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1.1 Background 

The past century has seen a substantial increase in life expectancy, leading to a rise in age-
related diseases that have introduced new burdens on society1. Among these, 
neurodegenerative diseases are particularly concerning not only due to the devastating 
consequences they have on the quality of life of patients and their families but also because 
of their complex pathophysiology, which remains inadequately addressed by current 
treatments2, 3. Neurodegenerative diseases such as Alzheimer's disease (AD) and Parkinson's 
disease (PD) are characterized by hallmark features such as pathological protein aggregation, 
altered energy homeostasis, DNA and RNA defects, inflammation, and neuronal cell death, 
driven by a complex interplay of genetic, molecular, and environmental factors4, 5. 

Advanced glycation end products (AGEs), also known as "glycotoxins," have attracted 
increasing attention over the past years due to mounting evidence of their role in various 
pathophysiological processes and their association with diseases such as diabetes and many 
neurodegenerative disorders6-8. Exposure of humans to AGEs may originate from exogenous 
sources (food) but also from endogenous formation (formation inside the body)9. α-Dicarbonyl 
compounds, particularly methylglyoxal (MGO), glyoxal (GO), and 3-deoxyglucosone (3-DG), 
are the representative and most studied highly reactive precursors for AGE formation10, 11. 
These compounds are present in various foods and can also form endogenously as metabolic 
byproducts10, 11. 

α-Dicarbonyl compounds are interesting and relevant to investigate in the context of 
neurotoxicity and neurodegenerative diseases for several reasons. Firstly, they readily modify 
free amino acids and biomacromolecules such as DNA and proteins within the body, forming 
AGEs10, 12. This process can lead to structural and functional changes in these molecules, 
resulting in cell and tissue dysfunction, which may contribute to neurotoxicity10, 12. Secondly, 
dicarbonyl-derived AGEs can bind to the receptor for AGEs (RAGE), triggering oxidative stress 
and inflammation, which may further promote the development of neurodegeneration13. 
However, despite their critical implications, the specific hotspot modification targets within 
neuronal cells, as well as the physiological impacts of these modifications, remain poorly 
understood. Exploring these aspects is essential, as it is expected to not only lead to the 
identification of potential biomarkers and therapeutic targets but also enhance our 
understanding of the specific mode of action by which α-dicarbonyl compounds contribute to 
neurotoxicity and their role in the progression of neurodegenerative diseases, offering new 
insights into diagnostic and treatment strategies for related conditions14. Lastly, AGEs and 
their precursors can also be ingested through the diet, potentially increasing exposure to these 
harmful compounds and elevating the risk of developing related health conditions15. 

GENERAL INTRODUCTION 9

1



Understanding how to effectively control the amount of these compounds in food products 
could potentially block AGE formation and reduce human exposure to these precursors and 
the resulting AGEs16. However, the extent to which the neurotoxicity of these compounds can 
be attributed to exogenous versus endogenous sources remains to be established.  

The studies presented in this thesis aimed to advance the understanding of neurotoxicity and 
mitigation strategies for α-dicarbonyl precursors of AGEs. Specifically, this research compared 
the reactivity of three common dicarbonyl precursors—MGO, GO, and 3-DG—in vitro (Chapter 
2), further focused mainly on MGO to investigate its mitigation both endogenously and in food 
(Chapter 3), and explored and evaluated its neurotoxicity in in vitro neuronal cells using new 
approach methodologies (NAMs), including cell-based proteomics and metabolomics and 
physiologically based kinetic (PBK) modeling-based reverse dosimetry to obtain further insight 
into modes of action and dose-response curves for the potential adverse effects (Chapters 4-
6). A detailed overview of each chapter will be provided in Section 1.8. 

The current chapter will further introduce the key components of the thesis, including the 
introduction to α-dicarbonyl compounds and AGEs and their formation in Sections 1.2 and 1.3; 
the scavenging of exogenous dietary dicarbonyl compounds especially by flavonoids in Section 
1.4; endogenous pathways for the metabolism of α-dicarbonyl compounds in Section 1.5; 
dicarbonyl stress and its role in neurodegenerative diseases in Section 1.6; and the NAMs 
employed in this thesis in Section 1.7. Finally, Section 1.8 will provide an overview of the entire 
thesis. 

1.2 α-Dicarbonyl compounds and their formation  

α-Dicarbonyl compounds (dicarbonyls) are a special class of low molecular weight 
electrophiles known for their role as precursors in the formation of AGEs, with MGO, GO, and 
3-DG (structures can be found in Figure 1.1A) being the most reported17, 18. Exposure to these 
compounds results from both dietary intake and endogenous metabolic processes. 

1.2.1 Exogenous formation of α-dicarbonyl compounds 

Dicarbonyls are predominantly formed during the thermal processing of food and can also 
accumulate during long-term storage, particularly in carbohydrate and protein-rich foods19. 
Their formation involves non-enzymatic reactions including the Maillard reaction, 
caramelization, and lipid peroxidation, as well as enzymatic reactions in microorganisms found 
in fermented foods18, 19. The primary non-enzymatic pathway for their formation is the 
Maillard reaction (Figure 1.1A), which proceeds effectively at temperatures above 50 °C and 
is favored at a pH range of 4 to 718, 20, 21. The Maillard reaction initiates when a reducing sugar's 
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reactive carbonyl group (e.g., glucose) condenses with the amino group of an amino acid, 
peptide, or protein, forming a Schiff base20. This Schiff base then rearranges into an Amadori 
product, which can undergo enolization to form 1,2-enaminol or 2,3-enaminol, subsequently 
leading to the generation of long-chain dicarbonyls such as 3-DG and 1-deoxyglucosone (1-
DG)20. These longer chains can then fragment into shorter-chain dicarbonyls like MGO and 
GO20. 

Caramelization also contributes to α-dicarbonyl formation during high-temperature processes 
(above 120 °C) like baking and roasting, particularly through the degradation of carbohydrates 
in the absence of amino-containing compounds (Figure 1.1B)22. This process involves 
tautomerism reactions that lead to the formation of 1,2-enediol or 2,3-enediol, part of the 
Lobry de Bruyn–Alberda van Ekenstein rearrangement, followed by dehydration or oxidation 
steps22. The oxidation process generates glucosone, while dehydration reactions produce 
compounds such as 1-DG and 3-DG22. 

In addition to the above-mentioned non-enzymatic pathways as major sources, dicarbonyls 
can also arise from the oxidation of lipids, particularly in foods rich in polyunsaturated fatty 
acids (PUFAs)18, 23. The formation of dicarbonyls through lipid peroxidation involves complex 
mechanisms. The basic process of lipid peroxidation is initiated by reactive oxygen species 
(ROS), leading to the formation of free radicals such as peroxyl radicals23. Once these radicals 
are formed, lipid peroxidation advances, producing a variety of secondary oxidation products, 
including aldehydes, ketones, and dicarbonyls18, 23. Lastly, dicarbonyls can also be formed 
through enzymatic reactions by different microorganisms in fermented foods, which are 
responsible for the distinctive aromas and flavors of these products19, 24, 25. 

The impact of the formation of dicarbonyls in food is dual-faceted: dicarbonyls play important 
roles in the color, flavor, and aroma formation during the thermal processing of some baked 
and fried foods26. However, they can also form potentially harmful substances like AGEs, 
posing health risks and affecting the nutritional value of food products27, 28.  
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Figure 1.1. Simplified scheme for the exogenous formation of α-dicarbonyl compounds: (A) Maillard 
reaction via reaction of glucose and a protein amine (Pr-NH2) as an example (adapted from Lund and Ray 
2017)20, and (B) degradation of monosaccharides (e.g., fructose and glucose) in caramelization (adapted 
from Hellwig et al. 2018)22. Names of dicarbonyl compounds are highlighted in blue. For further details see 
text. Structure formulas were created using ChemDraw 20. 
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1.2.2 Endogenous formation of α-dicarbonyl compounds 

MGO, GO, and 3-DG are the primary α-dicarbonyl compounds produced endogenously, with 
typical intracellular concentrations ranging from 1–4 μM10. MGO is the most reactive among 
these and has the highest endogenous flux, estimated at 3 mmol per day in a healthy adult29-

31. These compounds are formed as byproducts during various metabolic processes. 

The endogenous formation of dicarbonyls, including MGO, GO, and 3-DG, involves 
mechanisms like those described in the Maillard reaction (Figure 1.1A), though occurring at 
lower rates due to the lower physiological temperatures15. These dicarbonyls can also arise 
through the endogenous degradation of monosaccharides via autoxidation and retro-aldol 
reactions32, processes less intense than those occurring in exogenous caramelization. 

The primary source for endogenous MGO is the non-enzymatic degradation of 
triosephosphate intermediates in the glycolytic pathways (Figure 1.2)33. In this pathway, 
aldolase catalyzes the reverse aldol conversion of fructose-1,6-bisphosphate into two triose 
phosphates: glyceraldehyde-3-phosphate (GA3P) and dihydroxyacetone phosphate (DHAP). 
An enediol intermediate, formed from GA3P and DHAP, frequently eludes enzymatic control 
and non-enzymatically loses a phosphate group, thereby generating MGO. Triosephosphate 
esters can also spontaneously decompose into MGO likely through similar mechanisms34, 35. 
Inhibiting downstream enzymes in the glycolytic pathway may lead to an accumulation of 
these intermediates, thereby further increasing MGO production36. 

The polyol pathway, which is particularly active under hyperglycemic conditions, plays an 
important role in the formation of 3-DG37, 38. In this pathway, glucose is converted to sorbitol 
by aldose reductase and then oxidized to fructose by sorbitol dehydrogenase. Subsequently, 
fructose is metabolized to fructose-3-phosphate, which can decompose to form 3-DG37. 

Additionally, ROS-induced lipid peroxidation of PUFAs in biological membranes also 
contributes to the endogenous formation of dicarbonyls, especially GO39. 
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Figure 1.2. Non-enzymatic degradation of triosephosphate intermediates during glycolytic pathways to 
form methylglyoxal (adapted from Sibbersen and Johannsen 2020)33. Structure formulas were created using 
ChemDraw 20. 

1.3 The formation of advanced glycation end products 

The primary pathways of AGE formation involve reactions between reducing sugars (e.g., 
glucose) or reactive carbonyl compounds, particularly dicarbonyls, and various nucleophiles 
such as free amino acids, proteins, and nucleic acids40. AGEs are a heterogeneous group of 
compounds, distinguished by the involvement of different reactants and characterized by both 
cross-linked and non-crosslinked types41. 

Amadori products, which form from reducing sugars and the primary amino groups of amino 
acid residues in non-enzymatic Maillard reactions (as described in Section 1.2.1 and Figure 
1.1), can undergo non-oxidative and oxidative cleavage reactions to transform into AGEs42. 
During food processing at high temperatures, Maillard reactions occur rapidly, whereas at 
body or room temperature, these reactions take place over a relatively long time, spanning 
weeks or months8. 

The dicarbonyl-dependent pathway of AGE formation, which bypasses Amadori product 
formation, occurs directly through the reaction of dicarbonyls with nucleophiles such as amino 
acid residues especially lysine, arginine, and cysteine residues, as well as nucleic acids40. 
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Dicarbonyls are intrinsically far more electrophilic compared to glucose, and it was reported 
that dicarbonyls are between 200–50,000 times more reactive than glucose in glycation 
reactions43, making them the most reactive physiologically relevant glycating agents. 

The reactions between dicarbonyls and nucleophiles yield a great variety of AGEs, including 
those bound to free amino acids, peptides, proteins, free nucleosides, DNA, and RNA44, 45. In 
amino acids, peptides, and proteins, dicarbonyl-mediated modifications predominantly target 
lysine, arginine, and cysteine residues41, 46. Dicarbonyls react with the amino groups of lysine 
or arginine residues non-enzymatically, generally forming reversible hemiaminals as the first 
step (Figure 1.3A)41, 47. Further reactions with lysine residues can result in the formation of 
irreversible AGEs such as Nε-carboxyethyl lysine (CEL) from MGO, Nε−carboxymethyl lysine 
(CML) from GO or 3-DG, and pyrraline from 3-DG (Figure 1.3B)46, 48. Further reactions with 
arginine residues lead to the formation of AGEs like hydroimidazolones (MG-H1, G-H1, and 3-
DG-H1), N7-carboxyethyl arginine (CEA), and N7-carboxymethyl arginine (CMA) (Figure 1.3B)41, 

49.  

Furthermore, the reactions between dicarbonyls and cysteine residues are considered 
reversible, forming hemithioacetals (Figure 1.3A), which may act as a “depot” of bound 
dicarbonyls in vivo41, 50. S-carboxyethyl cysteine (CEC) and S-carboxymethyl cysteine (CMC) are 
considered AGEs resulting from the reactions of MGO and GO with cysteine residues in vivo, 
respectively (Figure 1.3B)51; however, limited studies have reported their formation. The 
formation of irreversible thiol-derived MGO adducts in cells through enzymatic mediation has 
also been proposed52.  

Additionally, dicarbonyls can react with the amines of nucleic acids to form DNA/RNA-bound 
AGEs. Using free guanosine or 2’-deoxyguanosine as model compounds in incubations with 
dicarbonyls has identified several possible DNA adducts, such as N2-(1-carboxyethyl)-2'-
deoxyguanosine (CEdG) from MGO, N2-(1-carboxymethyl)-guanosine (CMG) from GO, and N2-
(1-oxo-2,4,5,6-hydroxyhexyl)-2’-deoxyguanosine from 3-DG (Figure 1.3B)45. 

When dicarbonyls react with multiple amino acid residues, this can lead to the formation of 
cross-linked AGEs, such as methylglyoxal-lysine dimer (MOLD), methylglyoxal-derived lysine-
arginine crosslinks (MODIC), and methylimidazole crosslinks between proximal cysteine and 
arginine residues (MICA) from MGO (Figure 1.3B)48, 49, 53.  
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Figure 1.3. Structural formulas of reversible adducts (A) and typical AGEs (B) derived from methylglyoxal, 
glyoxal, and 3-deoxyglucosone. Lys: lys residue; Arg: arg residue; Cys: cys residue; dRib: 2-deoxyribose; Rib: 
ribose; CEL: Nε-carboxyethyl lysine; CML: Nε−carboxymethyl lysine; MOLD: methylglyoxal-lysine dimer; 
GOLD: glyoxal-lysine dimer; DOLD: 3-deoxyglucosone-lysine dimer; MG-H1: methylglyoxal-derived 
hydroimidazolone 1; G-H1: glyoxal-derived hydroimidazolone 1; 3-DG-H1: 3-deoxyglucosone-derived 
hydroimidazolone 1; CEA: N7-carboxyethyl arginine; CMA: N7-carboxymethyl arginine; MODIC: 
methylglyoxal-derived lysine-arginine crosslinks; GODIC: glyoxal-derived lysine-arginine crosslinks; DODIC: 
3-deoxyglucosone-derived lysine-arginine crosslinks; CEC: S-carboxyethyl cysteine; CMC: S-carboxymethyl 
cysteine; MICA, methylimidazole crosslink between proximal cysteine and arginine residues; CEdG: N2-(1-
carboxyethyl)-2'-deoxyguanosine; CMG: N2-(1-carboxymethyl)-guanosine. Note that CML can be formed 
from both glyoxal and 3-deoxyglucosone. Structure formulas were created using ChemDraw 20. 

1.4 Exogenous scavengers of α-dicarbonyl compounds inhibiting AGE formation 

Dicarbonyl compounds are widely present in various foods and beverages such as biscuits, 
bread, fried potatoes, roasted meat, honey, coffee, and beer11, 54. In some food products, like 
bread and roasted meats, the Maillard-derived aroma changes are often desirable26. However, 
they generally negatively impact the sensory attributes of foods such as dairy products and 
may reduce the nutritional value of foods by inducing protein modifications to form AGEs16, 28. 
Additionally, although a direct link between dietary dicarbonyls, resulting AGEs, and specific 
health outcomes has not been conclusively established, several studies suggest that high 
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intake of dietary AGEs may contribute to risk factors, especially inflammation and oxidative 
stress, which are associated with chronic diseases such as type 2 diabetes mellitus and chronic 
kidney disease28, 55, 56. Given the possible impact of dicarbonyls on food quality and human 
health, controlling the amount of MGO in foods is crucial. One proposed strategy to mitigate 
these effects is the scavenging of dicarbonyls using various agents in foods16, 57. 

Plant polyphenols, particularly flavonoids, have shown significant efficacy as dicarbonyl 
scavengers 58, 59. The scavenging of MGO by different flavonoids has been extensively studied 
in vitro. Flavonoids like quercetin, genistein, naringenin, and epicatechin can trap MGO 
through electrophilic substitution reactions to form mono- and di-MGO adducts, primarily at 
the C6 and C8 positions of the A ring under physiological conditions27, 58, 60, 61. Figure 1.4 
illustrates the major adducts formed between genistein and MGO in an in vitro cell-free 
system. 

The use of flavonoids in food products, such as baked foods, for control of dicarbonyl and 
inhibition of AGE formation is considered a reasonable approach, provided their solubility and 
the impact on the background flavor and color of the foods do not compromise their utility16, 

62. Considering that the dicarbonyls can also react with the amino acid residues in the food 
matrix, it is of interest to study the possible competition between flavonoids and amino acid 
residues. For instance, a study simulated the competitive reaction between MGO and 
nucleophilic amino acid residues (Nα-acetyl forms of lysine, arginine, and cysteine) and 
naringenin in milk27. Results predicted that 84% of total MGO was trapped by naringenin after 
24 hours of incubation at concentrations that do not compromise sensory qualities in milk, 
while almost all cysteine- and lysine-derived MGO adducts were depleted, and the arginine-
derived adducts accounted for only 10% of the reaction27. This study indicates that flavonoids 
might be a preferred target for MGO and could compete with amino acid residues, thereby 
preventing MGO from reacting with these residues to form AGEs. 

Figure 1.4. Formation of monoMGO and diMGO adduct between genistein and methylglyoxal in PBS (pH 
7.4, 37 ℃) (adapted from Lv et al. 2011)61. Structure formulas were created using ChemDraw 20. 
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1.5 Endogenous pathways for the metabolism of α-dicarbonyl compounds 

In healthy individuals, concentrations of dicarbonyl compounds are kept low due to relatively 
low levels of endogenous formation and efficient detoxification by several pathways10. The 
glutathione (GSH)-dependent glyoxalase system, consisting of glyoxalase 1 (Glo1) and 
glyoxalase 2 (GLO2), is the primary pathway for the metabolism of MGO and GO63. Glo1 is the 
rate-limiting enzyme in this pathway64.  

In the initial step of the detoxification process, MGO and GO react with the nucleophilic thiol 
group of GSH non-enzymatically or through a reaction catalyzed by glutathione-S-transferases 
(GSTs), forming a hemithioacetal63, 65. The hemithioacetal is then converted by Glo1 and Glo2 
into the corresponding α-hydroxy acids (Figure 1.5A)63. Additionally, aldoketo reductases 
(AKRs) and aldehyde dehydrogenases (ALDHs) also contribute to the detoxification of these 
compounds, albeit to a lesser extent10, 66. 3-DG is mainly metabolized to 3-deoxyfructose by 
AKRs, and to a lesser degree, to 2-keto-3-deoxygluconic acid by ALDH (Figure 1.5B and C)10, 66. 

It is important to note that the transcription factor Nrf2 plays a crucial role in regulating 
dicarbonyl metabolism67. Nrf2 binds to the electrophile-responsive element (EPRE), which is 
responsible for inducing transcription of a range of antioxidant genes, including those for Glo1 
and AKRs, as well as enhancing GSH synthesis and proteasome activity, thereby protecting 
cells from both electrophilic and oxidative stress36, 68. Small electrophilic compounds are 
known to bind to Kelch-like ECH-associated protein 1 (Keap1), enabling the release of Nrf2 
from Keap1 and its translocation into the nucleus69. It has been reported that excessive cellular 
MGO modifies Keap1 to form a methylimidazole crosslink (MICA) between proximal cysteine 
and arginine residues, leading to Keap1 dimerization, subsequent release of Nrf2, and 
activation of the Nrf2 transcriptional program (Figure 1.6)53. The activation of the Nrf2 
pathway by MGO is considered a hormetic response, resulting in enhanced cellular 
detoxification of MGO36. Additionally, pretreatment with Nrf2 activators such as carnosic acid 
and naringenin has been shown to protect against MGO-induced cytotoxicity by promoting 
GSH synthesis through the Nrf2 signaling pathway, critical for the detoxification mechanism 
of MGO70, 71.  
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Figure 1.5. Intracellular metabolic pathways for α-dicarbonyl compounds. (A) Metabolism of methylglyoxal 
and glyoxal by the GSH-dependent glyoxalase system. (B) and (C) Metabolism of 3-deoxyglucosone by aldo-
keto reductases and aldehyde dehydrogenases (adapted from Rabbani and Thornalley 2015)10. GSH: 
glutathione; GST: glutathione-S-transferases; Glo1: glyoxalase 1; Glo2: glyoxalase 2. Structure formulas 
were created using ChemDraw 20. 

Figure 1.6. Activation of the Keap1–Nrf2-EPRE signaling pathway induced by methylglyoxal modification of 
Keap1 to form cross-linked AGE-Keap1 dimers (adapted from Kold-Christensen and Johannsen 2020)36. AKR: 
aldo-keto reductase; ALDH: aldehyde dehydrogenase. Figure created with BioRender.com. 
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1.6 Dicarbonyl stress and neurodegenerative diseases 

1.6.1 Dicarbonyl stress 

Dicarbonyl stress is a dysfunctional metabolic state characterized by an increase in the steady-
state levels of reactive dicarbonyls in vivo, leading to increased modifications of free amino 
acids and biomacromolecules, including proteins and DNA10, 72. Dicarbonyl stress results from 
an imbalance between their production and metabolism, commonly occurring under 
pathological conditions such as hypoxia, inflammation, oxidative stress, and hyperglycemia10, 

73, 74. Under these conditions, there is typically an increase in glycolysis and/or impairments in 
the dicarbonyl detoxification system, such as decreased Glo1 expression and/or activity73, 75. 
Dicarbonyl stress has been associated with many diseases, including diabetes and its 
complications, cardiovascular diseases, chronic kidney diseases, and neurodegenerative 
diseases74, 76-78. The potential role of dicarbonyl stress in neurodegenerative diseases will be 
briefly discussed in Section 1.6.2. 

Elevated endogenous dicarbonyl levels may also result from increased exposure to exogenous 
dicarbonyls. Although little is known about the contribution of exogenous dicarbonyls to the 
overall in vivo dicarbonyl exposome, some animal studies have shown increased plasma 
concentrations of MGO in mice after high oral MGO administration79, 80. Additionally, upon a 
single oral consumption of honey containing a dietary amount of 3-DG by human volunteers, 
elevated amounts of 3-DG and its metabolite (3-deoxyfructose) were excreted in the urine, 
with 10-15% of the ingested 3-DG dose being recovered81. However, similar studies for MGO 
did not seem to increase the urinary excretion of MGO and its metabolite D-lactate82. This 
disparity suggests that MGO may have a lower bioavailability and/or be rapidly metabolized 
upon absorption due to its higher reactivity compared to 3-DG. 

1.6.2 The role of dicarbonyl stress in neurodegenerative diseases 

Neurodegenerative diseases such as AD and PD share many common pathological features, 
including the deposition of aggregated proteins, altered energy homeostasis, progressive loss 
of neurons, oxidative stress, and inflammation4, 83. In AD, the hallmark pathological deposits 
are extracellular amyloid-β plaques and intracellular neurofibrillary tangles formed by tau 
protein84. On the other hand, PD is characterized by the presence of Lewy bodies, which are 
cytoplasmic inclusions predominantly composed of α-synuclein85. 

Clinical research has revealed that higher serum MGO levels are associated with poorer 
memory, executive function, and lower grey matter volume in older individuals86. Additionally, 
increased levels of protein-bound CML and protein-bound 3-DG-derived hydroimidazolones 
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have been found in the cerebrospinal fluid (CSF) proteins of AD patients, along with elevated 
levels of MGO- and GO-derived hydroimidazolone free adducts in the CSF ultrafiltrate87. 
Similarly, increased levels of MGO-derived hydroimidazolones have been detected in the 
nigral neurons of PD patients. More importantly, increased levels of AGEs were detected in 
amyloid plaques and neurofibrillary tangles in AD patients88, 89, and key proteins associated 
with neurodegeneration, such as tau and α-synuclein, were also found to be glycated in 
patients90, 91. Glycation is believed to increase protein stability by forming crosslinks that 
stabilize pathological protein aggregates, thereby promoting their accumulation and 
persistence7. These clinical findings suggest that dicarbonyl stress may be a feature and play a 
role in the pathogenesis of neurodegenerative diseases. 

Dicarbonyls, as mentioned above, readily react with free amino acids, proteins, and DNA. This 
interaction can cause damage to the metabolome, proteome, and genome, leading to cell and 
tissue dysfunction, which may ultimately play a role in neurodegeneration. The mechanisms 
by which dicarbonyl stress drives neurodegeneration are still largely unknown; however, 
activation of the RAGE signaling pathway has been proposed as an important mechanism92. 
Dicarbonyl-derived AGEs can bind to RAGE, leading to an increase in oxidative stress and 
inflammation through the production of ROS and the induction of NF-κB, forming a positive 
feedback loop that augments oxidative and inflammatory damage in the brain13. The 
expression of RAGE is upregulated in the brain of AD patients93, and early and persistent 
activation of MGO/AGE/RAGE/NOX-2 was previously observed in rats with streptozotocin-
induced AD94.  

Moreover, in vitro studies using different neuronal cell models, such as the human SH-SY5Y 
neuroblastoma cell line and neuronal-like cells transdifferentiated from human mesenchymal 
stem cells, have revealed the cytotoxicity of dicarbonyl compounds76, 95-98. Most of the 
research to date has focused on the most reactive dicarbonyl, MGO. Exposure of cells to MGO 
leads to increased ROS production, loss of mitochondrial membrane potential, and 
apoptosis95-98. These toxic effects may result from potential damage to the metabolome, 
proteome, and/or genome, which needs further clarification. For example, one proposed 
mechanism is that dicarbonyl glycation damage to the mitochondrial proteome may precede 
mitochondrial dysfunction, leading to oxidative stress43, based on the observation that 
overexpression of Glo1 in Caenorhabditis elegans decreased dicarbonyl glycation of 
mitochondrial proteins and reduced ROS formation99. 

Given that dicarbonyls target amino acids and biomacromolecules, forming AGEs, which in 
turn may play a role in neurodegeneration, AGEs may be utilized as biomarkers of these 
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diseases, but there is a need to further identify the hotspot modification targets in neuronal 
cells. 

1.7 New approach methodologies (NAMs) used in the thesis 

NAMs encompass various non-animal-based testing approaches, including in silico and in vitro 
methods such as quantitative structure-activity relationship (QSAR) models, read-across, 
physiologically-based kinetic (PBK) models, quantitative in vitro to in vivo extrapolations 
(QIVIVE), high-throughput cell-based omics technologies, and advanced 3D human cell models, 
all designed to provide mechanism-based insights with improved ethics and human-relevant 
safety data100. The use of NAMs in the risk assessment of chemicals and food has received 
growing attention, primarily because they align with the 3R principle (replacement, reduction, 
and refinement) of animal testing, enhancing the mechanistic understanding of chemical toxic 
effects on biological systems, and facilitating the extrapolation of results from in vitro studies 
to humans101, 102. 

The NAMs used in this thesis primarily include cell-based omics technologies and PBK 
modeling-facilitated reverse dosimetry. Cell-based omics technologies were employed to 
characterize protein modifications and neurotoxicity induced by MGO, using the human SH-
SY5Y neuroblastoma cell line—a widely recognized model for investigating the pathological 
effects of neurotoxic compounds103. Meanwhile, PBK modeling-facilitated reverse dosimetry 
was utilized for the risk assessment of MGO from daily dietary intake and endogenous 
formation. These approaches will be briefly introduced below. 

1.7.1 A Proteomic strategy used for identifying MGO-induced protein modifications in cells 

To understand better the role of modifications by dicarbonyl compounds and to define 
potential biomarkers for exposure and effects, efforts have been made to identify proteins 
and their specific sites susceptible to dicarbonyl modifications104-108. Given the relatively low 
abundance and the heterogeneity of these modifications, mass spectrometry-based 
proteomics is an effective, high-throughput method that provides a comprehensive 
assessment of a large number of proteins and their modifications. Previous studies have 
employed mass spectrometry-based proteomics to identify protein modifications caused by 
dicarbonyls in several cell types including WIL2-NS B lymphoblastoid cells, HMEC-1 
microvascular epithelial cells, and HEK293T kidney cells104, 106, 107. 

In this thesis, a bottom-up proteomics approach was employed to characterize protein 
modifications induced by MGO exposure in SH-SY5Y neuroblastoma cells. After 24 hours of 
incubation with either no MGO or increasing concentrations of MGO, proteins were extracted 
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from the cells, digested into peptides using trypsin, then separated by nano-liquid 
chromatography (nano-LC), and identified and quantified through mass spectrometry analysis. 
Peptides modified by MGO were then mapped back to their source proteins for further data 
analysis.  

The intensity data of MGO-modified peptides were analyzed using the Jonckheere-Terpstra 
test to identify potential biomarkers for endogenous and exogenous MGO exposure. This non-
parametric method is particularly adept at identifying ordered differences among groups109, 
making it suitable for assessing concentration-dependent increases in peptide modifications. 
This test is especially useful when expecting a trend across ordered treatment 
concentrations109. 

Proteins with peptides that exhibited a concentration-dependent increase in modification 
levels were considered potential exogenous biomarkers for MGO exposure. Conversely, 
proteins where peptides showed comparable or higher modification levels in the control 
compared to exogenous MGO-treated cells were defined as biomarkers of endogenous 
exposure.  

Building on these findings, bioinformatics tools were employed to delve deeper into the 
biological implications of protein modifications induced by MGO. Enrichment analysis, a 
common approach in proteomics, often incorporates methodologies such as Gene Ontology 
(GO), KEGG pathway, and WikiPathways analyses to annotate proteins with specific biological 
functions, processes, and pathway involvements110.  

Similarly, protein-protein interaction (PPI) network analysis, also widely used in proteomics, 
can help identify critical connections that can significantly influence cellular functions and 
stability111. For the proteins modified by MGO in this study, KEGG pathway and PPI network 
analyses were applied to identify potential biological pathways and interaction networks these 
modifications could be involved in, helping to pinpoint the mechanisms through which these 
modifications could potentially affect cellular processes and contribute to the observed 
phenotypic outcomes. 

1.7.2 An integrated proteomics and metabolomics approach for the analysis of MGO-
induced neurotoxicity in cells 

High-throughput omics strategies are now widely used in toxicology to explore the molecular 
mechanisms underlying the toxicological effects of chemicals112. Serving as exploratory tools, 
these techniques provide insights into the modes of action and guide directions for future in-
depth studies. Traditional toxicological methods often focus on limited endpoints and may not 
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fully capture the broader biological or toxicological impacts of substances like MGO, which is 
known to interact complexly with free cellular amino acids and biomacromolecules, causing 
widespread damage to the cellular metabolome, proteome, and genome72. In contrast, omics 
techniques such as transcriptomics, proteomics, and metabolomics offer a more 
comprehensive view, enabling the simultaneous analysis of thousands of molecules in a single 
biological sample, thereby uncovering intricate molecular interactions and systemic effects113.  

In this thesis, the global protein expression in cells after exposure to MGO was assessed using 
the bottom-up proteomics approach described in Section 1.7.1. The unmodified peptides 
identified were mapped back to their source proteins, with subsequent data analysis including 
univariate and multivariate analysis methods to identify differential protein expression 
patterns and their biological significance.  

In univariate analysis, each variable is analyzed independently to assess its individual effect on 
the outcome; techniques such as the t-test were employed to determine the statistical 
significance of differences observed in protein expression between treated and control groups. 
Meanwhile, multivariate analysis involves examining multiple variables simultaneously to 
understand the relationships and interactions among them; methods like principal component 
analysis (PCA) were utilized to identify patterns and trends that might not be apparent from 
univariate analysis alone. 

Further analysis of the differentially expressed proteins, leveraging the enrichment 
methodologies and PPI network analysis already described in Section 1.7.1, was conducted to 
extend our understanding of the biological impact of MGO exposure. Specifically, advanced 
algorithms were applied within the PPI network framework to identify key functional modules 
and hub proteins, enhancing the insights gained from the initial analysis. An example of a key 
functional module identified in the PPI network from the present study revealed a connection 
to oxidative stress responses involving the Nrf2 pathway, with critical proteins such as NQO1, 
HMOX1, TXN, and GCLM being upregulated, emphasizing the role of MGO in the activation of 
Nrf2-mediated pathway (Figure 1.7).  
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Figure 1.7. One of several key functional modules identified in the protein-protein interaction network in 
this study (Chapter 5), revealing a connection to oxidative stress responses via the Nrf2-mediated pathway 
upon MGO exposure. 

A targeted LC/MS/MS-based metabolomics approach was applied to analyze metabolites 
extracted from cells after the same exposure steps as used for the proteomics study. This 
method facilitated the precise quantification and identification of MGO-induced changes in 
key metabolites such as amino acids, organic acids, nucleosides, and nucleotides, which are 
crucial components of central cellular pathways, including the glycolytic system, the 
tricarboxylic acid (TCA) cycle, and amino acid metabolism. Analysis methodologies like those 
used in proteomics, such as univariate and multivariate analysis, were employed to define the 
biological significance of differential metabolites. 

Additionally, to understand better the interactions between proteins and metabolites, an 
integrated analysis of metabolomics and proteomics data was conducted. This analysis 
included correlation analysis using Spearman’s index to assess the strength and direction of 
associations between differentially expressed proteins and differential metabolites. Joint 
pathway analysis was also employed to identify shared pathways affected by MGO exposure, 
thereby linking changes in metabolite levels and protein expressions to specific biological 
processes.  

This integrated approach provides a holistic view of the phenotypic changes and the complex 
molecular interactions triggered by MGO exposure, facilitating a deeper understanding of the 
disrupted cellular pathways and their contributions to MGO's neurotoxic effects. 

1.7.3 Use of PBK modelling-based reverse dosimetry in the risk assessment of MGO  

Many in vitro studies have demonstrated that exposure to exogenous MGO can lead to cellular 
injury and toxicity in a variety of animal and human neuronal cell models95, 96, 114, 115. However, 
these findings cannot be directly applied to human risk assessment. The concentration-

GENERAL INTRODUCTION 25

1



response data derived from these studies need to be converted into human-relevant dose-
response data to establish safe exposure levels. This conversion is possible through 
quantitative in vitro to in vivo extrapolation (QIVIVE), utilizing PBK modeling-based reverse 
dosimetry116. These methods have proven effective in predicting in vivo toxicity for a range of 
compounds across multiple endpoints, thus contributing to the development of non-animal 
testing methods117-120. 

A PBK model comprises mathematical differential equations that describe the change in a 
compound or its metabolite over time in a body compartment of interest due to absorption, 
distribution, metabolism, and excretion (ADME) characteristics of the compound within the 
organism119, 121. It utilizes three primary types of parameters: physiological and anatomical, 
physicochemical, and kinetic121. By modeling these ADME processes, the PBK model can 
predict the time course of the compound or its metabolites in blood or other tissues of interest 
at a given dose level, also called forward dosimetry116, 121. 

In reverse dosimetry, the PBK model is used inversely to determine the dose required to 
achieve specific concentrations of a chemical in blood or other tissues116. Here, in vitro 
concentrations of the chemical are set equal to blood levels in the PBK model, allowing in vitro 
toxicity data to be translated into in vivo equivalents116, 121. 

In this thesis, a human PBK model for MGO was developed, translating in vitro data on MGO-
induced neurotoxicity and genotoxicity from the literature95, 122 into in vivo dose-response 
curves. These curves facilitate the establishment of a BMDL10 (benchmark dose lower 
confidence limit causing 10% extra effect above background levels) for MGO, which is crucial 
for risk assessment123. Reflecting MGO's known genotoxic potential for DNA adduction and its 
well-documented neurotoxic effects, we have adopted the margin of exposure (MOE) 
approach used for evaluating the risk of compounds that are genotoxic and carcinogenic by 
the European Food Safety Authority (EFSA)124, 125. 

This MOE approach does not make implicit assumptions of a “safe” intake but rather indicates 
whether there is a concern and a priority for risk management125. For estimating MOEs for 
MGO resulting from exogenous and endogenous exposure, MOEs were calculated by dividing 
the BMDL10 obtained from PBK model-predicted in vivo dose-response curves for 
neurotoxicity and genotoxicity, by the estimated daily intake or the estimated endogenous 
formation of MGO.  

For neurotoxicity endpoints, which are thresholded, an MOE of 100 or above was considered 
safe. This margin accounts for uncertainties and variability within the human population 
(default uncertainty value of 10) and the incorporation of NAMs (assumed uncertainty value 
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of also 10). The default factor of 10 for interspecies differences was considered not necessary 
given that the BMDL10 value for neurotoxicity was derived based on human data. For 
genotoxicity endpoints, an MOE of 10,000 or higher was deemed to be of no concern, 
accounting for interindividual variability (value of 10), the use of NAMs (value of 10), 
uncertainties related to the carcinogenic processes (value of 10), and use of the BMDL10 value 
(value of 10). Also, here use of the default factor of 10 for interspecies differences was 
considered unnecessary. 

1.8 Aim and outline of the thesis 

The aim of this thesis was to advance the understanding of neurotoxicity and mitigation 
strategies for α-dicarbonyl precursors of AGEs. This research compared the reactivity of three 
representative dicarbonyl precursors—MGO, GO, and 3-DG—in vitro. It further focused mainly 
on MGO to investigate its mitigation both endogenously and in food, as well as explored and 
evaluated MGO’s neurotoxicity in in-vitro neuronal cells using NAMs, including cell-based 
proteomics and metabolomics and PBK model-based reverse dosimetry to obtain further 
insight into modes of action and dose-response curves for the potential adverse effects. 

In Chapter 1, background information, an introduction to the key components of the thesis, 
and the aims and outline of the thesis are presented. 

In Chapter 2, the differences in the role of GSH in protection against the three representative 
dicarbonyls (MGO, GO, and 3-DG) and their induction of Nrf2-mediated gene expression were 
investigated. This included comparing the scavenging of these dicarbonyls by GSH in cell-free 
incubation experiments. Additionally, the capability of these compounds to induce Nrf2-
mediated gene expression and the role of intracellular GSH in counteracting this effect were 
investigated through a cell-based reporter gene assay. 

In Chapter 3, the MGO scavenging capacity of GSH and kaempferol were characterized in more 
detail with special emphasis on the possible reversible nature of the adduct formation and 
their competition for MGO in in vitro cell-free incubations. Moreover, the safety consequences 
of their MGO-scavenging effects in food were evaluated in human SH-SY5Y neuroblastoma 
cells. 

In Chapter 4, MGO-induced protein modifications were qualitatively and quantitatively 
characterized in SH-SY5Y cells incubated with and without exogenous MGO, using a 
proteomics approach, to identify potential biomarkers for its exposure and toxicity. 
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In Chapter 5, an integrated proteomics and metabolomics approach was used to explore the 
molecular and biochemical changes induced by MGO exposure in SH-SY5Y cells and how these 
changes contribute to neurotoxicity. 

In Chapter 6, a human PBK model was defined based on a newly developed and validated 
mouse PBK model. In vitro neurotoxicity and genotoxicity data from the literature were 
translated into quantitative human in vivo toxicity data using PBK modeling-facilitated reverse 
dosimetry. A risk assessment was further conducted using the MOE approach to evaluate the 
risks from dietary and endogenous MGO. 

Finally, in Chapter 7, General discussion, the main results from the previous chapters are 
discussed in more detail, and further recommendations or possibilities for future research are 
explored.  
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Abstract 

α-Dicarbonyl compounds, particularly methylglyoxal (MGO), glyoxal (GO), and 3-
deoxyglucosone (3-DG), are highly reactive precursors for the formation of advanced glycation 
end products (AGEs). They are formed in vivo and during food processing. This study aimed to 
investigate the role of intracellular glutathione (GSH) levels in the induction of Nrf2-mediated 
gene expression by α-dicarbonyl compounds. The reactions between α-dicarbonyl compounds 
(MGO, GO, and 3-DG) and GSH were studied by LC-MS in a cell-free system. It was shown that 
these three α-dicarbonyl compounds react instantaneously with GSH, with the GSH-mediated 
scavenging decreasing in the order MGO > GO > 3-DG. Furthermore, in a cell-based reporter 
gene assay MGO, GO, and 3-DG were able to induce Nrf2-mediated gene expression in a dose-
dependent manner. Modulation of intracellular GSH levels showed that the cytotoxicity and 
induction of the Nrf2-mediated pathway by MGO, GO, and 3-DG was significantly enhanced 
by depletion of GSH, while a decrease in Nrf2-activation by MGO and GO but not 3-DG was 
observed upon an increase of the cellular GSH levels. Our results reveal subtle differences in 
the role of GSH in protection against the three typical α-dicarbonyl compounds and in their 
induction of Nrf2-mediated gene expression, and point at a dual biological effect of the α-
dicarbonyl compounds, being reactive toxic electrophiles and -as a consequence- able to 
induce Nrf2-mediated protective gene expression, with MGO being most reactive. 

Keywords: α-dicarbonyl compounds; glutathione; methylglyoxal; glyoxal; 3-deoxyglucosone; 
Nrf2  
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2.1 Introduction 

α-Dicarbonyl compounds are by-products from cellular metabolism formed in vivo by 
glycation, degradation of glycolytic intermediates, and lipid peroxidation34, 126. They are also 
found in various foods and beverages, in which they are mainly formed by caramelization and 
Maillard reactions during thermal processing and storage of food54, 127. Among the α-
dicarbonyl compounds, also so-called α-oxoaldehydes, methylglyoxal (MGO), glyoxal (GO), 
and 3-deoxyglucosone (3-DG) are the major precursors for advanced glycation end products 
(AGEs), the formation of which has been associated with many chronic diseases128, 129. Typical 
concentrations of MGO, GO, and 3-DG are 1-4 μM in cells, but these concentrations are 
elevated under pathological circumstances such as metabolic disorders10, 12. The production 
of α-dicarbonyl compounds during thermal processing and storage of food further increases 
human exposure to these compounds or the resulting AGEs via dietary intake. Increased in 
vivo concentrations of these α-dicarbonyl compounds may result in a dysfunctional metabolic 
state also called dicarbonyl stress, which causes an increase in the production of reactive 
oxygen species (ROS) and proinflammatory cytokines and induces loss of mitochondrial 
membrane potential in different cell types97, 130, 131. Especially, under dicarbonyl stress, the 
pronounced electrophilic reactivity of the α-dicarbonyl compounds facilitates their 
spontaneous reactions with nucleophilic reaction sites of proteins to form AGEs causing 
protein damage and aggregation, which contributes to cell and tissue dysfunction and 
eventually may play a role in the development of diabetes mellitus, cardiovascular diseases, 
and a variety of age-related diseases, such as Parkinson’s disease and Alzheimer’s disease22, 

132, 133. Understanding the underlying mechanisms by which cells are affected by or can be 
protected against α-dicarbonyl compounds is therefore of particular importance. 

Several metabolic pathways in human cells are known to antagonize the formation of AGEs 
mediated by α-dicarbonyl compounds. The glyoxalase system, which is highly dependent on 
glutathione (GSH), has been reported to provide a major detoxification pathway for MGO and 
GO in cells68. MGO and GO can react with the nucleophilic thiol group of GSH both non-
enzymatically and in a reaction catalyzed by glutathione-S-transferases (GSTs) to form a 
hemithioacetal which can be further converted by glyoxalase 1 and 2 (Glo1 and Glo2) to the 
corresponding α-hydroxy acid (Figure 2.1A)65, 134, 135. 3-DG is mainly detoxified to 3-
deoxyfructose by NADPH-dependent aldo-keto reductases (Figure 2.1B)10. Previous studies 
have confirmed that GSH plays a crucial role in the detoxification of MGO and GO135, 136, while 
for 3-DG this role remains uncertain. The aim of the present study was to compare the role of 
intracellular GSH in counteracting the cellular effects of the three reactive α-dicarbonyls, 
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including cytotoxicity and the induction of the nuclear factor erythroid 2 p45-related factor 2 
(Nrf2)-mediated gene expression. 

Figure 2.1. Major intracellular detoxification pathways for α-dicarbonyl compounds including (A) 
detoxification of the α-dicarbonyl compounds (mainly MGO and GO) by the glyoxalase system and (B) 
detoxification (mainly for 3-DG) by NADPH-dependent aldo-keto reductases. GSH: glutathione, GSTs: 
glutathione-S-transferases, MGO: methylglyoxal, GO: glyoxal, 3-DG: 3-deoxyglucosone, Glo1: glyoxalase 1, 
Glo2: glyoxalase 2. 

Nrf2 is an essential transcription factor regulating the expression of genes containing an 
electrophile-responsive element (EpRE) responsible for the induction of a wide range of 
protective enzymes involved in the synthesis of GSH and protection of cells against 
electrophilic as well as oxidative stress68, 137. Due to the reactive electrophilic activity of the α-
dicarbonyl compounds, possible reversible binding of the dicarbonyls to reactive cysteine 
residues in the regulatory inhibitory protein Keap1 (Kelch-like erythroid-cell-derived protein 
with CNC homology-associating protein 1), the major regulator of Nrf2, may result in the 
release of Nrf2 from Keap1, leading to nuclear translocation of Nrf2 and the activation of EpRE-
mediated gene transcription10. Some studies have reported that pretreatment of cells with 
Nrf2 activators, such as carnosic acid and naringenin, promoted the levels of intracellular GSH 
by increasing the expression of cystine/glutamate transporter and glutamyl-cysteine ligase 
(GSH synthesis rate-limiting enzyme) via the Nrf2 signaling pathway, contributing to the 
attenuation of MGO-induced cytotoxicity in SH-SY5Y cells70, 71. However, the direct 
involvement of Nrf2 in the adaptive cellular response to exposure to α-dicarbonyl compounds 
has not been fully elucidated, and the potential differences in the induction of the Nrf2-
mediated transcriptional pathway by the three α-dicarbonyl compounds and the influence on 
this process by cellular GSH levels still need to be clarified. In this study, the scavenging efficacy 
of GSH on the three α-dicarbonyl compounds was evaluated in an in vitro cell-free system. 
Furthermore, the influence of intracellular GSH levels on cytotoxicity and on the Nrf2-
mediated gene expression induced by the selected α-dicarbonyl compounds was studied using 

(A) 

(B) 
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the U2OS Nrf2 reporter gene cells138, either without or upon modulation of their intracellular 
GSH levels. 

2.2 Materials and methods 

2.2.1 Chemicals and reagents 

MGO (40% in water), GO (40% in water), L-glutathione reduced (GSH, purity ≥ 98%), L-
glutathione oxidized (GSSG, purity ≥ 98%), N-acetyl-L-cysteine (NAC, purity ≥ 99%), L-
buthionine-sulfoximine (BSO, purity ≥ 97%), 2′,7′-dichlorofluorescin diacetate (DCFDA, purity 
≥ 97%), and tert-butyl hydroperoxide (TBHP, 70% in water) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 3-Deoxyglucosone (3-DG, purity > 99%) was obtained from 
Toronto Research Chemicals (Toronto, ON, Canada). Trichloroacetic acid (TCA, purity ≥ 98%) 
and acetic acid (purity ≥ 99%) were purchased from Merck (Darmstadt, Germany). Acetonitrile 
(LC-MS grade) was purchased from Biosolve BV (Valkenswaard, The Netherlands). Formic acid 
(purity ≥ 99%) was purchased from VWR CHEMICA (Amsterdam, The Netherlands). WST-1 
reagent was obtained from Roche (Mannheim, Germany). Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F-12) with GlutaMAX supplement cell culture medium 
(with and without phenol red), penicillin/streptomycin, Hanks’ balanced salt solution (HBSS) 
and phosphate buffered saline (PBS) were purchased from Gibco (Paisley, UK). Foetal calf 
serum (FCS) was obtained from Bodinco (Alkmaar, The Netherlands). Trypsin, nonessential 
amino acids (NEAA), and geneticin (G418) were obtained from Invitrogen Corporation (Breda, 
The Netherlands). Ultrapure water was prepared by a Milli-Q system (Millipore, MA, USA). All 
other reagents in this study were of analytical grade or purer. 

2.2.2 Cell lines 

The Nrf2 CALUX cells (BioDetection Systems, Amsterdam, The Netherlands) are human 
osteosarcoma U2OS cells, which were stably transfected with a reporter construct carrying a 
luciferase reporter gene under transcriptional control of four EpREs138.  

The Cytotox CALUX cells (BioDetection Systems, Amsterdam, The Netherlands) are human 
osteosarcoma U2OS cells stably transfected with a reporter construct carrying a luciferase 
reporter gene under transcriptional control of a constitutive promoter139. The reporter 
construct was generated by inserting the luciferase gene into the multiple cloning site of the 
pSG5-neo vector140. These cells have an invariant luciferase expression and a decrease in 
luciferase activity therefore indicates a cytotoxic effect. Besides, an increased luciferase 
activity in these cells may indicate stabilization of luciferase reporter protein without 
underlying increased expression of the gene141. 
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Both cell lines were cultured in DMEM/F12 GlutaMAX medium containing 7.5% FCS, 1% NEAA, 
and 0.3% penicillin/streptomycin in a humidified incubator of 5% CO2 at 37 °C. 200 μg/mL 
G418 was added to the culture medium once a week to maintain the selection pressure138. 

2.2.3 Kinetic study of the reaction between α-dicarbonyl compounds and GSH 

Stock solutions of MGO, GO, 3-DG, GSH, and GSSG were all prepared in 25 mM potassium 
phosphate (pH = 7.4). To a starting solution of GSH (final concentration 0.5 mM) were added 
different volumes of the stock solution of MGO, GO, or 3-DG to give a final concentration of 
0.5 mM or 5 mM, followed by incubation of the resulting solution at 37 °C in a water bath for 
0 h, 0.5 h, 1 h, 2 h, 4 h, and 6 h. At each time point, 4 μL acetic acid was added to the collected 
samples (196 μL) to stabilize GSH and its related adducts. Samples were immediately stored 
at −80 °C until analysis by LC-MS as further described in Sections 2.2.4 and 2.2.5. 

2.2.4 LC-TOF-MS analysis 

An Agilent 1200 LC system coupled with a Bruker micro-TOF mass spectrometer was used to 
qualitatively detect the reaction products between α-dicarbonyl compounds and GSH. A 
Phenomenex Luna Omega Polar C18 (100 mm × 2.1 mm, 1.6 μm) column was employed during 
the experiment with a flow rate of 0.18 mL/min. The mobile phase was composed of A 
(ultrapure water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) with the 
following gradient elution: 0–2 min, 100%A; 2–7 min, 100–40%A; 7–8.5 min, 40–20%A; 8.5–
8.7 min, 20–100%A; 8.7–24 min, 100%A. The injection volume was 1 μL. Mass spectrometric 
analysis was performed in the positive electrospray ionization mode with mass spectra 
acquired from m/z 100 to 1500. The mass parameters were: capillary voltage, −4500 V; 
nebulizing gas pressure, 1.2 bar; drying gas flow, 8 L/min and drying temperature, 200 °C. 

2.2.5 LC-TQ-MS analysis 

A Shimadzu Nexera XR LC-20AD XR UHPLC system coupled with a Shimadzu 8040 triple 
quadrupole mass spectrometer with electrospray ionization (ESI) interface was applied for 
quantification of GSH in the samples. Chromatographic separation was achieved using the 
same column as used in the LC-TOF-MS analysis. Ultrapure water containing 0.1% formic acid 
(A) and acetonitrile with 0.1% formic acid (B) were used as mobile phase at a flow rate of 0.2 
mL/min. The following gradient was used: 0–1 min, 100%A; 1–5 min, 100–35%A; 5–7.5 min, 
35%A; 7.5–7.6 min, 35–100%A; 7.6–18 min, 100%A. The instrument was operated in positive 
ionization mode with multiple reaction monitoring (MRM) for quantification. The mass 
parameters were: nebulizing gas flow, 3.0 L/min; drying gas flow and heating gas flow, 10.0 
L/min; interface temperature, 300 °C; and heat block temperature, 400 °C. GSH was monitored 
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at the [M + H]+ of precursor to product ion transitions of m/z 307.90 → 179.05 (collision energy 
(CE)  =  −12 eV), 307.90 → 76.10 (CE  =  −25 eV), 307.90 → 162.05 (CE  =  −16 eV), and 
307.90 → 84.05 (CE  =  −21 eV). GSSG was monitored at the [M + H]+ of precursor to products 
of m/z 613.15 → 355.05 (CE  =  −22 eV), 613.15 → 231.00 (CE  =  −22 eV), 613.15 → 484.15 (CE  
=  −22 eV) and 613.15 → 177.10 (CE  =  −30 eV). �uan��ca�on of GSH in the samples was 
achieved via calibration curves made using the reference compound. The remaining GSH (%) 
was calculated using the following equation: Remaining GSH (%) = detected amount of GSH in 
test samples / original amount of GSH in the samples × 100. 

2.2.6 Nrf2 CALUX assay 

The induction of Nrf2-mediated gene expression by α-dicarbonyl compounds was tested by 
measuring the luciferase activity in the Nrf2 CALUX cells. Briefly, Nrf2 CALUX cells (2 × 104 
cells/well) were seeded into white opaque 96-well plates (Greiner Bio-one) and incubated for 
24 h. Next, the culture medium was refreshed and cells were incubated for another 24 h to 
allow them to form a confluent monolayer. The culture medium was then replaced by assay 
medium (DMEM/F12 without phenol red and supplemented with 5% dextran-coated charcoal-
stripped FCS (DCC-FCS)138) containing different concentrations of each α-dicarbonyl 
compound for a continuous 24 h exposure. Eight final concentrations (100, 250, 500, 750, 
1000, 1250, 1500, and 1750 μM) of each compound were tested. The three α-dicarbonyl 
compounds were all dissolved in sterile ultrapure water and added to the cells from 200 times 
concentrated stock solutions in water. Curcumin at 25 μM was used as the positive control in 
each plate. After 24 h exposure, cells were carefully washed with ½ PBS and lysed by low salt 
buffer142. Subsequently, the plates were placed on ice for 15 min and then frozen at −80 °C 
overnight. Afterward, the plates were thawed and the luciferase activity in relative light units 
(RLU) was measured using a luminometer (GloMax-Multi Detection System-Promega) after 
the addition of flash mix142 to each well. The results were expressed as induction factor (IF) 
compared to the medium control. 

2.2.7 Cytotox CALUX assay 

To investigate whether cytotoxicity or stabilization of the luciferase enzyme (false positive) 
occurred during the exposure to α-dicarbonyl compounds, a parallel Cytotox CALUX assay was 
carried out using Cytotox CALUX cells141. The assay was performed in the same way as the Nrf2 
CALUX assay described above. 
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2.2.8 Cell viability assay 

A WST-1 assay was used to evaluate the cytotoxicity of the α-dicarbonyl compounds towards 
the Nrf2 CALUX cells. In brief, after the same seeding and exposure steps as applied in the Nrf2 
CALUX assay, 5 μL of WST-1 solution was added to each well of the 96-well plates. The plates 
were then further incubated for 1 h after which the absorbance at 440 nm and a reference 
wavelength at 620 nm was measured using a plate spectrophotometer (Molecular Devices, 
San Jose, CA, USA, Spectra Max M2). The cell viability was expressed as a percentage of 
medium control set at 100%. 

2.2.9 Measurement of intracellular ROS levels 

The intracellular ROS levels in Nrf2 CALUX cells were measured using the cell-permeant 
fluorogenic dye 2′,7′-dichlorofluorescin diacetate (DCFDA)143. Briefly, Nrf2 CALUX cells (3 × 104 
cells/well) were seeded into the wells of black 96-well plates (Greiner Bio-one) and incubated 
for 24 h. Next, the culture medium was removed and cells were loaded with DCFDA by 
incubation for 45 min at 37 °C with 25 µM DCFDA in HBSS containing 0.4% FCS. The DCFDA-
containing medium was then replaced by assay medium containing different concentrations 
of each α-dicarbonyl compound for a continuous 6 h exposure. TBHP at 50 μM was used as 
the positive control in each plate. After 6 h exposure, the levels of 2′,7′-dichlorofluorescein 
(DCF), reflecting ROS formation, were measured using a fluorescence microplate reader 
(Molecular Devices, Spectra Max M2) at an excitation wavelength of 485 nm and an emission 
wavelength of 535 nm. The results were expressed as fold induction compared to the medium 
control. 

2.2.10 Investigation of the effects of altered intracellular GSH levels on the induction of Nrf2-
mediated gene expression by the α-dicarbonyl compounds 

To study the effect of intracellular GSH levels on the induction of Nrf2-mediated gene 
expression by the α-dicarbonyl compounds, the intracellular GSH level was modulated by the 
addition of NAC, a precursor of GSH able to increase intracellular levels of GSH144, and by the 
addition of BSO to decrease the levels of GSH in cells145. Cells were seeded and incubated for 
24 h as described above for the Nrf2 CALUX assay. For NAC pre-treatment, after 24 h 
incubation, the culture medium was replaced by fresh medium and incubated for another 20 
h, followed by incubation of the cells with 10 mM NAC for 4 h to allow an increase in GSH in 
the cells. After 4 h of pre-incubation with NAC, the culture medium was removed and cells 
were carefully washed by PBS to remove all extracellular NAC residues before the addition of 
assay medium containing different concentrations of each α-dicarbonyl compound for a 
continuous 24 h exposure. Co-exposure of the cells to NAC and α-dicarbonyl compounds was 
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not applied since NAC is known to scavenge α-dicarbonyl compounds41. For BSO pre-
treatment, after 24 h incubation, the culture medium was replaced by medium containing 100 
μM of BSO and incubated for 24 h to decrease the intracellular GSH level. After 24 h of pre-
incubation with BSO, the culture medium was removed and assay medium containing 100 μM 
of BSO and different concentrations of each α-dicarbonyl compound were added to cells for 
24 h of exposure. 

After 24 h of exposure, cells were washed and lysed and the luciferase activity was measured 
as described above. The WST-1 assay was also carried out in parallel to evaluate the cell 
viability. 

2.2.11 Quantification of the intracellular GSH levels 

The intracellular levels of GSH were quantified by LC-TQ-MS for control cells and after pre-
incubation of cells with 10 mM NAC or 100 μM BSO. Briefly, after the same seeding and pre-
incubation steps as described above, the medium in plates was removed and cells were 
washed with cold PBS, followed by adding 200 μL 2% TCA to stabilize the GSH. The plates were 
first placed on ice for 15 min and then frozen at −80 °C for more than 6 h before cells were 
mechanically scraped from the plates. Next, cell lysate from each well was transferred to a 
centrifuge tube. After being vortexed and centrifuged at 12,000 rpm (13,523× g) for 30 min, 
the supernatant was collected and analyzed by LC-TQ-MS. The intracellular GSH levels were 
normalized to protein concentrations as quantified by BCA protein assay kits according to the 
manufacturer’s instructions (Pierce, Thermo Scientific, Waltham, MA, USA). 

2.2.12 Statistical analysis 

Data are presented as means ± standard error of the mean (SEM) from at least three 
independent experiments. An independent-samples t test for normally distributed data and a 
Mann-Whitney U test for non-normally distributed data were applied to compare between 
any two groups (normality was assessed using the Shapiro-Wilk test) using SPSS 25.0 software 
(SPSS Inc., Chicago, IL, USA). Statistical significance was defined as p < 0.05. Figures were 
prepared using GraphPad Prism 9 software (San Diego, CA, USA). Chemical structures were 
drawn by ChemDraw 20.0 (PerkinElmer, Waltham, MA, USA). 
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2.3 Results 

2.3.1 Identification of reaction products between α-dicarbonyl compounds and GSH by LC-
TOF- MS 

The reaction mixtures of MGO, GO, or 3-DG with GSH were analyzed by LC-TOF-MS. Typical 
base peak chromatograms are shown in Figure 2.2. Due to the poor ionization efficiency and 
stability of dicarbonyls in the ESI source146, these compounds were not detected. The adducts 
formed by the reactions between MGO, GO, or 3-DG and GSH at a molar ratio of 10:1 were 
identified and their mass spectra are shown in Figure 2.3. After incubation of GSH with MGO 
for 1 h, a new peak (at 5.7 min) appeared in the chromatogram (Figure 2.2A) with the 
molecular ion m/z 380 [M + H]+, which was 72 mass units greater than the molecular ion of 
GSH m/z 308 [M + H]+, indicating that this peak was GSH conjugated MGO (denoted as MGO-
GSH adduct). The fragment ion of this peak m/z 308 [M − 72 + H]+, suggesting the loss of one 
MGO molecule, further corroborated the formation of the MGO-GSH adduct. Two new 
reaction products (at 2.7 min and 4.2 min) were observed after the incubation of GSH and GO 
for 1 h (Figure 2.2B). The peak at 4.2 min had the molecular ion m/z 366 [M + H]+ and fragment 
ion m/z 308 [M – 58 + H]+, indicating the loss of one GO molecule, suggesting this product was 
a GSH adduct of GO (denoted as GO-GSH adduct). The peak at 2.7 min had the molecular ion 
m/z 384 [M + H]+, which was 18 mass units higher than the m/z of the GO-GSH adduct (m/z 
366 [M + H]+), suggesting a possible hydration of the GO-GSH adduct (denoted as hydrous GO-
GSH adduct). By losing a molecule of H2O, the fragment ion m/z 366 [M – 18 + H]+ was 
produced. A previous study showed that the hydrated GO is the dominant form of GO in 
aqueous solutions147. Similarly, a new peak was observed at 2.9 min (Figure 2.2C) with the 
molecular ion m/z 470 [M + H]+ and fragment ion m/z 308 [M – 162 + H]+ after incubation of 
GSH with 3-DG, suggesting it lost one molecule of 3-DG, indicating that this product was a GSH 
adduct of 3-DG (denoted as 3-DG-GSH adduct).   
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Figure 2.2. Typical LC-TOF-MS base peak chromatograms of incubations of MGO (A), GO (B), or 3-DG (C) 
with GSH at a molar ratio of 10:1 for 1 h. 

Figure 2.3. LC-TOF-MS spectra of GSH (A), MGO-GSH adduct (B), hydrous GO-GSH adduct (C), GO-GSH 
adduct (D), and 3-DG-GSH adduct (E). 

(A) 

(B) 

(C) 

(C) (D) (E) 

(A) (B) 
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2.3.2 Kinetic study of the reaction between α-dicarbonyl compounds and GSH 

We further evaluated and compared the kinetics of the scavenging effects of GSH on the three 
α-dicarbonyl compounds at a molar ratio of 1:1 in 25 mM potassium phosphate (pH = 7.4) at 
37 °C. These reactions were monitored for 6 h during which the formation of GSSG from GSH 
was limited as confirmed by LC-TQ-MS (data not shown). The results shown in Figure 2.4 
suggest that GSH reacted instantaneously with the three α-dicarbonyl compounds, and the 
scavenging of the α-dicarbonyls by GSH did not continue during the subsequent 6 h of 
incubation, during which only a small further decrease in GSH was observed likely due to some 
autoxidation of GSH. At equimolar concentrations of MGO and GSH resulted in the highest 
level of GSH scavenging (ca. 18.1% reduction of GSH immediately at the start), as compared 
with GO (ca. 8.6% reduction of GSH) and 3-DG (ca. 1.7% reduction of GSH). 

Figure 2.4. The change in GSH content after incubation of GSH (0.5 mM) with MGO (0.5 mM), GO (0.5 mM) 
or 3-DG (0.5 mM) in 25 mM potassium phosphate (pH = 7.4, 37 °C) for 0, 0.5, 1, 2, 4, and 6 h. Data are 
presented as mean ± SEM of three independent replicates. 

2.3.3 Effects of α-dicarbonyl compounds on the viability of Nrf2 CALUX cells and induction 
of Nrf2-mediated gene expression 

The WST-1 assay was used to assess the effects of MGO, GO, and 3-DG on the viability of Nrf2 
CALUX cells. As shown in Figure 2.5, none of the individual compounds (MGO, GO, and 3-DG) 
caused cytotoxic effects at concentrations from 100 to 1750 μM on Nrf2 CALUX cells after 24 
h exposure, except for MGO that exhibited some cytotoxicity (66.6% cell viability remaining) 
at the maximum concentration tested (1750 μM).  
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Figure 2.5. Effects of MGO (A), GO (B), and 3-DG (C) on the viability of Nrf2 CALUX cells as evaluated with 
the WST-1 assay. Data are presented as mean ± SEM of three independent replicates. ** p < 0.01 compared 
with the solvent control (0.5% nano pure water). 

Figure 2.6 shows the concentration-dependent luciferase induction by each α-dicarbonyl 
compound at concentrations up to 1750 μM in the Nrf2 CALUX assay and the Cytotox CALUX 
assay. The Cytotox CALUX results corroborate the minor effects on cell viability as also 
observed in the WST-1 assay for the three compounds by showing no substantial reduction 
(Figure 2.5). Furthermore, no increase in luciferase activity was observed after exposure of 
the Cytotox CALUX cells to the α-dicarbonyl compounds, indicating that the observed 
induction in the Nrf2 CALUX assay does not reflect false positive results due to the stabilization 
of the luciferase enzyme. The results of the Nrf2 CALUX assay presented in Figure 2.6 show 
that MGO, GO, and 3-DG significantly induced Nrf2-mediated luciferase expression in a 
concentration-dependent manner compared to the solvent control, with the induction 
becoming statistically significant at concentrations ≥750 μM MGO, ≥750 μM GO, and ≥500 μM 
3-DG, respectively (p < 0.05). 3-DG showed a luciferase induction at a lower concentration 
(500 µM), potentially reflecting its less efficient scavenging by GSH (Figure 2.4). In terms of 
fold induction, however, at higher concentrations (≥1250 μM) MGO appeared to be the most 
potent Nrf2 inducer, followed by 3-DG and lastly GO. GO showed the lowest induction capacity 
of Nrf2-mediated gene expression at all concentrations tested among the three compounds. 

(A) (B) (C) 
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Figure 2.6. Induction of Nrf2-mediated luciferase gene expression in the Nrf2 CALUX cells (blue bars) and 
fold change in luciferase activity in the Cytotox CALUX assay (red bars) after 24 h exposure to MGO (A), GO 
(B), and 3-DG (C). Note the different sizes of the Y-axes. Data are presented as mean ± SEM of three 
independent replicates. * p < 0.05 and ** p < 0.01 compared with the solvent control (0.5% nano pure 
water). 

2.3.4 Effects of α-dicarbonyl compounds on the production of intracellular ROS 

Intracellular ROS production induced by MGO, GO, and 3-DG at concentrations from 500 to 
1750 μM was measured using the oxidation-sensitive probe DCFDA. As shown in Figure 2.7, 
incubation of the Nrf2 CALUX cells for 6 h with MGO, GO, and 3-DG induced a concentration-
dependent increase in ROS production compared to the solvent control, with the induction 
becoming statistically significant at concentrations ≥ 500 μM MGO, ≥1250 μM GO, and ≥1250 
μM 3-DG, respectively (p < 0.05). This effect appeared to decrease in the order MGO > GO ≈ 
3-DG.  

Figure 2.7. Effects of MGO (A), GO (B), and 3-DG (C) on the reactive oxygen species (ROS) production in Nrf2 
CALUX cells. tert-Butyl hydroperoxide (TBHP) at 50 μM was used as the positive control. Data are presented 
as mean ± SEM of three independent replicates. * p < 0.05 and ** p < 0.01 compared with the solvent 
control. 

(A) (B) (C) 

(A) (B) (C) 
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2.3.5 Effects of altered intracellular GSH levels on the viability of Nrf2 CALUX cells and the 
induction of Nrf2-mediated gene expression by α-dicarbonyl compounds 

Intracellular GSH levels were measured by LC-TQ-MS in control and NAC or BSO treated cells 
to validate the effectiveness in the modulation of GSH levels in the Nrf2 CALUX cells (Figure 
2.8). After treatment with 10 mM NAC for 4 h, intracellular GSH levels were increased 1.4-fold 
compared to the solvent control. In contrast, intracellular GSH levels in cells treated with 100 
μM BSO for 48 h were 18.4-fold lower than what was detected in untreated control cells. 

Figure 2.8. Changes in intracellular GSH levels after exposure of Nrf2 CALUX cells to NAC or BSO only. Data 
are shown as mean ± SEM of three independent replicates. * p < 0.05 and ** p < 0.01 compared with the 
solvent control. NAC: N-acetyl-L-cysteine, BSO: L-buthionine-sulfoximine. 

Figure 2.9 shows the effect of pre-incubation of Nrf2 CALUX cells with NAC or BSO on the 
cytotoxicity of the three α-dicarbonyl compounds. The selected concentrations in this assay 
for MGO, GO and 3-DG were not toxic to the cells with unmodified GSH levels. Upon pre-
treatment of the cells with 10 mM NAC, MGO, GO, and 3-DG also showed no significant toxic 
effect on the cells. Treatment with BSO alone showed some cytotoxicity (89.5% cell viability 
remaining), while co-exposure of the cells to 100 μM BSO and the α-dicarbonyl compounds at 
increasing concentrations that were not toxic by themselves (Figure 2.5) resulted in a 
considerable dose-dependent additional decrease in the cell viability. Upon reduction of 
cellular GSH levels by BSO, MGO, GO, and 3-DG showed significantly increased toxicity at 
concentrations that were shown non cytotoxic towards cells with unmodified GSH levels. This 
effect appeared to decrease in the order 3-DG > MGO > GO.  
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Figure 2.9. Effects of altered intracellular GSH levels on the cell viability upon exposure of Nrf2 CALUX cells 
to MGO (A), GO (B), and 3-DG (C) for 24 h. Data are presented as mean ± SEM of at least three independent 
replicates. * p < 0.05 and ** p < 0.01. 

The effects of changes in intracellular GSH levels on the α-dicarbonyl-mediated induction of 
Nrf2-mediated gene expression are shown in Figure 2.10. Although treatment with NAC alone 
did not show any effect on basal luciferase induction, it significantly attenuated Nrf2-mediated 
induction of gene expression by MGO (at concentrations ≥ 1000 μM) and GO (at 1500 μM) but 
not 3-DG. Upon pre-treatment of the Nrf2 CALUX cells with NAC, the induction factor for the 
Nrf2-mediated induction of gene expression of MGO at 1000, 1250, 1500 μM decreased from 
3.8- to 1.9-fold (50% decrease), 9.1- to 5.0-fold (45% decrease), and 23.1- to 9.1-fold (61% 
decrease), respectively, while the induction factor of GO at 1500 μM decreased from 2.9- to 
2.1-fold (28% decrease).  

The addition of BSO leads to the opposite effect causing a substantial increase in luciferase 
induction by MGO (750 and 1000 μM), GO (750 and 1000 μM), and 3-DG (500 μM). The 
induction factor of MGO at 750 and 1000 μM increased from 1.9- to 33.7-fold and 3.8- to 51.5-
fold, respectively. The luciferase induction of GO at 750 and 1000 μM increased from 1.9- to 
15.4-fold and 1.8- to 11.5-fold, respectively. For 3-DG, an increase in induction from 2.7- to 
8.9-fold at 500 μM was observed. In addition, a decrease in luciferase induction was observed 
at higher concentrations of the three compounds in the presence of BSO, due to the increased 
cytotoxic effects caused by each α-dicarbonyl compound in the presence of BSO (Figure 2.9). 
BSO itself showed an induction factor of 4.0-fold compared to the untreated control. However, 
the luciferase induction response by the three α-dicarbonyl compounds with the addition of 
BSO is considerably higher than the sum of the responses induced by each α-dicarbonyl 
compound and BSO separately. This indicates that the reduction of cellular GSH levels by BSO 
resulted in a more than additive enhancement of Nrf2-mediated gene expression by the α-
dicarbonyl compounds.  

(A) (B) (C) 
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Figure 2.10. Effects of altered intracellular GSH levels on the induction of Nrf2-mediated gene expression 
upon 24 h exposure to MGO (A), GO (B), and 3-DG (C). Note the different sizes of the Y-axes. Data are shown 
as mean ± SEM of at least three independent replicates. * p < 0.05 and ** p < 0.01.  

2.4. Discussion 

The scavenging of GO and MGO by GSH in cells is a well-known phenomenon that occurs non-
catalytically or is catalyzed by GSTs, leading to the subsequent further detoxification of GO 
and MGO by Glo1 and Glo2 in the glyoxalase system10, 65, 148. Our results demonstrate that 3-
DG can form adducts with GSH as well. In addition, we found that, unlike what was observed 
for MGO, for GO also a hydrated GSH adduct was detected. The results also indicate that the 
three compounds react instantaneously with GSH and that the reactions reach equilibrium 
rapidly. In the present study, the amount of GSH scavenged by an equimolar concentration of 
the three α-dicarbonyl compounds decreased in the order MGO > GO > 3-DG. This difference 
may be related to the occurrence of their various chemical forms in aqueous solution (Figure 
2.11)149. 3-DG tends to exist in a cyclic form in aqueous solutions resulting in relatively lower 
levels of the form that tends to react with GSH150. Similarly, MGO is present in aqueous 
solutions in a monohydrate (71%), dihydrate (28%), and unhydrated form (1%), while GO exists 
mainly as dihydrate followed by dimers (1–2%), monohydrate (0.5%), and an unhydrated form 
(0.005%)151, 152. This difference in hydration between GO and MGO can be related to the fact 
that GO is a dialdehyde and therefore probably exists in doubly hydrated form, in which upon 
GSH adduct formation one hydrated moiety remains, while the keto group of MGO is less 
susceptible to hydration explaining why no hydrated adduct is formed from MGO and GSH. In 
addition, the fact that less unhydrated GO exists in buffer solutions and also that the 
monohydrate of GO tends to polymerize more rapidly than that of MGO may result in a lower 
level of GSH adduct formation with GO compared to MGO152. 

(A) (B) (C) 
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Figure 2.11. Schematic presentation of the formation of MGO-GSH, hydrous GO-GSH, GO-GSH, and 3-DG-
GSH adducts. 

Apart from the primary GSH-dependent detoxification pathway through direct scavenging 
with or without GSTs mediation followed by the further metabolism via Glo1 and Glo2 in the 
glyoxalase system for MGO and GO, aldehyde dehydrogenases (ADHs) and aldo-keto 
reductases (AKRs) also contribute to the detoxification of MGO and GO to a lesser degree10. 
3-DG is reported to be mainly metabolized by AKRs, with minor metabolism by ADH135. Despite 
that 3-DG did form an adduct with GSH in this study, a previous study reported that Glo1 
overexpression did not result in decreased 3-DG levels and thus 3-DG was considered as not 
sensitive to Glo1153. The expression of Glo1, AKRs, and ADHs, as well as the synthesis of GSH 
are known to be controlled by the transcription factor Nrf2 through regulatory EpRE-mediated 
gene expression, with the activation of Nrf2-mediated gene expression enhancing the 
expression of enzymes for metabolism of α-dicarbonyl compounds leading to the prevention 
of so-called dicarbonyl stress within cells36. MGO, as a highly reactive electrophilic compound 
is known to trigger the Nrf2-mediated adaptive cellular response154, while studies on the 
induction of the Nrf2 pathway by GO and 3-DG are still absent. In the present study we 
compared the ability of the three α-dicarbonyl compounds to induce Nrf2-mediated gene 
expression using the Nrf2 CALUX reporter gene assay, which provides a powerful tool to 
measure Nrf2-mediated gene expression. Our results show that all three compounds are able 
to induce the Nrf2-mediated pathway in a dose-dependent manner, suggesting the potential 
role of α-dicarbonyl compounds in cellular signaling function despite the fact that they are 
also known as contributing factors to many diseases. It was reported that 3-DG is less reactive 
than MGO and GO, with for example 200-fold lower reactivity with arginine residues than 
MGO and GO32, which is in line with our results that show that 3-DG has the lowest reactivity 
towards GSH. However, 3-DG appeared able to activate the Nrf2-mediated transcriptional 
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program already at somewhat lower concentrations compared to MGO and GO. In terms of 
fold induction, at higher concentrations (≥1250 μM) the induction factors for the three 
dicarbonyls decreased in the order MGO > 3-DG > GO. One possible explanation is that 3-DG 
was less efficiently scavenged by GSH, resulting in higher cellular concentrations, and thus 
induction of Nrf2-mediated gene expression at a lower concentration, while the potential of 
MGO to activate Nrf2 pathway is higher. Besides, due to the high abundance and kinetic 
constants of Glo1 for the metabolism of MGO and GO in comparison to the essential 
detoxifying enzymes AKRs for 3-DG74, a slower metabolism of 3-DG in cells can be expected 
which may also result in the higher induction capacity of 3-DG as compared to GO. In addition, 
the underlying mode of action by which the three α-dicarbonyl compounds mediate Nrf2 
induction may be related to either (i) ROS production and/or (ii) their electrophilicity and 
reaction with amino acid moieties of Keap1 resulting in the release of Nrf2. With respect to 
ROS production, these three compounds were shown in the present study to be able to induce 
ROS production, with the fold induction decreasing in the order MGO > GO ≈ 3-DG. In addition, 
α-dicarbonyl compounds may react reversibly with cysteine residues of Keap1, and/or may 
also form irreversible adducts with other nucleophilic amino acid residues such as arginine 
and lysine, leading to the Nrf2 release. A previous study discovered that MGO was able to 
modify Keap1 to form a crosslinking AGE between a cysteine and arginine residue of Keap1, 
resulting in the dimerization of Keap1 followed by the release of Nrf2 and activation of the 
Nrf2 transcriptional program53. The irreversible adduct formed by MGO may cause prolonged 
activation of Nrf2 in comparison to reversible binding to its cysteine moieties. Therefore, the 
reactivity of dicarbonyls towards GSH may not be the only indicative parameter of their Nrf2 
induction capacity. 

We further studied the role of intracellular GSH levels in the Nrf2-mediated gene expression. 
The intracellular GSH levels were modulated by the addition of NAC and BSO, which resulted 
in a 1.4-fold increase and an 18.4-fold decrease in cellular GSH levels, respectively. This 
difference in the degree of intracellular GSH level modulation may explain the more 
pronounced influence on the Nrf2-mediated luciferase induction by the α-dicarbonyl 
compounds upon the addition of BSO than upon pre-treatment with NAC in our cell model. 
Pre-treatment of the cells with NAC to increase intracellular GSH levels resulted in a decrease 
in the Nrf2-mediated gene expression by MGO and GO, but not by 3-DG. This difference is 
ascribed to the lower level of scavenging of 3-DG with GSH, for which apparently available 
levels of GSH are adequate and a further increase in cellular GSH levels does not provide extra 
protection. However, the addition of BSO to decrease the intracellular GSH levels resulted in 
enhanced cytotoxicity as well as increased induction of Nrf2-mediated gene transcription by 
MGO, GO, and also by 3-DG. The effects of GSH depletion on the Nrf2 induction by the three 
compounds appeared to decrease in order of MGO > GO > 3-DG. These results indicate the 
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difference in the role of GSH in the protection against cytotoxicity and in the activation of Nrf2-
mediated gene expression by MGO, GO, and 3-DG. For MGO and GO, the depletion of cellular 
GSH can be expected to result in the inhibition of the formation of the hemithioacetal via the 
reaction of MGO and GO with GSH, leading to less efficient detoxification of MGO and GO in 
the cells, thereby increasing their cytotoxicity and Nrf2 inducing activity. In the meanwhile, 
the depletion of GSH may also increase the oxidative stress in the cells which may contribute 
to the increased cytotoxic effects and Nrf2 inducing activity. For 3-DG, the enhanced Nrf2 
induction activity may be mainly due to the increased oxidative stress in cells caused by 3-DG 
and the depletion of GSH. A quite unexpected finding was the highest cytotoxic effects by 3-
DG in the presence of BSO. Besides the increased oxidative stress which may contribute to the 
cytotoxic effects to some extent, another possible explanation for the results is that the 
depletion of GSH may lead to the decrease in the cellular NADPH levels in the regeneration of 
GSH from GSSG in oxidative stress, which would further cause the decrease of the activity of 
AKRs leading to the inhibition of the detoxification of 3-DG in the cells135, 155. The exact mode 
of action underlying this discrepancy for 3-DG, however, remains to be elucidated. 

α-Dicarbonyl compounds have traditionally been considered toxic metabolites leading to 
pathological disorders and many diseases10, 36. However, some recent studies proposed that a 
hormetic effect can be induced by lower levels of reactive carbonyl species resulting in 
biological beneficial effects156. In a healthy human body, a lower level of dicarbonyls may 
induce adaptive responses such as induction of Nrf2 mediated gene expression leading to the 
prevention or repair of the adverse effects of the dicarbonyls. However, overwhelming of the 
protective mechanisms by elevated levels of dicarbonyls and accompanying decreased GSH 
levels may play a role in some chronic diseases for example neurodegenerative diseases and 
diabetes157, 158. The augmented and persistent activation of the Nrf2 pathway by dicarbonyl 
stress can be considered to counteract the related potential adverse effects at least to some 
extent. 

By using U2OS reporter cell lines, our study revealed the potential of the selected α-dicarbonyl 
AGE precursors to activate Nrf2 mediated gene expression and the role of intracellular GSH in 
counteracting this effect. The results also revealed subtle differences between the three α-
dicarbonyls with MGO being the most potent in terms of scavenging by GSH, ROS production, 
induction of Nrf2-mediated gene expression, and the effects of GSH depletion on this 
potential. It is of interest to note that other studies report the toxicity of MGO to other cell 
lines70, 159. Comparison of the toxicity data from these studies to the results of the present 
study reveals that U2OS cells appear less sensitive to the adverse effects of MGO. Nevertheless, 
these cells were used to create the Nrf2 reporter cell model because generally U2OS cells are 
considered suitable for this purpose given their lack of high levels of endogenous receptors, 
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reducing chances on receptor cross talk138, 160. For all of these in vitro toxicity data reported in 
the present study it holds that the concentrations of the dicarbonyls at which they cause 
toxicity are beyond expected physiological concentrations. Nevertheless, the results of the 
present study reveal information relevant for the mode of action underlying cellular effects of 
these dicarbonyls and show that endogenous GSH levels play a role in the protection against 
dicarbonyl stress. Future studies in cell lines representing tissues known to be sensitive 
towards glycation products and/or dicarbonyl stress, for example kidney or neuronal cells161, 

162, may use different or additional read outs, such as PCR or proteomics, to quantify the 
induction of Nrf2-mediated gene and protein expression. The results of the present study 
reveal that for such studies MGO is the preferred model compound. 

In conclusion, this study elucidated subtle differences in the induction of Nrf2-mediated gene 
expression by the three typical α-dicarbonyl compounds and their scavenging by GSH, and 
pointed at a dual biological effect of the α-dicarbonyl compounds, being reactive toxic 
electrophiles and -as a consequence- able to induce Nrf2-mediated protective gene 
expression, with MGO being the most reactive. 

Acknowledgments 

Liang Zheng is grateful for the financial support from the China Scholarship Council (No. 
202008510115). The authors acknowledge Biodetection Systems (BDS, Amsterdam) for the 
use of the U2OS Cytotox and Nrf2 CALUX cells. Especially, we also would like to thank Professor 
Jacques Vervoort who passed away in July 2021 and offered a lot of assistance with 
instrumental analysis for this article. 

  

THE ROLE OF INTRACELLULAR GLUTATHIONE LEVELS IN NRF2 ACTIVATION BY DICARBONYLS 51

2





Chapter 3 
Comparison of the Methylglyoxal Scavenging 
Effects of Kaempferol and Glutathione and the 
Consequences for the Toxicity of Methylglyoxal 
in SH-SY5Y Cells 

 
 

This chapter is based on: 

Liang Zheng, Wouter Bakker, Ignacio Miro Estruch, Frances Widjaja, Ivonne M. C. M. Rietjens. 
Comparison of the methylglyoxal scavenging effects of kaempferol and glutathione and the 
consequences for the toxicity of methylglyoxal in SH-SY5Y cells. 
Published in: Food Chemistry: X. 2023 Dec 30;20:100920. 
DOI: 10.1016/j.fochx.2023.100920  



Abstract 

This study aimed to characterize the methylglyoxal (MGO) scavenging capacity of glutathione 
(GSH) and kaempferol in more detail with special emphasis on the possible reversible nature 
of the adduct formation and their competition for MGO, and the safety consequences of their 
MGO-scavenging effects. GSH showed immediate and concentration-dependent MGO-
scavenging effects, while the scavenging effects by kaempferol appeared concentration- but 
also time-dependent, with stable adducts formed over time. The GSH adduct gradually 
disappeared in a competition reaction with kaempferol, and kaempferol became the preferred 
scavenger over time. Furthermore, the scavenging of MGO by kaempferol provided better 
protection than GSH against extracellular MGO of SH-SY5Y cells. It is concluded that flavonoids 
like kaempferol provide better scavengers for food-borne MGO than thiol-based scavengers 
such as GSH, while, given the endogenous concentrations of both scavengers and the 
detoxification of the GSH-MGO adduct by the glyoxalase system, GSH will be dominant for 
intracellular MGO protection. 

Keywords: methylglyoxal; kaempferol; glutathione; adduct formation; cytotoxicity 
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3.1 Introduction 

Methylglyoxal (MGO) is a highly reactive α-dicarbonyl compound formed endogenous but also 
widely distributed in various foods and beverages such as roasted meat, cookies, bread, honey, 
coffee, milk, and beer11, 54. It can be formed during food processing and storage due to the 
autoxidation of sugars, the Maillard reaction, lipid degradation, and/or enzymatic reactions of 
microorganisms in fermented foods22, 24. MGO plays an essential role in the color and aroma 
formation during thermal processing of some baked and fried foods28. However, MGO can 
react with nucleophilic sites on proteins to form advanced glycation end products (AGEs), 
which may result in reduced nutritional value of foods58. Moreover, increasing evidence has 
indicated that higher intake of dietary AGEs may promote oxidative stress and inflammation, 
contributing to the development of some diseases such as chronic kidney disease and 
neurodegenerative diseases56, 163. Considering the possible impact of MGO on food quality and 
human health, controlling the amount of MGO in foods is of importance, and the scavenging 
of MGO by different agents in foods has been suggested as a potential strategy to prevent the 
formation of AGEs and their adverse effects60, 164, 165. 

To this end, previous studies have reported the reactions of MGO with a variety of compounds, 
of which amino acids, thiol compounds, and plant polyphenols, especially flavonoids, have 
been proven to be efficient scavengers for MGO59, 166. For instance, MGO reacts with amino 
groups of lysine to form reversible hemiaminals and stable AGEs including Nε-
(carboxyethyl)lysine (CEL) and methylglyoxal-lysine dimer (MOLD)167, while the reaction with 
guanidine groups in arginine residues results in the irreversible formation of 
hydroimidazolones and argpyrimidines168, 169. MGO can also react reversibly with the thiol 
group of N-acetylcysteine and glutathione (GSH) to form hemithioacetals41. Especially, the 
hemithioacetals formed by GSH and MGO can be further detoxified into D-lactate by 
glyoxalase enzymes in biological systems41, 148. This GSH conjugation is a well-known 
phenomenon identified before as a primary endogenous detoxification mechanism for 
MGO126. Compared to some free amino acids such as lysine, arginine, and histidine, which may 
react with MGO to produce AGEs, the addition of biological thiols in foods may be a reasonable 
choice to be used as the competitive target for MGO inhibiting the formation of AGEs. Lastly, 
natural polyphenols, especially flavonoids, have been regarded as efficient scavengers of MGO 
and suggested for MGO control in food systems such as milk and cookies, provided their 
solubility and background flavor would not hamper this use16, 20, 27, 58, 62. Studies have shown 
that flavonoids such as quercetin and genistein can trap MGO by forming mono- and di-MGO 
adducts under physiological conditions60, 61. Although the MGO scavenging capacity of 
flavonoids is extensively studied in in-vitro cell-free systems, the extent to which the resulting 
adduct formation is reversible and/or is preferred over a reaction with thiol compounds such 
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as GSH remains to be established. In addition, to what extent the scavenging effects of both 
GSH and flavonoids contribute to the detoxification of food-borne exogenous MGO is still 
unknown. 

In the present study, a representative thiol compound GSH, and kaempferol, a typical 
flavonoid widely present in fruits and vegetables, were chosen as model compounds. The 
study aimed to characterize their MGO scavenging capacity in more detail with special 
emphasis on the possible reversible nature of the adduct formation and their potential 
competition for MGO, as well as the consequences of their MGO-scavenging effects both 
endogenously and in food for MGO-induced cytotoxicity. To this end, product formation in in-
vitro incubations of MGO with GSH and/or kaempferol, and incubations of purified adducts 
formed were characterized in time using an LC-MS based method. Furthermore, the influence 
of MGO scavenging by GSH and kaempferol on MGO-induced cytotoxicity was evaluated, using 
the SH-SY5Y human neuroblastoma cells, representing neuronal cells known to be sensitive 
towards dicarbonyl stress and/or AGEs162, 170. 

3.2 Materials and methods 

3.2.1 Chemicals and reagents 

MGO (40% in water), L-glutathione reduced (GSH, ≥ 98%), L-glutathione oxidized (GSSG, ≥ 
98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98%), dimethyl 
sulfoxide (DMSO, ≥ 99%), ethanol (≥ 99%), and acetic acid (≥ 99%) were purchased from Merck 
(Darmstadt, Germany). Kaempferol (> 99%) was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). Acetonitrile (LC-MS grade) and methanol (LC-MS grade) were 
purchased from Biosolve BV (Valkenswaard, The Netherlands). Formic acid (≥ 99%) was 
obtained from VWR CHEMICA (Amsterdam, The Netherlands). Dulbecco's Modified Eagle 
Medium/Nutrient Mixture F-12 with GlutaMAX supplement cell culture medium (DMEM/F12 
GlutaMAX), penicillin/streptomycin, phosphate buffered saline (PBS), Hanks' balanced salt 
solution (HBSS), trypsin-EDTA and nonessential amino acids (NEAA) were bought from Gibco 
(Paisley, UK). Foetal calf serum (FCS) was purchased from Bodinco (Alkmaar, The Netherlands). 
Ultrapure water was prepared by a Milli-Q system (Millipore, MA, USA). 

3.2.2 Kinetic study of the reaction between GSH and kaempferol with MGO 

Stock solutions of MGO, GSH, and GSSG were prepared (5 mM) in 100 mM sodium phosphate 
buffer (pH = 7.4), and a stock solution of kaempferol (5 mM) was prepared in DMSO. To a 
starting solution of GSH or kaempferol (final concentration of 0.25 mM) in 100 mM phosphate 
buffer (pH = 7.4, with 1.5% DMSO for each incubation) were added different volumes of MGO 
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stock solution to give a final concentration of 0.5, 1.25, or 2.5 mM (GSH or kaempferol, each 
with MGO in the molar ratios of scavenger : MGO of 1:2, 1:5, and 1:10). The resulting solutions 
were incubated at 37 °C in a water bath for 0, 1, 2, 4, 8, 24, and 48 h. At each time point, 100 
μL stop solution (ethanol containing 2% acetic acid) was added to the equal volume of 
collected samples to stop the reaction. Samples were immediately stored at -80 °C until 
analysis. LC-TOF-MS was applied for the analysis of kaempferol and its adducts with MGO as 
further described in Section 3.2.5, and LC-TQ-MS was used for the quantification of GSH, GSSG, 
and the GSH adduct with MGO as described in Section 3.2.6. 

3.2.3 Reversibility of the MGO-kaempferol adducts  

The purified monoMGO adduct of kaempferol was incubated (final concentration 5 μM) in 100 
mM phosphate buffer (pH = 7.4) at 37 °C in a water bath for 24h. After the same sampling step 
as applied in Section 3.2.2, the samples were stored at -80 °C until analysis for free kaempferol 
by LC-TQ-MS as described in Section 3.2.6. 

3.2.4 Investigation of the competition between GSH and kaempferol for MGO adduct 
formation 

To a starting solution of GSH and kaempferol (final concentration of 0.25 mM) in 100 mM 
phosphate buffer (pH = 7.4, with 1.5% DMSO in the incubation) was added MGO stock solution 
to a final concentration of 0.25 mM. The resulting solutions were incubated at 37 °C in a water 
bath for 0, 1, 2, 4, 8, 24, and 48 h. Samples were collected in the same way as described in 
Section 3.2.2, after which they were immediately stored at -80 °C until further analysis for 
kaempferol, GSH, GSSG, and the adducts formed between GSH and kaempferol with MGO by 
LC-TQ-MS as described in Section 3.2.6. 

3.2.5 LC-TOF-MS analysis  

An Agilent 1200 LC system coupled with a Bruker micro-TOF mass spectrometer was used to 
analyze kaempferol and its MGO conjugates in the incubation mixtures of kaempferol with 
MGO, which enabled the identification and quantification of the diverse kaempferol adducts 
with MGO. An Acquity UPLC BEH C18 (50 mm × 2.1 mm, 1.7 µm) column was employed during 
the experiment with a flow rate of 0.18 mL/min. The mobile phase was composed of A 
(ultrapure water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) with the 
following gradient: 0–5 min, 100–65%A; 5–15 min, 65–40%A; 15–18 min, 40–20%A; 18–19 min, 
20–100%A; 19–30 min, 100%A. Mass spectrometric analysis was performed in the negative 
electrospray ionization mode with mass spectra acquired from m/z 100 to 1500. The 
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instrument parameters were: capillary voltage, + 3200 V; nebulizing gas pressure, 2 bar; drying 
gas flow, 8 L/min and drying temperature, 200 °C. 

3.2.6 LC-TQ-MS analysis 

A Shimadzu Nexera XR LC-20AD XR UHPLC system coupled with a Shimadzu 8050 triple 
quadrupole mass spectrometer with electrospray ionization (ESI) interface was applied for the 
kinetic study of the reaction between GSH and MGO by quantification of GSH, GSSG, and the 
GSH-MGO adduct. The m/z ratio of the GSH-MGO adduct for the LC-TQ-MS method was 
obtained by LC-TOF-MS in our previous study31. LC-TQ-MS methods were also developed for 
the quantification of kaempferol and its reaction products with MGO based on the 
identification information obtained by LC-TOF-MS in the current study, which also enabled 
simultaneous quantification of GSH, kaempferol, and the reaction products in a co-incubation 
of GSH and kaempferol with MGO. Chromatographic separation was achieved using a Supelco 
Discovery HS F5-3 column (15 cm×2.1 mm, 3 μm). Ultrapure water containing 0.1% formic acid 
(A) and acetonitrile with 0.1% formic acid (B) were used as mobile phase at a flow rate of 0.25 
mL/min. The following gradient was used: 0–2 min, 100%A; 2–5 min, 100–40%A; 5–11 min, 
40%–5%A; 11–14 min, 5%A; 14–14.1 min, 5%–100%A; 14.1–24 min, 100%A. The instrument 
parameters were as follows: nebulizing gas flow, 3.0 L/min; drying gas flow and heating gas 
flow, 10.0 L/min; interface temperature, 300 °C; and heat block temperature, 400 °C. Multiple-
reaction monitoring (MRM) and selected-ion monitoring (SIM) modes with ionization polarity 
switching were utilized for the simultaneous determination of GSH, kaempferol, and the 
reaction products. The optimized acquisition parameters for these compounds are 
summarized in Table S3.1 (Supporting information). 

3.2.7 Cell culture 

The SH-SY5Y (ATCC CRL-2266) human neuroblastoma cell line was purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in 
DMEM/F12 GlutaMAX medium containing 10% FCS, 1% NEAA, and 1% penicillin/streptomycin 
in a humidified incubator at 5% CO2 at 37 °C. Cells were subcultivated at a ratio of 1:20 upon 
confluency, using 0.05% trypsin-EDTA solution. The medium was changed every 4 to 7 days. 

3.2.8 Cell viability assay  

To study the consequences of MGO scavenging by GSH and kaempferol for the toxicity of MGO, 
two types of experiments were performed. First, concentration-response curves were made 
for the cytotoxicity of MGO preincubation without or with a fixed concentration (0.25 mM) of 
GSH or kaempferol. Second, a fixed concentration (2 mM) of MGO was mixed with increasing 
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concentrations of GSH (0.05-0.25 mM, final concentration) or kaempferol (0.05-0.25 mM, final 
concentration) either with or without subsequent pre-incubation after which cytotoxicity was 
quantified. 
 
Pre-incubations were performed for 48 h at 37 °C in a cell-free HBSS system before exposure. 
The cell viability assay was performed using the MTT method. Briefly, SH-SY5Y cells (1.5 × 104 
cells/well) were seeded into 96-well plates (Greiner Bio-one) and incubated for 24 h. The 
culture medium was then replaced by the pre-incubated or non-preincubated solutions 
described above which were further supplemented with 10% FCS. After 24 h exposure, the 
cells were carefully washed with HBSS and incubated for 3 h in fresh HBSS containing 10% FCS 
and 0.5 mg/mL MTT. Subsequently, the produced formazan crystals were dissolved in 100 μL 
DMSO, after which the absorbance at 562 nm and at a reference wavelength of 620 nm was 
measured using a plate spectrophotometer (Molecular Devices, San Jose, CA, USA, Spectra 
Max M2). Corrected absorbance values were calculated by subtracting the values at 620 nm 
from the corresponding values at 562 nm. The cell viability was further expressed as a 
percentage relative to solvent control set at 100%.  

3.2.9 Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM) from at least three 
independent experiments. Statistical analyses and visualization of the results were conducted 
using GraphPad Prism 9 software (San Diego, CA, USA). EC50 values were determined by non-
linear regression analysis, and statistical differences between the EC50 values were analyzed 
using student's t-tests. A two-way ANOVA was employed to assess the cytotoxic effects 
induced by exposure to different concentrations of MGO, under pre-incubation conditions 
without or with a fixed amount of GSH or kaempferol, and their interactions. A Dunnett’s post 
hoc test was performed to compare the differences between the experimental groups and the 
control group (MGO pre-incubated alone group). Additionally, the effects of pre-incubation 
and non-preincubation of a fixed amount of MGO with increasing concentrations of GSH or 
kaempferol on the cytotoxicity of MGO were assessed using a two-way ANOVA, followed by a 
Tukey post hoc test for pairwise comparisons between any two groups. Results with p-values 
less than 0.05 were considered statistically significant.  

3.3 Results 

3.3.1 Characterization of reaction products between kaempferol and MGO by LC-TOF-MS 

Our previous study already confirmed that a GSH-MGO adduct is formed upon incubation of 
GSH and MGO in phosphate buffer31. In the current study, we qualitatively analyzed the 
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reaction products between kaempferol and MGO by LC-TOF-MS. Nine major reaction products 
were detected after incubation of kaempferol (0.25 mM) with MGO (2.5 mM) for 48 hours. 
The identification information for kaempferol and its MGO adducts is summarized in Table 
S3.2, and typical extracted ion chromatograms are shown in Figure S3.1 (Supporting 
information). The peak at 12.0 min (Figure S3.1B) had the molecular ion m/z 357.1 [M – H]–, 
which was 72 mass units higher than the molecular ion of kaempferol m/z 285.1 [M – H]–, 
indicating this peak represented a mono-MGO conjugated kaempferol (denoted as kaem-
monoMGO). The peaks at 11.1, 11.5, and 12.1 min (Figure S3.1C) had identical molecular ions 
of m/z 429.1 [M – H]– with 72 mass units higher than the m/z of the kaem-monoMGO adduct 
(m/z 357.1 [M – H]–) indicating that they were isomers of diMGO adducts of kaempferol 
(denoted as kaem-diMGOa, kaem-diMGOb, and kaem-diMGOc), with kaem-diMGOa being the 
dominant isomer. The molecular ions of the peaks at 12.0, 13.0, and 14.0 min (m/z 355.1 [M 
– H]–, Figure S3.1D) were 2 mass units lower than that of the kaem-monoMGO (m/z 357.1 [M 
– H]–), indicating a possible loss of two protons after the formation of kaem-monoMGO, and 
thus these peaks were proposed as the isomers of oxidized kaem-monoMGO (denoted as 
oxidized kaem-monoMGOa, oxidized kaem-monoMGOb, and oxidized kaem-monoMGOc). 
Similarly, the peaks at 11.5 and 12.0 min (Figure S3.1E) had molecular ions of m/z 427.1 [M – 
H]– with 2 mass units lower than the m/z of diMGO adduct of kaempferol (m/z 429.1 [M – H]–), 
suggesting the loss of two protons after the conjugation of two molecules of MGO to 
kaempferol (denoted as oxidized kaem-diMGOa and oxidized kaem-diMGOb). 

3.3.2 Kinetic study of the reaction between GSH and kaempferol with MGO 

The kinetics of the scavenging effects of GSH on MGO were evaluated under three molar ratios 
of GSH : MGO (1:2, 1:5, and 1:10) keeping the concentration of GSH constant. LC-TQ-MS was 
applied for the targeted determination of GSH, GSSG, and the GSH-MGO adduct. Figure 3.1 
shows the time-dependent changes in the contents of GSH, GSSG, and the GSH-MGO adduct 
during the incubation of GSH with MGO for 48 h. The concentrations of GSH and GSSG were 
determined via calibration curves using their commercially available reference compounds, 
while the amount of GSH-MGO adduct was expressed as peak area due to a lack of reference 
compounds. As shown in Figure 3.1A, an average of 19.4% (0.05 mM), 26.0% (0.07 mM), and 
34.7% (0.09 mM) loss of GSH occurred immediately at the start of incubation at the molar 
ratios of GSH : MGO of 1:2, 1:5, and 1:10, respectively. A further continuous decrease in GSH 
levels accompanied by an increase in GSSG content during the subsequent 48 h was observed 
likely mainly due to the autooxidation of GSH to GSSG (Figure 3.1A and B). The content of 
GSH-MGO adducts detected in the samples showed a slight tendency to increase in the first 
few hours followed by a decrease, the latter potentially related to the reversible nature of the 
adduct formation combined with the autooxidation of GSH (Figure 3.1C). The amount of GSH-
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MGO adduct detected at the start of the incubations appeared to vary depending on the 
amount of MGO added, indicating the adduct formation to be instantaneous on the time scale 
used. 

Figure 3.1. Time-dependent changes in the contents of GSH (A), GSSG (B), and GSH-MGO adduct (C) during 
incubation of GSH (0.25 mM) with MGO (0.5, 1.25, or 2.5 mM) at three different molar ratios of 1:2, 1:5, 
and 1:10 in 100 mM sodium phosphate buffer (pH=7.4) at 37 °C. The contents for GSH and GSSG were 
expressed as molar concentrations, while the content for GSH-MGO was expressed as absolute peak area. 
Data are presented as the means ± SEM of three replications. 

The kinetics of MGO scavenging by kaempferol were evaluated under the same incubation 
conditions as what was used for the incubations of GSH with MGO. Due to the more diverse 
formation of the reaction products between kaempferol with MGO compared to what was 
formed during incubation of GSH with MGO, LC-TOF-MS in full-scan acquisition mode was 
used for the analysis of the samples which enabled the comprehensive detection and 
quantification of the different reaction products. Kaempferol was quantified using its 
reference compound, and its reaction products were quantified using kaempferol as the 
reference in extracted ion mode. Using this approach the total mass recoveries for kaempferol 
and its reaction products ranged from 91.2% to 107.6%. As shown in Figure 3.2, the 
concentration of kaempferol decreased with increasing reaction time, with 47.7%, 24.1%, and 
6.9% of kaempferol remaining after 48 h of incubation at the molar ratios of kaempferol : MGO 
of 1:2, 1:5, and 1:10, respectively. The content of kaem-monoMGO increased rapidly with 
incubation time in the first eight hours at all three ratios, and a slight decrease was observed 
after 24 h for the ratios of 1:5 and 1:10. The levels of the diMGO adducts of kaempferol 
increased with increasing incubation time during the 48 h of incubation, with kaem-diMGOa 
being the most abundant. Besides, the oxidized reaction products were also found to be slowly 
formed during the entire incubation period. At the start of the incubations kaempferol 
appeared to be present in its unmodified form. 
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Figure 3.2. Time dependent changes in the concentrations of kaempferol (kaem), its reduced reaction 
products (left graph), and oxidized reaction products (right graph) after incubation of kaempferol (0.25 mM) 
with MGO (0.5, 1.25, or 2.5 mM) at three different molar ratios of 1:2 (A), 1:5 (B), and 1:10 (C) in 100 mM 
sodium phosphate buffer (pH=7.4) at 37 °C. Data are presented as mean ± SEM of three replications. 

3.3.3 Reversibility of MGO adducts of kaempferol  

A previous study has reported the reversibility of the adduct formation between GSH with 
MGO171. In this section of the study, we evaluated the reversibility of the adducts formed 
between kaempferol with MGO by incubation of kaem-monoMGO which was isolated and 
purified by preparative LC. The incubation mixtures were analyzed by LC-TQ-MS by monitoring 
the changes in the peak areas of kaem-monoMGO, its potential oxidized products, and 
kaempferol in SIM mode. Incubation of kaem-monoMGO for 24 h resulted in a decrease in its 
content by 22.3%, while significant increases in the isomer of kaem-monoMGO and oxidized 
products were observed (Figures 3.3A and B). In addition, the amount of kaempferol remained 
at < 0.8 % and no significant change in its content was found during and after 24 h incubation. 
This result indicates that the monoMGO adduct formation of kaempferol was not reversible 
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and that the reduction in the monoMGO adduct after 24 h is likely due to its oxidation and the 
formation of the isomer. 

Figure 3.3. Typical LC-TQ-MS extracted ion chromatograms of kaempferol-monoMGO (A) and oxidized 
kaempferol-monoMGO (B) after incubation of kaempferol-monoMGO in 100 mM sodium phosphate buffer 
(pH=7.4) at 37 °C for 0 and 24 h. 

3.3.4 Competition between GSH and kaempferol for MGO adduct formation 

GSH and kaempferol were co-incubated with MGO to study the potential competition 
between GSH and kaempferol for MGO. Figure 3.4 shows the changes in the contents of the 
GSH-MGO adduct and kaem-monoMGO (the main MGO adduct of kaempferol under this 
incubation condition) upon incubation of GSH and kaempferol with MGO for 48 hours. 
Instantaneous formation of the GSH-MGO adduct at the start was observed. The content of 
the GSH-MGO adduct started to decrease after 8 h incubation, with 16.2% of the GSH-MGO 
adduct remaining after 48 h relative to the starting point. However, the kaempferol-
monoMGO adduct showed a constant increase in its concentration. The changes in the 
concentrations of GSH, GSSG, and kaempferol in this incubation of GSH and kaempferol with 
MGO can be found in Figure S3.2. The GSH levels reduced by 17.9% at the start followed by a 
rapid decrease (Figure. S3.2A). The reductions in GSH levels during the subsequent 48 h of the 
incubations were mainly due to the formation of GSSG from GSH (Figure S3.2B). Figure S3.2C 
shows that the concentration of kaempferol decreased gradually with increasing incubation 
time, with a 16.3% decrease in kaempferol concentration after 48 h. The results show that 
kaempferol still exhibited time-dependent scavenging effects towards MGO in a co-incubation 
with GSH and MGO, and it can be expected that the remaining MGO would continually be 
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scavenged by kaempferol over time, whereas the GSH-MGO would eventually be fully 
deconjugated with the resulting MGO being scavenged by kaempferol. As a result, in 
incubations of MGO with both GSH and kaempferol the adducts of MGO with kaempferol 
would become the preferred adducts over time due to their irreversible nature. 

Figure 3.4. Changes in the contents of GSH-MGO adduct and kaem-monoMGO after incubation of GSH (0.25 
mM) and kaempferol (0.25 mM) with MGO (0.25 mM) in 100 mM sodium phosphate buffer (pH=7.4) at 
37 °C for 48 h. The content of GSH-MGO was expressed as absolute peak area, and the content for kaem-
monoMGO was expressed as molar concentration. Data are presented as mean ± SEM of three replications. 

3.3.5 Influence of MGO scavenging by GSH and kaempferol on the cytotoxicity of MGO in 
SH-SY5Y cells 

The effects of different concentrations of GSH (0.05-0.25 mM) and kaempferol (0.05-0.25 mM) 
on the cell viability of SH-SY5Y cells were evaluated by the MTT assay. Figure S3.3 shows that 
GSH and kaempferol at all concentrations tested up to 0.25 mM did not affect the cell viability 
of SH-SY5Y cells. To assess the effects of the scavenging of MGO by GSH and kaempferol on 
the MGO-induced cytotoxicity, MGO at different concentrations was pre-incubated in the 
absence and presence of 0.25 mM GSH or kaempferol for 48 h before exposure of cells to the 
resulting incubation mixtures. The difference in cell viability between the exposed groups is 
shown in Figure 3.5. Two-way ANOVA analysis of this data confirmed a significant effect of 
treatment (p < 0.001), concentration (p < 0.001), and their interaction (p < 0.001). Post hoc 
analysis using Dunnett’s test revealed that pre-incubation of MGO with GSH and kaempferol 
both resulted in protection against MGO-induced cytotoxicity, with cell viability being 
statistically significantly higher upon preincubation of MGO with both scavengers than what 
was observed for MGO alone. Pre-incubation of MGO with GSH or kaempferol resulted in a 
statistically significant (p < 0.01) increase in the EC50 values (1.68 and 2.05 mM, respectively) 
compared to the EC50 of MGO pre-incubated alone (1.37 mM). In addition, the mean EC50 
value of MGO pre-incubated with 0.25 mM kaempferol was significantly higher than the EC50 
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value of MGO pre-incubated with 0.25 mM GSH (p < 0.05), indicating kaempferol to be a better 
scavenger under the conditions employed. 

Figure 3.5. Effects of pre-incubation of MGO with GSH or kaempferol on the reduction of cell viability 
induced by increasing concentrations of MGO in SH-SY5Y cells as assessed by MTT assay. Data are presented 
as mean ± SEM of at least four replications. * p < 0.05 and ** p < 0.01 compared with the MGO pre-incubated 
alone group. 

The consequences of scavenging of MGO by GSH or kaempferol for MGO-induced cytotoxicity 
were further investigated. As shown in Figure 3.6A, protection against MGO-induced 
cytotoxicity by GSH appeared independent of preincubation. Testing with or without pre-
incubation did not significantly influence the protective effects of GSH against MGO-induced 
reduction in cell viability. In contrast, Figure 3.6B shows that without pre-incubation 
kaempferol did not significantly influence the MGO-induced effects on cell viability, while the 
viability was significantly increased after 48 h pre-incubation of MGO with kaempferol at 
concentrations ≥ 0.15 mM. Thus, these results corroborate, in line with what was observed in 
the cell-free indications, that scavenging of MGO by kaempferol is, unlike the scavenging by 
GSH, not instantaneous, and requires some preincubation to display the protective effect 
whereas, in line with the instantaneous nature of its reaction with MGO, scavenging by GSH 
was protective without a need for preincubation.  
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Figure 3.6. Comparison of the effects of pre-incubation and non-preincubation of MGO (2 mM) with 
increasing concentrations of GSH (A) or kaempferol (B) on the decrease of cell viability induced by MGO in 
SH-SY5Y cells as assessed by MTT assay. Data are all presented as mean ± SEM of at least three replications. 
* p < 0.05 and ** p < 0.01 compared with the MGO-only group. 

3.4. Discussion  

The present study compared the MGO scavenging behavior of a representative thiol 
compound (GSH) and a typical dietary flavonoid (kaempferol) in more detail with special 
emphasis on the reversible nature of the adducts formed and the resulting potential for 
protection against MGO-induced cytotoxicity. The scavenging of MGO by GSH to form GSH-
MGO hemithioacetals is a well-known phenomenon that occurs spontaneously and 
immediately and is known to be reversible leading to an equilibrium65, 171. The kinetic results 
in this study also indicate that an increase in the proportion of MGO relative to GSH (GSH : 
MGO = 1:2, 1:5, and 1:10) shifted the equilibrium towards the GSH-MGO adduct formation. In 
contrast, kaempferol presented a different scavenging behavior towards MGO. Results 
obtained show that kaempferol can form various adducts with MGO, including mono- and di-
MGO adducts in both reduced and oxidized forms. The structures of reduced mono- and di-
MGO adducts of various flavonoids have been previously reported60, 61, 172. The C6 and C8 
positions of the A ring in the flavonoids are identified as the trapping sites of MGO61. In a study 
of the reaction between naringenin and MGO, C8 was reported to be the site with the highest 
reactivity due to its highest electron density among all the carbon atoms, and the mono-MGO 
adduct can be formed by reacting with one molecule of MGO at the C8 position followed by 
the formation of the di-MGO adduct by reacting at C6 with a second molecule of MGO27. The 
MGO adducts of flavonoids were found to exist in several isomeric forms. For example, Liu et 
al.173 observed two isomers of the mono-MGO adduct and four isomers of the di-MGO adduct 
of quercetin by LC-MS/MS. A study by Zhu et al.16 detected two mono-MGO adducts and one 
di-MGO adduct of kaempferol by LC-MS/MS, while one mono-MGO adduct and three di-MGO 
adducts of kaempferol were detected by LC-TOF-MS in the present study. The differences 
between these studies could be due to the different chromatographic conditions leading to 
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different resolutions for separating the isomers. Besides, some isomers may be present in the 
solution at a concentration that is below the detection limit. This would also explain the 
detection of the other isomer of kaem-monoMGO when LC-TQ-MS, which is more sensitive 
than LC-TOF-MS, was applied for the detection of the reversibility of kaem-monoMGO. With 
respect to the oxidized MGO adducts of the flavonoids, studies on their structures are still 
limited. A recent study identified the structures of several oxidized di-MGO adducts of rutin174. 
The oxidation was reported to occur at the hydroxy group in the MGO moiety after the 
formation of the di-MGO adduct of rutin174. Besides, a study investigating the quercetin-MGO 
adducts in a lysine/glucose aqueous system, suggested that the oxidation of the adducts may 
occur at the hydroxy group of quercetin to form mono- and di-MGO adducts of quercetin 
quinone, while the exact oxidation sites on the quercetin moiety remained unknown173. For 
oxidized MGO adducts of kaempferol, the oxidation in the kaempferol moiety may also be 
possible due to the presence of the hydroxyl moieties at the C3, C4’-position which are 
sensitive sites to oxidation175. Based on the above, the proposed structures of the MGO 
adducts of kaempferol detected in this study are shown in Figure. S3.4. The kinetic results 
obtained show that the MGO-scavenging effect of kaempferol is time-dependent, and an 
increase in the MGO proportion in the cell-free incubations of MGO with kaempferol 
(kaempferol : MGO = 1:2, 1:5, and 1:10) resulted in a more rapid loss of kaempferol during 48 
h with an increasing relative concentration of MGO. 

A previous study quantified the apparent second order rate constants for the reaction 
between four selected polyphenols (including kaempferol) and MGO16. The apparent second 
order rate constant for the reaction of MGO with kaempferol amounted to 6.3 × 10-2 M-1s-1. 
The second order rate constant for the reaction of MGO with N-acetylcysteine as a thiol 
scavenger was reported to amount to 4.1 × 104 M-1s-1 41. These data corroborate that the 
initial scavenging of MGO by a thiol reagent like N-acetylcysteine or GSH will be highly favored 
over that by kaempferol. However, the reversible nature of the thiol adduct formation with a 
reverse first order rate constant of 7.5 × 10-3 s-1 41 explains why in the longer term the 
irreversible scavenging by kaempferol dominates over scavenging by GSH. These kinetic 
constants are in line with the observed adduct formation and competition between 
kaempferol and GSH in the present study. 

We further evaluated and compared the consequences of the MGO-scavenging effects of GSH 
and kaempferol for the cytotoxicity of MGO. Pre-incubation of MGO with kaempferol for 48 h 
resulted in a higher protection against MGO-induced cytotoxicity than its pre-incubation with 
GSH. The results also show that pre-incubation is not needed for GSH to display protective 
effects due to its instantaneous reaction with MGO. In contrast, the protective effects of 
kaempferol against MGO-induced cytotoxicity were shown to be dependent on a pre-
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incubation time, which can be ascribed to the substantially lower second order rate constant 
(6.3 × 10-2 M-1s-1) for its reaction with MGO16 combined with the irreversible nature of the 
adduct formed as shown in the present study. It is of interest to note that a previous study 
evaluated the toxicity of oxidized MGO rutin adducts (oxidation at the MGO moiety) in 
comparison with rutin and MGO and suggested that the formation of these oxidized adducts 
significantly decreased the MGO-induced cytotoxicity in several cell types174. In contrast to 
this and also to our study results, another study reported that the mono-MGO and di-MGO 
adducts of quercetin were found to have higher cytotoxic effects than MGO itself 176. To what 
extent these differences are due to the biological effects of different types of adducts, the 
different flavonoids, or different experimental conditions used needs further investigation. In 
addition, it is of interest to note that some studies have reported that the protective effects 
of several polyphenols against MGO-induced toxicity are correlated to their activation of Nrf2-
mediated protective gene expression71, 177, 178. However, this may be related to a mode of 
action where pre-treatment of cells with these compounds for a few hours to a day results in 
an increase in intracellular GSH levels via the activation of the Nrf2-mediated pathway prior 
to MGO exposure, as intracellular GSH plays an essential role in the detoxification of MGO31. 

Given that intracellular levels of GSH are generally high and in the mM range179, while 
physiological levels of flavonoids are generally in the low μM range180, 181, it may be concluded 
that for protection against endogenous MGO, GSH will be more relevant. However, the results 
of the present study reveal that for scavenging food-borne MGO use of kaempferol and other 
flavonoids would be preferred over the use of GSH and other thiol-based scavengers, as the 
GSH adduct would eventually lose the adduct formation with MGO in a competition reaction 
with kaempferol. Our study reveals that the scavenging of MGO by kaempferol is not 
reversible and that the MGO scavenging mediated by kaempferol would lead to the 
detoxification of MGO, while the protective effects of GSH against MGO-induced cytotoxicity 
via extracellular MGO scavenging were less substantial. This conclusion would also hold when 
considering scavenging food-borne MGO. When considering scavenging of intracellular MGO 
however, GSH would be more efficient than kaempferol, not only because of its higher 
intracellular concentrations but also because of the fact that within the cell the reversibility of 
the adduct formation will be less problematic given that the GSH-MGO adducts are further 
detoxified by the glyoxalase system148. Thus, taking all together it is concluded that for 
scavenging food-borne MGO kaempferol would be preferred over thiol scavengers, while for 
endogenous protection against MGO, the role of scavenging by GSH will be dominant. 
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Table S3.1. LC-TQ-MS acquisition parameters. 
Compounds Scan mode 

(Polarity) 
Precursor ion 
(m/z) 

Product ion 
(m/z) 

Collision energy 
(V) 

GSH MRM (+) 308.0 179.1 -13 

GSSG MRM (–) 611.1 306.0, 143.1 24, 48 

GSH-MGO adduct MRM (+) 380.2 308.3, 162.0 -13, -26 

Kaempferol (Kaem) SIM (–) 285.1 / / 

MRM (–) 285.1 257.2, 239.1 19, 27 

Kaem-monoMGO SIM (–) 357.1 / / 

MRM (–) 357.1 285.1, 205.0, 151.0 35, 35, 35 

Kaem-diMGO SIM (–) 429.1 / / 

MRM (–) 429.1 357.1, 295.0, 285.1 35, 35, 35 

Oxidized kaem-monoMGO SIM (–) 355.1 / / 

Oxidized kaem-diMGO SIM (–) 427.1 / / 

 
Table S3.2. LC-TOF-MS identification of kaempferol and its reaction products with MGO. 

  

Category Compounds Precursor ion (m/z) Retention time (min) 

Parent compound Kaempferol (Kaem) 285.1 13.6 

Reduced products Kaem-monoMGO 357.1 12.0 

 Kaem-diMGOa 429.1 11.1 

 Kaem-diMGOb 429.1 11.5 

 Kaem-diMGOc 429.1 12.1 

Oxidized products Oxidized kaem-monoMGOa 355.1 12.0 

 Oxidized kaem-monoMGOb 355.1 13.0 

 Oxidized kaem-monoMGOc 355.1 14.0 

 Oxidized kaem-diMGOa 427.1 11.5 

 Oxidized kaem-diMGOb 427.1 12.0 
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Figure. S3.1. Typical LC-TOF-MS extracted ion chromatograms of incubations of kaempferol (0.25 mM) with 
MGO (2.5 mM) for 48 h: (A) kaempferol (kaem, m/z = 285.1); (B) kaem-monoMGO (m/z = 357.1); (C) kaem-
diMGOa, kaem-diMGOb; and kaem-diMGOc (m/z = 429.1); (D) oxidized kaem-monoMGOa, oxidized kaem-
monoMGOb, and oxidized kaem-monoMGOc (m/z = 355.1); (E) oxidized kaem-diMGOa and oxidized kaem-
diMGOb (m/z = 427.1).  

(B) 

(E) 

(A) 

(D) 

(C) 
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Figure S3.2. Changes in the contents of GSH (A), GSSG (B), and kaempferol (C) after incubation of GSH (0.25 
mM) and kaempferol (0.25 mM) with MGO (0.25 mM) in 100 mM sodium phosphate buffer (pH=7.4) at 
37 °C for 48 h. Data are presented as mean ± SEM of three replications. 

Figure S3.3. Effects of GSH (A) and kaempferol (B) on the cell viability of SH-SY5Y cells. The results were 
calculated relative to solvent control and are presented as mean ± SEM of three replications. 
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Figure. S3.4. Proposed structures of MGO adducts of kaempferol. Other isomeric forms for oxidized kaem-
diMGO are also possible. 
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Abstract 

Methylglyoxal (MGO), a highly reactive precursor of advanced glycation end products, is 
endogenously produced and prevalent in various food products. This study aimed to 
characterize protein modifications in SH-SY5Y human neuroblastoma cells induced by MGO 
and identify potential biomarkers for its exposure and toxicity.  A shot-gun proteomic 
analysis was applied to characterize protein modifications in cells incubated with and without 
exogenous MGO. Seventy-seven proteins were identified as highly susceptible to MGO 
modification, among which eight, including vimentin and histone H2B type 2-F, showing 
concentration-dependent modifications by externally added MGO, were defined as 
biomarkers for exogenous MGO exposure. Remarkably, up to 10 modification sites were 
identified on vimentin. Myosin light polypeptide 6 emerged as a biomarker for MGO toxicity, 
with modifications exclusively observed under cytotoxic MGO levels. Additionally, proteins 
like serine/threonine-protein kinase SIK2 and calcyphosin, exhibiting comparable or even 
higher modification levels in control compared to exogenous MGO-treated cells, were defined 
as biomarkers for endogenous exposure. Bioinformatics analysis revealed that motor proteins, 
cytoskeleton components, and glycolysis proteins were overrepresented among those highly 
susceptible to MGO modification. These results identify biomarkers for both endogenous and 
exogenous MGO exposure and provide insights into the cellular effects of endogenously 
formed versus externally added MGO. 

Keywords: advanced glycation end products; methylglyoxal; neurotoxicity; protein 
modification; peptide adduct 
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4.1 Introduction 

Advanced glycation end products (AGEs) have received increasing attention over the past 
years due to growing evidence suggesting their involvement in the pathogenesis of diabetes, 
kidney diseases, and various age-related diseases including Alzheimer’s disease and 
Parkinson’s disease6, 182, 183. AGEs represent a heterogeneous group of compounds that are 
formed during the non-enzymatic processes initiated by a reaction between the carbonyl 
groups of reducing sugars or reactive aldehydes and the nucleophilic groups of proteins, lipids, 
or nucleic acids184. Methylglyoxal (MGO), an α-oxoaldehyde, is a highly reactive AGE precursor 
that is generated as a byproduct in several metabolic processes, with glycolysis being the 
primary source of its production185. MGO is also abundantly present in exogenous sources 
such as foods, beverages, and cigarette smoke22. MGO has been reported to be up to 20,000 
fold more reactive than glucose in glycation reactions and is considered the major glycation 
agent in cells40. In healthy individuals MGO concentrations are low due to relatively low levels 
of endogenous formation and efficient detoxication by the glyoxalase system186. However, 
factors such as hyperglycemia, inflammation, aging, and exposure to high levels of exogenous 
glucose may trigger the accumulation of MGO in vivo10, 73, 74. The excess MGO induces the 
increased formation of AGEs by reacting with the nucleophilic sites on DNA and proteins, 
leading to structural and functional changes in these macromolecules, thereby contributing to 
cell dysfunction187. AGEs derived from MGO can also impact cell function by activating the 
receptor for AGEs (RAGE), which triggers oxidative stress and pro-inflammatory responses161. 
Understanding the modification targets by MGO and the physiological impact of these 
modified molecules in different cell types is essential to better define potential biomarkers 
and etiologic agents of disease. 

MGO-mediated protein modifications occur mainly at lysine, arginine, and cysteine residues 
(see Figure 4.1 for an overview)41, 46. MGO reacts with lysine and arginine residues in a series 
of non-enzymatic reactions, initially forming reversible hemiaminal adducts46. Further 
reactions with lysine residues result in the formation of stable AGEs including Nε-carboxyethyl 
lysine (CEL) and methylglyoxal-lysine dimer (MOLD)188. Irreversible reactions of the arginine 
hemiaminal adduct predominantly result in the formation of argpyrimidines, N7-carboxyethyl 
arginine (CEA), and hydroimidazolones (MG-H1 and its structural isomers) 189. In addition, 
MGO reacts with cysteine residues non-enzymatically to form reversible hemithioacetal 
adducts, potentially functioning as cellular reversibly bound storage for MGO in cells41. S-
carboxyethyl cysteine (CEC) is considered the thiol-derived AGE resulting from MGO 
modification in vivo51, although the mechanism leading to its formation remains unclear; the 
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formation of irreversible thiol-derived MGO adducts in cells through enzymatic mediation has 
been proposed52.  

Figure 4.1. Reversible and stable MGO-mediated modifications on lysine (A), arginine (B), and cysteine (C) 
residues reported in the literature41, 46, 51, 188, 189. Structures with reversible modifications are indicated with 
an asterisk (*). CEL: Nε-carboxyethyl lysine, MOLD: methylglyoxal-lysine dimer, CEA: N7-carboxyethyl 
arginine, MG-H: methylglyoxal-derived hydroimidazolone (including 1, 2 and 3), CEC: S-carboxyethyl 
cysteine. 

Although several of the potential modifications (Figure 4.1) have been reported to be 
correlated with the pathogenesis of many diseases such as diabetic complications185, 190-193, 
the proteins and their specific sites susceptible to MGO modification remain incompletely 
mapped in biological systems. While detecting these modifications at specific protein sites 
presents a significant challenge due to their low abundance and heterogeneity, proteomics-
based methods have emerged as a potent tool in this realm104-106. A few studies have 
highlighted their efficacy in identifying protein modifications by dicarbonyls, with successful 
applications observed in several cell types such as WIL2-NS B lymphoblastoid cells, HMEC-1 
epithelial cells, and HEK293T kidney cells104, 106-108. A study of the protein modifications by 
MGO in neuronal cells is still absent, although it can be expected to contribute to the 
elucidation of the mode of action underlying MGO-induced neurotoxicity and the 
identification of potential biomarkers of exposure and their link to neurological disorders.  

In this study we aimed to define the protein modifications induced by MGO in neuronal cells 
and define potential biomarkers of exposure and toxicity: MGO-induced protein modifications 
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were qualitatively and quantitatively characterized in control and MGO-exposed cells from the 
SH-SY5Y human neuroblastoma cell line, a widely recognized neuronal cell model for 
investigating the pathological effects of neurotoxic compounds103. Characterizing protein 
modifications upon incubation of the cells in the absence or presence of MGO will also provide 
insight into the effects of endogenously formed versus externally added MGO. A shot-gun 
proteomic analysis using nanoLC-MS/MS was applied to characterize and quantify the peptide 
adducts upon digestion of the isolated cellular proteins. Additionally, MGO-mediated 
modifications of selected potential protein biomarkers for both endogenous and exogenous 
MGO exposure were further studied in in-vitro cell-free incubation experiments. 

4.2 Materials and Methods  

4.2.1 Materials 

MGO (40% in water), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 
98%), and dimethyl sulfoxide (DMSO, ≥ 99%) were purchased from Merck (Darmstadt, 
Germany). Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) with 
GlutaMAX supplement cell culture medium with and without phenol red, trypsin-EDTA for cell 
dissociation, phosphate buffered saline (PBS), penicillin/streptomycin, and nonessential 
amino acids (NEAA) were purchased from Gibco (Paisley, UK). Foetal calf serum (FCS) was 
purchased from Invitrogen (Breda, The Netherlands). All other reagents in this study were of 
analytical grade or purer. The recombinant human vimentin and calcyphosin were purchased 
from Gibco (Paisley, UK) and Prospec-Tany TechnoGene Ltd. (Rehovot, Israel), respectively. 

4.2.2 Cell culture 

The human neuroblastoma cell line SH-SY5Y (ATCC CRL-2266) was acquired from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in a humidified 
incubator at 37 °C with 5% CO2 using DMEM/F12 GlutaMAX medium supplemented with 10% 
FCS, 1% NEAA, and 1% penicillin/streptomycin. The culture medium was renewed every 4 to 
7 days and subculturing was performed at a 1:20 ratio upon reaching confluency, utilizing a 
0.05% trypsin-EDTA solution.  

4.2.3 Cell viability assay 

The MTT method was applied to assess the viability of SH-SY5Y cells after exposure to MGO. 
Briefly, SH-SY5Y cells were seeded into 96-well plates (Greiner Bio-one, Alphen aan den Rijn, 
The Netherlands) at a density of 1.5 × 104 cells per well (approximately 4.69 × 104 cells/cm2) 
and incubated for 24 hours. Subsequently, the cells were exposed to assay medium 
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(DMEM/F12 without phenol red and FCS supplement) containing various concentrations of 
MGO (0 (solvent control), 50, 125, 250, 500, 750, 1000, 1250, 1500, 1750, and 2000 μM, final 
concentration added from 200 times concentrated stock solutions in nano pure water) and 
incubated for an additional 24 hours. Following the exposure period, an MTT solution was 
added to each well to achieve a final concentration of 0.5 mg MTT/mL, followed by a 4-hour 
incubation. Afterward, the produced formazan crystals were dissolved in 100 μL DMSO, and 
absorbance readings were taken at 562 nm and at a reference wavelength of 620 nm with a 
microplate reader. Corrected absorbance values were calculated by subtracting the readings 
at 620 nm from the corresponding values at 562 nm. Cell viability was expressed as a 
percentage relative to the medium control, which was set at 100%. Six independent biological 
replicates were collected for all treatments. 

4.2.4 Cell sample preparation for label-free quantitative proteomics analysis 

SH-SY5Y cells were seeded in T175 flasks (Greiner Bio-one) at a density of 8.2 × 106 cells per 
flask (4.69 × 104 cells/cm2) and incubated for 24 hours. The cells were then exposed to assay 
medium (DMEM/F12 without phenol red and FCS supplement) containing MGO at three 
different concentrations (500, 750, or 1000 μM, final concentration, added from 200 times 
concentrated stock solutions in nano pure water) or to solvent control (0.5% nano pure water 
in DMEM/F12 without phenol red and FCS supplement) for 24 hours. Following the exposure 
period, the cells were washed twice with PBS, after which 1.8 mL of ice-cold PBS was added to 
the flask. The cells were then carefully scraped from the flask, and the resulting cell/PBS 
mixture was transferred to a 2-mL protein low binding tube (Eppendorf, Nijmegen, The 
Netherlands) followed by centrifugation at 500 × g for 2 minutes at 4 ℃ to obtain cell pellets. 
The cell pellets were then washed twice with 1.5 mL of ice-cold 100 mM Tris-hydrochloride 
(Tris-HCl) pH 8 under the same centrifugation conditions. Afterward, the cell pellets were re-
suspended in 90 μL 100 mM Tris-HCl pH 8 supplemented with 1% protease inhibitor cocktail 
(Thermo Fisher Scientific, Bleiswijk, The Netherlands), and the resulting mixture was sonicated 
in an ice-water bath (Qsonica sonicator, Qsonica, Newtown, USA) for 30 min in a pulse mode 
(30 s on and 30 s off) at 100% amplitude. The protein concentrations in the samples were 
determined using a BCA protein assay kit following the manufacturer’s instructions (Thermo 
Fisher Scientific, Bleiswijk, The Netherlands). The protein aggregation capture (PAC) method 
was applied to further obtain peptide samples for nanoLC-MS/MS analysis194. The obtained 
peptide samples were immediately stored at −20 ℃ until further analysis. Four independent 
biological replicates were collected for all treatments. 
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4.2.5 Label-free quantitative proteomics analysis 

NanoLC-MS/MS was performed on a Thermo Vanquish Neo nanoLC system coupled to a 
Thermo Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany). An in-house prepared 0.10 mm × 250 mm analytical column filled with 1.9 μm 
ReproSil-Pur 120 C18-AQ beads was used. The mobile phase consisted of 0.1 v/v% formic acid 
in water (eluent A) and 0.1% formic acid in acetonitrile (eluent B), with a 3-step linear gradient: 
0 to 9% B in 1 min, 9% to 34% B in 50 min, and 34 to 50% B in 4 min. Then the gradient was 
kept at 50% B for 1 min and returned to the starting conditions and kept at these conditions 
for 2.5 column volume at 925 bar before initiating the next injection. The flow rate was 500 
nL/min. An electrospray potential of 3.5 kV was applied directly to the eluent before the 
column. MS and MS/MS automatic gain control targets were set to 300% and 100%, 
respectively, or maximum ion injection times of 50 ms (MS) and 30 ms (MS/MS) were used. 
Higher energy collisional dissociation fragmented (isolation width 1.2 m/z, 28% normalized 
collision energy) MSMS scans in a cycle time of 1.1s were recorded for the most abundant 2-
5+ charged peaks in the MS scan in a data-dependent mode at resolution 15,000 (threshold 
5e4, with 15 s exclusion duration for the selected m/z ± 10 ppm). 

4.2.6 Identification and quantification of MGO-induced modifications in proteins 

The MaxQuant software package (2.0.3.0) was used to identify and quantify the peptides. The 
human (UP000005640) database was downloaded from UniProt195, and was used together 
with a contaminants database that contains sequences of common contaminants like Trypsins 
(P00760, bovine and P00761, porcin). Trypsin was specified as the enzyme and a maximum of 
two missed cleavages was allowed. Precursor and fragment mass tolerances were 4.5 and 20 
ppm, respectively. Arginine and lysine carboxyethylation/hemiaminalization, and cysteine 
carboxyethylation (+72.021129), arginine methylglyoxal-hydroimidazolone (+54.010565), 
methionine oxidation (+15.994915), N-terminal acetylation (+42.010565), deamidation (+ 
0.984016) and acrylamide (+71.0371138) were set as variable modifications. Protein and 
peptide identification false discovery rates were both set at 1%. Modified peptides were 
further filtered based on the following criteria: scores > 65, localization probability ≥ 0.5, and 
PEP values ≤ 0.01. 

4.2.7 Investigation of MGO-mediated modification on selected proteins in an in vitro cell-
free system 

To further compare the protein biomarkers for exogenous and endogenous MGO exposure as 
identified in the cell-based study, two proteins, vimentin (VIM) and calcyphosin (CAPS), were 
selected for analysis. Given that intracellular levels of MGO have been reported to range from 
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1 to 4 μM10, the concentration of MGO used in these in vitro studies was kept in the low μM 
range (0-10 μM) to mimic protein modification at background endogenous MGO levels. 
Furthermore, the intracellular concentration of VIM was estimated to be 1.4 μM, based on 
our quantitative proteomics data and the “Proteomic Ruler” approach196. However, 
quantitative proteomics data for CAPS were not obtained due to the identification of a limited 
number of CAPS peptides in the samples for reliable quantification of CAPS. We assume its 
concentration to be analogous to the proteins annexin and calnexin, which share roles in 
calcium signaling and whose concentrations could be estimated using the aforementioned 
approach, amounting to 1.1 and 1.0 μM, respectively. Consequently, 1 μM (final concentration) 
of the commercially available recombinant form of VIM or CAPS was incubated with increasing 
concentrations of MGO (0, 1, 2, 4, 6, or 10 μM, final concentration) in 100 mM sodium 
phosphate (pH = 7.4) at 37 °C for 24 h. Following incubation, the protein aggregation capture 
(PAC) method194 was employed to prepare peptide samples for subsequent nanoLC-MS/MS 
analysis. Three independent biological replicates were collected for all treatments. 

4.2.8 Statistical analysis 

4.2.8.1 Univariate analysis 

One-way analysis of variance (ANOVA) was conducted to assess whether cell viability differed 
among the control and various concentrations of MGO-treated groups. Following this, 
Dunnett’s post hoc test197 was applied to compare each MGO-treated group against the 
control. These data are presented as the mean ± standard deviation (SD) from six independent 
experiments. 

For the intensity data of MGO-modified peptides, Jonckheere-Terpstra test, a non-parametric 
method used for identifying ordered differences among groups103, was performed to 
determine if there was a concentration-dependent increase in the intensity of modified 
peptides in the proteins with increasing concentrations of MGO. 

Kruskal-Wallis test198 was conducted to determine whether there were significant differences 
in the intensity of MGO-modified peptides among the control group and different 
concentrations of MGO-treated groups. Following the detection of significant differences, 
Dunn's post hoc test199 was applied to perform multiple comparison analysis between each 
MGO-treated group and the control.  

The intensity data for MGO-modified peptides from both in vitro cell-based assays and cell-
free incubations are presented as medians with interquartile ranges, based on four 
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independent replicates for the cell-based study and three for cell-free incubations. Tests with 
p values below 0.05 were considered to be statistically significant.  

4.2.8.2 Pathways and network analysis  

KEGG pathway enrichment analysis was conducted on proteins highly susceptible to MGO 
modification using DAVID v2023q4 (https://david.ncifcrf.gov/, accessed January 2024)200. A 
protein-protein interaction network with functional annotations was constructed for these 
proteins utilizing the STRING database 12.0 (https://string-db.org/, accessed January 2024)201. 

4.2.8.3 Data visualization and software 

The structural formulas were created using ChemDraw 20. The line charts and bar charts were 
generated with GraphPad Prism version 9, and heatmaps and KEGG enrichment results were 
visualized using the online platform at https://www.bioinformatics.com.cn/ 202, accessed 
January 2024. The statistical analysis for the cell viability data was performed utilizing 
GraphPad Prism. Jonckheere-Terpstra test was performed using the jonckheereTest function 
from the PMCMRplus package (1.9.10)203 for R software version 4.3.1. Kruskal-Wallis and 
Dunn's tests were conducted using the kruskal.test function from base R and the dunnTest 
function from the FSA package (0.9.4)204, respectively. 

4.3 Results 

4.3.1 Effects of MGO on the viability of SH-SY5Y cells 

Exposure of SH-SY5Y cells to MGO for 24 h led to a concentration-dependent decrease in cell 
viability, with an EC50 value of 1150 μM, as shown in Figure 4.2. The decrease in the viability 
became statistically significant at concentrations ≥ 1000 μM MGO. For investigating the 
protein modifications by MGO, three concentrations (500, 750, and 1000 μM) were selected. 
At 500 and 750 μM, MGO did not reduce cell viability, whereas at 1000 μM, MGO induced a 
significant reduction in cell viability, with 68.0% of viability remaining (p = 0.0007).  
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Figure 4.2. Effects of MGO on the viability of SH-SY5Y cells. Data are presented as mean ± SD calculated 
over the six independent replicates. Differences between MGO-treated groups and control were assessed 
with a one-way ANOVA test followed by Dunnett’s post hoc test; all observed significant differences had p 
values less than 0.01, which are denoted by **. 

4.3.2 Landscape of MGO-mediated protein modifications in SH-SY5Y cells upon different 
treatments 

Four types of major intracellular MGO-based modifications were investigated and quantified, 
including arginine methylglyoxal-hydroimidazolone (in short, Arg MG-H), arginine 
carboxyethylation/hemiaminalization (Arg C-E/H), lysine 
carboxyethylation/hemiaminalization (Lys C-E/H), and cysteine carboxyethylation (Cys C-E). 
Due to their identical molecular masses, carboxyethylation and hemiaminalization 
modifications of a given amino acid cannot be distinguished using LC/MS. However, it should 
be noted that carboxyethylation might dominate over hemiaminalization due to the possible 
loss of hemiaminal adducts during sample preparation owing to the reversible nature of 
hemiaminals. For cysteine, only carboxyethylation was quantified and the reversible 
hemithioacetals were not considered, as hemithioacetals would be deconjugated due to the 
use of acrylamide in the proteomics sample preparation method194. 

A total of 153 proteins were identified as modified by MGO in the control and/or MGO-treated 
cell samples, after applying the filter selection criteria described in Section 4.2.6. As shown in 
Figure 4.3B, most of the modified proteins were already detected under basal control 
conditions, and there was no significant concentration-dependent increase in the number of 
modified proteins with increasing concentrations of MGO.  

Figure 4.4 presents heatmaps showing the modification frequency of each modified protein 
for each type of modification across all samples. Several proteins exhibited a high frequency 
of modifications. For instance, serine/threonine-protein kinase SIK2 (SIK2) and calcyphosin 
(CAPS) were found to be modified in all analyzed samples (Figure 4.4B), suggesting a potential 
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susceptibility to modification by endogenous and potentially also externally added MGO. 
Conversely, proteins such as histone H2B type 2-F (H2BC18) and tubulin beta-4B chain 
(TUBB4B) were modified only in cell samples treated with external MGO (Figure 4.4A), not in 
control cells, indicating a specific susceptibility to externally added MGO. In contrast, some 
proteins were identified as modified in only a limited number of samples and their 
modification frequencies are not significantly influenced by the increasing amount of MGO 
added, implying that these proteins are less prone to modification by MGO. 

Figure 4.3. Quantitative profile of MGO-induced modifications in SH-SY5Y cells after 24 h incubation in the 
absence or increasing concentrations of MGO for 24 h: (A) Number of modified proteins for each type of 
modification and (B) Number of modified proteins in each treatment group. Arg MG-H: arginine 
methylglyoxal-hydroimidazolone, Arg C-E/H: arginine carboxyethylation/hemiaminalization, Lys C-E/H: 
lysine carboxyethylation/hemiaminalization, Cys C-E: cysteine carboxyethylation. Treatments are labeled as 
control (0 μM MGO), low (500 μM MGO), medium (750 μM MGO), and high (1000 μM MGO). Data are 
shown as mean ± SD in panel B calculated over the four independent replicates.  
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Figure 4.4. Overview of the modification frequency of detected MGO-modified proteins for each 
modification type—Arg MG-H (A), Arg C-E/H (B), Lys C-E/H (C), and Cys C-E (D) across different treatment 
groups (4 treatments × 4 replicates). Treatments are labeled as control (C-x) (0 μM MGO), low (L-x) (500 μM 
MGO), medium (M-x) (750 μM MGO), and high (H-x) (1000 μM MGO); “x” indicates the replicate number 
(x=1-4) for each. Red represents modification for the corresponding protein was detected in the sample, 
and blue indicates modification was not detected.  

(C)                                                          (D)               

(A)                                                          (B)               
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4.3.3 Screened potential peptide/protein biomarkers for exogenous and endogenous MGO 
exposure 

Given the variability in modification frequency of proteins identified as MGO-modified (Figure 
4.4), ranging from detection in a single instance to presence in all samples, we have further 
screened for proteins that exhibit greater sensitivity to MGO modification based on these 
frequency data. Proteins that were detected in at least three out of the four replicates within 
any of the treatment groups—control, low, medium, or high—were categorized as highly 
susceptible to MGO modification, thereby enabling the subsequent definition of biomarkers 
that respond to either endogenous or exogenous MGO. 

A total of 77 proteins were selected and defined as highly susceptible to MGO modification 
based on the predefined selection criteria. A detailed statistical analysis of the intensity of 
MGO-modified peptides detected in these proteins across each treatment group was then 
conducted. Jonckheere-Terpstra test was performed to determine if there was a 
concentration-dependent increase in the total intensity of modified peptides in the proteins 
with increasing concentrations of MGO.  

Proteins with peptides modified in a concentration-dependent manner (p < 0.05 in the 
Jonckheere-Terpstra test, p values can be found in Table S4.1 in supporting information) were 
defined as potential biomarkers for exogenous MGO exposure, reflecting their relatively lower 
modification levels under basal conditions and susceptibility to externally added MGO. 
Consequently, eight proteins, namely vimentin (VIM), histone H2B type 2-F (H2BC18), actin, 
cytoplasmic 2 (ACTG1), tubulin beta-4B chain (TUBB4B), elongation factor 1-gamma (EEF1G), 
calcium-regulated heat-stable protein 1 (CARHSP1), solute carrier family 2, facilitated glucose 
transporter member 5 (SLC2A5), and myosin light polypeptide 6 (MYL6), exhibiting 
concentration-dependent modification by MGO, were defined as potential biomarkers for 
exogenous MGO exposure. The details and intensity levels of these potential biomarkers for 
exogenous MGO exposure are given in Table 4.1 and Figure 4.5, respectively. Protein MYL6 
was additionally defined as a biomarker for the toxicity of MGO as its modified peptide adducts 
were detected exclusively at cytotoxic MGO levels (Figure 4.5H). Kruskal-Wallis test followed 
by Dunn's post hoc test was applied to assess the differences in the intensity of the modified 
peptides of these proteins between MGO-treated groups and control. Notably, protein VIM 
was found to have 14 peptides modified by MGO, with 13 exhibiting a statistically significant 
increase in intensity in the high-concentration MGO-treated group relative to the control 
(Figure 4.5A), and the total intensity of the modified peptides for VIM was substantially higher 
than those of other defined biomarker proteins.  
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The modifications on VIM induced by MGO predominantly occurred at 10 sites and involved 
Arg MG-H and/or Arg C-E/H modifications (Table 4.1). Furthermore, proteins including 
H2BC18, ACTG1, tubulin TUBB4B, EEF1G, CARHSP1,  and MYL6 all had at least one modified 
peptide with statistically significantly higher intensity in the high-concentration MGO-treated 
group compared to control. Although the modified peptide from protein SLC2A5 did not 
exhibit statistically significant changes between control and MGO-treated groups using the 
Kruskal-Wallis test, it showed an increasing trend as assessed by Jonckheere-Terpstra test and 
was thus still included as a potential biomarker for exogenous MGO exposure.  

Most of other proteins identified as highly susceptible to MGO modification such as 
serine/threonine-protein kinase SIK2 (SIK2, Figure 4.6B) and putative ATP-dependent RNA 
helicase DDX11-like protein 8 (DDX11L8, Figure 4.6D) did not show statistically significant 
differences in the Jonckheere-Terpstra test (p values in Table S4.1), exhibiting similar 
modification levels in both control and externally MGO-treated groups. However, some 
proteins like uncharacterized protein KIAA1958 (KIAA1958, Figure 4.6A) and calcyphosin 
(CAPS, Figure 4.6C) showed a decreasing trend in the intensity of their modified peptides with 
increasing MGO concentrations in the Jonckheere-Terpstra test (p < 0.05, Table S4.1), 
indicating relatively higher modification levels in the control group compared to the MGO-
treated groups.  

This decreasing trend observed may be attributed to MGO-induced crosslinking between 
amino acid residues, which would become more prevalent at higher MGO concentrations for 
these proteins, leading to reduced detection of modified peptides. Nevertheless, proteins that 
showed comparable or higher modification levels in control compared to externally MGO-
treated groups, were considered to possess the properties necessary for potential 
endogenous MGO exposure biomarkers due to their sensitivity to endogenous modifications.  

Based on these properties, proteins with modification frequencies reaching at least 15 times 
out of 16 samples and showing consistent modifications in all 4 control samples were selected 
as highly potential peptide/protein biomarkers for endogenous MGO exposure, as detailed in 
Table 4.2 and Figure 4.6. Additional proteins that did not meet the criteria for selection as 
biomarkers for either exogenous or endogenous exposure, as detailed in Table 4.1 and Table 
4.2, are outlined in Figure S4.1 (supporting information), with their biomarker potential 
remaining less certain.  
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Table 4.1. Screened potential peptide/protein biomarkers for exogenous MGO exposure. 

Note: Numbers in parentheses next to amino acids represent the probability of modification at that site. 
The probability reflects how well the MS/MS spectrum explains the peptide sequence and the modification 
localization207. “MG-H” is specifically annotated in parentheses to distinguish between the two types of 
arginine modifications being studied. Protein IDs and Gene names were retrieved from the UniProt195. The 
biological functions of proteins were obtained from UniProt195 or from the reference cited. 
aAnotated peptide hits that also match other homologous protein sequences. 
bProtein MYL6 was additionally identified as a biomarker for MGO toxicity, with its modified peptide adducts 
detected exclusively at cytotoxic MGO levels. 
  

No. Protein ID Protein name Gene 
name 

Modified peptides of each protein Biological Function 

1 P08670 Vimentin VIM ISLPLPNFSSLNLR(1, MG-H)ETNLDSLPLVDTHSKR Maintaining cell 
structure; 

regulating cell 
mechanics, 

motility, and 
adhesion; 

coordinating 
mechanosensing 
and signaling205 

ISLPLPNFSSLNLR(1)ETNLDSLPLVDTHSKR 
MFGGPGTASR(0.823, MG-H)PSSSR(0.177, MG-H) 
QVQSLTCEVDALK(0.132)GTNESLER(0.868) 
SLYASSPGGVYATR(1)SSAVR 
SLYASSPGGVYATR(1, MG-H)SSAVR 
SSVPGVR(1, MG-H)LLQDSVDFSLADAINTEFKNTR 
STR(1)SVSSSSYR 
STR(1, MG-H)SVSSSSYR 
SYVTTSTR(0.994, MG-H)TYSLGSALR(0.006, MG-
H)PST SR(0.001, MG-H) 
TVETR(1)DGQVINETSQHHDDLE 
TVETR(1, MG-H)DGQVINETSQHHDDLE 
TYSLGSALR(1, MG-H)PSTSR 
TYSLGSALR(0.143, MG-H)PSTSR(0.857, MG-
H)SLYASSPGGVYATR 

2 Q5QNW6 Histone H2B 
type 2-F 

H2BC18 LLLPGELAK(1)HAVSEGTKa Fundamental to 
nucleosome 

assembly 
EIQTAVR(1)LLLPGELAKa 
EIQTAVR(1, MG-H)LLLPGELAKa 
IAGEASR(1, MG-H)LAHYNKRa 

3 P63261 Actin, 
cytoplasmic 2 

ACTG1 C(0.992)PEALFQPSFLGMESC(0.008)GIHETTFNSIM
Ka 

Involved in 
various types of 

cell motility HQGVMVGMGQK(1)DSYVGDEAQSKRa 
CDVDIR(1, MG-H)KDLYANTVLSGGTTMYPGIADRa 

4 P68371 Tubulin beta-
4B chain 

TUBB4B LHFFMPGFAPLTSR(0.5)GSQQYR(0.5)a Integral 
component of 
microtubules 

LHFFMPGFAPLTSR(0.402, MG-H)GSQQYR(0.598, 
MG-H)a 

5 P26641 Elongation 
factor 1-
gamma 

EEF1G AFNQGK(1)IFK Key in 
translational 

elongation during 
protein 

biosynthesis206 
6 Q9Y2V2 Calcium-

regulated 
heat-stable 
protein 1 

CARHSP1 SK(1)GHGFITPADGGPDIFLHISDVEGEYVPVEGDEVT
YK 

Binding mRNA; 
regulating 

stability of target 
mRNA 

7 P22732 Solute carrier 
family 2, 

facilitated 
glucose 

transporter 
member 5 

SLC2A5 LLVGICAGVSSNVVPMYLGELAPK(0.077)NLR(0.923) Fructose 
transporter 

8 P60660 Myosin light 
polypeptide 6 

MYL6b HVLVTLGEKMTEEEVEMLVAGHEDSNGC(1)INYEAFV
R 

Regulatory light 
chain of myosin 

NK(1)DQGTYEDYVEGLR 
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Figure 4.5. Measured intensity levels of MGO-modified peptides from corresponding proteins identified as 
potential biomarkers for exogenous MGO exposure in each treatment group (with protein MYL6 highlighted in 
panel H as an additional biomarker for MGO toxicity). “a” indicates peptide hits that also match additional 
homologous protein sequences. Numbers in parentheses next to amino acids represent the probability of 
modification at that site. “MG-H” is specifically annotated in parentheses to distinguish between the two types 
of arginine modifications being studied. Data are presented as medians with interquartile ranges, derived from 
four independent replicates. Statistically significant differences between MGO-treated groups and control were 
assessed using the Kruskal-Wallis test followed by Dunn's post hoc test for multiple comparisons, and are 
indicated as * p < 0.05 and ** p < 0.01. Note the different Y axis in panel A as compared to panel B-H. 
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Table 4.2. Selected potential peptide/protein biomarkers for endogenous MGO exposure. 

Note: Numbers in parentheses next to amino acids represent the probability of modification at that site. 
“MG-H” is specifically annotated in parentheses to distinguish between the two types of arginine 
modifications being studied. Protein IDs and Gene names were retrieved from the UniProt195. The biological 
functions of proteins were obtained from UniProt195 or the reference cited. 

No. Protein 
ID 

Protein name Gene 
name 

Modified peptides of each 
protein 

Modification 
frequency 

Biological Function 

1 Q8N8K9 Uncharacterized 
protein 

KIAA1958 

KIAA1958 AGSQER(0.005, MG-
H)VCFQDNR(0.995, MG-H) 

16/16 Unknown function 

2 Q9H0K1 Serine/threonin
e-protein kinase 

SIK2 

SIK2 LQQK(1)R(1)LFLQK 16/16 Involved in fatty 
acid oxidation, 

autophagy, immune 
response, and 

glucose metabolism 
3 Q13938 Calcyphosin CAPS GASGIQGLAR(1)FFR 16/16 Calcium-binding 

protein 
4 A8MPP1 Putative ATP-

dependent RNA 
helicase DDX11-

like protein 8 

DDX11L8 ASVEVK(1)ATFGPAIAAVQK(1) 16/16 Putative DNA 
helicase 

5 Q8TB72 Pumilio 
homolog 2 

PUM2 GK(1)VLALSQHKFASNVVEK 16/16 RNA-binding 
repressor 

6 A5PLL1 Ankyrin repeat 
domain-

containing 
protein 34B 

ANKRD34B MLLR(0.5, MG-H)R(0.5, MG-
H)QSLQTEQIK 

15/16 Involved in 
promyeloid 

progenitor cell 
induction208 

7 P60510 Serine/threonin
e-protein 

phosphatase 4 
catalytic subunit 

PPP4C QIEQLR(1)R(1)CELIK 15/16 Involved in many 
processes such as 
DNA repair, DNA 

damage response, 
apoptosis, and cell 

migration 
8 Q4J6C6 Prolyl 

endopeptidase-
like 

PREPL YHLTK(0.519)C(0.519)LQNK(0.96
2) 

15/16 Regulating trans-
Golgi network 

morphology and 
sorting; potentially 
involved in synaptic 
vesicle exocytosis 

9 P61550 Endogenous 
retrovirus group 
S71 member 1 

Env polyprotein 

ERVS71-1 LAQDC(0.964)WLC(0.016)LK(0.0
2) 

15/16 Involved in receptor 
recognition during 
early infection; has 

lost original 
fusogenic 

properties through 
evolution 

10 Q70UQ0 Inhibitor of 
nuclear factor 

kappa-B kinase-
interacting 

protein 

IKBIP SFQIIAHLKR(1, MG-H) 14/16 Target of p53/TP53 
with pro-apoptotic 

function 

11 Q9UJW0 Dynactin 
subunit 4 

DCTN4 IQLVAVNYIPEVR(1)IMSIPNLR(1)Y
MK(1) 

14/16 Component of the 
dynactin complex 

12 Q8N3X1 Formin-binding 
protein 4 

FNBP4 EGALNGNYLK(1)R(1) 14/16 Involved in the 
regulation of  
cytoskeletal 

dynamics during cell 
division and 
migration209 
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Figure 4.6. Intensity levels of MGO-modified peptides from corresponding proteins identified as potential 
biomarkers for endogenous MGO exposure in each treatment group. Numbers in parentheses next to 
amino acids represent the probability of modification at that site. “MG-H” is specifically annotated in 
parentheses to distinguish between the two types of arginine modifications being studied. Peptides with 
multiple potential modification types (each having a probability ≥ 0.5) are denoted by pattern fills as 
indicated in the figure legend. Note the different Y axis in panel B as compared to panels A and C-L. 
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4.3.4 Functional enrichment and protein-protein interaction (PPI) network analysis of MGO-
modified proteins 

To understand better the functional consequences of MGO-induced protein modifications in 
SH-SY5Y cells, we conducted a pathway enrichment analysis on 77 proteins identified as highly 
susceptible to MGO modification (Figure 4.7A). The term “motor protein” emerged as the 
most significantly enriched category, including 8 proteins such as kinesin-like protein KIF24 
(KIF24), dynactin subunit 4 (DCTN4), MYL6, TUBB4B, tubulin beta-1 chain (TUBB1), ACTG1, 
actin, cytoplasmic 1 (ACTB) and hexokinase-3 (HK3). Furthermore, the results also reveal the 
enrichment for proteins associated with carbon metabolism (isocitrate dehydrogenase [NAD] 
subunit gamma, mitochondrial (IDH3G), hexokinase-2 (HK2), HK3, and hexokinase-4 (GCK)), 
glycolysis/gluconeogenesis (HK2, HK3, and GCK), and carbohydrate digestion and absorption 
(SLC2A5, HK2, and HK3). Moreover, pathways related to amyotrophic lateral sclerosis and 
tight junctions were also affected, indicating that modifications of proteins within these 
pathways may contribute to the neurotoxic effects observed in MGO-exposed SH-SY5Y cells. 

A protein-protein interaction network was constructed to explore the relationships among 
proteins identified as highly susceptible to MGO modification (Figure 4.7B). Two main protein 
clusters were detected, enriched for biological processes of glycolysis and gluconeogenesis 
(red nodes), and the structural constituents of the cytoskeleton (blue nodes). Three proteins 
(VIM, ACTB, and TUBB4B) that were classified as biomarkers for exogenous MGO exposure 
were associated with the structural constituents of the cytoskeleton cluster (Figure 4.7B).  
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Figure 4.7. Enrichment and protein-protein interaction (PPI) network analysis of proteins susceptible to 
endogenous and/or exogenous MGO modification. (A) KEGG pathway enrichment analysis using DAVID. 
Potential biomarkers for exogenous MGO exposure are labeled with triangles. (B) PPI network analysis with 
functional annotations using STRING database. The edge size indicates the strength of data support. FDR, 
false discovery rate.  
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4.3.5 A further study of MGO-mediated modifications on selected proteins in an in-vitro 
cell-free system  

Two proteins, VIM and CAPS, which were respectively identified as biomarkers for exogenous 
and endogenous exposure to MGO in the cell-based study, were selected for further 
comparison of their modifications by MGO in an in vitro cell-free system. Concentrations of 
MGO tested in these in vitro cell-free systems were in the 0-10 μM range to mimic protein 
modifications at background endogenous MGO levels10. In total, 30 peptides for CAPS and 11 
peptides for VIM were identified as modified by MGO, respectively. Statistical analyses were 
further applied to determine which peptides in these two proteins are modified in a 
concentration-dependent manner with the increasing concentrations of MGO.  

As shown in Figure 4.8A, 19 peptides in CAPS exhibited a concentration-dependent increase 
in modification levels (p<0.05, Jonckheere-Terpstra test), including the one (GASGIQGLARFFR) 
that was also detected as modified in the cell-based study. For VIM (Figure 4.8B), only one 
peptide showed a concentration-dependent increase in modification levels (p<0.05, 
Jonckheere-Terpstra test), but this modified peptide was not detected in the cell-based study. 
Although 11 peptide adducts in VIM were identified, including 4 that showed concentration-
dependent modifications as detected in the cell-based study, their intensities and 
modification frequencies across different MGO concentration treatments in the in vitro cell-
free incubations were not consistent, and were not significant in the Jonckheere-Terpstra test 
(data not shown). These results from the in vitro cell-free incubations reveal that CAPS was 
much more sensitive than VIM under the low μM range of MGO, reflecting its higher 
susceptibility to modification by MGO at background cellular MGO level, and further 
confirming CAPS as a biomarker for endogenous MGO exposure; whereas, for VIM, higher 
concentrations of MGO may be needed to induce the significant modifications observed in 
cell-based studies with MGO levels at high μM range, corroborating its role as a sensor for 
especially high levels of exogenous MGO exposure.  
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Figure 4.8. Intensity levels of MGO-modified peptides from CAPS (A) and VIM (B) in in vitro cell-free 
incubations treated with increasing concentrations of MGO. Data are presented as medians with 
interquartile ranges from three independent replicates. Statistically significant differences between the 
group treated with 10 μM MGO and control were assessed using the Kruskal-Wallis test followed by Dunn's 
post hoc test, and are indicated as * p < 0.05 and ** p < 0.01. Note the different scales of the Y-axes. 

4.4 Discussion 

In this study, we characterized the MGO-induced protein modifications by MGO in SH-SY5Y 
human neuroblastoma cells, with and without adding external MGO, using a proteomics 
approach. The modifications investigated included those on arginine, lysine, and cysteine 
residues, which are the major reaction sites for MGO41, 46. In total 77 proteins were identified 
as proteins highly susceptible to MGO modification, indicative of non-random or hotspot 
modifications by MGO. From these, biomarkers for both exogenous and endogenous MGO 
exposure, as well as markers for MGO toxicity, were defined.  

Proteins such as calcyphosin (CAPS) and serine/threonine-protein kinase SIK2 (SIK2) were 
defined as biomarkers for endogenous MGO exposure. CAPS is a calcium-binding protein 
involved in cell survival, differentiation, and transformation210. It is expressed in most tissues 
and more intensively in tissues including the lung, colon, and brain211. The in vitro cell-free 
incubation study further confirmed CAPS as a biomarker for endogenous MGO exposure. 
Interestingly, 19 modified peptides were detected in the cell-free study, in contrast to only 
one modified peptide in the cell-based study. This discrepancy may be attributed to the 
difference in MGO concentrations used and the fact that in a cell-free system modifications 
may be different from those in cells.  
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Vimentin (VIM) emerged as a notable biomarker for exogenous MGO exposure, with 14 
peptides identified as modified by MGO, displaying a significantly higher modification 
intensity than that observed in other proteins. As a key cytoskeletal component, VIM is 
instrumental in maintaining cellular integrity and regulating cell migration, adhesion, and 
division212. A previous study detected glyoxal-induced modifications on the lysine residues of 
proteins in human dermal fibroblasts, revealing an accumulation of modified VIM in the skin 
fibroblasts of elderly donors and attributing susceptibility of these lysine residues to 
modifications primarily to VIM’s structural properties213. However, our research revealed that 
modifications on VIM arginine residues appeared even more prevalent than those on lysine 
and cysteine residues.  

Besides, dicarbonyl-modified VIM was previously shown to accumulate during the replicative 
senescence of human WI-38 fibroblasts in vitro, potentially due to senescence-associated 
decreased glyoxalase 1 activity, essential for detoxifying dicarbonyl compounds214. 
Additionally, in our study while substantial modifications of VIM by MGO were observed in 
cell-based experiments at concentrations over 500 μM, such modifications were not evident 
at MGO levels at or below 10 μM, comparable to endogenous background levels, in cell-free 
in vitro experiments. This discrepancy suggests that in vivo modifications of vimentin might 
be more relevant to chronic exposure to higher MGO levels characterized by both elevated 
levels and prolonged exposure time to MGO, resulting from pathological conditions such as 
dicarbonyl stress, diminished detoxification efficacy, and higher glucose consumption. 

Interestingly, while VIM is typically absent in neurons from the healthy adult brain, it has been 
reported that neurons may re-express VIM in response to local cellular or tissue damage from 
trauma and diseases such as Alzheimer's disease, serving as part of the mechanism aimed at 
repairing neuronal damage215-217. Additionally, neuronal VIM expression is positively 
correlated with amyloid deposition in the brains of Alzheimer's disease patients217, indicating 
its potential involvement in disease pathophysiology. SH-SY5Y cells, commonly used as 
models for neuronal function and differentiation, retain characteristics of progenitor cells, 
including the expression of intermediate filaments like VIM218. The modification of VIM by 
MGO, as observed in SH-SY5Y cells, suggests that such modifications could potentially 
interfere with the neuronal repair process. Notably, the accelerated accumulation of AGEs in 
cells and tissues is a prominent feature of Alzheimer's disease, and AGEs can be detected in 
pathological deposits such as amyloid plaques and neurofibrillary tangles219. It is possible that 
the modification of vimentin, and potentially other biomarker proteins for MGO exposure, 
could influence amyloidogenic processes, promoting or stabilizing pathological protein 
aggregates or amyloids. Furthermore, differentiating between endogenous and exogenous 
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protein biomarkers and their modification levels may reflect underlying pathological 
conditions and could potentially indicate disease progression. 

Structural constituents of the cytoskeleton were notably overrepresented in the PPI network 
(Figure 4.7B), encompassing six proteins including VIM, ACTB, and TUBB4B. Cytoskeletal 
proteins such as actin and tubulin are essential for neuronal structure and function and are 
implicated in various neurological disorders220. Their disruption is associated with pathologies 
like Alzheimer's disease and amyotrophic lateral sclerosis, due to their critical roles in 
supporting neural connectivity and modulating nerve signal transmission220. Comparing the 
MGO-modified proteins identified in our study with those modified by other electrophiles 
such as acrolein and 4-hydroxynonenal revealed that cytoskeletal proteins are commonly 
targeted by these reactive compounds221-223. Modifications from acrolein and 4-
hydroxynonenal typically occur on histidine, lysine, and cysteine residues, with proteins like 
VIM, TUBB4B, ACTB, and ACTG1 predominantly modified at histidine and lysine sites222, 223. In 
contrast, modifications on cytoskeletal proteins like VIM and TUBB4B from MGO more 
frequently target arginine residues. The susceptibility of cytoskeleton proteins to electrophilic 
modifications, as observed in previous studies and ours, may be partly due to their relatively 
higher abundance within cells224. In addition to electrophile-induced modifications, 
cytoskeletal proteins such as actin and tubulin are also recognized targets for reactive oxygen 
species (ROS)-mediated oxidative damage225. Oxidative modifications of these proteins are 
implicated in regulating their dynamics under both normal physiological conditions and in 
response to oxidative stress225, 226. For example, oxidative stress might inhibit actin 
polymerization227, while physiological levels of ROS are needed for proper cytoskeleton 
polymerization which may be involved in processes like neurite outgrowth228, 229. Residues 
C285 and C347 in actin have been suggested to play a protective role against oxidative stress, 
contributing to the cell’s general adaptive response to oxidative conditions230. Given the 
inferred dual role of oxidative modifications—both adaptive and potentially harmful—further 
investigations into the cellular effects of protein modifications induced by MGO and other 
electrophiles, may illuminate the roles these modifications may play in cellular adaptation 
and/or dysfunction under various stress conditions. 

Enrichment and PPI network analysis also revealed motor proteins, and 
glycolysis/gluconeogenesis as significantly enriched terms. Motor proteins such as dynein and 
kinesin play a crucial role in dendritogenesis, facilitating the transport of essential 
components and signaling molecules within neurons231. MGO-induced modifications on 
proteins such as KIF24 and DCTN4, observed in this study, might impair their functionality 
leading to disrupted dendritic growth and branching. With respect to 
glycolysis/gluconeogenesis, this pathway was also previously shown to be enriched with 
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MGO-modified proteins identified in WIL2-NS B lymphoblastoid cells104. Given the glycolysis 
as the primary intracellular source of MGO, the authors suggested that the modification of 
glycolytic enzymes by MGO could act as a regulatory mechanism, potentially influencing 
metabolic pathways by reducing the activity of these enzymes, thus maintaining MGO at 
physiological concentrations104. The modification of glycolysis proteins by MGO observed in 
this previous and our study may be linked to their localization close to where MGO is 
generated, combined with their relatively higher intracellular abundance. Lastly, exploring 
other proteins identified as modified by MGO in this study, along with the pathways enriched 
with these modified proteins, such as amyotrophic lateral sclerosis and tight junctions, is of 
interest to potentially contribute to elucidating the neurotoxic effects of MGO and their roles 
in neuronal disorders. 

In this study we have successfully identified a set of proteins in SH-SY5Y cells that are 
susceptible to modifications by endogenous and exogenous MGO. However, the 
concentrations of exogenous MGO used were significantly above physiological levels. Despite 
this limitation, the observed modifications provide valuable insights into the cellular impact 
of protein modifications by MGO. These modifications help highlight the susceptibility of 
neuronal-like cells to dicarbonyl stress, an important factor in diseases such as Alzheimer's10, 

95. The use of high MGO concentrations in in vitro models facilitated the identification of 
robust biomarkers but may not accurately reflect the more subtle biochemical dynamics 
typical in neurodegenerative conditions, where dicarbonyl stress is chronic but not as intense 
as those simulated in our in vitro models. Future research could employ in vitro models that 
more closely simulate the increased intracellular MGO formation typically seen in 
pathological states, to further validate and explore these modifications especially under 
chronic exposure. Additionally, establishing a clearer validated link between these biomarker 
proteins from normal physiological conditions to pathological states, particularly in 
neurodegeneration, would enhance our understanding of their potential diagnostic and 
therapeutic roles in managing such diseases. 

In conclusion, this study not only defined biomarkers for endogenous and exogenous MGO 
exposure but also provided insights into the effects of endogenously formed versus externally 
added MGO. 
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Supporting information 

Table S4.1. Statistical results from the Jonckheere-Terpstra Test for trend analysis of total intensity of detected 
MGO-modified peptide(s) within each protein with increasing MGO concentrations (Protein IDs and Gene names 
were retrieved from the UniProt). 

  

No. Protein ID Protein name Gene name J statistica p-value 
1 P08670 Vimentin VIM 4.40 0.00001 
2 P68371 Tubulin beta-4B chain TUBB4B 4.37 0.00001 
3 Q5QNW6 Histone H2B type 2-F H2BC18 4.08 0.00004 
4 P26641 Elongation factor 1-gamma EEF1G 4.05 0.00005 
5 P60660 Myosin light polypeptide 6 MYL6 2.96 0.00310 
6 P63261 Actin, cytoplasmic 2, N-terminally processed ACTG1 2.29 0.02 
7 P22732 Solute carrier family 2, facilitated glucose transporter member 5 SLC2A5 2.25 0.02 
8 Q9Y2V2 Calcium-regulated heat-stable protein 1 CARHSP1 2.16 0.03 
9 Q08378 Golgin subfamily A member 3 GOLGA3 1.70 0.09 

10 Q6NSI1 Putative ankyrin repeat domain-containing protein 26-like 
protein 

ANKRD26P1 1.56 0.12 

11 Q9Y2F9 BTB/POZ domain-containing protein 3 BTBD3 1.51 0.13 
12 Q9NXL9 DNA helicase MCM9 MCM9 1.25 0.21 
13 Q8IVE3 Pleckstrin homology domain-containing family H member 2 PLEKHH2 1.05 0.29 
14 Q8NCL9 Protein APCDD1-like APCDD1L 0.98 0.33 
15 Q86Y07 Serine/threonine-protein kinase VRK2 VRK2 0.89 0.37 
16 P52298 Nuclear cap-binding protein subunit 2 NCBP2 0.88 0.38 
17 Q9BXF9 Tektin-3 TEKT3 0.63 0.53 
18 P60709 Actin, cytoplasmic 1, N-terminally processed ACTB 0.63 0.53 
19 A5A3E0 POTE ankyrin domain family member F POTEF 0.63 0.53 
20 P48643 T-complex protein 1 subunit epsilon CCT5 0.57 0.57 
21 P61550 Endogenous retrovirus group S71 member 1 Env polyprotein ERVS71-1 0.37 0.71 
22 P52790 Hexokinase-3 HK3 0.33 0.74 
23 P61160 Actin-related protein 2 ACTR2 0.24 0.81 
24 P52179 Myomesin-1 MYOM1 0.14 0.89 
25 P09874 Poly [ADP-ribose] polymerase 1 PARP1 0.05 0.96 
26 O75182 Paired amphipathic helix protein Sin3b SIN3B 0.05 0.96 
27 P43354 Nuclear receptor subfamily 4 group A member 2 NR4A2 0.05 0.96 
28 Q9UJW0 Dynactin subunit 4 DCTN4 0.05 0.96 
29 Q9H4B7 Tubulin beta-1 chain TUBB1 0.00 1.00 
30 Q9H3R1 Bifunctional heparan sulfate N-deacetylase/N-sulfotransferase 4 NDST4 -0.05 0.96 
31 Q2VY69 Zinc finger protein 284 ZNF284 -0.05 0.96 
32 O75541 Zinc finger protein 821 ZNF821 -0.10 0.92 
33 Q96QB1 Rho GTPase-activating protein 7 DLC1 -0.17 0.86 
34 Q9NWS8 Required for meiotic nuclear division protein 1 homolog RMND1 -0.19 0.85 
35 Q8N8I0 Sterile alpha motif domain containing 12. SAMD12 -0.19 0.85 
36 P51553 Isocitrate dehydrogenase [NAD] subunit gamma, mitochondrial IDH3G -0.20 0.85 
37 P52789 Hexokinase-2 HK2 -0.23 0.81 
38 Q9H069 Dynein regulatory complex subunit 3 DRC3 -0.24 0.81 
39 P56524 Histone deacetylase 4 HDAC4 -0.28 0.78 
40 Q96AA8 Janus kinase and microtubule interacting protein 2 JAKMIP2 -0.38 0.70 
41 P13639 Elongation factor 2 EEF2 -0.47 0.64 
42 P60510 Serine/threonine-protein phosphatase 4 catalytic subunit PPP4C -0.56 0.58 
43 Q9NWB1 RNA binding protein fox-1 homolog 1 RBFOX1 -0.56 0.57 
44 P17038 Zinc finger protein 43 ZNF43 -0.70 0.48 
45 Q5T7B8 Kinesin-like protein KIF24 KIF24 -0.72 0.47 
46 A5PLL1 Ankyrin repeat domain 34B ANKRD34B -0.75 0.46 
47 Q9H0K1 Serine/threonine-protein kinase SIK2 SIK2 -0.75 0.46 
48 Q8IZH2 5'-3' exoribonuclease 1 XRN1 -0.80 0.43 
49 Q14683 Structural maintenance of chromosomes protein 1A SMC1A -0.89 0.37 
50 Q92576 PHD finger protein 3. PHF3 -0.89 0.37 
51 Q4J6C6 Prolyl endopeptidase-like PREPL -0.93 0.35 

(continued on next page) 
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a The J statistic values are ranked in descending order and reflect the direction and magnitude of the trend 
in intensity of the modified peptides with increasing MGO concentrations. A positive J statistic value 
indicates an upward trend, suggesting that the intensity of protein modification increases as MGO 
concentration rises. A negative J statistic value indicates a downward trend, suggesting a decrease in 
protein modification intensity with increasing MGO concentrations. 
  

No. Protein ID Protein name Gene name J statistica p-value 
52 P16152 Carbonyl reductase [NADPH] 1 CBR1 -0.99 0.32 
53 Q00872 Myosin-binding protein C, slow-type MYBPC1 -1.08 0.28 
54 Q86VV8 Rotatin RTTN -1.08 0.28 
55 P52566 Rho GDP-dissociation inhibitor 2 ARHGDIB -1.13 0.26 
56 Q9HCD5 Nuclear receptor coactivator 5 NCOA5 -1.17 0.24 
57 Q13751 Laminin subunit beta-3 LAMB3 -1.27 0.20 
58 O94906 Pre-mRNA-processing factor 6 PRPF6 -1.30 0.19 
59 P10827 Thyroid hormone receptor alpha THRA -1.31 0.19 
60 Q70UQ0 IKBKB interacting protein. IKBIP -1.50 0.13 
61 Q8IXZ2 Zinc finger CCCH domain-containing protein 3 ZC3H3 -1.54 0.12 
62 Q9UGP8 Translocation protein SEC63 homolog SEC63 -1.61 0.11 
63 P35557 Hexokinase-4 GCK -1.65 0.10 
64 A8MPP1 Putative ATP-dependent RNA helicase DDX11-like protein 8 DDX11L8 -1.68 0.09 
65 Q9Y4X0 AMMECR nuclear protein 1. AMMECR1 -1.73 0.08 
66 P25874 Mitochondrial brown fat uncoupling protein 1 UCP1 -1.78 0.08 
67 P07355 AMMECR nuclear protein 1. ANXA2 -1.83 0.07 
68 A6NLP5 Tetratricopeptide repeat domain 36. TTC36 -1.86 0.06 
69 O14827 Ras-specific guanine nucleotide-releasing factor 2 RASGRF2 -1.88 0.06 
70 Q8TED4 Glucose-6-phosphate exchanger SLC37A2 SLC37A2 -1.91 0.06 
71 O15397 Importin-8 IPO8 -1.94 0.05 
72 Q9H3R0 Lysine-specific demethylase 4C KDM4C -2.02 0.04 
73 Q8TB72 Pumilio homolog 2 PUM2 -2.15 0.03 
74 Q8N3X1 Formin binding protein 4. FNBP4 -2.20 0.03 
75 Q8N8K9 Uncharacterized protein KIAA1958 KIAA1958 -2.52 0.01 
76 Q13938 Calcyphosin CAPS -2.80 0.01 
77 O60304 Zinc finger protein 500 ZNF500 -2.87 0.004 

Table S4.1 (continued) 
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Figure S4.1 (continued) 

102	 CHAPTER 4



 

Figure S4.1 (continued) 
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Figure S4.1. Intensity profiles of detected MGO-modified peptides in proteins defined as highly susceptible 
MGO modification but not meeting biomarker selection criteria. "a" indicates peptide hits that also match 
additional homologous protein sequences. Numbers in parentheses next to amino acids represent the 
probability of modification at that site. "MG-H" is specifically annotated in parentheses to distinguish 
between the two types of arginine modifications being studied. Peptides with multiple potential 
modification types (each having a probability ≥ 0.5) are denoted by patter fills as indicated in the figure 
legend. Data are presented as medians with interquartile ranges, derived from four independent replicates. 
Note the different Y axis in panels F, H, N, Q, W, AA, AB, AK, and BA as compared to other panels. 
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Abstract 

The increased endogenous formation of advanced glycation end products (AGEs) has been 
linked to many diseases, including neurodegenerative disorders. Methylglyoxal (MGO), 
extensively found in various food products and also formed endogenously, is the most 
reactive precursor of AGEs. MGO reacts with cellular free amino acids, proteins, and DNA to 
form AGEs, leading to structural and functional changes in these molecules, which potentially 
contribute to neurotoxicity. This study aimed to highlight the molecular and biochemical 
changes induced by MGO exposure in SH-SY5Y human neuroblastoma cells, and to explore 
how these changes contribute to neurotoxicity, utilizing integrated proteomics and 
metabolomics approaches. Using label-free quantitative nanoLC-MS/MS proteomics 
combined with targeted LC-TQ-MS/MS-based metabolomics, our results revealed that MGO 
exposure, particularly at cytotoxic levels, significantly altered the proteome and metabolome 
of SH-SY5Y cells. Analysis of proteomics data showed significant alterations in cellular 
functions such as protein synthesis, cellular structural integrity, mitochondrial function, and 
oxidative stress responses. Analysis of metabolomics and integration of metabolomics and 
proteomics data highlighted significant changes in key metabolic pathways, including arginine 
biosynthesis, glutathione metabolism, cysteine and methionine metabolism, and the 
tricarboxylic acid cycle. MGO exposure led to increased endoplasmic reticulum stress, 
disruptions in cellular adhesion and extracellular matrix integrity, mitochondrial dysfunction, 
and amino acid metabolism disruption, contributing to cellular toxicity. Conversely, cells 
exhibited adaptive responses by upregulating protein synthesis, activating the Nrf2 pathway, 
and reprogramming metabolism to counteract dicarbonyl stress and maintain energy levels. 
These findings provide insight into the molecular mechanisms underlying MGO-induced 
neurotoxicity and potential targets for therapeutic intervention. 

Keywords: methylglyoxal; proteomics; metabolomics; neurotoxicity 
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5.1 Introduction 

Neurodegenerative disorders, such as Alzheimer's disease (AD) and Parkinson's disease (PD), 
are increasingly prevalent globally due to aging populations and the lack of effective 
therapies232. The pathogenic mechanisms underlying neurodegeneration are complex, 
involving various characteristics like oxidative stress, mitochondrial dysfunction, 
inflammation, and protein misfolding and aggregation233-235. The process of protein glycation, 
resulting in irreversible modifications in proteins, has been suggested to play important roles 
in these multifactorial diseases13, 129. Protein glycation is a post-translational modification 
wherein reducing sugars or reactive dicarbonyl compounds, notably methylglyoxal (MGO) 
and glyoxal (GO), react non-enzymatically with amino acid residues on proteins, forming 
advanced glycation end products (AGEs)236. These modifications can alter protein structure 
and dynamics and induce the formation of protein cross-links, potentially promoting or 
stabilizing pathological protein aggregation, thereby contributing to neurodegeneration7, 237. 
Furthermore, AGEs could induce cell dysfunction through interacting with the receptor for 
AGEs (RAGE), triggering oxidative stress and inflammatory responses238. 

MGO, extensively found in various food products and endogenously formed as a by-product 
primarily from glycolysis, is the most reactive precursor for AGE formation both endogenously 
and exogenously22, 40, 185. MGO concentrations are typically low in healthy individuals due to 
the relatively low internal production and effective detoxification by the glyoxalase system 
186. Elevated in vivo MGO levels can occur under certain pathological conditions, such as 
hyperglycemia, when the balance in its production and metabolism is disrupted10. An increase 
in the steady-state level of reactive dicarbonyls, especially MGO, is the main cause of a 
dysfunctional metabolic state called dicarbonyl stress, resulting in increased modifications of 
cellular amino acids and biomacromolecules, including proteins and DNA, forming AGEs10. 

Clinical research has revealed a correlation between elevated serum levels of MGO and 
accelerated cognitive decline in elderly individuals239 and found increased levels of MGO and 
the resulting AGEs in the cerebrospinal fluid of AD patients240, 241. Similarly, increased levels 
of MGO-derived AGEs have been detected in the nigral neurons of PD patients87. In an animal 
study, aged mice orally treated with 100 mg/kg bw MGO for four weeks developed cognitive 
impairment, accompanied by increased expression of RAGE and Presenilin-1 (a critical 
component of the gamma-secretase complex involved in AD) in the hippocampus242. 
Additionally, in Caenorhabditis elegans, long-term dietary exposure to MGO led to AD-related 
toxicity including reduced locomotive behaviors and promoted amyloid β accumulation243. 
These clinical and animal findings underscore the pathological relevance of MGO in the 
context of neurodegeneration. Furthermore, in vitro studies using different neuronal cell 
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models, such as human SH-SY5Y neuroblastoma cell line and neuronal-like cells 
transdifferentiated from human mesenchymal stem cells, have shown that exposure of cells 
to exogenous MGO reduced cell viability and mitochondrial redox activity, as well as increased 
the production of reactive oxygen species (ROS) and apoptosis76, 95, 96, 244. However, the modes 
of action underlying these toxic effects induced by MGO, which may play roles in 
neurodegeneration, remains largely unclear. 

Given that the neurotoxic effects of MGO may result from its complex interactions with free 
cellular amino acids and biomacromolecules, causing damage across the cellular metabolome, 
proteome, and genome41, 245, traditional toxicological methods that focus on limited 
endpoints may not adequately capture the broader biological or toxicological impacts of MGO, 
especially the alterations in gene and protein expression in response to MGO exposure. Omics 
techniques, such as transcriptomics, proteomics, and metabolomics, offer a more 
comprehensive view, enabling the analysis of thousands of molecules in a single biological 
sample113, which could potentially enhance our understanding of the toxicological 
mechanisms and adverse outcome pathways associated with MGO exposure. A previous 
study using 2D fluorescence difference gel electrophoresis coupled with MALDI-TOF-MS 
identified 49 differentially expressed proteins in MGO-treated SH-SY5Y cells246. However, this 
gel-based proteomics approach is limited by its inability to detect low-abundance proteins 
and its ineffectiveness in resolving complex protein mixtures, which could lead to overlooking 
critical biomarkers247. 

In contrast, in the present study we utilized an untargeted, label-free quantitative proteomics 
approach with nanoLC-MS/MS to explore the cellular mechanisms of neurotoxicity induced 
by MGO in SH-SY5Y cells, a widely recognized neuronal cell model for investigating the 
pathological effects of neurotoxic compound103. This method substantially broadens the 
detectable proteome, providing a more detailed and comprehensive proteomic profile that 
could capture subtle changes, including those involving low-abundance proteins248. 
Additionally, a targeted metabolomics approach using LC-TQ-MS/MS was applied to 
investigate the impact of MGO on the cellular metabolome, offering insights into metabolic 
alterations and the overall metabolic state of the cells. Integrating both proteomics and 
metabolomics could provide a holistic view of the phenotypic changes and the complex 
molecular interactions between proteins and metabolites triggered by MGO exposure, 
enabling a deeper exploration into the disrupted cellular pathways and their potential 
contributions to MGO neurotoxicity. 
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5.2 Materials and methods 

5.2.1 Chemicals and Reagents 

MGO (40 wt % in water) and acetic acid (purity ≥ 99%) were purchased from Merck 
(Darmstadt, Germany). Methanol and acetonitrile (ACN) were obtained from Biosolve BV 
(Valkenswaard, the Netherlands). Formic acid (purity ≥ 99%) was purchased from VWR 
CHEMICA (Amsterdam, The Netherlands). Dulbecco's Modified Eagle Medium/Nutrient 
Mixture F-12 (DMEM/F12) with GlutaMAX supplement cell culture medium with and without 
phenol red, trypsin-EDTA for cell dissociation, phosphate buffered saline (PBS), 
penicillin/streptomycin, and nonessential amino acids (NEAA) were purchased from Gibco 
(Paisley, UK). Foetal calf serum (FCS) was purchased from Invitrogen (Breda, The Netherlands). 
All other reagents in this study were of analytical grade or purer.  

5.2.2 Cell culture and MGO treatment 

The human neuroblastoma cell line SH-SY5Y (ATCC CRL-2266) was obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in a 
humidified incubator at 37°C and 5% CO2. The culture medium consisted of DMEM/F12 
GlutaMAX supplemented with 10% fetal calf serum (FCS), 1% non-essential amino acids 
(NEAA), and 1% penicillin/streptomycin. Medium was refreshed every 4 to 7 days, and cells 
were subcultured at a 1:20 ratio upon reaching confluency using a 0.05% trypsin-EDTA 
solution. 

For the proteomics and metabolomics studies, three concentrations of MGO—500, 750, and 
1000 μM—were used to treat the cells. These concentrations were chosen based on our 
previous MTT cell viability assay249, which showed that 500 and 750 μM MGO did not 
significantly affect cell viability, while at 1000 μM, there was a significant reduction, with 68.0% 
of viability remaining. The cell seeding density for the proteomics and metabolomics studies 
was the same as that used in the MTT assay. 

5.2.3 Label-free quantitative proteomics analysis 

5.2.3.1 Proteomic sample preparation 

SH-SY5Y cells were seeded in T175 flasks (Greiner Bio-one, Alphen aan den Rijn, The 
Netherlands) at a density of 4.69 × 104 cells/cm2 and incubated for 24 hours. After incubation, 
the cells were treated with an assay medium (DMEM/F12 without phenol red and FCS 
supplement) that contained MGO at three concentrations (500, 750, and 1000 μM, final 
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concentration, added from 200 times concentrated stock solutions in nano pure water) or 
with a solvent control (0.5% nano pure water in DMEM/F12 without phenol red and FCS 
supplement) for 24 hours. After exposure, the cells were washed twice with PBS. 
Subsequently, 1.8 mL of ice-cold PBS was added to each flask, and the cells were gently 
scraped off. The cell suspension was then transferred into a 2-mL protein low-binding tube 
(Eppendorf, Nijmegen, The Netherlands) and centrifuged at 500 × g for 2 minutes at 4°C to 
collect the cell pellets. These pellets were washed twice using 1.5 mL ice-cold 100 mM Tris-
hydrochloride (Tris-HCl, pH 8) under identical centrifugation conditions. The washed pellets 
were resuspended in 90 μL 100 mM Tris-HCl pH 8 with 1% protease inhibitor cocktail (Thermo 
Fisher Scientific, Bleiswijk, The Netherlands), followed by sonication in an ice-water bath 
(Qsonica sonicator, Qsonica, Newtown, USA) for 30 minutes using a pulse mode (30 seconds 
on and 30 seconds off) at 100% amplitude. Protein concentrations were measured using a 
BCA protein assay kit according to the manufacturer's instructions (Thermo Fisher Scientific, 
Bleiswijk, The Netherlands). The Protein Aggregation Capture (PAC) method was utilized to 
prepare peptide samples for nanoLC-MS/MS analysis194. These peptide samples were 
immediately stored at �20°C un�l further analysis. All treatments were conducted in four 
independent biological replicates. 

5.2.3.2 NanoLC-MS/MS based label-free quantitative proteomics analysis 

NanoLC-MS/MS analysis was conducted using a Thermo Vanquish Neo nanoLC system 
connected to a Thermo Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). An in-house prepared 0.10 mm × 250 mm analytical column filled with 
1.9 μm ReproSil-Pur 120 C18-AQ beads was used. The mobile phase consisted of 0.1 v/v% 
formic acid in water (eluent A) and 0.1% formic acid in acetonitrile (eluent B). The elution was 
carried out using a three-step linear gradient, starting from 0 to 9% B over 1 minute, 
increasing from 9% to 34% B over 50 minutes, and then from 34% to 50% B over 4 minutes. 
This was followed by maintaining the gradient at 50% B for 1 minute, after which it was 
returned to the initial conditions and held there for a duration equivalent to 2.5 column 
volumes at 925 bar to prepare for the next injection. The injection volumes were adjusted to 
correct for variations in protein concentrations among the samples, based on the BCA assay 
results, with injection volumes ranging from 1 to 2 µL. The elution flow rate was maintained 
at 500 nL/min. An electrospray potential of 3.5 kV was applied to the eluent prior to entering 
the column, and automatic gain control targets for MS and MS/MS were set to 300% and 
100%, respectively, with maximum ion injection times capped at 50 ms for MS and 30 ms for 
MS/MS. Higher energy collisional dissociation was utilized to fragment the most abundant 2-
5+ charged peaks identified in the MS scan, employing an isolation width of 1.2 m/z and 28% 
normalized collision energy, with MS/MS scans conducted in a data-dependent mode at a 
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resolution of 15,000, applying a threshold of 5e4 and a 15-second exclusion duration for 
previously selected m/z ± 10 ppm. 

5.2.3.3 Protein Identification and Quantification 

The peptides were identified and quantified using the MaxQuant software package (version 
2.0.3.0). A human database (UP000005640) retrieved from UniProt ("UniProt: the universal 
protein knowledgebase in 2021," 2021) along with a contaminants database that contains 
sequences of common contaminants like Trypsins (P00760, bovine and P00761, porcin) were 
utilized for analysis. Data were filtered to include only the proteins that were reliably 
identified by at least two peptides, at least one of which was unique, and one was unmodified 
and had a false discovery rate (FDR) below 1% on both the protein and peptide level. Reversed 
hits were removed from the MaxQuant result table.  

5.2.4 Targeted metabolomics analysis  

5.2.4.1 Metabolite extraction 

SH-SY5Y cells were seeded in 6-well plates (Greiner Bio-One) at a density of 4.69 × 
104cells/cm2 and incubated for 24 hours. For each well, a parallel setup was implemented: 
one well designated for metabolite extraction and another for cell counting, with both wells 
undergoing identical exposure conditions as specified in Section 5.2.3.1 for the proteomics 
study. In the wells designated for metabolite extraction, metabolic activity was quenched by 
adding 500 µL of 80% methanol (methanol, 80:20 v/v) at -70°C. The cells were then carefully 
scraped while maintained on dry ice and transferred to a 2-mL tube (Eppendorf). Concurrently, 
cells in the parallel counting wells were detached using trypsin-EDTA, resuspended in 500 µL 
of PBS (2% FCS), and cell numbers and concentrations were determined from a 20 µL aliquot 
using a Cellometer (Nexcelom Bioscience, Lawrence, USA). The suspension collected in the 2-
mL tube from the wells designated for metabolite extraction was centrifuged at 6000 × g for 
5 minutes, and the supernatants were collected in a new 2 mL Eppendorf tube. The cell pellets 
underwent two additional extractions with 500 µL of 80% methanol each, with all extracts 
pooled directly into the same tube. These combined extracts were dried under nitrogen gas, 
reconstituted in 100 µL of 50% methanol with 1 µL acetic acid, and centrifuged at 13000 × g 
for 5 minutes to remove debris. The prepared samples were then immediately stored at -80°C 
until LC-MS analysis. All treatments were conducted in four independent biological replicates. 
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5.2.4.2 LC-TQ-MS/MS based quantification of metabolites 

The metabolomics study for the cell metabolite extracts was performed using a Shimadzu 
Nexera XR LC-20AD XR UHPLC system coupled with a Shimadzu 8050 triple quadrupole mass 
spectrometer with an electrospray ionization (ESI) interface (Shimadzu Corporation, Kyoto, 
Japan), accompanied by the LC/MS/MS Method Package for Primary Metabolites ver. 2 
(Shimadzu Corporation). This method package offers optimized analytical conditions 
including chromatogram acquisition, detection of mass spectral peaks via an incorporated 
mass spectral library, and method files that specify the analytical conditions, which enables 
simultaneous quantification of 97 metabolites including amino acids, organic acids, 
nucleosides, and nucleotides. These metabolites are important in central cellular pathways 
such as the glycolytic system, tricarboxylic acid (TCA) cycle, and amino acid metabolism.  

A Supelco Discovery HS F5-3 column (2.1 mm × 150 mm, 3 μm) was employed during the 
experiment with a flow rate of 0.25 mL/min. Ultrapure water containing 0.1% formic acid (A) 
and acetonitrile with 0.1% formic acid (B) were used as mobile phase. The following gradient 
was used: 0-2 min, 100% A; 2-5 min, 100-75% A; 5-11 min, 75-65% A; 11-15 min, 65-5% A; 15-
20 min, 5% A; 20-20.1 min, 5-100% A; 20.1-28 min, 100% A. The injection volume was 1 μL. 
The analysis settings for MS were determined according to the manufacturer's instructions 
included in the method package for primary metabolites ver. 2 (Shimadzu Corporation). 

In addition to the original Shimadzu method which quantifies 97 primary metabolites, we 
have also incorporated the quantification of methylglyoxal-derived hydroimidazolone 1 (MG-
H1). MG-H1 is the most abundant free-form AGE in vivo, formed from methylglyoxal and 
arginine250. It was monitored at the [M + H]+ of precursor to product ion transitions of m/z 
229.0 > 114.0 (collision energy = −10 eV). 

5.2.5 Statistical analysis 

5.2.5.1 Data pre-processing 

For proteomics data, zero label-free quantitation (LFQ) intensity values were replaced with a 
value of 107 (slightly lower than the lowest measured value) to facilitate sensible ratio 
calculations, and LFQ intensities were logarithmically transformed to base 10 for further 
statistical analysis. 

For metabolomics data, peak identification and integration were carried out using 
LabSolutions software 5.114 (Shimadzu Corporation) to obtain intensity values for detected 
metabolites. Intensity values of metabolites in each sample were divided by the 
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corresponding cell count to correct for variations in cell numbers, ensuring comparable 
metabolite measurements across samples. Data were normalized using a pooled sample from 
the control group, then log-transformed and mean-centered using MetaboAnalyst 6.0 
(https://www.metaboanalyst.ca/)251. 

5.2.5.2 Multivariate analysis   

Principal component analysis (PCA) was conducted on the log-transformed LFQ intensities for 
proteomics data using the prcomp function from the stats package in R software 4.3.1252, with 
data centered and scaled to normalize variance across different measurements. For 
metabolomics data, PCA was performed on the pre-processed data using the same function 
in R without additional centering and scaling to unit variance. 

5.2.5.3 Univariate analysis 

The fold change (FC) of proteins and metabolites was calculated as the ratio of the average 
intensities of each MGO-treated group to that of the control. Student’s t-test was performed 
on the respective datasets to compare differences between the control and different 
concentrations of MGO-treated groups, with p values below 0.05 considered statistically 
significant. Proteomics data were analyzed using Perseus version 1.6.2.1253, while 
metabolomics data were analyzed using MetaboAnalyst. 

5.2.5.4 Selection of differentially expressed proteins (DEPs) and differential metabolites (DMs) 

DEPs and DMs across varying concentrations of MGO-treated groups were identified using 
the same selection criteria. Both DEPs and DMs were chosen based on FCs greater than 1.2 
or less than 0.83, accompanied by p values less than 0.05 relative to the control group. 

5.2.5.5 Pathway and network analysis 

For proteomics data, enrichment analysis for differentially expressed proteins (DEPs) was 
conducted using DAVID v2023q4 (https://david.ncifcrf.gov/, accessed April 2024), including 
GO terms, KEGG pathways, and WikiPathways200. A protein-protein interaction (PPI) network 
was constructed for DEPs with a high confidence level set at 0.7 utilizing the STRING database 
12.0 (https://string-db.org/, accessed April 2024)201. Molecular Complex Detection (MCODE) 
(version 2.0.3) 254 in Cytoscape (version 3.10.2)255 was used to identify key functional modules 
in PPI network with parameters set as follows: degree cutoff = 2, node score cutoff = 0.2, K-
core = 2, and max depth = 100. Hub proteins were identified using the CytoHubba plugin with 
the maximal clique centrality (MCC) method256 in Cytoscape. 
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For metabolomics data, pathway enrichment analysis of DMs identified from the high-
concentration MGO-treated group (1000 μM MGO) was performed using MetaboAnalyst 
according to the KEGG database. Pathways with pathway impact greater than 0.20 and p 
values less than 0.05 were considered significant. 

5.2.5.6 Integrated analyses of metabolomics and proteomics 

To better understand the interactions between proteins and metabolites, an integrated 
analysis of metabolomics and proteomics data was conducted, including correlation analysis 
and joint pathway analysis. Given the large number of DEPs, the correlation analysis focused 
on all DMs and proteins identified in the top 5 key functional modules in PPI network, both 
derived from the high-concentration MGO-treated group. Correlation between proteomics 
and metabolomics data was quantified using Spearman’s correlation (cor.test() function in R) 
using only proteins identified in the top 5 key functional modules in PPI network and all DMs. 
The matrices of median concentrations of each treatment group were merged column-wise 
before taking pair-wise correlation among proteins and metabolites. Only correlation greater 
than 0.75 (in absolute value) and with p values < 0.01 were retained for analysis and visualized 
using Cytoscape. 

Subsequently, DEPs and DMs were subjected to joint pathway analysis using MetaboAnalyst 
based on KEGG database. Pathways with an impact greater than 0.20 and p values less than 
0.05 were deemed significant. 

5.2.5.7 Data visualization 

The bar charts, enrichment results, heatmaps depicting the intensity of DEPs and DMs, and 
volcano plots illustrating these entities were visualized through the SRplot webserver 
(www.bioinformatics.com.cn/srplot)202, accessed on April 2024. 

5.3 Results 

5.3.1 Effects of MGO exposure on the proteome of SH-SY5Y cells 

To assess the effects of MGO exposure on the proteomic profile of SH-SY5Y cells and to 
provide insight into the pathways disturbed by the exposure, quantitative proteomics was 
performed using MGO concentrations of 500, 750, and 1000 µM, with the highest 
concentration being cytotoxic as determined by our previous MTT viability assay249. In total, 
3160 proteins were identified and quantified using a 1% false discovery rate filter. PCA was 
performed on these proteins. The 3D PCA plot, as shown in Figure 5.1A, revealed a distinct 
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separation between the MGO-treated groups and the control group. The PCA accounted for 
55.8% of the variation in the protein profiles with PC1, PC2, and PC3. The variation observed 
suggested that MGO exposure, particularly at the highest MGO concentration, substantially 
altered the proteome in SH-SY5Y cells compared to the untreated control cells. 

Subsequently, DEPs in each MGO treatment group were identified by comparison to the 
control group (see Section 5.2.5.4 for selection criteria). As shown in Figure 5.1B, there were 
93 DEPs (59 upregulated and 34 downregulated) in the low-concentration MGO-treated 
group (500 µM), 204 DEPs (108 upregulated and 96 downregulated) in the medium-
concentration MGO-treated group (750 µM), and 453 DEPs (223 upregulated and 230 
downregulated) in the high-concentration MGO-treated group (1000 µM). The volcano plots 
in Figure 5.1C illustrate the distribution of DEPs in each MGO-treated group compared to the 
control group, and the expression levels of the 453 DEPs identified in the high-concentration 
MGO-treated group were visualized across all four treatment groups in a clustering heatmap 
(Figure 5.1B). These results indicate that low-concentration MGO exposure (500 µM) had a 
lesser impact on the protein profile of SH-SY5Y cells, whereas exposure to higher 
concentrations, especially the highest tested concentration of 1000 µM, which is cytotoxic, 
substantially altered the protein expression profile. Considering the substantial changes in 
protein profile and the significant reduction in cell viability in the high-concentration MGO-
treated group (1000 µM), subsequent analyses focused on this treatment group to further 
explore the biological functions and pathways perturbed by MGO, relevant to its 
neurotoxicity. The p values and fold changes of the DEPs identified in the high-concentration 
MGO-treated group, relative to control, can be found in Table S5.1. 
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Figure 5.1 Proteomic analysis of SH-SY5Y cells after 24 h exposure to MGO. (A) 3D PCA plot based on the 
expression levels of 3160 proteins. (B) The number of upregulated and downregulated differentially 
expressed proteins (DEPs) in different MGO-treated groups. (C) Volcano plot of proteins quantified in 
different MGO-treated groups (red dots: upregulated DEPs, blue dots: downregulated DEPS, gray dots: 
proteins with no significant change). (D) Heatmap of the 453 DEPs identified in the high-concentration 
MGO-treated group presented for all treatment groups. Columns represent groups and rows represent 
proteins. The color gradient from blue to red indicates the protein expression level from low to high. 
Treatment groups are labeled as follows: control (C-x) for 0 μM MGO, low (L-x) for 500 μM MGO, medium 
(M-x) for 750 μM MGO, and high (H-x) for 1000 μM MGO. The 'x' in each label represents the replicate 
number, ranging from 1 to 4. 
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GO, KEGG, and WikiPathways analyses were conducted on DEPs identified in SH-SY5Y cells 
treated with the high concentration of MGO. The GO enrichment analysis (Figure 5.2A) 
revealed significant impacts on ribosomal RNA processing and ribosome biogenesis, 
highlighting potential disruptions in protein synthesis. Alterations were also observed in 
cellular components such as the nucleoplasm and extracellular exosomes, suggesting changes 
in both intracellular architecture and extracellular communication. Molecular function 
changes, including those affecting RNA, protein, and nucleosomal DNA binding activities, 
underscored potential disruptions in molecular interactions. These findings emphasize the 
extensive cellular and molecular disturbances induced by MGO. 

KEGG pathway analysis (Figure 5.2B) further demonstrated the impact on ribosome 
biogenesis and protein processing in the endoplasmic reticulum, essential for proper protein 
folding and synthesis. Additionally, pathways related to focal adhesion and the regulation of 
the actin cytoskeleton were also significantly affected, indicating changes crucial for cell 
morphology and structural integrity. MGO's impact on pathways associated with diabetic 
cardiomyopathy underscored its potential role in metabolic dysregulation, a common feature 
in diabetes characterized by elevated MGO levels 257. This was further evidenced by significant 
enrichments in metabolic pathways, biosynthesis of amino acids, and oxidative 
phosphorylation, all pointing to MGO's extensive impact on cellular metabolism. 
WikiPathways analysis (Figure 5.2C) revealed significant effects of MGO on the cellular 
oxidative stress response, particularly through the enrichment of the Nrf2 signaling pathway. 
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Figure 5.2 Enrichment analysis of differentially expressed proteins (DEPs) identified in the high-
concentration MGO-treated group (1000 μM MGO) compared to control using DAVID. (A) GO enrichment 
analysis for the categories of biological process (BP), cellular component (CC), and molecular function (MF); 
the top six enriched terms for each category are shown, selected based on the p values. (B) KEGG pathway 
enrichment analysis. (C) WikiPathways enrichment analysis (top 20 enriched terms are shown according to 
the p values). 

Protein-protein interaction (PPI) analysis was conducted on DEPs identified from the high-
concentration MGO-treated group to delve deeper into the essential proteins and their 
association with pathways significantly enriched, as analyzed above. The PPI network 
constructed with DEPs, consisting of 451 nodes and 1681 edges (Figure S5.1), was further 
analyzed using the MCODE plugin in Cytoscape to identify key functional modules. Based on 
their network scores, the top five densely connected modules were extracted and analyzed 
for their specific protein compositions (Figure 5.3). All selected modules had MCODE scores 
greater than 3.5. Enrichment analysis was subsequently performed for each module to further 
elucidate their associated biological functions (Table 5.1). Notably, Modules 1 and 2 were 
both linked to protein synthesis: Module 1 primarily involved proteins related to ribosome 
biogenesis, such as RBM28, TBL3, UTP4, and WDR3; while Module 2 focused on proteins 

(C) 

(A) (B) 
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involved in translation initiation, including EIF4A1, EIF1AX, and EIF3M. Module 3 was crucial 
for maintaining cell structure and mediating cell-matrix interactions, featuring proteins like 
ITGB1, COL1A1, and LAMB1. Module 4 played a key role in energy metabolism and 
mitochondrial function through oxidative phosphorylation, with proteins such as NDUFA7, 
UQCRB, and COX5B. Finally, Module 5 was linked to oxidative stress responses through the 
Nrf2 pathway, with critical proteins like NQO1, HMOX1, and GCLM.  

Using the CytoHubba plugin in Cytoscape, the top 10 hub proteins (Figure S5.2)—PES1, NOC2L, 
GTPBP4, PDCD11, NOP2, MRTO4, GNL3, GRWD1, RPF2, and TSR1—were identified based on 
their MCC scores and were all found to be localized in Module 1, indicating the importance of 
this module. 

Overall, the enrichment and PPI network analysis results suggest that exposure of cells to 
MGO leads to notable changes in several key cellular processes; these changes include 
abnormal protein synthesis, compromised cellular structure integrity, metabolic dysfunction, 
and enhanced responses to oxidative stress. 

Figure 5.3 Top 5 densely connected modules in the protein-protein interaction network according to the 
network scores identified using the MCODE plugin in Cystoscope. Enrichment results for each module are 
presented in Table 5.1.  
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Table 5.1 Top 5 densely connected modules in the protein-protein interaction network, with enrichment 
analysis results. Enrichment analysis was conducted using DAVID for each module presented in Figure 5.3. 
Representative terms were selected for each module to highlight key biological functions. '↑' indicates 
upregulated protein expression, while '↓' signifies downregulated protein expression. 

 

5.3.2 Effects of MGO exposure on the metabolome of SH-SY5Y cells 

Considering the effect of MGO on cellular metabolism as revealed in the proteomics study, a 
targeted metabolomic study using the same exposure conditions as those used in the 
proteomics study was conducted to further explore the cellular metabolic response upon 
MGO exposure. In total, 75 out of the 98 compounds were detected and quantified in the 
samples. The PCA plot showed a distinct separation between the MGO-treated groups and 
the control (Figure 5.4A), indicating MGO exposure, especially at the highest MGO 
concentration, greatly altered the metabolic profiles in cells. Subsequently, differential 
metabolites (DMs) in each MGO treatment group were identified by comparison to the 
control group (see Section 5.2.5.4 for selection criteria). As shown in Figure 5.4B, there were 
12 DMs (5 upregulated and 7 downregulated) in the low-concentration MGO-treated group 
(500 µM), 29 DMs (18 upregulated and 11 downregulated) in the medium-concentration 
MGO-treated group (750 µM), and 31 DMs (17 upregulated and 14 downregulated) in the 

Modules Nodes Edges Enriched terms FDR Proteins 
Module 1 32 459 Ribosome biogenesis in 

eukaryotes (hsa03008) 
1.4×10-12 RBM28↑, TBL3↑, UTP4↑, 

NOB1↓, WDR3↑, WDR75↑, 
PWP2↑, GTPBP4↑, GNL3↑ 

rRNA processing 
(GO:0006364) 

4.8×10-17 DDX27↑, DDX47↑, PPAN↑, 
WDR75↑, BOP1↑, TBL3↑, 

EBNA1BP2↑, PDCD11↑, 
NOB1↓, PES1↑, MRTO4↑, 

ESF1↑, BRIX1↑ 
Module 2 26 186 Ribosome (hsa03010) 3.2×10-4 RPS26↑, RPS27↓, RPL32↓, 

RPS29↓, RPS12↑ 
Translational initiation 

(GO:0006413) 
7.0×10-26 EIF4A1↑, EIF1AX↑, EIF2S1↑, 

EIF1↑, EIF3M↑, EIF2S3↑, 
EIF6↑, EIF3L↑, EIF3I↑, 

EIF3J↑, EIF3H↑, EIF3C↑, 
EIF3D↑, EIF4G1↑ 

Module 3 9 29 Focal adhesion 
(hsa04510) 

7.7×10-10 ITGB1↓, COL1A1↓, ITGA3↓, 
ITGAV↓, ITGA6↓, LAMB1↓, 

TLN2↓, FLNC↑ 
ECM-receptor 

interaction (hsa04512) 
7.8×10-8 ITGB1↓, COL1A1↓, ITGA3↓, 

ITGAV↓, ITGA6↓, LAMB1↓ 
Module 4 6 14 Oxidative 

phosphorylation 
(hsa00190) 

1.6×10-9 NDUFA7↓, UQCRB↑, 
NDUFB4↓, NDUFS4↑, 
COX5B↓, ATP5F1D↑ 

Module 5 22 37 Nrf2 pathway (WP2884) 6.0×10-3 NQO1↑, TXNRD1↑, 
HMOX1↑, TXN↑, GCLM↑ 

122	 CHAPTER 5



 

high-concentration MGO-treated group (1000 µM). The volcano plots in Figure 5.4C further 
illustrate the distribution of DMs in each MGO-treated group compared to the control, and 
the levels of the 31 DMs identified in the high-concentration MGO-treated group were 
visualized across all four treatment groups in a clustering heatmap (Figure 5.4D). Among all 
the DMs, MG-H1 that is reported to be the most abundant in vivo free-form AGE 258, appeared 
to be the most significantly changed compound in all the three MGO-treated groups 
compared to control (Figure 5.4C). There was an increase of up to 64-fold in the intensity of 
MG-H1 in the high-concentration MGO treated group compared to control (Table S5.2). The 
p values and fold changes for other DMs identified in the high-concentration MGO-treated 
group can also be found in Table S5.2. 

To further explore the metabolic pathways influenced by MGO, a pathway analysis based on 
the KEGG database was conducted on the DMs identified in the high-concentration MGO-
treated group. Figure 5.5A shows that 9 metabolic pathways were significantly enriched, 
especially arginine and proline metabolism, cysteine and methionine metabolism, glutathione 
metabolism, arginine biosynthesis, alanine, aspartate and glutamate metabolism and TCA 
cycle. These findings suggest that MGO, particularly at cytotoxic levels, induced metabolic 
dysfunction in SH-SY5Y cells. 
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Figure 5.4 Metabolomic analysis of SH-SY5Y cells after 24 h exposure to MGO. (A) 3D PCA plot based on 
the levels of 75 metabolites. (B) The number of upregulated and downregulated differential metabolites 
(DMs) in different MGO-treated groups. (C) Volcano plot of metabolites quantified in different MGO-
treated groups (red dots: upregulated DMs, blue dots: downregulated DMs, gray dots: proteins with no 
significant change). (D) Heatmap of the 31 DMs identified in the high-concentration MGO-treated group 
presented for all treatment groups. The color gradient from blue to red indicates the metabolite level from 
low to high. Treatment groups are labeled as follows: control (C-x) for 0 μM MGO, low (L-x) for 500 μM 
MGO, medium (M-x) for 750 μM MGO, and high (H-x) for 1000 μM MGO. The 'x' in each label represents 
the replicate number, ranging from 1 to 4.  
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5.3.3 Integrated analyses of proteomics and metabolomics in SH-SY5Y cells after MGO 
exposure 

Integrated analyses of proteomics and metabolomics were conducted to further explore the 
interactions between differentially expressed proteins (DEPs) and differential metabolites 
(DMs). Initially, we assessed the correlation between proteins identified in the top 5 key 
functional modules (Figure 5.3) and DMs, both derived from the high-concentration MGO-
treated group. The resulting correlation network, depicted in Figure 5.5B, revealed a dense 
web of interactions among the proteins and DMs. Importantly, the network underscored the 
significant involvement of key metabolic pathways such as glutathione (GSH) metabolism, 
cysteine and methionine metabolism, and the TCA cycle. Key metabolites highlighted in these 
pathways include GSH, cystathionine, and various TCA cycle intermediates. 

Subsequently, a joint metabolic pathway enrichment analysis was performed to examine the 
effects of MGO exposure on DEPs and DMs further. This analysis revealed that arginine 
biosynthesis was the most significantly affected pathway, showing the highest pathway 
impact and the most notable p value (Figure 5.5C). Moreover, the analysis confirmed 
significant impacts on the TCA cycle, glutathione metabolism, and cysteine and methionine 
metabolism pathways, corroborating the initial findings suggested by the correlation network. 
These pathways, affected by MGO exposure in SH-SY5Y cells, are extensively discussed in the 
discussion section to elucidate their roles in cellular responses.  
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Figure 5.5 Metabolic pathway enrichment analysis of identified differential metabolites (DMs) in the high-
concentration MGO-treated group (1000 μM MGO) (A), followed by integrated analyses of proteomics and 
metabolomics, including: (B) Correlation network of proteins identified in the top 5 key functional modules 
and DMs, both identified from high-concentration MGO-treated group. The network was generated based 
on Spearman’s correlation analysis using a significance threshold of p < 0.01 and an absolute correlation 
coefficient > 0.75. Blue rectangle nodes represent proteins; green diamond nodes represent metabolites. 
Red edges indicate negative correlations, and blue edges indicate positive correlations; (C) Joint pathway 
enrichment analysis of differentially expressed proteins (DEPs) and DMs in the high-concentration MGO-
treated group. Pathways with a pathway impact greater than 0.20 and a p value less than 0.05 were 
considered significant.  

(B) 

(C) (A) 
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5.4 Discussion 

The objective of this study was to investigate the molecular and biochemical changes induced 
by MGO exposure in SH-SY5Y human neuroblastoma cells and to elucidate how these changes 
contribute to neurotoxicity, through integrated proteomics and metabolomics analyses. Our 
comprehensive analyses revealed that exposure to MGO, especially at cytotoxic level, 
induced extensive alterations in both the proteome and metabolome of SH-SY5Y cells. 
Analysis of proteomics data identified a substantial number of DEPs involved in critical cellular 
functions, including protein synthesis, cellular structural integrity, mitochondrial function, 
and oxidative stress responses. Analysis of metabolomics and subsequent integration of 
metabolomics and proteomics data underscored significant changes in key metabolic 
pathways such as arginine biosynthesis, glutathione metabolism, cysteine and methionine 
metabolism, and the TCA cycle. These changes may represent cellular adaptations or 
protective responses to dicarbonyl stress, or they could directly lead to cellular dysfunction 
and subsequent toxicity. 

Firstly, the enrichment and the PPI network analysis indicated significant alterations in 
protein-synthesis related pathways, such as ribosome biogenesis and translation initiation, 
upon exposure of cells to MGO. The expression levels of the majority of proteins involved in 
these pathways were significantly upregulated, indicative of heightened protein synthesis 
activity (Table 5.1). This upregulation is likely a cellular adaptation to meet the increased 
demand for new proteins and to manage extensive dicarbonyl stress-induced protein damage, 
crucial for replacing damaged or dysfunctional proteins. However, this enhanced protein 
synthesis could lead to an increased load of nascent proteins entering the endoplasmic 
reticulum (ER), elevating the risk of protein misfolding and aggregation—primary indicators 
of ER stress259. The “protein processing in the endoplasmic reticulum” pathway, significantly 
enriched in our KEGG enrichment analysis, further corroborated the cellular response to this 
stress. It highlighted the upregulation of chaperones such as heat shock proteins HSPA8 and 
HSPH1, which assist in managing misfolded proteins260. Simultaneously, the downregulation 
of protein disulfide isomerases such as PDIA3, PDIA4, and PDIA6 in the same pathway 
suggested a compromised ability to maintain protein structural integrity and an enhanced risk 
of further ER stress261. In response to ER stress, the unfolded protein response (UPR) may be 
activated262. Previous studies indicated that dicarbonyl stress from increased levels of MGO 
can trigger the UPR, characterized by an increased abundance of not only heat shock proteins 
but also components like ubiquitin ligases that encapsulate and remove proteins exhibiting 
misfolding due to dicarbonyl modifications107, 262. While initially protective, prolonged 
activation of the UPR can lead to cellular dysfunction, as persistent ER stress challenges the 
cell’s capacity to restore proteostasis and can drive pathways leading to apoptosis and chronic 

INTEGRATED OMICS ANALYSIS OF MGO-INDUCED NEUROTOXICITY IN NEUROBLASTOMA CELLS 127

5



 

inflammation107. Moreover, chronic ER stress and prolonged activation of UPR have been 
reported to be strongly associated with the pathology of neurodegenerative diseases, 
exacerbating neuronal loss and synaptic dysfunction which are critical factors in the 
progression of these disorders263. 

Furthermore, our proteomic analysis revealed significant alterations in cellular adhesion 
mechanisms, particularly within the focal adhesion and extracellular matrix (ECM)-receptor 
interaction pathways (Table 5.1). There was downregulation of integrins such as ITGB1, ITGAV, 
ITGA3, and ITGA6, along with crucial ECM components like COL1A1 and LAMB1. These 
changes suggest substantial alterations in the mechanisms that maintain cellular architecture 
and mediate signal transduction between the ECM and the cytoskeleton264, potentially 
underlying the cytotoxic effects induced by MGO. Integrins, serving as critical transmembrane 
receptors, are pivotal in mediating both physical and biochemical linkages between the 
extracellular matrix and the cytoskeleton265. Their downregulation can impair cell adhesion, 
impacting neuronal connectivity and synaptic stability, essential for neural development and 
function266. Similarly, alterations in COL1A1 and LAMB1 can disrupt the structural integrity 
and signaling capabilities of cells, potentially contributing to the pathophysiology of 
neurodegeneration267. Additionally, it is noteworthy that our previous study249 has observed 
that cytoskeletal proteins, crucial for the structural integrity and functionality of focal 
adhesion complexes268, appear particularly susceptible to modifications by MGO in SH-SY5Y 
cells. This observation leads us to hypothesize that MGO-induced modifications to these 
cytoskeletal proteins could play a role in causing instability and subsequent downregulation 
of integrins and other adhesion-related proteins. 

Moreover, analysis of proteomic data revealed significant alterations in proteins involved in 
oxidative phosphorylation, indicating changes in mitochondrial function and energy 
metabolism (Table 5.1). Metabolomics and integrated omics analyses confirmed that these 
changes extend to the TCA cycle, suggesting a comprehensive disruption in energy 
metabolism (Figure 5.5). Figure 5.6A specifically depicts the effects of MGO exposure on the 
energy metabolism in SH-SY5Y cells, beginning with a notable downregulation of glycolytic 
enzymes such as PFKL and ENO2. This reduction likely compelled the cells to depend more on 
the TCA cycle, as evidenced by increased intermediates like citric acid and isocitric acid, and 
enzymes such as IDH3B and IDH3G, responding to higher energy needs or managing oxidative 
stress. Support from gluconeogenesis and other pathways likely provided necessary 
substrates. Furthermore, the electron transport chain showed a compromised functionality 
with significant downregulation of components such as NDUFA7, COQ6, and COX5B, 
indicating a reduced efficiency. Conversely, the upregulation of components like ATP5F1D 
suggests compensatory efforts to maintain ATP production despite these inefficiencies. 
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Previous in vitro studies have confirmed that mitochondrial impairments, including reduced 
mitochondrial membrane potential and the overproduction of ROS mediated by mitochondria, 
are key contributors to the cytotoxic effects induced by MGO in SH-SY5Y cells97, 244. Our 
findings provide further evidence at the molecular level of mitochondrial dysfunction’s role 
in these effects within SH-SY5Y cells. It is worth noting that contrasting findings have been 
reported in different cell types and experimental conditions. For example, exposure to 200 
µM MGO (cytotoxic level) in C2C12 myoblast cells showed a decrease in TCA cycle 
intermediates without significant glycolysis changes269, while nontoxic MGO concentrations 
in adipocytes enhanced aerobic glycolysis270. This indicates that metabolic responses may 
vary with cell type and MGO toxicity levels. 

Additionally, the proteomic analysis highlighted significant engagement of the Nrf2 pathway 
(Table 5.1) and alterations in GSH synthesis-related pathways, including cysteine and 
methionine metabolism and glutathione metabolism, as prominently featured in our 
metabolomics and integrated omics analyses (Figure 5.5). Figure 5.6B illustrates the impact 
of MGO exposure on these pathways. MGO has been reported to activate the Nrf2 pathway 
directly by modifying Keap1 and potentially indirectly through ROS production induced by 
MGO31, 53. Consistent with these findings, our study observed the upregulation of several 
Nrf2-regulated proteins, including HMOX1 and GCLM, with the latter being critical for GSH 
synthesis271. The metabolites detected in the cysteine and methionine metabolism and 
glutathione metabolism pathways indicated an increased cellular effort to synthesize GSH. 
For instance, the observed downregulation of glutamate and cystathionine suggested their 
increased consumption in GSH synthesis. A 2.1-fold increase in GSH levels in the high-
concentration MGO-treated cells was observed reflecting the cells’ attempt to enhance their 
detoxification capacity via the GSH-dependent glyoxalase system262. Together, the activation 
of Nrf2 and the increase in GSH levels can be seen as cellular protective mechanisms against 
dicarbonyl stress, working to mitigate the cytotoxic effects induced by MGO exposure. 

Finally, the metabolomic analysis and integrated omics studies revealed significant alterations 
in several amino acid metabolism pathways, particularly in the arginine biosynthesis pathway, 
which plays a critical role in feeding into the urea cycle. Significant downregulation was 
observed in key metabolites including ornithine, citrulline, arginosuccinate, and arginine—all 
of which are crucial components of the urea cycle (Figure 5.6C). Additionally, glutamate levels 
were reduced, likely reallocating resources to glutathione synthesis to combat dicarbonyl 
stress. This reduction in glutamate, a key precursor in both the arginine biosynthesis and the 
urea cycle, likely contributed to decreased substrate availability for these cycles. The 
depletion of urea cycle metabolites may also stem from their consumption in the reaction of 
arginine with MGO to form MG-H1, which was substantially increased. The disruption of this 
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pathway can compromise nitrogen waste processing and amino acid catabolism272, thereby 
potentially influencing broader cellular functions and contributing to the neurotoxicity 
observed in SH-SY5Y cells. 

Taking all together, our integrated proteomics and metabolomics analyses provide a 
comprehensive view of the cellular alterations induced by MGO in SH-SY5Y cells and reveal 
that MGO exposure induces both toxic effects and adaptive responses in SH-SY5Y 
neuroblastoma cells. Contributing to toxicity are increased ER stress, disruptions in cellular 
adhesion and ECM integrity, mitochondrial dysfunction, and disrupted amino acid 
metabolism, notably in pathways such as arginine biosynthesis which directly impacts the 
urea cycle. On the adaptive side, cells upregulate protein synthesis, activate the Nrf2 pathway, 
and reprogram metabolism to counteract dicarbonyl stress and maintain energy levels. These 
findings enhance our understanding of MGO-induced neurotoxicity and identify potential 
therapeutic targets for mitigating its harmful effects. 
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Figure 5.6 Schematic representation of selected impacts of MGO exposure in SH-SY5Y cells, including: (A) 
energy metabolism, showing disruptions in glycolysis, TCA cycle, and oxidative phosphorylation; (B) 
Nrf2/GSH axis, depicting activation of the Nrf2 pathway and upregulation of GSH levels; (C) amino acid 
catabolism, detailing disruptions in arginine biosynthesis and related impacts on the urea cycle induced by 
MGO. Red arrows indicate upregulation, blue arrows indicate downregulation, based on integrated omics 
analyses. Figure created with BioRender.com.  

(B) 

(A) 

(C) 
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Supporting information 

Table S5.1 (The 453 differentially expressed proteins (DEPs) identified from the high-concentration MGO-
treated group (1000 μM) and their corresponding p values and fold changes) can be accessed at 
https://doi.org/10.6084/m9.figshare.26418415 due to its large size, spanning multiple pages. Additional 
supporting information can be found under this section. 

Figure S5.1. Protein-protein interaction (PPI) network of differentially expressed proteins (DEPs) identified 
from high-concentration of MGO-treated group (1000 μM MGO) using STRING database. The disconnected 
nodes were removed from the network.  
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Figure S5.2. The top 10 hub proteins from the PPI network identified using the CytoHubba plugin with the 
maximal clique centrality (MCC) method in Cytoscape. The proteins were ranked by the MCC score, and the 
gradient from red to yellow visually represents their rankings, with redder nodes indicating higher 
prominence in the network. 

Table S5.2. The 31 differential metabolites (DMs) identified from the high-concentration MGO-treated 
group (1000 μM) and their corresponding p values and fold changes. 

No. Metabolite name p-value Fold change 
1 MG-H1 1.09E-08 64.32109 
2 Thymine 8.54E-05 2.788934 
3 5-Glutamylcysteine 0.000112 4.593688 
4 Glutathione 0.000135 2.136067 
5 Orotic acid 0.00021 2.226973 
6 Ophthalmic acid 0.000248 0.190017 
7 Arginine 0.000353 0.691181 
8 Lactic acid 0.000448 2.446483 
9 Cystathionine 0.000476 0.473328 

10 NAD 0.000537 1.988862 
11 Ornitine 0.000621 0.756888 
12 Citrulline 0.001167 0.742556 
13 Acetylcholine 0.001958 0.426676 
14 Fumaric acid 0.001992 1.914462 
15 Allantoin 0.003461 2.444271 
16 Dimethylglycine 0.004316 0.590982 
17 S-Adenosylmethionine 0.004705 1.81475 
18 Citric acid 0.005124 2.174811 
19 Dopa 0.00587 0.753693 
20 Isocitric acid 0.006055 2.227916 
21 4-Aminobutyric acid 0.007204 1.653904 
22 2-Aminobutyric acid 0.007798 0.615915 
23 Glutamic acid 0.011817 0.704374 
24 Cysteamine 0.014957 2.78226 
25 Argininosuccinic acid 0.01502 0.790889 
26 Malic acid 0.015722 1.442335 
27 Homocysteine 0.016729 0.675037 
28 Uridine 0.030921 0.502816 
29 2-Ketoglutaric acid 0.031485 3.606333 
30 Kynurenine 0.03856 1.56944 
31 Adenosine 0.047881 0.697788 
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Abstract 

This study aimed to evaluate human neurotoxicity and genotoxicity risks from dietary and 
endogenous methylglyoxal (MGO), utilizing physiologically based kinetic (PBK) modeling-
facilitated reverse dosimetry as a new approach methodology (NAM) to extrapolate in vitro 
toxicity data to in vivo dose-response predictions. A human PBK model was defined based on 
a validated mouse model enabling the translation of in vitro toxicity data for MGO from human 
stem cell-derived neurons and WM-266-4 melanoma cells into quantitative human in vivo 
toxicity data and subsequent risk assessment by the margin of exposure (MOE) approach. The 
results show that the MOEs resulting from daily dietary intake did not raise a concern for 
endpoints for neurotoxicity including mitochondrial function, cytotoxicity, and apoptosis, 
while those for DNA adduct formation could not exclude a concern over genotoxicity. 
Endogenous MGO formation, especially under diabetic conditions, resulted in MOEs that 
raised a concern not only for genotoxicity but also for some of the neurotoxicity endpoints 
evaluated. Thus, the results also point at the importance of taking the endogenous levels into 
account in risk assessment of MGO. 

Keywords: methylglyoxal; neurotoxicity; genotoxicity; PBK model; reverse dosimetry; new 
approach methodology; risk assessment 
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6.1 Introduction 

Methylglyoxal (MGO), a highly reactive α-oxoaldehyde compound, is extensively found in 
various foods and beverages, particularly those rich in sugar and fat, as well as in fermented 
products11, 54. MGO is generated in food through several processes such as the Maillard 
reaction, autoxidation of sugars, caramelization, lipid oxidation, and/or microbial 
fermentation during thermal processing and food storage22, 24. In addition to these exogenous 
sources, MGO is also endogenously formed as a by-product, primarily from glycolysis through 
the spontaneous degradation of triosephosphate intermediates36. In a healthy adult human, 
it has been estimated that 3 mmol MGO is formed endogenously each day30. However, the 
body maintains MGO at relatively low levels, with concentrations reported to be in the range 
of 0.05-0.6 μM in plasma and 1-4 μM in cells, primarily through the GSH-dependent glyoxalase 
system consisting of the enzymes glyoxalase 1 (Glo1) and glyoxalase 2 (Glo2), which detoxifies 
MGO into D-lactate (Figure 6.1)10, 273-275. Elevated in vivo levels of MGO can occur under certain 
pathological conditions, such as hyperglycemia, that disrupt the balance between the 
formation and detoxification of MGO10. It was reported that the plasma levels of MGO in type 
2 diabetic patients can be up to 30% higher than in healthy individuals273. 

Figure 6.1. Schematic presentation of the intracellular detoxification of MGO by the GSH-dependent 
glyoxalase system. GSH: glutathione, GSTs: glutathione-S-transferases, Glo1: glyoxalase 1, Glo2: glyoxalase 
2. 

MGO is a highly reactive precursor for advanced glycation end products (AGEs), whose 
formation has been linked to various chronic diseases22, 129. Elevated in vivo levels of MGO can 
increase AGE formation by interacting with the nucleophilic sites on DNA and proteins, leading 
to structural and functional changes in these macromolecules, which contributes to cellular 
and tissue dysfunction and ultimately could play a role in various diseases, including diabetes 
and multiple neurodegenerative disorders (e.g., Alzheimer’s disease and Parkinson’s 
disease)10, 22, 132. This concern is exacerbated by the dietary intake of exogenous MGO and the 
resulting AGE formation, which may further increase human exposure and the potential 
related health risks163. However, the extent to which dietary MGO contributes to the total 
body burden and impacts human health remains unclear. 

Clinical studies have shown that higher serum MGO levels are associated with accelerated 
cognitive decline in older adults239. In Alzheimer's disease patients, elevated levels of MGO 
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and the resulting AGEs have been detected in the cerebrospinal fluid240, 241. Similarly, elevated 
levels of MGO-derived AGEs have been identified in the nigra neurons of Parkinson's disease 
patients87. These clinical findings suggest a pathological role for MGO in the context of 
neurodegeneration. Moreover, various in vitro studies have shown that exposure to 
exogenous MGO can induce cellular injury and toxicity in different animal and human neuronal 
cell models95, 96, 114, 115, 276, 277. Neuronal cells, in particular, are susceptible to the toxic effects 
of MGO, a vulnerability that is potentially related to their high-energy glucose metabolism, 
combined with relatively lower levels of glutathione (GSH) and lower activities of glyoxalase 
enzymes compared to what is found in astrocytes278-281. Exposure of neuronal cells to 
exogenous MGO has been observed to decrease cell viability and mitochondrial redox activity, 
as well as to increase reactive oxygen species (ROS) production and apoptosis in in vitro 
studies76, 96, 244. Furthermore, the activation of the receptor for AGEs (RAGE) by AGEs formed 
in a reaction of DNA and proteins with MGO, is potentially linked to these adverse effects244, 

282, 283. These in vitro findings reveal the neurotoxicity of MGO and suggest mechanisms 
underlying its toxicity that may play a role in neurodegeneration. Apart from its well-
documented neurotoxicity, the genotoxic potential of MGO represents another critical 
concern. Studies have shown that DNA adducts induced by MGO could increase the mutation 
rate in E. coli cells, as well as G:C to C:G and T:A transversions in the supF gene of simian kidney 
cells284, 285. Besides, it was found that MGO-derived DNA adducts N2-(1-carboxyethyl)-2’-
deoxyguanosine (N2-CEdG) exhibited a lesion rate of one per 107 nucleosides at an 
endogenous background level of MGO in WM-266-4 human melanoma cells, and exposure to 
exogenous MGO resulted in a concentration-dependent increase in these N2-CEdG levels122. 

However, these in vitro neurotoxicity and genotoxicity data cannot be applied directly for risk 
assessment in humans. The concentration-response data obtained from these in vitro assays 
require further translation into dose-response data to determine safe exposure levels in 
humans. This translation can be achieved using new approach methodologies (NAMs) such as 
quantitative in vitro-in vivo extrapolation (QIVIVE) using physiologically based kinetic (PBK) 
modeling and reverse dosimetry, methods proven effective in predicting in vivo toxicity of 
various compounds for a variety of endpoints116, 117, 119. The PBK modeling facilitated reverse 
dosimetry approach contributes to the development of non-animal-based methods and offers 
a predictive tool to assess whether systemic exposure of the host to MGO might result in 
internal concentrations that could cause toxicity. This study aimed to use available in vivo 
kinetic mouse data, in vitro neurotoxicity and genotoxicity data, and in vitro-in silico-based 
reverse dosimetry for quantitative translation of concentration-response curves for the 
toxicity of MGO into in vivo dose-response predictions in humans. This can help in 
understanding the effects of exogenous versus endogenous MGO in humans. 
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In this study, the first step was to develop a mouse PBK model and evaluate the model 
predictions with the literature available experimental data for blood levels of MGO80. Based 
on the validated mouse model, a human PBK model was developed and applied to translate 
the concentration-response data from the literature for the toxicity of MGO in human 
neuronal cells and human melanoma cells to predict in vivo dose-response curves for the 
neurotoxicity and genotoxicity of MGO in humans. Based on these predicted in vivo 
neurotoxicity and genotoxicity data, a risk assessment was performed by the margin of 
exposure (MOE) approach to evaluate the risks from dietary and endogenous MGO. 

6.2 Methods 

6.2.1 PBK modeling-facilitated reverse dosimetry approach 

The PBK modeling-facilitated reverse dosimetry approach was applied to predict in vivo dose-
dependent neurotoxicity and genotoxicity induced by MGO. This approach involved the 
following steps: 1) development of a mouse PBK model for MGO to allow the prediction of the 
in vivo kinetics of MGO in mice, 2) evaluation of the mouse PBK model by comparing predicted 
kinetic data for MGO with available in vivo literature data, 3) defining a human PBK model for 
MGO based on the mouse PBK model developed, 4) extrapolation of the in vitro 
concentration-response data from the literature for MGO neurotoxicity and genotoxicity to in 
vivo dose-response curves using human PBK model-facilitated reverse dosimetry, 5) risk 
assessment of MGO from daily dietary intake and endogenous formation via an MOE approach 
based on the predicted in vivo neurotoxicity and genotoxicity data for MGO. 

6.2.2 Development of a PBK model for MGO in mice 

We utilized our previously developed PBK models for 17β-estradiol and bisphenol A as the 
basis to create a new PBK model describing the kinetics of MGO in mice119. The conceptual 
mouse PBK model for MGO is presented in Figure 6.2. This model consisted of separate 
compartments for the stomach, intestine, liver, fat, blood, rapidly perfused tissue (e.g. brain, 
lungs, heart, and kidneys), and slowly perfused tissue (muscle, skin, and bone). The PBK model 
enables the simulation of systemic blood concentrations of MGO following its oral 
administration. The physiological and anatomical parameters, such as fraction of tissue 
volumes and blood flows to tissues were obtained from the literature286, 287 and are 
summarized in Table S6.1. 

This model accounted for stomach emptying following oral administration of MGO and divided 
the intestinal compartment into seven sub-compartments to simulate intestinal transit of 
MGO. The apparent permeability coefficient (Papp) value for MGO, determined to be 1.09 × 10-
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6 cm/s from Caco-2 transport studies conducted in our lab288, was utilized to define the 
intestinal absorption of MGO from these sub-compartments. To extrapolate the Caco-2 Papp 
value to an in vivo Papp value for humans and mice, the following equations were used (eqs 1-
2): 

Log (Papp, human in vivo) = 0.6836 × Log (Papp, Caco-2) − 0.5579                                  (1) 

Papp, mouse in vivo = Papp, human in vivo/3.6                                                                         (2) 

in which eq 1 scales the in vitro Caco-2 apparent permeability (Papp, Caco-2) to an in vivo human 
effective permeability (Papp, human in vivo) for passively absorbed compounds289, and eq 2 scales 
the human effective permeability (Papp, human in vivo) to mouse effective permeability (Papp, mouse in 

vivo) using the equation originally defined for rats290. It was assumed that rat and mouse 
permeabilities would be the same. The intestinal absorption rate of MGO was subsequently 
determined using the equation: absorption rate (μmol/h) = Papp, mouse in vivo (cm/h) × surface 
area of the mouse small intestine (cm2) × luminal concentration of MGO (μmol/cm3)119. The 
luminal concentration of MGO in each sub-compartment was calculated by dividing the 
amount of MGO by the volume of the sub-compartment. Additionally, it was reported that 
blood MGO levels in mice began to rise above basal levels 50-55 minutes following a single 
oral dose of MGO at 50, 100, or 200 mg/kg bw80. Accordingly, a lag time of 55 minutes was 
included in the model to account for this delayed response. 

To describe the distribution of MGO across different tissues, the tissue/blood partition 
coefficients were estimated using the Rodgers and Rowland method291 via the online QIVIVE 
tool (https://www.qivivetools.wur.nl/, accessed January 2024)292. The input parameters for 
the estimation included the logarithmic octanol-water partition coefficient (LogP) and 
molecular weight (72.06 g/mol) of MGO. The LogP value used for MGO, 0.196, was sourced 
from the online platform Chemicalize developed by ChemAxon (https://chemicalize.com/, 
accessed January 2024). The blood-to-plasma ratio was assumed to be 1 for MGO, based on a 
previous study that reported MGO concentrations in plasma and whole blood to be nearly 
identical in mice upon oral administration of exogenous MGO80. Consequently, correction was 
not necessary when comparing MGO concentrations in blood and plasma. The assumption 
was also made that the distribution of MGO in rats mirrors that in mice, and therefore the rat 
tissue/plasma partition coefficients estimated by the QIVIVE tool were directly applied to the 
mouse PBK model. The tissue/blood coefficients used for the mouse PBK model are presented 
in Table S6.1. 

The in vivo clearance or elimination of MGO is primarily mediated through the intracellular 
glyoxalase system, which is ubiquitously present in the cytoplasm of mammalian cells293. 
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Consequently, all tissues possess the capability to metabolize MGO. Given that apparent total 
body clearance data for MGO in mice are available in the literature, it was assumed that the 
clearance for each organ could be derived based on its respective tissue volume fraction. 
Hence, the clearance for each tissue was estimated by multiplying the literature-reported 
apparent total body clearance (CLapp) of MGO with the respective tissue volume fraction80, 
reflecting the individual metabolic contributions of each tissue to the overall clearance of 
MGO. The reported CLapp values for MGO in mice were reported to increase from 7.69 to 8.28 
to 15.54 L/h/kg when the oral dose was increased from 50 to 100 to 200 mg/kg bw80; 
consequently, specific CLapp values corresponding to each dose were used in the mouse model.  

Figure 6.2. Schematic presentation of the PBK model for MGO. 

The model equations were coded and numerically integrated into Berkeley Madonna 10.6.1 
(UC Berkeley, CA, USA), utilizing Rosenbrock’s algorithm for stiff systems. The model code can 
be found in the Supporting Information. 

6.2.3 PBK model evaluation 

The performance of the developed mouse PBK model was assessed by comparing model-
predicted time-dependent blood concentrations of MGO with reported in vivo time-
dependent blood concentrations in mice upon a single oral dose of 50, 100, or 200 mg/kg bw 
of MGO80. The software TechDig 2.0 was utilized to digitize and transform graphical data from 
the cited studies into the numerical format for analysis.  
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6.2.4 Sensitivity analysis of the PBK model 

A sensitivity analysis was conducted to determine which model parameters exert the greatest 
influence on the predicted maximum blood concentration (Cmax) of MGO. Normalized 
sensitivity coefficients (SCs) were determined using the formula: SC = (Cʹ – C)/(Pʹ – P) × (P/C), 
in which C is the initial model output, Cʹ represents the output after parameter adjustment, P 
represents the initial parameter value, and Pʹ represents the adjusted parameter value294. A 
5% increase in each parameter value was implemented to evaluate the impact of parameter 
adjustments on the Cmax predictions of MGO. The sensitivity analysis was conducted for a single 
oral administration of 50, 100, or 200 mg/kg bw MGO, aligning with the doses used in the in 
vivo kinetic study for model validation. These three doses were all selected for analysis also 
because the reported apparent total body clearance in mice for each dose differs80. Each 
parameter’s influence was examined separately by modifying one parameter at a time while 
maintaining the others constant. 

6.2.5 Human PBK model 

Based on the validated mouse PBK model, a human PBK model was developed. The 
physiological and physicochemical parameters for the human model were obtained from the 
literature287, 292, and are listed in Table S6.1. The in vivo Papp value for the human model was 
determined as described in Section 6.2.2. The CLapp values of MGO for humans were assumed 
to be the same as those for mice. For further details, the human model script can be found in 
the Supporting Information. This model was further applied to translate the in vitro MGO 
neurotoxicity and genotoxicity data into in vivo dose-response data as further described in 
Section 6.2.6. 

6.2.6 Translation of the in vitro concentration-response curves for MGO into in vivo dose-
response curves using the PBK model developed for humans 

In vitro concentration-response data on MGO-induced neurotoxicity, utilizing human neuronal 
cell models, were collected (see Results section). Human primary neuronal-like cells (hNLCs) 
transdifferentiated from human mesenchymal stem cells exhibited the greatest sensitivity to 
MGO (see Results section), more accurately reflecting the physiological and biochemical 
properties of neuronal cells compared to other neuronal cell models95. Hence, in vitro 
concentration-response data from hNLCs including effects of MGO on mitochondrial function 
(measured using the MTT viability assay), cytotoxicity (assessed via the Trypan Blue exclusion 
method), and apoptosis (evaluated using nuclear staining with Hoechst 33258 dye), were 
selected for establishing human in vivo dose-response relationships for MGO-induced 
neurotoxicity95. Additionally, in vitro concentration-response data on MGO-induced DNA 
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adduct formation in WM-266-4 human melanoma cells reflecting the potential genotoxicity of 
MGO were also chosen for in vivo translation122. 

In this study, in vivo dose-dependent toxicity by MGO was assumed to be dependent on the 
Cmax of MGO reached in blood, and thus the PBK modeling-based reverse dosimetry approach 
was applied to predict the dose levels that were required to reach the respective effective Cmax 
concentrations of MGO in blood. The translation from the in vitro assay concentrations to 
corresponding exogenous dose levels was performed without correcting for endogenous MGO 
formation based on the assumption that the endogenous formation of MGO would be 
comparable in cells in vitro and in vivo. Indeed intracellular endogenous MGO formation is 
known to occur in vivo but also in in vitro cell models274. Additionally, the toxicity of MGO was 
attributed to the unbound fraction (fub) of MGO, requiring a correction for protein binding to 
address differences in fub between human blood and the in vitro assay medium. Consequently, 
the in vitro unbound concentration was set equal to the in vivo unbound Cmax, and the in vivo 
unbound Cmax derived from oral MGO administration was calculated using the equation: 

Cin vivo × fun, in vivo = Cin vitro × fun,in vitro 

where Cin vivo is the maximal total MGO concentration resulting from oral MGO administration, 
and Cin vitro is the total MGO concentration used in the in vitro assay. The fraction unbound in 
the assay medium and in blood, fun, in vitro and fun, in vivo, respectively, take into account the 
difference in protein binding in the assay medium and human blood. The fun, in vivo value was 
calculated using the online QIVIVE tool292 and amounted to 0.71. The fub, in vitro value was 
calculated based on the assumption that the unbound fraction depends linearly on the protein 
content, and can be derived from the fub, in vivo295. This was determined using the equation: fub, 

in vitro = 1 − (1 − fub, in vivo) × (protein content in vitro/ protein content in vivo)296. In this equation, 
the protein content in human blood is approximately 8%297, while the protein content in the 
assay medium used to generate the in vitro data intended for in vivo translation was 
considered 0, due to the use of the serum-free medium in these assays. 

Based on the above, reverse dosimetry on each effective concentration Cin vivo was conducted 
utilizing the developed human PBK model to obtain the corresponding oral MGO dose levels, 
thereby facilitating the conversion of in vitro concentration-response data into in vivo dose-
response curves. 
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6.2.7 Determination of points of departure (PODs) based on the predicted in vivo dose-
response curves 

To determine the PODs for MGO, benchmark dose modeling (BMD) analysis was applied to 
the dose-response curves predicted by the human PBK model. The analysis was conducted 
using the US EPA’s Benchmark Dose Software 3.2. Exponential and hill models were employed 
due to their suitability for modeling continuous data. The lower and upper 90% confidence 
limits of the BMD (BMDL10 and BMDU10, respectively), which correspond to an extra 10% 
response above the background compared to the control, were selected from the model with 
the best fit, as reflected by the lowest Akaike Information Criterion. The BMDL10 values were 
used as PODs for MGO risk assessment as further described in Section 6.2.8. 

6.2.8 Estimation of margins of exposure (MOEs) for MGO resulting from exogenous and 
endogenous MGO exposure 

An MOE approach was employed for risk assessment of both endogenous and exogenous 
exposure to MGO. MOEs were calculated by dividing the derived PODs (BMDL10) by the 
estimated daily intake or the estimated endogenous formation of MGO in healthy individuals 
and diabetic patients. The estimated daily MGO intake levels, as reported by Hellwig et al.22 
and Degen et al.54, are 0.03 mg/kg bw and 0.07-0.29 mg/kg bw for a 70 kg person, respectively. 
Levels of daily endogenous MGO formation are estimated at 3.09 mg/kg bw for healthy adult 
individuals and range from 6.01 to 12.35 mg/kg bw for diabetic patients, as reported by 
Rabbani & Thornalley30. In the MOE calculations, the highest reported daily intake level of 0.29 
mg/kg bw from Degen et al.54 and the highest level of estimated daily endogenous formation 
of 12.35 mg/kg bw for diabetic patients from Rabbani & Thornalley30 were used to represent 
a conservative, worst-case scenario. For healthy individuals, the reported daily endogenous 
formation of 3.09 mg/kg bw30 was used.  

6.3 Results 

6.3.1 PBK model evaluation 

Figure 6.3 shows the model-predicted blood concentrations of MGO and their comparisons to 
the reported blood concentrations of MGO following a single oral dose of 50, 100, or 200 
mg/kg bw of MGO to mice. The Cmax and Tmax of MGO in mouse blood predicted by the PBK 
model and reported in vivo are shown in Table 6.1. The PBK model predictions for blood 
concentrations of MGO matched the reported concentrations well, with predictions falling 
within a two-fold difference of the in vivo data80, indicating that the model was able to 
adequately predict the time-dependent blood concentrations of MGO at the given dose levels. 
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It is important to note the variations in the reported CLapp values for MGO in mice, being 7.69 
L/h/kg at 50 mg/kg bw, 8.28 L/h/kg at 100 mg/kg bw, and 15.54 L/h/kg at 200 mg/kg bw80. 
These differences resulted in a similar Cmax for the 100 mg/kg and 200 mg/kg doses. This 
reflects that in this dose range clearance appeared to be not linear with the dose. For 
subsequent human PBK model-based reverse dosimetry, a CLapp of 7.69 was used for 
converted doses below 100 mg/kg bw, and a value of 8.28 was used for doses between 100 
and 200 mg/kg bw. Given that the estimated human dietary intake of MGO was reported to 
be between 5-20 mg/day in a previous study54, doses over 200 mg/kg bw were considered 
unrealistic. Nevertheless, a value of 15.54 was employed for doses above 200 mg/kg bw when 
needed in the PBK modeling-facilitated reverse dosimetry process. 

Figure 6.3. Comparison of reported80 and PBK model-predicted time-dependent blood concentrations of 
MGO in mice following a single oral dose of 50 (A), 100 (B), or 200 (C) mg/kg bw MGO. The reported blood 
concentrations of MGO were corrected for endogenously formed MGO by subtracting the basal in vivo level 
of MGO amounting to 13.7 mM80. 

Table 6.1. PBK model-predicted Cmax and Tmax of MGO compared to in vivo mouse data as reported by Ghosh 

et al.80 
Dose 

(mg/kg bw) 
Reported Cmax

a 
(μM) 

Predicted Cmax 
(μM) 

Predicted 
Cmax/Reported 

Cmax 

Reported 
Tmax (h) 

Predicted 
Tmax (h) 

Predicted 
Tmax/Reported 

Tmax 
50 13.9 ± 2.85 9.86 0.71 ≈ 4 2.63 0.66 

100 18.7 ± 3.62 18.61 1.00 ≈ 4 2.63 0.66 
200 19.5 ± 3.36 22.79 1.17 ≈ 4 2.61 0.65 

a The reported Cmax of MGO was corrected for endogenously formed MGO by subtracting the basal in vivo 
levels of MGO amounting to 13.7 mM80. 

6.3.2 Sensitivity analysis of the PBK model 

The performance of the mouse PBK model was further assessed by a sensitivity analysis to 
identify the parameters that are most influential on the Cmax predictions of MGO in blood 
following a single oral administration of 50, 100, or 200 mg/kg bw. The parameters with an 
absolute normalized SC value of 0.1 or greater are presented in Figure S6.1. The results show 
that, for all three doses, the Cmax predictions for MGO appeared to be most sensitive to the 

(A) (B) (C) 
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parameters related to gastrointestinal transport and absorption, including the surface area of 
the intestinal compartment (SAin), the volume for each compartment of intestines (Vin), the 
stomach emptying rate (ksto), the Papp value, and the transfer rate to the next compartment 
within the intestines (kin). Additionally, the CLapp value was also identified as one of the 
influential parameters affecting the Cmax predictions for MGO. 

6.3.3 Translation of the in vitro concentration-response curves for neurotoxicity and 
genotoxicity of MGO to in vivo dose-response curves and BMD analysis of predicted dose-
response data 

Upon evaluating the mouse PBK model for MGO, the model code was adapted to define a 
human PBK model for predicting MGO-induced neurotoxicity and genotoxicity in humans from 
in vitro data. Figure 6.4A summarizes the in vitro concentration-response data on MGO-
induced neurotoxicity obtained with various human neuronal cell models found in the 
literature. Human primary neuronal-like cells (hNLCs), were found to be the most sensitive to 
MGO, displaying the lowest EC50 value for the cytotoxicity after 48 hours of exposure, which 
was 220.8 μM, as detailed in Table 6.2. These hNLCs are considered to mimic the physiological 
and biochemical properties of neuronal cells more accurately than other tested cell models95. 
Consequently, the in vitro dataset for hNLCs, which includes the effects of MGO on 
mitochondrial function, cytotoxicity, and apoptosis, was chosen to establish in vivo dose-
response data for humans. Furthermore, the dataset from Yuan et al., describing DNA adduct 
(R-N2-CEdG and S-N2-CEdG) formation induced by MGO in WM-266-4 cells298, was selected for 
in vivo translation for the genotoxicity of MGO (Figure 6.4B). The in vitro results in Figure 6.4 
reveal that the toxicity of MGO quantified by cytotoxicity and apoptosis in hNLCs started to 
occur at concentrations of 10 μM onwards. Mitochondrial dysfunction and cytotoxicity in 
hNLCs, and DNA adduct formation in WM-266-4 cells appeared to occur at somewhat higher 
concentrations. 
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Figure 6.4. Overview of in vitro concentration-response data for MGO neurotoxicity and DNA adduct 
formation found in literature: (A) Neurotoxicity of MGO in various human neuronal cell models including 
SH-SY5Y cells96, SK-N-MC cells277, SK-N-SH cells276, M17 cells and iPSC-derived neurons299, and hNLCs95; (B) 
DNA adduct (R-N2-CEdG and S-N2-CEdG) formation induced by MGO in WM-266-4 cells122. Data points are 
shown as mean ± (SD or SEM), where available. 

Table 6.2. EC50 values derived from the in vitro data on neurotoxicity of MGO in human neuronal cell models 
reported in literature 

Human neuronal 
cell models 

EC50a 
(μM) 

Exposure time  
(h) 

Endpoints References 

SH-SY5Y 710.0 24 Mitochondrial function (MTT assay) 96 
SK-N-MC 372.9 48 Mitochondrial function (WST assay) 277 
SK-N-SH 1179.0 24 Mitochondrial function (Resazurin assay) 276 

M17 809.2 unspecified Viability assessment (method unspecified) 299 
Human induced 

pluripotent stem cell 
(iPSC)-derived neurons 

> 1000 unspecified Viability assessment (method unspecified) 299 

hNLCs 340.5 24 Mitochondrial function (MTT assay) 95 
hNLCs 298.3 48 Mitochondrial function (MTT assay) 95 
hNLCs 312.1 24 Cytotoxicity (trypan blue exclusion test) 95 
hNLCs 220.8 48 Cytotoxicity (trypan blue exclusion test) 95 
hNLCs Not Determinedb 24 Apoptosis (nuclear staining with Hoechst 

33258 dye) 
95 

hNLCs Not Determinedb 48 Apoptosis (nuclear staining with Hoechst 
33258 dye) 

95 
a EC50 values were determined through non-linear regression (variable slope, four parameters) using GraphPad 
Prism 9, except where specified in the literature. 
b EC50 values are not provided due to insufficient data for robust curve fitting.  

(B) 

(A) 
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Figure 6.5 shows the dose-response curves derived from translating the in vitro concentration-
response data using PBK modeling-facilitated reverse-dosimetry with the developed human 
PBK model. Subsequent BMD analysis of these predicted in vivo dose-response curves 
revealed BMDL10 values of 216 and 218 mg/kg bw for R-N2-CEdG and S-N2-CEdG formation, 
respectively, and a somewhat higher BMDL10 of 258 mg/kg bw associated with apoptosis in 
neuronal cells (48 h exposure). The estimated BMDL10 values for mitochondrial function (48 h 
exposure) and cytotoxicity (48 h exposure) amounted to 1618 and 481 mg/kg bw, respectively 
(Table 6.3). 

Figure 6.5. Predicted in vivo dose-response curves for MGO-induced neurotoxicity and DNA adduct formation 
upon oral administration of MGO to humans, acquired through PBK modeling-facilitated reverse dosimetry of in 
vitro toxicity data on (A) MGO-induced neurotoxicity in hNLCs reported by Coccini et al.95, and (B) DNA adduct 
formation induced by MGO in WM-266-4 cells reported by Yuan et al.122 Data points are shown as mean ± (SD or 
SEM), where available. 

6.3.4 Risk assessment of exogenous and endogenous exposure to MGO using the MOE 
approach 

Figure 6.6 displays the predicted BMDL10-BMDU10 ranges for MGO-induced neurotoxicity and 
DNA adduct formation, and also the dose levels at which the MOE relative to the respective 
BMDL10 is 100 (for mitochondrial function, cytotoxicity, and apoptosis) or 10,000 (for DNA 
adduct formation) in comparison to the estimated daily dietary intake and endogenous 

(B) 

(A) 
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formation of MGO in humans. The results indicate that both the estimated daily intake and 
endogenous formation of MGO in healthy and diabetic individuals are below the BMDL10 for 
all the endpoints. Especially, the estimated dietary intake of MGO is approximately three 
orders of magnitude lower than the predicted BMDL10 values. Drawing from the European 
Food Safety Authority (EFSA)’s risk assessment for acrylamide, which is neurotoxic and 
genotoxic, this study adopted a similar MOE approach for further risk characterization for 
MGO300. Accordingly, an MOE of 100 or above for neurotoxicity endpoints including 
mitochondrial function, cytotoxicity, and apoptosis, was considered of no health concern. This 
margin accounts for uncertainties and variability within the human population (default 
uncertainty value of 10) and the incorporation of NAMs (assumed uncertainty value of also 
10). Considering that DNA adduct formation implies genotoxicity effects, an MOE of 10,000 or 
higher for DNA adduct formation was employed, accounting for interindividual variability 
(value of 10), the use of NAMs (value of 10), uncertainties related to the carcinogenic 
processes (value of 10), and use of the BMDL10 value (value of 10), as indicative of no health 
concern. The green vertical lines in Figure 6.6 represent the dose levels where the MOE 
relative to the respective BMDL10 is 100 (for mitochondrial function, cytotoxicity, and 
apoptosis) or 10,000 (for DNA adduct formation). Comparison of these dose levels to the 
estimated daily dietary intakes reveals that the estimated daily intake of MGO falls far below 
the green vertical lines representing the dose levels where the MOE relative to the respective 
BMDL10 is 100 for endpoints including mitochondrial function, cytotoxicity, and apoptosis, 
indicating that the systematic Cmax values resulting from daily intake of MGO would not be high 
enough to cause mitochondrial dysfunction, cytotoxicity, and apoptosis in neuronal cells. 
However, endogenous MGO levels in healthy individuals, exceed this safety threshold (green 
vertical line) for apoptosis (48 h exposure), indicating that a potential risk of inducing 
apoptosis by endogenously formed MGO cannot be excluded. In diabetic patients, 
endogenous MGO levels not only surpass the dose level where the MOE relative to the BMDL10 

is 100 for apoptosis but also are above the respective dose levels that result in an MOE of 100 
for cytotoxicity, indicating that a concern can no longer be excluded. It is also important to 
note that for R-N2-CEdG and S-N2-CEdG formation both the estimated daily intake and the 
endogenous formation of MGO in healthy and diabetic individuals are above the green vertical 
lines representing the dose levels where the MOE relative to the respective BMDL10 for these 
endpoints is 10,000, indicating a concern for MGO-induced DNA modification from both 
dietary intake and endogenous formation cannot be excluded, with concerns for diabetic 
patients being higher than those for the healthy adult population. The numbers of the 
calculated MOE values for the dietary intake or endogenous formation of MGO in healthy 
individuals and diabetic patients for all the endpoints used in this study can be found in Table 
6.3.  
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Figure 6.6. Comparison of estimated daily MGO intake and endogenous formation in healthy individuals and 
diabetic patients with predicted BMDL10 values. The estimated daily MGO intake dose levels were taken from 
Hellwig et al.22 and Degen et al.54 and amount to 0.03 mg/kg bw and 0.07-0.29 mg/kg bw for a 70 kg person, 
respectively. The estimated daily endogenous MGO formation levels in healthy adult individuals and diabetic 
patients were taken from Rabbani & Thornalley and amount to 3.09 mg/kg bw, and 6.01-12.35 mg/kg bw for a 
70 kg person, respectively30. The green vertical lines represent the dose levels where the MOE relative to the 
respective BMDL10 is 100 (for mitochondrial function, cytotoxicity, and apoptosis) or 10,000 (for DNA adduct 
formation). For further details see text. 

Table 6.3. Summary of estimated points of departures (PODs) taken as the BMDL10 derived from the predicted 
dose-response curves and margins of exposure (MOEs) for neurotoxicity (mitochondrial function, cytotoxicity, 
and apoptosis), and genotoxicity (DNA adduct formation) induced by MGO 

Endpoints BMDL10 
(mg/kg 

bw/day) 

MOEs from  
dietary MGO 

exposurea 

MOEs from endogenous 
MGO exposure  

Healthy 
individuals 

Diabetic 
patientsb 

Mitochondrial function (24 h exposure) 1599 5512 517 129 
Mitochondrial function (48 h exposure) 1618 5580 524 131 

Cytotoxicity (24 h exposure) 618 2131 200 50 
Cytotoxicity (48 h exposure) 481 1659 156 39 
Apoptosis (24 h exposure) 1029 3548 333 83 
Apoptosis (48 h exposure) 258 891 84 21 

R-N2-CEdG formation (3 h exposure) 216 746 70 18 
S-N2-CEdG formation (3 h exposure) 218 752 71 18 

a MOE calculation for dietary MGO intake used the highest reported value of 0.29 mg/kg bw/day from Degen et 
al.54, representing a worst-case scenario. 
b MOE calculation for diabetic patients' endogenous MGO exposure used the highest reported value of 12.35 
mg/kg bw/day from Rabbani & Thornalley30, also representing a worst-case scenario.  
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6.4 Discussion 

PBK modeling-facilitated reverse dosimetry has proven to be a promising NAM for 
extrapolating in vitro data to predict in vivo toxicity of chemicals in humans, providing 
significant potential in chemical risk assessment116, 117, 119. This study aimed to apply the PBK 
modeling-facilitated reverse dosimetry approach as a NAM to predict the neurotoxicity and 
genotoxicity of MGO in humans, based on the in vitro toxicity data obtained in a human 
neuronal cell model (hNLCs)95, and in WM-266-4 human melanoma cells122. The in vitro toxicity 
endpoints evaluated included mitochondrial function, cytotoxicity, apoptosis, and DNA adduct 
formation. 

The human PBK model for MGO presented in this study was developed based on a mouse PBK 
model. Evaluation of the mouse PBK model performance for MGO demonstrated its adequacy 
for predicting kinetic data at the given dose levels (50, 100 and 200 mg/kg bw). The kinetic 
parameters for MGO used in this model, including the Papp value and CLapp value, were 
identified as the most influential parameters for the prediction of the Cmax of MGO in the 
sensitivity analysis. The absorption rate constant derived from the Papp value, determined in 
our laboratory using the Caco-2 model288, amounted to 0.25 h-1. This value is in line with the 
average apparent absorption rate constant (ka) from the reported mouse in vivo data80 
amounting to 0.24 h-1. Since these values are comparable, employing either ka or the Papp 
value to define MGO's absorption rate in the PBK model does not significantly affect the 
predicted Cmax. With respect to the CLapp, the reported CLapp values for the three doses varied80. 
The CLapp at 200 mg/kg bw was around 1.9-fold higher than the one reported at 100 mg/kg bw. 
This increase might be due to the increased metabolism of MGO by the glyoxalase system. The 
increase in CLapp with increasing dose appeared to be more substantial at dose levels above 
100 mg/kg bw and may be less pronounced at lower dose levels. Moreover, although it is 
challenging to predict the CLapp for doses different from the dose levels tested in the in vivo 
kinetic study80, the lowest available value of 7.69 appears most suitable for PBK modeling at 
dose levels in the range of the estimated daily dietary MGO intake. Even when the CLapp value 
would be tenfold lower, it can be calculated (data not shown) that the predicted BMDL10 
values for endpoints including mitochondrial function, cytotoxicity, and apoptosis will still be 
over two orders of magnitude above the estimated daily dietary MGO intake, and the MOEs 
are still high enough to be of no concern. It is also important to note that the current study 
assumed that the in vivo dose-dependent neurotoxicity induced by MGO is based on the 
maximal unbound concentration (Cmax) of MGO in the blood, rather than incorporating a 
separate compartment for the central nervous system (CNS) in the PBK model to predict the 
maximal concentration achievable in the CNS. At the present state-of-the-art, the extent to 
which MGO can enter the CNS is not yet clearly defined. If the transport to the CNS is limited, 
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the MOEs resulting from daily dietary intake would be even larger than what has now been 
estimated. 

The results reported in the literature and depicted in Figure 6.6 indicate that the reported 
endogenous MGO formation in healthy adults (ca. 216 mg equal to 3.09 mg/kg bw for a 70 kg 
person) exceeds the estimated daily dietary intake of MGO (5-20 mg equal to 0.07-0.29 mg/kg 
bw for a 70 kg person) by more than tenfold30, 54, indicating that the dietary contribution to 
the total MGO exposure is relatively low. This observation aligns with findings from a previous 
study where the consumption of honey containing 37 mg of MGO, a quantity exceeding the 
estimated daily intake levels and equal to 0.53 mg/kg bw for a 70 kg person, did not result in 
increased urinary excretion of MGO and its metabolite D-lactate82. This suggests that the 
absorption of dietary MGO might be limited. Furthermore, the results obtained in the current 
study show that the MOEs resulting from estimated daily dietary intake of MGO for the 
neurotoxicity endpoints ranged from 258 to 1618, which was above the safety limit of 100, 
suggesting that the systemic concentrations resulting from daily MGO intake are unlikely to 
reach levels capable of inducing mitochondrial dysfunction, cytotoxicity, and apoptosis in 
neuronal cells. In contrast, the MOE value for the apoptosis (48 h exposure) resulting from 
daily endogenous MGO formation in healthy individuals, amounted to 84, and for diabetic 
patients, whose endogenous MGO formation is reported to be two to four times higher than 
that in healthy individuals30, the MOEs for the apoptosis and also for cytotoxicity were below 
the safety limit of 100 (Table 6.3), suggesting neurotoxicity reflected by these two endpoints 
induced by endogenously formed MGO cannot be excluded. These results are also supported 
by previous research which linked the progression of diabetic neuropathies, a major 
complication of diabetes, to increased in vivo levels of dicarbonyl compounds301, further 
emphasizing the critical role of endogenous MGO levels in these adverse health outcomes. 
The MOEs for DNA adduct formation from both dietary intake and endogenous formation in 
healthy individuals and diabetic patients were all below 10,000, indicating that concerns about 
MGO's potential to increase the risk of developing cancer via a genotoxic mode of action 
cannot be excluded, especially not for dibetic patients for which as a result of endogenous 
MGO formation an MOE of only 18 was obtained. Previous meta-analyses revealed that 
diabetic patients were at a higher risk of developing several types of cancer302, and 
endogenous accumulation of AGEs formed from protein and DNA modifications by MGO may 
potentially be linked to cancer development185. 

It is relevant to note that the average plasma levels from endogenously formed MGO 
amounted to 0.29 μM for healthy individuals as derived from aggregating data across multiple 
studies, reporting values of 0.21, 0.13, and 0.52 μM273-275. In diabetic patients, the plasma 
MGO levels were found to be more than 30% higher than those in healthy individuals273, 275. 
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However, it appeared that in the PBK modeling the internal concentrations resulting from an 
exogenous dose as high as 50, 100 and 200 mg/kg bw were far above the endogenous plasma 
concentrations (0.29 μM). This can be attributed to the fact that the dose levels used for the 
modeling (and used in the mouse kinetic in vivo study) are much higher than the dietary intake 
levels. The PBK model predicted internal Cmax levels resulting from realistic estimated daily 
dietary intake were found to be more than threefold lower than the endogenous plasma MGO 
levels. This observation also suggests that in vitro studies employing MGO concentrations in 
the high mM range may not accurately reflect realistic dietary exposure to MGO. Besides, 
considering the more critical role of endogenous MGO levels in potential adverse health 
effects, future studies could focus on in vitro models that mimic increased intracellular MGO 
formation, aiming to provide deeper insights into the mechanisms underlying how increased 
endogenous MGO formation contributes to disease processes and identify mitigation 
strategies, particularly for vulnerable populations like diabetics. 

It is also crucial to recognize that while our study suggests the neurotoxicity risk from dietary 
MGO might be minimal, exposure to other dicarbonyl compounds, such as glyoxal (GO) and 3-
deoxyglucosone (3-DG), is also prevalent and could potentially add to the risk of toxicity 
caused by these dicarbonyl AGE precursors in humans. Among these, MGO was identified as 
the most reactive in terms of cytotoxicity and ROS formation in a previous study31. The 
estimated worst-case daily intake for glyoxal is around 10 mg303, whereas, for 3-DG, dietary 
intake levels are notably higher, ranging from 20 to 160 mg per day54. A study found that upon 
consuming 82 mg 3-DG in a honey matrix, a significant proportion (10–15%) of the ingested 3-
DG and its metabolite (3-deoxyfructose) was excreted in the urine81. This suggests that the 
contribution of dietary 3-DG to the total in vivo 3-DG exposome may be more substantial than 
what was observed for MGO. Given these findings, it would be of interest for future research 
to establish relative potency values for GO and 3-DG relative to MGO to more accurately assess 
the health risks from combined exposure to dicarbonyl compounds.  

Taking all together, this study demonstrates a proof of principle on how to integrate in vitro 
data and in silico PBK modeling to predict in vivo kinetics of dicarbonyl compounds and 
characterize their dose levels causing toxicity in vivo in humans. The results show that the 
MOEs resulting from daily dietary intake did not raise a concern for endpoints for neurotoxicity 
including mitochondrial function, cytotoxicity, and apoptosis, while those for DNA adduct 
formation could not exclude a concern over genotoxicity. In comparison, endogenous MGO 
formation, especially under diabetic conditions, resulted in MOEs that raised a concern not 
only for genotoxicity but also for some of the neurotoxicity endpoints evaluated. Thus, the 
results also point at the importance of taking the endogenous levels into account in risk 
assessment of MGO. 
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Supporting information 

Table S6.3. Physiological and anatomical parameter values (based on Hall et al.286  and Brown et al.287) and the 
partition coefficients (calculated using the QIVIVE Tool292) used in the PBK models. 

  

Parameters Symbols Mouse Human 
Body weight (kg) BW 0.03 70 
Fraction of tissue volumes  
Fat VFc 0.070 0.214 
Liver VLc 0.055 0.026 
Blood VBc 0.067 0.079 
Rapidly perfused tissue VRc 0.154 0.068 
Slowly perfused tissue VSc 0.654 0.613 
Cardiac output QC 15.4*BW0.75 15*BW0.74 
Fraction of blood flow to tissue 
Fat QFc 0.070 0.052 
Liver QLc 0.158 0.227 
Rapidly perfused tissue QRc 0.630 0.370 
Slowly perfused tissue QSc 0.142 0.351 
Tissue/blood partition coefficients 
Fat PF 0.17 0.17 
Liver PL 0.54A 0.54 
Rapidly perfused tissue PR 0.53 0.53 
Slowly perfused tissue PS 0.48 0.48 
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Figure S6.1. Sensitivity analysis for the predicted Cmax of MGO after oral administration of 50, 100, or 200 
mg/kg bw MGO. Model parameters with an absolute normalized sensitivity coefficient (SC) value ≥ 0.1 are 
displayed. VLc: fraction of liver tissue, VBc: fraction of blood, VRc: fraction of rapidly perfused tissue, VSc: 
fraction of slowly perfused tissue, QC: cardiac output, QLc: fraction of blood flow to liver, QRc: fraction of 
blood flow to rapidly perfused tissue, QSc: fraction of blood flow to slowly perfused tissue, ksto: stomach 
emptying rate, Papp: apparent permeability coefficient obtained from the Caco-2 model, Vin: volume for 
each compartment of intestines, SAin: surface area of the intestinal compartment, kin: transfer rate to 
next compartment within the intestines, CLapp: apparent total body clearance in mice. 

Model code for PBK-model built in Berkeley Madonna for mice 

;Date: December 2023 
;Species: Mouse 
;Compound: Methylglyoxal (MGO) 
;Compiled by: Liang Zheng 
;Organization: Wageningen University 
;======================================================================== 
;Physiological parameters 
;======================================================================== 
;tissue volumes286    
BW = 0.03  ; body weight mouse (kg)  
VFc = 0.07  ; fraction of fat tissue    
VLc = 0.055      ; fraction of liver tissue      
VBc = 0.067  ; fraction of blood    
VRc = 0.154  ; fraction of rapidly perfused tissue   
VSc = 0.654  ; fraction of slowly perfused tissue  
 
VF = VFc*BW  ; (L or Kg)  ; volume of fat tissue (calculated) 
VL = VLc*BW  ; (L or Kg)  ; volume of liver tissue (calculated) 
VB = VBc*BW   ; (L or Kg)  ; volume of blood (calculated) 
VR = VRc*BW   ; (L or Kg)  ; volume of  richly perfused tissue (calculated) 
VS = VSc*BW  ; (L or Kg)  ; volume of  slowly perfused tissue (calculated) 
;-------------------------------------------------------------------------------------------------------------------- 
;blood flow rates286 
 
QC = 15.4*BW^0.75  ; (L/hr) ; cardiac output287   
QFc = 0.070   ; fraction of blood flow to fat    
QLc = 0.158   ; fraction of blood flow to liver      
QRc = 0.630   ; fraction of blood flow to rapidly perfused tissue  
QSc = 0.142   ; fraction of blood flow to slowly perfused tissue   
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QF = QFc*QC   ; (L/hr) ; blood flow to fat tissue (calculated) 
QL = QLc*QC   ; (L/hr) ; blood flow to liver tissue (calculated) 
QR = QRc*QC    ; (L/hr) ; blood flow to rapidly perfused tissue (calculated)  
QS = QSc*QC    ; (L/hr) ; blood flow to  slowly perfused tissue (calculated) 
;===================================================================== 
;Partition Coefficients 
;=====================================================================  
; Partition coefficients are derived from Rodgers and Rowland291 using the QIVIVE tool 
(www.qivivetools.wur.nl)292 
 
PF = 0.17  ; fat/blood partition coefficient 
PL = 0.54  ; liver/blood partition coefficient  
PR = 0.53  ; rapidly perfused tissue/blood partition coefficient 
PS = 0.48  ; slowly perfused tissue/blood partition coefficient  
;===================================================================== 
;Intestinal lumen volumes, surfaces, absorption rates, transfer rates 
;===================================================================== 
;Stomach emptying rate 
 
ksto = 0.36       ; stomach emptying rate (/hr)304 
 
;Papp, Caco-2  = 1.09*1E-6 cm/sec  ;from Caco-2 transport studies (Li et al., submitted) 
 
PappCaco2=-5.96     ; Log Papp, Caco-2 
 
;Log (Papp, human) = 0.6836*Log(PappCaco-2)-0.5579 (Sun et al.289) 
 
PappHuman = 10^(0.6836*PappCaco2-0.5579)*3600/10 ; (dm/hr) 
PappMouse = PappHuman/3.6    ; interspecies scaling factor290 
 
;7-compartment model for GI-tract based on model bisphenol A and 17β-estradiol by Zhang et al.119 
 
Vin   = 0.00012   ; volume for each compartment of intestines (L); 
SAin  = 0.013   ; surface area (dm2) 
kin   = 4.17   ; transfer rate to next compartment within the intestines (/hr); 
;kabinX  = PappMouse*SAinX ; absorption rate constant (L/hr) 
 
Vin1  = Vin   ; volume of intestine compartment 1  (L) 
SAin1 = SAin   ; surface area of intestine compartment 1  (dm2) 
kabin1  = PappMouse*SAin1 ; absorption rate constant of intestine compartment 1  (L/hr) 
kin1  = kin      ; transfer rate to intestine compartment 2  (/hr)  
 
Vin2  = Vin   ; volume of intestine compartment 2  (L) 
SAin2 = SAin   ; surface area of intestine compartment 2  (dm2) 
kabin2  = PappMouse*SAin2 ; absorption rate constant of intestine compartment 2  (L/hr) 
kin2  = kin      ; transfer rate to intestine compartment 3  (/hr)  
 
Vin3  =  Vin   ; volume of intestine compartment 3  (L) 
SAin3=  SAin     ; surface area of intestine compartment 3  (dm2) 
kabin3  = PappMouse*SAin3 ; absorption rate constant of intestine compartment 3  (L/hr) 
kin3  = kin        ; transfer rate to intestine compartment 4  (/hr)  
 
Vin4  =  Vin   ; volume of intestine compartment 4  (L) 
SAin4 = SAin   ; surface area of intestine compartment 4  (dm2) 
kabin4  = PappMouse*SAin4 ; absorption rate constant of intestine compartment 4  (L/hr) 
kin4  = kin   ; transfer rate to intestine compartment 5  (/hr)  
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Vin5  =  Vin   ; volume of intestine compartment 5  (L) 
SAin5 = SAin   ; surface area of intestine compartment 5  (dm2) 
kabin5  = PappMouse*SAin5 ; absorption rate constant of intestine compartment 5  (L/hr) 
kin5  = kin   ; transfer rate to intestine compartment 6  (/hr)  
 
Vin6  =  Vin    ; volume of intestine compartment 6  (L) 
SAin6 = SAin   ; surface area of intestine compartment 6  (dm2) 
kabin6  = PappMouse*SAin6 ; absorption rate constant of intestine compartment 6  (L/hr) 
kin6  = kin   ; transfer rate to intestine compartment 7  (hr)  
 
Vin7  =  Vin   ; volume of intestine compartment 7  (L) 
SAin7  = SAin   ; surface area of intestine compartment 7  (dm2) 
kabin7 = PappMouse*SAin7 ; absorption rate constant of intestine compartment 7  (L/hr) 
kin7   = kin   ; transfer rate to co (/hr)  
 
kfe = 0.27   ; transfer rate to feces (/hr)305 
; ------------------------------------------------------------------------------------------------------------------ 
;Metabolism liver 
 
CLapp = 7.69   ; (L/hr/kg) ; whole body clearance80 
CLhep = CLapp*VL  ; (L/hr)  ; Hepatic clearance 
;------------------------------------------------------------------------------------------------------------------ 
;Metabolism Fat/Slowly Perfused/Rapidly Perfused/Blood 
 
CLfat = CLapp*VF   ; (L/hr)  ; Fat clearance 
CLspt = CLapp*VS  ; (L/hr)  ; Slowly Perfused tissues clearance 
CLrpt = CLapp*VR  ; (L/hr)  ; Rapidly Perfused tissues clearance 
CLblood = CLapp*VB  ; (L/hr)  ; Blood clearance 
;======================================================================= 
;Run settings 
;======================================================================= 
;Molecular weight 
 
MW = 72.06   ;Molecular weight MGO (PubChem) 
;------------------------------------------------------------------------------------------------------------------ 
;Single dose:  
   
;Oral dose is 50 mg/kg bw80 
ODOSEmg = 50     ; (mg/kg bw) ; given oral dose in mg/kg bw 
ODOSEumol2 = ODOSEmg*1E-3/MW*1E6  ; (umol/kg bw) ; recalculated to umol/kg bw 
ODOSEumol = ODOSEumol2*BW   ; (umol)  ; given oral dose in umol 
 
;time 
Starttime = 0.92     ; (h) lag phase80 
Stoptime = 24     ; (h) variable 
DTMIN = 1e-6 
DTMAX = 1 
DTOUT = 0 
TOLERANCE = 0.000001 
;======================================================================= 
;Model calculations 
;======================================================================= 
;model of MGO 
;------------------------------------------------------------------------------------------------------------------- 
;Stomach compartment 
;------------------------------------------------------------------------------------------------------------------- 
;Single dose 
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;ASt  = amount of MGO remaining in stomach, µmol 
ASt'  = -ksto*ASt 
Init ASt = ODOSEumol 
;--------------------------------------------------------------------------------------------------------------------  
;intestinal compartment, divided in 7 sub compartments 
 
;Ain1  = Amount MGO in intestine compartment 1 (µmol) 
Cin1   = Ain1/Vin1 
Ain1'  = ksto*ASt - kin1*Ain1 - kabin1*Cin1 
Init Ain1  =  0 
 
;Ain2 = Amount MGO in intestine compartment 2 (µmol) 
Cin2  = Ain2/Vin2 
Ain2' = kin1*Ain1 - kin2*Ain2 - kabin2*Cin2 
Init Ain2  = 0 
 
;Ain3 = Amount MGO in intestine compartment 3 (µmol) 
Cin3  = Ain3/Vin3 
Ain3' = kin2*Ain2 - kin3*Ain3 - kabin3*Cin3 
Init Ain3  = 0 
 
;Ain4 = Amount MGO in intestine compartment 4 (µmol) 
Cin4  = Ain4/Vin4 
Ain4' = kin3*Ain3 - kin4*Ain4 - kabin4*Cin4 
Init Ain4  = 0 
 
;Ain5 = Amount MGO in intestine compartment 5 (µmol) 
Cin5  = Ain5/Vin5 
Ain5' = kin4*Ain4 - kin5*Ain5 - kabin5*Cin5 
Init Ain5  = 0 
 
;Ain6= Amount MGO in intestine compartment 6 (µmol) 
Cin6  = Ain6/Vin6 
Ain6' = kin5*Ain5 - kin6*Ain6 - kabin6*Cin6 
Init Ain6  = 0 
 
;Ain7= Amount MGO in intestine compartment 7 (µmol) 
Cin7  = Ain7/Vin7 
Ain7' = kin6*Ain6 - kin7*Ain7 - kabin7*Cin7 
Init Ain7  = 0 
 
;Aco = Amount MGO in colon (µmol) 
Aco' = kin7*Ain7- kfe*Aco 
Init Aco  = 0 
ACco' = kin7*Ain7 
Init ACco  = 0    ; cumulative amount reaching colon 
;-------------------------------------------------------------------------------------------------------------------- 
;Feces 
 
;AFe = amount MGO in feces (µmol) 
AFe' = kfe*Aco  
Init AFe  = 0 
;------------------------------------------------------------------------------------------------------------------- 
;Liver compartment 
 
;AL = Amount MGO in liver tissue, µmol 
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AL' = kabin1*Cin1 + kabin2*Cin2 + kabin3*Cin3 + kabin4*Cin4 + kabin5*Cin5 + kabin6*Cin6 + kabin7*Cin7 
+QL*(CB-CVL)-Amhep'   ; (µmol/hr) 
Init AL = 0 
CL = AL/VL 
CVL = CL/PL 
 
;Amhep = amount MGO metabolized in liver 
Amhep' = CLhep*CVL    ; (µmol/hr)  
Init Amhep = 0 
;--------------------------------------------------------------------------------------------------------------------  
;Fat compartment 
 
;AF = Amount MGO in fat tissue (µmol) 
AF' = QF*(CB-CVF)-Amfat'   ; (µmol/hr) 
Init AF = 0 
CF = AF/VF 
CVF = CF/PF 
 
;Amfat = amount MGO metabolized in Fat 
Amfat' = CLfat*CVF    ;(µmol/hr)   
Init Amfat = 0 
;--------------------------------------------------------------------------------------------------------------------  
;Tissue compartment rapidly perfused tissues 
 
;AR = Amount MGO in rapidly perfused tissue (µmol) 
AR' = QR*(CB-CVR)-Amrpt'  ; (µmol/hr) 
Init AR = 0 
CR = AR/VR 
CVR = CR/PR 
 
;Amrpt = amount MGO metabolized in rapidly perfused tissues 
Amrpt' = CLrpt*CVR    ;(µmol/hr)   
Init Amrpt = 0 
;--------------------------------------------------------------------------------------------------------------------  
;Tissue compartment slowly perfused tissues 
 
;AS = Amount MGO in slowly perfused tissue (µmol) 
AS' = QS*(CB-CVS)-Amspt'   ; (µmol/hr) 
Init AS = 0 
CS = AS/VS 
CVS = CS/PS 
 
;Amspt = amount MGO metabolized in slowly perfused tissues 
Amspt' = CLspt*CVS    ; (µmol/hr)   
Init Amspt = 0 
;--------------------------------------------------------------------------------------------------------------------  
;Blood compartment 
 
;AB = Amount MGO in blood (µmol) 
AB' = QF*CVF +QL*CVL +QS*CVS +QR*CVR -QC*CB -Amblood'  ; (µmol/hr) 
Init AB = 0 
CB = AB/VB 
AUC' = CB         ; (µmol*hr/L) 
Init AUC = 0 
 
;Amblood = amount MGO metabolized by blood cells 
Amblood' = CLblood*CB 
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Init Amblood = 0 
;===================================================================== 
;Mass balance calculations 
;===================================================================== 
;single dose 
 
Total = ODOSEumol 
Calculated = ASt + Ain1 + Ain2 + Ain3 + Ain4 + Ain5 + Ain6 + Ain7 + Aco + AFe + AL + Amhep + AF + Amfat + AS + 
Amspt + AR + Amrpt + AB + Amblood  
ERROR=((Total-Calculated)/Total+1E-30)*100 
MASSBBAL=Total-Calculated + 1 
;--------------------------------------------------------------------------------------------------------------- 

Model code for PBK-model built in Berkeley Madonna for humans 

;Date: December 2023 
;Species: Human 
;Compound: Methylglyoxal (MGO) 
;Compiled by: Liang Zheng 
;Organization: Wageningen University 
;===================================================================== 
;Physiological parameters 
;===================================================================== 
;tissue volumes287 
 
BW = 70   ; body weight mouse (kg)  
VFc = 0.214  ; fraction of fat tissue    
VLc = 0.026      ; fraction of liver tissue      
VBc = 0.079  ; fraction of blood    
VRc = 0.068  ; fraction of rapidly perfused tissue   
VSc = 0.613  ; fraction of slowly perfused tissue  
 
VF = VFc*BW  ; (L or Kg)  ; volume of fat tissue (calculated) 
VL = VLc*BW  ; (L or Kg)  ; volume of liver tissue (calculated) 
VB = VBc*BW   ; (L or Kg)  ; volume of blood (calculated) 
VR = VRc*BW   ; (L or Kg)  ; volume of  richly perfused tissue (calculated) 
VS = VSc*BW  ; (L or Kg)  ; volume of  slowly perfused tissue (calculated) 
;--------------------------------------------------------------------------------------------------------------- 
; blood flow rates287 
 
QC = 15*BW^0.74  ; (L/hr) ; cardiac output287    
QFc = 0.052   ; fraction of blood flow to fat    
QLc = 0.227   ; fraction of blood flow to liver      
QRc = 0.370   ; fraction of blood flow to rapidly perfused tissue  
QSc = 0.351   ; fraction of blood flow to slowly perfused tissue   
     
QF = QFc*QC   ; (L/hr) ; blood flow to fat tissue (calculated) 
QL = QLc*QC   ; (L/hr) ; blood flow to liver tissue (calculated) 
QR = QRc*QC    ; (L/hr) ; blood flow to rapidly perfused tissue (calculated)  
QS = QSc*QC    ; (L/hr) ; blood flow to  slowly perfused tissue (calculated) 
;===================================================================== 
;Partition Coefficients 
;=====================================================================  
; Partition coefficients are derived from Rodgers and Rowland291 using the QIVIVE tool 
(www.qivivetools.wur.nl)292 
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PF = 0.17  ;fat/blood partition coefficient 
PL = 0.54  ;liver/blood partition coefficient  
PR = 0.53  ;rapidly perfused tissue/blood partition coefficient 
PS = 0.48  ;slowly perfused tissue/blood partition coefficient  
;===================================================================== 
;Intestinal lumen volumes, surfaces, absorption rates, transfer rates 
;===================================================================== 
;Stomach emptying rate 
 
ksto = 2.8      ; stomach emptying rate (/hr)306 
 
;Papp, Caco-2  = 1.09*1E-6 cm/sec ;from Caco-2 transport studies (Li et al., submitted) 
 
PappCaco2=-5.96     ; Log Papp, Caco-2 
 
;Log (Papp, human) = 0.6836*Log(PappCaco-2)-0.5579 (Sun et al.289) 
 
PappHuman = 10^(0.6836*PappCaco2-0.5579)*3600/10 ; (dm/hr) 
 
;7-compartment model for GI-tract based on model bisphenol A and 17β-estradiol by Zhang et al.119 
 
Vin   = 1.29   ; volume for each compartment of intestines (L); 
SAin  = 10.3   ; surface area (dm2) 
kin   = 2.19   ; transfer rate to next compartment within the intestines (/hr); 
 
;kabinX  = PappHuman*SAinX  ; absorption rate constant (L/hr) 
 
Vin1  = Vin   ; volume of intestine compartment 1  (L) 
SAin1 = SAin   ; surface area of intestine compartment 1  (dm2) 
kabin1  = PappHuman*SAin1 ; absorption rate constant of intestine compartment 1  (L/hr) 
kin1  = kin      ; transfer rate to intestine compartment 2  (/hr)  
 
Vin2  = Vin   ; volume of intestine compartment 2  (L) 
SAin2 = SAin   ; surface area of intestine compartment 2  (dm2) 
kabin2  = PappHuman*SAin2 ; absorption rate constant of intestine compartment 2  (L/hr) 
kin2  = kin      ; transfer rate to intestine compartment 3  (/hr)  
 
Vin3  =  Vin   ; volume of intestine compartment 3  (L) 
SAin3=  SAin     ; surface area of intestine compartment 3  (dm2) 
kabin3  = PappHuman*SAin3 ; absorption rate constant of intestine compartment 3  (L/hr) 
kin3  = kin        ; transfer rate to intestine compartment 4  (/hr)  
 
Vin4  =  Vin   ; volume of intestine compartment 4  (L) 
SAin4 = Sain   ; surface area of intestine compartment 4  (dm2) 
kabin4  = PappHuman*SAin4 ; absorption rate constant of intestine compartment 4  (L/hr) 
kin4  = kin   ; transfer rate to intestine compartment 5  (/hr)  
 
Vin5  =  Vin   ; volume of intestine compartment 5  (L) 
SAin5 = SAin   ; surface area of intestine compartment 5  (dm2) 
kabin5  = PappHuman*SAin5 ; absorption rate constant of intestine compartment 5  (L/hr) 
kin5  = kin   ; transfer rate to intestine compartment 6  (/hr)  
 
Vin6  =  Vin    ; volume of intestine compartment 6  (L) 
SAin6 = SAin   ; surface area of intestine compartment 6  (dm2) 
kabin6  = PappHuman*SAin6 ; absorption rate constant of intestine compartment 6  (L/hr) 
kin6  = kin   ; transfer rate to intestine compartment 7  (hr)  
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Vin7  =  Vin   ; volume of intestine compartment 7  (L) 
SAin7  = SAin   ; surface area of intestine compartment 7  (dm2) 
kabin7 = PappHuman*SAin7 ; absorption rate constant of intestine compartment 7  (L/hr) 
kin7   = kin   ; transfer rate to co (/hr)  
 
kfe = 0.27   ; transfer rate to feces (/hr)305 
;--------------------------------------------------------------------------------------------------------------- 
;Metabolism liver 
 
CLapp = 7.69   ; (L/hr/kg) ; whole body clearance80 
CLhep = CLapp*VL  ; (L/hr)  ; Hepatic clearance 
;--------------------------------------------------------------------------------------------------------------- 
;Metabolism Fat/Slowly Perfused/Rapidly Perfused/Blood 
 
CLfat = CLapp*VF   ; (L/hr)  ; Fat clearance 
CLspt = CLapp*VS  ; (L/hr)  ; Slowly Perfused tissues clearance 
CLrpt = CLapp*VR  ; (L/hr)  ; Rapidly Perfused tissues clearance 
CLblood = CLapp*VB  ; (L/hr)  ; Blood clearance; 
;===================================================================== 
;Run settings 
;===================================================================== 
;Molecular weight 
 
MW = 72.06   ; Molecular weight MGO (PubChem) 
;--------------------------------------------------------------------------------------------------------------- 
;Single dose:  
   
;Oral dose is 50 mg/kg bw80 
ODOSEmg = 50    ; (mg/kg bw) ; given oral dose in mg/kg bw 
ODOSEumol2 = ODOSEmg*1E-3/MW*1E6 ; (µmol/kg bw) ; recalculated to µmol/kg bw 
ODOSEumol = ODOSEumol2*BW  ; (µmol)  ; given oral dose in µmol 
 
;time 
Starttime = 0.92    ; (h) lag phase80 
Stoptime = 24    ; (h) variable 
DTMIN = 1e-6 
DTMAX = 1 
DTOUT = 0 
TOLERANCE = 0.000001 
;===================================================================== 
;Model calculations 
;===================================================================== 
;model of MGO 
;--------------------------------------------------------------------------------------------------------------- 
;Stomach compartment 
;--------------------------------------------------------------------------------------------------------------- 
;Single dose 
 
;ASt  = amount of MGO remaining in stomach, µmol 
ASt'  = -ksto*ASt 
Init ASt = ODOSEumol 
;--------------------------------------------------------------------------------------------------------------- 
;intestinal compartment, divided in 7 sub compartments 
 
;Ain1  = Amount MGO in intestine compartment 1 (µmol) 
Cin1   = Ain1/Vin1 
Ain1'  = ksto*ASt - kin1*Ain1 - kabin1*Cin1 
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Init Ain1  =  0 
 
;Ain2 = Amount MGO in intestine compartment 2 (µmol) 
Cin2  = Ain2/Vin2 
Ain2' = kin1*Ain1 - kin2*Ain2 - kabin2*Cin2 
Init Ain2  = 0 
 
;Ain3 = Amount MGO in intestine compartment 3 (µmol) 
Cin3  = Ain3/Vin3 
Ain3' = kin2*Ain2 - kin3*Ain3 - kabin3*Cin3 
Init Ain3  = 0 
 
;Ain4 = Amount MGO in intestine compartment 4 (µmol) 
Cin4  = Ain4/Vin4 
Ain4' = kin3*Ain3 - kin4*Ain4 - kabin4*Cin4 
Init Ain4  = 0 
 
;Ain5 = Amount MGO in intestine compartment 5 (µmol) 
Cin5  = Ain5/Vin5 
Ain5' = kin4*Ain4 - kin5*Ain5 - kabin5*Cin5 
Init Ain5  = 0 
 
;Ain6= Amount MGO in intestine compartment 6 (µmol) 
Cin6  = Ain6/Vin6 
Ain6' = kin5*Ain5 - kin6*Ain6 - kabin6*Cin6 
Init Ain6  = 0 
 
;Ain7= Amount MGO in intestine compartment 7 (µmol) 
Cin7  = Ain7/Vin7 
Ain7' = kin6*Ain6 - kin7*Ain7 - kabin7*Cin7 
Init Ain7  = 0 
 
;Aco = Amount MGO in colon (µmol) 
Aco' = kin7*Ain7- kfe*Aco 
Init Aco  = 0 
ACco' = kin7*Ain7 
Init ACco  = 0    ; cumulative amount reaching colon 
;------------------------------------------------------------------------------------------------------------------- 
;Feces 
 
;AFe = amount MGO in feces (µmol) 
AFe' = kfe*Aco  
Init AFe  = 0 
;------------------------------------------------------------------------------------------------------------------- 
;Liver compartment 
 
;AL = Amount MGO in liver tissue, µmol 
AL' = kabin1*Cin1 + kabin2*Cin2 + kabin3*Cin3 + kabin4*Cin4 + kabin5*Cin5 + kabin6*Cin6 + kabin7*Cin7 
+QL*(CB-CVL)-Amhep'   ; (µmol/hr) 
Init AL = 0 
CL = AL/VL 
CVL = CL/PL 
 
;Amhep = amount MGO metabolized in liver 
Amhep' = CLhep*CVL    ; (µmol/hr)  
Init Amhep = 0 
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; ---------------------------------------------------------------------------------------------------------------- 
;Fat compartment 
 
;AF = Amount MGO in fat tissue (µmol) 
AF' = QF*(CB-CVF)-Amfat'   ; (µmol/hr) 
Init AF = 0 
CF = AF/VF 
CVF = CF/PF 
 
;Amfat = amount MGO metabolized in Fat 
Amfat' = CLfat*CVF    ; (µmol/hr)   
Init Amfat = 0 
;---------------------------------------------------------------------------------------------------------------- 
;Tissue compartment rapidly perfused tissues 
 
;AR = Amount MGO in rapidly perfused tissue (µmol) 
AR' = QR*(CB-CVR)-Amrpt'  ; (µmol/hr) 
Init AR = 0 
CR = AR/VR 
CVR = CR/PR 
 
;Amrpt = amount MGO metabolized in rapidly perfused tissues 
Amrpt' = CLrpt*CVR    ; (µmol/hr)   
Init Amrpt = 0 
;---------------------------------------------------------------------------------------------------------------- 
;Tissue compartment slowly perfused tissues 
 
;AS = Amount MGO in slowly perfused tissue (µmol) 
AS' = QS*(CB-CVS)-Amspt'   ; (µmol/hr) 
Init AS = 0 
CS = AS/VS 
CVS = CS/PS 
 
;Amspt = amount MGO metabolized in slowly perfused tissues 
Amspt' = CLspt*CVS    ; (µmol/hr)  
Init Amspt = 0 
;---------------------------------------------------------------------------------------------------------------- 
;Blood compartment       
 
;AB = Amount MGO in blood (µmol) 
AB' = QF*CVF +QL*CVL +QS*CVS +QR*CVR -QC*CB -Amblood'  ; (µmol/hr) 
Init AB = 0 
CB = AB/VB 
AUC' = CB         ; (µmol*hr/L) 
Init AUC = 0 
 
;Amblood = amount MGO metabolized by blood cells 
Amblood' = CLblood*CB 
Init Amblood = 0 
;===================================================================== 
;Mass balance calculations 
;===================================================================== 
;single dose 
 
Total = ODOSEumol 
Calculated = ASt + Ain1 + Ain2 + Ain3 + Ain4 + Ain5 + Ain6 + Ain7 + Aco + AFe + AL + Amhep + AF + Amfat + AS + 
Amspt + AR + Amrpt + AB + Amblood  
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ERROR=((Total-Calculated)/Total+1E-30)*100 
MASSBBAL=Total-Calculated + 1 
;--------------------------------------------------------------------------------------------------------------------  
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7.1 Overview and main findings  

α-Dicarbonyl compounds are a special class of low molecular weight electrophiles known for 
their role as highly reactive precursors in the formation of advanced glycation end products 
(AGEs)18. AGEs and their precursors have been linked to a variety of diseases, including 
diabetes, cardiovascular disease, and neurodegenerative disorders6-8. Methylglyoxal (MGO), 
glyoxal (GO), and 3-deoxyglucosone (3-DG) are among the most studied and representative 
dicarbonyls10, 11. Human exposure to these dicarbonyls originates from both dietary intake and 
endogenous formation within the body10, 11. 

The role of α-dicarbonyl compounds in neurotoxicity and neurodegenerative diseases 
primarily arises from their ability to modify biomolecules within the body7. An abnormal 
increase in the in vivo levels of dicarbonyls can lead to a dysfunctional state known as 
dicarbonyl stress, resulting in the increased formation of AGEs via modification of free amino 
acids, proteins, and DNA262. These modifications could lead to structural and functional 
changes of these biomolecules, thereby contributing to neurotoxicity and potentially playing 
a role in neurodegeneration7, 12. However, the mechanisms by which dicarbonyls drive 
neurotoxicity remain largely unknown.  

The aim of this thesis was to advance our understanding of neurotoxicity and mitigation 
strategies for α-dicarbonyl precursors of AGEs using new approach methodologies. 

In Chapter 2, the reactivity of three representative dicarbonyl precursors—MGO, GO, and 3-
DG—was compared in vitro. This analysis included the comparison of the scavenging capacity 
of these dicarbonyls by glutathione (GSH) in cell-free incubation experiments. Additionally, 
the ability of these compounds to induce Nrf2-mediated gene expression and the role of 
intracellular GSH in counteracting this effect were investigated using a U2OS cell-based 
reporter gene assay. The results revealed that MGO was the most reactive in terms of GSH-
mediated scavenging, reactive oxygen species (ROS) production, induction of Nrf2-mediated 
gene expression, and the effects of GSH depletion on Nrf2 activation potential. The results 
also show that endogenous GSH levels play a crucial role in the protection against dicarbonyl 
stress; depletion of cellular GSH led to increased cell viability loss upon exposure of the cells 
to the dicarbonyls. 

Given the high reactivity of MGO observed in Chapter 2, MGO was selected as the model 
compound for further studies described in this thesis. Considering that dicarbonyl compounds 
and AGEs are prevalent in our diets, increased dietary exposure to these compounds could 
elevate the risk of developing related health conditions15. Moreover, AGE formation induced 
by dicarbonyls may reduce the nutritional value of foods28. Understanding how to effectively 
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control the amount of dicarbonyls in food products could potentially prevent both subsequent 
exogenous and endogenous AGE formation and the resulting adverse effects. Natural 
polyphenols, especially flavonoids, have been regarded as efficient scavengers of MGO and 
hold great potential for MGO control in food systems16, 27. In Chapter 3, the focus was to 
investigate the mitigation of dicarbonyls both endogenously and in food. The MGO scavenging 
capacity of a representative thiol compound (GSH) and a representative flavonoid (kaempferol) 
were characterized in more detail, with special emphasis on the possible reversible nature of 
adduct formation and their competition for MGO, in in vitro cell-free incubations. Additionally, 
the safety consequences of their MGO-scavenging effects were evaluated in human SH-SY5Y 
neuroblastoma cells. The results showed that GSH exhibited immediate and concentration-
dependent MGO-scavenging effects, while kaempferol's scavenging effects were both 
concentration- and time-dependent, with stable adducts forming over time. In a competitive 
reaction, the GSH adduct gradually disappeared, and kaempferol became the preferred 
scavenger over time. Furthermore, kaempferol provided better protection than GSH against 
extracellular MGO of SH-SY5Y cells, which are known to be sensitive to dicarbonyl stress and 
AGEs. Overall, it is concluded that flavonoids like kaempferol provide better scavengers for 
food-borne MGO than thiol-based scavengers such as GSH, while, given the endogenous 
concentrations of both scavengers and the detoxification of the GSH-MGO adduct by the 
glyoxalase system, GSH will be dominant for intracellular MGO protection. The potential of 
using flavonoids to mitigate dicarbonyls in foods and in vivo will be further discussed in Section 
7.2.1. 

As dicarbonyls can easily modify cellular biomolecules to form AGEs, exploring the specific 
hotspot modification targets by dicarbonyls within neuronal cells could lead to the 
identification of potential biomarkers and contribute to understanding the mode of action 
underlying dicarbonyl-induced neurotoxicity. In Chapter 4, a proteomics approach was used 
to characterize protein modifications induced by MGO in SH-SY5Y cells incubated with and 
without exogenous MGO. It was found that the majority of proteins identified as modified 
were already modified under basal control conditions. A total of 77 proteins were categorized 
as highly susceptible to MGO modification. Among these, eight proteins, including vimentin 
and histone H2B type 2-F, showed concentration-dependent modifications by externally 
added MGO and were defined as biomarkers for exogenous MGO exposure. Remarkably, up 
to 10 modification sites were identified on vimentin. Myosin light polypeptide 6 emerged as a 
biomarker for MGO toxicity, with modifications exclusively observed under cytotoxic MGO 
levels. Additionally, proteins like serine/threonine-protein kinase SIK2 and calcyphosin, which 
exhibited comparable or even higher modification levels in control compared to exogenous 
MGO-treated cells, were defined as biomarkers for endogenous exposure. Moreover, KEGG 
pathway and protein-protein network (PPI) analyses revealed that motor proteins, 
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cytoskeleton components, and glycolysis proteins were overrepresented among those highly 
susceptible to MGO modification. These results identify biomarkers for both endogenous and 
exogenous MGO exposure and provide insights into the cellular effects of endogenously 
formed versus externally added MGO. However, the link between these biomarker proteins 
and pathological states, particularly neurodegeneration, remains to be established, as further 
discussed in Section 7.2.3. 

Chapter 5 deployed an integrated proteomics and metabolomics approach to explore the 
molecular and biochemical changes induced by MGO exposure in SH-SY5Y cells and how these 
changes contribute to neurotoxicity. Our results revealed that MGO exposure, particularly at 
cytotoxic levels, altered significantly the proteome and the metabolome of SH-SY5Y cells. 
Analysis of proteomics data showed significant alterations in cellular functions such as protein 
synthesis, cellular structural integrity, mitochondrial function, and oxidative stress responses. 
Analysis of metabolomics data and integration of metabolomics and proteomics data 
highlighted significant changes in key metabolic pathways, including arginine biosynthesis, 
glutathione metabolism, cysteine and methionine metabolism, and the tricarboxylic acid cycle. 
It was found that MGO exposure led to increased endoplasmic reticulum stress, disruptions in 
cellular adhesion and extracellular matrix (ECM) integrity, mitochondrial dysfunction, and 
amino acid metabolism disruption, all contributing to cellular toxicity. Conversely, upon MGO 
exposure cells exhibited adaptive responses by upregulating protein synthesis, activating the 
Nrf2 pathway, and reprogramming metabolism to counteract dicarbonyl stress and maintain 
energy levels. These findings enhance our understanding of MGO-induced neurotoxicity and 
identify potential therapeutic targets for mitigating its harmful effects, which will be further 
discussed in Section 7.2.3. 

To assess human neurotoxicity and genotoxicity risks from dietary and endogenous MGO, 
Chapter 6 utilized physiologically based kinetic (PBK) modeling-facilitated reverse dosimetry 
to extrapolate in vitro toxicity data to in vivo dose-response predictions. A human PBK model 
was defined based on a newly developed mouse model, enabling the translation of in vitro 
toxicity data for MGO from human stem cell-derived neurons and WM-266-4 melanoma cells 
into quantitative human in vivo toxicity data and subsequent risk assessment using the margin 
of exposure (MOE) approach. The results show that the MOEs resulting from daily dietary 
intake did not raise concerns for endpoints such as neurotoxicity, including mitochondrial 
function, cytotoxicity, and apoptosis, while those for DNA adduct formation could not exclude 
a concern over genotoxicity. Endogenous MGO formation, especially under diabetic conditions, 
resulted in MOEs that raised concerns not only for genotoxicity but also for some of the 
neurotoxicity endpoints evaluated. The limitations of the current PBK model for MGO risk 
assessment, along with potential recommendations for model improvements, are discussed 
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in Section 7.2.5. Additionally, future research perspectives on the risk assessment of dietary 
and endogenously formed dicarbonyls and AGEs are discussed in Section 7.2.6. 

In the following sections, the results of the current thesis, the limitations, and potential 
refinements for the current studies, and further recommendations and possibilities for future 
research are discussed. 

7.2 General discussion, future perspectives, and conclusions 

The results obtained and the experimental and data analysis approaches developed and 
applied in the present thesis offer several results that are relevant topics for future research 
on the toxicity and mitigation of dicarbonyls and the resulting AGEs, as well as on the use of 
NAMs for the risk assessment of dicarbonyls and AGEs from dietary intake and endogenous 
formation. These topics include: 

• The potential of using flavonoids to mitigate dicarbonyls in foods and in vivo  
• In vitro models to study the neurotoxicity and genotoxicity of MGO 
• Impacts of MGO-induced modifications on neuronal cell biomolecules and future 

directions 
• Limitations of omics technologies used in studies on the protein modifications and 

neurotoxicity of MGO in cells 
• Improving PBK modeling in MGO risk assessment 
• Future research perspectives for the risk assessment of dicarbonyls and AGEs 

7.2.1 The potential of using flavonoids to mitigate dicarbonyls in foods and in vivo 

In Chapter 6, the in vivo dose-response curves generated by PBK model-based reverse 
dosimetry of in vitro toxicity data predicted that the dose levels and systemic concentrations 
resulting from daily dietary intake of MGO are unlikely to reach levels capable of inducing 
neurotoxicity. However, the study of dicarbonyl scavenging in foods remains relevant and 
crucial. Dietary dicarbonyls not only induce the formation of AGEs in foods and potentially 
contribute to the formation of endogenous AGEs upon absorption but they are also implicated 
in the formation of potentially carcinogenic substances including acrylamide and 4(5)-
methylimidazole in foods11, 307, 308. Additionally, dicarbonyl-mediated modification of proteins 
can affect the digestion and absorption of these proteins, thereby lowering the nutritional 
value of foods28.  

The findings presented in Chapter 3 indicate that for scavenging MGO in foods, the use of 
kaempferol and other flavonoids is preferred over GSH and other thiol-based scavengers. This 
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is attributed to the irreversible nature of MGO scavenging by kaempferol. Although in a 
competitive reaction, the initial scavenging of MGO by a thiol reagent such as GSH is highly 
favored over that by kaempferol, the GSH-mediated scavenging of MGO is reversible171. The 
thiol-based compounds-mediated reversible adduct formation with MGO in foods would 
provide a way to generate the release of MGO at different locations within the body upon 
digestion and absorption, thereby providing a way for transient stabilization and transport 
instead of detoxification.  

The application of flavonoids in food products is a promising strategy for controlling the 
amount of dicarbonyls. However, several concerns need to be addressed prior to the 
application. Apart from their solubility, the impact of flavonoids on the background flavor and 
color of the foods may hamper their use309, and the stability and safety of the adducts formed 
between flavonoids and MGO should be further evaluated. Although in Chapter 3 it was found 
that the monoMGO adduct formation of kaempferol was not reversible under physiological 
conditions, the stability of these adducts and the possibility of release of MGO under the 
conditions typical of high-temperature food processing or varying pH levels during digestion 
remain unclear. 

Additionally, the results from Chapter 3 indicate that the scavenging of MGO by kaempferol 
provided protection against extracellular MGO of SH-SY5Y cells. Similarly, a previous study 
evaluated the toxicity of oxidized MGO rutin adducts in comparison with rutin and MGO and 
suggested that the formation of these oxidized adducts significantly decreased the MGO-
induced cytotoxicity in several cell types174. However, in contrast, another study reported that 
both mono-MGO and di-MGO adducts of quercetin were found to have higher cytotoxic 
effects than MGO itself176. The variability of the results highlights the need for safety 
evaluations of flavonoid-MGO adducts. Further investigation is required to understand to 
what extent these differences are due to the biological effects of different types of adducts, 
the specific flavonoids used, or the experimental conditions employed. 

On the other hand, due to the involvement of AGE formation in multiple diseases such as 
diabetes and neurodegenerative disorders, inhibiting the endogenous formation of AGEs with 
AGE inhibitors has been considered a potential strategy for mitigating their adverse effects in 
these diseases310. Synthetic AGE inhibitors like aminoguanidine have been developed; 
however, their clinical use has been limited by undesirable side effects311. Naturally occurring 
inhibitors, especially flavonoids, have gained increasing attention due to their efficient 
dicarbonyl scavenging capabilities that have been demonstrated in vitro and their potentially 
relatively low toxicity16, 59, 60, 310. 
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Physiological levels of flavonoids are generally in the low μM range, primarily due to their poor 
bioavailability180, 181, 312. After consumption of flavonoid-rich foods, the maximal plasma 
concentrations of total flavonoids in humans usually reach between 0.06 and 7.6 μM within 1 
to 3 hours312. Additionally, upon absorption, flavonoids predominantly appear in plasma as 
conjugated forms, such as glucuronidated and sulfated derivatives, rather than in their free 
forms313. It remains to be shown whether these conjugates are also effective MGO scavengers. 
In contrast, the intracellular levels of GSH in mammalian cells are typically much higher, within 
the range of 0.5 to 10 mM179. In Chapter 3, it was concluded that for endogenous protection 
against MGO, GSH will be more relevant, not only because of its higher intracellular 
concentrations but also due to the role of the glyoxalase system in detoxifying GSH-MGO 
adducts29, 179. However, it is also important to recognize that several studies have 
demonstrated the potential of flavonoids to protect against MGO/AGE-induced adverse 
effects in in vitro cell and animal models79, 314, 315. For instance, oral administration of 
hesperetin at a dose of 100 mg/kg body weight in rats led to detectable levels of hesperetin-
MGO adducts and their metabolites in plasma within 24 hours, with diMGO adducts being the 
predominant form, indicating hesperetin’s capability to scavenge endogenous MGO314. 
Additionally, diabetic rats treated with oral quercetin for 14 weeks at 90 mg/kg body weight 
exhibited increased levels of GSH and Glo1 activity and expression in the brain, alongside a 
decrease in AGE levels and the receptor for AGEs (RAGE)315. These effects, including the 
elevation in GSH levels and Glo1 activity in the brain, are potentially related to quercetin's 
induction of Nrf2-mediated gene expression137, 316, as also evidenced by in vitro studies where 
pretreatment with flavonoids such as naringenin and apigenin has been shown to protect 
against MGO- and/or AGE-induced cytotoxicity by promoting GSH synthesis through the Nrf2 
signaling pathway71, 178. 

Although the direct impact of dicarbonyl scavenging on reducing AGE-induced adverse effects 
in diseases remains to be elucidated, flavonoids have demonstrated broad beneficial effects, 
including the induction of Nrf2-mediated gene expression and the regulation of gut microbiota, 
which could also potentially help counteract the adverse effects of AGEs in vivo310, 317, 318. Given 
these benefits, flavonoids hold great promise for incorporation into daily health regimes to 
mitigate the risk of chronic diseases. However, their development into pharmaceuticals 
specifically for endogenous AGE inhibition is hampered by challenges like inadequate 
permeability and limited bioavailability, which might require high doses for effectiveness319. 
Extensive research is therefore necessary to improve their pharmacokinetic properties and to 
demonstrate their clinical efficacy and safety in human trials for such use. 
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7.2.2 In vitro models to study the neurotoxicity and genotoxicity of dicarbonyls 

Many observational clinical studies have indicated that dicarbonyl stress may play a role in 
neurodegeneration (as described in Section 1.6.2)86, 87, 90, 239. It becomes imperative to further 
study the underlying mechanisms, and in vitro models are considered straightforward and 
effective for elucidating these mechanisms320. Neuronal cell death in specific regions of the 
brain represents a fundamental pathological feature across different neurodegenerative 
diseases321. Neuronal cells are considered particularly susceptible to dicarbonyl stress, 
potentially related to their high-energy glucose metabolism; this susceptibility is further 
compounded by their relatively lower levels of GSH and lower activities of glyoxalase enzymes 
compared to astrocytes278-281. Pathological conditions such as hyperglycemia can increase 
glycolytic flux in neurons, making them prone to the accumulation of dicarbonyls (especially 
MGO) and resultant AGEs; it has been reported that even a moderate increase in glycolysis 
within neurons is sufficient to significantly elevate the endogenous levels of MGO and 
subsequent AGE formation281. 

Various neuronal cell models have been utilized to study the neurotoxicity of dicarbonyls as 
well as the neuronal protection against their toxicity, particularly focusing on MGO, which has 
been identified as the most reactive, as confirmed in Chapter 2. These neuronal cell models 
include animal cells (such as rat hippocampal neurons, rat PC12 cells, and mouse neuro2A 
cells)322-324 and human cells (such as human neuroblastoma cells including SH-SY5Y, SK-N-SH, 
SK-N-MC, and M17 cells, as well as primary neuronal-like cells (hNLCs) transdifferentiated 
from human mesenchymal stem cells)95, 96, 276, 277, 299. Human cell models are generally 
preferred over animal cell models due to species differences that can affect the extrapolation 
of animal data to human conditions. 

In further studies, the SH-SY5Y neuronal cell model was chosen to study the neurotoxicity 
induced by MGO (Chapters 4 and 5). This model is the one most widely used for studying the 
pathological effects of neurotoxic compounds103, and several studies have also employed it to 
examine the effects of MGO96, 246, 325. In Chapter 6, to assess the human neurotoxicity risks 
through PBK model-based reverse dosimetry and quantitative in vitro to in vivo extrapolation 
(QIVIVE), the toxicity data of MGO from different neuronal cell models in the literature were 
compared95, 96, 276, 277, 299. It was found that hNLCs exhibited the greatest sensitivity to MGO. 
The toxicity of MGO, quantified by cytotoxicity and apoptosis in hNLCs, started to occur at 
concentrations of 10 μM onwards95. Comparison to the cytotoxicity data from human 
neuroblastoma cells, such as the SH-SY5Y cells in our study (Chapter 4), reveals a substantial 
difference in sensitivity since the SH-SY5Y cells showed significant cell viability loss at 
concentrations starting from 1000 μM MGO, indicating a substantially lower sensitivity than 
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that observed in hNLCs. These hNLCs are considered to more accurately mimic the 
physiological and biochemical properties of neuronal cells than other tested models95, making 
them particularly suitable for the toxicity data selected for QIVIVE. The lower sensitivity of SH-
SY5Y cells is likely due to their tumor origin; tumor cells typically possess higher levels of GSH 
and enhanced glyoxalase system activity326, enabling them to detoxify dicarbonyls more 
efficiently than normal tissues or primary cells. As a result, higher concentrations of MGO are 
required to induce toxic effects in these cells. Nevertheless, for mechanistic studies, SH-SY5Y 
cells remain a valuable model due to their robustness, cost-effectiveness, and ease of handling. 
In contrast, stem cell-derived models like hNLCs are time-consuming, non-high-throughput, 
expensive, and less accessible for some laboratories, presenting substantial barriers to 
widespread use. However, for generating concentration-response data for QIVIVE, hNLCs 
appear to be more physiologically relevant. Consequently, in Chapter 6, the dose-response 
curves generated through PBK model-based reverse dosimetry of in vitro toxicity data from 
hNLCs provided a more precise evaluation of the potential human neurotoxicity risks 
associated with MGO exposure.  

Apart from neurons, it is crucial to recognize that neurodegeneration involves various other 
cell types, including microglia, astrocytes, and microvascular endothelial cells of the blood-
brain barrier327, 328. Dicarbonyl stress can impair the functioning of these cells, which in turn 
may adversely impact neuronal functions278, 327. Microglial cells, as the brain’s resident 
macrophages, are essential for mediating neuroinflammatory responses and can be used to 
assess dicarbonyl and AGE-induced effects on neuroinflammation320. Animal studies have 
shown that MGO can induce a shift in microglia towards a pro-inflammatory phenotype, 
leading to the secretion of pro-inflammatory and neurotoxic molecules that may potentially 
compromise neuronal survival329, 330. Activated microglial cells, such as those of the HMO6 cell 
line, have been observed to synthesize and secrete glycated proteins like glycated albumin, 
which could promote the death of human primary neurons331, 332. 

Astrocytes are essential for maintaining neurovascular communication and supporting 
neuronal functions332. Due to their higher GSH and glyoxalase-mediated detoxification 
capacity, astrocytes exhibit less sensitivity to MGO toxicity281. In a co-culture model involving 
human astrocytes (D384 cell line) and neuronal cells (SH-SY5Y cell line), astrocytes were found 
to significantly protect neurons from MGO toxicity333. Moreover, microvascular endothelial 
cells, serving as the primary barrier, are instrumental in studies assessing the BBB integrity334. 
Exposure of human brain microvascular endothelial cells (BMECs) to exogenous MGO in vitro 
has been shown to cause cell viability loss, cell membrane damage, and apoptosis335-337. 
Impaired barrier integrity and increased endothelial barrier permeability were observed at 
cytotoxic MGO levels in in-vitro BBB functional assays with BMECs337, 338. However, the kinetics 
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of MGO and other dicarbonyls crossing the BBB are not yet understood, which is crucial for 
determining how much of the dicarbonyls from peripheral sources can enter the central 
nervous system and assessing their subsequent impacts. This can be addressed by using in 
vitro BBB models that closely simulate physiological conditions. 

Collectively, current studies underscore the complexity of dicarbonyl stress in 
neurodegeneration, involving multiple cell types and intricate cellular interactions327, 328, 339. 
Although no model perfectly mimics human brain physiology and pathophysiology, selecting 
suitable in vitro models based on the research objective can streamline investigations. Simpler 
models such as monocultures of tumor-origin neuronal cells are instrumental in elucidating 
the fundamental effects of dicarbonyls and AGEs on neuronal dysfunction. Meanwhile, co-
culture models that combine neuronal cells with microglia or astrocytes may provide valuable 
insights into the influence of cellular crosstalk on neurotoxicity. Furthermore, stem cell-
derived neurons and 3D human brain organoids, as well as organ-on-chip systems, are 
expected to offer more physiologically relevant data, thereby enhancing the accuracy of data 
for QIVIVE. 

It is important to note that the concentrations of exogenous MGO used in most studies, 
including in the present thesis (Chapters 4 and 5), when using in vitro models to study MGO 
toxicity, were in the high μM range, substantially above its physiological levels. In Chapter 6, 
the PBK model predicted that internal Cmax levels resulting from estimated daily dietary MGO 
intake were more than threefold lower than endogenous plasma MGO levels. This observation 
suggests that in vitro studies employing MGO concentrations in the high μM range may not 
accurately reflect realistic dietary exposure to MGO. Additionally, findings from Chapter 4 
showed that the majority of proteins identified as modified were already modified in control 
samples, at levels comparable to or even higher than those in exogenous MGO-treated cells, 
indicating that the contribution of endogenously formed MGO to protein modification may be 
more substantial than that resulting from exogenous MGO. Therefore, considering the critical 
role of endogenous MGO levels in potential adverse health effects, as revealed in Chapters 4 
and 6, future studies could focus on in vitro models that mimic increased intracellular MGO 
formation, for example, by incubating cells with high glucose to induce dicarbonyl stress. 
Additionally, while most studies focus on acute toxicity using 24- or 48-hour exposure time, in 
vivo neurodegeneration conditions involve chronic, less intense dicarbonyl stress than those 
simulated in vitro. Future studies might consider long-term and/or repeated exposures in in 
vitro settings to better mimic these conditions. 

For the evaluation of genotoxicity risks based on PBK-modelling-based reverse dosimetry in 
Chapter 6, data from the literature were used122 quantifying MGO-induced DNA adducts in 
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WM-266-4 human melanoma cells after a 3-hour exposure to exogenous MGO at 
concentrations ranging from 0 to 1250 μM for QIVIVE. It should be noted that, while this data 
set is the only one currently available for such studies, melanoma cells, as a tumor cell line, 
appear to be not ideally suited for QIVIVE when assessing genotoxicity. This is due to different 
basal levels of MGO formation and detoxification capabilities of tumor cells326, which may 
affect the in vitro effective concentrations. Furthermore, a 3-hour exposure period may not 
adequately capture the full spectrum of genotoxic effects, which often require longer 
durations to manifest340. Consequently, future studies should consider using more 
physiologically relevant in vitro models, such as human peripheral blood lymphocytes (HPBLs) 
from healthy donors, for more accurate assessments of dicarbonyls' genotoxic potential. 
Nonetheless, our newly defined human PBK model for MGO remains a valuable tool for QIVIVE 
and subsequent risk assessment for MGO, providing essential insights despite the limitations 
of the current in vitro toxicity data sets available for QIVIVE. 

7.2.3 Impacts of MGO-induced modifications on neuronal cell biomolecules and future 
directions 

The toxicity induced by MGO in neuronal cells might result from the modifications it causes to 
various cellular biomolecules, including free amino acids, proteins, and nucleic acids43. 
Identifying the principal targets of these modifications is crucial for understanding the 
mechanisms underlying dicarbonyl-induced toxicity. In Chapter 4, using mass spectrometry-
based proteomics which is an effective and high-throughput method for identifying protein 
modifications by electrophiles341, several proteins in SH-SY5Y cells that are highly susceptible 
to modifications by both endogenous and exogenous MGO were successfully identified. 
However, directly linking these identified protein modifications to biological or toxicological 
effects, and ultimately to clinically relevant health effects associated with dicarbonyl exposure 
and neurodegeneration, remains a significant challenge. Establishing this connection is critical 
for advancing the understanding of the pathophysiological impacts of dicarbonyl-induced 
modifications and for developing targeted therapeutic interventions. This section will discuss 
the valuable insights from the studies on protein modifications (Chapter 4) and cellular effects 
characterized through proteomics and metabolomics following MGO exposure (Chapter 5), 
along with possible next steps to establish the relationships between these modifications and 
functional effects. 

Only a few studies have successfully established a direct link between specific dicarbonyl-
induced modifications and their functional effects. For instance, the association between 
diabetic hyperalgesia and MGO is attributed to the modification of the voltage-gated sodium 
channel Nav1.8342. Similarly, the modification of Keap1 by MGO activates the Nrf2 
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transcriptional program, providing another well-characterized example of a physiological 
effect resulting from a protein modifcation53. While these instances offer valuable insights 
derived from the study of individual target proteins on a case-by-case basis, the functional 
implications for the large number of target proteins identified in various cell models in recent 
years remain largely unclear. However, the fact that many modified proteins are detected, 
suggests that the traditional approach of analyzing protein modifications one at a time may 
not be efficient. Proteomics directed at identifying protein modifications combined with 
bioinformatics analysis, such as pathway enrichment and PPI network analysis, can offer initial 
insights into the functional consequences of the modified proteins. For example, such an 
analysis conducted in Chapter 4, revealed that motor proteins, cytoskeletal components, and 
glycolysis-related proteins were significantly overrepresented among those most affected by 
MGO. 

To extend these findings, previous studies suggested that a systems-based approach, involving 
an integrated analysis of protein modifications with cellular responses characterized through 
transcriptomics, proteomics, and/or metabolomics, could help generate hypotheses about 
how specific cellular pathways are influenced by certain electrophile-induced modifications, 
thereby providing the opportunity to understand the mechanisms of electrophile action and 
their broader biological impacts more comprehensively343-345. Such a strategy has been 
applied to 4-hydroxynonenal to establish potential plausible linkages between 4-
hydroxynonenal-induced modification of proteins and gene expression changes by 
bioinformatic analysis of signal transduction networks344. Based on these, the author 
hypothesized that the modification of heat shock proteins (Hsp70 and Hsp90) by 4-
hydroxynonenal is partly responsible for heat shock factor 1 (HSF1)-mediated heat shock 
response, which was subsequently confirmed to play a protective role against electrophile-
induced cell death344. 

In Chapter 5, proteomics and metabolomics analyses were conducted to investigate cellular 
responses under the same MGO exposure conditions used in the protein modification study. 
These analyses revealed that MGO exposure leads to increased endoplasmic reticulum stress, 
disruptions in cellular adhesion and extracellular matrix (ECM) integrity, mitochondrial 
dysfunction, and disruptions in amino acid metabolism, all contributing to cellular toxicity. 
However, cells also exhibited adaptive responses by upregulating protein synthesis, in part by 
activating the Nrf2-mediated pathway, and reprogramming metabolism to protect themselves 
from subsequent stress. These observations align with growing evidence that cells are not 
merely passive targets of electrophilic damage but can actively adapt and protect 
themselves344, 346, 347. This drives researchers to further explore the role of macromolecular 
modifications, particularly protein modifications, in sensing and mediating biological 
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responses to reactive electrophiles, such as the modification of Keap1 by electrophiles that 
leads to the activation of the Nrf2-mediated protective gene expression53, 344, 345. Additionally, 
the results highlighted that MGO exposure can induce a variety of changes in cellular signaling, 
which are possibly related to protein modifications induced by MGO, as identified in Chapter 
4 where protein biomarkers for both endogenous and exogenous MGO exposure were defined. 
The levels of these modifications may reflect different cellular conditions and potentially play 
a role in cellular adaptation or dysfunction.  

Neuronal cytoskeleton abnormalities have been recognized as one of the hallmarks of 
neurodegenerative diseases4. In Chapter 4, it was found that cytoskeletal proteins were 
significantly overrepresented among those most affected by MGO. These proteins are also 
targeted by other reactive electrophiles such as acrolein and 4-hydroxynonenal221-223. By 
comparing these findings with the protein expression changes observed in Chapter 5, it was 
hypothesized that the modification of cytoskeletal proteins by MGO plays a role in the 
observed alterations in cellular adhesion mechanisms, potentially contributing to the 
neurotoxic effects of MGO. This is particularly relevant as cytoskeletal proteins play a key role 
in maintaining the structural integrity and operational functionality of focal adhesion 
complexes268.  

This hypothesis is based on the protein expression data in Chapter 5, which showed significant 
downregulation of integrins such as ITGB1, ITGAV, ITGA3, and ITGA6, along with crucial 
extracellular matrix components like COL1A1 and LAMB1. These changes suggest substantial 
alterations in the mechanisms that maintain cellular architecture and mediate signal 
transduction between the ECM and the cytoskeleton264, potentially underlying the toxicity 
induced by MGO. Integrins, serving as critical transmembrane receptors, are pivotal in 
mediating both physical and biochemical linkages between the ECM and the cytoskeleton265. 
Their downregulation can impair cell adhesion, impacting neuronal connectivity and synaptic 
stability, essential for neural development and function266. Similarly, alterations in COL1A1 
and LAMB1 can disrupt the structural integrity and signaling capabilities of cells, potentially 
contributing to the pathophysiology of neurodegeneration267. It is of interest for future studies 
to further explore and validate this hypothesis, which could enhance the understanding of the 
role of cytoskeletal protein modifications by MGO in neurotoxicity and neurodegenerative 
processes. 

Besides the hypothesis related to the role of cytoskeletal protein modifications in 
neurotoxicity, the majority of modified proteins identified in Chapter 4 have yet to be 
thoroughly analyzed. Additionally, in Chapter 5, 3160 proteins were quantified, of which 453 
have been defined as differentially expressed proteins. The interpretation of these protein 
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expression changes was primarily based on the top 5 functional modules identified in the PPI 
network (Figure 5.3 in Chapter 5). Therefore, further analysis and mining of both protein 
modification and protein expression data sets from this thesis might be needed, especially 
using the above-mentioned systems-based approach to establish connections between these 
data sets and provide insights into the role of MGO-induced modifications on proteins such as 
motor proteins, which were also significantly overrepresented among those highly susceptible 
to MGO modification (Chapter 4). In future studies this approach can be achieved by using 
various bioinformatic tools such as WebGestalt (WEB-based Gene SeT AnaLysis Toolkit)348 and 
GenMAPP (Gene Map Annotator and Pathway Profiler)349, as previously applied for 4-
hydroxynonenal344, to bridge the modified proteins with the differential expressed proteins 
by shared cellular pathways, providing possible links between these modifications and cellular 
responses.  

7.2.4 Limitations of omics technologies used in studies on the protein modifications and 
neurotoxicity of MGO in cells  

Cell-based omics technologies, as employed in Chapters 4 and 5 to characterize protein 
modifications and neurotoxicity induced by MGO, have provided valuable insights into, and 
great opportunities for further investigation of, the role of MGO-induced protein 
modifications in cellular adaptation or dysfunction (as discussed in Section 7.2.3). However, 
The studies presented in Chapters 4 and 5 also have several limitations that should be taken 
into account in future research.  

Firstly, the protein modifications identified by the mass spectrometry-based proteomics are 
not yet validated, except for CAPS and VIM, which are commercially available and whose 
modifications have been evaluated in an in vitro cell-free system (Chapter 4). Although 
proteins susceptible to MGO, particularly the protein biomarkers for MGO exposure, were 
defined using a relatively stringent criterion that considered the modification frequency of 
these proteins across all samples and applied statistical analyses to determine concentration-
dependent effects, it should be noted that the identification process used a 1% false discovery 
rate. This means there is still a possibility of incorrect identifications, and thus validation of 
these modified proteins through additional experimental methods is necessary. The in vitro 
cell-free system used for the evaluation of the modifications as conducted for CAPS and VIM 
could provide a way for this purpose. However, given the large number of proteins identified 
as modified by MGO, this method might not be efficient, as it can only evaluate one protein 
at a time. Alternatively, such validation can potentially be achieved by using a more sensitive 
and reliable chemo-proteomic approach using an alkyne-labeled MGO probe (alkMGO), which 
resembles natural MGO350, 351. This method employs click chemistry and affinity-based 
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enrichment to isolate proteins modified by dicarbonyls prior to MS analysis351. The enrichment 
process is independent of the type of protein modification, specifically enriching only the 
modified proteins and enhancing the accuracy of detection345, 351. Moreover, click chemistry 
provides efficient and selective labeling, significantly reducing background noise and thus 
improving the reliability of MS analysis, making it a powerful tool for directly identifying and 
qualitatively validating protein modifications identified in proteomic studies341. Additionally, 
this approach also holds the potential for the identification of cross-linked protein 
modifications not covered in the present study352. 

Secondly, the differentially expressed proteins identified and used for interpreting cellular 
responses to MGO exposure have not yet been validated, although several findings such as 
the increased endoplasmic reticulum stress and involvement of the activation of the Nrf2-
mediated pathway upon MGO exposure are supported by existing literature53, 353. Different or 
additional readouts, such as PCR or Western blot, can be used to quantify the differential 
expression of proteins of interest for further validation.  

Additionally, the pathway enrichment and PPI network analyses were conducted using the 
differentially expressed proteins identified in cells treated with the highest cytotoxic 
concentration of MGO. The subsequent interpretation of these protein expression changes 
was primarily based on the top 5 functional modules identified in the PPI network (as also 
discussed in Section 7.2.3). It would also be interesting to analyze protein expression changes 
in cells treated with non-toxic, lower concentrations of MGO, where adaptive responses may 
dominate over the cytotoxic effects resulting from biomolecular modifications by MGO. Such 
analyses could help define the molecular and cellular injury phenotypes that characterize 
different exposures. Furthermore, in Chapter 4, the Jonckheere-Terpstra test was employed 
to determine if there was a concentration-dependent increase in the intensity of modified 
peptides in proteins with increasing concentrations of MGO. This statistical approach can be 
similarly applied to analyze protein expression data, enabling the identification of proteins 
whose expression levels either increase or decrease with increasing MGO concentrations. This 
method could pinpoint potentially more sensitive and reliable protein markers, which could 
be crucial for understanding cellular responses to MGO exposure and may serve as therapeutic 
targets. 

Moreover, in the metabolomic study, only one MGO-modified amino acid adduct was 
quantified, methylglyoxal-derived hydroimidazolone 1 (MG-H1), which is reported to be the 
most abundant free AGE250. The observed disruption in the arginine biosynthesis pathway, as 
revealed by the metabolomic study, is likely related to the consumption of arginine in its 
reaction with MGO to form MG-H1. This is supported by the substantial increase in MG-H1 
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levels upon MGO exposure, as observed in Chapter 5. Future studies could also quantify other 
free low molecular mass AGEs in cells in the presence or absence of exogenous MGO to better 
define the potential impacts of amino acid modifications on amino acid metabolism. Similarly, 
this approach could be extended to the study of DNA/RNA adducts to investigate the role of 
dicarbonyl-induced adduct formation in neurotoxicity and neurodegenerative diseases, 
particularly since DNA and RNA damage are also recognized as pathological hallmarks of 
neurodegeneration4. 

7.2.5 Improving PBK modeling in MGO risk assessment 

To evaluate human neurotoxicity and genotoxicity risks from dietary and endogenous MGO, 
human PBK modeling-facilitated reverse dosimetry was utilized as a NAM to extrapolate in 
vitro toxicity data to in vivo dose-response predictions as detailed in Chapter 6. This human 
PBK model was defined based on a newly developed and validated mouse model. This section 
will address the current limitations of both the human and mouse PBK models and propose 
potential improvements to increase their accuracy and applicability in assessing dicarbonyl 
risks. 

Available in vivo kinetic data for MGO are limited, with only one study by Ghosh et al. reporting 
the kinetics of MGO in mice80. Several parameters of the mouse PBK model, including the delay 
in absorption, the blood-to-plasma ratio, and most importantly, the clearance, were 
quantified based on the results from this in vivo study. The performance of the developed 
mouse PBK model was evaluated by comparing the model-predicted time-dependent blood 
concentrations of MGO with the in vivo time-dependent blood concentrations reported by 
Ghosh et al. for mice given a single oral dose of 50, 100, or 200 mg/kg bw80. Although the 
model-predicted blood concentrations matched well with the in vivo data, this may partly 
originate from the fact that several parameters especially the rate constants for clearance 
used in the mouse PBK model were defined in the study by Ghosh et al. by fitting to the 
experimental data. To increase the reliability of this model, future studies could independently 
determine the respective PBK model parameters such as the blood-to-plasma ratio and the 
rate constant for clearance, which can be determined through in vitro assays. Any deviations 
predicted by this newly parameterized PBK model from the data from the in vivo study can 
then be critically analyzed to further refine the model’s predictive accuracy. Especially 
parameters such as clearance, shown by the sensitivity analysis to be the most influential on 
Cmax predictions, should be quantified with a high level of accuracy. 

Moreover, Ghosh et al. conducted an in vivo kinetics study using three oral doses of MGO (50, 
100, and 200 mg/kg body weight), reporting different apparent total body clearance (CLapp) 
values at the different dose levels: 7.69 L/h/kg, 8.28 L/h/kg, and 15.54 L/h/kg, respectively80. 
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Notably, no significant differences in blood concentrations were observed between the two 
higher doses80. In the current thesis, specific CLapp values corresponding to each dose were 
employed in the mouse PBK model for model evaluation. However, it is important to recognize 
that organ clearance should ideally be modeled as a function of the local concentration, 
multiplied by an intrinsic constant that does not vary with the dose. Ghosh et al. calculated 
these CLapp values from the half-life of MGO in 12 mice, and the fact that the value varied with 
the dose actually suggests that factors other than clearance could influence total circulating 
concentrations and consequently the half-life. Given the similar maximum blood 
concentrations (Cmax) observed after administering 100 and 200 mg/kg body weight MGO, it 
is likely that there is an influence of saturated uptake or limited gastrointestinal solubility, 
rather than enhanced clearance with increasing dose. Therefore, using the CLapp value from 
the lowest dose for PBK modeling appears more rational to avoid the complexities introduced 
by saturation effects at higher doses. For these higher doses, future studies could consider 
incorporating a fraction absorbed correction to better fit the model to the observed in vivo 
data, rather than using the apparently increasing CLapp values at higher doses. 

For the sensitivity analysis, parameters such as the surface area of the intestinal compartment 
(SAin), the volume for each compartment of the intestines (Vin), and the CLapp value were 
identified as the most influential parameters on Cmax predictions. Specifically, for the reasons 
discussed above, the CLapp value may be defined in a better way in future studies. Future 
studies could also consider running a Monte Carlo simulation taking into account the 
variability within the population for these influential parameters. Doing so would not only help 
estimate error margins, thereby enhancing the reliability and robustness of the model’s 
predictions, but it would also aid in understanding how interindividual variability in these 
parameters impacts the model’s outcomes354. 

Lastly, in the human PBK model, the same CLapp values were used for MGO as those defined 
for the mouse model, based on the assumption that detoxification of dicarbonyls by the 
glyoxalase system represents universal basal mammalian physiology355. Comparable blood 
Glo1 activity has been reported in humans and rats, further supporting this assumption356, 357. 
However, it would still be beneficial for future studies to compare the detoxification capacities 
of dicarbonyls across different species using in vitro assays, to further validate and support the 
validity of this assumption made when defining the human PBK model. 

7.2.6 Future research perspectives for the risk assessment of dicarbonyls and AGEs 

Risk assessments related to dicarbonyl compounds and AGEs have been limited to date. The 
only report so far is the risk characterization of dietary GO intake for the general population 
conducted by the World Health Organization (WHO) in 2004303. This assessment estimated a 
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daily worst-case GO exposure of 10 mg, corresponding to 0.16 mg GO/kg bw, based on GO 
concentrations in food and assuming a body weight of 64 kg303. This level is slightly below the 
tolerable intake of approximately 0.2 mg/kg body weight per day for lifetime oral exposure, 
as derived from repeated dose oral toxicity studies on GO in animals, which revealed a no-
observed-adverse-effect-level (NOAEL) value of 100 mg/kg body weight per day and used a 
composite uncertainty factor of 500 to account for interspecies differences (10), 
interindividual differences (10), and less-than-lifetime exposure (5)303. Therefore, it is 
suggested that dietary exposure to GO would not be considered a health risk303. However, the 
risks from endogenously formed GO were not assessed. Given that the reported endogenous 
MGO formation in healthy adults (approximately 216 mg, equal to 3.09 mg/kg bw for a 70 kg 
person per day) exceeds the estimated daily dietary intake of MGO (5-20 mg, equal to 0.07-
0.29 mg/kg bw for a 70 kg person) by more than tenfold30, 54, the endogenously formed MGO 
and other dicarbonyls may be more important in health risk assessments. Evidence has already 
linked the increase in endogenously formed MGO under diabetes to the progression of 
diabetic neuropathies, a major complication of diabetes301. 

In Chapter 6, The neurotoxicity and genotoxicity risks from both dietary and endogenously 
formed MGO were assessed based on the PBK modeling-facilitated reverse dosimetry. The 
results show that the MOEs resulting from daily dietary intake did not raise a concern for 
neurotoxicity, while those for DNA adduct formation could not exclude a concern over 
genotoxicity. Endogenous MGO formation, especially under diabetic conditions, resulted in 
MOEs that raised a concern not only for genotoxicity but also for some of the neurotoxicity 
endpoints evaluated.  

These findings underscore the greater risks associated with endogenous than exogenous 
exposure to MGO, emphasizing the importance of including endogenous MGO levels in risk 
assessments. A previous study reported that human volunteers who consumed honey 
containing 37 mg of MGO—a quantity exceeding the estimated daily dietary intake and equal 
to 0.53 mg/kg bw for a 70 kg person—did not show increased urinary excretion of MGO and 
its metabolite D-lactate82. This suggests that the urinary MGO mainly originates from 
endogenous formation, that absorption of dietary MGO might be limited, and that its 
contribution to the total systemic exposome is negligible. However, it is crucial to recognize 
that the daily exposure typically includes a combination of exogenous dicarbonyls such as 
MGO, GO, and 3-DG. The co-exposure to these dicarbonyls from dietary intake could 
potentially amplify the health risks. The estimated daily intake for 3-DG ranges from 20 to 160 
mg per day54, which is notably higher than the estimated worst-case daily intake for GO at 
around 10 mg303, and daily dietary intake of MGO at 5-20 mg30. Furthermore, another study 
reported that upon a single oral consumption of honey containing a dietary amount of 3-DG 
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by human volunteers, elevated amounts of 3-DG and its metabolite (3-deoxyfructose) were 
excreted in the urine, with 10-15% of the ingested 3-DG dose being recovered81. This indicates 
that the contribution of dietary 3-DG to the total in vivo 3-DG exposome may be more 
substantial than that observed for MGO. These findings underscore the need for more detailed 
information on the kinetics of 3-DG to better assess its contributions from dietary and 
endogenous sources to the total exposome, which is essential for determining whether dietary 
and endogenously formed 3-DG pose a health risk. Furthermore, given the limited toxicity data 
on 3-DG compared to MGO, characterizing its impact on biomolecules through proteomics 
and metabolomics, similar to the analyses conducted for MGO in Chapters 4 and 5, would be 
useful for assessing its risk and for comparison with MGO. Additionally, future studies could 
consider establishing relative potency values for dicarbonyls including 3-DG and GO relative 
to MGO to more accurately determine the health risks from combined exposure to these 
compounds. 

Moreover, although melanoma cells may not be the ideal model for genotoxicity evaluation 
as discussed in Section 7.2.2, the concerns arising from both dietary and endogenous MGO 
exposure with respect to genotoxicity underscore the need to further characterize and define 
physiologically relevant DNA adduct biomarkers and subsequently determine how much 
exogenous exposure is required to significantly influence these endogenous biomarker levels. 

Compared to dicarbonyls, assessing the potential risks from dietary and endogenously formed 
AGEs presents greater challenges, despite the accumulation of AGEs in vivo being linked to 
various diseases including cardiovascular and neurodegenerative disorders8, 358. This 
complexity partly stems from the structural diversity of AGEs, which range from free form and 
peptide-bound to protein-bound varieties, complicating their characterization and 
measurement in animal and human studies15. Additionally, there is no consensus regarding 
the impact of dietary AGEs on health. While some studies suggest that a high-AGE diet may 
promote inflammation and oxidative stress55, 56, others do not observe a significant health 
impact359, 360.  

The information on the toxicokinetics and toxicodynamics of AGEs is particularly limited, 
except for some well-characterized free-form AGEs such as carboxymethyllysine (CML). The 
kinetic behavior of these compounds can vary with their molecular weight, and it has been 
suggested that endogenous high molecular mass AGEs (protein-bound) are primarily a result 
of endogenous formation, whereas low molecular mass AGEs (free-form) may derive from 
both exogenous and endogenous sources15. Studies have shown that low molecular mass 
AGEs such as CML can be absorbed in vitro and in rats361-363. For example, an increase in 
protein-bound CML levels in various tissues, including the kidney, heart, lung, pancreas, and 
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muscle, was observed upon oral administration of free CML to rats for 12 weeks362. In contrast, 
high molecular mass AGEs may be less efficiently absorbed, requiring their degradation into 
low molecular mass AGEs before they can be absorbed15. A previous study has suggested that 
peptide-bound CML can be released during simulated gastrointestinal digestion of high 
molecular mass glycated proteins364. This is further supported by an animal experiment where 
isotope-labeled high molecular mass CML was orally administered to mice, resulting in the 
retention of isotope-labeled CML in most tissues, especially in the kidneys, intestines, and 
lungs, although the authors did not distinguish between protein-bound and free CML in the 
tissues365. The toxicity of AGEs may also vary depending on whether they are in a free or 
protein-bound form. There is evidence suggesting that protein-bound CML may act as a ligand 
to RAGE and elicit an inflammatory response, whereas free CML does not appear to bind to 
RAGE366. The acute oral LD50 of free CML was estimated to be greater than 5000 mg/kg in 
mice, suggesting low acute toxicity; however, repeated administration was found to induce 
oxidative damage to the liver and kidneys367. 

To further understand whether dietary and endogenously formed AGEs pose risks to human 
health, the relative contributions of exogenous and endogenously formed AGEs to the total 
exposome needs to be assessed. Considering that AGEs comprise a wide range of structurally 
diverse compounds and their kinetics may differ based on their forms, using in vitro models to 
study their kinetics might provide a more cost-effective and efficient method, allowing for the 
analysis of individual AGEs one at a time and facilitating comparisons of differences between 
them. For example, to study the absorption of AGEs, in vitro cell models such as Caco-2 cell 
monolayers are particularly useful for determining and comparing the intestinal absorption 
rates of different forms of AGEs, and the absorption of several free AGEs has been determined 
using such a model361, 368. Additionally, further defining the relationship between the 
structures and kinetics of AGEs may help better predict the behaviors of similar compounds 
and simplify the study of the vast diversity of AGEs. Furthermore, defining relevant outcome 
measurements for individual low and high molecular mass AGEs remains an area for further 
investigation. It is also essential for enabling effective risk assessments to consider mixture 
toxicity and define relative potency factors for relevant endpoints, given that human exposure 
to AGEs typically occurs as complex mixtures. 

7.3 Overall conclusions 

In this thesis, the neurotoxicity of dicarbonyl compounds and potential mitigation strategies 
were explored. The reactivity of three representative dicarbonyls—MGO, GO, and 3-DG—was 
compared, revealing that MGO is the most reactive in terms of GSH-mediated scavenging, ROS 

GENERAL DISCUSSION 187

7



 

production, induction of Nrf2-mediated gene expression, and the effects of GSH depletion on 
Nrf2 activation potential. This prompted the selection of MGO for further detailed studies. 

Investigations into the mitigation of dicarbonyls both endogenously and in food concluded 
that flavonoids like kaempferol provide better scavengers for food-borne MGO than thiol-
based scavengers such as GSH. However, given the endogenous concentrations of both 
scavengers and the detoxification of the GSH-MGO adduct by the glyoxalase system, GSH 
remains dominant for intracellular MGO protection. Nonetheless, flavonoids hold great 
promise for incorporation into daily health regimes to mitigate chronic disease risks and for 
development as pharmaceuticals to inhibit endogenous AGE formation. 

In the subsequent studies on the neurotoxicity of MGO, several protein biomarkers for 
endogenous and exogenous MGO exposure were identified in SH-SY5Y cells using proteomics. 
Bioinformatics analysis revealed that motor proteins, cytoskeleton components, and glycolysis 
proteins were overrepresented among those highly susceptible to MGO modification. An 
integrated proteomics and metabolomics approach revealed that MGO exposure induces both 
toxic effects and adaptive responses in SH-SY5Y cells. These findings emphasize the need to 
link protein modifications to cellular responses and ultimately to clinical outcomes. 

A human PBK model was developed and used for the risk assessment of MGO from both 
dietary and endogenous sources. The results revealed that daily dietary intake of MGO did not 
raise concerns for neurotoxicity, while endogenous MGO formation, especially under diabetic 
conditions, raised concerns for both genotoxicity and some neurotoxicity endpoints. These 
findings highlight the importance of considering endogenous levels in the risk assessment of 
dicarbonyls. 

Overall, the insights provided by this thesis pave the way for future studies to elucidate the 
role of biomolecule modifications by MGO in neurotoxicity and related diseases. Further 
investigation into the toxicokinetics and toxicodynamics of dicarbonyls, and also of AGEs, is 
needed for adequate future risk assessment. 
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Summary 

α-Dicarbonyl compounds, particularly methylglyoxal (MGO), glyoxal (GO), and 3-

deoxyglucosone (3-DG), are highly reactive precursor for the formation of advanced glycation 

end products (AGEs). AGEs and their precursors have been associated with many diseases, 

including diabetes, cardiovascular disease, and neurodegenerative disorders. Human 

exposure to dicarbonyl compounds arises from both dietary intake and endogenous formation 

within the body. 

The primary focus of this thesis was on the role of dicarbonyl compounds in neurotoxicity and 

neurodegenerative diseases. An abnormal increase in the in vivo levels of dicarbonyls can 

induce a dysfunctional state known as dicarbonyl stress, leading to the increased modification 

of free amino acids, proteins, and DNA, thereby forming AGEs. These modifications can result 

in structural and functional changes to these biomolecules, contributing to neurotoxicity and 

potentially playing a role in neurodegeneration. The contribution of dietary intake of 

dicarbonyl compounds and the resultant AGEs to the adverse effects associated with 

dicarbonyl stress remains debated. Moreover, the mechanisms by which dicarbonyls promote 

neurotoxicity are largely unknown. This thesis aimed to advance the understanding of 

neurotoxicity and mitigation strategies for α-dicarbonyl precursors of AGEs using new 

approach methodologies. 

Chapter 1 began by outlining the background and aim of the thesis. It presented a detailed 

introduction to α-dicarbonyl compounds and AGEs, specifically focusing on their formation. 

The chapter then continued with an introduction to the scavenging of exogenous dietary 

dicarbonyl compounds especially by flavonoids, as well as endogenous pathways for the 

metabolism of α-dicarbonyl compounds. Furthermore, it presented the current understanding 

of dicarbonyl stress and its potential implications in neurodegenerative diseases. Lastly, the 

chapter introduced the new approach methodologies (NAMs) employed in the research, 

including cell-based proteomics, metabolomics, and physiologically-based kinetic (PBK) 

modeling. 

In Chapter 2, the reactivity of three representative dicarbonyl precursors—MGO, GO, and 3-

DG—was compared in in vitro assays. This analysis included the comparison of the scavenging 

capacity of these dicarbonyls by glutathione (GSH) in cell-free incubation experiments. 
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Additionally, the ability of these compounds to induce Nrf2-mediated gene expression and the 

role of intracellular GSH in counteracting this effect were investigated using a U2OS cell-based 

reporter gene assay. The study demonstrated that endogenous GSH levels are critical in 

protecting against dicarbonyl stress. Furthermore, the results showed that MGO exhibited the 

highest reactivity in terms of GSH-mediated scavenging, reactive oxygen species (ROS) 

production, induction of Nrf2-mediated gene expression, and the effects of GSH depletion on 

Nrf2 activation potential. Based on these, MGO was chosen as the model compound for 

further research presented in this thesis. 

In Chapter 3, the mitigation of dicarbonyls both endogenously and within food products was 

explored. The MGO scavenging capacity of a representative thiol compound (GSH) and a 

representative flavonoid (kaempferol) were characterized in more detail, with special 

emphasis on the possible reversible nature of adduct formation and their competition for 

MGO, in in-vitro cell-free incubations. Additionally, the safety consequences of their MGO-

scavenging effects were evaluated in human SH-SY5Y neuroblastoma cells. The results showed 

that GSH exhibited immediate and concentration-dependent MGO-scavenging effects, while 

kaempferol's scavenging effects were both concentration- and time-dependent, with stable 

adducts forming over time. The GSH adduct gradually disappeared in a competition reaction 

with kaempferol, and kaempferol became the preferred scavenger over time. Moreover, 

kaempferol provided better protection than GSH against extracellular MGO of SH-SY5Y cells. 

Overall, it is concluded that flavonoids like kaempferol provide better scavengers for food-

borne MGO than thiol-based scavengers such as GSH, while, given the endogenous 

concentrations of both scavengers and the detoxification of the GSH-MGO adduct by the 

glyoxalase system, GSH will be dominant for intracellular MGO protection. 

In Chapter 4, the protein modifications induced by MGO in SH-SY5Y cells incubated with and 

without exogenous MGO were characterized using a proteomics approach. It was found that 

the majority of proteins identified as modified were already modified under basal control 

conditions. A total of 77 proteins were categorized as highly susceptible to MGO modification. 

Among these, eight proteins, including vimentin and histone H2B type 2-F, showed 

concentration-dependent modifications by externally added MGO, and were defined as 

biomarkers for exogenous MGO exposure. Remarkably, up to 10 modification sites were 

identified on vimentin. Myosin light polypeptide 6 emerged as a biomarker for MGO toxicity, 

with modifications exclusively observed under cytotoxic MGO levels. Additionally, proteins 

like serine/threonine-protein kinase SIK2 and calcyphosin, which exhibited comparable or 
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even higher modification levels in control compared to exogenous MGO-treated cells, were 

defined as biomarkers for endogenous exposure. Moreover, KEGG pathway and protein-

protein network analyses revealed that motor proteins, cytoskeleton components, and 

glycolysis proteins were overrepresented among those highly susceptible to MGO 

modification. These results identify biomarkers for both endogenous and exogenous MGO 

exposure and provide insights into the cellular effects of endogenously formed versus 

externally added MGO. 

In Chapter 5, the molecular and biochemical changes in SH-SY5Y cells upon exposure to MGO 

were explored using an integrated proteomics and metabolomics approach to assess how 

these changes contribute to neurotoxicity. The results revealed that MGO exposure, 

particularly at cytotoxic levels, significantly altered the proteome and metabolome of SH-SY5Y 

cells. Analysis of proteomics data showed significant alterations in cellular functions such as 

protein synthesis, cellular structural integrity, mitochondrial function, and oxidative stress 

responses. Analysis of metabolomics and integration of metabolomics and proteomics data 

highlighted significant changes in key metabolic pathways, including arginine biosynthesis, 

glutathione metabolism, cysteine and methionine metabolism, and the tricarboxylic acid cycle. 

MGO exposure led to increased endoplasmic reticulum stress, disruptions in cellular adhesion 

and extracellular matrix integrity, mitochondrial dysfunction, and amino acid metabolism 

disruption, all contributing to cellular toxicity. Conversely, cells exhibited adaptive responses 

by upregulating protein synthesis, activating the Nrf2 pathway, and reprogramming 

metabolism to counteract dicarbonyl stress and maintain energy levels. These findings 

enhance our understanding of MGO-induced neurotoxicity and identify potential therapeutic 

targets for mitigating its harmful effects. 

In Chapter 6, human neurotoxicity and genotoxicity risks from dietary and endogenous MGO 

were assessed using PBK modeling-facilitated reverse dosimetry. A human PBK model was 

defined based on a newly developed mouse model, enabling the translation of in vitro toxicity 

data for MGO from human stem cell-derived neurons and WM-266-4 melanoma cells into 

quantitative human in vivo toxicity data and subsequent risk assessment using the margin of 

exposure (MOE) approach. The results show that the MOEs resulting from daily dietary intake 

did not raise concerns for endpoints such as neurotoxicity, including mitochondrial function, 

cytotoxicity, and apoptosis, while those for DNA adduct formation could not exclude a concern 

over genotoxicity. Endogenous MGO formation, especially under diabetic conditions, resulted 

in MOEs that raised concerns not only for genotoxicity but also for some of the neurotoxicity 
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endpoints evaluated. Thus, the results point at the importance of taking the endogenous levels 

into account in risk assessment of MGO. 

In Chapter 7, the main findings from previous chapters were synthesized into an integrated 

discussion, along with recommendations and potential directions for future research. This 

thesis particularly highlighted the significant potential of flavonoids in mitigating the effects 

of MGO in food systems and biological contexts. The chapter stressed the importance of using 

omics approaches to understand the role of MGO-induced damage to cellular biomolecules in 

cellular adaptation or dysfunction. It emphasized the necessity of considering both dietary and 

endogenous sources of dicarbonyls in health risk assessments. Lastly, the need for further 

investigation into the toxicokinetics and toxicodynamics of dicarbonyls, as well as AGEs, was 

identified as essential for a comprehensive future risk assessment. 
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