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Abstract 
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Abstract 

Glycation is the non-enzymatic reaction that leads to the formation of so called 

advanced glycation end products (AGEs). Glycation and the accumulation of AGEs 

are known to occur during normal aging, but also in the progression of diseases, such 

as diabetes, Alzheimer’s disease, atherosclerosis and Parkinson’s disease. 

Methylglyoxal (MGO), a reactive dicarbonyl compound and by-product of glycolysis, 

potently induces glycation. The plasma concentration of MGO was found to be 

elevated in several diseases. In diabetic patients, almost five-fold higher MGO 

concentrations could be found due to permanently higher blood glucose levels and 

glycolysis rates.  

Impaired wound healing and the development of foot ulcers are well known 

complications in diabetes. However, the underlying mechanisms of impaired wound 

healing in diabetic or elder patients are still unknown. In general, macrophages are 

known to play an important role in impaired wound healing. Under normal conditions, 

macrophages are able to polarize into M1 or M2 phenotypes when recruited into 

wounds. M1 macrophages display pro-inflammatory functions, whereas the population 

later switches to M2 phenotypes, which reduce inflammation and induce tissue 

remodelling. In diabetic wounds macrophages tend to remain predominantly in the M1 

activation state, but defined mechanisms remain unknown. Elevated blood glucose 

levels as well as elevated MGO levels in diabetic patients result in glycation and an 

increase of AGEs. In this work, the effects of glycation and AGEs on macrophage 

activation were investigated. It could be shown that glycation, but not treatment with 

AGE-modified serum proteins, increased expression of pro-inflammatory cytokines 

interleukin (IL)-1β, IL-6, IL-8 and tumour necrosis factor (TNF)-α, resulting in increased 

inflammation. In addition, the expression of anti-inflammatory cytokine IL-10 was 

affected. At the same time, glycation reduced phagocytic efficiency and led to impaired 

clearance rates of invading microbes and cellular debris. It could also be demonstrated 

that the inflammatory effects caused by glycation of the cells do not result from 

activation of the receptor for AGEs (RAGE). This work demonstrates that glycation 

contributes to changes of macrophage activity and cytokine expression and therefore 

could support the understanding of disturbed wound healing during aging and 

diabetes. 
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Inhaltsangabe 

Die Glykierung ist eine nicht-enzymatische Reaktion, die zur Bildung der sogenannten 

advanced glycation end products (AGEs) führt. Glykierung und die Akkumulierung von 

AGEs treten während des Alterungsprozesses auf, können aber im Verlauf bestimmter 

Krankheitsbilder, wie zum Beispiel Diabetes, Atherosklerose, der Alzheimer oder der 

Parkinson Krankheit, verstärkt sein. Methylglyoxal (MGO), ein reaktives Nebenprodukt der 

Glykolyse, führt zur vermehrten Glykierung. In diversen Krankheiten konnten erhöhte 

MGO-Konzentrationen im Plasma nachgewiesen werden, beispielsweise wurden bei 

Diabetikern bis zu fünffach erhöhte MGO-Konzentrationen gemessen auf Grund von 

erhöhtem Blutzucker und Glykolyseraten.  

Eine gestörte Wundheilung, einhergehend mit der Entstehung von Fußulzera, ist eine 

bekannte Komplikation im Diabetes. Allerdings sind die genauen Mechanismen der 

Wundstörung in älteren und Diabetespatienten weitgehend unbekannt. Generell spielen 

Makrophagen eine wichtige Rolle im Kontext dieser gestörten Wundheilung. Unter 

normalen Begebenheiten polarisieren Makrophagen in den M1 oder M2 Phänotyp nach 

ihrer Rekrutierung in Wunden. Zuerst fördern die M1 Makrophagen die Entzündung, 

während sich die Population später in M2 Makrophagen umwandelt, um die Entzündung 

zu reduzieren und die Gewebeneubildung zu fördern. In diabetischen Wunden konnten 

hauptsächlich M1 und kaum M2 Makrophagen nachgewiesen werden, aber genauere 

Ursachen sind noch unbekannt. Erhöhte Blutzuckerwerte und erhöhte MGO-

Konzentrationen können bei Diabetikern zu vermehrter Glykierung und der Bildung von 

AGEs führen. In der vorliegenden Arbeit wurden diese Einflüsse auf die Aktivität von 

Makrophagen untersucht. Es konnte nachgewiesen werden, dass Glykierung, aber nicht 

die Behandlung mit AGE-modifizierten Proteinen, die Expression von pro-

inflammatorischen Zytokinen wie Interleukin (IL)-1β, IL-6, IL-8 und des 

Tumornekrosefaktors (TNF)-α fördert, was zu verstärkten Entzündungsreaktionen führt. 

Auch die Expression vom anti-inflammatorischen Zytokin IL-10 ist verändert. Zeitgleich 

verringert Glykierung die Phagozytoserate der Makrophagen, was wiederum zu 

verringerter Aufnahme und Abbau von Mikroben und Zellschrott führt. Es konnte weiterhin 

gezeigt werden, dass diese Effekte, die durch Glykierung der Zellen hervorgerufen 

wurden, nicht auf eine Aktivierung des Rezeptors für AGEs (RAGE) zurückzuführen sind. 

Diese Arbeit demonstriert, dass Glykierung zu einer Veränderung der Aktivität der 

Makrophagen und der Zytokinsekretion beiträgt und daher dabei helfen kann, die 

Mechanismen der gestörten Wundheilung während des Alterns und 

Diabeteserkrankungen zu verstehen.  
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1 Introduction 

1.1 Glycation and advanced glycation end products (AGEs) 

In 1912, Louis Camille Maillard was the first scientist to describe a non-enzymatic 

browning reaction that could be observed when sugars and amino acids were heated. 

This reaction was named Maillard reaction according to its discoverer and was termed 

as a non-enzymatic glycosylation reaction (Maillard, 1912). Nowadays, this reaction is 

called glycation and the visible browning products are called advanced glycation end 

products (AGEs). A free amino group of a protein, mostly an arginine or lysine residue, 

reacts with the free carbonyl group of a reducing sugar, e.g. glucose or fructose, in a 

nucleophilic addition reaction. The formed product is known as a Schiff base and is not 

very stable. The amount of Schiff bases can directly be correlated with the glucose 

concentration available in the reaction system (Cerami, 1985; Ulrich and Cerami, 

2001). Further rearrangement of this Schiff base leads to formation of a so-called 

Amadori product. Although the Amadori product is more stable than the Schiff base, it 

also gets further processed and undergoes several chemical modifications, such as 

oxidation, condensation or dehydration, finally resulting in a protein with an AGE-

structure or AGE-crosslinks (Vistoli et al., 2013). A schematic overview of the glycation 

reaction is shown in figure 1. Besides sugars, reactive dicarbonyl compounds like 

methylglyoxal (MGO), glyoxal or 3-deoxyglucosone can also lead to glycation. These 

compounds are generated during rearrangement of the Amadori product as proteins 

are glycated by glucose (Thornalley et al., 1999).  

 

Figure 1: The pathway of AGE formation. 

Glycation reaction based on the example of glucose is schematically shown. Single AGE-
modification and AGE-crosslinks of the protein is demonstrated. Figure modified from 
Salahuddin et al. (2014). 
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Due to the variety of different proteins that can react with different glycating agents in 

glycation reactions, there exist many different AGE structures. Several examples of 

dietary AGEs are shown in figure 2. Some of these structures, for example pentosidine, 

have been first described by their yellow-brown fluorescent colour and their ability to 

form protein crosslinks (Vlassara et al., 1984). Other AGE-structures, like 

carboxymethyllysine (CML), carboxyethyllysine (CEL) and pyrraline, do neither show 

any colour or fluorescence, nor form crosslinks (Reddy et al., 1995). Glyoxal-lysine 

dimer (GOLD) and methylglyoxal-lysine dimer (MOLD) are prominent dietary AGES, 

they have been identified in the hydrolysates of bakery products (Henle, 2005).  

 

Figure 2: Chemical structures of different AGEs. 

The image illustrates different dietary AGE-structures, from shorter carbonyl structures like 
CML or CEL to long-chained structures with fluorescent rings like pentosidine. CML = 
carboxymethyllysine; CEL = carboxyethyllysine; GOLD = glyoxal-lysine dimer; MOLD = 
methylglyoxal-lysine dimer. Figure modified from Zhu et al. (2018). 

 

1.1.1 Receptors for AGEs 

AGEs can be recognised by several cell surface receptors, mediating the activation of 

different signalling pathways (Ott et al., 2014). One of the best characterised pathways 

is the receptor for advanced glycation end products (RAGE), a multi-ligand receptor of 

the immunoglobulin superfamily (Ramasamy et al., 2008). Besides RAGE, there are 

several other receptors known, for example the AGE-receptor complex (AGE-R). AGE-

R consists of three components, namely AGE-R1 (OST-48), AGE-R2 (80K-H) and 

AGE-R3 (galectin-3), and is involved in endocytic uptake of AGEs (Li et al., 1996; 

Vlassara et al., 1995). Some members of the scavenger receptor (SR) family have also 

been reported to bind AGEs, for example SR-A (Araki et al., 1995), CD36 (Ohgami et 

al., 2001a) and SR-BI (Ohgami et al., 2001b) from the SR-B subfamily, LOX-1 (Jono 
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et al., 2002) from the SR-E subfamily, and FEEL-1 and FEEL-2 (Tamura et al., 2003) 

from the SR-H subfamily. All known receptors for AGEs are depicted in figure 3. 

 

Figure 3: Structure of receptors for AGEs. 

Different surface receptors are shown that can recognise AGEs. RAGE and the AGE-R 
complex (AGE-R1/OST-48, AGE-R2/80K-H and AGE-R3/galectin-3) do not belong to the 
scavenger receptor family, but also recognise AGEs. Adapted from Ott et al. (2014). 

 

1.1.1.1 Structure and function of RAGE 

RAGE was first described in 1992 as a pattern recognition receptor of the 

immunoglobulin superfamily that recognises AGE-structures. RAGE has an 

approximate molecular mass of 35 kDa, however, due to posttranslational modification 

(e.g. glycosylation) higher molecular masses can be detected in immunoblots between 

45 kDa and 50 kDa (Neeper et al., 1992). Mature RAGE consists of an extracellular, a 

transmembrane and a cytosolic domain. The extracellular domain in turn is also 

composed of three subdomains, one V-type domain (variable) and two C-type domains 

(constant; as illustrated in figure 3). The V-type domain has multi-ligand binding sites 

and is responsible for signalling. The transmembrane domain functions as an anchor 

in the plasma membrane, while signals into the cell are transduced via the cytosolic 

domain (Lee and Park, 2013). More than 20 different alternative splicing forms of full-

length RAGE are known (Falcone et al., 2013). Two major splice variants are well-

characterised, the soluble RAGE and the N-truncated RAGE. Soluble RAGE lacks the 

C-terminal domain, but contains all C-type and V-type domains. It can be secreted 
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extracellularly or released by proteolytic cleavage of the full length version. Instead, N-

truncated RAGE is only lacking the N-terminal V-type domain and is still anchored in 

the cell membrane like the full-length version. However, these splice variants are not 

able to transduce signals into the cell (Yonekura et al., 2003).  

RAGE is expressed in different cell types, among them immune cells like monocytes 

and macrophages (Ohashi et al., 2010; Wang et al., 2010b) or T-lymphocytes (Akirav 

et al., 2012; Ohashi et al., 2010), but also endothelial cells (Pollreisz et al., 2010) or 

fibroblasts (Liu et al., 2010). Besides AGEs, RAGE is also able to bind to β-amyloid, 

phosphatidylserine, S-100 proteins and high-mobility group box protein 1 (Ramasamy 

et al., 2012). High expression of RAGE can be observed during embryonic 

development and is associated with neurite outgrowth (Hori et al., 1995). However, in 

adult tissue RAGE-expression is very low (Brett et al., 1993). RAGE is also known to 

be involved in inflammation processes and immune response, bone metabolism, lung 

homeostasis and neuronal differentiation (Chuah et al., 2013; Ott et al., 2014). It has 

also been demonstrated that RAGE is important for microbe recognition by interaction 

with lipopolysaccharides (LPS; Yamamoto et al., 2011). Other functions can be the 

mediation of cell migration and proliferation (Rai et al., 2012). Besides all these findings 

and theories, the entire physiological functions of RAGE are still not completely 

understood (Ott et al., 2014). 

 

1.1.1.2 AGE-mediated RAGE signalling 

Binding of AGEs to RAGE induces a wide range of signalling cascades, resulting in 

enhanced generation of reactive oxygen species (ROS) and finally in the activation of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB; Herold et al., 

2007; Negre-Salvayre et al., 2009; Vazzana et al., 2009). A detailed overview of 

RAGE-signalling is depicted in figure 4. RAGE stimulates the activation of mitogen 

activated protein kinases (MAPK), like p38, extracellular signal–regulated kinase 

(ERK) 1/2 and c-Jun N-terminal kinase (JNK), the activation of JAK-STAT pathway, 

phosphoinositol 3-kinase (PI3K) as well as members of the Rho GTPase signalling 

pathway (Cdc42/ Rac-1). Through the activation of NAD(P)H oxidase among others, 

generation of intracellular ROS is also induced (Vazzana et al., 2009). Ultimately, NF-

κB is activated, dislocates into the nucleus and induces the expression of several target 

genes like cytokines and adhesion molecules (shown in figure 4) as well as its own 
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expression and the expression of RAGE as a positive feedback loop (Bierhaus et al., 

2005). Hence, accumulation of AGEs could also be correlated to higher RAGE 

expression in the respective tissue (Sun et al., 1998; Tanji et al., 2000). 

However, the network of RAGE signalling is diverse and very complex. Considering 

the fact that every ligand bound to RAGE can induce different signalling and activate 

or suppress different pathways, the mechanisms can be different for every cell type 

that expresses RAGE (Bierhaus et al., 2005). Therefore, the whole function of RAGE 

and its signalling are still not completely understood. 

 

 

Figure 4: RAGE signalling pathways. 

The figure illustrates the AGE-mediated signalling pathway of RAGE. Binding of AGEs to 
RAGE activates several MAPK (p38, ERK-1/2, JNK), JAK-STAT pathway, PI3K and Rho 
GTPase signalling pathway (Cdc42/ Rac-1). Activation of NAD(P)H oxidase also triggers 
intracellular ROS production. Ultimately, NF-κB is activated and induces the gene expression 
of several target genes as well as its own expression and the expression of RAGE. Figure 
modified from Vazzana et al. (2009). 
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1.1.2 MGO induced glycation 

MGO is one of the most potent glycating agents. It is a naturally occurring side product 

of glycolysis but evolves also during threonine catabolism and lipid peroxidation. 

During glycolysis, up to 0.4 % of glycolytic intermediates are metabolised to MGO 

(Kalapos, 2008a; Thornalley, 1988). MGO is a highly reactive α-oxoaldehyde and is 

mostly formed by the spontaneous, non-enzymatic degradation of triose phosphate 

intermediates, dihydroxyacetone phosphate or glyceraldehyde-3-phosphate (Phillips 

and Thornalley, 1993b; Richard, 1993). Under normal conditions, approx. 120 µmol 

MGO per kg of cell mass are formed daily in the human body (Phillips and Thornalley, 

1993a; Thornalley, 1988). MGO is much more reactive than glucose but has a short 

half-life time. Most of the MGO molecules in vivo are therefore bound to 

macromolecules (Kalapos, 2008a; Sousa Silva et al., 2013). MGO-derived glycation is 

mainly directed to arginine or lysine residues of proteins. Figure 5 shows exemplary 

some of the AGEs that can be formed by MGO. The reaction of MGO with arginine 

residues of proteins results mainly in hydroimidazolone derivatives (MG-H, three 

related isoforms, only MG-H1 is depicted), but can also form argpyrimidine or 

tetrahydropyrimidine (THP) derivatives, while reaction with lysine residues leads to 

formation of CEL or MOLD.  

 

Figure 5: MGO derived AGE-structures. 

AGEs can be derived from the reaction of MGO with either arginine or lysine residues of 
proteins. MG-H1: hydroimidazolone derivative 1; THP: tetrahydropyrimidine derivative; CEL: 
carboxyethyllysine; MOLD: methylglyoxal-lysine dimer; Figure modified from Sousa Silva et al. 
(2013). 
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1.1.2.1 The physiological role of MGO induced glycation 

Elevated MGO levels can be observed during ageing but also during the progression 

of several diseases, such as obesity, diabetes mellitus, cardiovascular diseases, 

Alzheimer’s disease and chronic renal disease. The accumulation of such reactive 

carbonyl species like MGO or glyoxal is also referred to as carbonyl stress, which can 

lead to apoptosis of cells and ROS generation (Rabbani and Thornalley, 2015). 

Especially in tumour cells, changes in the metabolic activity, e.g. higher rates of 

glucose uptake and therefore of glycolysis, can lead to an increase of MGO synthesis 

and likewise of glycation (Shinohara et al., 1998). Heat Shock Protein 27 was identified 

as major MGO-modified protein in cancer cells, being beneficial for the evasion of 

apoptosis (van Heijst et al., 2006). Besides modification of proteins, MGO is also able 

to modify nucleic acids and DNA, which can have severe biological complications such 

as in tumorigenesis. Glycation of DNA may result in DNA crosslinks with other DNA or 

protein molecules, strand breaks, mutagenesis or even glycation of nucleosomal 

proteins such as histones (Vaca et al., 1994). However, diabetes and diabetic 

complications are still the most prominent disorders in case of increased MGO 

concentrations in plasma and blood (Beisswenger et al., 2005; McLellan et al., 1994). 

MGO levels in plasma of diabetic patients tend to be increased two- to fivefold 

compared to healthy individuals (McLellan et al., 1994). Hence, new strategies discuss 

the use of MGO and MGO-derived AGEs as a highly stable chemically reactive 

biomarker for the detection of both diabetes type I and type II and even prediabetes 

(Beisswenger, 2014; Ramachandra Bhat et al., 2019). Nevertheless, high 

concentrations of MGO can be cytotoxic for many cells, resulting in inhibition of 

proliferation, DNA-, RNA- and protein synthesis and finally induction of apoptosis 

(Kang et al., 1996).  

 

1.1.2.2 MGO detoxification by the glyoxalase system 

Due to its high reactivity and cytotoxicity, most of the endogenously formed MGO is 

directly metabolised by the glyoxalase system, which involves enzymes as glyoxalase-

I and glyoxalase-II, as well as catalytic amounts of reduced glutathione (Schmoch et 

al., 2017). These enzymes metabolise MGO into D-lactate by using NADPH and 

glutathione (Thornalley, 2003), as shown in figure 6. MGO reacts spontaneously and 

non-enzymatically with reduced glutathione and forms a hemithioacetal. Next, 
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glyoxalase-I catalyses the isomerisation of the hemithioacetal into S-D-

lactoylglutathione. S-D-lactoylglutathione is then further hydrolysed into D-lactate via 

catalysis of glyoxalase-II. In this step also the reduced glutathione, which was 

consumed by glyoxalase-I, is regenerated. The glyoxalase system is located in the 

cytosol as well as in the mitochondria, and it protects the cells against cellular damage 

or apoptosis caused by MGO or glyoxal (Sousa Silva et al., 2013; Thornalley, 1990). 

Since MGO is the major physiological substrate of glyoxalase-I, its activity prevents 

the accumulation of MGO and can prevent glycation reactions in the cells (Rabbani 

and Thornalley, 2012; Shinohara et al., 1998). Interestingly, expression of glyoxalase-

I can be negatively regulated by RAGE activation, although the exact mechanism 

remains unclear (Rabbani et al., 2014). 

 

 

Figure 6: The glyoxalase system. 

MGO is glutathione-dependent metabolised into D-lactate by two enzymes, glyoxalase-I 
(GLO1) and glyoxalase-II (GLO2). Figure modified from Sousa Silva et al. (2013). 
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1.1.3 Degradation of AGEs 

Besides endogenous production inside the human body, AGEs can also be 

exogenously produced and ingested via food consumption or uptake by smoking 

(Cerami et al., 1997; Zhu et al., 2018). The intake is estimated to be around 25 - 75 mg 

of AGEs per day, mainly consisting of pyrraline and CML (Henle, 2003). Since AGEs 

do not undergo metabolic degradation, they accumulate over time in the body. AGE-

structures could be identified extracellularly circulating in the plasma and serum or 

excreted in the urine and faeces, but also intracellularly in various tissues including 

lens and skin collagens, as well as in blood cells (Henning and Glomb, 2016). Most of 

the modified proteins are stable and long-lived proteins, although modification of short-

lived proteins cannot be excluded. In general, there are two main proteolytic systems 

in the cells that are able to degrade macromolecules: the membrane-enclosed 

lysosome and the ubiquitin-proteasome-system. Extracellular material targeted for 

lysosomal degradation can be incorporated through endocytosis while intracellular 

objects are sequestered by autophagy (Saftig and Klumperman, 2009). Receptors for 

AGEs are generally known to endocytose AGE-structures; however, RAGE receptor 

only recognises AGEs in the extracellular environment but is not responsible for 

endocytosis of AGEs (Grimm et al., 2012). Scavenger receptors, in contrast, are 

capable to endocytose AGEs, especially CD36 and SR-A in macrophages or 

macrophage-derived cells (Horiuchi et al., 2003). An accumulation of AGEs in 

phagocytes could be demonstrated under conditions of reduced lysosomal activity, 

suggesting that lysosomal enzymes are crucial for the proteolysis of AGE-structures 

(Miyata et al., 1997). Aggregates of AGE-modified proteins might be packed in 

aggresomes and targeted for autophagy (Kueper et al., 2007). However, uptake of 

AGEs or AGE-aggregates into the lysosome does not imply that lysosomal enzymes 

are able to degrade the material completely (Yamamoto and Simonsen, 2011). Mostly, 

this process mediates the filtration and excretion of AGEs by the kidney (Gugliucci and 

Bendayan, 1996), though not all AGEs can be excreted (Makita et al., 1994). 

Consequently, a stronger accumulation of AGEs could be observed by patients with 

renal dysfunction (Miyata et al., 1998; Sell and Monnier, 1990). For proteasomal 

degradation, proteins are first targeted with ubiquitin moieties by ubiquitin ligases. The 

proteasome, a multimeric protease complex, then recognises ubiquitin-labelled 

proteins, deubiquitylates, unfolds and finally degrades them (Tomko and Hochstrasser, 

2013). It has already been demonstrated that the 20S proteasome is not able to 
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degrade AGE-modified albumin (Grimm et al., 2010) and CML-structures (Bulteau et 

al., 2001). In contrast, some cells, e.g. microglial cells, seem to be able to degrade 

AGE-modified BSA through proteasomal and lysosomal degradation (Stolzing et al., 

2006). Additionally, AGEs have been shown to inhibit the activity of proteasomes but 

induce the expression of immunoproteasomes (Grimm et al., 2012). Although it has 

not been demonstrated whether this leads to an elevated clearance of AGEs, it can be 

assumed that the immunoproteasome may degrade AGEs in a very slow and inefficient 

manner.  

 

1.1.4 Disease relevance of glycation and AGEs 

The accumulation of AGEs throughout the human body can be observed during normal 

ageing (Wu, 1993). Nevertheless, there are some disease models that are directly 

linked to an increased production and accumulation of AGEs. As already mentioned 

diabetes is strongly associated with glycation and AGE-accumulation due to 

hyperglycaemia and elevated MGO levels. Glycation may contribute to diabetic 

complications including nephropathy, retinopathy, neuropathy and atherosclerosis 

(Jakus and Rietbrock, 2004; Yamagishi, 2011). Especially CML-modified proteins 

seem to accumulate in diabetic patients; they could be detected in collagens of skin 

tissue (Baynes, 1991), in the lens (Dunn et al., 1989) and also in urine (Knecht et al., 

1991). In atherosclerosis, which is often linked to obesity and diabetes, AGEs play an 

important role in the onset of pathogenesis. AGEs were reported to contribute to the 

increase of ROS production within adipocytes, which can also affect their ability to clear 

oxidized and damaged proteins (Boyer et al., 2015; Diez et al., 2016). In Alzheimer’s 

disease (AD), glycation of β-amyloid alter its toxicity and contribute to 

neurodegeneration (Vicente Miranda et al., 2016). AGE-modified proteins have also 

been identified in the neurofibrillary tangles and the cerebrospinal fluid of AD patients 

(Angeloni et al., 2014). Increased levels of AGEs could be detected in the plasma and 

brain in patients suffering from multiple sclerosis. These AGEs are mostly derived from 

MGO, due to elevated intracellular glycolysis rates and impairments of the glyoxalase 

system, and contribute to the pathogenesis of multiple sclerosis (Wetzels et al., 2017).  

Besides endogenous production of AGEs and MGO, also dietary ingested AGEs are 

known to contribute to the progression of several diseases. Since exogenous AGEs 

conduce to the pool of endogenous AGEs, they promote the increase of inflammation 
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reactions and oxidative stress. Therefore, they contribute especially to the onset of 

chronic diseases, including diabetes, neurodegenerative diseases, chronic kidney 

disease or cardiovascular diseases (Uribarri et al., 2015). These findings suggest that 

AGE-low diets could be a beneficial tool in several disease models and should not be 

neglected in the overall pattern of glycation and AGEs in disease relevance. 
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1.2 Macrophages 

Macrophages are myeloid cells of the immune system and the major differentiated cells 

of the mononuclear phagocyte system. They originate from the bone marrow, which 

contains resting macrophages (M0 phenotype), as well as their precursors monoblasts, 

promonocytes and monocytes (Lewis and McGee, 1992). In the past, blood monocytes 

were believed to be the only macrophage progenitors, being recruited to several 

tissues where they then differentiate into macrophages. Nowadays it is known that 

resident macrophages are widely distributed in the body, being present in many organs 

and in the connective tissue (Gordon, 2007). They participate in a wide range of 

physiological processes, e.g. immune responses, homeostasis and wound healing. 

Macrophages provide the first line of defence against pathogens and microbes (Kloc, 

2017; Mosser and Edwards, 2008). One of their major functions is to clear blood, lymph 

and tissues of particles – for example microbes, dead cells or debris – that are ingested 

via phagocytosis (Lewis and McGee, 1992; van Furth et al., 1972). Additionally, 

macrophages adapt their phenotype according to their environment and selectively 

release cytokines and growth factors in order to encourage or decrease inflammation 

(Gordon, 2003). This activation process is termed macrophage polarization. In vivo, 

macrophages also need special survival cytokines including the colony stimulating 

factor 1 (CSF-1) and granulocyte-macrophage colony-stimulating factor (GM-CSF) in 

order to regulate their population numbers and maintain proliferation by suppressing 

apoptosis (Hamilton and Achuthan, 2013; Lavin et al., 2015). In vitro, differentiation of 

monocytes into macrophages using for example phorbol 12-myristate 13-acetate 

(PMA) inhibits their proliferation, unless the cultures are not fed with GM-CSF and 

CSF-1 (Murray, 2017).  

 

1.2.1 Macrophage polarization 

Macrophage polarization was originally discovered by the observation, that stimulation 

of macrophages with interleukin (IL)-4 induced different gene expression in 

comparison to the classical activation with interferon (IFN)-γ and LPS (Nathan et al., 

1983). The activation with IL-4 was therefore termed alternative activation (Stein et al., 

1992). Later on, a new classification was proposed, separating the macrophages in 

M1 or M2 phenotype (Mills et al., 2000). This classification was based on findings in 
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mouse models with different T helper type background. T helper type 1 mouse strains 

with T cells that produced mostly IFN-γ generated nitric oxide (NO) from arginine upon 

activation. In contrary, T cells of T helper type 2 mouse strains produced mostly IL-4 

and transforming growth factor (TGF)-β resulting in ornithine production (Mills et al., 

2000). This resulted in the correlation that M1 (classically activated) macrophages 

exhibit pro-inflammatory, while M2 (alternatively activated) macrophages exhibit anti-

inflammatory properties. Later on, M2 macrophages were even further divided into 

M2a, M2b, M2c and M2d phenotypes, depending on their activation stimuli (Mantovani 

et al., 2004; Rőszer, 2015). The classification in M1 and M2 is still in use, while some 

claim that this is an oversimplified classification, thus it helps to understand the 

differences in macrophage activation mechanisms. Figure 7 illustrates the 

differentiation and polarization process from monocyte to M1 or M2 phenotype under 

in vitro conditions. 

 

 

Figure 7: Macrophage differentiation and polarization. 

Monocytes can be differentiated into macrophages (resting, M0) using the differentiation agent 
12-myristate 13-acetate (PMA). M0 macrophages can be further polarized into M1 (pro-
inflammatory, classically activated) phenotype using LPS and IFN-γ or into M2 (anti-
inflammatory, alternatively activated) using IL-4 and IL-13 treatment. Adapted from Bezold et 
al. (2019). 
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1.2.1.1 Classically activated M1 macrophages 

M1 or classically activated macrophages are defined as cells displaying a pro-

inflammatory phenotype. They produce high amounts of pro-inflammatory cytokines 

like IL-1β, IL-6, IL-8, IL-12, IL-18, IL-23 and tumour necrosis factor (TNF)-α, reactive 

oxygen and nitrogen intermediates, while they only secrete low amounts of anti-

inflammatory cytokine IL-10 and TGF-β. Also, they interfere with pathogens and show 

high phagocytic efficiency. M1 macrophages can be defined by cell surface markers 

histocompatibility complex class II (MHC II) molecules, CD68, CD80 and CD86 (Duluc 

et al., 2007; Rőszer, 2015). MHC II molecules are expressed on the cell surface of 

antigen presenting cells. They are presented after phagocytosis and initiate the 

immune response via T cell activation (Jones et al., 2006). CD68 (or macrosialin) is a 

glycoprotein which is heavily glycosylated and is expressed by macrophages in 

response to inflammatory stimuli and chronic stimuli with for example LPS (Barros et 

al., 2013; Chistiakov et al., 2017). CD80 (or B7 type I) and CD86 (or B7 type II) are 

closely related membrane proteins of the immunoglobulin superfamily that are also 

extensively glycosylated and important for T cell activation (Peach et al., 1995).  

For the maturation and secretion of pro-inflammatory cytokines IL-1β and IL-18, a 

protein complex termed the inflammasome needs to be activated (Martinon et al., 

2002; Tschopp et al., 2003). The inflammasome involves different enzymes, proteins 

and receptors, depending on its activator, and typically consists of the proteolytic 

enzyme caspase-1, apoptosis-associated speck-like protein containing a C-terminal 

caspase-recruitment domains (ASC) and nucleotide-binding oligomerization domain-

like (NOD-like) receptors (Kanneganti, 2015). Inflammasomes assemble in the cytosol 

after activation of pattern recognition receptors by pathogen- associated molecular 

patterns (PAMPs) or danger-associated molecular patterns (DAMPS; Martinon et al., 

2002). Specifically, nucleotide-binding oligomerization domain, leucine rich repeat and 

pyrin domain containing (NLRP) proteins, which belong to the NOD-like receptor 

family, are important for the assembly of the inflammasome. ASC acts as an adaptor, 

it then recruits and activates caspase-1 by its polymerization to so called ASC specks 

(Franklin et al., 2014). Caspase-1 cleaves pro-IL-1β and pro-IL-18, as well as 

gasdermin D, into their mature active protein forms (Cerretti et al., 1992; Mariathasan 

et al., 2004; Thornberry et al., 1992). Caspase-1 is also known to promote a form of 

inflammation induced cell death called pyroptosis (Lamkanfi and Dixit, 2014). Figure 8 



Introduction 

15 

depicts the formation of NLRP3-inflammasome, which is one of the most characterised 

inflammasomes.  

 

 

Figure 8: The NLRP3-inflammasome. 

After activation of NLRP3 and ASC, caspase-1 is activated and assembles to the 
inflammasome. The inflammasome then mediates the maturation of pro-IL-1β and pro-IL-18 
to IL-1β and IL-18, which are released through the plasma membrane. Also, pyroptosis is 
induced which leads to inflammation induced cell death. NLRP: nucleotide-binding 
oligomerization domain, leucine rich repeat and pyrin domain containing protein; ASC: 
apoptosis-associated speck-like protein containing a C-terminal caspase-recruitment domain. 
Figure modified from Walsh et al. (2014). 

 

The LPS mediated activation of toll-like receptor (TLR) 4 plays a pivotal role in M1 

polarization. TLRs are a family of type I membrane proteins that belong to a group of 

pattern recognition receptors and TLR4 is one of the most studied among them (Vaure 

and Liu, 2014). After LPS mediated activation, TLR4 activates the STAT1 signalling 

pathway dependent on the TLR-adapter proteins myeloid differentiation primary 

response 88 (MyD88) and lymphocyte antigen 96 (MD-2) (Toshchakov et al., 2002). 

This leads to the activation of NF-κB and MAPK pathways, finally resulting in release 

of pro-inflammatory cytokines (Pålsson-McDermott and O'Neill, 2004). Besides, TLRs 
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are known to be assistant receptors in phagocytosis (Fitzgerald et al., 2004; Qureshi 

and Medzhitov, 2003). In macrophages, especially TLR4 regulates phagocytosis, 

modulating the clearance of invading microbes (Anand et al., 2007). 

 

1.2.1.2 Alternatively activated M2 macrophages 

M2 or alternatively activated macrophages are cells displaying an anti-inflammatory 

phenotype. They produce mainly anti-inflammatory cytokines and growth factors, like 

IL-10, TGF-β, IL-1 receptor antagonist and arginase 1, while they only secrete low 

amounts of IL-1β, IL-12 and IL-23. M2 macrophages can be defined among others by 

cell surface markers CD163, CD206 and CD209 (Duluc et al., 2007; Rőszer, 2015). 

CD163 is a macrophage-specific scavenger receptor with high affinity to the 

haemoglobin-haptoglobin complex. Upregulated expression of CD163 contributes to 

the anti-inflammatory response and is known as one of the major switches during 

alternative macrophage activation (Kristiansen et al., 2001; Onofre et al., 2009). 

CD206, or mannose receptor 1, is a C-type lectin on the macrophage surface, which 

is important for the binding and internalization of different glycoproteins (Porcheray et 

al., 2005; Rőszer, 2015). It is upregulated upon IL-4 activation and mediates 

phagocytosis of pathogens (Goerdt and Orfanos, 1999). CD209, or dendritic cell-

specific intercellular adhesion molecule-3-grabbing non-integrin, is also a C-type lectin 

that plays an important role in the recognition of pathogens and viruses via binding of 

mannose type carbohydrates (Tassaneetrithep et al., 2003).  

The M2 phenotype can be further subdivided into M2a, M2b, M2c and M2d. The M2a 

phenotype is induced by IL-4 and IL-13, M2b is induced by immune complexes, TLR 

ligands or IL-1 receptor, while M2c is induced by IL-10 stimulation and glucocorticoid 

hormones (Mantovani et al., 2004). M2d activation is related to IL-6 activation and 

adenosines, and their appearance is associated with the promotion of tumour 

progression (Wang et al., 2010a). All four subtypes are said to have distinct gene 

expression profiles, which overlap more or less (Mantovani et al., 2004; Rőszer, 2015). 

Still, the division in these four subtypes is not yet believed to be adequate enough to 

describe the whole diversity of different macrophage populations in vivo.  

  



Introduction 

17 

1.2.2 Macrophages in wound healing 

As described before, macrophages are key regulators in wound healing processes. 

They adapt their phenotype accordingly to the stages of wound healing (Mosser and 

Edwards, 2008). Their dynamic plasticity allows them to support destructive as well as 

reparative processes in tissues. Generally, wound healing can be divided into 

haemostasis (blood clotting), inflammation, proliferation and remodelling or maturation 

(Wang et al., 2018). During haemostasis, a fibrin clot is formed in order to arrest 

bleeding, together with the recruitment of inflammatory cells into the wound bed. Next, 

inflammatory cells secrete pro-inflammatory cytokines, among them for example IL-1β, 

IL-8, TNF-α, and clear up the site of inflammation by phagocytosis of invading 

microbes, damaged cells and debris. During proliferation phase, keratinocytes start to 

migrate between the cloth and the epidermis. They proliferate in order to re-establish 

the stratified epidermis. This restores the epithelial barrier and remodelling of the tissue 

occurs. Collagen is realigned and remaining inflammatory cells are removed via 

apoptosis or cell death (Lindley et al., 2016).  

 

1.2.2.1 Macrophage involvement in regeneration and tissue repair  

Macrophages are involved in all phases of wound healing except haemostasis. They 

are important for inflammation as well as clearance of the cell debris and the 

coordination of tissue repair (Kim and Nair, 2019). During the beginning of the 

inflammation phase, polymorphonuclear leukocytes invade into the wound. Their 

arrival leads to successive infiltration of monocytes, which differentiate into 

macrophages within the wound tissue (Boniakowski et al., 2017). Tissue-resident 

macrophages are recruited to the inflammation site, but the main macrophage 

population is derived from differentiating blood monocytes (Thuraisingam et al., 2010). 

The differentiated macrophages, as well as the tissue-resident macrophages, switch 

to the M1 phenotype and promote inflammation. Besides secretion of pro-inflammatory 

cytokines, invading pathogens are engulfed (Gundra et al., 2014). When the phase of 

proliferation is initiated, macrophages switch to the M2 phenotype. They phagocytose 

surrounding dead cells and cell debris, but also secrete vascular endothelial growth 

factors, TGF-β and IL-10. The growth factors promote proliferation of endothelial cells, 

skeletal myoblasts, and fibroblasts and also support neo-angiogenesis, while IL-10 

suppresses further invasion of macrophages (Kotwal and Chien, 2017; Minutti et al., 
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2017; Novak and Koh, 2013). This continues during the remodelling phase. 

Macrophages are also known to be important for the breakdown and degradation of 

matrix fragments (Madsen et al., 2013). After completion of remodelling, macrophage 

numbers decline rapidly, when wound healing is completed (Martin and Leibovich, 

2005).  

 

1.2.2.2 Macrophage dysfunction in diabetic wounds 

In diabetes, one of the major complications is impaired and delayed wound healing, 

followed by the persistence of chronic wounds. Up to 10 % of diabetic patients develop 

foot ulcers which can lead to non-traumatic limb amputations (Lavery et al., 2003; 

Singh et al., 2005). Almost 40,000 amputations per year are the result of diabetic 

complications in Germany (Kröger et al., 2017). There are many different factors which 

contribute to delayed wound healing in diabetes, among them hyperglycaemia, macro- 

and microcirculatory dysfunction, chronic inflammation, hypoxia and neuropathy 

(Baltzis et al., 2014). It has already been shown that macrophages play an important 

role in diabetic wound healing. They remain predominantly in the pro-inflammatory M1 

phenotype, resulting in chronic inflammations (Baltzis et al., 2014; Falanga, 2005; 

Loots et al., 1998). During the remodelling phase of diabetic wounds, increased 

numbers of the M1 phenotype could be found, whereas the M2 population was 

decreased (Yan et al., 2018). Increased concentrations of the pro-inflammatory 

cytokine IL-1β were detected in diabetic wounds, indicating a positive feedback loop 

that sustains the chronic pro-inflammatory profile of the wounds. In addition, by 

blocking the IL-1β pathway, it has been shown that macrophages switch to a more 

healing associated, reparative phenotype, which was beneficial for proper wound 

healing (Mirza et al., 2013). In general, the phenotype switch of macrophages during 

wound healing from M1 to M2 phenotype seems to be affected in diabetes (Yan et al., 

2018). However, the underlying mechanisms of impaired wound healing in diabetic as 

well as in elder patients are still not completely understood, though recently AGEs and 

glycation were also discussed to have an impact in this dysfunction (Basu Mallik et al., 

2018).  
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1.3 Aim of work 

Glycation and the accumulation of AGEs are known to occur during normal aging but 

also in the progression of several diseases, such as diabetes. In older patients as well 

as in diabetic patients, a dysfunction in wound healing can be observed. This raises 

the question, whether there is a connection between impaired wound healing and 

glycation or AGE-formation. The healing process tends to be much slower compared 

to healthy patients, while prolonged and chronic infections occur more often and tissue 

remodelling seems to be drastically decelerated. For diabetic wounds, it is known that 

macrophages play a critical role in the dysfunction of proper wound healing. There is 

a strong correlation between increased concentrations of glucose and MGO in blood 

and tissues of diabetic and elderly patients and increased levels of glycation and AGE-

formation. However, not much is known about the impact of glycation on impaired 

wound healing. This thesis demonstrates the role of glycation and AGEs on 

macrophage activation, which could be beneficial for understanding the influence of 

glycation on macrophage dysfunction in impaired wound healing. The human 

macrophage cell line THP-1 was used as a model for the analyses of glycation and 

AGE-treatment on macrophages. Besides investigations of MGO induced glycation on 

cell behaviour, also some functional properties of macrophages ought to be analysed, 

among them cytokine expression and phagocytic efficiency.  
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals and reagents 

General laboratory chemicals 

acrylamide / bisacrylamid solution Carl Roth GmbH 

albumin fraction V from bovine serum (BSA) Carl Roth GmbH 

ammonium persulfate (APS) Carl Roth GmbH 

bromphenol blue SERVA 

calcium chloride (CaCl2) Merck KGaA 

dimethylsulfoxid (DMSO) Sigma Aldrich 

dithiothreitol (DTT) AppliChem GmbH 

ethanol, absolute Sigma Aldrich 

ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH 

glycerol, 99,8 % Carl Roth GmbH 

glycine  Carl Roth GmbH 

hydrochloric acid (HCl) Carl Roth GmbH 

isopropanol Carl Roth GmbH 

interferon-γ (IFN-γ; human recombinant) ImmunoTools 

interleukin 4 (IL-4; human recombinant) ImmunoTools 

interleukin 13 (IL-13; human recombinant) ImmunoTools 

lipopolysaccharide (LPS) from E.coli O111:B4 Sigma Aldrich 

magnesium chloride (MgCl2) Merck KGaA 

methylglyoxal (MGO), 40 % aqueous solution Sigma Aldrich 

non-fat milk powder Carl Roth GmbH 

paraformaldehyde (PFA) Carl Roth GmbH 

phenylmethylsulfonyl fluoride (PMSF) Boehringer Mannheim 

phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich 

Ponceau-S Carl Roth GmbH 

potassium chloride (KCl) Sigma Aldrich 

sodium azide (NaN3) SERVA 

sodium chloride (NaCl) Carl Roth GmbH 

sodium dodecyl sulfate (SDS) Carl Roth GmbH 

sodium hydrogen phosphate (Na2HPO4) Carl Roth GmbH 

sulfosalicylic acid (SSA) Carl Roth GmbH 

tetramethylethylenediamine (TEMED) Carl Roth GmbH 

trichloroacetic acid (TCA) Carl Roth GmbH 

thiazolyl blue tetrazolium bromide (MTT) Sigma Aldrich 

tris(hydroxymethyl)aminomethane (TRIS) SERVA 

Triton X-100 Carl Roth GmbH 

Tween-20 Carl Roth GmbH 

2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) Thermo Scientific 
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Cell culture reagents 

accutase cell detachment solution PAN-Biotech 

fetal calf serum (FCS) Gibco / Thermo Scientific 

Live Cell Imaging Solution (LCIS) Thermo Scientific 

Roswell Park Memorial Institute medium (RPMI 1640) Gibco / Thermo Scientific 

RPMI 1640 without phenol red Gibco / Thermo Scientific 

penicillin-streptomycin (P/S; 10,000 U/mL, 10,000 µg/mL) Gibco / Thermo Scientific 

β-mercaptoethanol Gibco / Thermo Scientific 

Composite reagents and kits 

Amersham ECL select  GE Healthcare 

Amersham protran nitrocellulose membrane GE Healthcare 

APC annexin V apoptosis detection kit Biolegend 

CBA Human IL-1β Flex Set BD Biosciences 

CBA Human IL-6 Flex Set BD Biosciences 

CBA Human IL-8 Flex Set BD Biosciences 

CBA Human IL-10 Flex Set BD Biosciences 

CBA Human TNF Flex Set BD Biosciences 

CBA Human Soluble Protein Master Buffer Kit BD Biosciences 

ClearMount™ mounting solution Thermo Scientific 

oligo (dT)12-18 Thermo Scientific 

PageRuler Plus prestained protein ladder Thermo Scientific 

pHrodo® Green E. coli BioParticles Thermo Scientific 

protease inhibitor cocktail (PIC) Sigma Aldrich 

Pierce BCA protein assay kit Thermo Scientific 

qPCR GreenMaster Jena Bioscience 

Quick-RNA MiniPrep kit Zymo Research 

RiboLock RNase inhibitor Thermo Scientific 

SuperScript II reverse transcriptase Thermo Scientific 

µMACS columns Miltenyi Biotec 

µMACS Protein G MicroBeads Miltenyi Biotec 

7-AAD viability staining solution Biolegend 
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2.1.2 Buffers and solutions 

PBS (1 x) 

pH 7.4 

PBS-EDTA 

pH 7.4 

TBS buffer (1 x) 

pH 7.6 

137 mM NaCl 137 mM NaCl 137 mM NaCl 

2.7 mM KCl 2.7 mM KCl 7.7 mM TRIS 

10 mM Na2HPO4 10 mM Na2HPO4   

1.8 mM KH2PO4 1.8 mM KH2PO4   

  0.25 % EDTA   

TBS-T buffer (1 x) 

pH 7.6 

blocking solution (IF) blocking solution 

(PAGE) 

137 mM NaCl 0.3 % (v/v) FCS 5 % non-fat milk 

7.7 mM TRIS in TBS-T or  

0.05 %(v/v) Tween-20   5 % BSA 

    in TBS-T 

fixation solution (Flow 

Cyt) 

fixation solution (IF) loading buffer (5 x, 

PAGE) pH 6.8 

2 % PFA 4 % PFA 12.5 % (v/v) SDS 

0.1 % (v/v) Triton X-100 in PBS 0.3 M TRIS 

in PBS   50 % (v/v) glycerol 

    50 mM DTT 

    bromphenol blue 

low-salt wash buffer (IP) 

pH 7.5 

lysis buffer (PAGE) 

pH 7.5 

Ponceau-S solution 

(PAGE) 

20 mM TRIS 10 mM TRIS 0.2 % Ponceau-S 

  150 mM NaCl 3 % TCA 

  1 mM CaCl2 3 % SSA 

  1 mM MgCl2   

  1 % (v/v) Triton X-100   

  0.2 %(v/v) PIC   

  1 mM PMSF   

running buffer (PAGE) 

pH 8.5 

separating gel (PAGE) 

pH 8.8 

stacking gel (PAGE) 

pH 6.8 

25 mM TRIS 10 – 12 % acrylamide 4 % acrylamide 

192 mM glycine 377 mM TRIS 124 mM TRIS 

0.1 % (v/v) SDS 0.05 % (v/v) SDS 0.05 % (v/v) SDS 

  0.08 % APS 0.04 %  APS 

  0.08 % (v/v) TEMED 0.1 % (v/v) TEMED 

staining buffer  

(Flow Cyt) pH 7.4 

transfer buffer (PAGE) 

pH 8.5 

wash buffer (IF) 

pH 7.4 

1 % (v/v) FCS 20 mM TRIS 0.1 % (v/v) Tween-20 

0.09 % NaN3 150 mM glycine in PBS 

in PBS 10 % (v/v) ethanol   
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2.1.3 Equipment 

Purpose Model Manufcaturer 

balances 
MXX-2001 Denver instruments 

MC1 Sartorius 

cell culture equipment 

aura 2000 M.A.C. Bio Air 

Countess™ Automated Cell Counter Invitrogen 

HeraCELL Heraeus  

waterbath 1003 GFL 

centrifuges 

Biofuge fresco Heraeus 

Biofuge pico Heraeus 

Sprout Biozym 

Universal 320 Hettrich 

flow cytometer BD Accuri™ C6 BD Biosciences 

BD FACSVerse™ BD Biosciences 

microplate reader Clariostar  BMG Labtech 

microscopes 

Axio Observer 7  Carl Zeiss 

Axiovert 100 Carl Zeiss 

Telaval 31 Carl Zeiss 

mixing 

heating magnetic stirer FB15001 Thermo Scientific 

L29 Test-tube rotator Labinco 

minishaker MS2 IKA 

MyLab SLRM-3 NanoEnTek 

rocking plattform Biometra 

RS-TR5 roll incubator Phoenix instrument 

PAGE equipment 

Dual Cool DCX-700 C.B.S. Scientific 

mini-vertikal system EBX-700 C.B.S. Scientific 

universal heat sealer ES 300 GEHO 

Gel Doc XR+ system Bio-Rad 

PCR equipment iQ5 Bio-Rad 

pH meter HI2210 HANNA instruments 

power supply Power Pac 300 Bio-Rad 

spectrophotometer NanoDrop 2000 Thermo Scientific 
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2.1.4 Oligonucleotides 

Amplicon Sequence (5’ – 3’) 
Size 

[bp] 
Source 

IL-1β 
forward GTGGCAATGAGGATGACTTGTTC 

124 
(Chanput et al., 

2010) reverse TAGTGGTGGTCGGAGATTCGTA 

IL-6 
forward AGCCACTCACCTCTTCAGAAC 

118 
(Chanput et al., 

2010) reverse GCCTCTTTGCTGCTTTCACAC 

IL-8 
forward CTGATTTCTGCAGCTCTGTG 

98 
(Chanput et al., 

2010) reverse GGGTGGAAAGGTTTGGAGTATG 

IL-10 
forward GTGATGCCCCAAGCTGAGA 

138 
(Chanput et al., 

2010) reverse CACGGCCTTGCTCTTGTTTT 

IL-12 
forward CACATTCCTACTTCTCCCTGAC 

93 (Ali et al., 2015) 
reverse CTGAGGTCTTGTCCGTGAAG 

IL-23 
forward CGTCTCCTTCTCCGCTTCAA 

65 (Lin et al., 2012) 
reverse ACCCGGGCGGCTACAG 

RPL-32 
forward CAACATTGGTTATGGAAGCAACA 

80 (Forero et al., 2013) 
reverse TGACGTTGTGGACCAGGAACT 

TGF-β 
forward CTCTCCGACCTGCCACAGA 

95 (Lin et al., 2012) 
reverse AACCTAGATGGGCGCGATCT 

TNF-α 
forward CTGCTGCACTTTGGAGTGAT 

93 
(Chanput et al., 

2010) reverse AGATGATCTGACTGCCTGGG 
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2.1.5 Antibodies and staining reagents 

Primary reagent Specificity Company Used in 

anti-actin (AB-5) 
mouse monoclonal IgG1, 

clone C4/actin 
BD Biosciences WB 1:5,000 

anti-AGE (CML26) 
mouse monoclonal IgG1, 

clone CML26 
abcam 

IF   1:100 

WB 1:1,000 

anti-caspase-1 (2225) rabbit polyclonal Cell Signalling WV 1:1,000 

anti-CD16 Alexa 

Fluor® 647 
mouse monoclonal IgG1,κ BD Biosciences Flow Cyt 1:20 

anti-CD68 FITC mouse monoclonal IgG2b,κ BD Biosciences Flow Cyt 1:20 

anti-CD163 Alexa 

Fluor® 647 
mouse monoclonal IgG1,κ BD Biosciences Flow Cyt 1:20 

anti-CD209 FITC mouse monoclonal IgG2b,κ BD Biosciences Flow Cyt 1:5 

anti-NF-κB p65 mouse monoclonal IgG2b,κ BD Biosciences WB 1:1,000 

anti-RAGE (ab3611) rabbit polyclonal abcam 
Flow Cyt 1:25 

WB 1:1,000  

anti-TLR4 (25) mouse monoclonal IgG1 
Santa Cruz 

Biotechnology 

WB 1:200 

IP    4 µg 

Hoechst H33258 10 mg/mL Sigma-Aldrich IF    1:2,000 

IgG2b,κ Isotype Control 

FITC 
mouse monoclonal IgG2b,κ BD Biosciences Flow Cyt 1:5 

IgG1,κ Isotype Control 

Alexa Fluor® 647 
mouse monoclonal IgG1,κ BD Biosciences Flow Cyt 1:20 

 

 

Secondary reagent Company Used in 

FITC goat anti-mouse IgG  Thermo Scientific IF 1:50 

FITC goat anti-rabbit IgG  Thermo Scientific Flow Cyt 1:100 

HRP goat anti-mouse IgG  abcam WB 1:10,000 

HRP goat anti-rabbit IgG abcam WB 1:20,000 
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2.1.6 Cells and culture media  

Cell line Description Source 

THP-1 

human acute monocytic leukemia 

cell line (Tsuchiya et al., 1980) 

 

(abbreviation stands for Tohoku 

Hospital Pediatrics-1) 

Dr. J. Lehmann 

Fraunhofer Institute for Cell Therapy 

and Immunology (Leipzig) 

 

Medium Supplements 

culture medium RPMI 1640 10 % (v/v) FCS 
1 % P/S 

freezing medium - 90 % (v/v) FCS 
10 % (v/v) DMSO 

differentiation medium RPMI 1640 10 % (v/v) FCS 
1 % P/S 
100 ng/mL PMA 
50 µM β-mercaptoethanol 

polarization medium 
 
(M1 phenotype) 

RPMI 1640 10 % (v/v) FCS 
1 % P/S 
100 ng/mL LPS 
20 ng/mL IFN-γ 

polarization medium 
 
(M2 phenotype) 

RPMI 1640 10 % (v/v) FCS 
1 % P/S 
20 ng/mL IL-4 
20 ng/mL IL-13 

 

2.1.7 Software 

Software Company 

Adobe Photoshop CS2 Adobe Systems  

AxioVision Rel. 4.8.1 Carl Zeiss 

BD Accuri C6 Analysis Software, version 1.0.264.21 BD Biosciences 

Bio-Rad iQ5, version 2.0 Bio-Rad 

Citavi 5, version 5.7.1.0. Swiss Academic Software 

FCAP Array™ Software BD Biosciences 

ImageJ, 1.52n NIH 

Image Lab, version 6.0.1 Bio-Rad 

MARS Analysis Software, version 3.20 R2 BMG Labtech 

Microsoft Office 2010 (Excel, PowerPoint, Word) Microsoft 

NanoDrop 2000c, version 1.6.198 Thermo Scientific 

OriginPro 2018b OriginLab 

Quantity One, version 4.6.2 Bio-Rad 
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2.2 Methods 

2.2.1 Cell culture methods 

2.2.1.1 Cultivation of THP-1 cells 

THP-1 monocytic cells were grown in suspension in culture medium (see 2.1.6) at 

approx. 5 x 105 cells/mL density at 37 °C and 5 % CO2 in a humidified incubator. 

Cultures were maintained by replacement of medium or by centrifugation (160 g, 

3 min) with subsequent resuspension in fresh culture medium every two to three days. 

Cells were discarded and replaced by frozen stocks after a maximum of 30 passages. 

Cell numbers were counted using Countess™ Automated Cell Counter (Invitrogen) 

according to manufacturer’s instructions. Cell counting and viability measurements are 

performed using trypan blue staining technique. For longtime storage, 1 x 106 cells 

were re-suspended in 1 mL freezing medium in cryo vials and stored at -80 °C in an 

isopropanol filled freezing container for 24 h. Cells were transferred to -150 °C for long 

time storage periods.  

 

2.2.1.2 Differentiation and polarization 

THP-1 monocytes can be differentiated into macrophages. Defined numbers of cells 

(depending on the size of the culture dishes or plates) were centrifuged (160 g, 3 min), 

seeded in differentiation medium (see 2.1.6) and incubated for 48 h. The differentiated 

macrophages (M0 phenotype) are adherent and do not proliferate any more. The 

consumed differentiation medium was removed via aspiration and replaced with 

normal growth medium. For polarization in M1 or M2 phenotype, differentiated M0 

macrophages were further incubated for 24 h with the respective polarization medium, 

depending on the desired phenotype. For harvesting, medium was removed via 

aspiration and cells were incubated with accutase cell detachment solution or PBS-

EDTA for 30 min. Cell scrapers were carefully used for total detachment. Cells were 

then pelleted via centrifugation (160 g, 3 min). 
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2.2.1.3 Preparation of glycated FCS 

FCS with or without addition of 1 mM MGO was incubated at 37 °C for 24 h. FCS was 

stored at -20 °C until use. FCS without MGO addition was used as a control in order 

to exclude effects of the incubation temperature. Glycated FCS is further stated to as 

AGE-FCS. Glycation of AGE-FCS was confirmed via dot blot with an anti-AGE 

antibody. 

 

2.2.1.4 Stimulation of macrophages 

Macrophages were treated with MGO in order to induce glycation of the cells or with 

AGE-FCS in order to see if soluble AGEs have an influence on the cells. Therefore, 

culture medium was supplemented with 10 % FCS or 10 % AGE-FCS as prepared 

under 2.2.1.3. M0 macrophages were either incubated in culture medium containing 

1 mM MGO or in medium supplemented with 10 % AGE-FCS for 24 h. For some 

experiments, cells were analysed directly after this incubation step. For other 

experiments, cells were polarized into M1 or M2 phenotype afterwards.  

 

2.2.1.5 Immunofluorescence staining 

Immunofluorescence (IF) staining uses the specificity of antibodies to their antigens 

and visualizes their binding in the microscope with fluorescent dyes. 5 x 104 cells were 

directly seeded in differentiation medium into 8-well chamber slides. After treatment, 

cells were washed with 200 µL PBS and fixed with 100 µL prewarmed fixation solution 

for 15 min, washed again 3 times with 200 µL wash buffer and blocked for 15 min with 

200 µL blocking buffer. After 3 washing steps with 200 µL blocking buffer, cells were 

stained for 1 h with 100 µL anti-AGE antibody in blocking solution. The previous 

washing step was repeated, followed by staining with 100 µL FITC goat anti-mouse 

antibody and Hoechst staining in blocking solution for 30 min. Cells were washed 

3 times with 200 µL wash buffer and coverslips were applied using ClearMount™ 

mounting solution. Images were taken with a 20x objective. 
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2.2.1.6 Metabolic activity assay 

The metabolic activity of cells can be measured using an MTT assay. This colorimetric 

assay is based on the reduction of the yellow, water-soluble dye MTT into a blue-violet, 

water insoluble formazan by NAD(P)H-dependent cellular enzymes. Macrophages 

were seeded into 96-well microtiter plates at a density of 5 x 104 cells per well. After 

treatment, cells were washed with 200 µL PBS per well. MTT was diluted to a final 

concentration of 0.5 mg/mL in RPMI without phenol red and cells were incubated for 

4 h with 100 µL MTT solution per well. After removal of the MTT containing medium, 

remaining formazan crystals were dissolved in 150 µL DMSO. Absorption values were 

measured at a wavelength of 570 nm (background 630 nm) in a microplate reader. 

Untreated control cells were then set to 100 % of metabolic activity and changes in 

metabolic activity of treated cells were calculated. 

 

2.2.1.7 Intracellular ROS measurement 

One of the most important biomarkers for oxidative stress is the intracellular level of 

ROS. Changes in the production of intracellular ROS can be demonstrated using the 

fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA; Royall and 

Ischiropoulos, 1993). H2DCFDA is converted into a membrane permeable derivative 

by cellular esterases and gets oxidized into the highly fluorescent 2′,7′-

dichlorofluorescein in presence of intracellular ROS. For ROS measurement, 

macrophages were used at a density of 1 x 105 cells per well in 96-well microtiter 

plates. Cells were loaded with 100 µL H2DCFDA (diluted to 10 µM in PBS) and 

incubated for 10 min. H2DCFDA was removed and replaced by 100 µL culture medium. 

Basic fluorescence intensity was measured in a plate reader at 495 nm excitation and 

525 nm emission. Medium was removed and different treatments in culture medium 

were applied (100 µL / well). Different concentrations of H2O2 were used as positive 

controls for ROS induction. Fluorescence intensity was measured as mentioned above 

after 10, 20, 30 and 60 min of incubation. 
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2.2.1.8 Flow cytometry 

Flow cytometry is a laser-based technology for the analysis cells or particles based on 

their structure, size or special labels. Cells in suspension are scanned by a laser beam 

in a single cell stream of fluid. The scattered light is characteristic for the size and 

morphology of the analysed cells. For further specification or separation of populations, 

labelling of the cells with special dyes or fluorescent-labelled antibodies can be used.  

 

2.2.1.8.1 Phagocytosis assay  

Phagocytosis of pathogens or cell debris is one of the most important functions of 

macrophages. Particles are engulfed by the macrophages and incorporated into 

phagosomes, which then fuse with lysosomes in order to destroy and digest the 

particles. For analysis of the phagocytic efficiency, macrophages were used at a 

density of 1 x 105 cells per well in 96-well microtiter plates. Macrophages were washed 

twice with 200 µL PBS after stimulation and polarization, followed by incubation with 

100 µL pHrodo™ Green E. coli BioParticles™ solution (diluted to 60 µg/mL) for 1 h. 

This special dye is non-fluorescent outside the cell at neutral pH, but fluoresces brightly 

green at acidic pH, such as in phagosomes. After removal of the E. coli BioParticles, 

cells were incubated with 150 µL accutase for 30 min and harvested. Five wells per 

sample were united and centrifuged. Cell pellets were then re-suspended in 200 µL 

LCIS. Analysis of 10,000 cells per sample was done in the flow cytometer using the 

FL-1 channel (excitation 488 nm, 530 / 30 nm band pass filter). Non-glycated cells 

without E.coli addition (incubated in LCIS) were used for gating. Phagocytosis rate of 

non-glycated control cells was set to 100 % and percentage change of phagocytosis 

was calculated for treated cells. 

 

2.2.1.8.2 Apoptosis assay 

For the analysis of early apoptosis, allophycocyanin (APC) annexin V apoptosis 

detection kit in combination with 7-aminoactinomycin (7-AAD) staining was used. 

Annexin V is a marker for early apoptosis and in this assay coupled to the fluorescent 

dye APC, while 7-AAD only stains cells with compromised membranes, indicating dead 

cells. Staining was done according to the manufacturer’s protocol. Approximately 
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0.5 x 106 cells were harvested with accutase, resuspended in 200 µL annexin binding 

buffer (kit component) and stained with 3 µL APC annexin V and 5 µL 7-AAD for 15 min 

in the dark. As staining controls, cells were kept on ice, then inactivated via heat shock 

(75 °C, 5 min) and stained with either APC annexin V or 7-AAD or both. Analysis of 

10,000 cells per sample was done in the flow cytometer, APC annexin V was measured 

in the FL-4 channel (excitation 633 nm, 675 / 25 nm band pass filter) and 7-AAD was 

measured in the FL-3 channel (excitation 488 nm, 670 nm long pass filter). Unstained 

control cells were used for gating. In order to determine the number of intact living cells 

(non-apoptotic and non-necrotic), the percentage of annexin V- / 7-AAD- cells was 

used. 

 

2.2.1.8.3 Cell surface staining for polarization 

For staining of marker proteins on the cell surface, specific antibodies labelled with 

fluorophores were used. In this case, special surface proteins were analysed in order 

to verify the polarization phenotype of macrophages. As a general marker for 

differentiated macrophages, an antibody against CD16 labelled with Alexa Fluor® 647 

was used. M1 phenotype was verified via staining with an anti-CD68 antibody labelled 

with fluorescein isothiocyanate (FITC). For M2 phenotype, staining with an anti-CD209 

antibody labelled with FITC and an anti-CD163 antibody labelled with Alexa Fluor® 

647 were used. Approximately 0.5 x 106 cells per sample were harvested with PBS-

EDTA, centrifuged and washed with PBS. Cells were fixed with 200 µL fixation solution 

for 15 min at 4 °C. After washing with 500 µL staining buffer, cells were incubated with 

the respective antibodies or IgG isotype controls diluted in staining buffer for 2 h at 

4 °C. Cells were centrifuged and washed with 500 µL staining buffer. Cells were finally 

re-suspended in 200 µL staining buffer and kept on ice. Analysis of 10,000 cells per 

sample was done in the flow cytometer, Alexa Fluor® 647 was measured in the FL-4 

channel (excitation 633 nm, 675 / 25 nm band pass filter) and FITC was measured in 

the FL-1 channel (excitation 488 nm, 530 / 30 nm band pass filter). Unstained control 

cells were used for gating. 
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2.2.1.8.4 Analysis of RAGE expression via flow cytometry 

For the analysis of RAGE expression, 1 x 106 cells per sample were harvested with 

PBS-EDA centrifuged and washed with PBS. Cells were fixed with 200 µL fixation 

solution for 15 min at 4 °C. After washing with 1 mL staining buffer, cells were 

incubated with anti-RAGE antibody (ab3611) diluted in staining buffer for 1 h at 4 °C. 

After washing with 1 mL staining buffer, cells were incubated with FITC-labelled 

secondary antibody for 30 min at 4 °C. Cells were washed with 1 mL staining buffer 

and finally re-suspended in 200 µL staining buffer. Analysis of 10,000 cells per sample 

was done in the flow cytometer, measured in the FL-1 channel (excitation 488 nm, 

530 / 30 nm band pass filter). Unstained control cells were used for gating. Count of 

FITC+ cells and mean FITC intensities were analysed. 

 

2.2.1.9 Preparation of cell lysates 

Cell lysates had to be prepared for protein analysis. Two different methods were used 

for cell lysis. Cells were harvested with accutase and cell pellets were re-suspended 

in lysis buffer for immunoblotting and immunoprecipitation (IP). Cell suspension was 

homogenized by hydrodynamic shearing and rotated at low speed for at least 1 h at 

4 °C. Supernatant with isolated proteins was collected after centrifugation (16,000 g, 

10 min at 4 °C). For some immunoblots, cells were directly lysed in hot 2.5 x loading 

buffer (preheated at 95 °C) and centrifuged (16,000 g, 3 min) directly before use in 

order to pellet cell debris. 

 

2.2.2 DNA analysis techniques 

2.2.2.1 Total RNA isolation 

Total RNA was isolated from cell pellets using Quick-RNA™ MiniPrep kit according to 

the manufacturer’s protocol. This kit uses a column-based method consisting of two 

columns in combination with a unique buffer system including DNase I treatment in 

order to isolate high concentrated and DNA-free RNA. Elution of RNA was performed 

in 50 µL DNase/RNase-free water (kit component). RNA purity and concentration was 
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analysed spectrophotometrically by measuring absorption at 230, 260 and 280 nm 

using NanoDrop 2000. 

 

2.2.2.2 cDNA synthesis & quantitative real-time PCR 

Complementary DNA (cDNA) was synthesized from total RNA via reverse transcription 

as template for analysis of gene expression in quantitative real-time PCR (qPCR). 2 µg 

total RNA was translated into cDNA using SuperScript II reverse transcriptase kit with 

oligo (dT)12-18 as primer according to the manufacturer’s instruction. For qPCR 

reaction, qPCR GreenMaster was used according to the manufacturer’s instruction and 

composed in the following way: 

 

1 µL cDNA 

10 µL qPCR GreenMaster 

1 µL primer forward (10 pmol/µL) 

1 µL primer reverse (10 pmol/µL) 

7 µL PCR-grade H2O (kit component) 

20 µL total volume 
 

Measurements were always performed in triplicates. The amount of amplified DNA was 

correlated with the fluorescence intensity of the GreenMaster and was given as CT 

value. Ribosomal protein L32 (RPL32) was used as reference (housekeeping gene) in 

order to normalize gene expression of target genes. The setup was performed as 

follows: 

 

Step Cycles Temperature Time 

initial denaturation 1 95 °C 90 s 

denaturation 

40 

95 °C 10 s 

primer annealing 58 °C 10 s 

elongation 72 °C 25 s 

final elongation 1 72 °C 60 s 

 

To validate the specificity of the PCR reaction, melt curves were generated. 

Temperature was increased in 1 °C steps from 55 °C to 95 °C and melt curve was 

recorded. ΔΔCt method was used for data analysis and calculation of relative gene 
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expression levels (Livak and Schmittgen, 2001). Values of genes of interest were first 

subtracted from the values of RPL32 (ΔCt). Relative gene expression was then 

calculated as 2-(ΔCt treated – ΔCt untreated). 

 

2.2.3 Protein analysis techniques  

2.2.3.1 Determination of protein concentration 

Protein concentrations were measured with the bicinchoninic acid (BCA) method 

(Smith et al., 1985). A Pierce BCA protein assay was performed in microplates 

according to the manufacturer’s protocol. Absorption spectra of samples and a BSA 

standard curve ranging from 0 mg/mL to 1.5 mg/mL were measured at 562 nm. 

Concentrations were determined using quadratic equation of the standard curve. 

Samples were always measured in duplicates.  

 

2.2.3.2 Immunoprecipitation 

In order to analyse a special protein out of a protein solution (e.g. a cell lysate), 

antibody mediated immunoprecipitation (IP) was performed (Firestone and Winguth, 

1990). In this work, 5 mg of cell lysate (in lysis buffer) was processed with 4 µL anti-

TLR4 antibody and 75 µL µMACS Protein G MicroBeads, according to the 

manufacturer’s protocol using appropriate µMACS columns. Final elution of 

precipitated protein was done using 50 µL preheated 1 x loading buffer (95 °C). Input 

(= cell lysate) and flow through were collected and stored. 

 

2.2.3.3 SDS-PAGE 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins 

according to their molecular mass and charge under reducing and denaturing 

conditions (Laemmli, 1970). Separating and stacking gels were prepared as listed 

above. Equal amount of proteins (20 – 50 µg) from cell lysates were premixed with 

5 x loading buffer so that finally loaded samples had a concentration of 1 x loading 

buffer. For samples that were directly lysed with 2.5 x loading buffer, equal volumes of 
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cell lysates (15 -20 µL) were loaded. All samples were heated to 95 °C for 5 min before 

loading onto the gels. In order to determine the size of the separated proteins, 

PageRuler Plus prestained protein ladder was used as protein standard. 

Electrophoresis was performed at 120 – 150 V for 1 – 2 h in running buffer, depending 

on the size of protein of interest. After separation, SDS gels were used for 

immunoblotting. 

 

2.2.3.4 Immunoblotting 

Proteins separated by SDS-PAGE can be transferred to nitrocellulose membranes 

using immunoblotting (Harlow and Lane, 1988). By transferring the proteins to the 

membrane, they are immobilized at their specific position due to their size and charge 

properties after the electrophoresis. Proteins can then be visualized using specific 

antibodies. In this work, wet transfer technique was used, where the membrane and 

the gel are fully immersed in transfer buffer and a current is directed from the gel to the 

membrane. Transfer was carried out with 100 V for 1 h under cooling and recirculating 

conditions in the tank. Efficiency of protein transfer and equal loading of samples was 

verified via staining with reversible Ponceau S dye. Membrane blocking was followed 

for 1 h at room temperature in blocking solution. The blocking agent was selected 

according to recommendations of antibody manufacturers. After blocking, membranes 

were washed (3 x 10 min in TBS-T) and primary antibodies (diluted in TBS-T or 

blocking solution, according to the recommendations of antibody manufacturers) were 

incubated overnight at 4 °C. After another washing step (3 x 10 min in TBS-T), HRP-

labelled secondary antibodies (diluted in TBS-T) were incubated for 1 h at room 

temperature. After a final washing step (3 x 10 min in TBS-T), proteins of interest were 

detected by addition of Amersham ECL select HRP substrate according to the 

manufacturer’s instructions. Blots were visualized after exposure for 1 to 120 s.  
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2.2.3.5 Dot blot analysis 

The dot blot analysis describes a simplified version of immunoblotting. The analysed 

proteins are spotted directly onto a dry nitrocellulose membrane. In this work, dot blot 

analysis was used to verify glycation of self-produced AGE-FCS (see 2.2.1.3). 

Therefore, 5 µL of control FCS and AGE-FCS from each produced lot were spotted 

onto the membrane. After drying, membrane was further processed according to the 

immunoblot procedure, starting with the blocking step. 

 

2.2.3.6 Cytokine quantification 

Cytokine quantification was done using a multiplexed assay called cytometric bead 

array (CBA) assay (Morgan et al., 2004). Cell supernatants were collected 24 h post 

polarization and cytokine quantification was performed by CBA Flex detecting 

simultaneously IL-1β, IL-6, IL-8, IL-10 and TNF-α according to the manufacturer’s 

recommendation. For the detection of IL-8, samples were diluted 1:500; all other 

samples were not diluted. Samples were analysed by flow cytometry. Cytokine 

concentrations were calculated according to internal standard curves.  

 

2.2.4 Statistical analysis 

All data analyses and visualizations were performed using OriginPro 2018b software. 

Paired student t-test against the control group or a theoretical value of 1 (due to data 

normalization) was used (Student, 1908). Figures show the average mean + standard 

deviation (SD) and levels of significance are depicted as symbols within the figures 

with *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. 
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3 Results 

3.1 Glycation of macrophages 

MGO, a side product of glycolysis, is a potent glycating agent that occurs naturally in 

human cells. During disease development, especially in untreated diabetes patients, 

increased MGO concentrations can be observed and indicate a higher incidence for 

glycation events. In this work, MGO treatment was used in order to induce glycation of 

macrophages. Due to its membrane permeability, MGO is able to induce intra- and 

extracellular glycation. 

THP-1 macrophages were incubated with different MGO concentrations (0.5 mM, 

1 mM or 1.5 mM) for 24 h. Cells cultivated in normal culture medium were used as a 

control (Ctrl). Cells were harvested, lysed and isolated proteins were separated by 

SDS-PAGE. Glycation of proteins was detected by immunoblotting with an anti-AGE 

antibody (CML26). This antibody was originally raised against CML-modifications, but 

is generally able to detect several AGE-modifications (shown previously by Bennmann 

et al., 2014). Actin served as a loading control for equal loading of the samples. In 

figure 9, a representative immunoblot of four independent experiments is depicted. 

Protein glycation could be detected for all protein samples, including the control lane, 

resulting in broad smear bands. Due to glucose in the culture medium, also control 

cells are slightly glycated over time in culture. Incubation of macrophages with MGO 

led to elevated glycation signals, whereas increasing MGO concentrations led to 

increased band intensities. This gives evidence that MGO treatment induces glycation 

in macrophages. 
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Figure 9: Immunoblot of glycated THP-1 
macrophages. 

 

THP-1 macrophages were incubated with 
0.5, 1 or 1.5 mM MGO for 24 h in culture 
medium. Cells incubated without MGO 
supplementation were used as control (Ctrl). 
Cells were harvested and 30 µg of each 
protein sample were separated by SDS-
PAGE and immunoblotted using an anti- 
AGE antibody (CML26). Second staining 
with an anti-actin antibody was used as 
loading control. The depicted immunoblot 
represents four independent experiments. 

 

 

 

In order to visualize extracellular glycation of cell surface proteins after treatment with 

MGO, IF staining with an anti-AGE antibody (CML26) was performed. Macrophages 

were incubated with 1 mM MGO for 24 h in culture medium and IF staining was 

performed without permeabilization of the cell membranes. Cells without MGO 

treatment were used as control cells (Ctrl). Figure 10 shows representative IF 

micrographs of four independent experiments. For nuclear staining, Hoechst was used 

(shown in blue). Staining with anti-AGE antibody is shown in orange. Macrophages 

treated with 1 mM MGO displayed a stronger AGE-dependent fluorescence signal on 

their surface, indicating glycation of cell surface proteins. 
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Figure 10: IF staining of surface glycation of THP-1 macrophages. 

THP-1 macrophages were treated with 1 mM MGO for 24 h in culture medium (lower row). 
Cells cultivated without MGO addition served as control (Ctrl; upper row). IF staining of surface 
glycation was performed using an anti-AGE antibody (CML26; shown in orange). Hoechst was 
used as nuclear stain (shown in blue). Depicted micrographs are representative for four 
independent experiments. Scale bars indicate 100 µm. 

 

 

3.1.1 Consequences of MGO treatment 

Although MGO is a naturally occurring by-product of glycolysis, higher concentrations 

of this metabolite can be highly cytotoxic (Du et al., 2000). Therefore it is important to 

perform a titration of MGO for every cell type, in order to determine which 

concentrations are non-toxic.  

Changes in cell morphology after MGO treatment were analysed by incubation of THP-

1 macrophages with different MGO concentrations (0.5 mM, 1 mM or 1.5 mM). Cells 

cultivated in normal culture medium were used as a control (Ctrl). After 24 h, the 

appearance of the cells was investigated by bright-field microscopy (figure 11). 

Morphological changes could not be detected after treatment with any of the MGO 

concentrations. 
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Figure 11: Micrographs of THP-1 macrophages after MGO incubation. 

Bright field microscopy of THP-1 macrophages was done after incubation with different MGO 
concentrations for 24 h in culture medium. A) control; B) 0.5 mM; C) 1 mM; D) 1.5 mM. Scale 
bar indicates 400 µm. Representative micrographs of three different experiments. 

 

 

3.1.1.1 Metabolic activity of macrophages after glycation 

In order to analyse, whether MGO has an effect on the metabolic activity of 

macrophages, an MTT assay was performed. Cells were treated with 0.5 mM, 1 mM, 

1.5 mM and 2 mM MGO for 24 h in culture medium. Cells cultivated without MGO 

addition served as a control (Ctrl) and were set to 100 % of metabolic viability. 

Treatment with 0.5 mM and 1 mM MGO did not lead to a significant reduction of 

metabolic activity (figure 12), while 1.5 mM and 2 mM MGO reduced metabolic activity 

by more than half. 
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Figure 12: Metabolic activity of THP-1 macrophages after glycation. 

THP-1 macrophages were treated with different concentrations of MGO for 24 h in culture 
medium and MTT assay was performed. Cells without MGO treatment (0 mM) were set to 
100 % of metabolic activity. Data represents the mean of metabolic activity + SD of four 
independent experiments (* p ≤ 0.05, ** p ≤ 0.01). 

 

3.1.1.2 Cell viability of macrophages after glycation 

In order to determine the cell viability after MGO treatment, staining with annexin V for 

early apoptosis and 7-AAD for necrotic cells was performed. Cells that are stained 

annexin V+ / 7-AAD- are classified as early apoptotic, cells stained annexin V+ / 7-AAD+ 

are dead cells and cells stained annexin V- / 7-AAD- mark the non-apoptotic and non-

necrotic, living, intact cells. Macrophages were treated with different concentrations of 

MGO for 24 h in culture medium and apoptosis assay was performed. The percentage 

of annexin V- / 7-AAD- cells was used to determine the intact living cells (figure 13 A). 

Treatment with MGO up to 1 mM did not induce apoptosis, while 1.5 mM and 2 mM 

clearly reduced the percentage of living cells, indicating apoptosis and also cell death. 

Figure 13 B shows exemplary graphs of flow cytometric analysis for 0 mM, 0.5 mM and 

2 mM MGO treatment. For 0.5 mM MGO, no differences can be seen compared to the 

control (0 mM). For 2 mM MGO, a clear shift of cell populations can be observed 

towards early apoptotic (annexin V+ / 7-AAD-, Q1-UL) and dead (annexin V+ / 7-AAD+, 

Q1-UR) cells. 
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Figure 13: Cell viability of THP-1 macrophages after glycation. 

THP-1 macrophages were treated with different MGO concentrations for 24 h and apoptosis 
assay was performed using staining with annexin V and 7-AAD.  
A) The percentage of annexin V- / 7-AAD- cells was used to determine the intact living cells (= 
non-apoptotic and non-necrotic). Graph showing mean + SD of three independent 
experiments. (* p ≤ 0.05)  
B) Exemplary graphs of flow cytometric analyses for 0 mM, 0.5 mM and 2.0 mM MGO stained 
with annexin V (y-axis) and 7-AAD (x-axis). Q1-LL: living cells, Q1-UL: early apoptotic cells, 
Q1-UR: dead cells. 

 

 

To summarise, both analysis of metabolic activity and cell viability indicate that 

concentrations above 1 mM MGO harm THP-1 macrophages. Therefore, 1 mM MGO 

should be the maximum concentration used on macrophages and is used thereafter 

for the induction of glycation in this experimental setup.  
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3.1.2 Comparison between glycation of cellular proteins and treatment with 

AGE-modified proteins 

Glycation of THP-1 macrophages is induced by addition of MGO to the culture medium. 

By default, the culture medium contains 10 % FCS. Therefore, it is necessary to 

distinguish between effects of actual cell glycation and effects of glycated serum 

proteins in the medium, which could bind to receptors for AGEs and induce 

downstream receptor signalling. Hence, one group of cells in the experimental setup 

was always incubated with culture medium containing 10 % AGE-FCS, instead of the 

standard FCS, as a specific control. By comparing glycated cells (treated with MGO) 

and cells treated with AGE-FCS, the observed effects could be associated with cell 

glycation or activation of AGE-specific receptors. AGE-FCS was prepared as 

described (see 2.2.1.3) and glycation of every lot of AGE-FCS was confirmed by dot 

blot analysis with an anti-AGE antibody (CML26). In figure 14, one representative dot 

blot is shown. As a control, FCS incubated under the same conditions as AGE-FCS 

but without addition of MGO was used. 5 µL per sample were spotted and staining with 

Ponceau S was used as a control for equal loading. AGE-FCS showed a strong signal 

using the anti-AGE antibody, while control FCS did not show any signal, confirming 

that AGE-FCS is glycated.  

 

 
Figure 14: Dot blot analysis of AGE-FCS 
 
Glycation of AGE-FCS was verified via dot 
blot analysis using an anti-AGE antibody 
(CML26). As a control, FCS incubated under 
the same conditions as AGE-FCS was used. 
5 µL per sample were spotted. Depicted blot 
is representative for different independent 
experiments. 

 

To demonstrate that AGE-FCS has no influence on cell viability, treatment with 10 % 

AGE-FCS was also tested in apoptosis assays, equal to the experiments shown under 

chapter 3.1.1.2. There was no significant reduction of percentage of living cells 

(89.7 ± 2.5 %, mean ± SD; p = 0.337) visible after treatment with AGE-FCS for 24 h, 

indicating that AGE-FCS did not interfere with cell viability. 
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3.1.3 Glycation does not interfere with ROS production 

It has been described that glycation and AGE-signalling can increase intracellular ROS 

levels in some cell types. To clarify whether glycation using MGO or the treatment with 

AGE-FCS induce production of intracellular ROS, the fluorescent probe H2DCFDA was 

used. Cells were labelled with H2DCFDA and fluorescence intensity was measured 

after 10, 20, 30 and 60 min of incubation. Figure 15 shows one representative graph 

of three independent ROS measurements. Increasing concentrations of H2O2 (50, 100 

and 150 µM) were used as positive controls for ROS induction. Glycation with 0.5, 1 

or 1.5 mM MGO as well as treatment with 10 % AGE-FCS did not increase intracellular 

ROS production compared to the untreated control (Ctrl). However, treatment with 

H2O2 raised cellular ROS levels time and concentration dependent. 

 

 

Figure 15: Intracellular ROS production after glycation. 

THP-1 macrophages were treated with different MGO concentrations, 10 % AGE-FCS or 
different concentrations of H2O2 for up to 60 min. Production of intracellular ROS was 
determined using fluorescent probe H2DCFDA and measurement of fluorescence intensity. 
The figure shows one representative graph of three independent measurements. Data 
represents mean + SD of five technical replicates.  
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3.2 Glycation and RAGE activation 

RAGE is expressed on cells of the innate immune system (Kierdorf and Fritz, 2013). 

Macrophages are known to express RAGE on their surface, similar to blood monocytes 

(Neeper et al., 1992). RAGE activation finally results in activation of NF-κB, which 

dislocates into the nucleus and among others stimulates expression of itself as well as 

expression of RAGE (Bierhaus et al., 2005). Therefore, expression of RAGE and NF-

κB after glycation or treatment with soluble AGE-FCS were analysed hereafter. 

 

3.2.1 RAGE expression after glycation 

Protein expression of RAGE was analysed for THP-1 macrophages after glycation and 

treatment with AGE-FCS. THP-1 macrophages were incubated with either 1 mM MGO 

or 10 % AGE-FCS for 24 h. After harvesting, the cells were lysed and proteins were 

separated by SDS-PAGE. RAGE protein expression was detected by immunoblotting 

with an anti-RAGE antibody (ab3611). Figure 16 A depicts one representative 

immunoblot, the RAGE signal can be detected as two bands at approx. 45 kDa 

(glycosylated and non-glycosylated form), while the band at 25 kDa shows likely a 

proteolytic degradation product of RAGE. Four immunoblots of RAGE protein 

expression were quantified in relation to actin expression against the control cells 

(Figure 16 B). After glycation with MGO, a slight but not significant increase of RAGE 

protein expression was observed. In contrast, treatment with AGE-FCS markedly 

increased RAGE protein expression, a more than two-fold increase compared to the 

control cells.  
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Figure 16: RAGE protein expression after glycation. 

THP-1 macrophages were incubated with 1 mM MGO or 10 % AGE-FCS for 24 h. Total protein 
was separated by SDS-PAGE and immunoblotting. RAGE protein expression was detected 
using an anti-RAGE antibody (ab3611) and quantified.  
A) Representative RAGE immunoblot with Ponceau S staining shown, glycosylated and non-
glycosylated form at approx. 45 kDa, proteolytic degradation product at approx. 25 kDa. 
Second staining with anti-actin antibody was used as loading control. 
B) Graph showing mean of relative RAGE protein expression + SD of four independent 
immunoblots. RAGE signal was quantified related to corresponding actin signal and RAGE 
expression of untreated control cells (Ctrl) was set to 1. (** p ≤ 0.01) 

 

 

To verify these findings, RAGE expression was also analysed using flow cytometry. 

THP-1 macrophages were incubated with either 1 mM MGO or 10 % AGE-FCS for 

24 h, harvested and stained with an anti-RAGE antibody (ab3611). After staining with 

a secondary FITC-labelled antibody, cells could be analysed using flow cytometry. 

Figure 17 A shows a representative histogram of the RAGE-positive cells (FITC-

positive stained), while figure 17 B shows the mean fluorescence intensity of RAGE-

positive stained cells of three different experiments. As already shown by 

immunoblotting, treatment with AGE-FCS increased the expression of RAGE on 

macrophages compared to the untreated control cells (Ctrl), whereas glycation with 

MGO did not have any effect.  
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Figure 17: Detection of RAGE after glycation via flow cytometry. 

THP-1 macrophages were incubated with 1 mM MGO or 10 % AGE-FCS for 24 h. Living cells 
were harvested and stained with an anti-RAGE antibody (ab3611) and secondary FITC 
labelled antibody and analysed using flow cytometry. A) Representative histogram of analysed 
FITC positive cells. B) Graph of mean fluorescence intensity of stained macrophages, data 
represents mean + SD of three independent experiments. (* p ≤ 0.05) 

 

 

3.2.2 Analysis of NF-κB expression after glycation 

Protein expression of NF-κB p65 was analysed after glycation and treatment with AGE-

FCS in order to demonstrate induction of NF-κB expression. THP-1 macrophages were 

incubated with 1 mM MGO or 10 %A GE-FCS for 24 h. Cells were lysed and proteins 

were separated by SDS-PAGE. NF-κB protein expression was detected by 

immunoblotting with an anti- NF-κB p65 antibody. As the name indicates, the NF-κB 

variant can be detected at approx. 65 kDa. Three immunoblots of NF-κB protein 

expression were quantified in relation to actin expression against the control cells 

(Figure 18 B). After glycation with MGO, no significant induction of NF-κB protein 

expression can be detected. By contrast, treatment with AGE-FCS led to a significant 

overexpression of NF-κB protein, indicating that binding von AGE-FCS to RAGE 

induces NF-κB signal cascade.  

 



Results 

48 

 

Figure 18: NF-κB protein expression after glycation 

THP-1 macrophages were incubated with 1 mM MGO or 10 % AGE-FCS for 24 h. Total protein 
was separated by SDS-PAGE and immunoblotting. NF-κB protein expression was detected 
using an anti- NF-κB p65 antibody and quantified.  
A) Representative NF-κB immunoblot with Ponceau S staining is depicted. Second staining 
with anti-actin antibody was used as loading control. 
B) Graph showing mean of relative NF-κB protein expression + SD of three independent 
immunoblots. NF-κB signal was quantified related to corresponding actin signal and NF-κB 
expression of untreated control cells (Ctrl) was set to 1. (* p ≤ 0.05) 

 

 

3.3 Glycation interferes with cytokine expression 

Macrophages are key players during inflammation. Besides phagocytosis, one of their 

major roles is the secretion of pro- and anti-inflammatory cytokines (Kloc, 2017). 

During acute inflammation, classically activated M1 macrophages produce mostly pro-

inflammatory cytokines like IL-1β, IL-6, IL-8 and TNF-α, while alternatively activated 

M2 macrophages play a more anti-inflammatory role by releasing IL-10, TGF-β and 

Arg1 (Gordon, 2003). In the following, some selected cytokines were analysed after 

glycation or treatment with AGE-FCS. 

 

3.3.1 Expression of IL-1β and involvement of the inflammasome 

IL-1β as pro-inflammatory cytokine is produced by activated monocytes and 

macrophages. It is secreted during infections, inflammatory processes, or microbial 
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invasion, and functions in both systemic and local response mechanisms (Dinarello, 

1998). THP-1 macrophages were treated with 1 mM MGO or 10 % AGE-FCS for 24 h 

and polarized into M1 or M2 phenotype. Gene expression of IL-1β mRNA was 

analysed using qPCR (figure 19 A) and protein secretion was measured in the cell 

supernatant using CBA assay (figure 19 B). M1 macrophages showed a significant 

increase of IL-1β mRNA after glycation with MGO, but not after treatment with AGE-

FCS. For M2 macrophages, no changes in mRNA levels could be observed, both for 

MGO and AGE-FCS treatment. The same effects can be seen on protein levels, MGO 

treatment led to an upregulation of IL-1β in M1 macrophages while all other conditions 

remained unaffected.  

 

Figure 19: Expression of IL-1β after glycation. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS and 
polarized in M1 or M2 phenotype. A) Expression of IL-1β was quantified using qPCR. Data 
was normalized to untreated control cells (Ctrl). Graph showing mean of relative mRNA 
expression + SD of three independent experiments. B) Protein secretion of IL-1β was 
quantified in the cell supernatant using cytometric bead array. Graph showing mean of IL-1β 
concentration (in pg/mL) + SD of three independent experiments. (** p ≤ 0.01) 

 

Due to this increase of IL-1β in M1 macrophages, it needs to be clarified, whether the 

inflammasome is also involved and upregulated. Therefore, expression of caspase-1 

as activator of the inflammasome was analysed using immunoblotting. THP-1 

macrophages were treated with 1 mM MGO or 10 % AGE-FCS and protein samples 

were collected after 4, 8 and 24 h. Caspase-1 protein expression was quantified in 

relation to actin expression against the control cells (figure 20). Figure 20 A shows the 
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relative caspase-1 expression for M1 macrophages after treatment with MGO or AGE-

FCS, figure 20 B shows one representative immunoblot for caspase-1 and actin 

staining. Figure 20 C shows the relative caspase-1 expression for M2 macrophages 

after treatment with MGO or AGE-FCS, figure 20 D shows one representative 

immunoblot for caspase-1 and actin staining. In both phenotypes, there could not be 

any upregulation of caspase-1 detected over time for both treatments, indicating that 

the inflammasome is not influenced by glycation. 

 

Figure 20: Expression of caspase-1 after glycation. 

THP-1 macrophages were incubated with 1 mM MGO or 10 % AGE-FCS for 24 h and 
polarized into M1 and M2 phenotype. Total protein was isolated after 4, 8 and 24 h and 
separated by SDS-PAGE and immunoblotting. Caspase-1 protein expression was detected 
using an anti-caspase-1 antibody (2225) and quantified.  
A) Graph showing mean of relative caspase-1 protein expression + SD of three independent 
immunoblots for M1 macrophages. The caspase-1 signal was quantified related to 
corresponding actin signal and caspase-1 expression of untreated control cells (Ctrl) was set 
to 1. B) Representative caspase-1 immunoblot of M1 macrophages. Second staining with anti-
actin antibody was used as loading control. 
C) Graph showing mean of relative caspase-1 protein expression + SD of three independent 
immunoblots for M2 macrophages. The caspase-1 signal was quantified related to 
corresponding actin signal and caspase-1 expression of untreated control cells (Ctrl) was set 
to 1. D) Representative caspase-1 immunoblot of M2 macrophages. Second staining with anti-
actin antibody was used as loading control. 
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3.3.2 Expression of IL-6 

The pro-inflammatory cytokine IL-6 is mostly produced in response to infections and 

contributes to the host defence by stimulating both the acute phase response and also 

antibody production (Tanaka et al., 2014). THP-1 macrophages were treated with 

1 mM MGO or 10 % AGE-FCS for 24 h and polarized into M1 or M2 phenotype. Gene 

expression of IL-6 mRNA was analysed using qPCR (figure 21 A) and protein secretion 

was measured in the cell supernatant using CBA assay (figure 21 B). M1 macrophages 

showed a significant increase of IL-6 mRNA after glycation with MGO, but not after 

treatment with AGE-FCS. For M2 macrophages, no changes in mRNA levels could be 

observed, both for MGO and AGE-FCS treatment. The same effects can be seen on 

protein level, MGO treatment led to an upregulation of IL-6 in M1 macrophages, 

whereas all other conditions remained unaffected.  

 

 

Figure 21: Expression of IL-6 after glycation. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS and 
polarized in M1 or M2 phenotype. A) Expression of IL-6 was quantified using qPCR. Data was 
normalized to untreated control cells (Ctrl). Graph showing mean of relative mRNA expression 
+ SD of three independent experiments. B) Protein secretion of IL-6 was quantified in the cell 
supernatant using cytometric bead array. Graph showing mean of IL-6 concentration (in 
pg/mL) + SD of three independent experiments. (* p ≤ 0.05, ** p ≤ 0.01) 
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3.3.3 Expression of IL-8 

IL-8 is a pro-inflammatory cytokine that has extensive functions in defensive and 

immune reactions as well as in inflammation (Brat et al., 2005; Harada et al., 1994). 

THP-1 macrophages were treated with 1 mM MGO or 10 % AGE-FCS for 24 h and 

polarized into M1 or M2 phenotype. Gene expression of IL-8 mRNA was analysed 

using qPCR (figure 22 A) and protein secretion was measured in the cell supernatant 

using CBA assay (figure 22 B). M1 macrophages showed a significant increase of IL-

8 mRNA after glycation with MGO, but not after treatment with AGE-FCS. For M2 

macrophages, an increase of IL-8 mRNA could be observed with MGO, but not with 

AGE-FCS treatment. The same effects could be confirmed on protein level, MGO 

treatment led to an upregulation of IL-8 in M1and M2 macrophages, whereas 

macrophages treated with AGE-FCS remained unaffected.  

 

 

Figure 22: Expression of IL-8 after glycation. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS and 
polarized in M1 or M2 phenotype. A) Expression of IL-8 was quantified using qPCR. Data was 
normalized to untreated control cells (Ctrl). Graph showing mean of relative mRNA expression 
+ SD of three independent experiments. B) Protein secretion of IL-8 was quantified in the cell 
supernatant using cytometric bead array. Graph showing mean of IL-8 concentration (in 
ng/mL) + SD of three independent experiments. (* p ≤ 0.05) 
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3.3.4 Expression of TNF-α 

TNF-α is involved in inflammation as a pleiotropic cytokine and is generated by 

macrophages upon cellular activation. It can be seen as a master regulator for the 

production and secretion of pro-inflammatory cytokines (Tracey and Cerami, 1994). 

THP-1 macrophages were treated with 1 mM MGO or 10 % AGE-FCS for 24 h and 

polarized into M1 or M2 phenotype. Gene expression of TNF-α mRNA was analysed 

using qPCR (figure 23 A) and protein secretion was measured in the cell supernatant 

using CBA assay (figure 23 B). M1 macrophages showed a significant increase of 

TNF-α mRNA after glycation with MGO, but not after treatment with AGE-FCS. For M2 

macrophages also an increase of TNF-α mRNA could be observed with MGO but not 

with AGE-FCS treatment. On protein levels the same effects could be detected, MGO 

treatment led to an upregulation of TNF-α in M1and M2 macrophages while 

macrophages treated with AGE-FCS remained unaffected.  

 

 

Figure 23: Expression of TNF-α after glycation. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS and 
polarized in M1 or M2 phenotype. A) Expression of TNF-α was quantified using qPCR. Data 
was normalized to untreated control cells (Ctrl). Graph showing mean of relative mRNA 
expression + SD of three independent experiments. B) Protein secretion of TNF-α was 
quantified in the cell supernatant using cytometric bead array. Graph showing mean of TNF-α 
concentration (in pg/mL) + SD of three independent experiments. (* p ≤ 0.05) 
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3.3.5 Expression of IL-10 

IL-10 is one of the most potent anti-inflammatory cytokines and inhibits the production 

of pro-inflammatory cytokines. It also restrains immune responses and interferes with 

immune cell functions, including those of macrophages (Fiorentino, 1989; Spits and 

Waal Malefyt, 1992). THP-1 macrophages were treated with 1 mM MGO or 10 % AGE-

FCS for 24 h and polarized into M1 or M2 phenotype. Gene expression of IL-10 mRNA 

was analysed using qPCR (figure 24 A) and protein secretion was measured in the cell 

supernatant using CBA assay (figure 24 B). Interestingly, M1 macrophages did not 

show any effect on IL-10 mRNA after glycation with MGO or after treatment with AGE-

FCS. For M2 macrophages, an increase of IL-10 mRNA could be observed with MGO 

but not with AGE-FCS treatment. On protein levels the same effects could be detected, 

MGO treatment led to an upregulation of IL-10 secretion in M2 macrophages while all 

other conditions remained unaffected.  

 

 

Figure 24: Expression of IL-10 after glycation. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS and 
polarized in M1 or M2 phenotype. A) Expression of IL-10 was quantified using qPCR. Data 
was normalized to untreated control cells (Ctrl). Graph showing mean of relative mRNA 
expression + SD of three independent experiments. B) Protein secretion of IL-10 was 
quantified in the cell supernatant using cytometric bead array. Graph showing mean of IL-10 
concentration (in pg/mL) + SD of three independent experiments. (* p ≤ 0.05, ** p ≤ 0.01) 
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3.4 Effect of glycation on phagocytosis 

One major functional role of macrophages is phagocytosis of invaded bacteria, but also 

of cell debris or apoptotic cells. This is important during acute infections as well as 

during tissue remodelling (Stuart and Ezekowitz, 2008). Dysfunction of phagocytosis 

leads to impaired inflammation and also interferes with wound healing processes. 

3.4.1 Phagocytic efficiency 

The phagocytic efficiency of THP-1 macrophages after treatment with 1 mM MGO or 

10 % AGE-FCS and polarization in M1 or M2 phenotype was investigated. A 

phagocytosis assay with pHrodo™ Green E. coli BioParticles™ was performed and 

changes of phagocytic efficiency were calculated and compared to untreated control 

cells (figure 25). Both macrophage phenotypes treated with MGO showed a significant 

decrease of phagocytic efficiency. In comparison, treatment with AGE-FCS did not 

have any significant effects. 

 

 

Figure 25: Phagocytic efficiency after glycation. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS for 24 h 
and polarized in M1 or M2 phenotype. Phagocytosis assay was performed with pHrodo™ 
Green E. coli BioParticles™. Data was normalized to untreated control cells. Graph showing 
mean of phagocytic efficiency + SD of five independent experiments. (* p ≤ 0.05, ** p ≤ 0.01) 
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3.4.2 Glycation of phagocytosis associated surface receptors 

In order to examine, whether the decline of phagocytic efficiency is due to glycation of 

phagocytosis associated surface receptors, IPs of TLR4 were performed. TLR4 is a 

pattern recognition receptor that mediates phagocytosis and cytokine expression in 

macrophages (Vaure and Liu, 2014). Cell lysate of THP-1 macrophages treated with 

1 mM MGO was compared to untreated control cells. IPs were performed with an anti-

TLR4 antibody. Input (= cell lysate), flow through and output were then analysed by 

immunoblotting with an anti-AGE antibody (CML26, figure 26 A) or with the anti-TLR4 

antibody (figure 26 B). One representative immunoblot of three independent 

experiments is shown for both IPs. Anti-TLR4 was used as a control for the IP, while 

anti-AGE was used to visualize glycation of TLR4. Figure 26 B shows the control 

immunoblots with the anti-TLR4 antibody. TLR4 has a predicted molecular mass of 

approx. 95 kDa and appears in the immunoblots in the height of around 100 kDa. In 

the control samples as well as in the MGO treated samples, and increase of TLR4 

signal after the IPs can be detected (lane 3 and lane 6). This validates the performance 

of the IPs with the anti-TLR4 antibody. Figure 26 A depicts the immunoblots with the 

anti-AGE antibody. In the control samples (lane 4 to lane 6) no distinct signal can be 

detected with the anti-AGE antibody. In the samples treated with MGO (lane 1 to 

lane 3), an AGE-signal can be detected in the IP sample (lane 3) at around 100 kDa, 

which correlates with the predicted molecular mass of TLR4. This confirms that TLR4 

is glycated after treatment of the cells with MGO. 
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Figure 26: Detection of glycation of TLR4. 

THP-1 macrophages were glycated with 1 mM MGO for 24 h. 5 mg of cell lysates of MGO 
treated or control cells (Ctrl) were used for IP with an anti-TLR4 antibody. Input (= cell lysate), 
flow through and output of the IP were separated by SDS-PAGE and immunoblotting. Anti-
AGE antibody (CML26, A) was used for detecting glycation of TLR4 (approx. 100 kDa). Anti-
TLR4 antibody was used as a control (B). Depicted blots are representative for three 
independent experiments.  

 

 

3.5 Influence of glycation on macrophage polarization 

Due to the changes in cytokine expression and the decline in phagocytic efficiency 

after glycation with MGO, the question was raised whether glycation could have an 

influence on macrophage polarization. Especially concerning the anti-inflammatory M2 

phenotype, where the secretion of more pro-inflammatory cytokines after glycation 

could be shown. Therefore, the phenotype of macrophages was verified by flow 

cytometry based analysis with a special surface marker and by qPCR based analysis 

of mRNA expression level. 

 

3.5.1 Flow cytometry analysis of surface marker 

The polarization phenotype of macrophages can be verified by antibody-based staining 

of respective surface markers and analysis via flow cytometry. An anti-CD16 antibody 

was used as a general marker for differentiated macrophages and is therefore 
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expressed by M1 as well as M2 macrophages. As a characteristic marker for M1 

phenotype, staining with an anti-CD68 antibody was used. For M2 phenotype, two 

surface markers where characterised, CD209 and CD163 (Duluc et al., 2007; Rőszer, 

2015).  

THP-1 macrophages were treated with 1 mM MGO or 10 % AGE-FCS for 24 h and 

polarized into M1 or M2 phenotype. CD16-staining was performed as an internal 

control for differentiation. One representative experiment out of three is shown in figure 

27. There are no visible differences in the staining of both macrophage phenotypes 

and treatments.  

 

 

Figure 27: Analysis of CD16 in M1 and M2 macrophages. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS for 24 h 
and polarized in M1 or M2 phenotype. Living cells were harvested, stained with an anti-CD16 
antibody (labelled with Alexa Fluor® 647) and analysed using flow cytometry. Representative 
histograms of analysed Alexa Fluor® 647 positive cells are shown for M1 (A) and M2 (B) 
phenotype. 

 

In order to analyse, whether glycation triggers M2 macrophages to shift to the M1 

phenotype, staining with an anti-CD68 antibody was performed. Untreated M1 

macrophages served as a positive control for antibody-staining. One representative 

experiment out of three is depicted in figure 28 A. For all M2 macrophages (control in 

black, MGO treatment in red, AGE-FCS treatment in blue), no significant signal for 

CD68 could be observed compared to the M1 control cells (in orange). When 

comparing M1 macrophages treated with MGO or AGE-FCS to the control, no 
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significant effects could be detected (data not shown). This indicates that M2 

macrophages are not triggered to the pro-inflammatory M1 phenotype by glycation. 

For the analysis of M2 phenotype, staining with CD209 and CD163 was performed. 

Figure 28 B shows one representative experiment out of three for CD209 staining and 

figure 28 C for CD163 staining. In both histograms a clear difference between all M1 

macrophages (control in black, MGO treatment in red, AGE-FCS treatment in blue) 

and the untreated M2 control cells (in orange) can be seen. For M2 macrophages 

treated with MGO or AGE-FCS, no differences to the control cells could be observed 

(data not shown). These staining show that glycation does not trigger M1 macrophages 

to switch to the M2 phenotype. 

 

 

Figure 28: Analysis of polarization marker in M1 and M2 macrophages. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS for 24 h 
and polarized in M1 or M2 phenotype. Living cells were stained with fluorescence-labelled 
antibodies and analysed using flow cytometry. A) Representative histograms of M2 
macrophages stained with M1-marker anti-CD68 (FITC). Untreated M1 macrophages serve as 
positive control. B) Representative histograms of M1 macrophages stained with M2-marker 
anti-CD209 (FITC). Untreated M2 macrophages serve as positive control. C) Representative 
histograms of M1 macrophages stained with M2-marker anti-CD163 (Alexa Fluor® 647). 
Untreated M2 macrophages serve as positive control. 
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3.5.2 qPCR analysis of expression marker 

The polarization phenotype of macrophages can also be verified by expression of 

several cytokines. The M1 phenotype is characterised as IL-12high, IL-23high, IL-10low 

and TGF-βlow, while the M2 phenotype is described as IL-12low, IL-23low, IL-10high and 

TGF-βhigh (Rőszer, 2015). THP-1 macrophages were treated with 1 mM MGO or 10 % 

AGE-FCS for 24 h, polarized into M1 or M2 phenotype and mRNA expression level of 

the cytokines listed above were measured. Expression levels of untreated M2 

macrophages (Ctrl) were always set to 1. There were no significant differences on IL-

12 (figure 29 A) or IL-23 (figure 29 B) expression between M2 control cells and cells 

treated with either MGO or AGE-FCS. M1 control cells, however, show a significantly 

higher expression of both cytokines as expected. No differences of IL-12 and IL-23 

expression levels of M1 cells treated with MGO or AGE-FCS could be observed (data 

not shown). Expression of IL-10 mRNA (figure 29 C) was significantly downregulated 

for all M1 macrophages in comparison to the untreated M2 cells (Ctrl). Also there was 

no significant effect on IL-10 secretion between M1 macrophages treated with MGO or 

AGE-FCS and the untreated control cells (see 3.3.5). Under 3.3.5 it has already been 

shown that MGO treatment led to an upregulation of IL-10 mRNA in M2 macrophages, 

but that AGE-FCS did not have any effect. Concerning TGF-β expression (figure 29 D), 

there was a downregulation of mRNA for all M1 cells compared to the untreated M2 

macrophages (Ctrl). While comparing M1 cells treated with MGO or AGE-FCS to the 

untreated M1 control cells, no effects could be detected (data not shown). There were 

also no differences in TGF-β expression levels between M2 control cells and M2 cells 

treated with MGO or AGE-FCS (data not shown). In summary, this confirms the 

findings under 3.5.1 that glycation does not have an influence on the polarization 

phenotype of macrophages.  
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Figure 29: Analysis of polarization related cytokine expression. 

THP-1 macrophages were glycated with 1 mM MGO or treated with 10 % AGE-FCS for 24 h 
and polarized in M1 or M2 phenotype. Expression of cytokines was quantified using qPCR and 
normalized to untreated M2 cells (Ctrl). A) Expression of IL-12. B) Expression of IL-23. C) 
Expression of IL-10. D) Expression of TGF-β.  
Represented are means of relative mRNA expression + SD of three independent experiments. 
(* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) 
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4 Discussion 

4.1 MGO induces glycation of macrophages 

Glycation is known to negatively affect protein function and maintenance of cellular 

homeostasis. During aging and the progression of several diseases, the accumulation 

of AGE-modified proteins can cause chronic complications and impairments due to 

modification and loss of function of specific proteins or their irreversible accumulation 

throughout the body. In view of the fact that not only glucose and other sugars can 

induce glycation, but also metabolic intermediates like highly reactive carbonyl 

compounds (e.g. MGO, glyoxal or 3-deoxyglucosone), the mechanisms of AGE 

accumulation and modification need to be further investigated. In this thesis, the 

influence of glycation and treatment with AGE-modified proteins of macrophages was 

analysed. 

MGO is a natural inducer of glycation as a metabolic intermediate that is generally 

occurring in the human body. Due to its toxicity in higher concentrations, the body 

developed a special system for the detoxification of MGO, the glyoxalase system 

(Schmoch et al., 2017). In this work, concentrations of MGO from 0.5 up to 2 mM were 

tested initially. It could be shown that with increasing MGO concentrations increased 

band intensities could be detected in immunoblot analyses, correlating with the 

increased formation of AGEs. Although no morphological changes could be observed 

after treatment with up to 1.5 mM MGO for 24 h, metabolic activity of the macrophages 

declined drastically with 1.5 and 2 mM MGO. Additionally, induction of apoptosis could 

be observed using these MGO concentrations for glycation. In other cell lines, for 

example in murine alveolar macrophages, even lower concentrations of MGO (0.4 mM 

and 0.8 mM) were able to induce apoptosis and necrosis (Rachman et al., 2006). Even 

though glycation is stronger after incubation with higher concentrations, 1 mM MGO 

was chosen as final concentration for all following experiments. The same 

concentration was already used in human umbilical vein endothelial cells (Akhand et 

al., 2001), human retinal pigment epithelium cells (Bento et al., 2010) and human 

natural killer cells (Rosenstock et al., 2019). Additionally, it is known that different cells 

can have a different tolerance potential against MGO (Lee and Chang, 2014), so the 

dosage of MGO treatment needs to be investigated for every cell line. Generally, the 

MGO concentrations in the human body vary, depending on the tissues or organs and 

also the time points of measurement. The half-life time of MGO in the human blood is 
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estimated to be around 1 h (Brandt and Siegel, 1978). In human plasma of healthy 

individuals, the concentrations can differ between 330 nM and 550 nM (Han et al., 

2007; Kong et al., 2014; Nemet et al., 2005). For diabetic patients, the MGO plasma 

concentrations vary between 840 nM for diabetes type I (Han et al., 2007) and 910 nM 

for diabetes type II (Kong et al., 2014). In whole blood the concentrations differ slightly, 

they were measured to be around 410 nM for healthy individuals and 740 nM for 

diabetic patients (Nemet et al., 2005). In the serum of elderly patients concentrations 

around 930 nM MGO were measured and could even be associated with increased 

mental decline (Beeri et al., 2011). Nevertheless, local concentrations of MGO can be 

significantly higher at the production site (Kalapos, 2008b). For instance, the MGO 

concentrations tend to be 20 times higher in lenses and 10 times higher in liver and 

kidney compared to those measured in plasma (Thornalley, 1993). In diabetic lens 

samples, the concentrations can even be much higher (Phillips et al., 1993). In 

cerebrospinal fluid samples from AD patients concentrations of around 20 µM could be 

measured (Kuhla et al., 2005). The concentrations that are used for in vitro induction 

of glycation are generally higher, depending on the tissue or cell line that is glycated. 

For example, rat lenses or rat vascular smooth muscle cells were glycated with 

concentrations of around 0.5 mM MGO, while for glycation of human endothelial cells 

1 mM MGO were used. For glycation of murine hepatocytes the concentrations were 

even higher, up to 20 mM MGO were used (summarised in Kalapos, 2008b).  

Due to cultivation conditions of the THP-1 macrophages with 10 % FCS as medium 

supplementation, there is the possibility that MGO treatment leads to glycation of the 

supplemented FCS. Glycated serum proteins could bind to AGE receptors like RAGE, 

which in turn could induce inflammatory responses upon activation (Yan et al., 1994). 

In order to elucidate these effects, an adequate control for effects of glycated serum 

proteins needed to be established. Therefore, FCS was glycated with MGO under the 

same conditions as the cells. Glycation of this so called AGE-FCS was always verified 

prior to use via dot blot analysis with an anti-AGE antibody. Treatment with 10 % AGE-

FCS instead of normal FCS in the culture medium was carried out in all experiments. 

Changes compared to the control cells could not be seen for macrophages treated with 

AGE-FCS in immunoblotting with an anti-AGE antibody (data not shown). 

Binding of AGEs to RAGE is known to induce the intracellular production of ROS 

(Vazzana et al., 2009). For MGO treatment, these effects could be demonstrated, for 

example in peritoneal macrophages of tumour mice an induction of ROS levels could 
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be observed after incubation with MGO (Chakrabarti et al., 2014). In this work, ROS 

levels were also measured after treatment with MGO and AGE-FCS. Both stimuli did 

not enhance the intracellular production of ROS in macrophages in this setup. In diluted 

aqueous solutions, MGO mostly exists in its hydrated form, 56 % in the mono- and 

44 % in the dihydrated form, respectively (McLellan and Thornalley, 1992). This could 

generally reduce the reactivity of MGO supplementation. Besides, MGO is also 

metabolised by the glyoxalase system which inhibits further reactions. This could 

explain why there was no enhanced ROS production in the macrophages after MGO 

treatment compared to the untreated controls. In the samples treated with AGE-FCS, 

no marked increase of ROS production was detectable. This could be due to the 

analysed time points of the ROS measurement. The macrophage samples were 

measured up to 90 min post-loading with the dye (data only shown up to 60 min). This 

should demonstrate a direct ROS induction of the substances the cells were treated 

with. RAGE-mediated ROS production in contrary may take longer than 60 min or 

90 min due to the signal cascade. In rat mesangial cells for example, a clear induction 

of intracellular ROS due to AGE-dependent RAGE activation could be detected after 

48 h (Coughlan et al., 2009).  

 

4.2 RAGE is only activated upon treatment with soluble AGEs 

RAGE is one of the best characterised receptors for AGEs (Ramasamy et al., 2008) 

and is expressed on macrophages as well as other cells of the innate immune system 

(Kierdorf and Fritz, 2013). As already depicted in figure 4 (see 1.1.1.2), binding of 

AGEs to RAGE induces diverse signalling cascades, finally resulting in the dislocation 

of NF-κB into the nucleus and the induction of intracellular ROS. Activation of NF-κB 

stimulates its own expression but also the expression of RAGE (Bierhaus et al., 2005). 

When macrophages are treated with soluble AGEs, an overexpression of RAGE is 

therefore expected. In the case of direct glycation of the macrophages with MGO 

treatment, it was not clear, whether RAGE would be activated and overexpressed. In 

theory, the addition of MGO to the culture medium could lead to glycation of serum 

proteins which then could bind to RAGE and activate signalling. It is not completely 

understood how much of the MGO is entering the cells and how much will remain in 

the medium and is able to react with serum proteins. Therefore, the expression of 

RAGE after glycation and treatment with AGE-FCS was assessed. An overexpression 
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of RAGE on protein levels and on the surface indicates activation of RAGE via its 

positive self-expressing feedback loop (Sun et al., 1998; Tanji et al., 2000). After 

treatment of macrophages with AGE-FCS, a significant upregulation of RAGE on 

protein level was measured and could be confirmed in flow cytometry via antibody 

staining of living cells. After treatment with MGO, no effects on RAGE expression could 

be detected either in immunoblotting or with flow cytometry. This is an indicator that if 

there is glycation of serum proteins after addition of MGO to the culture medium, the 

influence on RAGE activation is not given. Still, the activation of NF-κB needs to be 

examined in order to verify these findings. NF-κB is also a downstream target of LOX-

1, another receptor for AGEs, but it has already been demonstrated that it rather binds 

oxidised low-density lipoproteins than AGE-modified proteins, e.g. AGE-modified BSA 

(Shiu et al., 2012). Therefore, expression of NF-κB can be correlated to RAGE 

activation in this experimental setup. The expression of NF-κB on protein levels was 

analysed after glycation or treatment with AGEs. While incubation with AGEs led to an 

increased expression of NF-κB, indicating its activation feedback loop (Bierhaus et al., 

2005), treatment with MGO did not have any effects on NF-κB protein levels. This leads 

to the conclusion that only treatment with AGEs but not glycation itself leads to RAGE 

activation and overexpression. These experiments were needed in order to distinguish 

between effects caused by binding of AGEs to specific receptors on the cell surface or 

by direct glycation of cellular proteins. It has already been demonstrated that some 

specific AGE-structures are able to induce RAGE activation and signalling in human 

peripheral blood monocytes (Takahashi et al., 2009). Although these AGE-structures 

were derived from incubation of BSA with glyceraldehyde-3-phosphate or 

glycolaldehyde, it cannot be excluded that MGO derived AGE-structures are not 

recognised by RAGE and activate signalling. At least for macrophages activation of 

RAGE with MGO derived AGEs could be demonstrated in this work.  
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4.3 Glycation has an influence on cytokine expression 

Macrophages, in their function as key players during inflammation, are responsible for 

the secretion of pro- and anti-inflammatory cytokines, depending on their polarization 

phenotype or tissue specificity (Gordon, 2003; Kloc, 2017). The following table (figure 

30) summarises the findings on cytokine expression after glycation or AGE-treatment 

for M1 and M2 macrophages. The summarised findings represent data from mRNA 

and protein analyses, because the same effects could be observed in both 

experimental setups. The cytokines that are upregulated are highlighted in green 

colour.  

 

 

Figure 30: Table of analysed cytokines. 

 

In M1 macrophages, all analysed pro-inflammatory cytokines (IL-1β, IL-6, IL-8 and 

TNF-α) are upregulated after glycation, while there is no visible effect after treatment 

with AGE-FCS. The expression of anti-inflammatory cytokine IL-10 is not affected in 

both conditions. Regarding M2 macrophages, only pro-inflammatory cytokines IL-8 

and TNF-α are upregulated after glycation, while AGE-FCS also has no effect on these 

cytokines. Although M2 macrophages already express high amounts of this anti-

inflammatory cytokine, a further upregulation of IL-10 could be detected after glycation, 

but not after treatment with AGEs.  

 M1 macrophages M2 macrophages 

glycation AGE-treatment glycation AGE-treatment 

IL-1β ↑ no effect no effect no effect 

IL-6 ↑ no effect no effect no effect 

IL-8 ↑ no effect ↑ no effect 

TNF-α ↑ no effect ↑ no effect 

IL-10 no effect no effect ↑ no effect 
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IL-1β is produced by activated monocytes and macrophages and is secreted during 

infections, inflammatory processes or microbial invasion. It functions in both systemic 

and local response mechanisms (Dinarello, 1998). For maturation of pro-IL-1β into the 

mature protein, secretion and activation if caspase-1 is needed (Martinon et al., 2002; 

Tschopp et al., 2003). This involves the activation of the inflammasome. IL-1β is further 

suggested to block the induction of M2 phenotype during normal healing processes. 

Increased concentrations of IL-1β were already demonstrated in diabetic wounds and 

were correlated with a positive feedback loop that sustains the pro-inflammatory 

macrophage phenotype observed in poorly healing wounds (Mirza et al., 2013). Other 

studies also showed increased IL-1β expression in murine tumour macrophages after 

MGO treatment (Chakrabarti et al., 2014; Pal et al., 2009). Here, an overexpression of 

IL-1β was detected in M1 macrophages, which corroborates these studies. Although 

increased concentrations of IL-1β were measured, an involvement of the 

inflammasome could not be confirmed. Expression of caspase-1 was investigated via 

immunoblotting after glycation or treatment with AGE-FCS. In either M1 or M2 

phenotype no differences were detected between the different conditions. During 

infections it is known that activation of caspase-1 increases its expression due to a 

positive feedback loop (Kumaresan et al., 2016). Since caspase-1 is directly activated 

by the inflammasome, a higher expression of caspase-1 would indicate an increased 

activation of the inflammasome pathway (Blander, 2014), which could not be detected 

in this experimental setup. 

IL-6 is produced as response to infections, immune reactions and host defence 

mechanisms (Kishimoto, 1989; Tanaka et al., 2014). It was first described as B-cell 

stimulatory factor 2 due to its ability to activate the differentiation of B-cells into 

antibody producing cells (Kishimoto, 1985). Although its expression is strictly regulated 

via transcriptional and posttranscriptional pathways, continual overproduction of IL-6 

can be found in the pathology of chronic inflammation and also autoimmunity (Tanaka 

et al., 2014). After glycation, an increase of IL-6 could be detected in M1 macrophages, 

but not after incubation with AGE-FCS. This could be an indicator for excessive and 

uncontrolled inflammation reactions after glycation of cellular proteins. It correlates with 

the observed overexpression of other pro-inflammatory cytokines, like IL-1β, IL-8 and 

TNF-α. M2 macrophages in contrary remained unaffected after glycation as well as 

after treatment with soluble AGEs. 
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IL-8 has extensive functions in immune and defensive reactions as well as in 

inflammation (Brat et al., 2005; Harada et al., 1994). It is highly expressed by activated 

M1 macrophages and turned off during resolution (Italiani and Boraschi, 2014; Tarique 

et al., 2015). The increased IL-8 concentrations, which were shown in M1 

macrophages after glycation, could therefore indicate a prolonged inflammation phase. 

Also, an upregulation of IL-8 in M2 macrophages could be detected upon glycation. 

M2 macrophages should only produce low levels of IL-8, though (Duluc et al., 2007; 

Rőszer, 2015). This could give a hint that glycation of macrophages triggers the anti-

inflammatory phenotype to a more pro-inflammatory, which impairs proper function of 

these macrophages.  

TNF-α is a pleiotropic cytokine and can be seen as a master regulator for the 

production and secretion of pro-inflammatory cytokines (Tracey and Cerami, 1994) and 

is mostly produced by activated macrophages (Olszewski et al., 2007). It is able to 

induce inflammation, sepsis and fever and can inhibit virus replication and 

tumorigenesis. On the other hand, TNF-α is also able to induce apoptosis via activation 

of caspases and needs to be regulated strictly (Rath and Aggarwal, 1999). In M1 

macrophages, overexpression of TNF-α contributes to the pro-inflammatory activation 

of glycation that was already observed by the overexpression of IL-1β, IL-6 and IL-8. 

In M2 macrophages, it indicates a severe change in their anti-inflammatory phenotype. 

Secretion of TNF-α during remodelling phase of wound healing can promote tissue 

damage and induce apoptosis of the renewed cells. 

IL-10 is one of the most potent anti-inflammatory cytokines. It is able to inhibit pro-

inflammatory cytokine production, restrain immune response and interfere with 

immune cell functions, including those of macrophages (Fiorentino, 1989; Spits and 

Waal Malefyt, 1992). Expression of IL-10 is known to reduce M1 macrophage 

activation and also increases M2 activation (Villalta et al., 2011). Even though no 

changes of IL-10 secretion could be seen in M1 macrophages, the overexpression of 

pro-inflammatory cytokines like IL-1β, IL-6, IL-8 and TNF-α could mask the effects of 

IL-10 on the polarization-switch in vivo. If these pro-inflammatory cytokines remain in 

the wounds during remodelling phase, basal expression levels of IL-10 could not be 

sufficient to trigger the switch to the anti-inflammatory M2 phenotype. Regarding the 

data for the M2 phenotype, IL-10 expression was upregulated after glycation. This 

could be the effect of upregulation of pro-inflammatory cytokines IL-8 and TNF-α, which 

possibly trigger M2 macrophages to shift to a more pro-inflammatory phenotype. IL-10 
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overexpression could therefore indicate a self-regulating reaction of the cells to stay in 

their anti-inflammatory phenotype.  

To summarise, it is obvious that glycation has an influence on cytokine secretion of 

both macrophage phenotypes. Mostly, pro-inflammatory cytokines are overexpressed 

and can contribute to disturbed wound healing processes that can be seen in diabetic 

and elderly patients. Although incubation with AGE-FCS leads to the activation of 

RAGE and NF-κB, no changes in cytokine secretion could be demonstrated in this 

work. In contrary, it has been shown by others that activation of RAGE and its signalling 

cascade can upregulate the production of pro-inflammatory cytokines and chemokines 

in monocytes and macrophages, for instance such as IL-1β (Kierdorf and Fritz, 2013). 

This indicates that the different expression levels after treatment with MGO are due to 

glycation of the cells and no results of RAGE signalling.  

 

4.4 Phagocytic efficiency is reduced upon glycation 

As professional phagocytes, one of the major roles of macrophages is phagocytosis. 

Besides removal of microbes and invading bacteria during acute infections, they also 

engage and clear up cell debris and apoptotic cells during tissue remodelling (Stuart 

and Ezekowitz, 2008). Even though the overexpression of pro-inflammatory cytokines 

indicates prolonged inflammation reactions, a reduction of phagocytic efficiency was 

detected for M1 as well as M2 macrophages after glycation. This finding could have 

an impact on impaired wound healing as well. On the one hand, this can be an 

important factor regarding impaired clearance rates of invading microbes during the 

inflammation phase (Gundra et al., 2014). If clearance of microbes is delayed or 

disturbed, the inflammation phase will be prolonged and infections can be more severe 

when microbes reproduce in the wounds. On the other hand, reduced phagocytosis 

can interfere with tissue remodelling, when cell debris and apoptotic cells are not 

removed properly (Kotwal and Chien, 2017). In general, dysfunction of wound healing 

processes is also known to increase the formation of scar tissue (Wynn and Vannella, 

2016). In contrary, treatment with AGE-FCS did not have any influence on phagocytic 

efficiency. Therefore the question arises whether glycation of surface proteins could 

be the reason for reduced phagocytosis after treatment with MGO. In order to analyse 

this, IPs of TLR4 were performed. TLR4 is one of the most characterised TLR (Vaure 
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and Liu, 2014) and is known to regulate phagocytosis in macrophages (Anand et al., 

2007). Glycation of TLR4 could be confirmed in macrophages treated with MGO. This 

result, as well as the surface staining with anti-AGE antibody (figure 10), proofs that 

surface glycation could be the reason for reduced phagocytosis. If surface receptors 

are glycated, the binding affinity of the ligands can be influenced. For the high affinity 

tyrosine kinase receptor, it has already been demonstrated that glycation reduces its 

binding ability to the nerve growth factor by the factor of three (Bennmann et al., 2015). 

It has also been shown that glycation of substrates, for example the low-density 

lipoprotein, can lead to impaired recognition of the corresponding receptor 

(Steinbrecher and Witztum, 1984). In the case analysed in this work, reduced 

phagocytic efficiency can only be correlated with receptor glycation. The E.coli 

particles used in the phagocytosis experiments were not exposed to MGO and were 

therefore not glycated.  

On the contrary, TLRs are important for the secretion of IL-6 and a loss of their binding 

affinity due to glycation could negatively influence the expression of IL-6. Especially 

TLR4 is known to recognise LPS and induce the production of IL-6 mRNA by activation 

of its transcription factors (Tanaka et al., 2014). Nevertheless, an increased expression 

of IL-6 mRNA could be demonstrated after glycation (see 3.3.2), at least in the M1 

phenotype. However, it is known that IL-1β and TNF-α are also able to activate 

transcription factors that induce the production of IL-6 (Tanaka et al., 2014). Therefore, 

an overexpression of IL-6 mRNA after glycation can be associated to the 

overexpression of IL-1β and TNF-α that has been demonstrated (see 3.3.1 and 3.3.4) 

and does not directly exclude the dysfunction of TLRs after glycation. 

 

4.5 Glycation has no influence on macrophage polarization 

The polarization switch of macrophages from the pro- to the anti-inflammatory 

phenotype plays an important role in wound healing (Mantovani et al., 2004; Martinez 

et al., 2009). In diabetic wounds it has already been shown that the phenotype switch 

of macrophages seems to be affected (Yan et al., 2018). The resident macrophages 

also tend to remain predominantly in the pro-inflammatory M1 phenotype (Baltzis et 

al., 2014; Falanga, 2005; Loots et al., 1998). In order to analyse whether glycation has 

an influence on the polarization phenotype, the phenotypes of M1 and M2 
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macrophages were characterised after glycation or treatment with AGE-FCS. Two 

different methods were applied; the phenotype was first verified with staining of specific 

cell surface marker in flow cytometry, like CD68 for M1 phenotype and CD163 and 

CD209 for M2 phenotype (Duluc et al., 2007; Rőszer, 2015). Next, expression 

analyses of specific phenotype-related cytokines by qPCR were carried out, like IL-12, 

IL-23, IL-10 and TGF-β. Normalised to the expression of the M0 macrophages, the M1 

phenotype is characterised as IL-12high, IL-23high, IL-10low and TGF-βlow, while the M2 

phenotype is described as IL-12low, IL-23low, IL-10high and TGF-βhigh (Rőszer, 2015). 

However, with both methods, the same results were obtained. Neither glycation nor 

treatment with soluble AGEs led to a phenotype switch of macrophages from M1 to M2 

or from M2 to M1 phenotype. For the switch from M1 to M2 phenotype, this can 

apparently be correlated with the overexpression of pro-inflammatory cytokines. The 

macrophages are intensified in their pro-inflammatory expression profile. For M2 

macrophages, a glycation-triggered switch from M2 to M1 would be expected due to 

the untypical high expression of pro-inflammatory cytokines (IL-8 and TNF-α). The 

enhanced secretion of IL-10 seems to be beneficial for keeping the macrophages in 

their anti-inflammatory phenotype. It is known that IL-10 is able to inhibit M1 

macrophage activation and promote M2 activation (Villalta et al., 2011). Even if 

glycation itself does not induce a phenotype switch in the M2 macrophages, it could 

still explain the pro-inflammatory environment of the diabetic wounds. Nevertheless, 

the exposure time of the macrophage phenotypes to the glycating agent is limited in 

this setup. Therefore, it cannot be excluded completely, whether longer incubation 

times with MGO, for example over years or decades in diabetic patients, could be able 

to induce a polarization switch of macrophages in wounds.  
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5 Summary 

Glycation and the accumulation of AGEs are known to have negative effects during 

aging as well as in several disease models. Especially in diabetes, high concentrations 

of MGO and elevated glycolysis rates lead to their accumulation. Regarding impaired 

wound healing in diabetic and elderly patients, it is known that macrophages play a 

pivotal role, but the concrete mechanisms underlying their dysfunction are still not 

completely elucidated. Based on the findings, that wound healing is impaired in 

diabetes as well as during the aging process as such, the influence of glycation and 

AGEs on macrophages should be investigated in this thesis. For first investigations, 

THP-1 macrophages were treated with different concentrations of MGO in order to 

induce glycation. A positive correlation between MGO concentrations and intensity of 

glycation could be detected. It could also be verified that surface proteins were glycated 

as well as intracellular proteins. Next, the metabolic activity and the induction of 

apoptosis by MGO treatment were investigated. It could be shown that only 

concentrations above 1 mM MGO (e.g. 1.5 mM and 2 mM MGO) were able to reduce 

metabolic activity of the macrophages and induce apoptosis. In order to differentiate 

between effects of glycation and effects of soluble AGEs that bind to their receptors 

and induce signalling (e.g. RAGE), macrophages were also treated with AGE-FCS in 

the experimental setups. It could be shown that AGE-FCS activated RAGE, which 

resulted in overexpression of RAGE as a positive feedback loop. An overexpression 

of NF-κB could also be seen after RAGE activation and indicates activation of NF-κB. 

Treatment with MGO instead did not result in RAGE or NF-κB activation. These 

experiments were crucial in order to exclude if the effects of glycation come from AGE-

formation in the medium or can be directly related to glycation of cellular proteins. For 

activation analyses of macrophages, the expression of pro- and anti-inflammatory 

cytokines was investigated on mRNA as well as on protein level after glycation or 

treatment with AGE-FCS. An overexpression of pro-inflammatory cytokines IL-1β, IL-

6, IL-8 and TNF-α was detected after glycation of M1 macrophages, indicating 

prolonged inflammation phases. In M2 macrophages, pro-inflammatory cytokine IL-8 

and TNF-α where overexpressed as well as anti-inflammatory cytokine IL-10. In both 

phenotypes, AGE-FCS did not have an influence on cytokine expression. These data 

demonstrate that glycation triggers even anti-inflammatory macrophages to secrete 

more pro-inflammatory cytokines. Next, also functional abilities of macrophages were 

analysed. Their phagocytic efficiency was measured after glycation or treatment with 
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AGEs. In M1 and M2 macrophages, phagocytosis was reduced after glycation while 

AGEs did not have any influence. This demonstrates that even though the cells are 

pro-inflammatory active, their ability to remove microbes or cell debris is decreased. 

This can also lead to prolonged inflammation phases. It could be verified that receptors 

important for phagocytosis, like TLR4, are glycated after treatment with MGO. This 

could explain why phagocytosis is reduced, because glycated receptors are known to 

have lower binding affinities to their substrates. As another point, the polarization 

phenotype of macrophages was verified after glycation and treatment with AGEs. 

Although both macrophage phenotypes seem to be pro-inflammatory stimulated by 

glycation, a switch in their polarization state could not be demonstrated. Taken all this 

together, this thesis shows that glycation indeed has an influence on macrophage 

activation and triggers them to a more pro-inflammatory behaviour. These findings 

could therefore contribute to the understanding of disturbed wound healing during 

diabetes as well as during normal aging.  
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