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Chapter 1 

General introduction  



 

1.1 Mineral oil  

Petroleum derived mineral oils are produced from crude oil through atmospheric and vacuum 

distillation at temperatures between 300°C and 600°C (IARC 1984, Concawe 2012) (Figure 1).  

The presence of 3- to 7-ring Polycyclic Aromatic Compounds (PACs) in mineral oils may lead to 

potentially genotoxic compounds and induce carcinogenicity (Mackerer, Griffis et al. 2003). The 

presence of undesirable carcinogenic PACs is therefore reduced or fully eliminated from mineral 

oils by refining processes, such as acid treatment, solvent extraction or catalytic hydrotreatment. 

The efficacy of these processes can be examined by the IP346 method (Concawe 1994, Carrillo, 

van der Wiel et al. 2019). The remaining aromatics in the refined mineral oils are highly alkylated 

1- to 2-ring compounds that are generally considered safe for use in consumer products. Mineral 

oil applications in food production or in pharmaceuticals or cosmetic products use such highly 

refined and non-carcinogenic mineral oils, which are generally referred to as highly refined base 

oils (HRBOs) or white mineral oils and contain extremely low levels of aromatics. Mineral oils are 

UVCBs (substances of Unknown or Variable composition, Complex reaction products and 

Biological materials) by EU law (ECHA 2011) since they are constituted by large numbers of 

hydrocarbons. The actual composition of mineral oils varies, depending on the source of the oil 

and the manufacturing processes to yield the required physico-chemical specifications. The 

hydrocarbons in mineral oils could be described as PINA: Paraffin, Iso-Paraffin, Naphthenic or 

Aromatic, in other words, normal, iso- and cycloalkanes or aromatics. More specifically, paraffin 

and iso-paraffin are branched and unbranched alkanes; naphthenes consist of cycloalkanes, mainly 

cyclopentanes and cyclohexanes, alkylated and non-alkylated, mono-, di- and higher saturated ring 

systems; aromatics include non-substituted and alkyl-substituted mono-, di- and higher aromatic 

ring systems. 



 

 

Figure 1. Mineral oil production process from crude oil (Concawe 2012, Carrilo, van der Wiel et 

al. 2019) 

 

1.2 Mineral oil hydrocarbons  

The consumption of mineral oil hydrocarbons via food and other sources is a potential safety issue 

(EFSA 2012). Although mineral oil applications in foods are regulated by the Joint FAO/WHO 

Expert Committee on Food Additives (JECFA) and European Food Safety Agency (EFSA) 

(JECFA 1995, Regulation 2010, Regulation 2011), mineral oil hydrocarbons present in food could 

originate from contamination or from mineral oils intentionally used in food production. Mineral 

oil hydrocarbons are hydrocarbons containing 10 to about 50 carbon atoms that do not include the 

naturally occurring hydrocarbons in food, nor polyolefin oligomeric hydrocarbons from plastic 

packaging or synthetic isoparaffins with short and long side chains (Bratinova 2019). The 

terminology of ‘mineral oil saturated hydrocarbons’ (MOSH) and ‘mineral oil aromatic 

hydrocarbons’ (MOAH) was defined based on chromatographic analyses. The terms do not 



 

necessarily describe actual materials such as mineral oil products or even specific hydrocarbons, 

but refer to an overall analytical detection of hydrocarbons in the food matrix. Linear and branched 

saturated alkanes (paraffins) and predominantly alkylated cycloalkanes (naphthenes) are classified 

as MOSH and non-substituted and alkyl-substituted aromatic hydrocarbons are categorized as 

MOAH (Figure 2).  

 

Figure 2. Chemical structure of some MOSH and MOAH (Chain 2012). Symbol R represents alkyl 

substituted side chain. 

Monitoring of mineral oil hydrocarbons in foods, by analytical separation into MOSH and MOAH, 

in the frame of Commission Recommendation (EU) 2017/84, could be achieved by using online-

Liquid Chromatography (LC)-Gas Chromatography(GC)-Flame ionization detection (FID), off-

line High Performance Liquid Chromatography (HPLC)-GC-FID or off-line separation of 

MOSH/MOAH followed by GC-FID (Bratinova 2019). The current chromatographic analyses 

allow the characterization of MOSH/MOAH by integration of the hump for different molecular 

weight regions, presented as cutoff fractions based on carbon number (BfR 2012). The Joint 

Research Centre (JRC) report suggested that MOSH has been analyzed routinely, while the MOAH 

fraction has not been monitored analytically until 2009 (Biedermann, Fiselier et al. 2009, Bratinova 



 

2019). Chromatographic analysis of MOSH/MOAH in food was proposed with a method based on 

sample epoxidation and/or enrichment followed with an online-LC-GC-FID measurement 

(Biedermann, Fiselier et al. 2009). Based on this method, total levels of MOSH/MOAH in edible 

oil and food samples contaminated with mineral oil could be characterized (Figure 3). JRC 

presented examples of MOSH/MOAH chromatograms obtained from online LC-GC analysis in 

rice samples with levels of 7.8mg/kg and 1.6mg/kg for total MOSH and MOAH (Figure 4).  

 

Figure 3. Chromatograms of mineral oil contaminated samples of refined olive oil and olive 

pomace oil that show detection of MOSH and MOAH (Biedermann, Fiselier et al. 2009).  

 



 

 

Figure 4. Chromatograms of MOSH/MOAH analysis with LC-GC in rice sample from JRC 

guideline (Bratinova 2019) 

The MOAH fraction consists mainly of substituted aromatic hydrocarbons (Grob, Biedermann et 

al. 1991), but may also comprise unsubstituted polycyclic aromatic hydrocarbons (PAHs), some of 

which are also potential genotoxic carcinogens. This thesis focuses on compounds that may be 

present in MOAH since MOAH was prioritized over MOSH by the National Institute for Public 

Health and the Environment (RIVM) based on their potential mutagenic and carcinogenic 

properties.  

 

1.3 Occurrence of MOAH 

The presence of mineral oil in food may originate from intentional use in the food production or 

environmental contamination. The main sources of mineral oil presence in foods identified by 

EFSA include food contact materials, contaminants, food additives, processing aids, pesticides, 

and other uses. Quantification of MOAH in food samples indicated a background exposure to 

MOAH accounting for 15-30 % of the total mineral oil hydrocarbons (EFSA 2012). Sunflower oil 

originating from Ukraine adulterated with high levels of mineral oils as a food fraud raised concerns 

of public health upon consumption of mineral oil in foods. Analytical measurement of 18 

adulterated sunflower oil samples indicated 17 to 37 % MOAH of the total hydrocarbons present 



 

(Biedermann and Grob 2009). Among the 18 samples, remarkably high concentration of MOAH, 

with 1800mg/kg sample, was found in the most contaminated adulterated sunflower oil sample. 

From the survey studies on mineral oil in foods in two Member States, 4.5 mg/kg and 17 mg/kg 

MOAH was found in noodles as average and maximum concentration, respectively (EFSA 2012). 

Food surveys published by Foodwatch in 2015 and 2016 indicated the presence of MOAH ranging 

from 0.6 to 1.5 mg/kg in a series of food stuffs, including cereal products, cacao powder, chocolate 

products, pasta, and rice sampled from France, the Netherlands, and Germany (Foodwatch 2015, 

Foodwatch 2016, Foodwatch 2016). According to Foodwatch, MOAH was detected in 8 out of the 

16 samples of infant and follow-up formula in France, the Netherlands, and Germany in a range of 

0.5-3.0 mg/kg (Foodwatch 2019). A study conducted in China also reported that 7 out of 51 infant 

formula samples contained MOAH, with concentrations of 0.8 to 1.7 mg/kg (Sui, Gao et al. 2020). 

A Belgian market survey of mineral oil in food showed that 23 out 217 packed food samples 

contained high concentration of MOAH, ranging from 0.6 to 2.24 mg/kg (Van Heyst, Vanlancker 

et al. 2018). Edible oils were also reported to contain MOAH such as cocoa butter, sunflower oil 

and palm oil (Stauff, Schnapka et al. 2020). A survey from Food Standards Australia New Zealand 

(FSANZ) suggested that MOAH in food packaging was detected with concentrations ranging from 

11 to 9600 mg/kg in 90% of the 56 samples analyzed, while 92% of these 56 food samples 

contained MOAH at or lower than the Limit of Quantification (LOQ) of 10 mg/kg (FSANZ 2018).  

 

1.4 Current risk assessment on MOAH 

The aromatic hydrocarbons in the food chain that have been studied and evaluated are generally 

pyrogenic PAHs that can be formed at higher temperatures and during combustion (EFSA 2008). 

Some PAHs are known to be genotoxic carcinogens in experimental animals and have been listed 



 

as priority aromatic hydrocarbons for risk assessment upon dietary consumption in human by the 

Scientific Committee on Food (SCF) (Table 1). In contrast, the PAHs present in petroleum-derived 

products, including mineral oils, are typically highly alkylated, and referred to as petrogenic PAHs. 

Petrogenic PAHs are currently barely studied (Concawe 2017). The petrogenic PAHs in food which 

are not alkylated (‘naked’) or only methylated are potentially mutagenic and carcinogenic as 

suggested by EFSA (2012). The possible genotoxicity and carcinogenicity of MOAH and its 

occurrence in foods makes it an emerging topic of concern in modern food safety.  

Table 1. PAHs that were selected by the SCF, the Grimmer Institute and EPA with cancer 

classification according to IARC (Boogaard 2012). 

Name 
IARC 

classification 
SCF Grimmer EPA Structure 

Benzo[a]pyrene  1 + + +  

Acenaphthene 3 - _ + 
 

Acenaphthylene - - _ + 
 

Anthracene 3 - + + 
 

Benz[a]anthracene 2B + + + 
 

Benzo[b]fluoranthrene 2B + + + 
 

Benzo[j]fluoranthrene 2B + + - 
 



 

Benzo[k]fluoranthrene 2B + + + 
 

Chrysene 2B + + + 
 

Cyclopenta[cd]pyrene 2A + + - 
 

Dibenz[a,h]anthracene 2A + + + 
 

Fluorene 3 - - + 
 

Phenanthrene 3 - + +  

Naphthalene 2B - - +  

Pyrene 3 - + +  

Benzo[g,h,i]perylene 3 + + +  

Dibenzo[a,e]pyrene 3 + - - 
 

Dibenzo[a,h]pyrene 2B + - - 
 

dibenzo[a,i]pyrene 2B + - - 
 

dibenzo[a,l]pyrene 2A + - - 
 

Indeno[1,2,3-cd]pyrene 2B + + +  

5-Methyl-chrysene 2B + - -  



 

Limited comparable studies on the Absorption, Distribution, Metabolism and Excretion (ADME) 

of non-alkylated and related methylated PAHs in experimental animals or human have been 

reported. Phenanthrene, anthracene, benzo[a]pyrene (B[a]P) and 2,6-dimethylnaphthalene (DMN), 

7,12-dimethylbenz[a]anthracene (DMBA) are readily absorbed through the intestine of rats (Laher, 

Rigler et al. 1984, Rahman, Barrowman et al. 1986) indicating that methyl substitution of these 

PAH has limited influence on their gastrointestinal absorption. PAHs are highly lipophilic 

compounds that distribute over all lipid-rich tissues (IPCS 1998). Similarly, in another study 

substituted PAHs including 1,6-DMN and 7,12-DMBA were shown to distribute into adipose 

tissue, liver, kidney and other examined tissues (Flesher 1967, Kilanowicz, Sapota et al. 2002). It 

is expected that a similar distribution pattern will be observed for other alkylated aromatic 

hydrocarbons. Metabolic activation of aromatic hydrocarbons to reactive metabolites is essential 

for their genotoxic and potentially carcinogenic effects as well as their developmental toxicity. 

Metabolic studies on some short-chain alkylated naphthalene and 7,12-DMBA suggested that 

short-chain alkylated MOAH are metabolized by cytochrome P450 (CYP) enzymes via alkyl side 

chain hydroxylation to alcoholic metabolites and/or aromatic ring oxidation to phenols and diols. 

Some of the formed metabolites reflect bioactivation and are involved in the toxicities of the alkyl 

substituted PAHs. For example, the 3,4-dihydrodiol of 7,12-DMBA was proved to be a proximate 

carcinogenic metabolite in rodents (Wislocki, Gadek et al. 1980). The metabolites from CYP 

mediated metabolism can be subsequently conjugated via glucuronidation and sulfation and 

excreted via urine and feces.  

Genotoxicity of mineral oil can be assessed with the so-called modified Ames test that was 

specially developed to test the mutagenicity of petroleum-derived base oils, which are essentially 

mineral oils (Blackburn, Deitch et al. 1986, Concawe 2012, ASTM 2014). Mineral oils are 



 

extracted with DMSO to concentrate the polycyclic organic compounds into the DMSO prior to 

the reverse mutation assay (Natusch and Tomkins 1978). Studies on mineral oil extracts and 

mineral oil fractions in the modified Ames test and DNA adduct formation suggested that the 

genotoxicity of petroleum substances is mainly induced by 3- to 7-ring aromatics (Roy, Johnson et 

al. 1988, Ingram, Scammells et al. 1994, Ingram, Phillips et al. 1995, Ingram, Phillips et al. 2000, 

Mackerer, Griffis et al. 2003). Dermal carcinogenicity induced by mineral oil has been 

demonstrated in mouse skin painting assay  (Twort and Twort 1931, Smith, Sunderland et al. 1951, 

Roy, Johnson et al. 1988, Blackburn, Roy et al. 1996). A highly significant correlation was found 

between the mutagenicity index (MI) and dermal carcinogenicity in mouse skin-painting bioassays 

(Concawe 2012), therefore the modified Ames test is considered a predictive indicator for 

carcinogenic petroleum derived products. 

Since MOAH is not a distinct chemical entity, dose-response data for carcinogenicity via oral route 

exposure cannot be obtained. Current hazard evaluation of the MOAH fraction is based on the 

carcinogenicity observed for individual non-alkylated PAHs and alkylated PAHs via inhalation 

and oral exposure in experimental animals. Several in vivo studies on the carcinogenicity of non-

substituted PAHs in experimental animals are available. For a number of them IARC considered 

the available evidence sufficient to classify them as probable (IARC Class 2A) or possible (IARC 

Class 2B) carcinogens, including Benz[a]anthracene (BaA), benzo[b]fluoranthene, 

benzo[j]fluoranthene benzo[k]fluoranthene, chrysene (CHR), cyclopenta[cd]pyrene, 

dibenz[a,h]anthracene, dibenzo[a,h]pyrene, dibenzo[a,i]pyrene, dibenzo[a,l]pyrene, indeno[1,2,3-

cd]pyrene (IP) and 5-methyl-chrysene (Table 1). In addition, B[a]P was classified as a human 

carcinogen (IARC Class I). Some evidence for carcinogenic potential of alkylated aromatic 

hydrocarbons has been summarized in Table 2. 



 

In addition, developmental toxicity is of concern for some petroleum substances associated with 

the presence of PACs, in particular polycyclic aromatic hydrocarbons (PAHs), in these products. 

Heavy and poorly refined petroleum substances, with a substantial amount of 3- to 7-ring PAHs 

are able to induce developmental toxicity in experimental animals (Feuston and Mackerer , Feuston, 

Kerstetter et al. 1989, Feuston, Low et al. 1994, Hoberman, Christian et al. 1995, Feuston, Hamilton 

et al. 1996). In contrast, petroleum substances containing no PAHs and no aromatics, e.g. highly 

refined base oil (HRBO) and synthetic analogues of petroleum substances such as gas-to-liquid 

(GTL) products tested negative in prenatal development toxicity studies (Mobil 1987, Boogaard, 

Carrillo et al. 2017). Thus, developmental toxicity as observed with some heavier petroleum 

substances has been associated with the presence of mainly 3- to 7-ring polycyclic aromatic 

hydrocarbons (PAHs), in these products (Murray, Roth Rn Fau - Nicolich et al. , Tsitou, Heneweer 

et al. 2015, Kamelia, Louisse et al. 2017). 

 

 



 

Table 2. An overview of in vivo studies of alkylated aromatic hydrocarbons that showed carcinogenic potential in experimental animals 

Compound Species Exposure Dose Cancer endpoint Reference 

1-methylnaphthalene Male B6C3F1 mice 81 weeks diet 0, 750, 1500 mg/kg 
Lung adenomas and 

adenocarcinoma (benign) 
(Murata, Denda et al. 1993) 

2-methylnaphthalene Male B6C3F1 mice 81 weeks diet 0, 750, 1500 mg/kg 
Lung adenomas and 

carcinoma (benign) 
(Murata, Denda et al. 1997) 

1,4-dimethylphenanthrene Crl:CD/l (ICR)BR 

mice 
10 days skin 0.3mg Skin tumor initiator (LaVoie, Bedenko et al. 1982) 

4,10-dimethylphenanthrene 

7-methylbenzanthracene; 

8-methylbenzanthracene; 

12-methylbenzanthracene; 

6-methylbenzanthracene; 

9-methylbenzanthracene; 

7,12-DMBA 

Crl: CD-1 mice 21 weeks skin 7, 24, 97µg* Skin tumor initiator (Wislocki, Fiorentini et al. 1982) 

7,12-DMBA hr/hr Oslo mice 80weeks skin 51.2µg Skin tumor initiator (Iversen 1989) 

1-Methyl-B[a]P; 

2-Methyl-B[a]P; 

3-Methyl-B[a]P; 

4-Methyl-B[a]P; 

5-Methyl-B[a]P; 

6-Methyl-B[a]P; 

11-Methyl-B[a]P; 

12-Methyl-B[a]P; 

Female Sencar mice 15weeks Skin 53µg* Skin tumor initiator (Iyer, Lyga et al. 1980) 

1,2-Dimethyl-B[a]P 

1,6-Dimethyl-B[a]P 

3,6-Dimethyl-B[a]P 

4,5-Dimethyl-B[a]P 

*marked doses were recalculated as mass (µg) from the moles (nmol)



 

The risk characterization for genotoxic carcinogens is commonly based on the Margin of Exposure 

(MOE) approach (EFSA 2005). To calculate the MOE a Reference Point (RP) such as the lower 

confidence limit of the benchmark dose causing 10% tumor incidence above background values 

(BMDL10) or a T25 (dose causing 25% tumor incidence) can be used as point of departure. The 

CONTAM Panel characterized the risk of the “naked” PAHs in food using the MOE calculated for 

marker PAHs such as B[a]P, PAH2 (sum of B[a]P and chrysene), PAH4 (PAH2 plus two other 

model PAHs) or PAH8 (PAH4 plus 4 other model PAHs) (EFSA 2008). The MOE values for the 

four categories of PAH were calculated from the dietary exposure to consumers and the BMDL10 

values derived from carcinogenicity studies on two coal tar mixtures described by Culp et al. (Culp, 

Gaylor et al. 1998, EFSA 2008). The resulting MOEs for the average consumers were higher than 

10,000 indicating a low concern for consumer health. With respect to high consumer exposure to 

the four categories of PAHs, the MOEs were close or lower than 10,000 indicating a potential 

health concern. However, dose response data on the carcinogenicity of neither MOAH nor mineral 

oils are available to derive a BMDL10 or T25. Due to the potential risk of exposure to MOAH for 

the general public, the CONTAM Panel considered exposure to MOAH via food to be of concern 

based on the possible carcinogenic risk. 

As a risk management action, the Federal Ministry of Food and Agriculture of Germany submitted 

recently a proposal to regulate MOAH in foods and food contact materials to the World Trade 

Organization (WTO) (FMFA 2021). It entails a restriction of the presence of MOAH in the scope 

of food contact paper, paperboard or cardboard made of recycled paper to a level of less than 0.5 

mg/kg of food and 0.15 mg/kg of food simulants.  



 

1.5 Aim of this thesis and underlying hypotheses 

Considering that the lack of toxicological data prevents a proper risk assessment of alkylated PAH, 

which are representative constituents of MOAH, the aim of the present project is to obtain a better 

insight in (1) the relative metabolic bioactivation and detoxification and (2) the genotoxic potential 

of naked versus alkylated PAHs that may be present in mineral oils, and (3) to develop 

physiologically-based kinetic (PBK) model facilitated quantitative in vitro-in vivo-extrapolation 

(QIVIVE) models for selected PAHs to provide a basis for risk assessment of MOAH using new 

approach methodologies (NAMs).  

More than 98% of MOAH are highly alkylated aromatic hydrocarbons that have been barely 

studied (Grob, Biedermann et al. 1991), therefore the current assessment on MOAH is based on 

the non-substituted PAHs. One of the well-known genotoxic and carcinogenic PAHs is B[a]P that 

has been extensively studied in vitro and in vivo. B[a]P is known to be bioactivated to a bay region 

dihydrodiol-epoxide, characterized as (+) anti-B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE) that is 

DNA reactive and induces carcinogenicity (Sims, Grover et al. 1974, Jerina, Sayer et al. 1980) 

(Figure 5). In addition, a bioactivation pathway for the observed in-vivo prenatal developmental 

toxicity of B[a]P was proposed to be associated with its metabolism to 3-hydroxy-B[a]P mediated 

by P450 enzymes (Bui, Tran et al. 1986, Archibong, Inyang et al. 2002, Kamelia, de Haan et al. 

2020). However, it is not clear if alkyl substitution of B[a]P and PAHs in general will result in the 

same metabolic pathway and toxicities including genotoxicity, carcinogenicity and developmental 

toxicity as observed for the naked analogues.  



 

 

Figure 5. Proposed metabolic activation pathways of B[a]P for genotoxicity, carcinogenicity and 

developmental toxicity. Schematic view of questions on toxicities that may be induced by alkyl 

substitution of B[a]P as an example of alkylated PAHs  

Although on thermodynamic grounds it is expected that alkylated PAH will undergo oxidative 

metabolism on the alkyl side chains rather than on the condensed aromatic rings - thus facilitating 

their excretion rather than their bioactivation to DNA reactive metabolites - there are regulatory 

concerns that alkylated PAH pose a greater genotoxic hazard than naked PAHs. For example, when 

alkyl substitution of PAH introduces fake bay region(s) (Figure 6), it is hypothesized that the 

presence of extra “fake” bay region(s) may increase the genotoxic potential of PAHs.  



 

 

Figure 6. Demonstration of “fake” bay region with an example of alkyl substituted B[a]P. R = 

alkyl side chain 

 

1.6 Model compounds  

To investigate the relative balance between detoxification and bioactivation upon metabolism, in 

the present thesis the oxidative metabolism of naked PAH was compared to that of the 

corresponding alkylated compounds. To this end, individual PAHs and their alkylated congeners 

were tested. Although metabolic activation of PAHs proceeds by oxidation directly on the aromatic 

ring, alkylated PAH can also undergo metabolic activation on the alkyl group (Myers, Ali et al. 

2007, Flesher and Lehner 2016). This may affect their ultimate (geno)toxic and carcinogenic 

potential. Most studies on metabolic activation of alkylated PAHs available so far focused on 

mono-methylated compounds (Flesher and Lehner 2016, Huang, Mesaros et al. 2017). Metabolism 

of longer chain mono- and poly-substituted PAHs has not yet been investigated despite the fact 

that these compounds are the predominant aromatics present in mineral oils on the EU market and 

represent most of the MOAH fraction. There is some evidence that the substitution position, ring 

number and chain length of short-chain alkylated PAHs indeed may affect the metabolic activation 

and as a consequence influence the potential for (geno)toxicity of the compound (Hecht, Amin et 

al. 1985, Flesher and Lehner 2016).  



 

High-priority PAHs have been designated by the EU SCF, the USA Environmental Protection 

Agency (EPA) and the Grimmer Institute (Grimmer, Jacob et al. 1997, Lerda 2011). These PAH 

have been listed with their cancer classification according to IARC (IARC 2010) in Table 1 

(Boogaard 2012). Naphthalene, phenanthrene and B[a]P and their alkyl substituents were selected 

as model compounds based on structural and biological interests. Naphthalene is a two-ring 

aromatic hydrocarbon (Table 1) listed as a priority aromatic by the EPA. Based on its 

carcinogenicity observed in animals and insufficient human data, naphthalene was classified as 

possibly carcinogenic to humans (Group 2B) by IARC. Despite the lack of genotoxic potential, 

naphthalene and its alkyl substituents are good model compounds to study the oxidative 

metabolism pattern of PAHs as alkyl substituted 1- and 2-ring aromatics are highly abundant in 

highly refined mineral oils. Custom-synthesized hexyl- and commercially available methyl-, ethyl- 

and dodecyl- naphthalenes were investigated for their oxidative metabolism (Table 3). 

Phenanthrene is a three-ring PAH with a bay region, prioritized by the EPA and the Grimmer 

Institute. Phenanthrene itself was found to be non-genotoxic and classified as a Group 3 carcinogen 

by IARC based on inadequate data in experimental animals (Table 1). However, it is the smallest 

PAH with a bay region which makes phenanthrene and its alkylated analogues interesting for 

studies of possible metabolic activation and mutagenicity. Therefore, phenanthrene, commercially 

available methyl-substituted phenanthrenes as well as custom-synthesized 1-n-hexyl and 1-n-

dodecyl substituted phenanthrenes were selected as model compounds (Table 3). B[a]P is a five-

ring PAH that has been extensively studied in the past decades and was prioritized by the SCF, the 

Grimmer institute and the EPA and was classified by IARC as a Group 1 carcinogen (Table 1). 

Bioactivation leading to mutagenicity, carcinogenicity and developmental toxicity have been 

reported in experimental animals as well as in in vitro bioassays and may also be relevant to human 

(Yang, McCourt et al. 1977, Gelboin 1980, Kamelia, de Haan et al. 2020). B[a]P and twelve of its 



 

monomethyl substituted analogues showed positive mutagenic potential upon bioactivation in 

bacterial reverse mutation studies (Peilu Chui 1982, Santella, Kinoshita et al. 1982, Utesch, Glatt 

et al. 1987). To investigate the effect of methyl substitution that introduces artificial bay region(s) 

in B[a]P on its metabolism and mutagenic potential, four methyl substituted congeners of B[a]P,  

3-, 6-, 7- and 8-methyl-B[a]P, were selected as model compounds (Table 3). In addition, custom 

synthesized 3-n-hexyl- and 3-n-dodecyl-B[a]P were included as model compounds to investigate 

the effect of chain length on the metabolic oxidation of alkylated PAHs (Table 3).  

Table 3. Non-substituted (‘naked’) and alkyl-substituted aromatic hydrocarbons selected as model 

compounds for the present thesis 

Chemical name and 

structure 

CAS 

number 
Boiling point 

Molecular 

weight 
Formula 

2-ring non-substituted and alkyl-substituted aromatic hydrocarbons in Chapter 2 

naphthalene 

 

91-20-3 217.9°C 128.17g/mol C10H8 

1-methyl-naphthalene 

 

90-12-0 240-243°C 142.2 g/mol C11H10 

2-methyl-naphthalene 

 

91-57-6 241.1°C 142.2 g/mol C11H10 

1-ethyl-naphthalene 

 

1127-76-0 258.6 °C 156.22 g/mol C12H12 

2-ethyl-naphthalene 

 

939-27-5 258 °C 156.22 g/mol C12H12 

1-n-hexyl-naphthalene 

 

2876-53-1 322 °C 212.33 g/mol C16H20 



 

1-n-dodecyl-naphthalene 

 

38641-16-6 415°C 296.49 g/mol C22 H32 

3-ring non-substituted and alkyl-substituted PAHs in Chapter 3 

phenanthrene 

 

85-01-8 340°C 178.23 g/mol C14H10 

1-methyl-phenanthrene 

 

832-69-9 354-355°C 192.26 g/mol C15H12 

2-methyl-phenanthrene 

 

2531-84-2 353°C 192.26 g/mol C15H12 

3-methyl-phenanthrene 

 

832-71-3 350°C 192.26 g/mol C15H12 

9-methyl-phenanthrene 

 

883-20-5 354°C 192.26 g/mol C15H12 

2-ethyl-phenanthrene 

 

2531-84-2 363°C 206.28 g/mol C16H14 

9-ethyl-phenanthrene 

 

3674-75-7 364°C 206.28 g/mol C16H14 

9-ethyl-10-methyl-

phenanthrene 

 

17024-02-1 381°C 220.31 g/mol C17 H16 

1-n-hexyl-phenanthrene 

 

- 415°C 262.39 g/mol C20H22 



 

1-n-dodecyl-phenanthrene

 

- 491°C 346.55 g/mol C26H34 

5-ring non-substituted and alkyl-substituted PAHs in Chapter 4 

benzo[a]pyrene 

 

50-32-8 495°C 252.31 g/mol C20H12 

6-methyl-benzo[a]pyrene 

 

2381-39-7 510°C 266.33 g/mol C21H14 

7-methyl-benzo[a]pyrene 

 

63041-77-0 510°C 266.33 g/mol C21H14 

8-methyl-benzo[a]pyrene 

 

63041-76-9 510°C 266.33 g/mol C21H14 

3-methyl-benzo[a]pyrene 

 

16757-81-6 510°C 266.33 g/mol C21H14 

3-n-hexyl-benzo[a]pyrene 

 

- - 336.5 g/mol C26H24 

3-n-dodecyl-benzo[a]pyrene

 

- - 420.6 g/mol C32H36 

 

The physical properties of the selected model aromatic hydrocarbons vary based on the ring number 

and alkylation degree (Figure 7). The selected naphthalene, phenanthrene, B[a]P and their alkyl 

substituents may bind to plastics which makes Eppendorf tubes unsuitable as experimental 

containers. The aromatic hydrocarbons with low ring number such as naphthalene and its alkylated 

analogues are highly volatile compounds with high vapor pressure in spite of their relatively high 

boiling points. The aromatic hydrocarbons with longer alkyl-substituents, such as n-hexyl- and n-



 

dodecyl- side chains have low solubility in Dimethylsulfoxide (DMSO). Tetrahydrofuran (THF) is 

a less polar solvent than DMSO and can dissolve aromatics with longer alkyl-substituents to allow 

their testing in in vitro bioassay systems. Last but not the least, some 5-ring aromatic hydrocarbons, 

such as B[a]P and its congeners and lower ring number aromatic hydrocarbons with a long alkyl 

side chain may bind to microsomal protein. All these characteristics have to be taken into account 

when designing the experiments described in the present thesis. In the next sections it is described 

in some more detail how this was done. 

 

Figure 7. Properties of the selected aromatic hydrocarbons to be considered when defining the 

experimental conditions for the in vitro studies of the present thesis 

 

1.7 Methodology 

1.7.1 Microsomal incubations 

The oxidative metabolism of the non-substituted aromatic hydrocarbons for which alkylated 

(methylated) counterparts are available (Table 3) were tested by incubation with rat and human 

hepatic microsomes, both with and without a metabolic activation system present. The model 

compounds comprised non-substituted and alkyl-substituted 2-ring, 3-ring and 5-ring aromatic 

hydrocarbons. Attention was given to the nature of the alkyl chain since this was expected to be an 

important factor influencing the metabolic pathways. Glass vials or glass tubes were used for 

incubation. Under atmospheric pressure and with an incubation temperature of 37°C, the glass 



 

experimental containers were capped to prevent evaporation of  the test compounds with low ring 

number. DMSO was used as the solvent for the alkyl-substituted naphthalene, phenanthrene and 

B[a]P with side chain lengths up to C3. THF was selected as the solvent for hexylated and 

dodecylated naphthalene, phenanthrene and B[a]P. The binding between microsomal protein and 

some selected aromatic hydrocarbons interferes with detection of the test compounds and their 

metabolites in the incubation mixture. Therefore, organic solvent extraction with diisopropylether 

(DIPE) was applied to break the binding between the test compounds and the microsomal proteins.  

The test compound concentration-dependent formation of the oxidative metabolites in the 

incubation mediated by cytochrome P450 enzymes from rats and human were measured and 

characterized based on Michaelis-Menten kinetics. Due to the complex properties of the selected 

model compounds, the incubation was performed using two approaches (Figure 8a). In the first 

approach, centrifugation was applied to incubation mixtures of naphthalene and phenanthrene and 

their alkylated analogues with side chain lengths up to C3. After the incubation mixture was 

incubated for the optimized time, the glass vials were placed into plastic tubes that could be 

centrifuged. The supernatant of the incubation mixture was analyzed using Ultra Performance 

Liquid Chromatography (UPLC). In the second approach, extraction with the organic solvent DIPE 

was applied to incubations with B[a]P and its alkylated analogues as well as to the incubations with 

n-hexyl- and n-dodecyl-substituted naphthalene and phenanthrene. The extraction solvent was 

subsequently evaporated with a stream of nitrogen and the residue was re-dissolved in methanol 

and analyzed with UPLC. Metabolite identification was achieved either by Gas Chromatography 

Triple Quadrupole Mass Spectrometry (GC-MS/MS) analysis or by co-elution and comparison of 

UV spectra when reference chemicals were available. For GC-MS/MS analysis (Figure 8b), the 

incubation mixture was incubated at the concentration where the Michaelis Menten curve starts to 



 

saturate and the optimized incubation time, followed by dichloromethane (DCM) extraction. The 

DCM extracts were analyzed by GC-MS/MS to obtain detailed mass spectra of the formed 

metabolites. 

 

(a) 

 

(b) 

 

Figure 8. A schematic overview of the methodology used for the microsomal incubations followed 

by (a) quantification with UPLC or (b) metabolite identification with GC-MS/MS  

1.7.2 Ames test 

The Ames test (the bacterial reverse mutation assay) is accepted by regulatory authorities as an in 

vitro genetic toxicity screening assay for chemicals in adherence of the OECD guideline 471 (Ames, 

Microsomal incubation 



 

McCann et al. 1975, OECD 1997). The commonly used bacterial strains of Salmonella 

typhimurium in the assay are genetically modified to inactivate a gene involved in synthesis of 

histidine. When the bacterial strain is exposed to a mutagen, mutation may reverse the inability of 

the bacteria to synthesize histidine and thus allow growth of revertant colonies which can be 

observed and quantified. Using different strains of S. typhimurium, different types of mutation can 

be detected such as base-pair substitution and frameshift mutations. Some chemicals have to be 

bioactivated to become mutagenic and the Ames test is therefore performed with and without  a 

mammalian metabolic system generally by adding liver S9 homogenate and the co-factors for 

oxidative metabolism. 

In the present study, the effect of alkyl substitution on the mutagenicity of PAHs was assessed in 

the standard Ames test with preincubation (Yahagi, Degawa et al. 1975) (Figure 9). The tested 

compounds include phenanthrene and four methyl-substituted phenanthrenes and B[a]P and four 

methyl-substituted B[a]P. Each individual model compound was tested in the absence and presence 

of a metabolic system that consisted of an NADPH-generating system and Arocolor 1254 induced 

rat liver S9 homogenate. A mixture composed of S9-mix or phosphate buffer, a bacterial culture 

of the TA98 or TA100 tester strain (108 cells/mL final concentration) and the test compound or the 

solvent was preincubated for 30min at 37°C. After the pre-incubation period, top agar was added 

to the preincubation mixture and poured onto selective Minimal Glucose Agar (MGA) plates. After 

solidification of the top agar, the plates were inverted and incubated in the dark at 37°C ± 1.0°C 

for 48 ± 4h. After incubation, the bacterial background lawn was checked under a microscope. 

Chemical precipitation on the agar plate was checked. The revertant colonies (His+) were 

automatically counted.  



 

Any increase in the total number of revertants should be evaluated for its biological relevance 

including by a comparison of the results with the historical control data range. A test item is 

considered positive (mutagenic) in the test if the total number of revertants in tester strain TA100 

is greater than two times the concurrent control, and if the total number of revertants in tester strain 

TA98 is greater than three times the concurrent control (Hamel, Roy et al. 2016, Levy, Zeiger et 

al. 2019). 

The incubation mixture was analyzed with UPLC to obtain the metabolic profile that the bacterial 

strains were exposed to. The preincubation mixture, with exclusion of the bacteria and with and 

without a metabolic activation system was incubated separately from the actual Ames test. After 

48 hours of incubation, this preincubation mixture was centrifuged (at 5000rpm / 4000g, for 10 

min), extracted with DIPE and the extract was analyzed for phenanthrene analogues and B[a]P 

analogues as described in section 1.7.1.  

 

Figure 9. Schematic view of Ames test with preincubation method as applied in this thesis 



 

1.7.3 PBK modeling - facilitated QIVIVE 

The REACH (Registration, Evaluation, Authorization, and Restriction of Chemical) legislation has 

been issued by the European Commission (EC) in 2006 aiming at greater protection of human 

health and the environment from the risks of chemical exposure (EC 2006). It requires all chemical 

substances that are produced in or put onto the market of the EU at a volume of ≥100 tonnes/year 

to be evaluated for their effect on prenatal development (ECHA 2009). This includes ±186 

currently active registered EINECS numbers of petroleum substances. Given the large number of 

experimental animals potentially needed for safety testing of chemical substances according to the 

current OECD 414 guideline (OECD 2018), REACH also promotes and supports the use of 

alternative testing strategies for the hazard assessment of chemical substances in order to reduce 

the number of tests on animals (ECHA 2014). Thus, the development and application of alternative 

testing strategies for assessing the developmental toxicity of highly complex petroleum substances 

are highly relevant and important. In the long run, this may reduce animal experimentation and 

resources needed to study the developmental toxicity of highly complex petroleum substances by 

the application of the 3Rs (Reduction, Replacement, and Refinement) principle of animal use in 

toxicological research. 

The Embryotic Stem cell Test (EST) is widely used and validated as an in vitro alternative testing 

strategy to detect developmental toxicity hazards by the European Center for the Validation of 

Alternative Methods (ECVAM 2002, Genschow, Spielmann et al. 2004). The mouse embryonic 

stem cell line ES-D3 derived from blastocysts of a 129S2/SvPas mouse is typically used in the EST. 

The differentiation of these ES-D3 cells proceeds via the formation of so called embryoid bodies 

(EBs) that are able to spontaneously differentiate into any cell type of the three germ layers 

(endoderm, mesoderm, and ectoderm), including cardiomyocytes. The ability of chemicals to 



 

inhibit the differentiation of ES-D3 cells into contracting cardiomyocytes is exploited as the 

endpoint of this assay and allows to evaluate possible developmental toxicity in vitro. The EST 

was proved to adequately assess developmental toxicity of extracts of PAH-containing petroleum 

substances since the in vitro results showed a strong correlation with the prenatal developmental 

toxicity potencies observed in vivo (Kamelia, Louisse et al. 2017). This study suggested that the 

presence of 3- to 7- ring PAHs plays an important role in determining prenatal developmental 

toxicity of petroleum substances. Furthermore, it was found that B[a]P needs to be bioactivated to 

3-hydroxybenzo[a]pyrene (3-OHB[a]P) to induce positive effects in the EST (Kamelia, de Haan et 

al. 2020).  Dose response curves in the EST were generated for B[a]P in the presence and absence 

of a bioactivation system and for 3-OHB[a]P. The derived Benchmark Concentration BMCd50 that 

corresponds to 50% inhibition of ES-D3 cell differentiation into beating cardiomyocytes for 

bioactivated B[a]P was 1µg/mL (Figure 10a) and for 3-OHB[a]P it was also 1µg/mL (Figure 10b). 

(a)                                                                                        (b) 

              

Figure 10. Concentration dependent effect of (a) B[a]P and (b) 3-OHB[a]P showing that not B[a]P 

or any of its other metabolites but 3-OHB[a]P is mainly responsible for the in vitro developmental 

toxicity detected in the EST (Kamelia, de Haan et al. 2020). 

Developmental toxicity observed in vitro does not always reflect the in vivo embryotoxicity since 

toxicokinetics are excluded in in vitro models. Inclusion of the toxicokinetics of test substances by 



 

applying physiologically based kinetic (PBK) modeling enables extrapolation of the obtained in 

vitro results to the in vivo situation (Rietjens, Louisse et al. 2011). A PBK model is a set of 

differential equations that together describe the ADME characteristics of a compound within an 

organism (Rietjens, Louisse et al. 2011). In a PBK model, a human or animal body is represented 

by several compartments representing tissues and organs (Figure 11). The physiologically-relevant 

concentration-dependent kinetics for metabolism and circulation of a model compound can be 

described in silico with a PBK model, together with the concentration(s) of its active metabolite(s) 

in the target organ of interest for a certain dose, time point and route of administration (Rietjens, 

Louisse et al. 2011). Moreover, PBK modeling allows translation of in vitro concentration-

dependent responses, for example in the EST, into in vivo dose-responses using the so-called 

reverse dosimetry approach (Strikwold, Woutersen et al. 2012, Louisse, Wust et al. 2017). Proofs 

of principle for the use of PBK modeling facilitated reverse dosimetry for QIVIVE have been 

demonstrated for different compounds causing developmental toxicity (Louisse, Gonen et al. 2011, 

Strikwold, Spenkelink et al. 2013, Li, Zhang et al. 2017). 

 

Figure 11. Scheme of QIVIVE using an in vitro concentration response curve derived from the 

EST and PBK modeling facilitated reverse dosimetry to predict an in vivo dose response curve for 

developmental toxicity. 



 

In the present study, an in-silico approach of using PBK modelling facilitated reverse dosimetry 

was developed to predict developmental toxicity of a selected five ring PAH, B[a]P. The developed 

in vitro-in silico QIVIVE approach serves as a basis for a better risk assessment of petrogenic PAHs 

and supports the application of the 3Rs principle under the REACH regulation. The kinetic 

parameter values for metabolism of B[a]P and conjugation of 3-OHB[a]P in rats were determined 

in vitro. The blood concentrations of the B[a]P and 3-OHB[a]P via intravenous, intratracheal and 

oral exposure routes were simulated in the PBK model and were properly evaluated with in vivo 

kinetic data. The in vitro concentration-dependent response data for 3-OHB[a]P (Kamelia, de Haan 

et al. 2020) in the EST were translated into in vivo dose response data for its parent compound 

B[a]P using the PBK model facilitated reverse dosimetry approach. The predicted in vivo response 

data can be compared to the data reported in in vivo studies to evaluate the adequacy of the 

approach.  

 

Outline of the thesis 

Chapter 1 of this thesis provides background information of MOAH presence in food, societal 

relevance to the public health, aim and hypotheses of the thesis as well as a short description of the 

methodology applied. 

Chapter 2 describes the oxidative metabolism of a two-ring aromatic hydrocarbon, naphthalene, 

and its alkylated analogues, by rat and human liver microsomes in vitro. The effect of alkylation 

of naphthalene on a potential metabolic shift in its metabolism from aromatic ring to aliphatic side 

chain oxidation is characterized.  



 

Chapter 3 evaluates the possible effects of alkylation on the bioactivation and the genotoxic 

potency of a three-ring aromatic hydrocarbon, phenanthrene, by studying metabolism and 

genotoxicity of phenanthrene and some of its alkylated  analogues. The oxidative metabolites of 

phenanthrene itself and those of the alkylated phenanthrenes were identified to characterize the 

effect of alkyl substitution on the metabolic pattern and the resulting mutagenicity.  

Chapter 4 investigates the mutagenicity and metabolic activation of a five-ring aromatic 

hydrocarbon, B[a]P, by studying metabolism and genotoxicity of B[a]P and some of its selected 

alkylated analogues. The metabolite profiles of B[a]P and its alkyl substituted B[a]Ps were 

characterized to reveal the effect of alkyl substitution on metabolism of B[a]P by rat and human 

liver microsomes and the resulting mutagenicity.   

Chapter 5 explores the possibility of PBK modelling facilitated QIVIVE in prediction of 

developmental toxicity for B[a]P that provides a proof of principle of applying this in vitro–in silico 

approach for evaluating developmental toxicity of B[a]P, in order to investigate if this NAM would 

provide a promising strategy for predicting the developmental toxicity of related PAHs, without 

the need for extensive animal testing. 

Chapter 6 of the thesis presents the overall discussion of the results obtained and also presents 

some future perspectives for the field of metabolism, bioactivation and toxicity of alkylated PAHs 

present in MOAH. 
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Abstract  

Mineral oils widely are applied in food production and processing and may contain polycyclic 

aromatic hydrocarbons (PAHs). The PAHs that may be present in mineral oils are typically 

alkylated, and have been barely studied. Metabolic oxidation of the aromatic ring is a key step to 

form DNA-reactive PAH metabolites, but may be less prominent for alkylated PAHs since alkyl 

substituents would facilitate side chain oxidation as an alternative. The current study investigates 

this hypothesis of preferential side chain oxidation at the cost of aromatic oxidation using 

naphthalene and a series of its alkyl substituted analogues as model compounds. The metabolism 

was assessed by measuring metabolite formation in rat and human liver microsomal incubations 

using UPLC and GC-MS/MS. The presence of an alkyl side chain markedly reduced aromatic 

oxidation for all alkyl-substituted naphthalenes that were converted. 1-n-Dodecyl-naphthalene was 

not metabolized under the experimental conditions applied. With rat liver microsomes for 1-

methyl-, 2-methyl-, 1-ethyl-, and 2-ethyl- naphthalene, alkyl side chain oxidation was preferred 

over aromatic oxidation. With human liver microsomes this was the case for 2-methyl-, and 2-

ethyl-naphthalene. It is concluded that addition of an alkyl substituent in naphthalene shifts 

metabolism in favor of alkyl side chain oxidation at the cost of aromatic ring oxidation. 

Furthermore, alkyl side chains of 6 or more carbon atoms appeared to seriously hamper and reduce 

overall metabolism, metabolic conversion being no longer observed with the C12 alkyl side chain. 

In summary, alkylation of PAHs likely reduces their chances of aromatic oxidation and 

bioactivation. 

  



 

1. Introduction  

Mineral oils are applied in food production processes and applications, such as food packaging 

material, food additives, processing aids and machine lubricants. Hydrocarbons that may be present 

in mineral oils have been reported as an emerging food safety issue by the European Food Safety 

Authority (EFSA) [1]. The presence of mineral oil derived  aromatic hydrocarbons is considered a 

potential concern because of the mutagenicity and carcinogenicity of some PAHs with three or 

more, non- or simple- alkylated, aromatic rings [1]. A key step in formation of the DNA reactive 

genotoxic metabolites of PAHs is metabolic bioactivation of the aromatic hydrocarbons via 

aromatic ring oxidation by cytochrome P450 enzymes [2]. However, this aromatic oxidation and 

bioactivation has been primarily studied for unsubstituted (‘naked’) PAHs, also referred to as 

pyrogenic PAHs because they are typical for coal-derived products and combustion products. In 

contrast, the PAHs present in petroleum-derived substances, also referred to as petrogenic PAHs, 

are primarily alkylated PAHs [3], for which the knowledge on metabolism is limited, although it 

may be hypothesized that alkylation may influence metabolism of the aromatic hydrocarbons. 

To get more insight into cytochrome P450-mediated oxidative metabolism of alkylated PAHs that 

may be present in mineral oils, the aim of the present study was to characterize the relative aromatic 

and alkyl side chain oxidation of a series of alkylated naphthalene congeners. It has been reported 

that naphthalene is metabolized to trans-1,2-dihydro-1,2-naphthalenediol, 1-naphthol and 2-

naphthol, all metabolites resulting from aromatic oxidation, by cytochromes P450 in incubations 

with pooled human liver microsomes [4]. The P450 isoform CYP1A2 was identified as the most 

efficient enzyme in production of 1,2-dihydro-1,2-naphthalenediol and 1-naphthol, and CYP3A4 

was the most effective enzyme for 2-naphthol production [4]. However, data on metabolic kinetics 

of alkylated naphthalenes are limited and the oxidation pattern of naphthalene substituted with 

longer alkyl chains is still unclear. 



 

Based on the available literature [5] and thermodynamic grounds, it can be hypothesized that 

alkylated PAHs will undergo oxidative metabolism on the alkyl side chain more easily than on the 

condensed aromatic rings, facilitating their excretion and detoxification over their potential 

bioactivation. The present study investigates the hypothesis on preferential side chain oxidation at 

the cost of aromatic oxidation using naphthalene and a series of its alkyl substituted analogues as 

the model compounds. To this end, the oxidative metabolism of 1-methylnaphthalene, 2-

methylnaphthalene, 1-ethylnaphthalene, 2-ethylnaphthalene, 1-n-hexylnaphthalene and 1-n-

dodecylnaphthalene in human and rat hepatic microsomal incubations was characterized, and the 

kinetics and metabolic efficiencies for formation of the different metabolites were quantified.  

 

2. Materials and methods 

2.1 Chemicals and reagents 

Naphthalene (≥ 99%), and 1-methylnaphthalene (≥ 94%) were purchased from Merck (Darmstadt, 

Germany). 2-methylnaphthalene (≥ 97%), 1-ethylnaphthalene (≥ 97%), 2-ethylnaphthalene (≥ 

99%), and the reference standards 1-naphthol (≥ 99%), 1-(hydroxymethyl) naphthalene (≥98%), 2-

(hydroxymethyl) naphthalene (≥98%), 1-(1-hydroxylethyl) naphthalene (≥99%), 2-(1-

hydroxyethyl) naphthalene (≥98%), and 2-(hydroxyethyl) naphthalene (≥98%), and also 

tetrahydrofuran (≥ 99.9%), and trifluoroacetic acid (≥ 99%),  were purchased from Sigma-Aldrich 

(St.Louis, USA). 1-n-hexylnaphthalene (≥ 99.3%) was synthesized by the Biochemical Institute 

for Environmental Carcinogens (Großhansdorf, Germany). 1-n-dodecylnaphthalene (≥ 95%) was 

purchased from Combi-Blocks (San Diego, USA). Acetonitrile was bought from Biosolve (Dieuze, 

France). α-naphthaflavone was obtained from Acros (New Jersey, USA). Dimethyl sulfoxide 

(DMSO) and K2HPO4 • 3H2O were supplied by Merck (Darmstadt, Germany). NADPH was 



 

obtained from Carbosynth (Berkshire, UK). Gentest™ pooled male Sprague Dawley rat liver 

microsomes (RLM) and Ultrapool™ human liver microsomes (HLM) 150 with a protein 

concentration of 20 mg/ml were supplied by Corning (New York, USA), and the latter contained 

cytochrome P450 liver enzymes of 150 individuals. 

2.2 In vitro incubations of naphthalene and its alkylated congeners with human and rat liver 

microsomes 

Microsomal oxidation of naphthalene and its alkylated congeners by HLM and RLM was 

investigated. An overall 200 μl incubation system consisted of potassium phosphate buffer (0.1 M, 

pH 7.4), 5 mM MgCl2, HLM/RLM at a final microsomal protein concentration of 0.5 mg/ml, 1 

mM NADPH, and each of the individual test compounds at concentrations ranging from 0 to 600 

μM. Test compounds were naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 1-

ethylnaphthalene, 2-ethylnaphthalene, 1-n-hexylnaphthalene and 1-n-dodecylnaphthalene. The 

final concentration of substrate solvent, either DMSO or tetrahydrofuran (the latter used for 1-n-

hexylnaphthalene and 1-n-dodecylnaphthalene due to their low solubility in DMSO), in the 

incubation mixture was 1% (v/v), which did not affect the enzymatic activity of rat liver 

microsomes [6]. The incubation mixtures were prepared and incubated in glass vials to avoid 

plastic binding of the substrates. The glass vials were capped to prevent substrate loss due to 

volatility. After pre-incubation of the incubation mixture at 37°C for 1 min, the enzymatic reaction 

was initiated by adding microsomes to the incubation mixture which was subsequently incubated 

at 37°C for 10 min. The reaction was terminated by adding 100 µl ice-cold acetonitrile followed 

by vortexing. After 5 min centrifugation at 5000 rpm, 4°C, the supernatant was collected for ultra-

performance liquid chromatography (UPLC) analysis. However, concentrations of the metabolites 

of two of the test substrates, 1-n-hexylnaphthalene and 1-n-dodecylnaphthalene, in the supernatant 



 

appeared too low to detect metabolism due to binding to microsomal protein. Therefore, a 

diisopropylether (DIPE) extraction of the metabolites was performed after the reaction was stopped 

by the addition of 20 µl 10% HClO4. The incubation mixture (total volume of 220 µl) was extracted 

three times with 1 ml DIPE. Each time, the upper layer was collected and the combined DIPE 

fractions were subsequently vaporized under a nitrogen stream. The residues were dissolved in 100 

µl methanol and analyzed by UPLC. 

To investigate the species differences between HLM and RLM, an inhibition study of CYP1A in 

incubations of naphthalene, 1-methylnaphthalene and 1-ethylnbaphthalene was performed. An 

overall 200 μl incubation system consisted of potassium phosphate buffer (0.1 M, pH 7.4), 5 mM 

MgCl2, HLM/RLM at a final microsomal protein concentration of 0.5 mg/ml, 1 mM NADPH, 1µM 

α-naphthoflavone (an inhibitor of CYP1A), and each of the individual test compounds at a 

concentration of approximately the same value as KM. The test concentration of each substrate was 

60µM for HLM and 200µM for RLM. The incubation was performed by the same procedure as 

described above, with an incubation time of 10min at 37°C. The reaction was stopped by addition 

of 100 µl ice-cold acetonitrile followed by vortexing and a 5-min centrifugation at 5000 rpm at 

4°C, the supernatant was collected for ultra-performance liquid chromatography (UPLC) analysis. 

2.3 UPLC analysis 

The metabolites formed were analyzed and quantified using an Acquity UPLC system equipped 

with a photodiode array (PDA) detector (Waters, Milford, MA). The metabolites and their parent 

compound were separated on a reverse phase Acquity UPLC® BEH C18 column (21 × 50 mm, 

1.7µm, Waters, Milford, MA) and detected at wavelength ranging from 190 nm to 400 nm. Eluent 

A was nano-pure water containing 0.1% trifluoroacetic acid (v/v), and eluent B was acetonitrile 

containing 0.1% trifluoroacetic acid (v/v). The gradient elution started from 90% A and 10% B 



 

applied from 0.0 min to 0.5 min, which was changed to 10% A and 90% B from 0.5 to 12.5 min 

and then kept at 10% A and 90% B from 12.5 min to 13.5 min, changed back to 90% A and 10% 

B from 13.5 to 14.5 min and then maintained at the starting conditions from 14.5 min until 17 min. 

The total run time was 17 min using a flow rate of 0.6 ml/min. The temperature of the column was 

set at 40°C and the autosampler at 10°C during the UPLC analysis. The injection volume was 3.5 

µl. Metabolites were quantified using their peak area at the wavelength specified in Table 1, using 

calibration curves of available reference compounds. Metabolites were identified by comparing the 

retention time (RT) and wavelength spectra to reference standard chemicals on UPLC. When 

reference standard chemicals were not available commercially, metabolite identification by GC-

MS/MS was performed. The unknown minor metabolites were categorized by concerning elution 

time and mass spectra both on UPLC and GC-MS/MS.   

2.4 Metabolite identification by GC-MS/MS 

To prepare samples for metabolite identification by GC-MS/MS, each individual substrate (300 

µM final concentration) was incubated in a volume of 400 μl in potassium phosphate buffer (0.1 

M, pH 7.4) containing 5 mM MgCl2, HLM/RLM at a final microsomal protein concentration of 1 

mg/ml, and 1 mM NADPH at 37°C for 10 min. After incubation, the incubation mixture was 

centrifuged for 5 min at 5000 rpm and 4°C. The supernatant of the incubation mixture was 

transferred to a fresh vial and extracted 3 times with 100 µl dichloromethane (DCM) followed by 

vortexing. DCM phase containing the substrate and metabolites was separated from the aqueous 

mixture. The organic (lower) phase was collected from each extraction, combined and used for 

GC-MS/MS measurement. The spectra of each metabolite obtained from measurement were 

compared with mass spectra data center NIST library (14, 14s, 17-1, 17-2, 17s) installed in GCMS 

solution software Version 4.45 (Shimadzu, Japan).  



 

The metabolites formed from naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 1-

ethylnaphthalene, 2-ethylnaphthalene and 1-n-hexylnaphthalene were analyzed using a Shimadzu 

GC-MS/MS system consisting of GC-2010 Plus coupled with Mass spectrometer TQ8040 

(Shimadzu, Japan). A 30 m capillary column with 0.25 mm diameter (SH-Rxi-5ms, Shimadzu, 

Japan) was used to separate the metabolites upon injection of 1µl of the extract with split ratio of 

20:1, using a constant flow of helium gas (1 ml/min). The column oven temperature started at 80°C 

and 1-min hold, increased to 280°C at a rate of 40°C/min from 1 min to 6 min, followed by 2 min 

hold at 280°C. The total run time was 8 min and electron ionization (70eV) was used to generate 

the ions of metabolites for mass spectrometric detection.  

2.5 Data analysis 

The metabolite concentrations were quantified by UPLC and used to calculate velocity of the 

enzymatic reaction in pmol/min/mg microsomal protein. The kinetic parameters KM and Vmax were 

obtained using a nonlinear regression (curve fit) applying the Michaelis Menten equation in 

GraphPad Prism 5 (San Diego, USA). Some kinetic curves seemed to be better fitted by other 

modelling approaches, such as substrate inhibition and sigmoidal models,  however the outcome 

parameters from fits were not realistic. Michalis Menten approach gave basically an equally good 

fit, with more realistic parameters and was therefore applied as a first approximation to describe 

the metabolism in terms of Vmax, app. and KM, app. The intrinsic clearance (Clint) was calculated as 

Vmax divided by KM to compare the metabolic efficiency of formation of the different metabolites. 

3. Results 

3.1 Microsomal metabolism of naphthalene and its alkyl substituted analogues 

The substrate concentration-dependent metabolite formation of naphthalene, 1-methylnaphthalene, 

2-methylnaphthalene, 1-ethylnaphthalene, 2-ethylnaphthalene and 1-n-hexylnaphthalene by both 



 

HLM and RLM is presented in Figure 1. Since inhibition was apparent at higher concentrations in 

the microsomal incubations with 1-hexylnaphthalene, these concentrations were excluded on the 

Michalis-Menten analysis and for the calculation of Vmax, app. and KM, app. 1-n-Dodecylnaphthalene 

was not metabolized under the experimental conditions applied. The kinetic parameters including 

KM, app, Vmax, app and Clint, derived from modelling the data are presented in Table 1.  

Two metabolites were detected in metabolic incubations of naphthalene with both HLM and RLM 

(Figure 1) and were identified as 1-naphthol and 1,2-dihydro-1,2-naphthalenediol. The dihydrodiol 

was the most abundant metabolite formed by HLM, while 1-naphthol was the primary metabolite 

formed by RLM. The Clint for 1,2-dihydro-1,2-naphthalenediol formation by HLM was 

significantly higher than that by RLM, but for 1-naphthol formation the Clint by HLM and RLM 

were similar (Table 1).  

The primary metabolites formed by both HLM and RLM from the investigated alkylated 

naphthalenes were alcohols, which are more polar than the parent compounds. The most abundant 

metabolites formed by HLM and RLM from 1-methylnaphthalene, 2-methylnaphthalene, 1-

ethylnaphthalene, and 2-ethylnaphthalene were identified as metabolites resulting from side-chain 

oxidation being 1-(hydroxymethyl)naphthalene, 2-(hydroxymethyl)naphthalene, 1-(1-

hydroxylethyl)naphthalene, and 2-(1-hydroxyethyl)naphthalene, respectively (Figure 1), as 

demonstrated by co-elution and similar absorbance spectra as the reference standards in the UPLC 

analysis.  

Minor metabolites of 1-methylnaphthalene, 2-methylnaphthalene, 1-ethylnaphthalene, 2-

ethylnaphthalene, and 1-n-hexylnaphthalene were characterized by comparing mass spectra of 

these metabolites obtained using GC-MS/MS to those of reference spectra in the NIST library. Two 

metabolites of 1-methylnaphthalene eluting at 2.14 min and 2.18 min (Table 1) were characterized 



 

as dihydro-1-methylnaphthalenediols based on their molecular ion peak of m/z 176 and a similar 

fragmentation pattern in the mass spectra as observed for 1,2-dihydro-naphthalenediol. Three 

minor 1-methylnaphthalene metabolites with retention time of 4.30 min, 4.59 min and 4.95 min 

(Table 1) were tentatively identified as 1-methylnaphthols based on their molecular ion peak of 

m/z 158 and MS spectra comparable to reference spectra in the NIST library.  

The minor metabolites formed from 2-methylnaphthalene (Table 1) eluting at 1.70 min, 1.96 min 

and 2.25 min were characterized as dihydro-2-methylnaphthalenediols with a molecular ion peak 

of m/z 176, and three 2-methylnaphthalene dihydrodiols with m/z 176, including the  3,4-

dihydrodiol, the 5,6-dihydrodiol and the 7,8-dihydrodiol, in line with what was reported previously 

for conversion of 2-methylnaphthalene in rat liver microsomal incubations [7]. In the present study, 

formation of 5,6-dihydro-2-methylnaphthalenediol was observed only at high concentrations of 

600µM 2-methylnaphthalene incubated with RLM.  

Among the five minor metabolites of 1-ethylnaphthalene, the metabolite eluting at 2.96 min was 

identified as dihydro-1-ethylnaphthalenediol based on its m/z 190 and its fragmentation pattern 

being similar to those of an available reference compound. Furthermore, the mass spectra of the 

metabolite with retention time 3.97 min and a base peak of m/z 155 and a molecular ion peak of 

m/z 170, suggested it to be 1-naphthylmethylketone because these mass spectra characteristics 

were similar to those of 2-naphthylmethylketone (a metabolite of 2-ethylnaphthalene, vide infra) 

in the NIST library. Two additional metabolites with retention time of 5.29 min and 5.34 min and 

a base peak of m/z 157 were assigned as 1-ethylnaphthols. The metabolite with retention time of 

6.65min was not found in GC-MS analysis so assigned as unknown. 

The 3 metabolites of 2-ethylnaphthalene eluting at 2.64 min, 3.04 min and 3.08 min were 

characterized as dihydro-2-ethylnaphthalenediols with a molecular ion peak of m/z 190. The 



 

metabolite of 2-ethylnaphthalene with retention time of 3.91 min showed a base peak of m/z 127 

and a molecular ion peak of m/z 172 in the mass spectra, while the metabolite co-eluted with the 

reference compound 2-hydroxyethylnaphthalene on UPLC and its MS spectrum also matched the 

spectrum of 2-hydroxyethylnaphthalene in the NIST library. An additional metabolite of 2-

ethylnaphthalene was detected at the GC with retention time of 5.5 min. This metabolite was not 

observed in the UPLC chromatogram. A molecular peak of m/z 170 and a base peak of m/z 127 of 

this additional metabolite observed in the mass spectrum, matched the mass spectrum of 2-

naphthylmethylketone in the NIST library. The metabolite with retention time of 6.66min was not 

found in GCMS analysis so assigned as unknown. 

Four minor metabolites of 1-n-hexylnaphthalene with retention times ranging from 5.95 min to 

6.38 min on UPLC were tentatively ascribed to different forms of 1-hexylnaphthol because of their 

molecular ion peak at m/z 228, and a fragmentation pattern similar to other naphthols with high 

intensity peaks at m/z 157.  
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Figure 1. Substrate-concentration dependent metabolism of alkyl substituted naphthalenes and 

naphthalene itself by human and rat liver microsomes. Green line represents alkyl chain oxidation 

and blue line stands for aromatic ring oxidation. The figures with enlarged scale of minor 

metabolites are attached as Figure 1 to the supplementary materials. Abbreviation. NAP = 

naphthalene. 

  



 

Table 1. The Michalis Menten parameters including KM, app , Vmax, app and intrinsic clearance (Clint) calculated as Vmax, app/KM, app, of the 

metabolites produced from alkyl substituted naphthalenes and naphthalene in human and rat microsomal incubations (Figure 1). The 

retention time (RT) and wavelength () used to identify and quantify the metabolites by UPLC-UV analysis are also presented. Results 

are shown as mean ± standard error (SE) from three independent microsomal incubations. Abbreviations. ND=not detected. NM=no 

metabolism. NA=not applicable. app.=apparent. 

Metabolites Structure Species KM, app (µM) 
Vmax, app (pmol/min/mg 

microsomal protein) 

Clint (Vmax/KM) 

µl/min/mg protein 

Naphthalene RT=5.59min, =220.7nm 

1,2-dihydro-1,2-naphthalenediol 

RT=1.43min,=215.8nm 
 

Human 28.1 ± 7.3 1517.0 ± 78.8 54.0 

Rat 562.2 ± 238.2 634.4 ± 133.3 1.1 

1-naphthol 

RT=3.91min, =211.6nm 
 

Human 47.0 ± 7.7 507.4 ± 20.4 10.8 

Rat 436.3 ± 95.2 4578.0 ± 444.0 10.5 

1-methylnaphthalene RT=6.33min, =223.7nm 

Dihydro-1-methylnaphthalenediol 

RT=2.14min,   =217.6nm 

 

Human 5.3 ± 1.3 107.3 ± 2.0 20.1 

Rat ND ND - 

Dihydro-1-methylnaphthalenediol 

RT=2.18 min, =220.7 nm 

Human 11.5±4.7 163.1±8.4 14.2 

Rat 683.3±335.8 56.0±14.8 0.1 

1-(hydroxymethyl)naphthalene 

RT=3.29min, =223.7nm 
 

Human 63.5±12.3 989.6±52.7 15.6 

Rat 278.9±49.5 6823.0±437.9 24.5 

1-methylnaphthol      

RT=4.49min, =228.5nm 

Human 190.7±18.6 141.0±5.5 0.7 

Rat 408.7±55.0 310.5±18.0 0.8 



 

1-methylnaphthol 

RT=4.59min, =210.4nm 

 

Human 61.8±8.0 325.1±11.4 5.3 

Rat 1008.0±315.0 1291.0±249.8 1.3 

1-methylnaphthol 

RT=4.95min, =219.4nm 

Human ND ND - 

Rat 295.1±160.5 76.5±15.4 0.3 

2-methylnaphthalene RT=6.43min, =223.7nm 

3,4-dihydro-2-methylnaphthalene 

diol 

RT=1.70min, =224.3nm  

Human ND ND - 

Rat 505.8±183.3 56.4±9.7 0.1 

5,6-dihydro-

2methylnaphthalenediol 

RT=1.96min, =217nm  

Human 139.8±59.2 72.0±10.9 0.5 

rat ND ND - 

7,8-dihydro-2-

methylnaphthalenediol 

RT=2.25min, =219.4nm  

Human 31.4±4.3 266.8±7.7 8.5 

Rat 2542.0±1419.0 268.2±118.5 0.1 

2-(hydroxymethyl)naphthalene 

RT=3.39min, =224.9nm  

Human 50.4±5.9 1760.0±51.9 34.9 

Rat 194.5±36.5 6769.0±386.6 34.8 

2-methylnaphthol 

RT=4.48min, =227.3nm 

 

Human 93.6±28.7 23.5±2.2 0.3 

Rat 464.2±78.6 111.5±8.6 0.2 

2-methylnaphthol 

RT=4.58min, =227.9nm 

Human 88.4±17.5 35.1±2.1 0.4 

Rat 650.8±235.2 72.8±13.8 0.1 

2-methylnaphthol 

RT=4.66min, =215.8nm 

Human 226.5±67.5 47.68±6.0 0.2 

Rat 218.1±50.3 166.5±12.4 0.8 

2-methylnaphthol 

RT=4.72min, =215.8nm 

Human 66.2±17.2 25.4±1.8 0.4 

Rat 483.8±91.6 166.0±14.6 0.3 

1-ethylnaphthalene RT=7.00min, Ab=224.3nm 



 

Dihydro-1-ethylnaphthalenediol 

RT=2.96min, =218.2nm 
 

Human 14.9±2.7 386.8±10.4 25.9 

rat 140.9±62.9 186.3±21.7 1.3 

1-(1-hydroxyethyl)naphthalene 

RT=3.92min, =223.7nm 
 

Human 73.6±7.7 1001.0±30.0 13.6 

Rat 221.4±34.4 4831.0±243.2 21.8 

1-naphthyl methylketone 

RT=3.97min, =224.3nm 
 

Human 86.0±19.4 119.3±8.2 1.4 

Rat 209.7±76.5 280.3±32.3 1.3 

1-ethylnaphthol 

RT=5.29min, =211nm 

 

Human 67.3±9.5 239.7±9.5 3.6 

Rat 391.0±97.6 338.2±35.7 0.9 

1-ethylnaphthol 

RT=5.34min, =224.3nm 

Human ND ND - 

Rat 72.1±19.1 349.8±17.6 4.9 

RT=6.65min, =227.3nm Unknown 
Human 99.1±16.3 72.5±3.8 0.7 

Rat 226.1±83.6 291.7±35.3 1.3 

2-ethylnaphthalene RT=7.11min, =224.9nm 

Dihydro-2-ethylnaphthalenediol 

RT=2.64min, =224.9nm 

 

Human ND ND - 

Rat 23.7±23.6 27.0±2.8 1.1 

Dihydro-2-ethylnaphthalenediol 

RT=3.04min, =220nm 

Human 21.9±7.2 34.4±2.0 1.6 

Rat ND ND ND 

Dihydro-2-ethylnaphthalenediol 

RT=3.08min, =220nm 

Human 24.1±3.6 110.1±3.1 4.6 

Rat Ambiguous Ambiguous - 

2-(2-hydroxyethyl)naphthalene 

RT=3.91min, =224.3nm  

Human 13.0±4.8 89.0±4.5 6.9 

Rat 99.8±21.6 26.5±1.3 0.3 



 

2-(1-hydroxyethyl)naphthalene 

RT=3.96min, =224.3nm 
 

Human 21.9±3.2 2540.0±65.1 115.9 

Rat 100.2±23.3 5200.0±268.2 51.9 

RT=6.66min, =243.8nm Unknown 
Human 64.6±7.4 76.0±2.4 1.2 

Rat 65.7±18.7 280.9±14.5 4.3 

1-n-hexylnaphthalene RT=9.58min, =224.9nm 

1-hexylnaphthol 

RT=5.95min, =219.4nm 

 

Human 38.4±11.7 119.4±12.8 3.1 

Rat 119.2±55.8 48.1±12.1 0.4 

1-hexylnaphthol 

RT=6.1min, =224.9nm 

Human 44.7±14.4 52.3±6.3 1.2 

Rat 110.0±30.4 178.5±25.8 1.6 

1-hexylnaphthol 

RT=6.21min, =223.7nm 

Human 139.3±87.6 40.3±14.4 0.3 

Rat 364.9±259.0 55.4±28.9 0.2 

1-hexylnaphthol 

RT=6.38min, =223.7nm 

Human 58.2±20.9 31.6±4.7 0.5 

Rat 97.3±35.4 59.7±10.9 0.6 

1-n-dodecylnaphthalene RT=12.3min, =224.9nm 

NM 
NA 

Human - - - 

NM Rat - - - 
 

  



 

3.2 Intrinsic clearance by aromatic and alkyl side chain oxidation 

Based on the kinetic data obtained, the intrinsic clearance by formation of aromatic ring versus 

alkyl side chain oxidation metabolites of each test compound was calculated by adding up the Clint 

values of the respective metabolites, and the data thus obtained are presented in Figure 2. The 

intrinsic clearance of naphthalene via aromatic ring oxidation metabolites, including 1-naphthol 

and dihydrodiol with HLM was 64.74 µl/min/mg protein. In comparison, the intrinsic clearance 

via aromatic ring oxidation of 1-methylnaphthalene, 2-methylnaphthalene, 1-ethylnaphthalene, 2-

ethylnaphthalene and 1-n-hexylnaphthalene by HLM were 1.6 to 12.7 fold lower than that for 

naphthalene, indicating that metabolites resulting from aromatic ring oxidation were formed 

relatively less efficient for alkyl substituted naphthalenes. For 1-methylnaphthalene, 1-

ethylnaphthalene, 2-methylnaphthalene and 2-ethylnaphthalene this decreased intrinsic clearance 

via formation of metabolites resulting from aromatic ring oxidation was accompanied by a 

significant increase in intrinsic clearance via alkyl chain oxidation metabolites with HLM. For 2-

methylnaphthalene and 2-ethylnaphthalene the intrinsic clearance via side chain oxidation even 

substantially exceeded that via aromatic oxidation by 3.4 and 16.8 fold, respectively.    

In RLM incubations, the intrinsic clearance of naphthalene by metabolite formation from 

naphthalene was 11.62 µl/min/mg protein, which is 5.6 folds lower than the intrinsic clearance 

observed with HLM. Also, with RLM the intrinsic clearance via aromatic ring oxidation of 1-

methylnaphthalene, 2-methylnaphthalene, 1-ethylnaphthalene, 2-ethylnaphthalene and 1-n-

hexylnaphthalene was reduced, being 1.4 to 7.0 fold lower than that for naphthalene. In incubations 

with RLM, alkyl chain oxidation dominated over aromatic ring oxidation for all alkyl substituted 

naphthalenes with the exception of 1-n-hexylnaphthalene.   
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Figure 2. Intrinsic clearance via aromatic ring oxidation and alkyl chain oxidation by HLM and 

RLM for the different model compounds.  Aromatic ring oxidation;  alkyl chain oxidation. 

Abbreviation. NAP = naphthalene. 

3.3 Inhibition studies on the oxidative metabolism of on naphthalene, 1-methylnaphthalene 

and 1-ethylnaphthalene 

To study the remarkable difference in metabolism between rat and human metabolic activity the 

influence of CYP1A inhibition was determined in microsomal incubations of naphthalene, 1-

methylnaphthalene and 1-ethylnaphthalene by coincubation of α-naphthoflavone, a specific 

inhibitor of CYP1A. It was shown that the formation of dihydrodiols in incubations with HLM 

decreased 11%–39% for the three test compounds inhibition of CYP1A (Figure 2 and Table 1 both 

in supplementary materials), however no differences in dihydrodiol formation by RLM was 

observed. Alkyl side chain oxidation on 1-methylnaphthalene and 1-ethylnaphthalene was also 

inhibited 14% to 28% by α-naphthoflavone in incubations with HLM, while little difference in 

alkyl side chain oxidation upon CYP1A inhibition by rat was observed with 0-3% increase 

compared to the control (Table 2).    



 

Table 2. Inhibition of metabolic activity of aromatic ring and alkyl chain oxidative metabolites of 

naked and substituted naphthalenes by α-naphthoflavone. The results are expressed by percentage 

of control activity ± SD. Detailed results of each metabolite can be found in Table 1 and Fig. 2 both 

in the supplementary material. 

Substrate Species Aromatic ring oxidation 

(%) 

Alkyl chain oxidation 

(%) 

naphthalene Human 75 ± 3 0 

Rat 114 ± 20 0 

1-methyl-naphthalene Human 87 ± 5 86 ± 6 

Rat 94 ± 2 100 ± 11 

1-ethyl-naphthalene Human 86 ± 1 72 ± 6 

Rat 99 ± 3 103 ± 13 

 

3.4 Effect of alkyl chain length on total intrinsic clearance 

Figure 3 shows the relationship between intrinsic clearance of the alkylated naphthalenes and the 

number of carbon atoms in their alkyl side chain. The total intrinsic clearance was calculated by 

adding up the Clint values of all metabolites of the respective substrate. 

The results thus obtained reveal that the total Clint of the alkylated naphthalenes by both HLM and 

RLM becomes less efficient with increasing side chain carbon length especially when the number 

of carbons in the side chain is 6 or higher (Figure 3). The Clint of 1-n-hexylnaphthalene (C6) was 

substantially lower than that of unsubstituted, methyl (C1)- or ethyl (C2)- substituted naphthalene, 

while 1-n-dodecylnaphthalene (C12) was not converted to a detectable level. 
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Figure 3. Relationship between total Clint of alkylated naphthalenes and the number of carbon 

atoms in the alkyl side chain. The intrinsic clearance was calculated by adding up the Clint values 

of all metabolites for the respective model compound (Table 1). 

 

4. Discussion  

In the present study the biotransformation of the model compounds naphthalene and six of its 

alkylated analogues was studied in human and rat liver microsomal incubations to better 

characterize the effect of alkyl substitution on the metabolism of these aromatic hydrocarbons. This 

is of interest because of safety concerns regarding the presence of substituted aromatic 

hydrocarbons in mineral oils, and the lack of data on consequences of alkyl substitution on their 

metabolic fate. It was expected that alkylation would result in substantial side chain oxidation at 

the cost of aromatic ring oxidation. For PAHs such a metabolic switch from aromatic to side chain 

oxidation would shift metabolic patterns in favor of detoxification at the cost of potential 

bioactivation. In line with this hypothesis, alkyl chain substitution resulted in a marked reduction 

in the intrinsic clearance via aromatic ring oxidation as shown by the 3- to 17- fold reduction in 

Clint via aromatic ring oxidation as compared to this Clint for the naked parent compound 

naphthalene. This reduction in Clint values for aromatic oxidation was accompanied by a substantial 



 

increase in intrinsic clearance via side chain oxidation (Figure 2). This increase in alkyl side chain 

oxidation at the cost of aromatic ring oxidation by cytochromes P450 is in line with thermodynamic 

considerations which predict that alkyl side chains attached to aromatic rings are more easily 

oxidized than the aromatic ring itself. This holds especially for the carbon atom at the benzylic 

position, since the radical resulting after hydrogen abstraction by the reactive high valency iron 

oxo intermediate of the cytochrome P450 enzyme catalyzing the reaction will be resonance 

stabilized by the aromatic ring. This consideration is in line with the observation that for ethyl 

substituted naphthalenes alkyl oxidation occurred preferentially at the benzylic carbon of the side 

chain. For 1-n-hexylnaphthalene side chain oxidation was not observed, which is most likely due 

to steric hindrance by the C6 alkyl side chain positioning the substrate within the active site of the 

respective P450s in such a way that the position can no longer be attacked by the activated heme 

cofactor. This steric hindrance may also explain the substantial reduction in total Clint with 

increasing alkyl chain length, resulting in substantial reduction and even no detectable substrate 

conversion for 1-n-hexylnaphthalene and 1-n-dodecylnaphthalene respectively. 

This substantial reduction in intrinsic clearance when the length of the alkyl chain amounted to 6 

or more carbon atoms is in line with data reported in a study on rat hepatic metabolism of n-alkanes 

which also showed that metabolic conversion decreased with increasing carbon number [8]. This 

study on n-alkanes reported that metabolism in rat liver microsomal incubations was no longer 

observed with tetradecane (C14), which is in line with the results obtained in this study for 1-n-

dodecylnaphthalene (C12), especially when considering that also the carbon atoms in the 

naphthalene moiety would contribute to the size of the substrate dimensions. Based on these results 

it is tempting to speculate that alkyl substituents of substantial chain length will also prevent 



 

metabolic conversion and thus bioactivation of alkylated substituted PAHs like phenanthrene and 

benzo[a]pyrene, when present in mineral oils.  

The observations of the present study also match the limited data available in the literature on 

metabolism of alkylated naphthalenes. In rat studies, it was found that the metabolic oxidation of 

2,6-diisopropylnaphthalene happens on the isopropyl side chain [9, 10]. 1-Methylnaphthalene, 2-

methylnaphthalene, 1-ethylnaphthalene, 2-ethylnaphthalene, 2,7-dimethylnaphthalene were 

oxidized on the alkyl chain to alcohol metabolites in vitro by P450 CYP101B1 obtained from the 

bacteria Nocardioides  aromaticivorans [5]. Furthermore, the metabolic oxidation of 2-

methylnaphthalene and 1,6-dimethylnaphthalene by liver P450 enzymes from mice and rats 

respectively resulted in the formation of both aromatic ring oxidation dihydrodiols and side chain 

oxidation hydroxyl metabolites [11, 12]. In general, upon microsomal conversion, naphthalene and 

its alkylated congeners are oxidized to dihydrodiols or alcohols. These metabolites are expected to 

be subsequently modified by phase II enzymes to glucuronides, sulfates and UDP glucuronic acid, 

followed by their excretion from the body [13]. 

The results obtained in the present study also reveal that the metabolic conversion of the alkylated 

naphthalenes is not fully dominated by chemical reactivity alone, since some substrate and species-

specific differences were observed pointing at an additional influence of positioning of the 

substrate within the active site of the P450 involved. Thus, results obtained with HLM were 

different from those obtained with RLM for 1-methylnaphthalene and 1-ethylnaphthalene for 

which the preferential side chain over aromatic ring oxidation was only observed with RLM. The 

outcome of the inhibition study also suggests that isoforms play an important role in dihydrodiols 

formation in humans but less so in rats.  For the series of alkyl substituted naphthalenes as a whole, 

however, alkyl oxidation could easily compete with aromatic hydroxylation and showed Clint 



 

values that were 0.4- to 16.8-fold and 2.8- to 20.8-fold higher than the Clint values for aromatic 

hydroxylation for HLM and RLM, respectively.  

Together the results of the present study support the conclusion that alkyl substitution of 

naphthalene results in a shift in metabolite clearance in favor of side chain oxidation at the cost of 

aromatic hydroxylation, while alkyl substituents with 6 or more carbon atoms may seriously reduce 

metabolic conversion. These conclusions are based on results obtained with a series of naphthalene 

model compounds. It remains to be established whether similar results would be obtained when 

studying the metabolism of more mineral oil relevant naked PAHs and their alkyl substituted 

analogues, especially including aromatic hydrocarbons with more than 3 aromatic rings. This 

provides an interesting topic for further research. It is expected, but remains to be demonstrated,  

that alkyl substituents on more “mineral oil relevant PAHs” will show similar metabolic shifts in 

their oxidation pattern. However, in case of PAHs with 3 or more rings, also the position of the 

aromatic rings with respect to one another will become a factor that may affect metabolism and 

toxicity. For example the toxicity  of some PAHs may relate to the presence of a so-called “bay 

region” [14]. For alkylated PAHs this could mean that they may become more and not less toxic 

than their naked analogues especially when the alkyl chain would form extra (fake) bay regions 

thus providing extra options for formation of DNA reactive bay-region diol epoxide metabolites. 

Also, the species differences in metabolic clearance via aromatic ring or side chain oxidation 

between human and rats remains to be explored to a further extent. To evaluate the consequences 

of the structure of the substrates for the vivo biotransformation patterns taking also subsequent 

conjugation reactions into account, future studies may use cellular in vitro models and/or develop 

physiologically based kinetic models that describe in vivo kinetics, elucidating the consequences 

of our in vitro findings for the in vivo metabolite patterns in both rat and human. Finally, the 



 

Michaelis Menten parameters obtained in the present study provide a basis for development of 

physiologically based kinetic (PBK) models for studies on the consequences of alkylation of 

aromatic hydrocarbons on the metabolic clearance and bioactivation of this important group of 

constituents present in mineral oils. The present study and further research will also serve as a basis 

for better risk assessment of mineral oil.  

Nevertheless, based on the results of the present study, the main conclusion is that alkylation of 

PAHs likely reduces their chances on aromatic oxidation and potential bioactivation. 
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Figure 1. Enlarged scale of minor metabolites formed by 1-methylnaphthalene, 2-

methylnaphthalene, 1-ethylnaphthalene and 2-ethylnaphthalene by HLM and RLM. 
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Figure 2. Inhibition of the formation of each metabolites of NAP, 1-methyl-NAP and 1-ethyl-NAP 

by HLM and RLM by CYP1A inhibitor α-naphthoflavone. Metabolite names corresponding to the 

retention time and the wavelength can be found in Table 1 of the article.   control incubation 

without α-naphthoflavone  incubation with α-naphthoflavone 

 

Table 1. Inhibition of metabolic activity of each metabolite formed by naphthalene, 1-

methylnaphthalene and 1-ethylnaphthalene by HLM and RLM with exposure to CYP1A inhibitor 

α- naphthoflavone. 

Parent compound 

Metabolite 

Species Percentage of control activity 

± SD 

Naphthalene RT=5.59min, =220.7nm 

1,2-dihydro-1,2-naphthalenediol 

RT=1.43min, =215.8nm 

Human 70 ± 3 

Rat 98 ± 12 

1-naphthol 

RT=3.91min, =211.6nm 

Human 103 ± 9 

Rat 116 ± 22 



 

1-methylnaphthalene RT=6.33min, =223.7nm 

Dihydro-1-methylnaphthalenediol 

RT=2.14min,   =217.6nm 

Human 89 ± 6 

Rat ND 

  Dihydro-1-methylnaphthalenediol 

  RT=2.18 min, =220.7 nm 

Human 61 ± 8 

Rat 103 ± 8 

1-(hydroxymethyl)naphthalene 

RT=3.29min, =223.7nm 

Human 86 ± 6 

Rat 100 ± 1 

1-methylnaphthol     

 RT=4.49min, =228.5nm           

Human 109 ± 24 

Rat 103 ± 11 

1-methylnaphthol 

RT=4.59min, =210.4nm          

Human 100 ± 13 

Rat 107 ± 2 

1-methylnaphthol 

RT=4.95min,   =219.4nm 

Human ND 

Rat 101 ± 16 

1-ethylnaphthalene RT=7.00min, Ab=224.3nm 

Dihydro-1-ethylnaphthalenediol  

RT=2.96min, =218.2nm 

Human 85 ± 4 

Rat 99 ± 6 

1-(1-hydroxyethyl)naphthalene 

RT=3.92min, =223.7nm 

Human 69 ± 6 

Rat 103 ± 13 

1-naphthyl methylketone 

RT=3.97min, =224.3nm 

Human 98 ± 3 

Rat 108 ± 19 

1-ethylnaphthol 

RT=5.29min, =211nm 

Human 97 ± 18 

Rat 106 ± 16 

1-ethylnaphthol 

RT=5.34min, =224.3nm 

Human ND 

Rat 99 ±12 

RT=6.65min, =227.3nm 

Human 67 ± 10 

Rat 91 ± 5 

 

  



 

 

 

 

 

 

 

 

  



 

 

Chapter 3 

The effect of alkyl substitution on the oxidative 

metabolism and mutagenicity of phenanthrene 

 

 

 

 

 

 

 

 

Danlei Wang, Viktoria Schramm, Jeroen Pool, Eleni Pardali, Annemarijn Brandenburg,  

Ivonne M.C.M. Rietjens, Peter J. Boogaard. 

 

Manuscript submitted to Archives of Toxicology  



 

Abstract 

Alkyl substituted PAHs may be present in certain petroleum-derived products and in the 

environment and may eventually end up in consumer products, such as foodstuffs, cosmetics and 

pharmaceuticals. Safety concerns over possible exposure to alkylated PAHs have emerged. 

Bioactivation is a prerequisite for the mutagenicity and carcinogenicity of PAHs and has been 

extensively studied for non-substituted PAHs, while data on the bioactivation of alkyl substituted 

PAHs are scarce. The present study investigated the effect of alkyl substitution on the CYP 450 

mediated metabolism of phenanthrene and eight of its alkylated congeners by quantifying 

metabolite formation in rat and human liver microsomal incubations. Furthermore, the 

mutagenicity of four selected methylated phenanthrenes was compared to that of phenanthrene 

using the Ames test. The obtained results support the hypothesis that alkyl substitution shifts the 

CYP 450 mediated metabolism from the aromatic ring to the alkyl side chain. Increasing the length 

of the alkyl-chain reduced overall metabolism with metabolic conversion for 1-n-dodecyl-

phenanthrene (C12) being negligible. 1- And 9-methyl-phenanthrene, in which the methyl group 

generates an additional bay region-like structural motif, showed mutagenicity towards Salmonella 

typhimurium TA98 and TA 100, whereas phenanthrene and also 2- and 3-methyl-phenanthrene, 

without such an additional bay region-like structural motif, tested negative. It is concluded that the 

position of the alkylation affects the metabolism and resulting mutagenicity of phenanthrene with 

the mutagenicity increasing in cases where the alkyl substituent creates an additional bay-region 

like structural motif, in spite of the extra possibilities for side chain oxidation.  

  



 

1. Introduction 

The unintentional consumption of polycyclic aromatic hydrocarbons (PAHs) via contaminated 

food is a general food safety issue. The PAHs present in food are typically unsubstituted as they 

are pyrogenic in nature, formed by incomplete heating or combustion of organic matter (EFSA 

2008). However, contamination of food with petrogenic polycyclic aromatic hydrocarbons 

(PPAHs), which are typically alkylated, is an emerging health concern (EFSA 2012; Fengler and 

Gruber 2020; Grob 2018; Pirow et al. 2019; Van Heyst et al. 2018). In spite of the fact that 

petroleum-derived mineral oils are highly refined to eliminate undesirable substances such as 

mutagenic PAHs to make them compliant to EU regulations that forbid selling of carcinogenic 

substances to the general public (Carrillo et al. 2019), concerns about potentially carcinogenic 

constituents has been raised. It is known that some non-substituted and methylated polycyclic 

aromatic hydrocarbons with 3 to 7 fused rings are mutagenic and potentially carcinogenic (Carrillo 

et al. 2019). Consumer products may be contaminated with PPAH as a result of inappropriate use 

of mineral oils or via environmental contamination. For instance, crude oil spills, such as the 

Deepwater Horizon oil spill in the Gulf of Mexico, released large amounts of PPAHs into the 

environment (Fernando et al. 2019). In the Deepwater horizon oil spill phenanthrene and its 

methylated congeners were found to be amongst the most abundant PPAHs (NIST, 2012). Part of 

these PPAHs may be taken up by marine species and end up in the food chain via consumption of 

seafood which has raised concerns for human health (Pulster et al. 2020; Ylitalo et al. 2012). The 

current knowledge on the possible metabolic activation and genotoxicity of PAHs primarily relates 

to unsubstituted PAHs, which are typically of pyrogenic origin. However, the potential 

bioactivation due to oxidative metabolism of substituted PAHs, such as PPAHs, has not been 

systematically investigated. 



 

Some unsubstituted PAHs, such as benzo[a]pyrene and dibenzo[a,l]pyrene, are bioactivated by 

oxidation at the “bay region” or “fjord region” to highly reactive and mutagenic dihydrodiol 

epoxides which may form adducts to DNA and eventually induce mutations and cancer (Boogaard 

2012; Lehr et al. 1985; Tsang and Griffin 1979; Whalen et al. 1978). Information on the metabolism 

of PPAHs and their potential bioactivation is limited.   

In our previous study, the in vitro hepatic biotransformation of naphthalene and alkyl substituted 

naphthalenes was quantified (Wang et al. 2020). It was found that alkyl substitution of naphthalene 

shifts metabolism towards alkyl side chain oxidation at the cost of aromatic ring oxidation. To get 

more insight in the metabolic transformation of alkyl substituted PAHs that may be present in 

mineral oils and crude oils, in the present study, the oxidative metabolism of phenanthrene and its 

alkylated congeners is investigated.  

Phenanthrene, the smallest PAH with a bay region, was classified by IARC as group 3 (not 

classifiable as to its carcinogenicity to humans), based on inadequate data in experimental animals 

(IARC, 2010). Phenanthrene can be metabolized by cytochrome P450 enzymes from humans or 

rodents to 1,2-dihydrodiol-, 3,4-dihydrodiol- and 9,10-dihydrodiol-phenanthrene, and 1-, 2-, 3-, 4- 

and 9-phenanthrols (Figure 1) (Bao and Yang 1991; Chaturapit and Holder 1978; Jacob et al. 1996; 

Schober et al. 2010; Shou et al. 1994). However, no phenanthrene DNA adducts could be detected 

in Chinese hamster bone-marrow cells following in vivo exposure to phenanthrene (Bayer 1978). 

Limited data on the metabolism of alkylated congeners of phenanthrene are available. Side chain 

hydroxylation was reported as the major pathway of 1-methylphenanthrene and 9-

ethylphenanthrene in human HepG2 cells (Huang et al. 2017). Dihydrodiols of 1-hydroxymethyl-

phenanthrene, dihydrodiols of 1-methylphenanthrene, 1-hydroxymethyl-phenanthrene and 1-

methylphenananthrenols were found in incubations with rat S9 fractions and 1-



 

methylphenanthrene (LaVoie et al. 1981). A similar metabolite profile was reported for 9-

methylphenanthrene (LaVoie et al. 1981). Metabolic patterns and potential preferences for alkyl 

side chain oxidation or aromatic ring oxidation of other alkylated phenanthrenes, especially the 

ones with longer alkyl chains, are still unclear.  

 

Figure 1. Reported metabolites of phenanthrene formed in microsomal incubations by P450 

enzymes of humans and rodents (Bao and Yang 1991; Chaturapit and Holder 1978; Jacob et al. 

1996; Schober et al. 2010; Shou et al. 1994). Each symbol * indicates a peri position 

The model compounds included in the present study were phenanthrene, 1-methylphenanthrene, 

2-methylphenanthrene, 3-methylphenanthrene, 9-methylphenanthrene, 2-ethylphenanthene, 9-

ethylphenanthrene, 10-methyl-9-ethylphenanthrene, 1-n-hexylphenanthrene and 1-n-

dodecylphenanthrene. The metabolic profile, kinetics and catalytic efficiency of the conversion of 

these model compounds in incubations with human or rat liver microsomes were characterized to 

better define the metabolic consequences of alkylation. In addition, some selected methylated 

congeners as well as unsubstituted phenanthrene were tested for their mutagenicity in the Ames 

test, to obtain further insight into the effect of the introduction of an additional bay region-like 

structural motif as a result of alkylation on the mutagenicity. 

Bay region 

K region 

* 

* 

* 
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2. Material and Methods 

2.1 Chemicals and reagents 

Phenanthrene (≥98%), 2-ethylphenanthrene (≥98%), 9-ethylphenanthrene (≥98%), 10-methyl-9-

ethylphenanthrene (≥98%), 3-(hydroxymethyl) phenanthrene (≥95.0%), 9-(hydroxymethyl) 

phenanthrene (≥95.0%), tetrahydrofuran (≥99.9%), trifluoroacetic acid (≥99%), 

methylmethanesulfonate (MMS), 2-aminoanthracene (2AA), and nitrofluorene (NF) were 

purchased from Sigma-Aldrich (St.Louis, USA). 1-Methylphenanthrene (≥96%) was obtained 

from Toronto Research Chemicals (North York, Canada). 3-Methylphenanthrene (≥98%), 1-

phenanthrol (≥98%), 3-phenanthrol (≥98%), and 4-phenanthrol (≥98%) were supplied by 

Carbosynth (Berkshire, UK). 9-Methylphenanthrene (≥98%) and 2-methylphenanthrene (≥98%) 

was purchased from BOC Sciences (Hamburg, Germany). 1-n-Hexylphenanthrene (≥99.2%) and 

1-n-dodecylphenanthrene (≥99.5%) were synthesized by the Biochemical Institute for 

Environmental Carcinogens (Groβhansdorf, Germany). Acetonitrile was bought from Biosolve 

(Dieuze, France). Dimethyl sulfoxide (DMSO) K2HPO4 ∙ 3H2O, MgCl2, and KCl were supplied by 

Merck (Darmstadt, Germany). Gentest™ pooled male Sprague Dawley rat liver microsomes (RLM) 

and Ultrapool™ human liver microsomes (HLM) with a protein concentration of 20 mg/ml were 

obtained from Corning (New York, USA), and the latter contained cytochrome P450 liver enzymes 

of 150 individuals. Rat liver S9 homogenate was obtained from Trinova Biochem GmbH (Giessen, 

Germany) and was prepared from the livers of male Sprague Dawley rats that had been injected 

intraperitoneally with Aroclor 1254 (500 mg/kg body weight). Salmonella typhimurium TA98 and 

TA 100 tester strains were also obtained from Trinova Biochem GmbH (Giessen, Germany). 

NADP and glucose-6-phosphate were supplied by Randox Laboratories Ltd. (Crumlin, UK) and 

Roche Diagnostics (Mannheim, Germany), respectively.    



 

2.2 In vitro incubations of phenanthrene and its alkylated congeners with human and rat 

liver microsomes 

Microsomal oxidation of phenanthrene and its alkylated congeners by HLM and RLM was 

investigated in an overall 200 μl incubation system consisting of potassium phosphate (0.1 M, pH 

7.4), containing 5 mM MgCl2, HLM/RLM at a final microsomal protein concentration of 0.5 mg/ml, 

1 mM NADPH, and each of the individual test compounds at concentrations ranging from 0 to 600 

μM. Test compounds were phenanthrene, 1-methylphenanthrene, 2-methylphenanthrene, 3-

methylphenanthrene, 9-methylphenanthrene, 2-ethylphenanthrene, 9-ethylphenanthrene, 10-

methyl-9-ethylphenanthrene, 1-n-hexylphenanthrene and 1-n-dodecylphenanthrene. The final 

concentration of substrate solvent, either DMSO or tetrahydrofuran (the latter was used for 1-n-

hexylphenanthrene and 1-n-dodecylphenanthrene due to their low solubility in DMSO) in the 

incubation mixture was 1% (v/v), which did not affect the enzymatic activity of rat liver 

microsomes (Li et al. 2010). The incubation mixtures were prepared and incubated in glass vials 

to avoid plastic binding of the substrates. The glass vials were capped to prevent substrate loss due 

to volatility. After pre-incubation of the incubation mixture at 37°C for 1 min, the enzymatic 

reaction was initiated by adding microsomes to the incubation mixture which was subsequently 

incubated at 37°C for 20 min. The reaction was terminated by adding 100 µl ice-cold acetonitrile 

followed by vortexing. After 5 min centrifugation at 5000rpm (4000  g), 4°C, the supernatant was 

collected for ultra-performance liquid chromatography (UPLC) analysis. However, the 

concentrations of the metabolites of two of the test substrates, 1-n-hexylphenanthrene and 1-n-

dodecylphenanthrene, in the supernatant appeared too low to detect metabolism. Therefore, a 

diisopropylether (DIPE) extraction of the metabolites was performed after the reaction was stopped 

by the addition of 20 µl 10% HClO4. To this end, the incubation mixture (total volume of 220 µl) 



 

was extracted three times with 1 ml DIPE. Each time, the upper organic layer was collected and 

the DIPE was subsequently evaporated from the combined organic fractions with a gentle stream 

of nitrogen. The residues were dissolved in 100 µl methanol and analyzed by UPLC. 

To prepare samples for metabolite identification by GC-MS/MS, each individual test substance 

(200 µM final concentration) was incubated in a volume of 400 μl in potassium phosphate (0.1 M, 

pH 7.4) containing 5 mM MgCl2, HLM or RLM at a final microsomal protein concentration of 1 

mg/ml, and 1 mM NADPH at 37°C for 10 min. After incubation, the incubation mixture was 

centrifuged for 5 min at 5000 rpm (4000  g) and 4°C. The supernatant of the incubation mixture 

was transferred to a fresh vial and extracted 3 times with 100 µl dichloromethane (DCM) following 

vortexing. The DCM phase containing the substrate and metabolites was separated from the 

aqueous phase by centrifugation at 5000rpm (4000  g) for 5 min. The organic (lower) phase was 

collected from each extraction, combined and analyzed by GC-MS/MS. 

2.3 Bacterial reverse mutation (Ames) assay 

The mutagenicity of phenanthrene and four of its methylated analogues (1-methyl-, 2-methyl-, 3-

methyl- and 9-methyl-phenanthrene) was assessed in the Ames test, a bacterial reverse mutation 

assay, using the TA98 and TA100 strains of Salmonella typhimurium. Six concentrations of each 

compound were tested in triplicate in the absence and presence of 5% (v/v) S9-mix prepared from 

the livers of Aroclor 1254 treated Sprague Dawley rats. The S9-mix contained 4mM NADP, 

5.8mM glucose-6-phosphate, 0.1M sodium phosphate pH 7.4, 8mM MgCl2, 33mM KCl and 5% 

S9 homogenate. Fresh bacterial cultures were prepared overnight to reach 109 cells/ml. The 

following solutions were pre-incubated in a rotating incubator at 70 rpm and 37°C, and contained 

either 0.5 ml S9-mix (in case of S9 presence) or 0.5 ml 0.1M potassium phosphate pH 7.4 (in case 

of S9 absence), 0.1 ml of a fresh bacterial culture (109 cells/ml) of TA98 or TA100, and 10-100µg 



 

test compound. Top agar was molten and heated to 45°C. After preincubation, the substrate 

solutions were added to 3 ml of the molten top agar and mixed by vortexing and the top agar 

mixture was poured onto a minimal glucose agar plate. After solidification of the top agar, the 

plates were incubated at 37°C for 48 hours. The number of revertant colonies per plate was 

automatically counted with the Instem Sorcerer Colony Counter (Staffordshire, UK). In absence of 

S9-mix, NF and MMS were tested as positive controls for incubations with TA98 and TA100, 

respectively. In the presence of S9-mix, 2AA was tested as a positive control in both TA98 and 

TA100. DMSO was tested as a solvent control in both tester strains. The mutagenicity of the test 

compounds was determined by the number of revertant colonies per plate and considered positive 

if the revertant number was increased compared to the historical control data and was also more 

than 3-fold or 2-fold higher than the controls for tester strain TA98 and TA100, respectively (Levy 

et al. 2019). The historical control data are presented in Table S1 in the supplementary material. 

2.4 In vitro incubations of phenanthrene and its methylated analogues with rat S9 

Since the reverse mutation assay used an S9 metabolic system instead of microsomes, for the 

compounds tested in the reverse mutation assay the metabolite patterns were also characterized in 

incubations with rat liver S9. To this end the incubation mixture of each compound tested in the 

reverse mutation assay with Aroclor 1254 treated rat liver S9 was analyzed by UPLC while 

unidentified metabolites were further analyzed by GC-MS/MS. Incubation mixtures consisting of 

100 µg (1000 µM final concentration) test compound, either 0.5 ml S9-mix (in case of S9 presence) 

or 0.5 ml 0.1M potassium phosphate pH 7.4 (in case of S9 absence) were incubated for 48 hours at 

37°C, applying the concentrations, incubation time and temperature also used in the Ames assay. 

After the 48-hour incubation, 250 µl acetonitrile was added to the incubation mixture followed by 

centrifugation at 5000rpm (4000  g) for 5 min. The supernatant was collected for UPLC analysis. 



 

For GC-MS/MS analysis, the incubation mixture was centrifuged for 5 min at 5000rpm (4000  g) 

and 4°C after the 48-hour incubation. The supernatant thus obtained was transferred to a fresh vial 

and extracted 3 times with 100 µl DCM following vortexing. The DCM phase, containing the 

substrate and its metabolites, was separated from the aqueous phase by centrifugation at 4000  g 

for 5 min. The organic (lower) phase was collected, combined and analyzed by GC-MS/MS. 

2.5 UPLC analysis 

The metabolites formed were analyzed and quantified using an Acquity UPLC system equipped 

with a photodiode array (PDA) detector (Waters, Milford, MA). The metabolites and their parent 

compound were separated on a reverse phase Acquity UPLC® BEH C18 column (21 × 50 mm, 

1.7µm, Waters, Milford, MA) and detected at wavelengths ranging from 190 nm to 400 nm. Eluent 

A was nano-pure water containing 0.1% trifluoroacetic acid (v/v), and eluent B was acetonitrile 

containing 0.1% trifluoroacetic acid (v/v). The gradient elution started from 90% A and 10% B 

applied from 0.0 min to 0.5 min, which was changed to 0% A and 100% B from 0.5 to 15.5 min 

and then kept at 0% A and 100% B from 15.5 min to 18.5 min, changed back to 90% A and 10% 

B from 18.5 to 18.6 min and then maintained at the starting conditions from 18.6 min until 22 min. 

The total run time was 22 min using a flow rate of 0.6 ml/min. The temperature of the column was 

set at 40°C and that of the autosampler at 10°C during the UPLC analysis. The injection volume 

was 3.5 µl. Metabolites were quantified using their peak area at the wavelength specified in Table 

1, using calibration curves of available reference compounds. Metabolites were identified by 

comparing their retention time (RT) and UV spectrum to those of reference chemicals on UPLC. 

When reference chemicals were not available, metabolite identification by gas chromatography-

triple quadrupole mass spectrometry (GC-MS/MS) was performed. The minor metabolites were 



 

identified by elution time and mass spectra both on UPLC and GC-MS/MS, and by comparison 

with available elution and spectral information from the literature.  

Under the conditions used metabolite formation was linear with time and the amount of microsomal 

protein. The metabolite concentrations in the microsomal incubation mixtures as quantified by 

UPLC were used to calculate the rate of the enzymatic conversions in pmol/min/mg microsomal 

protein. The kinetic parameters KM and Vmax were obtained using a nonlinear regression curve fit 

applying the Michaelis Menten equation in GraphPad Prism 5 (San Diego, USA). To compare the 

catalytic efficiency of formation of the different metabolites the intrinsic clearance (Clint) was 

calculated as Vmax divided by KM. 

2.6 Metabolite identification by GC-MS/MS 

The MS spectra of all metabolites were recorded and compared to mass spectra from the NIST 

library (14, 14s, 17-1, 17-2, 17s) available in the GC-MS/MS solution software Version 4.45 

(Shimadzu, Japan).  

The metabolites formed from phenanthrene, 1-methylphenanthrene, 2-methylphenanthrene, 3-

methylphenanthrene, 9-methylphenanthrene, 2-ethylphenanthrene, 9-ethylphenanthrene, 10-

methyl-9-ethylphenanthrene, 1-n-hexylphenanthrene and 1-n-dodecylphenanthrene were analyzed 

using a Shimadzu GC-MS/MS system consisting of a GC-2010 Plus coupled with a mass 

spectrometer TQ8040 (Shimadzu, Japan). A 30 m capillary column with 0.25 mm diameter (ZB-1, 

Phenomenex, USA) was used to separate the metabolites upon injection of 1 µl of the extract with 

splitless injection mode, using a constant flow of helium gas (1 ml/min). The column oven 

temperature started at 50°C and 1-min hold, increased to 300°C at a rate of 20°C/min from 1 min 

to 13.5 min, followed by 8.5 min hold at 300°C. The total run time was 22 min and electron 

ionization (70eV) was used to generate the ions of metabolites for mass spectrometric detection.  



 

3. Results 

3.1 Microsomal metabolism of phenanthrene and its alkylated congeners 

The concentration dependent rate of metabolite formation and the corresponding fitted curves 

representing Michaelis Menten kinetics of the metabolite formation mediated by cytochrome P450 

enzymes in HLM and RLM are shown in Figure 2 for phenanthrene, 1-methylphenanthrene, 2-

methylphenanthrene, 3-methylphenanthrene, 9-methylphenanthrene, 2-ethylphenanthrene, 9-

ethylphenanthrene, 10-methyl-9-ethylphenanthrene and 1-n-hexylphenanthrene. No metabolic 

conversion was observed for 1-n-dodecylphenanthrene under the experimental conditions used. 

The obtained KM and Vmax values and the calculated Clint for formation of each metabolite derived 

from the curves presented in Figure 2 are summarized in Table 1.  
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Figure 2. Substrate-concentration dependent metabolism of alkyl substituted phenanthrenes and 

phenanthrene itself by human liver microsomes (HLM) and rat liver microsomes (RLM). Green 

lines represent metabolite formation via alkyl chain oxidation and black lines present metabolite 

formation by aromatic ring oxidation. Each symbol represents experimental means and vertical 

bars are standard errors of the mean (n=3). 



 

Table 1. The Michalis Menten parameters including KM, Vmax and intrinsic clearance (Clint) calculated as Vmax/KM for formation of 

metabolites from alkyl substituted phenanthrenes and phenanthrene in human and rat liver microsomal incubations (Figure 2). The 

retention time (RT) and wavelength () used to identify and quantify the metabolites by UPLC-UV analysis are also presented. Results 

are shown as mean ± standard error of the mean (SEM) from three independent microsomal incubations. Abbreviations. ND = not 

detected. NM = no metabolism. NA= not applicable. 

Metabolites Structure Species KM (µM) 
Vmax (pmol/min/mg 

microsomal protein) 

Clint (Vmax/KM) 

µl/min/mg protein 

Phenanthrene RT=8.21min, =251.1nm 

3,4-dihydro-phenanthrene-diol 

RT=2.13min, =260.2nm; 

 

Human 22.6±12.7 61.5±6.3 2.7 

Rat 153.7±72.4 10.3±1.8 0.1 

3,4-dihydro-phenanthrene-diol 

RT=2.24min, =237.1nm 

Human 8.1±3.5 6.0±0.3 0.7 

Rat ND ND - 

9,10-dihydro-phenanthene-diol 

RT=3.28min, =231.6nm; 

 

Human ND ND - 

Rat 84.2±15.7 9.8±0.6 0.1 

9,10-dihydro-phenanthene-diol 

RT=3.38min, =209.1nm 

Human 32.4±9.0 287.8±17.1 8.9 

Rat 121.6±29.1 529.2±43.2 4.4 

1,2-dihydro-phenanthrene-diol 

RT=3.57min, =237.1nm 
 

Human 25.7±12.6 152.5±14.4 5.9 

Rat 104.3±26.3 79.3±6.5 0.8 

3-phenanthrol 

RT=6.02min, =252.9nm 

 

Human ND ND - 

Rat 103.4±29.5 21.3±2.0 0.2 



 

1-phenanthrol 

RT=6.31min, =251.7nm 
 

Human 21.3±5.2 125.2±5.4 5.9 

Rat 83.6±43.1 123.9±19.2 1.5 

4-phenanthrol 

RT=6.55min, =245nm 
 

Human 188.1±104.1 18.0±3.9 0.1 

Rat 145.3±89.8 24.5±5.5 0.2 

1-methylphenanthrene RT=8.99min, =255.3nm 

Dihydro-1-methyl-phenanthrene-diol 

RT=2.32min, =210.4nm 

 

Human 430.8±134.7 27.5±4.6 0.1 

Rat ND ND - 

Dihydro-1-methyl-phenanthrene-diol 

RT=3.43min, =255.3nm 

Human ND ND - 

Rat 43.7±19.0 4.2±0.4 0.1 

Dihydro-1-methyl-phenanthrene-diol 

RT=3.96min, =260nm 

Human ND ND - 

Rat 17.8±6.7 5.2±0.3 0.3 

Dihydro-1-methyl-phenanthrene-diol 

RT=4.35min, =238.9nm 

Human 25.1±3.3 20.6±0.5 0.8 

Rat 34.3±12.9 16.1±1.3 0.5 

Dihydro-1-methyl-phenanthrene-diol 

RT=4.76min, =254.1nm 

Human ND ND - 

Rat 14.8±4.4 14.0±0.6 0.9 

1-(hydroxymethyl) phennathrene 

RT=5.55min, =254.1nm 
 

Human 30.5±4.1 475.3±13.2 15.6 

Rat 37.4±3.5 1926±40.3 51.5 

1-methylphenanthrol 

RT=6.3min, =252.9nm 

 

Human 107.5±18.9 14.7±0.8 0.1 

Rat ND ND - 

1-methylphenanthrol 

RT=6.80min, =258nm 

Human 22.7±6.2 77.3±3.9 3.4 

Rat 123.0±22.4 33.1±2.1 0.3 

1-methylphenanthrol Human ND ND - 



 

RT=6.92min, =249.9nm Rat 106.5±21.5 24.0±1.6 0.2 

1-methylphenanthrol 

RT=7.00min, =258nm 

Human ND ND - 

Rat 93.4±21.6 17.3±1.2 0.2 

1-methylphenanthrol 

RT=7.29min, =256nm 

Human ND ND - 

Rat 150.2±37.6 9.0±0.8 0.1 

2-methylphenanthrene RT=9.05min, =252.9nm 

Dihydro-2-methyl-phenanthrene-diol 

RT=3.09min, =262.1nm 
 

Human 35.9±11.9 6.4±0.5 0.2 

Rat ND ND - 

Dihydro-2-methyl-phenanthrene-diol 

RT=4.26min, =212.2nm 
 

Human ND ND - 

Rat 135.8±44.5 23.1±2.7 0.2 

Dihydro-2-methyl-phenanthrene-diol 

RT=4.42min, =243.8nm 

 

Human ND ND - 

Rat 95.9±46.6 16.2±2.5 0.2 

Dihydro-2-methyl-phenanthrene-diol 

RT=4.99min, =252.9nm 

Human ND ND - 

Rat 141.7±43.3 12..8±1.4 0.1 

2-(hydroxymethyl)-phennathrene 

RT=5.59min, =253.5nm 
 

Human 21.6±5.9 562.0±27.5 26.0 

Rat 25.8±7.1 2174±115.3 84.3 

2-methylphenanthrol 

RT=6.12min, =262.7nm 

 

Human 4.9±3.2 16.3±0.8 3.3 

Rat NA 90.7±3.8 - 

2-methylphenanthrol 

RT=6.98min, =266.9nm 

Human ND ND - 

Rat 15.6±4.2 76.0±3.1 4.9 

2-methylphenanthrol 

RT=7.08min, =260.8nm 

Human ND ND - 

Rat 39.6±13.3 11.2±0.9 0.3 



 

3-methylphenanthrene RT=9.04min, =252.3nm 

Dihydro-3-methyl-phenanthrene-diol 

RT=4.25min, =210.4nm 

 

Human 100.8±20.0 65.0±4.1 0.6 

Rat 312.5±178.2 92.3±25.1 0.3 

Dihydro-3-methyl-phenanthrene-diol 

RT=4.42min, =238.9nm 

Human 71.5±16.2 12.8±0.8 0.2 

Rat 121.5±29.0 20.4±1.7 0.2 

3-(hydroxymethyl)-phenanthrene 

RT=5.62min, =252.9nm 

 

Human 44.5±6.2 583.8±19.6 13.1 

Rat 120.2±41.7 2593±305 21.6 

3-methylphennathrol 

RT=6.98min, =252.9nm 

 

Human ND ND - 

Rat 371.1±476.3 82.6±53.8 0.2 

9-methylphenanthrene RT=9.02min, =252.9nm 

3,4-Dihydro-9-methyl-phenanthrene-diol 

RT=2.98min, =262.1nm 

 

Human 55.9±23.9 26.1±3.0 0.5 

Rat ND ND - 

1,2-Dihydro-9-methyl-phenanthrene-diol 

RT=4.27min, =238.9nm 

 

Human 61.8±33.7 15.6±2.4 0.3 

Rat ND ND - 

9-(hydroxymethyl)-phenanthrene 

RT=5.6min, =252.9nm 

 

Human 35.3±16.3 415.9±43.9 11.8 

Rat 89.9±42.9 1543±226.6 17.2 

9-methylphenanthrol 

RT=6.28min, =249.9nm 

Human 278.3±145.8 27.8±6.7 0.1 

Rat ND ND - 



 

9-methylphenanthrol 

RT=6.73min, =252.9nm 

 
 

Human 239.8±235.5 44.9±19.4 0.2 

Rat 226.2±99.5 27.2±5.1 0.1 

9-methylphenanthrol 

RT=6.87min, =254.7nm 

Human ND ND - 

Rat 346.4±164.3 124.2±29.2 0.4 

9-methylphenanthrol 

RT=7.2min, 249.9nm 

Human ND ND - 

Rat 445.7±463.6 41.4±23.4 0.1 

9-methylphenanthrol 

RT=7.25min, =252.9nm 

Human ND ND - 

Rat 154.4±78.6 10.2±1.9 0.1 

2-ethylphenanthrene, RT=9.84min, =253.5nm 

Dihydro-2-ethyl-phenanthrene-diol 

RT=4.6min, =254.1nm 

 

Human ND ND - 

Rat 25.3±23.2 33.9±11.8 1.3 

Dihydro-2-ethyl-phenanthrene-diol 

RT=5.16min, =276.6nm 

Human 108.3±56.2 18.4±3.2 0.2 

Rat ND ND - 

Dihydro-2-ethyl-phenanthrene-diol 

RT=5.29min, =241.9nm 

Human 132.0±49.6 22.1±3.0 0.2 

Rat 181.7±38.3 42.9±3.5 0.2 

2-(1-hydroxyethyl)-phenanthrene 

RT=6.21min, =253.5nm 

 

Human 96.5±31.7 468.8±50.3 4.9 

Rat 105.4±27.4 3149.0±266.1 29.9 

2-ethylphenanthrol 

RT=7.57min, =255.3nm 

 

Human ND ND - 

Rat 223.6±100.8 16.5±3.1 0.1 

2-ethylphenanthrol 

RT=7.74min, =254.1nm 

Human ND ND - 

Rat 233.3±89.7 16.6±2.7 0.1 

2-ethylphenanthrol Human ND ND - 



 

RT=7.89min, =254.1nm Rat 133.2±76.4 11.8±2.4 0.1 

RT=9.38min, =267.6nm Unknown 
Human 205.0±85.7 37.2±6.5 0.2 

Rat 95.4±30.5 238.0±23.9 2.5 

9-ethylphenanthrene RT=9.71min, =252.9nm 

Dihydro-9-ethyl-phenanthrene-diol 

RT=3.81min, =263.3nm 

 

Human 104.6±17.3 15.2±0.8 0.1 

Rat 117.7±59.9 12.0±2.1 0.1 

Dihydro-9-ethyl-phenanthrene-diol 

RT=3.88min, =262.1nm 

Human 59.1±12.4 23.5±1.4 0.4 

Rat ND ND - 

9-(2-hydroxyethyl)-phenanthrene 

RT=6.00min, =253.5nm 

 

Human 22.6±6.4 61.4±3.3 2.7 

Rat 72.9±15.2 37.0±2.26 0.5 

9-(1-hydroxyethyl)-phenanthrene 

RT=6.20min, =252.9nm 

 

Human 122.2±22.5 267.7±17.4 2.2 

Rat 138.2±15.2 1206±47.9 8.7 

9-ethylphenanthrol 

RT=7.42min, =252.9nm 

 

Human 159.9±34.9 12.8±1.1 0.1 

Rat 91.6±30.2 29.7±3.1 0.3 

9-ethylphenanthrol 

RT=7.58min, =254.1nm 

Human 244.7±52.6 29.1±2.8 0.1 

Rat 321.4±70.5 56.6±1.8 0.2 

9-ethylphenanthrol 

RT=7.93min, =250.5nm 

Human ND ND - 

Rat 90.3±23.1 22.8±1.8 0.3 

RT=9.35min, =256.6nm Unknown 
Human ND ND - 

Rat 169.0±51.7 52.7±6.2 0.3 



 

10-methyl-9-ethyl-phenanthrene RT=10.19min, =255.3nm 

Dihydro-10-methyl-9-ethyl-phenanthrene-

diol 

RT=4.29min, =266.3nm 

 

Human 141.8±83.7 7.2±1.7 0.1 

Rat 253.1±223.1 6.4±2.7 0.0 

Dihydro-10-methyl-9-ethyl-phenanthrene-

diol 

RT=4.34min, =266.3 

Human 102.1±70.3 10.5±2.5 0.1 

Rat 73.7±45.0 8.09±1.6 0.1 

9-(2-hydroxyethyl)-10-methyl-

phenanthrene 

RT=6.5min, =255.3nm 
 

Human 24.7±16.5 12.9±1.8 0.5 

Rat 88.4±39.2 21.0±3.1 0.2 

9-(1-hydroxyethyl)-10-methyl-

phenanthrene 

RT=6.65min, =256nm 
 

Human 192.4±106.8 187.1±45.2 1.0 

Rat 114.3±4.5 630.2±81.4 5.5 

9-ethyl-10-(1-hydroxymethyl)-

phenanthrene 

RT=6.90min, =256nm 
 

Human 118.2±65.0 85.9±17.4 0.7 

Rat 98.9±38.5 85.8±11.6 0.9 

9-ethyl-10-methyl-phenanthrol 

RT=7.82min, =255.3nm 

 

Human ND ND - 

Rat 94.4±41.4 65.6±9.8 0.7 

9-ethyl-10-methyl-phenanthrol 

RT=8.3min, =252.3nm 

Human ND ND - 

Rat 219.8±126.8 29.4±7.7 0.1 

1-n-hexyl-phenanthrene RT=12.60min, λ=256nm 

1-hydroxyhexyl-phenanthrene 

RT=8.45min, =256nm 

 

Human 67.9±20.0 48.3±6.1 0.7 

Rat 35.8±18.1 103.4±18.1 2.9 

1-hydroxyhexyl-phenanthrene Human ND ND - 



 

RT=8.58min, =256nm Rat 42.2±10.9 54.8±5.2 1.3 

1-hydroxyhexyl-phenanthrene 

RT=8.82min, =256nm 

Human 51.7±14.2 44.2±4.8 0.9 

Rat 26.6±6.0 25.6±1.8 1.0 

1-hydroxyhexyl-phenanthrene 

RT=9.13min, =256nm 

Human ND ND - 

Rat 33.1±7.3 11.7±0.9 0.4 

1-n-dodecyl-phenanthrene RT=16.62min, λ=302.5nm 

NM NA 
Human NA NA NA 

Rat NA NA NA 

 

  



 

Dihydro-phenanthrene-diols and phenanthrols were detected in both human and rat liver 

microsomal incubations of phenanthrene. Specifically, three major dihydro-phenanthrene-diols, 

3,4-dihydro-phenanthrene-diol, 9,10-dihydro-phenanthrene-diol, and 1,2-dihydro-phenanthrene-

diol, were characterized based on comparison with reference materials and the available literature 

(Bao and Yang 1991; Chaturapit and Holder 1978; Jacob et al. 1996; Schober et al. 2010; Shou et 

al. 1994; Sims 1970). For 3,4-dihydro-phenanthrene-diol and 9,10-dihydro-phenanthrene-diol two 

partially overlapping peaks, representing their respective cis- and trans-isomers, were detected at 

2.13 and 2.24 min and at 3.28 and 3.38 min, respectively. Three phenanthrols were identified as 3-

phenanthrol, 1-phenanthrol, and 4-phenanthrol by co-elution and identical UV spectra with the 

reference standards .  

The oxidative metabolism of alkyl substituted phenanthrenes primarily occurred on the alkyl chain. 

The most abundant type of metabolites detected in both human and rat liver microsomal incubation 

mixtures with phenanthrenes were alcohols. The primary metabolites of 3-methylphenanthrene and 

9-methylphenanthrene were identified as 3-hydroxymethyl-phenanthrene and 9-hydroxymethyl-

phenanthrene, respectively, which co-eluted with the reference standards in both UPLC and GC-

MS/MS analyses. The molecular ion and base peak of both 3-hydroxymethyl-phenanthrene and 9-

hydroxymethyl-phenanthrene were observed at m/z 208 and m/z 179, respectively. A comparable 

mass spectrum was obtained for the primary metabolite of 1-methylphenanthrene with molecular 

ion at m/z 208 and a base peak at m/z 179 supporting its identification as 1-hydroxymethyl-

phenanthrene with an identical UV spectra as reported for this compound (Huang et al. 2017). With 

a similar mass spectral profile, 2-hydroxymethyl-phenanthrene was identified as a primary 

metabolite of 2-methylphenanthrene. 2-(1-Hydroxyethyl)-phenanthrene and 9-(1-hydroxyethyl)-

phenanthrene were found to be the primary metabolites of 2-ethylphenanthrene and 9-



 

ethylphenanthrene, respectively, with a molecular ion at m/z 222 and a base peak at m/z 179. In 

analogy with these results, the most abundant metabolite of 10-methyl-9-ethylphenanthrene was 

tentatively identified as 10-methyl-9-(1-hydroxyethyl)-phenanthrene with a base peak at m/z 203, 

a molecular ion peak at m/z 236 and the presence of other ion peaks at m/z 179 and m/z 218. 

For alkylated phenanthrenes, dihydro-phenanthrene-diols and phenanthrols were minor 

metabolites formed in microsomal incubations with both HLM and RLM. On UPLC the most polar 

dihydrodiols eluted first, followed by alcohols, and subsequently by less polar phenanthrols before 

the parent compound eluted (Table 1), whereas on GC-MS/MS the parent compound with lowest 

boiling point eluted before the alcohols, dihydrodiols and phenanthrols. Identification of the minor 

metabolites was based on comparison with reference mass spectra in the NIST libraries or mass 

spectra of a reference compound that shared a similar structure.  

Four dihydrodiols of 2-methylphenanthrene were detected at retention time 3.09 min, 4.26 min, 

4.42 min and 4.99 min ionized to a molecular ion at m/z 226 and a base peak at m/z 165. The 

dihydrodiols eluting at 3.09 min and 4.26 min were identified as 3,4- and 9,10- dihydro-2-

methylphennathrene-diol based on both the retention time and comparison to the UV spectra of 

3,4-dihydro-phenanthrene-diol and 9,10-dihydro-phennathrene-diol. Three phenolic metabolites 

eluting at 6.12 min, 6.98 min and 7.08 min were identified as 2-methylphenanthrols. 

The metabolites of 3-methylphenanthrene at retention time 4.25 min and 4.42 min were identified 

as dihydro-3-methylphenanthrene-diols with a molecular ion at m/z 226 and a base peak at m/z 

165. The dihydrodiol eluting at 4.25 min was identified as 9,10-dihydro-3-methylphennathrene-

diol based on both the retention time and comparison to the UV spectrum of 9,10-dihydro-

phenanthrene-diol. The metabolite of 3-methylphenanthrene eluting at 6.98 min was identified as 

3-methyl-phenanthrol with a base peak at m/z 208.  



 

The metabolite of 9-methylphenanthrene eluting at 2.62 min was identified as a dihydro-9-

methylphenanthrene-diol with a molecular ion at m/z 226, most probably being the 3,4-dihydro-9-

methylphenanthrene-diol based on both the retention time and comparison to the UV spectrum of 

3,4-dihydro-phenanthrene-diol. An additional dihydrodiol was detected at retention time 4.27 min 

that was possibly 1,2-dihydrodio-9-methylphenanthrene-diol based on both the retention time and 

comparison of its UV spectrum to the UV spectrum of 1,2-dihydro-phenanthrene-diol. Five 

metabolites with retention times ranging from 6.28 to 7.25 min were identified as 9-

methylphenanthrols with a base peak at m/z 208 and an ion peak at m/z 165.  

The concentrations of the minor metabolites that were formed from 1-methylphenanthrene were 

too low to be quantified within the background noise of the GC-MS/MS measurements. However, 

based on the retention time of the metabolites formed from 3- and 9-methylphenanthrene, these 

minor metabolites could be tentatively identified as dihydro-1-methylphenanthrene-diols based on 

their retention times of 2.32 min, 3.43 min, 3.96 min, 4.35 min and 4.76 min. The metabolites 

formed from 1-methylphenanthrene eluting at 6.3 min to 7.29 min were tentatively assigned as 1-

methylphenanthrols. 

The mass spectra of the 2-ethylphenanthrene metabolites at retention times of 4.60 min, 5.16 min 

and 5.29 min all showed a molecular ion at m/z 238 and a base peak at m/z 165, and could therefore 

be tentatively identified as dihydro-2-ethylphenanthrene-diols. The metabolites at 7.57 min, 7.74 

min and 7.89 min were tentatively identified as 2-ethylphenanthrols based on their molecular ion 

at m/z 222 in combination with a base peak at m/z 207. An additional metabolite that was 

tentatively identified as methyl-2-phenanthryl-ketone could not be found on UPLC but was 

detected by GC-MS/MS at a retention time of 12.03 min with a molecular ion at m/z 220 and a 



 

base peak at m/z 205, partly overlapping with the peak of 2-(1-hydroxyethyl)-phenanthrene at 

12.00 min.  

Minor metabolites of 9-ethylphenanthrene eluting at 3.81 min and 3.88 min were tentatively 

identified as dihydro-9-ethylphenanthrene-diols based on their molecular ions at m/z 238 and base 

peaks at m/z 165. The metabolite eluting at 6.00 min, shortly before 9-(1-hydroxyethyl)-

phenanthrene was tentatively identified as 9-(2-hydroxyethyl)-phenanthrene based on a molecular 

ion at m/z 222 and a base peak at m/z 191. The metabolites at retention times of 7.42 min, 7.58 

min and 7.93 min all had a molecular ion at m/z 222 and a base peak at m/z 207, and were identified 

as 9-ethylphenanthrols. 

Two metabolites of 10-methyl-9-ethylphenanthrene, with retention times of 4.29 min and 4.34 min, 

were identified as dihydro-10-methyl-9-ethyl-phenanthrenediol with a molecular ion at m/z 254 

and a base peak at m/z 167. The metabolite eluting at 6.5 min was identified as 10-methyl-9-(2-

hydroxyethyl)-phenanthrene, an ethanol with a molecular ion at m/z 236 and a base peak at m/z 

205. The other alcohol metabolite eluting at 6.90 min, was identified as 10-(1-hydroxymethyl)-9-

ethylphenanthrene with a molecular ion at m/z 236 and a base peak at m/z 221. The metabolites at 

retention times 7.82 min and 8.30 min were identified as 10-methyl-9-ethyl-phenanthrols with a 

base peak at m/z 236. 

Four metabolites of 1-n-hexylphenanthrene eluting from 8.45 min to 9.13 min were tentatively 

identified as 1-n-hydroxyhexyl-phenanthrenes based on the similarity of their UV spectra to the 

UV spectrum of 1-n-hexyl-phenanthrene, and the fact that they were ionized to a base peak at m/z 

207 and showed a molecular ion at m/z 278. 



 

3.2 Intrinsic clearance by aromatic and alkyl side chain oxidation 

To compare the metabolic efficiency of alkyl side chain oxidation and aromatic ring oxidation of 

phenanthrene and its alkyl substituted analogues, the intrinsic clearance of each parent test 

compound via side chain metabolites and aromatic ring metabolites was calculated (Figure 3). The 

overall intrinsic clearance of phenanthrene was 24.2 and 7.3 µl/min/mg protein when metabolized 

by hepatic P450 enzymes of human and rats, respectively. With increasing chain length the intrinsic 

clearance decreased substantially for alkylated phenanthrenes with an alkyl side chain with more 

than 3 carbon atoms clearance being limited or even (1-n-dodecyl-phenanthrene) not observed at 

all (Figure 3). The results presented in Figure 3 also reveal that when phenanthrene was alkyl 

substituted aromatic ring oxidation was reduced in favor of alkyl side chain oxidation. When there 

were more than 3 carbon atoms in the alkyl side chain of the tested substrates, aromatic ring 

oxidation was no longer detectable. In case of HLM, the intrinsic clearance of the tested alkylated 

phenanthrenes for which aromatic ring oxidation was observed 5.5 to 121 times lower than that of 

phenanthrene. For metabolism by HLM of the tested substrates with up to 3 carbon atoms in the 

alkyl side chain the intrinsic clearance via alkyl side chain oxidation was 3.5 to 16.4 times greater 

than that via aromatic ring oxidation. RLM metabolized the alkyl chain of the alkylated 

phenanthrenes 1.6 to 6.1 times more efficiently than HLM. For RLM the intrinsic clearance via 

aromatic ring oxidation of the tested alkylated phenanthrenes was 1.3 to 10.4 fold lower than that 

of phenanthrene itself. For the alkylated phenanthrenes for which aromatic oxidation was still 

observed, the alkyl side chain oxidation was 7.0 to 30.8 times more efficient than this aromatic ring 

oxidation in microsomal incubations with RLM.    
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Figure 3. Intrinsic clearance via aromatic ring and alkyl chain oxidation by (a) HLM and (b) RLM 

for the different model compounds. Dashed bar represents aromatic ring oxidation; white bar 

represents alkyl chain oxidation. Abbreviation. PHE = phenanthrene. 

3.3 Effect of alkyl chain length on total intrinsic clearance 

By adding up the intrinsic clearance of all metabolites for each substrate, the total intrinsic 

clearance of phenanthrene with and without alkyl substitution based on side-chain carbon number 

was calculated. Figure 4 presents this overall intrinsic clearance via aromatic ring and side chain 

oxidation as a function of the number of carbon atoms in the alkyl side chain for the different model 

compounds. The results thus obtained show that the metabolism of alkylated phenanthrenes by 

both HLM and RLM becomes less efficient with elongation of the alkyl chain, especially when the 

side chain carbon number was more than 3. No metabolic conversion was detected when the side 

chain carbon number was 12.  
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Figure 4. Relationship between total Clint of alkylated phenanthrenes and the number of carbon 

atoms on the alkyl side chain in metabolism with (a) HLM and (b) RLM. The intrinsic clearance 

was calculated by adding up the Clint values of all metabolites for the respective model compound 

(Table 1). 

3.4 Mutagenicity of phenanthrene and its methylated substituents in the Ames test 

The reverse mutation assay (Ames test), was used to assess the effect of methylation of 

phenanthrene on its mutagenicity towards Salmonella typhimurium tester strains TA98 and TA100. 

The model compounds used for these studies were non-substituted phenanthrene, phenanthrene 

with the methyl substitution at C1 and C9 positions generating a “fake” bay region and at C2 and 

C3 for which this was not the case. No precipitation was observed on the plates at the tested 

concentrations under microscope. None of the test compounds showed mutagenic potential in both 

tester strains in the absence of S9 metabolic system (Figure 5 and 6). Figure 5 and Figure 6 

present the number of (His +) revertant colonies per plate induced by (a) phenanthrene, (b) 1-

methylphenanthrene, (c) 2-methylphenanthrene, (d) 3-methylphenanthrene and (e) 9-

methylphenanthrene for tester strain TA98 and TA100 respectively. No increases in the number of 

revertants were observed in TA 98 and TA100 upon exposure to phenanthrene in the presence of 



 

S9 metabolic system. The observed increases in the number of revertants upon exposure to 1-

methylphenanthrene in the presence of an S9 metabolic activation system were up to 13.0- and 6.8- 

fold compared to the concurrent solvent control for tester strain TA98 and TA100, respectively. In 

the presence of S9 metabolic activation, for both 2-methylphenanthrene and 3-methylphenanthrene 

a slight dose response with 2.2- fold increase was observed in TA98, however, this was lower than 

the 3- fold increase required to conclude on a positive response that is biologically relevant (Levy 

et al. 2019) and no increased response was found in TA100 for either compound. Therefore, 2-

methyl- and 3-methyl- phenanthrene were considered to be non-mutagenic in both TA98 and 

TA100. 2.5- Fold and 1.9-fold increases in number of revertants to the concurrent solvent control 

were observed for 9-methyl-PHE in TA98 and TA100 respectively, which were both lower than 

the 3-fold and 2-fold criteria. Close inspection of the corresponding solvent control data revealed 

that this was caused by the relatively high number of revertants in the concurrent solvent control 

in the TA98 and TA100 groups of 9-methylphenanthrene, e.g. 23 ± 5 for the solvent control of 9-

methylphenanthrene compared to the historical dataset with a value of 18 ± 6 for TA98 (Table S1). 

This implies that relative to the historical control data the increase in the number of revertants of 

9-methylphenanthrene are 3.2- fold and 2.0- fold and are considered to be biologically relevant and 

indicative of mutagenicity.   
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Figure 5. Number of revertants in S. typhimurium TA98 upon exposure to (a) phenanthrene (b) 1-

methylphenanthrene, (c) 2-methylphenanthrene, (d) 3-methylphenanthrene and (e) 9-



 

methylphenanthrene in absence (black bar) and presence (white bar) of 5% S9-mix. Bars represent 

means and vertical bars indicate the standard deviation of the mean (n=3). The dotted horizontal 

line indicates 3-fold increase that is considered positive for mutagenicity. In absence of S9 mix, 

the test doses of 3-methyl-PHE showed cytotoxicity so no data are presented. The results of at least 

four analyzable doses that were non-cytotoxic were presented in Table S2 in the supplementary 

material showing negative results. PC = positive control, 1µg/plate 2AA with S9-mix and 

10µg/plate NF without S9-mix. SC = solvent control, DMSO with and without S9-mix. 
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Figure 6. Number of revertants in S. typhimurium TA100 on exposure to (a) phenanthrene (b) 1-

methylphenanthrene, (c) 2-methylphenanthrene, (d) 3-methylphenanthrene and (e) 9-

methylphenanthrene in absence (black bar) and presence (white bar) of 5% S9-mix. The dotted 

horizontal line indicates 2- fold increase that is considered positive for mutagenicity. Bar represent 

means and vertical bars are standard deviation of the mean (n=3). In absence of S9 mix, the test 

doses of 2-methylphenanthrene, 3-methylphenanthrene and 9-methylphenanthrene showed 

cytotoxicity so no data are presented. The results of at least four analyzable lower doses that were 

non-cytotoxic were presented in Table S3 in the supplementary material. PC = positive control, 

5µg/plate 2AA with S9-mix and 650 µg/plate MMS without S9-mix. SC = solvent control, DMSO 

with and without S9-mix. 

3.5 S9 mediated metabolism of phenanthrene and its methylated analogues 

To obtain insight in the metabolic activation of the four selected methyl substituted phenanthrenes 

tested in the reverse mutation assay, exposure mixtures similar to those of the Ames test were 

analyzed by UPLC and further by GC-MS/MS for the unidentifiable metabolites. Figure 7 shows 

the metabolite patterns and quantification from the incubations with phenanthrene and its four 

methylated phenanthrenes (tested at 1000µM a concentration being equivalent to the highest dose 

100µg tested in the Ames test). Similarly to the results obtained with the microsomal incubations, 

metabolism of methylated phenanthrenes mediated by aroclor 1254 induced S9-mix generated 

dihydrodiols, alcohols and phenols (Figure S1 in supplementary material). This reveals that similar 

to what was already observed for the microsomal incubations, also for the S9 incubations the 

presence of alkyl substitution shifts the metabolism of phenanthrene in favor of side chain oxidation 

at the cost of aromatic oxidation. Besides, an additional type of metabolite (reflected by a peak 

marked with an asterisk in Figure S1 supplementary material) was identified as hydroxymethyl-



 

hydroxy-phenanthrene representing a further metabolite of hydroxymethyl-phenanthrene with a 

molecular ion at m/z 226 measured by GC-MS/MS.  

Three major metabolites of phenanthrene observed in the chromatogram (Figure S1 supplementary 

material) of the S9 incubation were identified as 3,4-dihydrodiol, 9,10-dihydrodiol and 1,2-

dihydrodiol accounting for 10.5%, 62.1% and 20.7% of the total metabolite formation of 

phenanthrene, respectively. Formation of 1,2- and/or 7,8-dihydrodiols was found in all tested 

monomethylated phenanthrenes. Variation in formation of 3,4- and/or 5,6-dihydrodiols and 9,10-

dihydrodiol between mutagenic phenanthrenes (1-methyl- and 9 methyl-phenanthrene) and non-

mutagenic phenanthrenes (2-methyl- and 3-methylphenanthrene) was noticed (Figure 7). 

Formation of 9,10-dihydrodiol was only found in the incubations with 2-methyl and 3-

methylphenanthrene at levels amounting to 7.7% and 57.7% of the metabolites formed respectively. 

In the S9 incubations, 3,4- and/or 5,6-dihydrodiols were formed at levels amounting to 5.5% and 

12.5% of the total metabolite formation for 1-methyl- and 9-methyl-phenanthrene while at 2.2% 

and 0% of the total metabolite formation for 2-methyl- and 3-methyl-phenanthrene respectively.  
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Figure 7. Concentration of the metabolites formed in S9 incubation with phenanthrene and four of 

its methyl substituents. Each bar represents experimental means and vertical bars are standard 

errors of the mean (n=3). 

 

4. Discussion 

The consumption of food contaminated with PPAHs from petroleum derived products or 

environmental sources may be of concern to human health. The hazards of PPAHs are expected to 

be related to bioactivation. Since data on the metabolic fate of most PPAHs, in particular alkylated 

PAHs, are lacking, the oxidative metabolism of phenanthrenes with various degrees of alkylation 

was studied to investigate the effect of the alkyl substitution. It was hypothesized that alkylation of  

phenanthrenes would shift to alkyl side chain oxidation at the cost of aromatic ring oxidation when 

compared to the non-alkylated phenanthrene. This metabolic shift would be expected to lower the 

chances on bioactivation to metabolites such as possibly mutagenic dihydrodiols and 

developmental toxicity related phenols. In line with the hypothesis, the side chain hydroxylated 



 

metabolites of alkylated phenanthrenes were 30.9- to 3.5- fold more efficiently formed than 

aromatic ring oxidation metabolites by both HLM and RLM. The overall metabolism of 

phenanthrene with an alkyl chain with more than C6 was strongly reduced and metabolism was 

even absent in the case of 1-n-dodecylphenanthrene (C12). This observation may be best ascribed 

to possible steric hindrance by the longer alkyl chains hampering binding to the active site of the 

cytochrome P450 enzymes. Furthermore, metabolic oxidation primarily happened on the carbon 

atom at the benzylic position in case of 2-ethyl-, 9-ethyl-, and 10-methyl-9-ethyl-phenanthrenes, 

similar to the results obtained by microsomal incubations of 1-ethyl- and 2-ethyl-naphthalene 

(Wang et al. 2020). Side chain oxidation of alkylated phenanthrenes was also observed in other 

metabolic studies. Hydroxymethyl-phenanthrenes were detected as primary metabolites in a 

metabolism study with rat S9 incubations of 1-methyl-, 2-methyl, 3-methyl-, 4-methyl- and 9-

methyl-phenanthrene (LaVoie et al. 1981). Side chain hydroxylation metabolites were also 

detected in incubations of 1-methylphenanthrene and 9-ethylphenanthrene with human hepatoma 

(HepG2) cells (Huang et al. 2017).   

Considering that the metabolic shift from aromatic ring to side chain oxidation may reflect a shift 

from bioactivation to detoxification, data on the mutagenicity and tumorigenicity of these alkylated 

PAHs are of interest. However, data on the mutagenicity and the tumorigenicity of phenanthrene 

and alkyl substituted phenanthrenes are scarce. Neither phenanthrene nor its dihydrodiol 

metabolites were found to be mutagenic towards TA98 and TA100 tester strain of S. typhimurium 

(Bucker et al. 1979; Wood et al. 1979). This is in line with the observation in the present study that 

phenanthrene was tested negative for mutagenicity in both tester strains TA98 and TA100. In the 

present study, 1-methylphenanthrene showed 13.0- fold and 6.8- fold increase in the number of 

revertants compared to the concurrent solvent control when tested in the presence of metabolic 



 

activation in TA98 and TA100, respectively. Comparable studies showed a 3.2- fold and 6- fold 

increase in TA98 and TA100 respectively (LaVoie et al. 1983), and an 8.4- fold and 4.1- fold 

increase in the same strains (Katarzyna Rudnicka 2013). In addition, 9-methylphenanthrene, the 

other methyl substituted phenanthrene that tested positive with 3.2- fold (TA98) and 2.0- fold 

(TA100) increase relative to historical controls in the present study, was previously reported to be 

mutagenic as reflected by a 3.0- fold increase in revertants in TA100 while testing negative (only 

1.3- fold increase) in TA98 (LaVoie et al. 1983).  

Considering that the possible metabolic pathway underlying mutagenicity of 1-methyl- and 9-

methyl-phenanthrene could be a dihydrodiol-epoxide pathway (Figure 8), it can be suggested that 

the observed mutagenicity of 1-methyl- and 9-methyl-phenanthrene may be associated with regio- 

and stereo- selectivity for the possible dihydrodiol-epoxide bioactivation following the 

introduction of the methyl substitution. The formation of an additional bay region-like structural 

motif, described as “fake” bay region (Figure 8) upon introduction of a methyl substituent at the 

C1 or C9 position of phenanthrene may play a role in the observed mutagenicity. It is also of 

interest to note that it has been suggested before that the formation of 3,4- and/or 5,6- dihydrodiol 

metabolites likely reflects the bioactivation to mutagenic metabolites (LaVoie et al. 1981). This 

would be in line with the suggestion that methyl substitution at or near the K-region (9,10-position) 

of phenanthrene at its peri positions (Figure 1) would favor 3,4- and/or 5,6- dihydrodiol formation 

and mutagenicity (Figure 5 and 6) (LaVoie et al. 1983). Indeed for 9-methyl- and 1-methyl- 

phenanthrene formation of 3,4- and/or 5,6- dihydrodiol was observed, albeit to a level somewhat 

lower than observed for phenanthrene itself, which was tested negative for mutagenicity. 

Nevertheless, given the fact that methyl substitution adjacent to the K-region in 1-methyl- and 9-

methyl phenanthrene forms a “fake” bay region, it implies that 3,4- and/or 5,6- dihydrodiol 



 

formation provides increased chances of formation of a bay-region dihydrodiol-epoxide (Figure 

8). However, in phenanthrene this 3,4- and/or 5,6 dihydrodiol formation would not result in a bay 

region dihydrodiol-epoxide.  

 

Figure 8. Possible metabolic pathway towards bay region dihydrodiol-epoxide formation for 1-

methyl- (R1 = CH3) and 9-methyl- (R2 = CH3) phenanthrene 

Given these mutagenicity results it is also important to consider that neither phenanthrene nor its 

monomethylated analogues including 2-methyl- and 3-methylphenanthrene but also 1-methyl- and 

9-methyl-phenanthrene were found to be active tumor initiators in mouse skin painting studies 

(Buening et al. 1979; LaVoie et al. 1981). This lack of tumor-initiating activity of methyl 

substituted phenanthrenes might be due to a relatively lower tumor inducing potency of the formed 

DNA adducts compared to for example the diol epoxide metabolites of benzo[a]pyrene.  

Finally, it is also of interest that some authors have proposed a role for side chain hydroxylated 

metabolites in alkyl-substituted PAHs to play a role in their mutagenicity upon their further 

bioactivation by sulfotransferases to unstable DNA reactive sulfate metabolites (Huang et al. 2017). 

Whether for 1-methyl- and 9-methyl- phenanthrene also their side chain hydroxy metabolites play 

such a role remains to be investigated.    



 

The current risk assessment of PPAHs that may be present in consumer products is based on read 

across to metabolic activation and formation of DNA reactive metabolites of naked PAHs due to 

the lack of data on PPAH themselves (Baird et al. 2007; EFSA 2012; Wickliffe et al. 2014). The 

results of the present study provide insight in the effect of alkylation on the oxidative metabolism 

of phenanthrene, and also provide kinetic parameters that may turn out to be of use for future 

physiologically based kinetic (PBK) models to extrapolate toxicity data obtained in vitro to in vivo 

taking kinetics into account. The PBK models together with in vitro concentration-response data 

would provide the basis of a new approach methodology (NAM) for predicting the in vivo toxicity 

of alkyl substituted aromatics that may be present in petroleum derived products, in line with the 

proof of principle predicting the developmental toxicity of benzo[a]pyrene by this in vitro - in silico 

approach (Wang et al. 2021).   

Phenanthrene is the smallest PAH with a bay region but lacks genotoxic and carcinogenic 

properties observed for some bay-region PAHs with a higher number of aromatic rings, such as 

benzo[a]pyrene. It would be of interest for future studies to investigate whether alkylation causes 

similar shifts in metabolic oxidation for PAHs and PPAHs with more fused aromatic rings and in 

what way this influences their toxicity, as observed with naphthalene (Wang et al. 2020) and with 

phenanthrene in the present study. The results of the present study clearly show that the mutagenic 

effect depends on the site of alkylation on PAHs, with alkylation either increasing or decreasing 

toxicity.  

Taking all together it is concluded that alkylation of PAHs favors alkyl chain oxidation at the cost 

of aromatic oxidation. Especially methyl substitution of phenanthrene adjacent to its K-region such 

as in 1-methyl- and 9-methyl-phenanthrene converted phenanthrene into mutagens towards S. 

typhimurium TA98 and TA100. The position of the alkylation affects the metabolism and resulting 



 

mutagenicity of phenanthrene with the mutagenicity increasing in cases where the alkyl substituent 

creates an additional bay-region like structural motif, in spite of the extra possibilities for side chain 

oxidation.  
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Supplementary materials 

Table S1. Historical control data of the solvent control of reverse mutation assay 

 TA98 TA100 

S9-mix - + - + 

Range 4 – 61  6 – 60  58 – 188  50 – 176  

Mean 14 18 109 101 

SD 5 6 19 21 

n 2523 2528 2566 2508 

SD = Standard deviation 

n = Number of observations 

Historical control data from experiments performed between Nov 2017 and Nov 2020.  

 

Table S2. Mutagenic response of 3-methyl-PHE in the Salmonella typhimurium TA98 without S9-

mix at lower doses that were non-cytotoxic. The results are presented as mean number of revertant 

colonies of 3 replicate plates and standard deviation. 

Test compound Dose (µg/plate) 

 

His + revertant colonies TA98  

without S9-mix 

3-methyl-PHE PC 1590±295 

SC 15±4 

2 16±3 

4 17±4 

10 14±1 

20 13±2 

40 9±4S 

S indicates bacterial background lawn slightly reduced 



 

Table S3. Mutagenic response of 2-methyl-PHE, 3-methyl-PHE and 9-methyl-PHE in the 

Salmonella typhimurium TA100 without S9-mix at lower doses that were non-cytotoxic. The 

results are presented as mean number of revertant colonies of 3 replicate plates and standard 

deviation. 

Test compound Dose (µg/plate) 

 

His + revertant colonies TA100 

without S9-mix 

2-methyl-PHE 

PC 823±58 

SC 97±4 

10 106±20 

20 98±13 

40 70±8m 

3-methyl-PHE 

PC 783±46 

SC 116±9 

2 112±14 

4 112±9 

10 119±11 

20 83±34 

40 75±4m 

9-methyl-PHE 

PC 868±70 

SC 115±17 

2 121±7 

4 109±3 

10 105±11 

20 97±20 

40 59±40m 

m inducates bacterial background lawn moderately reduced  



 

 

 

 

 

 



 

 

Figure S1.  Relevant parts of UPLC chromatograms of incubation mixtures without and with S9-

mix for (a) phenanthrene (b) 1-methylphenanthrene (c) 2-methylphenanthrene (d) 3-

methylphenanthrene and (e) 9-methylphenanthrene at 254 nm wavelength. PHE = phenanthrene. 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 4 

The influence of alkyl substitution on the in vitro 

metabolism and mutagenicity of benzo[a]pyrene 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Danlei Wang, Angelique Groot, Albrecht Seidel, Lulu Wang, Effimia Kiachaki,  

Peter J. Boogaard, Ivonne M.C.M. Rietjens 

 

Manuscript in preparation 



 

Abstract 

In recent years concerns over consumer exposure to mineral oil aromatic hydrocarbons (MOAH), 

especially those containing alkylated polycyclic aromatic hydrocarbons (PAHs), have emerged. 

This is especially due to the fact that some PAHs are known to be genotoxic and carcinogenic upon 

metabolic activation. However, available toxicological data on PAHs mainly relate to non-

substituted PAHs with a lack of data on alkyl substituted PAHs. Therefore, the aim of the present 

study was to characterize the effect of alkyl substitution on the metabolism and mutagenicity of 

benzo[a]pyrene (B[a]P), a PAH known to be genotoxic and carcinogenic. To this end, the oxidative 

metabolism and mutagenicity of B[a]P and a series of its alkyl substituted analogues were 

quantified using in vitro microsomal incubations and the Ames test. The results obtained reveal 

that upon alkylation the metabolic oxidation shifts to the aliphatic side chain at the cost of aromatic 

ring oxidation. The overall metabolism, including metabolism via aromatic ring oxidation, and thus 

chances on bioactivation, were substantially reduced with elongation of the side chain, with 

metabolism of B[a]P with an alkyl substituent of > 6 C-atoms being seriously hampered. In the 

Ames test upon metabolic activation, methyl substitution of B[a]P resulted in an increase or 

decrease of the mutagenic potency depending the substitution position. The relevant pathways for 

mutagenicity of the selected monomethyl substituted B[a]P may involve the formation of a 7,8-

dihydrodiol-9,10-epoxide, a 4,5-oxide and/or an oxidative side chain metabolite that may 

subsequently give rise to an unstable and reactive sulfate conjugate. It is concluded that alkylation 

of B[a]P does not systematically reduce its mutagenicity in spite of the metabolic shift from 

aromatic to side chain oxidation. 

 

 



 

1. Introduction 

The presence of unsubstituted (‘naked’) and alkylated polycyclic aromatic hydrocarbons (PAHs) 

in mineral oils, raised safety concerns with respect to unintentional contamination of foodstuff and 

other consumer products with mineral oil aromatic hydrocarbons (MOAH) 1-4. Legally accepted 

mineral oils applied in food production, in pharmaceuticals and cosmetic products are highly 

refined and non-carcinogenic, and generally referred to as highly refined base oils (HRBOs) or 

white mineral oils. Nonetheless, unintentional or illegal use of insufficiently refined mineral oils 

may result in contamination of foodstuffs, pharmaceuticals or cosmetics with polycyclic aromatics 

from mineral oils which can chromatographically be detected and are referred to as MOAH. Some 

of these MOAH that can be detected in consumer products have been considered as potentially 

genotoxic and carcinogenic due to the presence of PAHs with 3 to 7 condensed rings with non or 

simple alkylation 5. These PAHs generally need bioactivation to exert these adverse effects. The 

present study focusses on benzo[a]pyrene (B[a]P) and a series of its alkylated analogues as model 

compounds to study the effect of alkylation on the in vitro metabolism and mutagenicity of PAHs. 

B[a]P is a typical mutagenic PAH that has been classified as a Group 1 carcinogen by the 

International Agency for Research on Cancer (IARC) based on evidence for its carcinogenicity in 

experimental animals and the consideration that the compound acts through a mechanism of 

carcinogenicity also relevant to humans 6. Bioactivation of B[a]P and other non-substituted PAHs 

to their genotoxic and carcinogenic metabolites was extensively studied in the past decades. These 

studies indicate that formation of a so-called bay region dihydrodiol-epoxide results in the most 

genotoxic and ultimate carcinogenic metabolite of these PAHs 7, 8. Figure 1 presents the formation 

of such a bay region dihydrodiol-epoxide from B[a]P following conversion by cytochrome P450, 

epoxide hydrolase and again a cytochrome P450 mediated reaction, ultimately resulting in 

formation of (+) anti-B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE), one of the four potential 



 

stereoisomers of B[a]P-7,8-dihydrodiol-9,10-epoxide, which was implied as the ultimate 

carcinogen of B[a]P 9. Given that this pathway for bioactivation includes two cytochrome P450 

catalyzed monooxygenation steps, and that the presence of an alkyl substituent may redirect the 

cytochrome P450 mediated conversion from aromatic to side chain oxidation 10, it remains to be 

elucidated whether alkylated bay-region PAHs would be bioactivated to a similar extent as the 

naked analogues. Given that the PAHs present in MOAH may in part represent alkylated PAHs the 

aim of the present study was to quantify the effect of alkyl substitution on the in vitro metabolism 

and genotoxicity of PAHs using B[a]P as the model compound. 

 
 

Figure 1. Metabolic activation pathway of B[a]P to its ultimate genotoxic and carcinogenic 

metabolite.  

Microsomal metabolic profiles for B[a]P and two of its methylated analogues are available in 

literature from the 1980s, including studies on 7-methyl-B[a]P 11-14, and 6-methyl-B[a]P 15, 16. These 

studies revealed that B[a]P is metabolized by rat or human liver microsomes and skin microsomes 

to dihydrodiols, quinones and phenols, specifically the 4,5-dihydrodiol, 7,8-dihydrodiol and 9,10-

dihydrodiol of B[a]P, the 1,6-quinone, 3,6-quinone and 6-12-quinone of B[a]P, and 1-hydroxy-, 3-

hydroxy- and 9-hydroxy- B[a]P (Figure 2) 17-22. The methylated analogue 7-methyl-B[a]P was 

reported to be converted by polychlorinated biphenyl (PCB) induced rat liver microsomes to the 



 

same type of metabolites and, in addition, to the metabolite resulting from side chain oxidation, 7-

hydroxymethyl-B[a]P (Figure 2) 11-13. Metabolic studies on the conversion of 6-methyl-B[a]P by 

3-methylcholanthrene (3-MC) induced rat liver microsomes suggested a similar profile of 

metabolites with additional formation of 1-hydroxy-6-hydroxymethyl-B[a]P, 3-hydroxy-6-

hydroxymethyl-B[a]P, and an unidentified ring-hydroxylated 6-methyl-B[a]P (Figure 2) 15, 16. 

These studies identified the various type of metabolites in a qualitative way but did not quantify 

the level of side chain versus aromatic hydroxylation, while they also did not include a comparison 

of B[a]P and its methylated analogues.   

 

 

Figure 2. A summary of the reported metabolites of B[a]P, 6-methyl and 7-methyl substituted B[a]P 

formed by P450 enzymes 11-13, 15, 16. R = CH3 substitution 

With respect to the mutagenicity it appeared that methyl substitution of B[a]P may increase or 

decrease the response in the Ames test. The limited number of reported studies on the effect of 

methylation on the mutagenicity and the dermal tumor-initiating activity of B[a]P are summarized 

in Table 1. The effect of monomethylation of B[a]P at twelve available carbon positions was 

examined in an Ames test with S. typhimurium tester strain TA100 in the studies of Chui et al. and 



 

Utesch et al. 23, 24. Although all tested monomethyl substituted B[a]P tested positive for 

mutagenicity towards TA100 upon metabolic activation with rat S9 homogenate 23-26, the 

mutagenic potency (expressed in revertants/nmol) of each monomethyl substituted B[a]P varied 

between studies. In the study of Chui et al., the mutagenic potency of B[a]P and the monomethyl 

substituted B[a]Ps towards tester train TA100 followed the order: 9-methyl-B[a]P > 4-methyl-

B[a]P > 6-methyl-B[a]P > 11-methyl-B[a]P > B[a]P > another eight monomethyl substituted B[a]Ps 

that showed equal or less mutagenicity compared to B[a]P itself 23. The study of Utesch et al. 

suggested the mutagenic potency to decrease in the order 4-methyl-B[a]P > B[a]P > other eleven 

monomethyl substituted B[a]Ps among the twelve monomethylated B[a]Ps tested in tester strain 

TA100 24. In line with the study of Chui et al., several other studies also reported 6-methyl-B[a]P 

being more mutagenic than B[a]P towards tester strain TA98 and TA100 25-27. No correlation 

between mutagenic potency in the Ames test and the skin tumor-initiating activity reported by Iyer 

et al 28 was found for the twelve monomethyl substituted B[a]Ps.  

The present study aims to provide novel biotransformation and mutagenicity data for several 

selected monomethyl substituted B[a]Ps, the latter towards both tester strains TA98 and TA100 that 

detect frameshift mutations and base-pair mutations, respectively. In particular, the effect of methyl 

substitution that introduces an additional bay region-like structural motif (“fake” bay region) on 

the possible underlying metabolic pathways and resulting mutagenicity was explored. The reported 

studies suggested 6-methyl-B[a]P with two additional “fake” bay regions to be a more potent 

mutagen but a weaker skin tumor initiator than B[a]P. The distal substitution at the C3 position of 

B[a]P results in possibilities for the formation of a bay region diol-epoxide next to an additional 

“fake” bay region apparently resulting in lower mutagenic potency but a stronger skin tumor-

initiating activity than what was observed for B[a]P. Both 8-methyl-B[a]P and 7-methyl-B[a]P in 



 

which the methyl substituent may sterically block the formation of the bay region diol-epoxide 

showed less or equal mutagenic potency compared to B[a]P, and appeared inactive in tumor 

initiation. Taken all together these data suggest that the monomethyl substitution of B[a]P at C6, 

C3, C7 or the C8 position, that introduces no to two extra “fake” bay regions, provide interesting 

model compounds for metabolic and resulting mutagenicity studies among the twelve possible 

carbon positions for substitution.  

To better understand the oxidative metabolism mediated by CYP enzymes of alkyl-substituted and 

non-substituted PAHs, the present study also characterizes the in vitro hepatic human and rat 

microsomal metabolism of an extended series of its alkylated analogues including in addition to 

B[a]P also 6-methyl-B[a]P, 7-methyl-B[a]P, 8-methyl-B[a]P, 3-methyl-B[a]P, 3-n-hexyl-B[a]P and 

3-n-dodecyl-B[a]P with the latter two being specially synthesized.  

  



 

Table 1. Overview of mutagenic potential of monomethyl substituted B[a]P and B[a]P itself in the Ames test as reported in the literature. The dose-

corrected mutagenic potency of each compound is presented as the maximum value of the net increase in the number of revertants (background 

subtracted) divided by the dose, and expressed as revertants per nmol. The tumor-initiating activity of the monomethyl substituted B[a]Ps and of 

B[a]P itself, assessed in the mouse skin painting assay, is expressed as percentage of mice with tumor. 

Studies 

Iyer et al.28 Bayless et al. 27 Sullivan et al.14 Flesher et al 29 Santella et al.25 Chui et al.23 Utesch et al.24 

Tumor initiating 

activity 

S. typhimurium strain 

TA98 TA98 TA98 TA100 TA100 TA100 TA100 

C
o

m
p

o
u

n
d

 

B[a]P 67 (Potent) 38 41 13 22 88 81 34 

1-Methyl-B[a]P 80 (Potent) - - - - - 37 11 

2-Methyl-B[a]P 38 (Weak) - - - - - 43 18 

3-Methyl-B[a]P 76 (Potent) - - - - - 40 26 

4-Methyl-B[a]P 67 (Potent) - - - - - 156 59 

5-Methyl-B[a]P 27 (Weak) - - - - - 42 11 

6-Methyl-B[a]P 24 (Weak) 173 199 97 73 341 136 32 

7-Methyl-B[a]P 0 (Inactive) - 14 - - 37 85 14 

8-Methyl-B[a]P 3 (Inactive) - - - - 86 88 15 

9-Methyl-B[a]P 0 (Inactive) - - - - 60 178 15 

10-Methyl-B[a]P 0 (Inactive) - - - - 23 47 8 

11-Methyl-B[a]P 90 (Very potent) - - - - 111 116 24 

12-Methyl-B[a]P 69 (Potent) - - - - - 43 10 



 

2. Material and Methods 

2.1 Chemicals and reagents 

B[a]P (≥99%), 7-methyl-B[a]P (≥98%), 8-methyl-B[a]P (≥98%), tetrahydrofuran (≥99.9%), 

trifluoroacetic acid (≥99%), methylmethanesulfonate (MMS), 2-aminoanthracene (2AA), and 

nitrofluorene (NF) were purchased from Sigma-Aldrich (St.Louis, USA). 3-Hydroxy-B[a]P was 

supplied by Toronto Research Chemicals (Toronto, Canada). 6-Methyl-B[a]P (99.5%) was 

obtained from CFW Laboratories (Newark, USA). 3-Methyl-B[a]P (>99%), 6-hydroxymethyl-

B[a]P (>99%), 3-hydroxy-8-methyl-B[a]P (>99%), 3-n-hexyl-B[a]P (>99%), and 3-n-dodecyl-

B[a]P (>99%) were synthesized by the Biochemical Institute for Environmental Carcinogens 

(Groβhansdorf, Germany). Acetonitrile was bought from Biosolve (Dieuze, France). Dimethyl 

sulfoxide (DMSO), MgCl2, KCl and K2HPO4·3H2O were supplied by Merck (Darmstadt, 

Germany). NADPH was obtained from Carbosynth (Berkshire, UK). Gentest™ pooled male 

Sprague Dawley rat liver microsomes (RLM) and Ultrapool™ human liver microsomes (HLM), 

both with a protein concentration of 20 mg/ml were supplied by Corning (New York, USA), the 

latter containing cytochrome P450 liver enzymes of 150 individuals. Aroclor 1254 induced liver 

S9 homogenate prepared from male Sprague Dawley rats was obtained from Trinova Biochem 

GmbH (Giessen, Germany). Salmonella typhimurium TA98 and TA100 tester strains were also 

obtained from Trinova Biochem GmbH (Giessen, Germany). NADP and glucose-6-phosphate were 

supplied by Randox Laboratories Ltd. (Crumlin, UK) and Roche Diagnostics (Mannheim, 

Germany), respectively.    

   



 

2.2 In vitro incubations of B[a]P and its alkylated congeners with human and rat liver 

microsomes 

Microsomal incubations of B[a]P and its alkylated congeners with HLM and RLM consisted of 

200 μl incubations containing 0.1 M potassium phosphate (pH 7.4), 5 mM MgCl2, HLM/RLM at 

a final microsomal protein concentration of 0.5 mg/ml, 1 mM NADPH, and each of the individual 

test compounds at concentrations ranging from 0 to 600 μM. Test compounds were B[a]P, 3-

methyl-B[a]P, 6-methyl-B[a]P, 7-methyl-B[a]P, 8-methyl-B[a]P, 3-n-hexyl-B[a]P and 3-n-

dodecyl-B[a]P, added from 100 times concentrated stock solutions in DMSO or tetrahydrofuran 

(the latter was used for 1-n-hexyl-B[a]P and 1-n-dodecyl-B[a]P due to their low solubility in 

DMSO). The final concentration of substrate solvent, in the incubation mixture was 1% (v/v), 

which is known to not affect the enzymatic activity of liver microsomes 30. The incubation mixtures 

were prepared and incubated in glass tubes to avoid plastic binding of the substrates. After pre-

incubation of the incubation mixture at 37°C for 1 min, the enzymatic reaction was initiated by 

adding microsomes to the incubation mixture which was subsequently incubated at 37°C for 30 

min. Under these conditions metabolite formation was linear with the incubation time and the 

microsomal protein concentration (data not shown). Because the tested substrates and their 

metabolites bind to microsomal protein substantially, a diisopropylether (DIPE) extraction of the 

metabolites was performed after the reaction was stopped by the addition of 20 µl 10% HClO4. 

The sample was subsequently extracted three times with 1 ml DIPE. Each time, the upper layer 

was collected and the combined DIPE fractions were subsequently vaporized under a nitrogen 

stream. The residues were dissolved in 100 µl methanol and analyzed by UPLC. 

The metabolite concentrations were quantified by UPLC and used to calculate the rate of the 

enzymatic conversion in pmol/min/mg microsomal protein. The kinetic parameters KM and Vmax 



 

were obtained using a nonlinear regression (curve fit) applying the Michaelis Menten equation in 

GraphPad Prism 5 (San Diego, USA). The intrinsic clearance (Clint) was calculated as Vmax divided 

by KM and used to compare the metabolic efficiency for formation of the different metabolites. 

2.3 UPLC analysis 

The metabolites formed were analyzed and quantified using an Acquity UPLC system equipped 

with a photodiode array (PDA) detector (Waters, Milford, MA). The metabolites and their parent 

compound were separated on a reverse phase Acquity UPLC® BEH C18 column (21 × 50 mm, 

1.7µm, Waters, Milford, MA) and detected at a wavelength ranging from 190 nm to 400 nm. Eluent 

A was nano-pure water containing 0.1% trifluoroacetic acid (v/v), and eluent B was acetonitrile 

containing 0.1% trifluoroacetic acid (v/v). The gradient elution started from 90% A and 10% B 

applied from 0.0 min to 0.5 min, which was changed to 10% A and 90% B from 0.5 to 15.5 min 

and then kept at 10% A and 90% B from 15.5 min to 18.5 min, changed back to 90% A and 10% B 

from 18.51 to 22min. The total run time was 22 min using a flow rate of 0.6 ml/min. The 

temperature of the column was set at 40°C and the autosampler at 10°C during the UPLC analysis. 

The injection volume was 3.5 µl. Metabolites were quantified using their peak area at the 

wavelength specified in Table 2, using calibration curves of available reference compounds. 

Metabolites were identified by comparing the retention time (RT) and absorption spectra to those 

of reference standard chemicals. The unknown minor metabolites were tentatively identified and 

categorized by considering elution time on UPLC and GC-MS/MS, mass spectra and available 

elution and spectral information from literature as described in the result section.   

2.4 Bacterial reverse mutation (Ames) assay   

The mutagenicity of B[a]P and four of its methylated analogues including 3-methyl-B[a]P, 6-

methyl-B[a]P, 7-methyl-B[a]P and 8-methyl-B[a]P was assessed in the bacterial reverse mutation 



 

(Ames) assay using Salmonella typhimurium strains TA98 and TA100. Six concentrations of each 

compound were tested in triplicate in the absence and presence of 5% (v/v) S9-mix obtained from 

the livers of Aroclor 1254 treated rats. The S9-mix contained 4 mM NADP, 5.8 mM glucose-6-

phosphate, 0.1 M sodium phosphate pH 7.4, 8 mM MgCl2, 33 mM KCl and 5% S9 homogenate. 

Fresh bacterial cultures were prepared overnight to reach 109 cells/ml. Top agar was molten and 

heated at 45°C. The following solutions were incubated at 70 rpm at 37°C in a shaking water bath; 

either 0.5 ml S9-mix (in case of S9 presence) or 0.5 ml 0.1 M phosphate pH 7.4 (in case of S9 

absence), mixed with 0.1 ml of a fresh bacterial culture (109 cells/ml) of TA98 or TA100, and 2.5 

– 25 µg test compound per plate. After incubation, the solutions were added to 3 ml molten top 

agar and mixed with vortexing. The content of the top agar tube was poured onto a minimal glucose 

agar plate. After solidification of the top agar, the plates were incubated at 37°C for 48 hours. The 

number of revertant colonies per plate was automatically counted with the Instem Sorcerer Colony 

Counter (Staffordshire, UK). In the absence of S9-mix, NF (10µg/plate) and MMS (650µg/plate) 

were tested as positive controls for incubations with TA98 and TA100, respectively. In the presence 

of S9-mix, 2AA (1 µg/plate and 5 µg/plate) was tested as a positive control in both TA98 and 

TA100. DMSO was tested as a solvent control in both tester strains. The results are considered 

biologically relevant for mutagenic potential when the induced increases in the number of revertant 

colonies are above the historical control database and more than 3-fold or 2-fold for tester strains 

TA98 and TA100, respectively 31.   

To obtain insight in the nature of the metabolites generated, additional incubations with the S9 mix 

were performed and analyzed as described above for the microsomal incubations. These S9 

incubations had the same composition as the mixture that the bacteria were exposed to in the Ames 

test, and consisted of 150 µM (20 µg) test compound, 500 µl S9-mix (in the presence of metabolic 

activation) or 0.1 M sodium phosphate (pH 7.4) (in the absence of metabolic activation). The 



 

mixture was incubated at 37°C for 48 hours and subsequently treated and analyzed for metabolites 

formed as described above in section 2.2 and 2.3 for the microsomal incubations.  

3. Results 

3.1 Microsomal metabolism of B[a]P and its alkylated analogues 

The kinetics of substrate concentration dependent metabolism mediated by hepatic P450 enzymes 

of human and rat are shown in Figure 3. The results obtained reveal that most of the metabolite 

formations followed Michaelis Menten type saturation kinetics, in some cases substrate inhibition 

was observed at higher concentrations. By fitting the data to the Michaelis Menten equation, the 

kinetic parameters including KM, Vmax and Clint for formation of each metabolite were obtained and 

are presented in Table 2.  
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Figure 3. Substrate concentration dependent metabolite formation of B[a]P and its alkyl substituted 

analogues by HLM and RLM. Black curves represent formation of metabolites resulting from 

aromatic ring oxidation and green curves present formation of metabolites from alkyl side chain 

oxidation. Each symbol represents experimental means and vertical bars are standard errors of the 

mean (n=3). 

Note:  

The Y-axis varies between the presented figures. 

* The figure of 7-methyl-B[a]P by HLM was obtained following 5h instead of 30min incubation. 

For the metabolites showing substrate inhibition, the KM and Vmax of in Table 2 were obtained from 

Michaelis Menten fitting approach with exclusion of the concentrations that showed inhibition 

effect. 

 

  



 

Table 2. The metabolite profile and corresponding Michaelis Menten parameters including KM, Vmax and Clint that was calculated as 

Vmax/KM. The results are shown as mean± standard error from three independent experiments. Abbreviations: RT=retention time;  = 

wavelength of maximum UV absorbance of the compound; ND = not detected; NM =no metabolism. 

Metabolites Structure Species KM (µM) 
Vmax (pmol/min/mg 

microsomal protein) 

Clint (Vmax/KM) 

µl/min/mg protein 

B[a]P RT=10.66min, =296.4nm 

9,10-dihydro-B[a]P-diol 

RT=4.65min, =278.6nm;  

HLM 12.2±8.5 3.8±0.6 0.2 

RLM 11.9±5.5 28.3±2.8 2.4 

4,5-dihydro-B[a]P-diol 

RT=5.69min, =273.1nm 
 

HLM 15.0±11.8 4.6±0.9 0.2 

RLM 6.5±4.5 13.3±1.4 2.0 

7,8-dihydro-B[a]P-diol 

RT=5.79min, =296.4nm 

 

HLM ND ND - 

RLM 14.6±9.8 7.0±1.1 0.5 

7,8-dihydro-B[a]P-diol 

RT=5.90min, =367.4nm; 

HLM ND ND - 

RLM 12.6±10.7 13.3±2.5 1.1 

B[a]P-1,6-quinone 

RT=6.64min, =219.4nm; 

 

HLM ND ND - 

RLM 14.8±8.8 22.2±3.2 1.5 

B[a]P-3,6-quinone 

RT=7.19min, =223.7nm; 
 

HLM ND ND - 

RLM 24.0±14.4 3.0±0.5 0.1 



 

9-hydroxy-B[a]P 

RT=8.22min, =267.6nm;  

HLM ND ND - 

RLM 11.4±5.2 20.0±1.9 1.8 

3-hydroxy-B[a]P 

RT=8.51min, =258.4nm;  

HLM 26.4±25.9 27.0±9.1 1.0 

RLM 12.7±3.5 99.5±6.1 7.8 

3-methyl-B[a]P RT=11.45min, =301.9nm 

4,5-dihydro-3-methyl-B[a]P-diol 

RT=4.74min, =273.7nm; 
 

HLM ND ND - 

RLM 28.8±5.9 2.7±0.2 0.1 

3-hydroxymethyl-B[a]P 

RT=7.83min, =301.3nm;  

HLM 15.4±7.9 3.6±0.5 0.2 

RLM 2.9±3.3 25.0±3.4 8.6 

3-B[a]P-carbaldehyde 

RT=7.98min, =226.1nm;  

HLM 87.0±38.1 6.4±1.3 0.1 

RLM 149.3±19.4 42.4±3.1 0.3 

Hydroxy-3-methyl-B[a]P 

RT=9.24min, =256.6nm;  

HLM 58.3±12.8 12.0±1.1 0.2 

RLM 137.4±23.0 26.4±2.4 0.2 

6-methyl-B[a]P RT=11.35min, =300nm 

4,5-dihydro-6-methyl-B[a]P-diol 

RT=4.81min, =273.1nm 
 

HLM ND ND - 

RLM 2.8±1.8 2.8±0.2 1 

6-hydroxymethyl-B[a]P 

RT=7.68min, =299.4nm 
 

HLM 168.8±117 30.8±12.4 0.2 

RLM 71.2±19.7 35.0±4.2 0.5 

3-hydroxy-6-methyl-B[a]P HLM 6.6±8.8 3.2±0.7 0.5 



 

RT=9.28min, =264.5nm 

 

RLM 5.4±9.1 3.8±0.9 0.7 

7-methyl-B[a]P RT=11.34min, =298.2nm 

9,10-dihydro-7-methyl-B[a]P-diol 

RT=5.1min, =276.7nm 
 

HLM* 3.0±3.7 0.3±0.0 0.1 

RLM ND ND - 

7-hydroxymethyl-B[a]P 

RT=7.8min, =297.6nm 

 

HLM* 3.2±3.1 1.3±0.1 0.4 

RLM 7.9±12.0 49.9±18.0 6.3 

3-hydroxy-7-methyl-B[a]P 

RT=9.15min, =268.2nm 
 

HLM* 3.4±4.1 2.7±0.3 0.8 

RLM 3.4±11.5 32.3±10.4 9.5 

8-methyl-B[a]P RT=11.53min, =297.6nm 

4,5-dihydro-8-methyl-B[a]P-diol 

RT=4.07min, =274.9nm; 
 

HLM ND ND - 

RLM 3.3±7.3 3.1±0.7 0.9 

7,8-dihydro-8-methyl-B[a]P-diol 

RT=5.56min, =259nm; 

 

HLM ND ND - 

RLM 2.9±5.1 5.2±1.4 1.8 

7,8-dihydro-8-methyl-B[a]P-diol 

RT=5.62min, =259nm; 

HLM ND ND - 

RLM 4.8±6.5 3.4±1.1 0.7 

8-hydroxymethyl-B[a]P 

RT=7.87min, =298.2nm;  

HLM 29.1±23.3 13.2±3.3 0.5 

RLM 8.4±5.2 418.8±47.2 49.9 



 

3-hydroxy-8-methyl-B[a]P 

RT=9.33min, =258.4nm;  

HLM 64.7±66.5 14.7±6.4 0.2 

RLM 11.6±8.4 68.8±10.7 5.9 

3-n-hexyl-B[a]P RT=14.25min, =302.5nm 

Dihydro-3-n-hexyl-B[a]P-diol 

RT=4.70min, 247.4nm  

HLM 36.0±49.4 1.5±0.7 0.04 

RLM 36.7±13.1 1.3±0.2 0.04 

3-dodecyl-B[a]P RT=17.45min, =301.9nm 

NM 
- 

HLM - - - 

NM RLM - - - 

 

* the data of marked HLM with 7-methyl-B[a]P was obtained following 5h incubation  



 

The metabolites formed upon rat microsomal metabolism of B[a]P were identified and 

characterized in our recently published paper 18. Compared to RLM, a lower number of metabolites 

appeared to be formed following metabolism mediated by P450 enzymes from HLM. In HLM, two 

dihydrodiols and a phenolic metabolite were identified as 9,10-dihydro-B[a]P-diol, 4,5-dihydro-

B[a]P-diol and 3-hydroxy-B[a]P eluting at 4.65 min, 5.69 min, and 8.51 min, respectively. 7,8-

Dihydro-B[a]P-diol, quinones and 9-hydroxy-B[a]P that were formed in RLM incubations were 

not detected in the microsomal incubation of B[a]P with HLM. Methyl substitution of B[a]P 

generally shifted the oxidative metabolism to the methyl side chain in incubations with both HLM 

and RLM. Besides the formation of dihydrodiols and phenols, side chain alcohol metabolites 

become the most abundant metabolites in incubations of the methyl substituted B[a]Ps with RLM 

but not necessarily with HLM (Figure 3, Table 2). 

The primary metabolite, eluting at 7.68 min, that was formed in incubations of 6-methyl-B[a]P 

with both HLM and RLM, was characterized as 6-hydroxymethyl-B[a]P by co-elution and the same 

UV spectrum as that of the synthesized reference chemical. A phenolic metabolite was detected at 

a retention time of 9.59 min and identified as 3-hydroxy-6-methyl-B[a]P based on a similar UV 

spectrum as 3-hydroxy-B[a]P and 3-hydroxy-8-methyl-B[a]P. 4,5-Dihydro-6-methyl-B[a]P-diol, 

eluting at 4.81 min, was identified as the only dihydrodiol formed in the incubations of 6-methyl-

B[a]P with RLM based on the reported spectrum of a synthetic reference standard 15. No 

dihydrodiols of 6-methyl-B[a]P were formed in the incubation with HLM. 

7-Methyl-B[a]P was metabolized to 7-hydroxymethyl-B[a]P and 3-hydroxy-7-methyl-B[a]P; both 

metabolites could be identified based on similarity of their reported elution and UV spectra to 7-

hydroxymethyl-B[a]P and 3-hydroxy-7-methyl-B[a]P 11. 7-Methyl-B[a]P was not metabolized by 

HLM after 30 min incubation. Upon prolonged 5 hour incubation with HLM, besides 7-

hydroxymethyl-B[a]P and 3-hydroxy-7-methyl-B[a]P, an additional metabolite was detected at a 



 

retention time of 5.1 min, which was identified as 9,10-dihydro-7-methyl-B[a]P-diol based on the 

spectral similarity to 9,10-dihydro-B[a]P-diol and the reported UV spectrum of 9,10-dihydro-7-

methyl-B[a]P-diol 11.  

In RLM incubations of 8-methyl-B[a]P, three dihydrodiols eluting at 4.07 min, 5.56 min, and 5.62 

min, respectively, were identified as 8-methyl-B[a]P-4,5-dihydrodiol and 8-methyl-B[a]P-7,8-

dihydrodiols by comparison of their UV spectra to that of B[a]P-dihydrodiols and the reported UV 

spectra of 8-methyl-B[a]P-7,8-dihydrodiol 32. No diols were formed in incubations of 8-methyl-

B[a]P with HLM. The most abundant metabolite, eluting at 7.87 min, was identified as 8-

hydroxymethyl-B[a]P. The metabolite formed in both RLM and HLM with a retention time of 9.33 

min was characterized as 3-hydroxy-8-methyl-b[a]P based on comparison of its elution time and 

UV spectrum to the synthesized reference chemical.   

Metabolite identification of 3-methyl-B[a]P was based on the comparison of retention time and UV 

spectrum of the metabolites to those of other methyl substituted B[a]Ps. The metabolite eluting at 

4.74 min was identified tentatively as 3-methyl-B[a]P-4,5-dihydrodiol based on its UV spectrum 

similarity to the spectrum of 4,5-dihydrodiol-B[a]P. The metabolite at a retention time of 7.81 min 

was identified as 3-hydroxymethyl-B[a]P based on the effect of the hydroxylation on the retention 

time and UV spectrum, that was comparable to the effect of hydroxylation on the retention time 

and UV spectrum observed for 6-hydroxymethyl-B[a]P as compared to 6-methyl-B[a]P. The 

metabolite eluting at 7.95 min was tentatively identified as 3-B[a]P-carbaldehyde next to 3-

hydroxymethyl-B[a]P based on the elution pattern of 1-naphthylmethylketone that was reported to 

elute close to 1-(1-hydroxyethyl)-naphthalene 10.  

In the incubation of 3-n-hexyl-B[a]P with HLM and RLM, a common metabolite was formed 

eluting at 4.70 min that was tentatively identified as a dihydrodiol of 3-n-hexyl-B[a]P for eluting 

in the dihydrodiol region. This dihydrodiol metabolite is possibly the 4,5-dihydrodiol of 3-n-hexyl-



 

B[a]P based on the similarity of its UV spectrum to the spectrum of 4,5-dihydro-3-methyl-B[a]P-

diol. 3-N-dodecyl-B[a]P was metabolized by neither HLM nor RLM under the experimental 

conditions applied.  

3.2 Intrinsic clearance via side chain oxidation versus aromatic ring oxidation for B[a]P and 

alkyl substituted B[a]Ps 

The intrinsic clearance of B[a]P and its alkylated analogues via the different metabolites was 

summed up based on whether the metabolite formation represents side chain or aromatic oxidation 

of the tested model compounds (Figure 4). Generally, methyl substitution of B[a]P shifted the 

metabolism to methyl side chain oxidation at the cost of aromatic ring oxidation. In incubations 

with HLM the intrinsic clearance of aromatic ring oxidation of alkylated B[a]Ps was 2.8- to 7- fold 

lower compared to the that of B[a]P itself, except for 7-methyl-B[a]P for which the overall 

conversion by HLM within the 30 minutes incubation appeared not to result in detectable 

metabolite formation. The intrinsic clearance  of 3-methyl- and 8-methyl- B[a]P via side chain 

oxidation was 2.2- to 2.5- fold higher than that via aromatic ring oxidation, except for the 

metabolism of 6-methyl-B[a]P via side chain oxidation which was 2.5-fold lower than that via 

aromatic ring oxidation. In incubations with RLM, the intrinsic clearance via aromatic ring 

oxidation of the methyl substituted B[a]Ps was 1.8- to 57.0- fold lower than what was observed for 

B[a]P itself. Side chain oxidation of 3-methyl-B[a]P and 8-methyl-B[a]P becomes the dominant 

pathway 29.7- and 5.3- fold higher than that observed for aromatic ring oxidation with respect to 

the intrinsic clearance. However, for 6-methyl- and 7-methyl-B[a]P in incubations with RLM 

aromatic ring oxidation was 3.4- fold and 1.5- fold higher than the side chain oxidation. 1-n-Hexyl-

B[a]P was oxidized via only aromatic ring oxidation with the intrinsic clearances via aromatic ring 



 

oxidation being were 35.0- and 430.0- fold lower than for B[a]P itself with HLM and RLM 

respectively.  

   (a)                                                                   (b) 
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Figure 4. Intrinsic clearance via aromatic ring oxidation versus alkyl side chain oxidation mediated 

by (a) HLM and (b) RLM for B[a]P and its alkylated analogues.  Aromatic ring oxidation;  

alkyl chain oxidation. Note: the Y-axis varies between the presented figures. 

3.3 Overall intrinsic clearance of B[a]P and its alkyl substituted analogues via cytochrome 

P450 mediated metabolism 

The overall efficiency of the liver microsomal metabolism of B[a]Ps, calculated as the sum of side 

chain and aromatic oxidation, appeared to depend on the species, the position of the alkyl 

substitution and the length of the alkyl chain. This total intrinsic clearance of B[a]P and its alkylated 

analogues was calculated and summarized in Figure 5. The intrinsic clearance of naked B[a]P 

metabolism by RLM was 12.3- fold higher than that observed for HLM. For the series of 

methylated B[a]P substrates liver microsomal metabolism by RLM was 3.1- to 84.7- fold more 

efficient than that observed for HLM, with the difference being greatest for 8-methyl-B[a]P. With 

the exception of 8-methyl-B[a]P that was metabolized 3.4- fold faster than its naked analogue by 



 

RLM, for all other alkylated B[a]P model compounds tested metabolism was substantially less, 

being 1.1- to 430.0- fold lower, than what was observed for B[a]P itself. For HLM mediated 

metabolism, besides that 7-methyl-B[a]P was not metabolized to a detectable extent, other alkyl 

substituted B[a]P with alkyl chains up to and including 6 carbon atoms, were metabolized 2.0- to 

35.0- fold slower than non-substituted B[a]P. By extending the incubation time to 5 hours, 7-

methyl-B[a]P was metabolized with an overall intrinsic clearance of 1.3 µl/min/mg protein by 

HLM. The alkyl chain length also appeared to play a role in the overall clearance via cytochrome 

P450 mediated conversion, since no conversion of 3-n-dodecyl-B[a]P was detected even after 5 

hour incubation, neither with HLM nor with RLM.   
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Figure 5. Overall intrinsic clearance of alkyl-substituted B[a]Ps in metabolism with (a) HLM (b) 

RLM based on the number of carbon atoms in the alkyl side chain. Note: the Y-axis varies between 

the presented figures.  

3.4 Mutagenicity of B[a]P and its methyl-substituted analogues 

At the tested doses of the methyl-substituted B[a]Ps and B[a]P itself, no precipitation of the 

compounds was observed in the Ames test. Cytotoxicity and abnormal bacterial background lawn 

were also not observed for all tested compounds. The dose response curves of each test compound 

are depicted with doses (µg/plate) against observed number of revertants (His+) in TA98 and TA100 



 

in the presence of S9 metabolic activation in Figure 6a and Figure 6b, respectively. The mutagenic 

efficacy (fold induction), calculated from the maximum increase in the number of revertants 

divided by the number of revertants for the solvent control, was used to judge the mutagenicity of 

the test compound based on the 3- fold and 2- fold criteria for TA98 and TA 100, respectively. It is 

concluded that B[a]P and its four methyl substituted analogues tested positive in the presence of 

S9 metabolic activation in both tester strains (Table 3). Mutagenic potency (revertants/nmol), as 

the maximum value of the calculated values from the net increase of the number of revertants 

divided by dose of each tested model compound towards tester strains TA98 and TA100 is 

presented in Table 3, and was used to assess the mutagenic potential of the test compounds. The 

observed effect of methyl substitution of B[a]P on its mutagenic potency follows the order: 6-

methyl-B[a]P > B[a]P > 8-methyl-B[a]P = 7-methyl-B[a]P > 3-methyl-B[a]P  towards tester strain 

TA98; and 3-methyl-B[a]P > 8-methyl-B[a]P > 7-methyl-B[a]P > B[a]P > 6-methyl-B[a]P towards 

tester strain TA100 (Table 3). The observed results suggests that the effect of monomethyl 

substitution on the mutagenic potency of B[a]P depends on the position of the substitution and the 

tester strain used, and not necessarily on the number of “fake” bay regions.  
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Figure 6. Number of revertants in S. typhimurium (a) TA98 (b) TA100 on exposure to ( ) B[a]P, 

( )3-methyl-B[a]P, ( ) 6-methyl-B[a]P, ( ) 7-methyl-B[a]P and ( ) 8-methyl-B[a]P in the 

presence of 5% S9-mix. Each symbol represents a mean and vertical bars are the standard 

deviations of the mean (n=3). The mean number of revertant colonies per plate (n=15) of solvent 

control was 15 ± 5 and 12 ± 4 with and without S9-mix in tester strain TA98, respectively. 1 µg/plate 

2AA with S9-mix and 10 µg/plate NF without S9-mix that were tested as positive controls towards 

tester strain TA98 resulted in 532 ± 59 and 1343 ± 117 revertants per plate, respectively. The mean 

number of revertant colonies per plate (n=15) of solvent control was 84 ± 8 and 111 ± 7 with and 

without S9-mix in tester strain TA100, respectively. 5µg/plate 2AA with S9-mix and 650 µg/plate 

MMS without S9-mix that were tested as positive controls towards tester strain TA100 resulted in 

1368 ± 168 and 653 ± 67 revertants per plate, respectively. 

 

 

 

 



 

Table 3. Mutagenicity of benzo[a]pyrene and its monomethyl substituted analogues in the Ames 

test with S. typhimurium TA98 and TA100 in the presence of Aroclor 1254 induced rat liver S9 and 

NADPH-generating system. Mutagenic efficacy of each compound was calculated as the fold 

induction from the maximum increase in the number of revertants through dividing by the number 

of revertants in the solvent controls. Mutagenic potency of each compound was the maximum value 

of the calculated values from the net increase in number of revertants divided by the dose, expressed 

as revertants per nmol. 

Compound 

S. typhimurium strain 

TA98 TA100 

Mutagenic 

efficacy 

Mutagenic 

potency 

Mutagenic 

efficacy 

Mutagenic 

potency 

B[a]P 44 69 4.9 21 

3-methyl-B[a]P 57 19 7.9 43 

6-methyl-B[a]P 100 187 3 8 

7-methyl-B[a]P 40 39 3.7 24 

8-methyl-B[a]P 24 39 7.2 34 

 

3.5 Liver S9 mediated metabolism of B[a]P and methyl substituted B[a]Ps 

Given that in the Ames test an S9 metabolic activation system was used, the metabolite profiles of 

B[a]P and its methylated analogues that were tested in the Ames test were also characterized upon 

incubations that matched the incubation conditions of the Ames test. The chromatograms 

presenting the metabolic profiles of the test compounds following incubation for 48 hours with 

liver S9-mix used in the Ames test are presented in Figure S1 (supplementary material). In line 

with the metabolites formed in the microsomal incubations, also in the incubation of B[a]P with 

S9-mix, dihydrodiols, quiones and phenols were formed as primary metabolites. In the S9 

incubations, the metabolism of monomethyl substituted B[a]Ps again generally shifted to side chain 

oxidation with other metabolites including dihydrodiols, quinones and phenols being formed to a 



 

lower extent. The concentration of especially three types of dihydrodiol metabolites formed in the 

S9 incubations of B[a]P and its monomethylated analogues (substrate concentration 150 µM that 

is equivalent to the dose of 20 µg in Ames test) was quantified and is presented in Figure 7. The 

total concentration of the formed metabolites varies between the methylated analogues (Figure S2 

in supplementary material). The total concentration of the formed metabolites in the S9 incubation 

of B[a]P was 14.2 ± 6.6 µM which was 2.4- fold, 3.7- fold, and 2.5- fold higher than the total 

metabolite formation for 3-methyl-, 6-methyl- and 7-methyl-B[a]P, respectively, while being 1.4-

fold lower than that of 8-methyl-B[a]P (Figure S2). Formation of 4,5-dihydrodiol was found to be 

abundant in S9 incubations of B[a]P, 3-methyl- and 6-methyl-B[a]P at levels amounting to 28%, 

8% and 20% of the total metabolite formation while only 0.3% and 1.1% of 4,5-dihydrodiol was 

found in the S9 incubations of 7-methyl- and 8-methyl-B[a]P. In the S9 incubations, 7,8-

dihydrodiol metabolites were formed at levels amounting to 7.8%, 5.8%, 7.4%, 1.0% and 0% of 

the total formation of metabolites for B[a]P, 3-methyl-, 6-methyl-, 7-methyl- and 8-methyl-B[a]P, 

respectively. Formation of 9,10-dihydrodiol in the S9 incubations was on average 2.2 to 3.0 % of 

the total metabolite formation for B[a]P and its monomethylated analogues, except for the fact that 

9,10-dihydrodiol was not formed from 3-methyl-B[a]P. 
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Figure 7. Percentage (%) of a metabolite compared to the total amount of metabolites formed in 

liver S9 incubations with B[a]P or four of its methylated analogues, calculated as the concentration 

of the respective metabolite divided by the total amount of metabolites. Each bar represents 

experimental means and vertical bars are standard errors of the mean (n=3). The absolute 

concentration (µM) of the metabolites of each test compound is presented in Figure S2 

(supplementary materials).  

 

4. Discussion 

The emerging concern of consumption of polycyclic aromatics, that are detectable as MOAH, via 

food, pharmaceuticals and cosmetics relates mainly to 3- to 7-ring PAHs with no or simple 

alkylation, which can possibly induce genotoxicity and carcinogenicity. So far, especially 

metabolism and genotoxicity of unsubstituted PAHs like B[a]P were studied, while the effect of 

alkylation of PAHs on their mutagenic and carcinogenic potential and relevant bioactivation 

pathways is far less characterized. This study investigated the effect of alkyl substitution on the in 



 

vitro metabolism and genotoxicity of B[a]P. The results obtained provide support for the hypothesis 

that alkylation of B[a]P shifts oxidative metabolism mediated by P450 enzymes to alkyl side chain 

oxidation at the cost of aromatic ring oxidation. This was the case in incubations with both HLM 

and RLM. A similar shift in favor of side chain oxidation at the cost of aromatic ring oxidation was 

previously observed for naphthalene and phenanthrene and their alkylated analogues 10, 33. As 

genotoxicity and carcinogenicity of B[a]P, and possibly also its developmental toxicity, are 

considered to require metabolic activation to aromatic ring oxidative metabolites 8, 18, 34, the 

observed metabolic shift to side chain oxidation at the cost of aromatic ring oxidation may point at 

lower chances of bioactivation. The results also elucidated that with an increase of the alkyl chain 

length, on the extent of metabolism, including metabolism via aromatic ring oxidation and thus 

bioactivation, was also substantially reduced. This was reflected by the limited overall metabolic 

efficiency for conversion of 3-n-hexyl-B[a]P that was 35- and 430- fold lower than that of B[a]P 

in incubations with HLM and RLM, respectively, and the fact that conversion of 3-n-dodecyl-B[a]P 

was not observed at all. These observations are also in line with the metabolic pattern that was 

observed for alkylated naphthalenes and phenanthrenes 10, 33, and might be ascribed to steric 

hindrance hampering adequate binding of the alkylated PAHs to the active site of the cytochrome 

P450 isozymes involved. The observed limited metabolic conversion of 3-n-dodecyl-B[a]P seems 

in line with the negative mutagenic potential of a octadecyl substituted B[a]P derivative in the 

reverse mutation assay 41. 

It is also of interest that, in addition to these overall effects of alkyl substitution on the metabolic 

profiles of B[a]P and its methylated congeners, also some differences in metabolic profile were 

observed between incubations with HLM and RLM. Incubation of B[a]P and monomethylated 

B[a]Ps with RLM generated metabolites at higher catalytic efficiency and also generated more 

types of metabolites, including especially a higher level of dihydrodiols than what was observed in 



 

incubations with HLM. Incubation of B[a]P with HLM did not generate dihydrodiol formation at 

all under the conditions applied. Assuming that some dihydrodiols may represent proximate 

mutagenic metabolites (Figure 1), the absence of their formation at detectable levels in incubations 

with HLM but not with RLM may reflect lower chances on bioactivation by HLM than RLM.  

B[a]P and the selected monomethylated analogues tested positive for mutagenicity upon metabolic 

activation in the Ames test. The mutagenic potency (revertants/nmol) of B[a]P, 3-methyl-, 6-

methyl-. 7-methyl- and 8-methyl-B[a]P towards both tester strains TA98 and TA100 is summarized 

across the present and historical studies in Figure 8 14, 23-27. The overview thus obtained reveals 

that the methylated B[a]P analogues generally show a mutagenic potency that is within a factor of 

3- fold similar to that of B[a]P with the exception of 6-methyl B[a]P, in which the substituent at C6 

(meso position) introduces two “fake” bay regions, and which appeared to be more potent 

especially in tester strain TA98 that detects frameshift mutations, while in tester strain TA100 that 

detects base-pair substitutions, the results appear more variable.  

All together, the mutagenic potencies of the tested monomethylated B[a]Ps observed in the present 

study appear to be in line with the values reported in the studies of Utesch et al. 24 and Flesher et 

al. 26.  
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Figure 8. Mutagenic potential for B[a]P and four of its monomethyl substituted analogues towards 

(a) TA98 and (b) TA100 in the reverse mutation test obtained from of this study and literature. Each 

symbol represents the mutagenic potential of the corresponding compound expressed in 

revertants/nmol.  

The dihydrodiol-epoxide pathway towards formation of the ultimate carcinogen 7,8-dihydrodiol-

9,10-epoxide (Figure 9) may be associated also with the carcinogenicity of monomethylated B[a]P 

analogues. The present study showed that 7,8-dihydrodiol, the metabolite that precedes and thus 

reflects the chances on formation of the ultimate genotoxic metabolite 7,8-dihydrodiol-9,10-

epoxide via the dihydrodiol-epoxide pathway, was detected at levels amounting to 7.8%, 5.8%, 

7.4%, 1.0% and 0% of the total formation of metabolites for B[a]P, 3-methyl-, 6-methyl-, 7-methyl- 

and 8-methyl-B[a]P, respectively. Considering the metabolites that may contribute to the 

mutagenicity it is of interest to note that previous studies have shown that, when tested in the Ames 

test with S. typhimurium tester strains TA98 and TA100 in the presence of metabolic activation, 

7,8-dihydro-B[a]P-diol and B[a]P-4,5-oxide were more mutagenic than B[a]P itself 35, 36. It seems 

realistic to assume that the formation of 7,8-dihydrodiol and 4,5-oxide metabolites from the 

methylated B[a]P analogues (Figure 9) may also play a role in their mutagenicity in the Ames test. 

This observation is in line with the reported skin tumor initiating activity of B[a]P and 3-methyl-



 

B[a]P being potent, that of 6-methyl-B[a]P being weak, while 7-methyl- and 8-methyl-B[a]P, for 

which the results of the present study indicate formation of the 7,8-dihydrodiol and 4,5-oxide to be 

limited, appeared inactive in the mouse skin painting assay (Table 1) 28. The observed formation 

of 7,8-dihydrodiol also indicates that the dihydrodiol-epoxide pathway may be especially relevant 

for B[a]P, 3-methyl- and 6-methyl B[a]P. For 1-methyl-, 6-methyl- and 7-methyl-B[a]P it was 

previously reported that their mutagenicity, as detected in the Ames test, remained unaffected by 

the addition of the epoxide hydrolase inhibitor trichloropropene oxide (TCPO), suggesting the role 

of the 7,8-dihydrodiol to be perhaps somewhat limited 13, 27. Alternatively, 4,5-oxide metabolites 

of the monomethyl-B[a]Ps could possibly contribute to their in vitro mutagenicity because TCPO 

does not block the formation of epoxides. In the liver S9 incubations (Figure 7), the formation of 

4,5-dihydrodiols ranged from 0.3% to 20% of the total metabolites formed for the four 

monomethylated B[a]P, reflecting that the formation of a 4,5-oxide metabolite can be substantial 

and may possibly contribute to the mutagenic potential observed in the Ames test. It is expected 

that the 4,5-oxide of the monomethyl substituted B[a]P may be quickly converted by epoxide 

hydrolase and/or excreted in the in vivo situation, preventing the in vitro mutagenicity to be 

displayed in vivo. Furthermore, 6-hydroxymethyl-B[a]P, formed as a side chain metabolite that 

appeared to be formed at a level amounting to 4.9% of the total metabolites of 6-methyl-B[a]P, 

showed equivalent or higher mutagenic potency compared to 6-methyl-B[a]P in both TA98 and 

TA100 upon S9 metabolic activation suggesting that formation of a mutagenic metabolite may 

even result from side chain oxidation 27. It remains to be elucidated whether  metabolites from side 

chain oxidation do play a role in the mutagenicity of other monomethylated B[a]P. The role of the 

meso-region side chain oxidation pathway was supported by in vivo studies. The methyl-

substitution at the meso region of B[a]P, such as in 6-methyl-B[a]P, is suggested to result in methyl 

side chain oxidation to result in formation of 6-hydroxymethyl-B[a]P by cytochrome P450 



 

enzymes in the present study. Subsequently, in vivo 6-hydroxymethyl-B[a]P could be conjugated 

by sulfotransferases to 6-[(sulfoxy)methyl]-B[a]P 37. In vivo studies suggested that the sulfate ester 

of 6-hydroxymethy-B[a]P forms DNA adducts and represents an ultimate genotoxic metabolite 

based on guanine and adenine adducts that were formed in rats and mice 38, 39. It is also of interest 

that the tumorigenesis of monomethylated B[a]P may also relate to side chain oxidation as the 

benzylic ester of 6-hydroxymethyl-B[a]P was suggested to be the possible ultimate carcinogen in 

the in vivo mouse skin test 40.    

 

Figure 9. Possible metabolic pathways for genotoxicity of monomethyl-substituted B[a]P. R= CH3 

substitution. 

The present study concludes that methyl substitution of B[a]P may alter its mutagenic potency, 

with the actual effect, a relatively limited increase or decrease in mutagenic potential as compared 

to B[a]P itself, depending on the substitution position and the tester strain used. Methylation of 

B[a]P shifts the metabolism to alkyl chain oxidation at the cost of aromatic ring oxidation, while 

elongation of the side chain reduces overall metabolism, the latter likely limiting metabolism and 

thus bioactivation via CYP 450 mediated reactions with alkyl chains of 6 or more carbon atoms. 

The relevant pathways for mutagenicity and carcinogenicity of the selected monomethyl 



 

substituted B[a]P may involve the formation of a 7,8-dihydrodiol-9,10-epoxide, a 4,5-oxide and/or 

a side chain oxidative metabolite that is converted to an unstable and reactive sulfate conjugate. It 

is concluded that alkylation of B[a]P does not systematically reduce its mutagenicity in spite of the 

metabolic shift from aromatic to side chain oxidation. 
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Figure S1. Metabolic profile of (a) B[a]P (b) 3-methyl-B[a]P (c) 6-methyl-B[a]P (d) 7-methyl-

B[a]P and (e) 8-methyl-B[a]P that were formed from S9-mix or control incubation mixture that 

was applied to S. typhimurium TA98 and TA100 in the reverse mutation test. The presented 

chromatograms were extracted under the wavelength of 254nm.  
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Figure S2. Concentration of the metabolites formed in S9 incubation with B[a]P and four of its 

methyl substituents. Each bar represents experimental means and vertical bars are standard errors 

of the mean (n=3). 
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Abstract 

Developmental toxicity testing is an animal-intensive endpoints in toxicity testing and calls for 

animal-free alternatives. Previous studies showed the applicability of an in vitro – in silico 

approach for predicting developmental toxicity of a range of compounds, based on data from the 

mouse embryonic stem cell test (EST) combined with physiologically based kinetic (PBK) 

modelling facilitated reverse dosimetry. In the current study, the use of this approach for predicting 

developmental toxicity of polycyclic aromatic hydrocarbons (PAHs) was evaluated, using 

benzo[a]pyrene (B[a]P) as a model compound. A rat PBK model of B[a]P was developed to 

simulate the kinetics of its main metabolite 3-hydroxybenzo[a]pyrene (3-OHB[a]P), shown 

previously to be responsible for the developmental toxicity of B[a]P. Comparison to in vivo kinetic 

data showed that the model adequately predicted B[a]P and 3-OHB[a]P blood concentrations in 

the rat. Using this PBK model and reverse dosimetry, a concentration-response curve for 3-

OHB[a]P obtained in the EST was translated into an in vivo dose-response curve for developmental 

toxicity of B[a]P in rats upon single or repeated dose exposure. The predicted half maximal effect 

doses (ED50) amounted to 67 and 45 mg/kg bw being comparable to the ED50 derived from the in 

vivo dose-response data reported for B[a]P in the literature, of 29 mg/kg bw. The present study 

provides a proof of principle of applying this in vitro-in silico approach for evaluating 

developmental toxicity of B[a]P and may provide a promising strategy for predicting the 

developmental toxicity of related PAHs, without the need for extensive animal testing. 

  



 

1.  Introduction 

The Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) legislation 

requires all chemical substances produced or sold within the European Union (EU) at a volume of 

≥ 100 tonnes/year to be evaluated for developmental toxicity. Developmental toxicity testing is one 

of the most animal-intensive endpoints in toxicity testing, estimated to require more than 20% of 

all animals used for toxicity testing under REACH (Jagt et al. 2004). REACH acknowledges the 

need for alternative, animal-free test methods, contributing to the 3Rs (reduction, replacement and 

refinement) of use of experimental animals in toxicological risk assessment.  

Three in vitro test methods are currently scientifically validated for developmental toxicity testing: 

the limb bud micro mass (MM), the whole embryo culture (WEC) and the mouse embryonic stem 

cell test (EST) (Genschow et al. 2004; Genschow et al. 2002). Only the EST is considered animal-

free, as it makes use of the mouse embryonic stem cell line D3 (ES-D3) (Buesen et al. 2009). The 

differentiation assay of the EST evaluates the effect of a compound on the differentiation of ES-

D3 cells into beating cardiomyocytes.  

However, use of in vitro assays like the EST generates in vitro concentration-response curves while 

for toxicological risk assessment dose-response curves are needed since they enable definition of 

so-called points of departure (PoDs) to define health-based guidance values for safe human 

exposure. In vitro concentration-response curves can be translated into in vivo dose-response 

curves using physiologically based kinetic (PBK) modelling-based reverse dosimetry. This 

approach was previously shown to adequately predict in vivo developmental toxicity of various 

compounds, using concentration-response data from the EST (Li et al. 2017a; Louisse et al. 2010a; 

Louisse et al. 2010b; Strikwold et al. 2017). The validity of this in vitro-in silico method for 

polycyclic aromatic hydrocarbons (PAHs) was not yet investigated. This although PAH-containing 



 

substances make up a large group of compounds for which REACH legislation dictates 

developmental toxicity testing. The aim of the present study was to evaluate the use of this in vitro-

in silico approach to predict the developmental toxicity of benzo(a)pyrene (B[a]P). B[a]P was 

chosen as the model compound for PAHs because B[a]P is well studied, and assumed to induce 

developmental toxicity in rats (Archibong et al. 2002; Bui et al. 1986; Feuston et al. 1996; Feuston 

et al. 1989; Feuston et al. 1994; Feuston and Mackerer 1996; Hood et al. 2000; Wu et al. 2003). 

Furthermore, in vivo kinetic rat data are available in literature for B[a]P and its metabolite 3-

hydroxybenzo[a]pyrene (3-OHB[a]P) (Marie et al. 2010; Moreau and Bouchard 2015) as well as 

in vivo dose-response data for reproductive toxicity of B[a]P in rats (Archibong et al. 2002; Bui et 

al. 1986), enabling evaluation of the predictions made by the developed in vitro-in silico approach.  

B[a]P is well known for its bioactivation to dihydrodiol epoxide metabolites that lead to DNA 

damage induced carcinogenicity. For induction of developmental toxicity, B[a]P needs 

bioactivation to 3-OHB[a]P as shown in previous in vitro EST studies (Kamelia et al. 2020). To 

facilitate the prediction of tissue concentrations for 3-OHB[a]P, a sub-model for this metabolite 

was included in the PBK model. Previously, PBK models for B[a]P and 3-OHB[a]P have been 

developed (Campbell et al. 2016; Crowell et al. 2011a; Heredia-Ortiz and Bouchard 2013; Heredia-

Ortiz et al. 2011; Heredia Ortiz et al. 2014). However, these models were not applied for reverse 

dosimetry, leaving the question whether PBK modelling-based reverse dosimetry is suited to 

predict in vivo developmental toxicity of B[a]P. 

To answer this question, in the present study a PBK model of B[a]P in rat was developed for 

predicting blood concentrations of 3-OHB[a]P. The model was used to translate concentration-

response data for 3-OHB[a]P from the EST to predict an in vivo dose-response curve for 



 

developmental toxicity of B[a]P in rats and results obtained were compared to available data in 

literature on kinetics and developmental toxicity of B[a]P and 3-OHB[a]P. 

 

2. Material and methods 

2.1 Materials 

3-OHB[a]P was ordered from Toronto Research Chemicals (TRC) Canada (North York, Canada). 

3’-phosphate 5’-phosphosulfate (PAPS) lithium salt was purchased from Santa Cruz 

Biotechnology (Dallas, Texas, United States), B[a]P, nicotinamide adenine dinucleotide phosphate 

(NADPH), sodium salt, sodium phosphate, sodium chloride and Trizma® base (TRIS) were 

purchased at Sigma-Aldrich (Zwijndrecht, The Netherlands). Uridine 5’-diphosphoglucuronic acid 

(UDPGA) trisodium salt was purchased from Carbosynth (Compton, United Kingdom). Pooled 

liver and lung S9 fractions and microsomes from male Sprague-Dawley (SD) rats were ordered 

from Tebu-Bio (Heerhugowaard, The Netherlands). Acetonitrile (ACN) was purchased from 

Biosolve (Dieuze, France). Dimethyl sulfoxide (DMSO) was obtained from Acros Organics (Geel, 

Belgium). Potassium hydrogen phosphate (K2HPO4) and trifluoroacetic acid (TFA) were 

purchased from Merck (Darmstadt, Germany). 

2.2 Method 

The PBK modelling-based reverse dosimetry approach consisted of the following steps, 1) defining 

a PBK model describing the kinetics of 3-OHB[a]P, the main metabolite of B[a]P, in rats, 2) 

determining kinetic parameter values for metabolism of B[a]P and conjugation of 3-OHB[a]P, 3) 

evaluation of the PBK model using in vivo kinetic literature data, 4) translation of in vitro 

concentration-response data for 3-OHB[a]P in the EST (Kamelia et al. 2020) into in vivo dose-



 

response data for developmental toxicity of B[a]P using PBK model facilitated reverse dosimetry, 

5) evaluation of the predicted dose-response curve by comparison to literature reported dose-

response data (Archibong et al. 2002; Bui et al. 1986).  

2.2.1 Development of a PBK model for B[a]P and 3-OHB[a]P in rats 

The PBK model was defined based on the conceptual model for B[a]P with a submodel for 3-

OHB[a]P taking into account the model codes for B[a]P PBK models that included submodels for 

3-OHB[a]P reported in the literature (Campbell et al. 2016; Crowell et al. 2011b; Heredia-Ortiz 

and Bouchard 2013) and is presented in Figure 1. The conceptual PBK model for B[a]P consisted 

of separate compartments for venous blood, arterial blood, fat tissue, liver tissue, lung tissue, 

rapidly and slowly perfused tissue, stomach and intestines. 3-OHB[a]P is highly lipophilic. To 

prevent 3-OHB[a]P from partitioning into the fat tissue in the model simulations, it was essential 

to include a blood protein compartment in the model to allow binding of 3-OHB[a]P to blood 

protein. The unbound fraction of 3-OHB[a]P in the blood compartment was represented by the fub, 

in vivo, calculated as described in section 2.2.4. The fraction of 3-OHB[a]P bound to protein in the 

blood protein compartment (fb, in vivo) was calculated as 1 minus the fub, in vivo. The intestinal 

compartment was divided into 7 sub compartments to describe the passage of B[a]P trough the 

intestines upon oral exposure (Zhang et al. 2018). Conversion of B[a]P into 3-OHB[a]P and other 

metabolites was initially assumed to occur in the liver and lung (Heredia-Ortiz et al. 2011). 

Clearance of 3-OHB[a]P was assumed to result from hepatic and pulmonary conjugation (Cohen 

1990; Cohen and Moore 1976). The relative contribution of pulmonary metabolism of B[a]P and 

3-OHB[a]P compared to hepatic metabolism of these compounds was investigated as well.  

Pulmonary metabolism of B[a]P and 3-OHB[a]P quantified based on incubations of B[a]P with rat 

lung microsomes and 3-OHB[a]P with rat lung S9, calculated as described in section 2.2.2, was 



 

shown to be negligible as compared to metabolism in the liver (see section 3.1) and thus not 

included in the PBK model. In the model it is assumed that both B[a]P and 3-OHB[a]P are 

eliminated to the faeces by biliary excretion. 

 

Figure 1. Schematic overview of the PBK model of B[a]P containing a sub-model for 3-OHB[a]P 

in rats 

B[a]P needs bioactivation to 3-OHB[a]P to induce developmental toxicity in vitro (Kamelia et al. 

2020).  Therefore, the PBK model contained a sub compartment describing the kinetics of 3-

OHB[a]P, enabling prediction of blood concentrations of 3-OHB[a]P as a function of the dose of 

B[a]P, required for the reverse dosimetry. Based on the conceptual model the differential equations 

were defined and inserted in Berkley Madonna 8.3.18 (UC Berkeley, California, USA) using the 

Rosenbrock’s algorithm for stiff systems. Model equations are included in supplementary materials 

1. 



 

The 3-OHB[a]P sub-model consisted of the same compartments as the B[a]P model, except for 

stomach and intestine, which were not relevant for the kinetics of 3-OHB[a]P, since 3-OHB[a]P is 

formed in the liver. Studies in pregnant rats have shown that the blood concentration of B[a]P in 

maternal and foetal blood are similar (Withey et al. 1993). The same was found for the 

concentration of B[a]P metabolites in maternal and foetal blood (Withey et al. 1993). It was 

therefore assumed that B[a]P and its metabolites readily cross the placenta and that the reproductive 

toxicity observed in vivo is dependent on the maternal blood concentration of 3-OHB[a]P. For this 

reason, separate compartments for placental and foetal tissue were not included in the model.  

Physiological and anatomical parameter values were taken from literature (Brown et al. 1997; 

Crowell et al. 2011a) and are presented in Table 1.   

The tissue:blood partition coefficients for B[a]P and 3-OHB[a]P were previously calculated by 

Crowell et al., (2011), according to the method of Poulin and Krishnan (1995) and Poulin and Theil 

(2002) and were applied in the current PBK model (Table 1). 

Table 1. Physiological, anatomical and physicochemical parameter values for B[a]P and 3-

OHB[a]P for the rat PBK model  

Model parameter Symbol Value Reference 

Physiological parameters    

Body weight 

Fractional tissue volumes 

BW 0.245a Marie et al. (2010) 

Moreau and Bouchard 

(2015) 

Fat VFc 0.065 

Liver VLc 0.037 



 

Lung VLuc 0.005 Crowell et al. (2011), 

based on Brown et al. 

(1997) 

Arterial blood VABc 0.0257 

Venous blood VVBc 0.0514 

Rapidly perfused tissue VRc 0.2159 

Slowly perfused tissue VSc 0.6 

Cardiac output (mL/s) QC 15*BW0.74 

Fractional tissue blood flows   

Fat QFc 0.07 

Liver  QLc 0.183 

Lung QLuc 1 

Rapidly perfused tissue QRc 0.4 

Slowly perfused tissue QSc 0.347 

Physicochemical parameters  

Benzo[a]pyrene    

Molecular weight MWBaP 252.31  

LogP  6.0  

Fraction unbound fub 0.006 Calculated according to 

Lobell and Sivarajah 

(2003) 

Tissue:blood partition coefficients  

Fat PFBAP 496.38 Crowell et al., 2011 

based on Poulin and 

Theil, 2002 

Liver PLBAP 13.31 

Lung PLuBAP 13.31 



 

Rapidly perfused tissue PRBAP 13.31 

Slowly perfused tissue PSBAP 6.99 

3-hydroxybenzo[a]pyrene   

Molecular weight MW3OHBaP 268.3  

LogP  5.9  

Fraction unbound fub 0.007 Calculated according to 

Lobell and Sivarajah 

(2003) 

Tissue:blood partition coefficients 

Fat PF3OHBAP 401 Crowell et al., 2011 

based on Poulin and 

Krishnan, 1995 

Liver PL3OHBAP 12.24 

Lung PLu3OHBAP 12.24 

Rapidly perfused tissue PR3OHBAP 12.24 

Slowly perfused tissue P3OH BAP 6.43 

a Median of body weights of rats in these two studies 

Given the nature of the in vivo data available for model evaluation, and evaluation of the predicted 

toxicity, the model included single and repeated intravenous, intratracheal and oral exposure to 

B[a]P. For oral exposure, stomach emptying and intestinal transfer of the parent compound were 

included. The uptake of B[a]P from the intestines to the liver was described for the 7 sub-

compartments using the apparent in vivo permeability coefficient (P app, in vivo) value. The P app, in 

vivo was derived from the  in vitro Papp, Caco-2 value for B[a]P that was previously determined in the 

Caco-2 model (Goth-Goldstein et al. 1999). The P app, in vivo was calculated using the following 



 

equation: Log (P app, in vivo) = 0.6836 × Log (P app, Caco−2) − 0.5579 (Sun et al. 2002) and applied in 

the model as described before (Zhang et al. 2018).  

Hepatic conversion of B[a]P into 3-OHB[a]P and other metabolites was described by the Vmax and 

Km, determined in vitro using incubations with rat liver microsomes. Pulmonary metabolism of 

B[a]P was shown to be not relevant for the PBK model based on results from incubations with rat 

lung microsomes and B[a]P as described in section 2.2.2. 

Clearance of 3-OHB[a]P was assumed to be the result of conjugation in liver tissue. Sulfation and 

glucuronidation are the main contributors to 3-OHB[a]P clearance (Cohen 1990; Cohen and Moore 

1976). Based on the results of incubation experiments described in section 2.2.2, pulmonary 

conjugation was considered irrelevant for clearance of 3-OHB[a]P in the PBK model. Vmax and Km 

values for glucuronidation and sulfation of 3-OHB[a]P in rat liver where determined in in vitro 

incubations with rat liver S9, performed as described in section 2.2.2.  

All in vitro Vmax values were scaled to microsomal or S9 protein content of rat liver using the 

following scaling factors: 45 mg microsomal protein per gram liver tissue and 125 mg S9 protein 

per gram liver tissue (Houston and Galetin 2008). The scaled Vmax values were subsequently 

converted to Vmax in nmol/min/liver using the liver weight of 9.1 g, calculated from the body weight 

and fractional liver weight presented in Table 1. The Km in vitro was assumed equal to the Km in 

vivo.  



 

2.2.2 Determining kinetic parameter values for metabolism of B[a]P and conjugation of 3-

OHB[a]P 

Metabolism of B[a]P 

The formation of 3-OHB[a]P and other metabolites from B[a]P in lung and liver tissue was 

investigated in incubations with rat liver microsomes and rat lung microsomes. The incubation 

mixtures consisted of (final concentrations) 0.1 mM potassium phosphate (pH 7.4), 5 mM MgCl2, 

0.5 mg/ml rat liver microsomes or 2 mg/ml rat lung microsomes,  and 1 mM NADPH in conical 

glass vials. Incubation mixtures were pre-incubated for 1 minute, after which the reaction was 

initiated by the addition of B[a]P from a 100 times diluted stock solution in DMSO to reach the 

final volume of 200 µl (1 % DMSO v/v) with B[a]P concentrations ranging from 0 to 200 µM.  

The mixtures were incubated in a shaking water bath at 37 oC for 30 minutes. 20 µl ice-cold 10% 

(v/v) perchloric acid (HClO4) was added to terminate the reactions and the mixtures were put on 

ice for at least 15 minutes. Di-isopropyl ether (DIPE) was used to extract B[a]P and its metabolites 

from the incubation mixture. To this end, 1 ml DIPE was added to each incubation mixture, the 

tubes where vortexed for 20 seconds and the upper layer was collected. Extraction was performed 

three times. Remaining DIPE was removed by evaporation under a stream of N2. Subsequently, 

extracts were re-dissolved in 100 µl methanol and transferred to UPLC vials for analysis. 

Conjugation of 3-OHB[a]P 

Incubations with rat liver and lung S9 fractions were optimized to establish linearity over time and 

protein concentrations for the rate of glucuronidation and sulfation of 3-OHB[a]P. The experiments 

performed for time optimization revealed that the pulmonary formation rate of sulfated and 

glucuronidated metabolites of 3-OHB[a]P was negligible compared to the formation rate of 



 

sulfonated and glucuronidated metabolites by the liver (see section 3.2). Pulmonary conjugation 

was therefore considered not relevant for in vivo clearance of 3-OHB[a]P in the current PBK model 

and no further experiment for in vitro kinetics with lung fractions were performed. 

Kinetics for 3-OHB[a]P glucuronidation, were quantified using incubations with pooled liver S9 

fractions from male SD-rats. Incubation mixtures in a final volume of 200 µl in conical glass vials 

consisted of (final concentrations) 0.1 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 0.1 mg/ml rat liver 

S9, 3 mM UDPGA and 0.025 mg/ml alamethicin. 

Hepatic sulfonation of 3-OHB[a]P was evaluated using pooled liver S9 fractions of male SD-rats, 

in incubation mixtures with a final volume of 200 µl in conical glass vials containing (final 

concentrations) 0.1 mM Tris-HCl (pH 7.4), 0.1 mg/ml rat liver S9 and 0.2 mM PAPS. 

All incubation mixtures were pre-incubated for 1 minute, after which the reaction was initiated by 

addition of 3-OHB[a]P in final concentrations ranging from 0.01 – 50 µM (glucuronidation) or 

0.01 - 100 µM (sulfation) added from 100 times concentrated stock solutions in DMSO to reach 

the final volume of 200 µl (1 % DMSO v/v). The mixtures were incubated in a shaking water bath 

at 37 oC for 20 minutes (glucuronidation) or 70 minutes (sulfation). 100 µl of ice-cold acetonitrile 

was added to terminate the reactions and the mixtures were put on ice for at least 15 minutes. 

Subsequently, the tubes were centrifuged at 4°C and 3717 g per minute for 5 minutes. The 

supernatant was collected and analysed by Ultra Performance Liquid Chromatography (UPLC). 

All incubations were performed in triplicate.  

UPLC analysis 

The collected supernatants were analysed using a UPLC Nexera series (Shimadzu, Kyoto, Japan) 

to quantify the metabolites of B[a]P and the conjugates of 3-OHB[a]P formed in incubations with 



 

rat liver microsomes and S9, respectively. The UPLC was equipped with a Photodiode Array 

(PDA) detector, recording wavelengths between 190 and 400nm and a Phenomenex C18 column 

(Phenomenex, Torrance, California, United States). The column temperature was kept at 40 °C and 

the auto-sampler at 4 °C during analysis. The mobile phase consisted of Nanopure water containing 

0.1% (v/v) trifluoroacetic acid (TFA) (A) and acetonitrile containing 0.1% (v/v) TFA (B) at a flow 

rate of 0.3 ml/min. The total run time was 23 minutes and 30 seconds, starting with 10% B for 30 

seconds, increasing to 100 % B in 15 minutes, maintaining this condition for 3 minutes before 

returning to the initial conditions of 10 % B in 30 seconds. 10 µl of sample was injected per run. 

Under these conditions the metabolite 3-OHB[a]P, detected at 258 nm, eluted at 10.16 minutes. 

For the glucuronidated and sulfonated metabolite of 3-OHB[a]P, retention time and detection 

wavelength were 7.5 minutes, 303.3 nm and 7.4 minutes, 301 nm respectively. The amounts of 3-

OHB[a]P in the microsomal incubation sample and of glucuronidated and sulfated 3-OHB[a]P in 

the S9 incubation samples were quantified by integrating peak areas at their respective wavelengths 

using a calibration curve prepared with commercially available 3-OHB[a]P. To obtain the Vmax and 

Km  the in vitro data for the substrate concentration dependent rate of metabolite formation were 

fitted to the Michaelis-Menten equation using Graphpad Prism 9.0.1 for Windows (GraphPad 

Software, San Diego, California, USA). 

  



 

Table 2. Summary of studies on in vivo kinetics of B[a]P and 3-OHB[a]P used for evaluation of the model predicted blood concentrations 

Species Weight (g) Compound Dosage Dose  (mg/kg bw) Route of exposure Reference 

SD rat, male 260 - 290 B[a]P 

 

Single 10 Intravenous Marie et al., 2010 

SD rat, male 200 - 250 B[a]P 

 

Single 

Single 

Single 

Single 

10 

10 

10 

10 

Intravenous 

Intratracheal 

Oral 

Cutaneous 

Moreau and 

Bouchard, 2015 

 

 

 

 

 



 

Table 3.  Summary of the in vivo developmental toxicity study used for evaluation of predicted developmental toxicity of B[a]P using 

the developed PBK modelling-based reverse dosimetry approach 

a Oral dose equivalent as reported by Hood et al., 2000 and Ramesh et al., 2002 

 

 

 

 

Species N Weight 

(g) 

Route of 

exposure 

Dosage Dose (µg 

BaP/m3) 

Dose (mg/kg 

bw/day) 

Endpoint(s) Reference 

F-344 rat, 

female 

10 N/A Inhalation Repeated, 

4h/day for 

10 days 

25, 75 or 100  4.75, 14.25 or 19 a Foetal survival per 

litter 

Implantation sites per 

dam 

Pups per litter 

 

Archibong et al., 

2002 

SD rat, 

female 

10-

15 

225-250 Subcutaneous Repeated 

Daily for 3 

or 6 days  

 50 Implantations per 

litter 

Number of live and 

dead fetuses 

Number of resorptions 

Bui et al., 1986 



 

2.2.3 PBK model evaluation and sensitivity analysis 

The PBK model performance was evaluated by comparing predicted time-dependent blood 

concentrations of 3-OHB[a]P to reported in vivo time-dependent blood concentrations in rats after 

dosing B[a]P intravenously (Marie et al. 2010; Moreau and Bouchard 2015), intratracheally, and 

orally (Moreau and Bouchard 2015). Model development and evaluation was focussed on accurate 

prediction of 3-OHB[a]P, because the reverse dosimetry is based on the EST data for 3-OHB[a]P 

mediated induction of in vitro developmental toxicity. Further evaluation of the PBK model was 

done by comparing predicted dose-response data, obtained by reverse dosimetry of the EST data 

of 3-OHB[a]P, to in vivo dose-response data of reproductive toxicity of B[a]P in rats (Archibong 

et al. 2002; Bui et al. 1986), performed as described in section 2.2.5. Given the nature of the in 

vivo study used for evaluation of the predicted dose-response, the blood concentrations of 3-

OHB[a]P were also predicted for repeated daily exposure to B[a]P, until steady state of the Cmax of 

3-OHB[a]P was reached. An overview of the characteristics of the in vivo kinetic and dose-

response studies used for model evaluation is presented in Table 2 and 3.  

For further evaluation of the PBK model the parameters that were most influential for the prediction 

of the maximum blood concentration (Cmax) of 3-OHB[a]P upon intravenous, intratracheal and oral 

exposure to B[a]P were identified by a sensitivity analysis. The sensitivity analysis was performed 

for intravenous, intratracheal and oral exposure. To this end, each parameter value (P) was 

increased by 10% (P’), while keeping the other parameter values constant and the total fraction of 

arterial and venous blood flow at 1, resulting in an initial (C) and modified (C’) value of the model 

prediction for the Cmax of 3-OHB[a]P. Sensitivity coefficients (SC) were calculated using the 

following equation: SC = (Cʹ – C)/(Pʹ – P) × (P/C) (Evans and Andersen 2000). The sensitivity 

analysis was performed for a single dose of 10 mg/kg bw B[a]P, as this dose was applied in the 



 

kinetic in vivo studies used for evaluation of the model predicted blood concentrations of 3-

OHB[a]P (Marie et al. 2010; Moreau and Bouchard 2015). The median body weight of the rats in 

these kinetic in vivo studies was 0.245 kg and was applied in the model when performing the 

sensitivity analysis. 

2.2.4 Translating in vitro concentration-response data into in vivo dose-response data using 

PBK modelling-based reverse dosimetry 

The in vitro concentration-response curve obtained for 3-OHB[a]P in the EST (Kamelia et al. 2020) 

was translated into a predicted in vivo dose-response curve, using PBK modelling-based reverse 

dosimetry. The in vivo developmental toxicity response to B[a]P is assumed to depend on the Cmax 

of unbound 3-OHB[a]P in the maternal rat blood (Cub, in vivo). Therefore, the Cub, in vivo  was set equal 

to the concentration of unbound 3-OHB[a]P in vitro (Cub, in vitro). To correct for differences in fub 

between rat blood (fub, in vivo) and the EST assay medium (fub, in vitro), the following equation was 

used : 

𝐶𝑖𝑛 𝑣𝑖𝑣𝑜 =  
𝐶𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 ∗ 𝑓𝑢𝑏,𝑖𝑛 𝑣𝑖𝑡𝑟𝑜

𝑓𝑢𝑏,𝑖𝑛 𝑣𝑖𝑣𝑜
 

where Cin vivo is the total 3-OHB[a]P concentration in the maternal blood, Cin vitro is the total 3-

OHB[a]P concentration used in vitro, fub, in vitro is the fraction unbound in the EST assay medium 

and fub, in vivo is the fraction unbound in rat blood.  

Calculating the fraction unbound (fub) of 3-OHB[a]P in assay medium 

The fub, in vivo of 3-OHB[a]P was calculated from the LogP value of 3-OHB[a]P based on the method 

described previously (Lobell and Sivarajah 2003) using the QIVIVE tool of Wageningen Food 

Safety Research (WFSR) (https://wfsr.shinyapps.io/wfsrqivivetools/) (Punt et al. 2021). This in 

https://wfsr.shinyapps.io/wfsrqivivetools/


 

silico method assumes the fub, in vivo in rat plasma for rat to be the same as for human plasma. 

Furthermore, the fub, in vitro  values were assumed to vary linear with the protein content in the 

biological matrix. This assumption is supported by the linear relationship between the unbound 

fraction and the albumin concentration in the in vitro test system reported previously for some 

chlorophenols (Gulden et al. 2002). The fractions bound in vivo (fb, in vivo) were calculated as 1 

minus the fub, in vivo. The LogP values and calculated fub, in vivo and fb, in vivo are presented in Table 1.  

The fub, in vivo and fub, in vitro depend on the protein content present in rat blood plasma and assay 

medium, respectively. The relative amount of protein present in the assay medium used in the EST 

(15% (Kamelia et al. 2020)), is approximately twice the protein content of rat blood plasma (7.5% 

(Torbert 1935)). Therefore, the fub, in vitro was assumed to be half of the fub, in vivo.  

PBK modelling-based reverse dosimetry 

Reverse dosimetry was performed to calculate the dose of B[a]P that would give rise to the Cin vivo 

of 3-OHB[a]P obtained by setting the in vitro unbound concentrations applied in the EST equal to 

the unbound in vivo concentration, as described in section 2.2.4. Reverse dosimetry was performed 

for exposure to a single oral dose of B[a]P and for repeated daily intravenous and oral dosing. For 

repeated exposure, B[a]P was dosed daily until steady state of the 3-OHB[a]P blood concentration 

was reached. B[a]P doses were calculated using a parameter plot where the maximum blood 

concentration (Cin vivo ) of 3-OHB[a]P was plotted against the oral dose of B[a]P (mg/kg bw). In 

vivo dose-response data used to evaluate the model predicted dose-response curve were available 

from literature (Archibong et al. 2002; Bui et al. 1986), the details of these studies are summarized 

in Table 3.  

 



 

2.2.5 Evaluation of predicted dose-dependent developmental toxicity effect 

Conversion of the exposure concentration of B[a]P in air to an oral equivalent dose per kg 

bw 

The dose-response data predicted from the concentration-response curves derived in the EST 

(Kamelia et al. 2020) were compared to in vivo dose-response data for reproductive toxicity of 

B[a]P upon nasal inhalation (Archibong et al. 2002) and to the in vivo data for reproductive toxicity 

of B[a]P upon subcutaneous injection (Bui et al. 1986). The details of these studies are summarized 

in Table 3. Foetal survival, calculated as the fraction of live foetuses relative to the number of 

implantation sites reported in these studies, was taken as measure for in vivo reproductive toxicity. 

Archibong et al., (2002) exposed Fisher 344 (F-344) rats to 25, 75 or 100 µg B[a]P/m3 via nasal 

inhalation, for four hours per day, from gestation day 11 to 20. Previous studies reported that the 

inhalation doses of 25, 75 or 100 µg B[a]P/m3 correspond to an equivalent oral dose of 4.75, 14.25 

and 19 mg/kg bw respectively (Hood et al. 2000; Ramesh et al. 2002). These oral dose equivalents 

in mg/kg bw were used for the comparison with model predicted dose-response data. Bui et al., 

(1986) exposed pregnant SD rats to 50 mg B[a]P/kg bw per day via subcutaneous injection from 

gestation day 6 to 8 or 6 to 11.  

Calculating the ED50 for evaluating the predicted dose-response data 

ED50 values were calculated for the predicted and reported dose-response data, using the non-linear 

regression with 3 parameters in Graphpad Prism version 9.0.1 for Windows (GraphPad Software, 

San Diego, California USA). The ED50 value was calculated for the fraction differentiated into 

beating cardiomyocytes for the predicted dose-response data. For the in vivo studies, foetus 

survival (number of live foetuses as fraction of total implantations) was used as response. 



 

3. Result 

3.1 Development of a PBK model describing the kinetics of B[a]P and 3-OHB[a]P in rats 

Kinetics of B[a]P and 3-OHB[a]P in rats 

Figure 2 presents the B[a]P concentration dependent formation of metabolites in incubations with 

rat liver microsomes. Table 4 shows the kinetic parameter values, Vmax, Km and catalytic efficiency 

that were derived from these data. The metabolites of B[a]P were characterized based on the elution 

order and reference UV spectra reported in the literature (Chou 1983; Hamernik 1984; Hamernik 

1983; Koehl et al. 1996; Moserova et al. 2009; Veignie et al. 2002; Yang et al. 1975) and 

commercially available reference chemicals. Three cis-B[a]P dihydrodiols were identified as 

B[a]P-9,10-dihydrodiol, B[a]P-4,5-dihydrodiol and B[a]P-7,8-dihydrodiol with identical UV 

spectra to those reported previously (Chou 1983; Hamernik 1984; Hamernik 1983). Another B[a]P-

dihydrodiol was identified as a geometric isomer of trans-B[a]P-7,8-dihydrodiol due to spectral 

similarity to that of cis-B[a]P-7,8-dihydrodiol. Two quinones of B[a]P were identified as B[a]P-

1,6-quinone and B[a]P-3,6-quinone with reported identical spectra (Chou 1983; Veignie et al. 

2002). 9-Hydroxy-B[a]P was identified according to the reported UV wavelengths of 9-hydroxy-

B[a]P (Sims 1968). 3-OHB[a]P was identified by co-elution and identical spectra to that of 

commercially available 3-OHB[a]P and the spectra reported by Hamernik (Hamernik 1984).  

 

 

 

 



 

(a)  

B[a]P (M)

v
e
lo

c
it

y

(p
m

o
l/
m

in
/m

g
 m

ic
ro

s
o

m
a
l 
p

ro
te

in
)

0 50 100 150 200 250
0

50

100

150
9,10-dihydro-B[a]P-diol

4,5-dihydro-B[a]P-diol

7,8-dihydro-B[a]P-diol

7,8-dihydro-B[a]P-diol

B[a]P-1,6-quinone

B[a]P-3,6-quinone

9-hydroxy-B[a]P

3-hydroxy-B[a]P

 

(b) 

B[a]P (M)

v
e
lo

c
it

y

(p
m

o
l/
m

in
/m

g
 m

ic
ro

s
o

m
a
l 
p

ro
te

in
)

0 50 100 150 200 250
0

10

20

30

40
9,10-dihydro-B[a]P-diol

4,5-dihydro-B[a]P-diol

7,8-dihydro-B[a]P-diol

7,8-dihydro-B[a]P-diol

B[a]P-1,6-quinone

B[a]P-3,6-quinone

9-hydroxy-B[a]P

 

Figure 2. B[a]P concentration dependent formation of B[a]P metabolites in incubations with rat 

liver microsomes (a). Each symbol represents experimental means and vertical bars are standard 

errors of the mean (n=3). Triangle black line, 3-hydroxy-B[a]P; square orange line, 9-hydroxy-

B[a]P; dot red line, B[a]P-3,6-quinone; diamond yellow line, B[a]P-1,6-quinone; both up and down 

pointing triangle blue line, 7,8-dihydro-B[a]P-diol (isomers); square green line, 4,5-dihydro-B[a]P-



 

diol; dot pink line, 9,10-dihydro-B[a]P-diol. To reduce overlap of the respective curves figure 1b 

present the data for all metabolites except 3-hydroxyBaP on a different y-axis scale. 

Table 4. Metabolites of B[a]P formed in incubations with rat liver microsomes and the 

corresponding kinetic parameters. 

Metabolites Structure Km , µM 

Vmax, 

pmol/min/mg 

microsomal 

protein 

Catalytic 

efficiency 

(Vmax/Km),  

µl/min/mg protein 

9,10-dihydro-B[a]P-diol 

 

11.9±5.5 28.3±2.8 2.4 

4,5-dihydro-B[a]P-diol 

 

6.5±4.5 13.3±1.4 2.0 

7,8-dihydro-B[a]P-diol 

 

14.6±9.8 7.0±1.1 0.5 

7,8-dihydro-B[a]P-diol 12.6±10.7 13.3±2.5 1.1 

B[a]P-1,6-quinone 

 

14.8±8.8 22.2±3.2 1.5 

B[a]P-3,6-quinone 

 

24.0±14.4 3.0±0.5 0.1 

9-hydroxy-B[a]P 

 

11.4±5.2 20.0±1.9 1.8 

3-hydroxy-B[a]P 

 

34.2±17.7 162.2±47.6 7.8 



 

Given these results, in the PBK model the metabolism of B[a]P was described by two Michaelis 

Menten equations, one to describe the bioactivation of B[a]P to 3-OHB[a]P, and the other to 

describe the combined conversion to all other metabolites together. Figure 3 presents the 

corresponding curves and Table 5 shows the kinetic parameter values, Vmax and Km, derived from 

these data. The Vmax of 3-OHB[a]P formation and the Vmax for the sum of formation of all other 

minor metabolites were 0.16 and 0.13 nmol/min/mg microsomal protein, respectively amounting 

to 4.1 and 3.3 µmol/min/liver, when scaled to the whole liver using the scaling factor described in 

section 2.2.2. 

Table 5. Kinetic parameter values for liver metabolism of B[a]P and 3-OHB[a]P in rat 

 Vmax
a  Km

b Scaled  Vmax
c Scaled  Vmax

d 

B[a]P to 3-OHB[a]P  0.16 34 0.44 4.1 

B[a]P to other metabolites 0.13 17 0.36 3.3 

 Vmax
e Km (µM)b Scaled  Vmax

c Scaled  Vmax
d 

Glucuronidated 3-OHB[a]P 5.7 10 43 394 

Sulfated 3-OHB[a]P  0.48 17 3.6 33 

a nmol/min/mg microsomal protein 
b µM 
c µmol/h/g liver 
d µmol/h/liver 

enmol/min/mg S9 protein 
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Figure 3. Concentration-dependent oxidation of B[a]P to (a) 3-OHB[a]P and (b) sum of other 

metabolites in incubation with rat liver microsomes. Symbols represent the mean of three 

independent experiments, the error bars represent the standard error of the mean (SEM) 

Figure 4 shows the concentration dependent rate of (a) glucuronidation and (b) sulfation of 3-

OHB[a]P in incubations with rat liver S9. Hepatic glucuronidation and sulfation of 3-OHB[a]P 

followed Michaelis-Menten kinetics. Substrate inhibition occurred at concentrations of 50 µM and 

higher for glucuronidation. Table 5 shows the kinetic parameter values, Vmax and Km, derived from 

these data. Incubations of B[a]P with lung microsomes did not result in formation of detectable 

levels of 3-OHB[a]P, except for the incubations with the highest concentration of B[a]P (200 µM). 

The rate of 3-OHB[a]P formation at 200 µM B[a]P in rat lung microsomes amounted to 0.81 

pmol/min/mg protein converted with a scaling factor of 3.67 mg microsomal protein/g lung and a 

lung weight of 1.25 g (Table 1) to a rate of conversion of 3.7 pmol/min/lung amounting to 0.01 % 

of the rate of conversion at 200 µM B[a]P in the liver of 86.6 pmol/min/mg microsomal protein, 

amounting to a rate of conversion of 36.0 x 103 pmol/min/liver using the scaling factors for 

microsomal protein content of the liver and liver weight mentioned in section 2.2.2. Based on this 



 

result is was concluded that 3-OHB[a]P formation from B[a]P in the lung does not add substantially 

to the overall 3-OHB[a]P formation and is not to be included in the PBK model.  
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Figure 4. Concentration-dependent glucuronidation (a) and sulfation (b) of 3-OHB[a]P in 

incubations with rat liver S9. Symbols represent the mean of three independent experiments, the 

error bars represent the standard error of the mean (SEM). 

Incubations of 3-OHB[a]P with rat lung S9 and 50 µM 3-OHB[a]P showed that the formation rate 

of glucuronidated metabolites was 0.015 nmol/min/mg S9 protein, scaled to the whole lung with a 

scaling factor of 10.19 mg S9 protein/g lung and a lung weight of 1.25 g to a conversion rate of 

0.19 nmol/min/lung. For liver, the glucuronidation rate at 50 µM 3-OHB[a]P was 4.0 nmol/min/mg 

S9 protein, amounting to 4.6 x 103  nmol/min/liver, scaled to the whole liver using the scaling 

factor described in section 2.2.2. This implies that at 50 µM 3-OHB[a]P the pulmonary conversion 

rate amounted to approximately 0.04% of the hepatic conversion rate. For sulfonation, the 

estimated conversion rate in incubations with rat lung S9 and 50 µM 3-OHB[a]P was 0.001 

nmol/min/mg S9 protein, amounting to 0.013 nmol/min/lung using the scaling factors mentioned 

above. For liver, the sulfation rate of 3-OHB[a]P at 50 µM 3-OHB[a]P was 0.40 nmol/min/mg 



 

protein, scaled to the whole liver applying the scaling factors mentioned in section 2.2.2, resulting 

in 464 nmol/min/liver. Thus, for sulfonation, the pulmonary conversion rate is thus < 0.003% of 

the hepatic conversion rate. Based on these results, it was concluded that pulmonary conjugation 

of 3-OHB[a]P was negligible and therefore did not need to be included in the PBK model.  

3.2 Evaluation of the PBK model and sensitivity analysis  

Given that 3-OHB[a]P induces developmental toxicity in the EST (Kamelia et al. 2020) and that 

the aim of the present study was to translate in vitro EST data on 3-OHB[a]P to an in vivo dose-

response curve for developmental toxicity of B[a]P, evaluation of the B[a]P PBK model focussed 

on the accuracy of predicting the 3-OHB[a]P levels. Figure 5 presents the model predictions for 

B[a]P and their comparison to the literature reported values for blood B[a]P concentrations upon 

(a) intravenous, (b) intratracheal and (c) oral exposure. Figure 6 shows a comparison of the 

predicted time-dependent blood concentrations of 3-OHB[a]P to reported in vivo time-dependent 

blood concentrations of 3-OHB[a]P in rats upon (a) intravenous, (b) intratracheal and (c) oral 

exposure to a dose of 10 mg B[a]P/kg bw/day. The data presented in Figure 5a and Figure 6a reveal 

that the model predictions for both B[a]P and 3-OHB[a]P match the experimental data of Marie et 

al. (2010) well, while the data of Moreau and Bouchard (2015), that were obtained at a similar dose 

level, report blood concentrations that are substantially lower than those reported by Marie et al. 

and/or the predictions. Table 6 summarises the maximum blood concentrations (Cmax) of 3-

OHB[a]P in rat blood reported in vivo and predicted by the PBK model. Although in both 

experimental in vivo studies rats of the same strain were exposed intravenously to the same dose 

of 10 mg/kg bw/day, the predicted Cmax values differed. As a result the Cmax reported by Marie et 

al. (2010) was 1.1- fold higher and that of Moreau and Bouchard (2015) was 3.1- fold lower than 

the predicted Cmax. The predicted Cmax of 3-OHB[a]P was 4.6- and 9.6- fold higher upon 



 

intratracheal and oral exposure to B[a]P respectively, compared to the Cmax of 3-OHB[a]P reported 

in the study of Moreau and Bouchard (2015) (Figure 6b and 6c). The study by Marie et al. (2010) 

did not report data for intratracheal or oral dosing, and as a result a comparison between predictions 

and experimental data for these routes of administration could only be made using the data of 

Moreau and Bouchard. When correcting these experimental data for intratracheal and oral dosing 

using the factor difference observed between the two experimental data sets upon intravenous 

dosing, the scaled experimental data of Moreau and Bouchard match the model predictions much 

better. The predicted Cmax of 3-OHB[a]P was 0.8 and 1.9 fold higher upon intratracheal and oral 

exposure to B[a]P respectively, compared to the scaled Cmax of 3-OHB[a]P reported in the study 

of Moreau and Bouchard (2015). The apparent discrepancy between the two available in vivo 

studies is not surprising considering the mean value of 3-OHB[a]P recovery in the Moreau and 

Bouchard study was reported to be relatively low (43% in blood). 

Table 6.  Maximum blood concentration (Cmax) of 3-OHB[a]P in rat blood reported in vivo and 

predicted by the PBK model upon intravenous, intratracheal and oral administration of 10 mg/kg 

bw BaP 

Reference Route of exposure 
Cmax predicted 

(µM) 

Cmax reported 

(µM) 

Cmax predicted/ 

Cmax reported 

Moreau and 

Bouchard, 2015 
Intravenous 0.68 0.22 3.1 

Marie et al., 2010 Intravenous 0.68 0.72 0.9 

Moreau and 

Bouchard, 2015 
Intratracheal 0.65 0.14 4.6 

Scaled Moreau and 

Bouchard, 2015 
Intratracheal 0.65 0.77 0.8 



 

Moreau and 

Bouchard, 2015 
Oral 0.96 0.10 9.6 

Scaled Moreau and 

Bouchard, 2015 
Oral 0.96 0.51 1.9 

 

Based on these observations it was concluded that the PBK model predicted the plasma Cmax, for 

3-OHB[a]P well enough for further use and evaluation of the PBK model by using it for PBK 

model based reverse dosimetry. The predictions made by the PBK model based reverse dosimetry 

may then also be used to further evaluate the model and its predictions.  

To enable prediction of repeated dose exposures the PBK model was extended to allow repeated 

daily dosing. Steady state in the blood concentration of 3-OHB[a]P upon repeated exposure to 

B[a]P was reached after approximately 15 repetitions for all three routes of exposure. The Cmax 

values for 3-OHB[a]P predicted for repeated intravenous, intratracheal and oral exposure to B[a]P 

were 1.7, 1.7 and 1.4 times higher than the predicted Cmax values upon a single B[a]P dose for these 

three routes of exposure. A figure presenting the model predicted time-dependent blood 

concentrations for repeated intravenous, intratracheal and oral exposure to B[a]P is included in 

supplementary materials 2 (Figure S1). 
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Figure 5.  Reported and predicted blood concentrations of B[a]P in rats upon (a) intravenous, (b) 

intratracheal and (c) oral exposure to 10 mg/kg B[a]P in rats. Symbols represent (a) the average 

blood concentrations reported in the in vivo studies of Moreau and Bouchard (2015) (filled 

diamonds) and Marie et al. (2010) (open circles) for intravenous exposure, (b) the average blood 

concentrations reported in the in vivo study of Moreau and Bouchard (2015) (grey open diamonds) 

and scaled Moreau data  (grey open triangles) upon intratracheal exposure, and (c) the average 

blood concentrations reported in the vivo study of Moreau and Bouchard (2015) (black open 

diamonds)and scaled Moreau data (black open triangles) upon oral exposure. The lines represent 



 

the model predicted blood concentrations upon (a) intravenous (black solid line), (b) intratrachael 

(grey solid line) and (c) oral (black dashed line) exposure. 
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Figure 6.  Reported and predicted blood concentrations of 3-OHB[a]P in rats upon (a) intravenous, 

(b) intratracheal and (c) oral exposure to 10 mg/kg B[a]P in rats. Symbols represent (a) the average 

blood concentrations reported in the in vivo studies of Moreau and Bouchard (2015) for intravenous 

(filled diamonds) and Marie et al. (2010) (open circles) for intravenous exposure. Symbols 

represent (b) the average blood concentrations reported in the in vivo studies of Moreau and 

Bouchard (2015) (grey open diamonds) and scaled Moreau data based on the folds observed in 

intravenous data (grey open triangles) upon intratracheal exposure. Symbols represent (c) the 



 

average blood concentrations reported in in vivo studies of Moreau and Bouchard (2015) (black 

open diamonds) and scaled Moreau data based on the folds observed in intravenous data (black 

open triangles) upon oral exposure. The lines represent the model predicted blood concentrations 

upon (a) intravenous (black solid line), (b) intratracheal (grey solid line) and (c) oral (black dashed 

line) exposure. 

A sensitivity analysis was performed to identify the parameter values that have the highest 

influence on the model simulations for the Cmax of 3-OHB[a]P in blood upon intratracheal, 

intravenous and oral exposure to 10 mg/kg bw B[a]P. Sensitivity coefficients with an absolute 

value of 0.1 and higher are shown in Figure 7. Parameters related to fractional blood flow to liver 

tissue (QLc), the fraction unbound of 3-OHB[a]P (fub3OHB[a]P), microsomal and S9 protein 

content of the liver (MPL and MSL) and kinetic parameters for the metabolism of B[a]P and 

glucuronidation of 3-OHB[a]P (Km1, Km4, Vmax1c, Vmax4c) were found to be most influential on the 

simulated Cmax of 3-OHB[a]P.  



 

Parameters

S
e
n

s
it

iv
it

y
 c

o
e
ff

ic
ie

n
t 

(S
C

)

VLc

VA
B
c

VVB
c
VR

c
VSc

Q
Fc

Q
Lc

Pap
p

Vin
SA

in ki
n

PLB
aP

PR
B
aP

PSB
aP

PS3O
H
B
aP

M
PL

VM
ax

1c
K
m

1

VM
ax

2c
K
m

2
M

SL

Vm
ax

4c
K
m

4 kt ka kb

fu
b3O

H
B
A
P

-1.0

-0.5

0.0

0.5

1.0

 

 

Figure 7. Sensitivity coefficients (SC) of PBK model parameters for the predicted Cmax of 3-

OHB[a]P in rat blood after intravenous (grey bars), oral (black bars) or intratracheal (white bars) 

administration of 10 mg/kg bw B[a]P. Model parameters with an absolute SC of ≥0.1 are shown. 

VLc = fraction of liver tissue, VABc = fraction of arterial blood, VVBc = fraction of venous blood, 

VRc = fraction of rapidly perfused tissue, VSc = fraction of slowly perfused tissue, QFc = fraction 

of blood flow to fat, QLc = fraction of blood flow to liver, QLUc = fraction of blood flow to lung, 

Papp = apparent intestinal permeability coefficient in vitro obtained in the Caco-2 model, Vin = 

volume of each compartment of intestines, SAin = surface area intestinal compartment, kin = 

transfer rate to next compartment within the intestines, PLBaP = liver/blood partition coefficient 

of B[a]P, PRBaP = rapidly perfused tissue:blood partition coefficient of B[a]P, PSBaP = slowly 

perfused tissue: blood partition coefficient of B[a]P, PS3OHBaP = slowly perfused tissue:blood 

partition coefficient of 3-OHB[a]P, MPL = microsomal protein content in liver, Vmax1c = 



 

maximum rate of 3-OHB[a]P formation in liver, Km1= Michaelis-Menten constant for metabolism 

of B[a]P to 3-OHB[a]P in liver, Vmax2c = maximum rate formation of other metabolites in liver, 

Km2= Michaelis-Menten constant for metabolism of B[a]P to other metabolites, MSL = S9 protein 

content in liver, Vmax4c = maximum rate of glucuronidation of 3-OHB[a]P formation in liver, 

Km4= Michaelis-Menten constant for glucoronidation 3-OHB[a]P in liver, kt = absorption constant 

from tracheal to lung of B[a]P, ka = absorption constant stomach of B[a]P to GI-tract, kb = 

excretion constant bile to faeces of B[a]P, fubBaP = fraction unbound of B[a]P, fub3OHBaP = 

fraction unbound of 3-OHB[a]P 

3.3 Translating in vitro concentration-response data into in vivo dose-response data using 

PBK modelling-based reverse dosimetry 

Using the PBK model thus obtained and evaluated, the in vitro concentration-response data from 

the EST for 3-OHB[a]P were translated into a dose-response curve for the developmental toxicity 

of B[a]P, after correction for differences in free fraction of 3-OHB[a]P in vivo and in vitro. 

Differences in protein binding between the in vitro and in vivo situation where corrected for as 

described in the materials and methods section 2.2.4 with the values for fub, in vitro of 0.007 and fub, 

in vivo of 0.0035. This correction provides the total blood Cmax value that matches the total in vitro 

concentration in the EST corrected for protein binding. Using a curve relating the PBK model 

predicted total blood Cmax values of 3-OHB[a]P to the oral dose levels of B[a]P, the EST 

concentration-response curve for in vitro developmental toxicity of 3-OHB[a]P was converted to 

an in vivo dose-response curve for developmental toxicity of B[a]P. The predicted dose-response 

curve for single exposure to B[a]P thus obtained is shown in Figure 8. In addition, Figure 8 also 

presents the dose-response curve predicted based on the steady state Cmax values obtained upon 

repeated oral exposure to B[a]P.  
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Figure 8. Model predicted and reported in vivo dose-response curves for developmental toxicity 

of B[a]P in rats upon single and repeated oral exposure. The predicted dose-response curves are 

translated from the concentration response curve obtained in the EST for 3-OHB[a]P (Kamelia et 

al., 2020) representing single oral exposure (filled red circles and red solid line) and repeated oral 

exposure (red open circles and red dashed line). Filled black squares and dotted black line represent 

the in vivo data of Archibong et al., (2002), the open squares represent the data of Bui et al., (1986) 

for 3 day exposure (black open square) and 6 day exposure (grey open square). The error bars 

represent the standard error of the mean (SEM). 

 

Evaluation of the PBK modelling-based reverse dosimetry based predictions 

To evaluate the predicted dose-response curves for developmental toxicity of B[a]P, Figure 8 also 

presents the in vivo dose-response data on reproductive toxicity of B[a]P, represented by the foetal 

survival, reported in literature upon exposure of rats to B[a]P via nasal inhalation for 10 days 

(Archibong et al. 2002) and for subcutaneous B[a]P exposure for 3 and 6 days in rats (Bui et al. 

1986). For this comparison, the inhalation dose levels in the study of Archibong et al., (2002) were 



 

expressed in equivalent oral dose levels in mg/kg bw per day reported previously (Hood et al. 2000; 

Ramesh et al. 2002) (Table 3). Visual comparison of the dose-response curves reveals that the 

predicted dose response curves are in agreement with the experimental data. This further evaluates 

the PBK model for prediction of 3-OHB[a]P Cmax values upon exposure to B[a]P.  

The ED50 values derived from the predicted and reported dose-response curves, amount to 67 

mg/kg bw for single oral exposure to B[a]P, 45 mg/kg bw per day for repeated oral exposure to 

B[a]P and 29 mg/kg bw per day for the reported in vivo data (Archibong et al. 2002). From the in 

vivo data of Bui et al., (1986) no ED50 values could be calculated, but the reported effect doses are 

in line with the model predictions, corroborating the accuracy of the predicted dose-response curves. 

 

4. Discussion 

In vivo studies have demonstrated the reproductive toxicity of B[a]P  (Archibong et al. 2002; 

Archibong et al. 2012; Bui et al. 1986). The aim of the present study was to evaluate the use of an 

in vitro- in silico approach using PBK model-facilitated reverse dosimetry for predicting the 

developmental toxicity of B[a]P based on in vitro toxicity data from the EST for 3-OHB[a]P, the 

main metabolite of B[a]P responsible for the developmental toxicity of B[a]P in the EST (Kamelia 

et al. 2020). The intermediate role of 3-OHB[a]P in the developmental toxicity of B[a]P also 

follows from the fact that B[a]P itself tested negative in the EST without bioactivation (Kamelia et 

al. 2020). Previous studies have shown that in vivo developmental toxicity can adequately be 

predicted using reverse dosimetry based on the EST for several compounds, including both 

compounds for which the developmental toxicity is ascribed to the parent compound itself as well 

as compounds for which the effect is due to a metabolite (Li et al. 2017a; Louisse et al. 2015; 



 

Louisse et al. 2010b; Strikwold et al. 2017; Strikwold et al. 2013). So far, however, this approach 

has not been assessed for PAHs, although PAH-containing petroleum substances make up a large 

part of chemicals that require developmental toxicity testing under REACH. The current study 

shows that the in vitro-in silico approach is suitable for predicting developmental toxicity of B[a]P 

in rats, based on in vitro data of the EST for its major metabolite 3-OHB[a]P, responsible for the 

developmental toxicity in vitro.  

For reverse dosimetry, EST data for 3-OHB[a]P and not B[a]P were used, as the ES-D3 cells of 

the EST appear to lack sufficient bioactivation activity to convert B[a]P into the active metabolite 

3-OHB[a]P, explaining why B[a]P tested negative in the EST (Kamelia et al. 2020). Previous 

studies confirmed this explanation, since only pre-incubation of B[a]P with hamster liver 

microsomes prior to testing in the EST, resulted in a positive response that reflected the level of 3-

OHB[a]P formation in the pre-incubation (Kamelia et al. 2020). These findings explicate the need 

for including bioactivation of B[a]P to its reactive metabolite 3-OHB[a]P, and further metabolism 

and clearance of 3-OHB[a]P in the quantitative in vitro – in vivo extrapolation (QIVIVE) for 

evaluation of the developmental toxicity of B[a]P.  

The metabolism of B[a]P and 3-OHB[a]P was represented in the current PBK model by the Vmax 

and Km determined in in vitro incubations with subcellular fractions. Similar studies using rat lung 

microsomes revealed that pulmonary conversion of B[a]P into 3-OHB[a]P was negligible 

compared to the conversion in the liver. This finding was supported by previous results from 

microsomal incubations, showing that the metabolic rate of metabolite formation from B[a]P in rat 

lung was only 0.008% of liver metabolism (Prough et al. 1979). Further results obtained in the 

present study for conjugation of 3-OHB[a]P in incubations with rat liver and lung S9 revealed that 

also the conjugation of 3-OHB[a]P mainly occurs in liver. Thus in the PBK model formation and 



 

clearance of 3-OHB[a]P was modelled in the liver compartment, while conversion in the lung was 

considered negligible and not included in the model code. 

The PBK model developed was evaluated based on available in vivo data for 3-OHB[a]P blood 

concentrations as measured upon dosing 10 mg B[a]P/kg bw by various routes of administration, 

including intravenous, intratracheal and oral exposure (Marie et al. 2010; Moreau and Bouchard 

2015). B[a]P and 3-OHB[a]P are highly lipophilic compounds, as reflected by their high LogP 

value. When developing the PBK model, it appeared essential to include a protein binding 

compartment in the blood compartment in order to prevent virtually all B[a]P to partition into the 

fat tissue, where it would remain unavailable for metabolism to 3-OHB[a]P. By allowing binding 

to blood protein, B[a]P remained in the circulation and available for metabolism in the model 

simulations. Evaluation of the B[a]P PBK model was focused on adequate prediction of 3-OHB[a]P 

levels, as 3-OHB[a]P is the main inducer of developmental toxicity in vitro and the objective of 

the present study was to translate in vivo EST data for 3-OHB[a]P into an in vivo dose-response 

curve for B[a]P (Kamelia et al. 2020). Comparison of the model predictions to the available in vivo 

data revealed that the model somewhat overpredicted the blood concentrations of 3-OHB[a]P 

reported by Moreau and Bouchard (2015), while it adequately predicted the data reported by Marie 

et al. (2010) and the scaled Moreau data. Given that both in vivo studies were performed in the 

same strain of rat, using the same route of administration and a similar B[a]P dose level, it appears 

that the deviations between the model predictions and the reported in vivo data may originate to a 

substantial extent from variants between the two experimental data sets. The results from 

microsomal incubation of B[a]P reveal that the Vmax and catalytic efficiency for formation of 3-

OHB[a]P are 5.7- to 54- fold and 3.3- to 78- folds higher than for formation of the other metabolites. 

These results indicate that the other metabolic routes play a less prominent role than 3-OHB[a]P 



 

formation in the metabolism of B[a]P. Furthermore, comparison of the in vitro developmental 

toxicity in the EST of 3-OHB[a]P and a mixture of B[a]P metabolites formed in an incubation of 

B[a]P with hamster liver microsomes revealed that the in vitro developmental toxicity of the 

mixture of B[a]P metabolites could be fully ascribed to the level of 3-OHB[a]P in this metabolite 

mixture (Kamelia et al. 2020). Given these results and considerations, the model was used for 

translation of the in vitro EST data for 3-OHB[a]P into a predicted in vivo dose response curve for 

developmental toxicity of B[a]P, using PBK model facilitated reverse dosimetry. The ED50 values 

derived from the predicted in vivo dose-response curve for single and repeated oral exposure thus 

obtained, were in agreement with the ED50 value calculated for the in vivo data of Archibong et al., 

2002 and in line with the in vivo data of Bui et al., 1986. These results further support the validity 

of the PBK model for predicting in vivo 3-OHB[a]P blood concentrations. The results also indicate 

that the in vitro- in silico approach provides an adequate estimate of the developmental toxicity of 

B[a]P in rats. In spite of this, it is relevant to note that the EST detects development of embryonic 

stem cells into beating cardiomyocytes and may not reflect the specific sensitive endpoints of 

developmental toxicity observed upon B[a]P exposure in animal studies, such as developmental 

neurotoxicity (Li et al. 2012; McCallister et al. 2008; Sheng et al. 2010; Wormley et al. 2004). 

Inclusion of in vitro assays representing additional developmental toxicity endpoints may enhance 

the currently developed approach, broadening its applicability for toxicological risk assessment to 

an even further extent. It should be acknowledged that the endpoint characterised, the exposure 

regimen used and the window of sensitivity of the EST protocol may not match the exposure 

scenario, endpoint characterised and window of sensitivity for a compound when detecting its 

developmental toxicity in an in vivo study. These discrepancies may be a factor contributing to 

differences between predicted dose response curves and observed dose response data.  Furthermore, 

when translating EST data to in vivo dose-response curves and comparing the predictions thus 



 

obtained to in vivo data on developmental toxicity, it is worth to note that in vivo studies may 

report a variety of endpoints including for example cardiac malformations, resorptions, fetal body 

weight decrease, skeletal malformation, visceral malformations and also fetal deaths. In previous 

studies we have shown that the EST in vitro data can be used to adequately predict these different 

in vivo developmental toxicity endpoints (Kamelia et al. 2017; Li et al. 2016; Li et al. 2017b; 

Louisse et al. 2015; Louisse et al. 2010a; Louisse et al. 2011; Strikwold et al. 2017; Strikwold et 

al. 2012).  

In conclusion, the present study shows that the developed PBK modelling-based reverse dosimetry 

approach can adequately predict in vivo developmental toxicity of B[a]P based on in vitro data 

from the EST for 3-OHB[a]P, the metabolite responsible for this adverse effect. The predicted ED50 

values adequately reflected the ED50 value calculated from the in vivo data. This study provides a 

proof of principle for an integrated in vitro- in silico approach for predicting in vivo developmental 

toxicity of B[a]P. The method may provide a promising strategy for predicting the developmental 

toxicity of related polycyclic aromatic hydrocarbons (PAHs), without the need for animal testing. 
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Figure S1. Predicted time-dependent blood concentrations of 3-OHB[a]P in rats upon repeated (a) 

intravenous, (b) intratracheal and (c) oral exposure to 10 mg/kg/day B[a]P in rats.  

  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

Chapter 6 

General discussion and future perspectives 

  



 

Overview of the main findings 

Foodborne mineral oil aromatic hydrocarbons (MOAH) are an emerging safety concern for human 

health based on the current occurrence and hazard evaluation. MOAH are not well-defined 

substances but rather a fraction that can be detected using analytical methods that include 

chromatographic separation. The presence of MOAH in food could originate from contamination, 

food contact materials, intended application of mineral oils in processing, or other sources. EFSA 

estimated that the background exposure via food to hydrocarbons detectable as MOAH accounts 

of 15-30% of the total intake of mineral oil hydrocarbons (EFSA 2012). The presence of alkyl-

substituted PAHs in the MOAH fraction and their structural similarity to some hazardous PAHs 

makes MOAH of potential concern for genotoxicity, carcinogenicity and developmental toxicity. 

However, the lack of toxicological data on MOAH and alkyl substituted PAHs seriously hampers 

hazard and risk characterization.  

This thesis provides data on oxidative metabolism and resulting toxicities of a series of selected 

non- and alkyl-substituted PAHs using in vitro assays. In particular, oxidative metabolic patterns 

of the selected non- and alkyl-substituted aromatic hydrocarbons mediated by human and rat liver 

cytochrome P450 enzymes were investigated. The metabolism of the selected alkylated PAHs via 

aromatic ring and alkyl side chain was characterized reflecting the relative chances in metabolic 

pathways with potential consequences for bioactivation and detoxification. The effect of 

monomethyl substitution of PAHs on their mutagenicity was studied in the Ames test. Moreover, 

an in vitro - in silico alternative testing approach was applied for prediction of the in vivo 

developmental toxicity of a selected PAH. 



 

The effect of alkyl substitution on oxidative metabolism of aromatic hydrocarbons 

The oxidative metabolism of naphthalene, phenanthrene, benzo[a]pyrene and some of their alkyl 

substituted analogues was described in Chapter 2, Chapter 3 and Chapter 4, respectively, using 

human liver microsomes (HLM) and rat liver microsomes (RLM). This allowed characterization 

of the metabolism of the selected model compounds via aromatic ring oxidation as compared to 

alkyl side chain oxidation (Figure 1). On thermodynamic grounds, it was hypothesized that the 

saturated alkyl side-chain of a substituted PAHs is more easily oxidized than the aromatic ring 

system. In line with the hypothesis, it was observed that, in general, oxidative metabolism of the 

short alkyl side-chains (≤C3) of the selected 2-ring, 3-ring and 5-ring aromatic hydrocarbons was 

preferred over aromatic ring oxidation for both HLM and RLM. This metabolic shift to side-chain 

oxidation indicates relatively higher chances for excretion and lower chances for bioactivation 

towards metabolites that might contribute to genotoxicity, carcinogenicity and developmental 

toxicity. Metabolism of n-hexyl substituted naphthalene, phenanthrene and benzo[a]pyrene 

resulted in different types of metabolic shifts and included phenols and dihydrodiols (both type of 

metabolites reflecting aromatic ring oxidation), and side chain hydroxylated metabolites), 

respectively, based on tentative metabolite identification following incubations with both HLM 

and RLM. This difference might be due to the different docking approaches between the 

cytochrome P450 enzymes and the highly substituted aromatic moieties of these model compounds  

having a different size and structure.  

A decrease in overall catalytic efficiency (Clint) with elongation of the alkyl chain of the 

substituted naphthalene, phenanthrene and benzo[a]pyrene was observed (Figure 2). Short alkyl 

substitution (<C3) may increase or decrease the overall metabolism of naphthalene, phenanthrene 

and benzo[a]pyrene. However, a substantial reduction of overall metabolism was observed for the 



 

selected aromatic hydrocarbons that were substituted with side chains with 6 or more carbon atoms. 

Following incubation with dodecyl (C12) substituted naphthalene, phenanthrene and 

benzo[a]pyrene with HLM and RLM no metabolic conversion was observed under the 

experimental conditions applied.  

Species difference in the metabolic shift and the metabolite pattern of the selected non-substituted 

and alkyl-substituted aromatic hydrocarbons between HLM and RLM was also noticed. In most 

incubations of the selected model compounds, the metabolic shift from aromatic ring oxidation 

towards preferential aliphatic side chain oxidation was more pronounced with HLM than RLM. 

An exception for the preference in aromatic ring oxidation observed with 1-methyl-naphthalene 

and 1-ethyl-naphthalene with HLM could best be ascribed to a difference in metabolic activity of 

specific CYP isoforms between HLM and RLM (Chapter 2). Interestingly, the overall catalytic 

efficiency for conversion of naphthalene was 2.7- fold higher than that of phenanthrene and 39.7-

fold higher than that of benzo[a]pyrene in HLM, while, the overall catalytic efficiency of 

naphthalene was 1.6-fold higher than phenanthrene and 1.5- fold lower than benzo(a)pyrene in 

RLM. A grouping effect by aromatic ring number for overall catalytic efficiency of non-substituted 

and alkyl-substituted aromatic hydrocarbons in HLM was observed but not in RLM (Figure 2). 

Altogether, the rate, regioselectivity and type of P450 mediated metabolism of the non-substituted 

and alkyl-substituted aromatic hydrocarbons depends on species, as well as on the site and nature 

of the alkyl substituent.  
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Figure 1. Intrinsic clearance via aromatic ring and alkyl side chain oxidation by (a) HLM (b) RLM 

for the model compounds of the present thesis. Side chain oxidation: green bars; Aromatic ring 

oxidation: blue bars. NAP = naphthalene; PHE = phenanthrene; B[a]P = benzo[a]pyrene 
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Figure 2. Relationship between total catalytic efficiency (Clint ) of alkylated PAHs and the 

number of carbon atoms on the alkyl side chain in incubations with (a) HLM and (b) RLM. Green 

dots: phenanthrene and its alkyl substituents; Orange squares: naphthalene and its alkyl substituents; 

blue triangles: benzo[a]pyrene and its alkyl substituents 



 

The effect of alkyl substitution on mutagenicity of PAHs 

The effect of alkyl substitution on mutagenicity of PAHs was assessed in the present thesis using 

the reverse mutation assay (Ames test). The non-substituted (“naked”) PAHs and monomethylated 

PAHs among the selected model compounds that tested positive (Chapter 3 and Chapter 4) are 

summarized in Table 1. In line with the hypothesis, 1-methyl- and 9-methyl- phenanthrene tested 

as positive mutagens upon metabolic activation with rat S9 in both tester strain TA98 and TA100, 

which was related to the fact that in these methylated phenanthrenes the methyl group generates an 

additional bay region-like structural motif (“fake” bay region). While, non-substituted 

phenanthrene as well as 2-methyl- and 3-methyl- phennathrene without this additional “fake” bay 

region tested negative (Chapter 3). All selected non-substituted benzo[a]pyrene and monomethyl 

substituted benzo[a]pyrenes tested positive towards both tester strain TA98 and TA100. The 

methyl substitution of benzo[a]pyrene may increase or decerase the mutagenic potency depending 

the position of the substitution. The observed mutagenic potency of the alkyl substituted 

benzo[a]pyrene appeared to be  not necessarily associated with the number of “fake” bay regions, 

possibly due to the complexity of the involved metabolic pathways via 4,5-oxide, 7,8-dihydrodiol-

epoxide and/or side chain oxidation and their stereoselectivity (Chapter 4). 

  



 

Table 1. Mutagenicity of selected non-substituted PAHs and their monomethyl substituents using 

Aroclor 1254 induced rat S9 and NADPH-generating system as metabolic system in the Ames test 

in S. typhimurium strains TA 98 and TA100. Mutagenic efficacy of each compound was calculated 

from the maximal increase in the number of revertants divided by that of the solvent control, 

expressed as fold induction. Mutagenic potency of each compound is presented as the maximum 

value of the net increase in number of revertants divided by the dose, expressed as revertants per 

nmol. Only compounds that tested positive in at least one of the tester strains were included. 

Compound Structure 

S. typhimurium strain 

TA98 TA100 

Mutagenic 

efficacy 

Mutagenic 

potency 

Mutagenic 

efficacy 

Mutagenic 

potency 

1-methyl-phenanthrene 
 

14 1.7 7 4.1 

9-methyl-phenanthrene 

 

3 0.6 2 0.9 

benzo[a]pyrene 
 

44 69 5 21 

3-methyl-benzo[a]pyrene 
 

57 19 8 43 

6-methyl-benzo[a]pyrene 
 

100 187 3 8 

7-methyl-benzo[a]pyrene 

 

40 39 4 24 

8-methyl-benzo[a]pyrene 
 

24 39 7 34 

 

Proposed relevant metabolic activation pathways of alkyl substituted PAHs 

Bioactivation of non-substituted PAHs such as benzo[a]pyrene was extensively studied for its 

genotoxicity and carcinogenicity and is generally accepted to proceed via the dihydrodiol-epoxide 

pathway. This thesis provided the metabolic pathways of alkyl-substituted PAHs which may be 



 

responsible for their excretion but also for their genotoxicity, carcinogenicity and developmental 

toxicity for which the toxicological data are rare. The profiles of oxidative metabolism of the 

selected alkyl-substituted phenanthrene and benzo[a]pyrene analogues in S9 incubations were 

studied using the same experimental conditions as applied in the Ames test (Chapter 3 and 

Chapter 4). The possible underlying metabolic pathways included the proposed dihydrodiol-

epoxide pathway, formation of a 4,5-oxide, a side chain oxidation and sulfation pathway for 

genotoxicity and carcinogenicity, and the formation of phenol metabolites that may play a role in 

the mode of action for developmental toxicity (Figure 3).  

Phenanthrene is the smallest PAH that has a bay region, although it lacks genotoxic and 

carcinogenic potential (IARC, 2010). Methyl substitution at both the C1 and C9 position (K region) 

but no other positions of phenanthrene that introduces an additional bay region aromatic motif and 

induced mutagenicity as observed in Ames test towards tester strain TA98 and TA100. The 

possible underlying metabolic pathway for genotoxicity of 1-methyl- and 9-methyl-phenathrene 

was proposed to be associated with dihydrodiol-epoxide formation, specifically the formation of 

3,4- and/or 5,6-dihydrodiol that reflects the formation of the presumed ultimate mutagen 3,4-

dihydrodiol-1,2-epoxide and/or 5,6-dihydrodiol-7,8-epoxide (Figure 3) (Chapter 3). None of the 

methyl substituted phenanthrenes was found to be an active tumor initiator in mouse skin painting 

studies, possibly due to the relatively low tumor inducing potency of the formed DNA adducts 

(LaVoie, Tulley-Freiler et al. 1981).   

Two possible metabolic pathways for genotoxicity and carcinogenicity of methyl-substituted 

benzo[a]pyrene were proposed including the dihydrodiol-epoxide pathway, also relevant for 

benzo[a]pyrene itself, and side chain hydroxylation followed by sulfation (Figure 3) (Chapter 4). 

The skin tumor-initiating activity of some selected methyl substituted benzo[a]pyrenes was 



 

reported for non-alkylated benzo[a]pyrene and 3-methyl-benzo[a]pyrene as being potent, for 6-

methyl-benzo[a]pyrene as being weak, while 7-methyl- and 8-methyl-benzo[a]pyrene were 

inactive (Iyer, Lyga et al. 1980). This is in line with the formation of a 7,8-dihydrodiol, which 

reflects the formation of the ultimate mutagenic and carcinogenic 7,8-dihydrodiol-9,10-epoxide, 

from benzo[a]pyrene and its 3-,7- and 6- methyl-substituted analogues, while being negligible for 

8-methyl-benzo[a]pyrene,. It is also of interest that it has been reported that the side chain oxidation 

metabolite of 6-methyl-benzo[a]pyrene is conjugated by sulfotransferases to a DNA reactive 

sulfate ester of 6-methyl-benzo[a]pyrene that was proven to be the ultimate carcinogen (Cavalieri, 

Roth et al. 1978, Rogan, Hakam et al. 1983, Stansbury, Flesher et al. 1994). It remains to be 

elucidated if methyl substitution at non-meso positions can follow the side chain oxidation and 

sulfation pathway.  

Developmental toxicity of benzo[a]pyrene and phenanthrene needs bioactivation to their phenolic 

metabolites in some in vitro models (Schrlau, Kramer et al. 2017, Kamelia, de Haan et al. 2020). 

Phenols were formed as primary metabolites of the selected alkyl substituted PAHs in the 

metabolism mediated by cytochrome P450 enzymes observed in the present thesis (Chapter 3 and 

Chapter 4). The effect of alkyl substitution of PAHs on the developmental toxicity remains to be 

elucidated. 

 

 

 

 

 



 

 

Figure 3. Proposed possible metabolic pathways for genotoxicity, carcinogenicity and 

developmental toxicity of alkyl substituted phenanthrene and benzo[a]pyrene. R = CH3 substitution 

 

 



 

Physiologically based kinetic (PBK) modeling - facilitated QIVIVE  

The present thesis developed an in vitro-in silico approach to predict in vivo developmental toxicity 

of benzo[a]pyrene in rats using PBK model facilitated reverse dosimetry. Benzo[a]pyrene needs 

bioactivation to 3-hydroxy-benzo[a]pyrene by cytochrome P450 enzymes to induce developmental 

toxicity (Kamelia, de Haan et al. 2020). The PBK model of benzo[a]pyrene via intravenous, 

intratracheal and oral exposure routes was defined with a sub-model of 3-hydroxy-benzo[a]pyrene 

with the input of the kinetic parameters derived from metabolic studies (Figure 4). The time 

dependent plasma concentrations of benzo[a]pyrene and 3-hydroxy-benzo[a]pyrene via 

intravenous, intratracheal and oral exposure routes generated from the developed PBK model were 

validated by the in vivo kinetic data (Marie, Bouchard et al. 2010, Moreau and Bouchard 2015). 

The sufficiently validated PBK model was further used together with reverse dosimetry to translate 

the in vitro concentration-response data for 3-hydroxy-benzo[a]pyrene derived from the embryonic 

stem cell test (EST) into in vivo dose-response predictions for developmental toxicity upon single 

and repeated dose exposure. The predicted half maximal effect doses (ED50) of benzo[a]pyrene 

were comparable to the reported ED50 derived from the in vivo dose response data (Bui, Tran et 

al. 1986, Archibong, Inyang et al. 2002). The developed PBK modeling facilitated a QIVIVE 

approach as described in this thesis and provides a proof of principle of applying an in vitro-in 

silico approach for developmental toxicity prediction needed to enable risk assessment based on 

alternative to animal testing methods.  



 

 

Figure 4. Scheme of the QIVIVE using an in vitro concentration response curve derived from the 

EST and PBK modelling facilitated reverse dosimetry to predict an in vivo dose response curve for 

developmental toxicity of benzo[a]pyrene. For details see Chapter 5 of the thesis. 

 

Literature and future perspectives 

Challenges in hazard assessment of MOAH  

For the risk assessment of MOAH, a reference point (RP) cannot be derived for MOE calculation 

because dose-response data for the carcinogenicity of MOAH are not available also because 

MOAH is not a chemically defined substance (EFSA 2012). Challenges for the hazard and risk 

assessment on MOAH that remain to be resolved are discussed in the following sections. 

1. MOAH composition 

The compounds that appear as MOAH in chromatographic determinations vary in ring number and 

alkylation degree and this puts challenges for the hazard characterization. The data on metabolism 

and mutagenicity in this thesis indicated that the ring number, type and position of the alkyl 

substituents, together affect the metabolism and the subsequent mutagenicity of the non-substituted 

(“naked”) and alkyl-substituted PAHs. In line with the observations in this thesis, historical studies 

on dermal carcinogenicity in vivo also suggested the ring number, alkylation degree and position 



 

of the alkyl substituent to influence the tumor-initiating activity of non-substituted (“naked”) and 

alkyl-substituted PAHs (Iyer, Lyga et al. 1980, Wislocki, Gadek et al. 1980, LaVoie, Tulley-Freiler 

et al. 1981). Different proportional levels of hazardous PAHs in MOAH may lead to different 

toxicity outcomes indicating that the hazard characterization of MOAH should be based on the ring 

number and alkylation degree of the different congeners in the mixture and has therefore to be 

considered on a case by case basis. In other words, the available data on MOAH for one sample 

may not be applicable for other samples with similar MOAH characteristics as it may be composed 

of compounds with different ring-number and alkylation levels of PAHs. Therefore, a systematic 

RP such as one BMDL10 value of MOAH may not correctly characterize the hazard of MOAH, 

which should be determined case by case based on testing of the individual sample.   

2. The role of biotransformation 

Based on the kinetic data generated in the present thesis and historical studies, the aromatic ring 

number and alkylation degree of the aromatic hydrocarbons play important roles in their 

bioactivation and resulting toxicities. The carbon number of the model compounds in the present 

studies ranged from C10-C32. The highly alkylated (multi-branched and unbranched) low-ring 

aromatic hydrocarbons can have as many carbon numbers as short or simple alkylated high-ring 

aromatic hydrocarbons. They have different physical properties (Figure 7 in Chapter 1) and are 

converted with different metabolic efficiency and metabolic patterns that subsequently influence 

the resulting toxicities. In particular, mainly 3-7 ring PAHs with short or simple alkyl side chain 

substitution in petroleum substances may contribute to the potential genotoxicity, carcinogenicity 

and developmental toxicity (Agarwal, Shukla et al. 1988, Ingram, Scammells et al. 1994, Concawe 

1996, Mackerer, Griffis et al. 2003, Concawe 2014, Kamelia, Louisse et al. 2017, Kamelia, de 

Haan et al. 2019). The long chain alkylated aromatic hydrocarbons ( > C6 side chain) tested in 



 

Chapter 2, 3 and 4 showed extremely low metabolic conversion that indicates lower chances on 

bioactivation and potential toxicities. This observation seems in line with the negative mutagenic 

effect of octadecyl substituted naphthalene and benzo[a]pyrene derivates in the reverse mutation 

assay (Heyst 2019). Furthermore, the results of the reverse mutation assay revealed that also short 

alkyl substituted PAHs can be mutagenic and bioactivated, specifically 1- and 9- monomethylated 

phenanthrenes (Chapter 3) and 3-, 6-, 7-, 8- monomethylated benzo[a]pyrenes (Chapter 4). 

Therefore, it is of high importance to characterize MOAH in food matrices not only based on ring 

number but also with respect to the nature and regioselectivity of the alkylation in addition to total 

MOAH presence. Ring number and alkylation pattern based characterization of MOAH could be 

achieved to some extent by two dimensional GCGC-FID (Biedermann and Grob 2009) and 

possibly nuclear magnetic resonance (NMR), etc. This will allow the exclusion of the “harmless 

MOAH” and facilitate exposure assessment of the hazardous MOAH fraction. 

3. Limitation of testing DMSO extracts with bio-systems 

Dimethyl sulphoxide (DMSO) aromatic extracts have been generally used in the in vitro and in 

vivo bio-systems for the assessment of genotoxicity, carcinogenicity and developmental toxicity 

of petroleum derived products including mineral oils (Concawe 1994, Concawe 2012, Kamelia 

2019). Such bio-systems include the modified Ames test, the mouse skin painting assay, the 

embryonic stem cell test (EST) and the zebrafish embryonic test (ZET) etc. The petroleum derived 

oil samples are extracted by DMSO following a standardized method known as IP346 (Standards 

1996). The DMSO extracts contain the non-substituted and partially alkylated polycyclic aromatic 

compounds (PAC), however not the aromatic compounds that are substituted by a long alkyl chain 

(Carrillo, van der Wiel et al. 2019). This is in line with the present thesis (Chapter 2, Chapter 3 



 

and Chapter 4) that showed that naphthalene, phenanthrene and benzo[a]pyrene substituted with 

hexyl- and dodecyl- side chains were no longer dissolved in DMSO. The lack of selectivity of 

DMSO extraction for PAC with long alkyl side chains may lead to underestimation in the hazard 

assessment of the petroleum derived products including mineral oils because the unextracted highly 

alkylated PAC fraction may have an additive effect on toxicities, such as the promotion effect 

observed in carcinogenicity studies (described in section 5). The sensitivity of the bioassays applied 

is also of concern since their sensitivity may not always allow detection of a genotoxic or 

carcinogenic PAC present at a low percentage unless it is a congener with a high potency allowing 

its detection in an in vitro or in vivo bioassay. False negative results in a bioassay may thus lead to 

underestimation of the hazard. 

4. Matrix effects 

The analytical characterization of MOAH samples is performed based on chromatographic analysis 

of hydrocarbons in food. MOAH are not chemically defined as individual substances or mixtures. 

Foodborne MOAH may originate from contamination such as application of unrefined mineral oil 

and lubricating oil, migration from food contact materials, intentional uses as additives, processing 

aids, pesticides and others. The complexity of MOAH sources, makes MOAH analysis in food 

matrices  a challenge requiring complex sample preparation, and analysis. The current JRC 

guideline for monitoring MOAH in food and food contact materials has been based on 

chromatographic analysis and quantification as total mass fraction of MOAH and cut-off fractions 

of MOAH by integration of the hump for different molecular weight regions, resulting in 

quantifications based on the amount of Cx ring PAHs in mg/kg sample (Table 2) (Bratinova 2019). 

Commonly accepted analytical methods include off-line sample preparation or on-line LC-GC-

FID. The method for MOAH analysis in different food matrices with cut-off fractions of MOAH 



 

was questioned for its reliability and compatibility (Koster, Varela et al. 2020). The main issue out 

of many analytical challenges was that the synthetic hydrocarbon polyolefin oligomers, 

hydrogenated PAHs and other, naturally occurring, substances can co-elute and interfere with the 

analysis of the MOAH fraction, e.g. carotenoids in the food matrix (Koster, Varela et al. 2020). 

The carotenoid hump is visible between C35-C40 (total number of carbon) in the chromatogram of 

MOAH in infant formula samples. Given the importance of analytical reliability for the exposure 

assessment, the preparation of food samples and the treatment of the food matrices are to be further 

amended and validated. 

Table 2. MOAH characterization guideline in food and food contact materials according to JRC 

report (Bratinova 2019). Symbol “n” means the total number of carbon atoms on both the side 

chain and the aromatic moiety.  

MOAH: 

Total MOAH 

MOAH ≥ n-C10 to ≤ n-C16 

MOAH > n-C16 to ≤ n-C25 

MOAH > n-C25 to ≤ n-C35 

MOAH > n-C35 to ≤ n-C50 

 

5. Mixture effects 

 Mixture effects should also be addressed in the hazard assessment of MOAH. The mixture effect 

of fractionated PAH extracts from jute batching oil (JBO-P) based on ring number was 

demonstrated in the mouse skin painting study (Agarwal, Shukla et al. 1988). No skin tumor 



 

formation was observed upon 40-day dermal exposure to the individual fractions including “PAH-

free fraction”, “2- and 3-ring PAH fraction” and “more than 3-ring PAH fraction”. Surprisingly 

under the same experimental conditions, all mice showed skin tumors upon 40-week combined 

dermal exposure to the three fractions. Additionally, the carcinogenic effect was also assessed for 

each fraction with treatment of a tumor promotor 12-o-tetradecanoyl-phorbol-13-acetate (TPA). 

Only the “more than 3-ring PAH fraction” induced tumors in all animals with TPA treatment upon 

14-week exposure while the other two fractions were negative for tumor initiating potential. 

Altogether, it suggests that the “more than 3-ring PAH fraction” is potentially carcinogenic in the 

presence of a tumor promotor. Furthermore, the “less than 3-ring fractions” are not potentially 

carcinogenic themself but may act as tumor promotors. However, little is known for the mixture 

effect for genotoxicity and developmental toxicity. Future focus should also emphasize the 

potential synergistic and antagonistic effect in the mixture of non-substituted and alkyl-substituted 

PAHs and petroleum substances for their genotoxicity and developmental toxicity.  

6. Use of new approach methodologies (NAMs) 

The European Chemicals Agency (ECHA) proposed a broad concept of New Approach 

methodologies (NAMs) in regulatory science for hazard assessment (ECHA 2016). The NAMs 

include “in silico approaches, in chemico and in vitro assays, as well as the inclusion of information 

from the exposure of chemicals in the context of hazard assessment” (ECHA 2016). Especially the 

hazard identification and characterization can be performed based on in vivo toxicity data. Thus, 

modern hazard assessment may be based on the NAM-data obtained from in vitro testing, and in 

silico models, including data from omics-based endpoints. In particular, the use of in silico 

alternatives was addressed that can connect to the modern technologies and “big data”, including 

for example Quantitative Structure Activity Relationships (QSAR), use of the threshold of 



 

Toxicological Concern (TTC) and Read-Across. The net sections disvuss some of the aspects 

related to use of NAM for hazard and risk assessment of alkylated PAHs and/or MOAH. 

6.1 Metabolism of alkyl substituted PAHs 

The present thesis provided data on oxidative metabolism of aromatic hydrocarbons ranging from 

2-ring to 5-ring with non-branched side chains varying from methyl- to dodecyl-substitution using 

an in vitro approach (Chapter 3 and Chapter 4). In line with the hypothesis, the oxidative 

metabolism of the alkyl substituted aromatic hydrocarbons shifted to the aliphatic side chain at the 

cost of aromatic ring oxidation. Although it was observed in the present thesis that a multi-branched 

PAH (10-methyl-9-ethyl-phenanthrene) (Chapter 3) showed efficient side chain oxidation over 

aromatic ring oxidation, it remains to be elucidated if the metabolic shift applies for other 

multibranched PAHs. Some evidence suggested multi-branched alkylated PAHs such as 7,12-

DMBA, 1,4- and 4,10-dimethylphenanthrene being active skin tumor initiators (Wislocki, Gadek 

et al. 1980, LaVoie, Tulley-Freiler et al. 1981). As an example, genotoxicity and carcinogenicity 

of 7,12-dimethylbenz[a]anthracene (DMBA) upon bioactivation to an ultimate mutagenic bay-

region dihydrodiol-epoxide by cytochrome P450 enzymes was reported (Figure 5) (Wislocki, 

Gadek et al. 1980, Shimada and Fujii-Kuriyama 2004, Shi, Krsmanovic et al. 2011). The reported 

bioactivation pathway is in line with the proposed metabolic pathways for the genotoxicity of the 

selected alkyl substituted phenanthrene and benzo[a]pyrene in the present study (Figure 3). 

Therefore, it is of high importance to further investigate the metabolic fate and its potential 

consequences for the resulting toxicities of multi-branched alkylated PAHs using in vitro based 

NAM approaches as the ones applied in the present thesis. 



 

 

Figure 5. Reported bioactivation pathway of 7,12-DMBA to a diol-epoxide ultimate carcinogen 

(Shimada and Fujii-Kuriyama 2004)  

The incubation of the selected model compounds with HLM and RLM in the present thesis 

provided information on of how alkyl substitution may affect the metabolic pattern of aromatic 

hydrocarbons and their relative chances on bioactivation and excretion. In addition to providing 

information on molecular docking between alkyl substituted aromatic hydrocarbons and 

cytochrome P450 enzymes, more research on translation of the in vitro findings to the in vivo 

situation would be logical to consider.  

6.2 Relevant toxicity of alkyl substituted PAHs 

Due to the potential health concerns of MOAH, and the endless number of potential MOAH 

samples with different constitution, it is of urgent importance to apply NAM alternative testing 

strategies in testing of the alkylated aromatic hydrocarbons and MOAH under REACH 

(Registration, Evaluation, and Restriction of Chemical) legislation. Although the present thesis 

provided data on the effect of alkyl substitution on the metabolism of PAHs characterizing the 

influence of the alkylation on the potential balance between bioactivation and detoxification, 



 

further toxicity studies on the effect of the alkylation on the ultimate toxicity of alkylated PAHs 

using validated bioassays are urgently required.   

The effect of methyl substitution on the mutagenicity of phenanthrene and benzo[a]pyrene was 

investigated in Chapter 3 and Chapter 4. In line with the hypothesis, the mutagenicity observed 

in 1-methyl- and 9-methyl phenanthrene was associated with the formation of the dihydrodiol that 

may be further metabolized to the ultimate mutagenic dihydrodiol-epoxide at the “fake” bay region 

(Figure 3). The observed mutagenicity of methylated benzo[a]pyrene did not necessarily relate to 

the hypothesized theory of the extra “fake” bay regions because more than one mode of action may 

be involved in the mutagenicity of these PAHs (Figure 3). The relevant metabolic pathways for 

genotoxicity and carcinogenicity of methyl substituted benzo[a]pyrene include the dihydrodiol-

epoxide pathway, formation of a 4,5-oxide metabolite and/or a side chain oxidation/sulfation 

pathway. The dominant underlying metabolic pathway for genotoxicity and carcinogenicity of 

methyl substituted benzo[a]pyrene is still to be elucidated. In addition to the monomethyl 

substitution of PAHs, the dimethyl- and other multibranched alkylated PAHs are also of interest 

for further investigation on their mutagenic potential and underlying metabolic pathways in 

validated chemical- and bio- assays. Validated in vitro testing strategies for genotoxicity include 

the bacterial reverse mutation test and mammalian cell line based tests such as the chromosome 

aberration test, the micronucleus test, the gene mutation test using the Hprt, xprt and thymidine 

kinase genes (ECHA 2018).  

Historical data on dermal carcinogenicity suggested that some methyl substituted PAHs show 

tumor initiating activity in vivo (Table 2 Chapter 1). Also little is known on the effect of the alkyl 

substitution of PAHs on carcinogenicity upon oral exposure. Chronic toxicity and carcinogenicity 

of chemicals are typically assessed by in vivo studies according to OECD Test Guideline (TG) 453 



 

that require large number of animals (OECD 2018). EFSA addressed additional considerations for 

the carcinogenicity testing in rodents to food/feed (EFSA 2013). In vivo testing for carcinogenicity 

is time-consuming (more than two years) and expensive and it is impossible to perform for the risk 

assessment of MOAH as MOAH are not a chemically defined substance or mixture and may vary 

from one sample to another. An alternative testing strategy for carcinogenicity in vitro, the so-

called cell transformation assay, was proposed by OECD but is not yet generally accepted (OECD 

2007). Such a mammalian cell based assay may be of use for the carcinogenicity screening of 

alkylated PAHs. In previous studies already concentration response curves were obtained for some 

of the “naked” PAHs in this cell transformation assay using the BHK 21/CL 13 cell line (Greb, 

Strobel et al. 1980). The observed in vitro concentration response curves may be further applied in 

QIVIVE approaches to predict in vivo genotoxicity and carcinogenicity in a quantitative way.  

With respect to the endpoint developmental toxicity it is of interest to note that recent studies on a 

series of PAH-containing extracts from petroleum substances, including mineral oil samples (with 

a systematic variation in their PAH content), showed that these complex substances were able to 

induce concentration-dependent in vitro developmental toxicity in the EST to an extent that 

appeared proportional to their level of 3-7 ring PAHs (Kamelia, Louisse et al. 2017, Kamelia, 

Louisse et al. 2018, Kamelia, Brugman et al. 2019, Kamelia, de Haan et al. 2019). The effect of 

alkyl substitution of 3-7 ring PAHs on their developmental toxicity is of interest for the hazard 

assessment of petroleum substances including MOAH. In the ZET there appeared to be a 

correlation with the level of 3-5 ring PAHs (Kamelia, Brugman et al. 2019). The application of 

these NAMs for testing the developmental toxicity hazards of petroleum substances may also prove 

to be of use for evaluation of alkylated PAHs (Kamelia 2019). Recent results of testing 

phenanthrene, benz[a]anthracene benzo[a]pyrene and their methyl substituted analogues in the 



 

ZET suggested that the position of the methyl substitution can substantially influence the in vitro 

developmental toxicity (WoliDska, Brzuzan et al. 2011, Schrlau, Kramer et al. 2017, Jing Fang 

2021).  

Considering the testing of naked and alkylated PAHs in in vitro bioassays it is of importance to 

note that bioactivation may be required. This holds not only for genotoxicity but also for their 

developmental toxicity. Thus testing in the presence of S9 metabolic activation in not only the 

Ames test, but also coupling of the EST to an exogenous metabolic system is highly recommended 

for the toxicity evaluation of alkylated PAHs. To what extent the metabolic activation in zebrafish 

embryo’s in the ZET already adequately reflects the metabolic activation required for 

developmental toxicity remains to be fully established, although there already appears to be a  good 

correlation between the in vitro potency (BMC50) in the ZET  and the in vivo BMDL10 induced by 

PAC-containing petroleum substances (R2=0.80 for increased resorption; R2=0.91 for live 

fetuses/litter; R2=0.35 for fetal body weight) (Kamelia 2019). Studies on the in vitro developmental 

toxicity of benzo[a]pyrene in the EST however, pointed out that for the EST an exogenous 

metabolic activation system would be essential, as benzo[a]pyrene which is known to be an in vivo 

developmental toxin appeared to test negative in the EST while its 3-OH metabolite tested positive. 

This knowledge was applied for a NAM in the present thesis where the in vivo developmental 

toxicity of benzo[a]pyrene was predicted by QIVIVE based on   the concentration response curve 

for 3-hydroxy-benzo[a]pyrene in the EST and a PBK model for benzo[a]pyrene kinetics in rats that 

predicted also plasma and tissue levels of 3-hydroxy-benzo[a]pyrene (Chapter 5). The proof of 

principle thus provided in the present thesis may point at the potential to use this NAM to predict 

the in vivo developmental toxicity of other PAHs including methylated analogues. To this end also 

the underlying bioactivation pathway of prenatal developmental toxicity of alkyl substituted PAHs 



 

is to be further investigated. Based on the 3-hydroxy-benzo[a]pyrene bioactivation pathway for 

benzo[a]pyrene (Figure 3), metabolism may also play a role in the developmental toxicity of short 

alkyl side chain substituted PAHs, a topic that remains to be elucidated. The developmental toxicity 

of some non-substituted and alkyl-substituted PAHs such as for example dibenz[a.h]anthracene 

(DBA) for which bioactivation is not required (Kamelia, de Haan et al. 2020) may also be worth 

further investigation.  

6.3 PBK modeling-facilitated QIVIVE 

The concept of PBK model facilitated QIVIVE may also be of interest to be applied in the in vivo 

prediction for genotoxicity or even carcinogenicity of methylated benzo[a]pyrenes. The determined 

kinetic parameters for metabolism of benzo[a]pyrene and its methylated analogues in vitro 

(Chapter 4) could be applied in PBK models to predict the blood concentration of benzo[a]pyrene 

or its methylated analogues and their relevant metabolites. As a starting point, a sufficiently 

validated QIVIVE approach for genotoxicity or carcinogenicity of benzo[a]pyrene is to be 

developed in mammalian species. The well-validated PBK model of benzo[a]pyrene with a sub-

model of 3-hydroxy-benzo[a]pyrene (Chapter 5) can serve as a basis for the development of the 

PBK model for benzo[a]pyrene with a submodel for  (+) anti-benzo[a]pyrene-7,8-dihydrodiol-

9,10-epoxide (BPDE) (the ultimate genotoxic carcinogen). The PBK model for benzo[a]pyrene 

with a sub-model for BPDE could be possibly validated with the in vivo time dependent kinetic 

data in mammalian species. The obtained concentration response curves for genotoxicity and 

carcinogenicity from the mammalian cell based in vitro testing systems (Section 6.2) can 

subsequently be translated by the validated PBK model of benzo[a]pyrene with a sub-model for 

BPDE into in vivo dose response curves using a reverse dosimetry approach that can be ultimately 

evaluated by in vivo dose response for genotoxicity or carcinogenicity, when available, to set a 



 

proof of principle. Once shown valid for benzo(a)pyrene the approach could also be applied for its 

analogues without a need for in vivo data.  

In a similar way, the concept of PBK model facilitated QIVIVE for prediction of in vivo 

developmental toxicity may also be applicable to other PAHs for which the in vivo dose response 

data are not available. The current PBK model facilitated reverse dosimetry of benzo[a]pyrene for 

the  prediction of in vivo developmental toxicity in rats via oral, intravenous and intratracheal 

exposure was well validated with in vivo kinetic and in vivo dose-response data (Chapter 5). The 

developed model provides a basis to predict in vivo developmental toxicity for other non-

substituted (‘naked’) as well as substituted  PAHs that induce developmental toxicity in the EST, 

either with or without bioactivation (Kamelia, de Haan et al. 2020). Following the reverse 

dosimetry approach, from the predicted in vivo dose response curve a predicted reference point 

(RP) for risk assessment such as a benchmark dose (BMD) could be obtained.  

6.4 Read-across 

Read-across, theoretically accepted as an alternative testing approach by ECHA, can be used to 

predict a property or test outcome for a target substance on the basis of a property or test outcome 

for another structurally related source substance following certain rules (ECHA 2017). Risk 

assessment of some substances cannot be performed because the in vivo toxicity studies are not 

available to derive a RP to characterize the hazard. In this case, mode of action (MoA) based read-

across could be applied to predict the RP of a target chemical from a structurally related source 

chemical with an available RP. In the risk assessment of genotoxic carcinogens, including the 

(alkylated) PAHs that raise such a concern, the Margin of Exposure (MOE) approach is commonly 

applied where the RP often refers to Benchmark dose level (BMDL10). 



 

Previous studies have developed examples of using PBK model facilitated read-across to estimate 

BMDL10 values for genotoxic carcinogens. Examples are the definition of a BMDL10 values for 

the alkenylbenzenes apiol and elemicin, for which in vivo carcinogenicity data are unavailable, 

using PBK models to quantify differences in bioactivation and derive BMDL10 values based on 

available data for the related compounds safrole (structural analogue for apiol), and estragole and 

methyleugenol (structural analogues for elemicin)  (van den Berg, Punt et al. 2012, Alajlouni, 

Al_Malahmeh et al. 2016, Rietjens and Punt 2017).    

For complex and variable substances including the compounds that are represented as MOAH, read 

across from a structurally related analogue may prove too complicated. However, as a proof of 

principle the concept could be tested for methylated benzo[a]pyrenes using data available for 

benzo[a]pyrene itself and PBK models to predict the bioactivation of the analogues to the ultimate 

carcinogenic metabolite. A PBK modeling-based read across approach for estimation of BMDL10 

values for the carcinogenicity of methylated benzo[a]pyrene analogues may then be developed 

using the predicted level of formation of the ultimate carcinogenic metabolites, such as for example 

the dihydrodiol epoxide metabolites, as the basis for the read-across and adaptation of the BMDL10 

available for benzo[a]pyrene of 0.07 mg/kg bw per day (EFSA 2008) to a BMDL10 for the 

respective analogues.                  

For the alkyl-substituted PAHs that induce developmental toxicity, the QIVIVE approach reported 

for benzo[a]pyrene (Chapter 5) may be extended to other substituted PAHs. The results of the 

present thesis already provide kinetic data for metabolism of the alkyl substituted benzo[a]pyrenes 

(Chapter 4) that could be applied in the respective PBK models                  

In summary, since it is impossible to characterize the hazard of MOAH since it is not a chemically 

defined substance or mixture, the data gap in toxicity testing of alkyl substituted PAHs and mineral 



 

oil extracts is still to be filled. Some of the NAMs may be applied in future hazard assessment of 

the MOAH fraction and then drive the risk assessment of MOAH. In vitro bioassays are suggested 

to facilitate detection of hazards like genotoxicity and developmental toxicity of alkylated PAHs. 

The resulting concentration response curves for individual alkyl-substituted PAH obtained from in 

vitro bioassays could be translated via in silico PBK modeling facilitated QIVIVE into in vivo dose 

response curves (Wang, Rietdijk et al. 2021). Read across from non-substituted PAH to alkylated 

PAH may also be applicable via well validated PBK models. QSAR models may also be used to 

predict and assess the genotoxicity and developmental toxicity of the alkyl substituted PAHs 

(Benigni and Bossa 2019, Kamelia 2019). RPs could be derived from the predicted in vivo dose-

response curves for alkyl substituted PAHs that can be subsequently used as a point of departure 

for the risk assessment of MOAH with consideration of the mixture effect under the Read Across 

Assessment Framework (RAAF) for multi-constituent substances and UVCBs (substance of 

Unknown or Variable composition, Complex reaction products and Biological materials) (ECHA 

2017).  Together with exposure assessment, it will improve the risk assessment of  MOAH. 

 

 

  



 

Concluding remarks 

- Short alkyl substitution (≤C3) to PAHs shifts metabolism to the alkyl side chain oxidation at 

the cost of aromatic ring oxidation. 

- The metabolism is hampered with further elongation of the side alkyl chain of PAHs. 

- Rate, regioselectivity and type of the P450 mediated metabolism of the non-substituted and 

alkyl-substituted aromatic hydrocarbons depends on species, as well as on the site and nature 

of the alkyl substituent. 

- Methyl substitution of phenanthrene that introduces an additional “fake” bay region induces 

mutagenicity possibly via the dihydrodiol-epoxide pathway. 

- Methyl substitution of benzo[a]pyrene that introduces additional “fake” bay region(s) may 

increase or decrease the mutagenic potential with multiple pathways likely contributing to the 

mutagenicity, such as the dihydrodiol-epoxide pathway, formation of a 4,5-oxide and/or side 

chain oxidation/sulfation. 

- The developed in vitro-in silico QIVIVE approach for prediction of in vivo developmental 

toxicity of benzo[a]pyrene provides a proof of principle that may be extended to other PAHs 

including alkyl substituted PAHs and also to other toxicity endpoints. 

Overall it is concluded that in vitro and in  silico methodologies provide a useful tool to fill gaps 

in the toxicity data on alkyl substituted PAHs that may also proof to be of use for read across to 

MOAH. 
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Chapter 7 

Summary 

  



 

Mineral oil aromatic hydrocarbons (MOAH) have been presented as a modern emerging food 

safety concern by the European Food Safety Authority (EFSA). MOAH is defined as a 

chromatographic fraction in the analysis of mineral oil hydrocarbons (MOH) in food and does not 

represent well defined substances or mixtures. The sources of foodborne MOAH include 

environmental contamination and intentional uses of mineral oils in consumer products or 

production processes. Some non-substituted PAHs are known to be genotoxic carcinogens and 

have been extensively studied, however the majority of the compounds represented by MOAH are 

highly alkylated aromatic hydrocarbons for which the toxicological data are scarce. Potential 

concerns for genotoxicity, carcinogenicity and developmental toxicity upon MOAH exposure have 

been raised. However, the lack of toxicological data on related alkyl substituted polycyclic 

aromatic hydrocarbons (PAHs) seriously hampers a proper hazard assessment and therefore 

challenges the risk assessment of MOAH.  

The present thesis aims at (1) providing data on oxidative metabolism and resulting toxicities of a 

series of the selected non-substituted and alkyl-substituted aromatic hydrocarbons using in vitro 

assays and (2) developing a physiologically-based kinetic (PBK) modeling- facilitated quantitative 

in vitro-in vivo-extrapolation (QIVIVE) approach for prediction of in vivo toxicity of selected PAH. 

The latter is needed to define data for risk assessment as a proof of principle for using new approach 

methodologies (NAMs).  It was hypothesized (1) that alkylated PAHs will be metabolized 

preferably on the alkyl side chain rather than on the condensed aromatic rings which can be 

expected to facilitate their excretion rather than their bioactivation to potentially DNA-reactive 

metabolites, and (2) that the presence of an additional bay region like aromatic motif introduced 

by methyl substitution may affect the genotoxic potential of the PAHs. 



 

Chapter 1 provided the background information of mineral oils that may be present in food and 

the concept of MOAH. The relevance to public health to the occurrences and the current risk 

assessment of MOAH were introduced. The aim and hypothesis of the thesis together with relevant 

methodologies for measurement of oxidative metabolism, mutagenicity and PBK modeling-

facilitated QIVIVE were introduced.  

Chapter 2 tested the first hypothesis that, on thermodynamic grounds, alkyl substituents on PAH 

would be more readily undergo oxidative metabolism than the aromatic rings. The 2-ring aromatic 

compound naphthalene and a series of its alkylated analogues were used as model compounds. The 

oxidative metabolism of naphthalene and its methyl-, ethyl-, hexyl- and dodecyl- substituted 

analogues was studied in microsomal incubations with human liver microsomes (HLM) and rat 

liver microsomes (RLM) in vitro. The formed metabolites of the model compounds in the 

microsomal incubations resulting from cytochrome P450 mediated conversions were identified and 

quantified. In line with the hypothesis, it was shown that short (≤ C2) alkyl chain substitution of 

naphthalene shifts the metabolism in favor of side chain oxidation at the cost of aromatic ring 

oxidation. When the alkyl side chain of naphthalene is longer than 6 carbon atoms, the overall 

metabolism is seriously restricted with no metabolic conversion being observed for dodecylated 

naphthalene. 

Chapter 3 tested the hypotheses of shifting oxidative metabolism and the influence of additional 

bay-region like motif on mutagenicity using 3-ring phenanthrene and a series of its alkylated 

congeners as model compounds. The microsomal cytochrome P450 mediated metabolism of 

phenanthrene and its methyl-, ethyl-, methyl-ethyl-, hexyl- and dodecyl- substituted analogues was 

studied with HLM and RLM. In addition to oxidative metabolism, the mutagenicity of 

phenanthrene and some of its selected monomethylated analogues was tested using the reverse 



 

mutation (Ames) assay. In line with hypothesis, the metabolism of short (≤C3) alkyl chain 

substituted phenanthrenes shifted to side chain oxidation at the cost of aromatic ring oxidation 

which was reduced. Elongation of the alkyl side chain reduced the overall metabolism of 

phenanthrene until no metabolic conversion was observed in dodecylated phenanthrene. 

Furthermore, the position of the alkylation was shown to affect not only the metabolism but also 

the resulting mutagenicity of phenanthrene. In line with hypothesis that a “fake” bay-region would 

influence the mutagenicity of phenanthrene, increasing mutagenicity was observed in cases where 

the alkyl substituent introduced an additional bay-region like structural motif, in spite of the extra 

possibilities for side chain oxidation. 

Chapter 4 tested the same hypotheses again using 5-ring benzo[a]pyrene (B[a]P) and its alkylated 

analogues as model compounds. Metabolism of B[a]P and its methyl-, hexyl-, and dodecyl- 

analogues was studied in microsomal incubations with HLM and RLM. B[a]P and four selected 

monomethylated analogues were tested for their mutagenicity in the Ames test. In line with the 

first hypothesis, the metabolism of methyl substituted B[a]P shifted to aliphatic side chain 

oxidation at the cost of aromatic ring oxidation. In line with the second hypothesis, methyl 

substitution influenced the mutagenicity of B[a]P. However, the methylation may appear to 

increase or decrease the mutagenicity of B[a]P, albeit to only a limited extent, and does not 

systematically reduce its mutagenicity in spite of the metabolic shift from aromatic to side chain 

oxidation. 

Chapter 5 provided a proof of concept for applying an in vitro – in silico approach for evaluating 

developmental toxicity of B[a]P. A PBK model of B[a]P with a sub-model for its main metabolite 

3-OHB[a]P in rats was developed including the kinetic parameters derived from metabolic studies. 

The PBK model based predicted plasma concentrations of B[a]P and 3-OHB[a]P upon intravenous, 



 

intratracheal and oral exposure were evaluated by comparison with literature available in vivo 

kinetic data. The validated PBK model was further used for reverse dosimetry translating in vitro 

concentration response data for 3OH-B[a]P obtained in the embryonic stem cell test (EST) to in 

vivo dose response curves for developmental toxicity of B[a]P upon single and repeated dose 

exposure via the oral and inhalation routes. The outcome of the predicted ED50 of B[a]P was in line 

with the reported ED50 from literature available in vivo dose response data, thereby showing the 

adequacy of the NAM.  

Chapter 6 summarized the main findings of the experimental chapters and provided future 

perspectives for the hazard assessment of MOAH. A systematic effect of alkyl substitution on 

metabolism of PAHs was demonstrated with the actual size of the effects varying with the alkyl 

chain length and the PAH and species studied. An overview of mutagenic potency of the tested 

non-substituted and alkyl-substituted PAHs as well as a discussion of the possible underlying 

metabolic pathways were provided. Challenges for future hazard assessment of MOAH were 

discussed and relate to (1) characterization of MOAH composition, (2) the role of 

biotransformation and bioactivation in the toxicity, (3) limitations of testing DMSO extracts to 

reflect the potential of MOAH, (4) matrix effects, (5) mixture effects, and (6) the use of new 

approach methodologies (NAMs). 

Overall it is concluded that in vitro and in silico methodologies provide a useful tool to fill gaps in 

the toxicity data on alkyl substituted PAHs that may also proof to be of use for read across to 

MOAH.  
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