytometry analysis of esterase’s activity, FL1 vs count, of BY474, control and 

glycated conditions, and Δglo1, control and glycated conditions. FL1 represents the fluorescence of the green channel (CFDA); 

count represents the number of events of a given fluorescence value. B – Geometric mean values of the frequency of the events 

for CFDA fluorescence (esterase’s activity). Error bars represent ±STD from three biological independent experiments and 

three technical replicates. 
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between the glycated and non-glycated conditions of these yeast strains we observe that the esterase’s 

activity is similar.  

With these results we can now better compare ROS accumulation between the different strains and 

growth conditions.  

The accumulation of ROS differs from yeast strain (BY4741 and Δglo1) and from glycated condition 

(control and glycated growth medium). However, we cannot compare the accumulation of ROS between 

non-glycated BY4741 and Δglo1, due to the fact that the esterase’s activity of Δglo1 is lower than that 

of BY4741, so even though the accumulation of ROS in the Δglo1 strain seems statistically lower than 

in BY4741 strain this will not be representative of the correct values, since Δglo1 would have a bigger 

accumulation of ROS than that we verify if the esterase activity was identical to BY4741 strain. 

Nevertheless, between the glycated and non-glycated conditions of these yeast strains the esterase’s 

activity is maintained, so a comparison of ROS accumulation is possible. We observe that when glycated 

BY4741 has a higher accumulation of ROS. In contrast, in the yeast strain Δglo1 we observe that the 

accumulation of ROS is not influenced by growth in excess glucose medium. 
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4.Discussion 

 

4.1. Phenotypical Characteristics  

4.1.1. Growth Curves 

Although protein glycation has been primary associated with complex organisms and long-lived proteins 

exposed to high levels of glycation agents, this modification also affects organisms like yeast.  

Yeast cells evolved to use D-glucose efficiently; for this, they have a very high glycolytic flux and 

consequently an unavoidably high methylglyoxal production rate. Therefore, throughout evolution, 

these cells have developed defense mechanisms against glycation, such as the elimination of 

methylglyoxal, which is the primary agent of glycation in vivo.  

 

When growing the yeast strains in enriched glucose YPD medium (250 mM D-glucose) we ought to see 

phenotypical or/ and physiological differences due to glycation. Moreover, we are testing this condition 

not only in a wild type strain (BY4741), but also in null mutant yeast strains for genes involved in 

methylglyoxal catabolism (Δglo1, Δ glo2, and Δgre3). These null mutants, as they have fewer defenses 

against methylglyoxal would be expected to be more glycated than wt (BY4741). 

By analyzing the growth rate of these yeast strains in non-glycated and glycated conditions, we observed 

that the wt (BY4741) and the null mutant yeast strain Δgre3 have a similar growth rate. Furthermore, 

we also observed that increased glycation doesn’t affect their growth rate. The similar growth rate of the 

null mutant strain Δgre3 comparative to the wt could be explained by an enhanced activity of the 

glyoxalase system, since the aldose reductase system functions as a secondary detoxifying pathway [27, 

28, 141, 142], with no consequences in the growth rate.  

The appropriate control of cell growth rate is central to the long-term survival of species, particularly 

microorganisms, like yeast. A fast growth rate is a competitive advantage when environmental 

conditions are favorable, while a slower growth may allow survival under stress conditions.  

Glycation and therefore, formation of AGEs, exert profound effects on proteins, DNA and lipids, 

causing intracellular oxidative stress and loss of function and structure [8, 19, 27, 60, 143, 144]. 

However, as mentioned, these effects seem not suffice to change the growth rate of the previously 

mentioned strains. Nonetheless, this is not true for the null mutants of the glyoxalase system, which have 

a lower growth rate than the wt. These mutant yeasts could be controlling the uptake of glucose to have 

less methylglyoxal and therefore less glycation and stress, resulting in a lower growth rate.  

Our results are in agreement with previous reports concluding that the glyoxalase system, an ubiquitous 

enzymatic pathway, is the main detoxifying system for methylglyoxal and other reactive dicarbonyl 

compounds in eukaryotic cells, thereby playing a major role in the cellular defense against glycation 

and oxidative stress. Moreover, it has been showed that, when glyoxalase I is eliminated, the impact of 

glycation is higher than that of the elimination of glyoxalase II, suggesting that glyoxalase I plays a 

major role on the glyoxalase system [27, 28, 141, 142]. Interestingly when Δglo1 is further glycated we 

observed an increase in the growth rate. 
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4.1.2. Morphology 

The yeast biological membrane is composed primarily of phospholipids, glycosphingolipids, ergosterol, 

and proteins [145–148].  

Phospholipids are the primary structural component of the membrane and are essential to the viability 

of the cell. Their asymmetry of distribution in the yeast cell membrane is essential to maintain membrane 

surface potential and membrane protein activity [145–148].  

The proteins present in the membrane are embedded integrally or peripherally in the membrane and are 

responsible for the well-functioning of the cell, being involved with nutrient transport, ionic and pH 

homeostasis, and cellular signaling and transduction [145–148].  

The same principles are applied in the membranes of higher eukaryotic cells, as the 

glycerophospholipids found on yeast are similar to those. Nevertheless, in contrast to higher eukaryotic 

cells, in which cholesterol is the most abundant sterol, the yeast plasma membrane contains mainly 

ergosterol and minor amounts of zymosterol, both precursors for cholesterol [145, 148].  

In vitro studies on the Maillard reaction have demonstrated that Amadori product autoxidation may lead 

to the formation of reactive oxygen species. The reactive oxygen species are likely to cause peroxidation 

of unsaturated fatty acid residues in membrane lipids, which propagate free radical reactions and lead 

to phosphatidylcholine hydroperoxide (PCOOH) formation. Thus, leading to disordered cellular 

integrity with angiogenic stimulation, which has been linked to atherogenesis, diabetes, and aging [149, 

150].  

Furthermore, any protein can be affected by glycation but long-lived proteins, such as matrix and 

structural proteins are more prone to form AGEs, being already reported that membrane fluidity is 

related to the extent of glycation of these proteins [146, 151–154].  

These factors come into play when considering the membrane morphology of yeast. So, we performed 

an assay to test whether the morphology of the yeast was maintained during glycation. 

Analyzing cell dimension and cell complexity we observed that glycation appears to not have influence 

in these characteristics despite of the nefarious effects of this process. Moreover, when exploring further 

into the cell and examining the nucleus membrane morphology, we concluded that, once again, the 

glycated yeast could not be distinguished from the non-glycated control yeast.  

 

4.1.3. Viability & Vitality 

AGEs can induce cell death through various pathways that involve activation of transcription factors. 

Such as, the NF-κB cascade where the interaction between AGEs and receptor for AGEs (RAGE) 

activates transcription factor NF-κB, contributing to cell proliferation by regulating genes that promote 

the growth and survival of cells, being involved in tumorigenic response and inflammatory responses 

[155–157].  The NF-AT cascade, where AGE acts through its cell surface receptor and degranulates 

vesicular contents, including interleukin-8, starting the cascade, which will culminate in cell death via 

activation of cysteine proteases, caspases that execute apoptosis [155–157].  And also, the AP-1 cascade, 

where AGEs increase the phosphorylation of p38 MAPK (mitogen-activated protein kinase) and JNK 

(c-Jun N-terminal kinase), beginning signaling pathways that regulate a variety of biological processes 

through multiple cellular mechanisms. This cascade also leads to increased expression of pro-apoptotic 

proteins and decreased expression of anti-apoptotic proteins [158–161].  
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Nevertheless, a novel contribution of AGEs has emerged in recent years, it has been shown that AGEs 

can induce autophagosome formation and consequently autophagy. This process is known to partially 

protect cells from death by removing old organelles, misfolded and non-functional proteins, and 

damaged molecules. In fact, autophagy has been often found to be impaired in diseases, such as diabetes 

and many neurodegenerative disorders. Therefore, cell survival is a balance between autophagy and cell 

apoptosis [155–157]. This balance has been hypothesized to depend on the ability of autophagy to clear 

ROS and to alleviate damaged mitochondria. A study found that induction of autophagy, by treating 

cells with AGEs for less than 12h, was accompanied by a decrease in both ROS levels and mitochondrial 

damage [156].  

However, in our studies we have reported that despite growing yeast cells for 18h in enriched glucose 

YPD medium, which promotes glycation and consequently, AGEs formation, the viability and vitality 

of the yeast mutants or growth conditions seem to not be influenced by these factors, having all a 

viability and vitality above 98%. This could possibly be responsible by the protective role of autophagy, 

that can be more enhanced than apoptosis, even though the cultures where exposed to AGEs for more 

than 12h. Acquired resistance to glycation stress could be a key factor on why this happens, since the 

cultures were grown from the start in a rich glucose medium, or in case of the mutant Δglo1 grown in 

standard medium, it could have adapted to cope with the glycation stress induced by the mutation. Yet, 

it is worth to note that a shift to Q3 (frequency of cells that are viable but don’t have conditions to be 

cultured, having membrane integrity but not being metabolically active) appears to happen in the wt 

grown in glycation inducing medium and, even more pronounced, in the null mutant Δglo1 grown in 

either one of the mediums (Fig. 3.5 A). This cell state, also called VBNC (viable but not culturable) has 

been exhaustively studied in bacteria. In contrast, it has received much less attention in other 

microorganisms. Nevertheless, the existence of a VBNC-like state has been suggested for yeast 

Saccharomyces cerevisiae [162]. 

As inhabitants of a dynamic environment, microorganisms respond to changes and environmental 

uncertainty by being able to adapt to certain physical and chemical stresses. Survival mechanisms are 

activated following the detection of these shifts and employ a complex adaptive response that leads to a 

state of tolerance and thus survival under sub-optimal conditions. When the environmental conditions 

threaten their survival or prevent them from living in optimal conditions, the cells are described as 

stressed [162–166].  

To tackle this instability, many microorganisms maintain subpopulations with the capability to enter a 

temporary state of dormancy during which cells exhibit reduced growth rates and metabolic demand. 

So, different physiological states have been described between the unstressed state and death: viable and 

culturable; injured, with a compromised membrane; viable but non culturable and dead. These 

physiological adaptations require a variable response time depending on the intensity and abruptness of 

exposure to the stress-inducing factor [162–166].  

The VBNC state is characterized by an  incapacity of the cells to grow on culture media, even though 

they are still viable and maintain a  measurable metabolic activity, having the cytoplasm molecularly 

crowded and spatially organized and an internal homeostasis guaranteed [162]. When the environment 

becomes permissive again, dormant cells can then resuscitate and subsequently regain growth. The 

VBNC population occurs during exposure to a stressful condition as a method of survival and many 

factors can induce entry into this state, such as, temperature; nutrient concentration; salinity; osmotic 

pressure; pH or in this case, stress induced by glycation [162–166]. Thus, even though the induced 

glycation stress was not enough to significantly affect the viability and vitality of the cells it appears 

that with prolonged exposure a shift towards the VBNC state would happen. These results may also 

point to a possible adaptation and increased resistance of the cultures to glycation stress. 
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4.2. Physiological Characteristics  

4.2.1. Mitochondrial Activity & ROS Accumulation 

Glycation mainly takes place intracellularly as α,β-dicarbonyls are produced during the breakdown of 

triose phosphates generated during glycolysis. As such, it can also occur within organelles like 

mitochondria [25].  

In conditions such as, hyperglycemia, ageing, cancer, and neurodegeneration there is increased 

production of glycation precursors, such as methylglyoxal, leading to elevated levels of AGEs, both 

intracellularly and extracellularly, as well as increased levels of oxidative stress [167–169].  

Oxidative stress is the redox state resulting from an imbalance between the generation and detoxification 

of ROS. This imbalance may be a consequence of mitochondrial dysfunction, as this condition increases 

ROS production [25, 144].  

There are estimated to be approximately 1500 proteins in the mitochondrial proteome, seven of those 

proteins have, to date, been suggested as susceptible targets of advanced glycation and AGE residue 

formation [144]. These are Enoyl-CoA hydratase - involved in fatty acid β-oxidation [143]; Core protein 

I of complex III – involved in electron-transport activity [170]; Mitochondrial electron flavoprotein β-

subunit – involved in electron transfer [171]; Cytochrome c1 (part of the cytochrome bc1 complex of 

complex III, a membrane-bound c-type cytochrome protein of mitochondria) - functions as an electron 

donor to cytochrome c [172]; Glutamate dehydrogenase [173]; Subunits of complex I and F1-ATPase. 

These few, but crucial, proteins play an important role in maintaining a stable mitochondrial activity.  

In our results we show how striking glycation can affect mitochondria. The wild-type yeast grown in 

normal glucose YPD medium has a much higher mitochondrial activity than any of the other conditions, 

which most likely suffer from mitochondrial dysfunction due to glycation. Furthermore, the effects of 

growing BY4741 in a glucose enriched medium seem to have the same level of mitochondrial activity 

reduction as the total inhibition of glyoxalase I. These results show that even though we cannot conclude 

if hyperglycemia reduces glyoxalase I activity we can infer that the end result for the mitochondria 

activity is analogous. 

The glyoxalase system is one of the major detoxifying methods to remove methylglyoxal. Reduced 

activity of glyoxalase I has been reported as an effect of ageing and activation of RAGE, which further 

raises glycation levels, consequently leading to the formation of AGEs [28, 31, 43]. 

 

Normally mitochondrial dysfunction is accompanied by a rise in ROS levels, as proton and electron leak 

increase [55, 94, 97–100]. This goes into accordance with our data, since when the wild type strain is 

grown in a enriched glucose medium it appears to have a bigger ROS accumulation than its counterpart 

grown in normal conditions, with these data we can assume that mitochondrial dysfunction is taking 

place. Nevertheless, when comparing both conditions of the glyoxalase I mutant strain we see no 

difference in ROS levels. This data could suggest that the mutant yeast could have developed an 

enhanced activity of aldose reductase to cope with the absence of the primary detoxifying mechanism. 

Nonetheless, this adaptation is not sufficient to maintain normal mitochondrial activity. 
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Figure 4.1 Schematic of the possible effects caused by hyperglycemia and glycation. 
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5.Concluding Remarks 

 

Protein glycation has been associated to several human pathologies, such as diabetes and its 

complications, neurodegenerative disorder of the amyloid type and physiological processes as ageing. 

When proteins are glycated, they lose both structural and functional properties. These modified proteins 

are difficult to eliminate and tend to accumulate in a wide variety of tissues, causing the pathologies 

mentioned above [1, 29, 87, 169]. Therefore, it is imperative to continue to uncover more knowledge 

about glycation and its consequences in vivo. For this effect, in the present work, we investigated protein 

glycation by methylglyoxal in S. cerevisiae.  This cellular model is easy to manipulate genetically, is a 

well-characterized eukaryotic cell with a wide collection of gene deletion mutants available that enable 

us to study different disease phenotypes [86, 120, 126], and has already been used to investigate protein 

glycation in vivo [60, 126, 127]. 

First, we assessed the impact of glycation on phenotypical characteristics, such as growth rate, 

morphology and viability. We observed that the growth rate decreased in the yeast mutants where the 

glyoxalase system was compromised. Specifically, the growth rate of glyoxalase I deficient mutant 

presented a bigger decrease than when glyoxalase II was deleted. This suggests that the glyoxalase 

system is of major importance in the elimination of methylglyoxal, with glyoxalase I being pivotal to a 

well-functioning mechanism [17, 27, 28, 31, 33, 174]. Interestingly, our results showed that when the 

yeast mutated for glyoxalase I was grown in enriched glucose medium the growth rate increased. 

Therefore, a subsequent study could be to assess what mechanisms are enhanced in glycation stress that 

could cause this reposition of the growth rate to normal values.  

Regarding the cell and nucleus morphology we showed that glycation does not induce changes in the 

membranes, despite lipids being targets of glycation. It would be interesting to know if the lipid on these 

membranes were indeed affected by glycation, and if they were why did the global morphology was not 

affected, would it be possible for the lipid turnover to be sufficient to tackle the glycation damage or is 

another mechanism enhanced? 

Our results also showed that the viability and vitality of the yeast cells affected by glycation stress was 

maintained. We suggested that these results were due to a shift in the balance of apoptosis and 

autophagy, with the former being enhanced. Where this to be true, future studies should sought to 

investigate whether the lipid and glucose metabolism are affected, as autophagy is pivotal to lipid storage 

and glucose is one of the regulators of autophagy, with mal-function of these metabolism being deeply 

connected with diabetes [155, 156, 175–177]. 

 Then, we observed the impact of glycation on mitochondria, specifically on mitochondrial activity and 

ROS production. With this study we wanted to correlate glycation stress with oxidative stress and how 

they interacted. We showed that glycation stress is devastating for mitochondria, with mitochondrial 

activity being drastically reduced. It would be interesting to assess if hyperglycemia can reduce 

glyoxalase I activity and if this reduced glyoxalase system activity enhances aldose reductase system, 

as ROS accumulation showed to be equal in yeast glyoxalase I mutated cells despite being grown in 

standard or enriched glucose medium. However, ROS accumulation increased when the wild type yeast 

cell was grown in hyperglycemic conditions, showing that oxidative stress is taking part on this process 

[85, 88, 144, 173, 174, 178]. 

With these results we conclude that glycation stress induces oxidative stress, possibly leading to a 

reduced glyoxalase system activity and an enhanced aldose reductase system activity, to cope with the 
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conditions of excess glucose. Nevertheless, it is safe to assume that despite of whichever mechanisms 

the cells enhance to  survive hyperglycemia, these are not enough to put at bay oxidative stress and ROS 

accumulation, being both of this stress conditions deeply connected and affecting profoundly the biology 

of the cells. The characterization of the yeast cells’ metabolome grown under normal and glycation 

conditions is clearly the future work to be followed, to understand these profound cellular modifications 

related to oxidative stress and ROS accumulation, caused by protein glycation. 

This increased knowledge will be useful to improve therapeutic strategies and enable an improved early 

identification of many human disorders associated with glycation. 
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