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2 Summary/Zusammenfassung 

Furan occurs as heat-induced contaminant in a variety of thermally treated foods and was 

categorized as hepatotoxic and possibly carcinogenic to humans (IARC 2B). The formation of 

furan in food is frequently accompanied by co-occurrence of various furan analogues that 

include, for example, 2-methylfuran, 3-methylfuran, 2,5-dimethylfuran, 2-ethylfuran or 

2-pentylfuran. In contrast to furan, far less is known regarding the metabolism or potential 

toxicity of these alkylfurans. However, due to their structural similarity and frequent co-

occurrence, alkylfurans may contribute significantly to the overall dietary furan exposure and 

to an increased risk for consumers. Analogue to furan, cytochrome-P450 (CYP)-catalyzed 

metabolic activation to highly reactive cis-enedial intermediates is expected to play a central 

role for the potential toxicity of alkylfurans. In the context of this project, we investigated the 

metabolic activation of 2-methylfuran in metabolically competent cells. It was demonstrated 

that 2-methylfuran is metabolically activated in vitro to the respective reactive intermediate 

3acetylacrolein by quantification of corresponding Nα-acetyl-L-lysine adducts in cell 

supernatants. In addition, CYP2E1 was identified as the main contributor to the metabolic 

activation of 2-methylfuran. Although, 3-acetylacrolein has shown to be capable of reacting 

with DNA bases in silico, corresponding DNA adducts could not be detected in in vitro 

experiments, indicating that formed 3-acetylacrolein reacts primarily with cytosolic proteins. 

Within the scope of these in vitro experiments, no direct genotoxicity of 2-methylfuran could be 

confirmed. In the case of 2,5-dimethylfuran, experiments with human liver microsomes 

confirmed a previous hypothesized side-chain hydroxylation of 2,5-dimethylfuran to 5-methyl-

2-furfuryl alcohol for the first time. However, a comparable biotransformation of 2-methylfuran 

and 3-methylfuran to the corresponding primary alcohols could not be observed. Subsequently, 

CYP2E1 was identified as the CYP-isoform that catalyzes the hydroxylation of 

2,5-dimethylfuran. Besides the CYP-mediated hydroxylation it could be shown that 

2,5-dimethylfuran can be metabolized to the reactive cis-enedial intermediate 

cis-3-hexene-2,5-dione by CYP2E1 but also CYP3A4 and CYP2D6, respectively. By parallel 

quantification of 5-methyl-2-furfuryl alcohol and cis-3-hexene-2,5-dione after scavenging with 

glutathione it was possible to deduce the respective formation kinetics in human liver 

microsomes and CYP-isoenzyme systems. The kinetic data indicated that the metabolic 

activation of 2,5-dimethylfuran to the reactive metabolite cis-3-hexene-2,5-dione represents 

the main route of biotransformation, whereas the parallel side-chain hydroxylation is less 

pronounced.  

Furan tritt als hitzeinduzierte Kontaminante in einer Vielzahl von thermisch behandelten 

Lebensmitteln auf und gilt sowohl als hepatotoxisch als auch möglicherweise kanzerogen für 

den Menschen (IARC 2B). Die Bildung von Furan in Lebensmitteln geht häufig mit dem 



 

3 
 

gleichzeitigen Auftreten verschiedener Furananaloga wie 2-Methylfuran, 3-Methylfuran, 

2,5-Dimethylfuran, 2-Ethylfuran oder 2-Pentylfuran einher. Im Gegensatz zu Furan ist über das 

Vorkommen in Lebensmitteln, den Metabolismus oder die potenzielle Toxizität dieser 

Alkylfurane noch immer wenig bekannt. Aufgrund ihrer strukturellen Ähnlichkeit und ihres 

gemeinsamen Auftretens in Lebensmitteln wird jedoch vermutetet, dass Alkylfurane 

möglicherweise erheblich zur Furanexposition und damit zu einem entsprechend erhöhten 

Risiko für Verbraucher beitragen könnten. Analog zu Furan geht man davon aus, dass eine 

Cytochrom-P450 (CYP)-katalysierte metabolische Aktivierung zu hochreaktiven cis-Enedial 

Metaboliten eine zentrale Rolle für die potenzielle Toxizität dieser Verbindungen spielt. Im 

Rahmen dieses Projekts wurde zum einen die metabolische Aktivierung von 2-Methylfuran in 

metabolisch kompetenten Zellen untersucht. Durch Quantifizierung der entsprechenden 

Nα-Acetyl-L-Lysin-Addukte in Zellüberständen konnte hierbei gezeigt werden, dass 

2-Methylfuran in vitro zu dem entsprechenden Zwischenprodukt 3-Acetylacrolein metabolisiert 

wird. Darüber hinaus wurde CYP2E1 als wichtigste CYP-Isoform für die metabolische 

Aktivierung von 2-Methylfuran identifiziert. Obwohl 3-Acetylacrolein in der Lage war in silico 

mit DNA-Basen zu reagieren, konnten in vitro keine entsprechenden DNA-Addukte 

nachgewiesen werden, was darauf hindeutet, dass gebildetes 3-Acetylacrolein primär mit 

zytosolischen Proteinen reagiert bevor es den Zellkern erreicht. Im Rahmen dieser 

Experimente konnte somit keine direkte Genotoxizität von 2-Methylfuran in vitro nachgewiesen 

werden. Für die Verbindung 2,5-Dimethylfuran konnte in Experimenten mit humanen 

Lebermikrosomen erstmals eine zuvor nur postulierte Seitenkettenhydroxylierung von 

2,5-Dimethylfuran zu 5-Methyl-2-furfurylalkohol gezeigt werden. Ein vergleichbarer 

Metabolismus der Methylfurane 2- und 3-Methylfuran zu den korrespondierenden Alkoholen 

konnte jedoch nicht beobachtet werden. Neben der CYP-vermittelten Hydroxylierung wurde 

gezeigt, dass 2,5-Dimethylfuran primär durch CYP2E1, aber auch durch CYP3A4 und 

CYP2D6 zum reaktiven cis-Enedial-Zwischenprodukt cis-3-Hexen-2,5-dion metabolisiert 

werden kann. Durch parallele Quantifizierung von 5-Methyl-2-furfurylalkohol und cis-3-Hexen-

2,5-dion nach Abfangen mit Glutathion konnte die jeweilige Bildungskinetik in menschlichen 

Lebermikrosomen und CYP-Isoenzymsystemen abgeleitet werden. Dabei konnte gezeigt 

werden, dass die metabolische Aktivierung von 2,5-Dimethylfuran zum reaktiven Metaboliten 

cis-3-Hexen-2,5-dion den Hauptweg der Biotransformation darstellt, während die parallele 

Seitenkettenhydroxylierung deutlich weniger effizient verläuft. 
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3 Scientific work and results report 

3.1 Initial questions and objectives 

The heat-induced contaminant furan is formed in a variety of thermally processed foods and 

was classified as potential human carcinogen (IARC 2B) by the International Agency for 

Research on Cancer (IARC, 1995). Furthermore, furan was identified as primary hepatotoxic 

and moderately nephrotoxic in different in vivo studies (NTP, 1993). Based on these findings 

the Panel on Contaminants in the Food Chain (CONTAM) of the European Food Safety 

Authority (EFSA) concluded that dietary exposure to furan might pose a significant risk for 

different consumer groups (Knutsen et al., 2017). The formation of furan in thermally processed 

food products is often accompanied by occurrence of different furan analogues like 2-

methylfuran (2-MF), 3-methylfuran (3-MF), 2,5-dimethylfuran (DMF), 2-ethylfuran (2-EF) or 

2-pentylfuran (2-PF). For example, 2-MF was detected in brewed coffee samples in a mean 

concentration of 172.0 µg/kg, thus even exceeding the determined furan concentrations of 

38.7 µg/kg. 3-MF was only present in comparably low concentrations of 6.4 µg/kg (Becalski et 

al., 2016). DMF was reported as the most abundant alkylfuran in canned foods as well as 

commercially available baby foods, with detected mean concentrations of 67.0 and 

153.1 µg/kg, respectively (Habibi et al., 2013; Fromberg et al., 2014). The reported hepatoxicity 

and potential carcinogenicity of furan is expected to be primarily attributed to its CYP-mediated 

metabolic activation to the reactive cis-enedial intermediate cis-butene-1,4-dial (BDA), which 

can form various adducts with cellular nucleophiles, including DNA (Fig. 1; Peterson et al., 

2005; Byrns et al., 2002). A comparable metabolic activation is also presumed for the 

methylfurans 2-MF, 3-MF and DMF, resulting in formation of the corresponding reactive 

metabolites 3-acetylacrolein (AcA), methylbutenedial and cis-hexene-2,5-dione (HDO; 

Ravindranath et al., 1984; Chen et al., 1995; Wang et al., 2015).  

 

Fig.1: CYP2E1-catalyzed metabolic activation of furan. Epoxidation at the aromatic double bond results in an intramolecular 

rearrangement and formation of the reactive cis-enedial intermediate BDA. Formed BDA can subsequently react with cellular 

nucleophiles like glutathione, DNA or proteins.  

Based on their reported co-occurrence in foods and comparable toxicity in rodent studies, the 

EFSA CONTAM panel concluded that methylfurans might contribute significantly to overall 

dietary furan exposure and an increased risk for different consumer groups. However, the 

EFSA CONTAM panel referred to major uncertainties in the preliminary risks assessment, as 
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data on methylfurans, especially regarding their biotransformation, potential genotoxicity, and 

human exposure are still very limited (Knutsen et al., 2017). 

Since biotransformation is expected to play an essential role in toxicity of methylfurans, our 

project focused on elucidating the human biotransformation of 2-MF, 3-MF, and DMF. In this 

context, the metabolic activation, comparable to furan, was examined in selected in vitro 

system. Subsequently, the reactivity of the respective metabolites against physiologically 

relevant nucleophiles like amino acids, glutathione (GSH), and DNA was investigated. In 

addition to the metabolic activation, a hypothesized hydroxylation at the alkyl moiety as an 

alternative metabolic pathway for methylfurans was approved. A further aim of our research 

was to identify the phase-I enzymes involved in hepatic biotransformation and if possible, 

derive the formation kinetics of the respective adducts or metabolites. 

3.2 Description of project-relevant results 

3.2.1 In vitro metabolic activation of 2-MF and reactivity of AcA against amino 

acids 

CYP-mediated metabolic activation and subsequent formation of reactive cis-endedial 

intermediates is expected to play a central role in toxicity of furan and alkylfurans. Since 

different amino acid adducts have already been identified for the furan-derived BDA, it was 

investigated whether AcA, formed after metabolic activation of 2-MF is capable of analogue 

adduct formation in vitro with the overall aim to identify potential biomarkers of exposure and 

effect. Initially the capacity of Nα-Acetyl-L-lysine (AcLys) and N-Acetyl-L-cysteine (AcCys) as 

potential scavengers for the highly reactive AcA was investigated in chemico. For both amino 

acid derivates a rapid concentration dependent formation of the corresponding AcLys-AcA and 

AcCys-AcA adduct was observed, identifying both agents as suitable scavengers for 

subsequent experiments. Based on these findings, AcLys-AcA and AcCys-AcA were 

synthesized as analytical standards including isotopically labeled ones to develop an UHPLC-

ESI-MS/MS method for detection and quantification of potentially formed adducts in vitro. In 

subsequent experiments with human and rat liver microsomes the concentration- and time-

dependent metabolic activation of 2-MF to AcA by microsomal enzymes could be confirmed. 

In addition, experiments with Supersome™ human CYP-isoenzyme systems were performed 

to identify which isoforms catalyzed the metabolic activation of 2-MF. From a range of CYP-

isoforms, most relevant for hepatic phase-I metabolism, a relevant adduct formation was only 

observed for CYP2E1. Based on these results it could be concluded that CYP2E1 is the main 

contributor to AcA formation, analogous to the metabolic activation of furan to BDA. In the 

second step, it was verified whether the observed metabolic activation of 2-MF and resulting 

formation of respective AcA-adducts with amino acids is also a relevant mechanism in a 

metabolically competent cell system. Therefore, primary rat hepatocytes were isolated and 
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subsequently incubated with 2-MF in a time- and concentration-dependent manner. Although, 

AcCys-AcA adducts were absent in cell supernatants of primary rat hepatocytes, a significant 

time- and dose-dependent formation of AcLys-AcA was observed (Fig. 2).  

 

Fig. 2: Metabolic activation of 2-MF by CYP2E1 to the reactive cis-enedial intermediate AcA. The formation of AcLys-AcA formed 

after reaction of AcA with cellular lysine residues was monitored in vitro after incubations with 2-MF.  

The experiments confirmed that 2-MF is indeed metabolically activated to the reactive 

metabolite AcA in a hepatic cell system. Furthermore, the detection of AcLys-AcA adducts, 

possibly derived from protein degradation, indicates that AcA can react with cellular proteins 

and might therefore serve as potential biomarker for 2-MF exposure in future in vivo 

experiments.  

3.2.2 Investigations regarding the reactivity of AcA against DNA  

Since it was unclear if AcA, formed via metabolic activation of 2-MF may act as a direct 

genotoxic agent its reactivity against DNA was investigated. In a first step, three adducts of 

AcA with the DNA bases adenine, guanine, and cytosine (Fig. 3) as well as corresponding 

isotope-labeled standards were synthesized to subsequently develop an UHPLC-ESI-MS/MS 

method for quantifying the adducts using stable isotope dilution analysis (SIDA) (thymidine did 

not form an adduct). 

 

Fig.3: Structures of 2′-deoxyadenosine (dA) AcA, 2′-deoxyguanosine (dG)-AcA, and 2′-deoxycytosine (dC)-AcA, identified after 

incubation of 3-acetylarolein (AcA) with respective DNA-bases in chemico.  

Initially the reactivity of AcA against isolated DNA from primary rat hepatocytes was 

investigated. In this context, a significant time and dose-dependent formation of all three DNA-

adducts was observed in chemico. Subsequently, a suggested in vitro formation was examined 

in metabolically competent primary rat hepatocytes after incubation with 2-MF. However, no 
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formation of DNA adducts up to the limit of quantification (0.05 nM) was observable. These 

findings show that AcA has the intrinsic capacity to form DNA adducts by reacting with the 

exocyclic amino groups of different DNA bases. However, in vitro potentially formed AcA is 

expected to react primarily with cytosolic amino acids and proteins. Therefore, our experiments 

do not support a postulated direct genotoxicity of AcA in vitro. 

3.2.3 Investigations on the side-chain hydroxylation as an alternative 

metabolic pathway for methylfurans 

In the addition to the investigated metabolic activation, CYP-mediated side-chain hydroxylation 

at the alkyl moiety was hypothesized to represent an alternative biotransformation pathway for 

alkylfurans. Initially, it was verified if microsomal enzymes catalyze the postulated side-chain 

hydroxylation of DMF, and if the potentially formed alcohol is subject to further enzymatic 

oxidation (Fig. 4). Therefore, a GC-MS method for quantification of 5-methyl-2-furfuryl alcohol 

(MFA), 5-methyl-2-furfural (MFF) and 5-methyl-2-furancarboxylic acid (MFC) in human 

microsomal preparations after derivatization was established and validated. In experiments 

with human liver microsomes, significant time- and dose-dependent conversion from DMF to 

the primary alcohol MFA could be observed, confirming the hydroxylation of alkylfurans as 

additional metabolic pathway for the first time. However, only minimal concentrations of the 

further oxidized metabolites MFF and MFC were detected in microsomal systems, indicating 

that subsequent oxidation of MFA may be catalyzed primarily by cytosolic enzymes. Since it 

was expected that the demonstrated side-chain hydroxylation is not only relevant for DMF but 

also for close structural analogues like 2-MF and 3-MF a broader GC-MS method was 

established to quantitate the respective primary alcohols 2-furfuryl alcohol (2-FA) and 3-furfuryl 

alcohol (3-FA) in microsomal supernatants. In the context of these experiments, no 

metabolization of 2-MF to 2-FA and 3-MF to 3-FA by microsomal enzymes could be confirmed, 

indicating that efficient CYP-mediated hydroxylation of the alkyl moiety appears to represent a 

biotransformation pathway specific to DMF. Overall, these findings indicate significant 

differences in hepatic biotransformation and consequent toxicity of different alkylfurans, 

despite their structural similarities. 

 

Fig.4: Investigated phase-I metabolism of DMF. CYP-catalyzed metabolic activation of DMF results in formation of the cis-enedial 

metabolite HDO. After scavenging of the reactive HDO with glutathione and the generated GSH-HDO adduct was quantified by 
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HPLC-ESI-MS/MS. As an alternative metabolism pathway, the CYP-catalyzed side-chain hydroxylation of DMF to the primary 

alcohol MFA was monitored by GC-MS. 

 

3.3 Kinetic studies on the phase-I metabolism of DMF  

Since the CYP-mediated hydroxylation was identified as a relevant biotransformation pathway 

for DMF in human liver microsomes, subsequent experiments focused on elucidating the in 

vitro formation kinetics of the primary alcohol MFA and identification of the involved CYP-

isoforms. In addition, the metabolic activation of DMF to the reactive intermediate HDO was 

investigated using an analogous experimental design to directly compare the formation kinetics 

of these two phase-I metabolites of DMF. Due to the suggested high reactivity, HDO was 

scavenged using GSH as physiologically relevant scavenger (Fig. 4). 

Subsequently, an HPLC-ESI-MS/MS method was established and validated to quantify 

GSH-HDO in microsomal supernatants by SIDA. For this purpose the GSH-HDO adduct and 

the corresponding stable isotope-labeled standard were synthesized and characterized. 

Kinetic experiments in human liver microsomes indicated that the metabolic activation to the 

reactive metabolite HDO is the primary route of biotransformation for DMF. In contrast, the 

parallel side-chain hydroxylation to the primary alcohol MFA was significantly less efficient. 

CYP2E1 was identified as the key CYP isoform for both reactions using recombinant CYP-

isoenzyme systems. However, CYP3A4 and CYP2D6 were also identified to contribute to 

metabolic activation of DMF to HDO. The obtained kinetic data on the metabolization of DMF 

by the individual CYP-isoforms indicated that especially at physiologically relevant DMF 

concentrations, CYP2E1 is the primary enzyme that mediates the metabolic activation of DMF 

followed by CYP3A4. The contribution of CYP2D6 to the formation of HDO was comparatively 

low. Nonetheless, contribution of CYP2D6 to the formation of HDO might be relevant for some 

individuals, since CYP2D6 activity is known to vary significantly in populations. The kinetic data 

on metabolization of DMF to MFA in CYP2E1 isoenzyme systems further supported the 

assumption that metabolic activation of DMF to HDO is the main route of hepatic 

biotransformation for DMF and that the parallel side-chain hydroxylation is expected to play a 

comparatively minor role at physiologically relevant concentrations.  
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3.4 General remarks 

In the frame of our research we have investigated the phase-I metabolism of 2- and 3-

dimethylfuran and 2,5-dimethylfuran. Due to Covid-19 crisis and problems in delivery of 

chemicals and other reagents and due to excessive establishment of analytical methods 

including the synthesis of isotopically labeled standards, enzyme kinetic studies and others, 

we were not able to investigate other alkylfurans such as 2-ethyl- or 2-pentylfuran here. We 

have demonstrated that 2-MF is metabolised to GSH, lysine and cysteine conjugates but is not 

oxidised at the methyl group, unlike 2,5-DMF, which produces MFA, MFF and MFC. 

Additionally, HDO is formed from 2,5-DMF via the phase I cytochrome P450 2E1, which further 

reacts with GSH and AcCys. Thus, we are now in a position to answer several important 

questions related to the metabolism of 2-MF and 2,5-DMF. However, the metabolism of 2-EF 

and 2-PF compounds is still unknown.  
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In total we have published most of our results in international peer-reviewed journals and 

presented our data worldwide at conferences. Our research data are available for interested 

colleagues (third party use). The data are stored at the RPTU university server system (not 

publicly available). On demand we are pleased to offer our raw data to interested colleagues. 

As most data are published in open access yet the methods and data are publicly available.  
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