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Abstract

Risk assessment of chemicals needs reliable scientific information and one source of information
is the characterization of the metabolic fate and toxicokinetics of a chemical. Metabolism is often
the most important factor contributing to toxicokinetics. Cytochrome P450 (CYP) enzymes are a
superfamily of microsomal proteins playing a pivotal role in xenobiotic metabolism. 

In the present study, pesticides were used as representative xenobiotics since exposure to
pesticides is a global challenge to risk assessment. Human and animal in vitro hepatic models were
applied with the advantage of novel analytical techniques (LC/TOF-MS and LC/MS-MS) to
elucidate the in vitro metabolism and interaction of selected pesticides. 

The results of these studies demonstrate that CYP enzymes catalyze the bioactivation of
profenofos, diuron and carbosulfan into their more toxic metabolites desthiopropylprofenofos, N-
demethyldiuron and carbofuran, respectively. The suspected carcinogenic metabolite of
metalaxyl, 2,6-dimethylaniline, was not detected. CYP3A4 and CYP2C19 activities may be
important in determining the toxicity arising from exposure to profenofos and carbosulfan.
Individuals with high CYP1A2 and CYP2C19 activities might be more susceptible to diuron
toxicity. 

Qualitative results of in vitro metabolism were generally in agreement with the results obtained
from the published in vivo data, at least for the active chemical moiety and major metabolites.
Considerable differences in the quantities of the metabolites produced within the species, as well
as in the ratios of the metabolites among the species, were observed. 

These findings illustrate that in vitro screening of qualitative and quantitative differences are
needed to provide a firm basis for interspecies and in vitro-in vivo extrapolations. Based on our
findings, in vitro-in vivo extrapolation based on the elucidation of the in vitro metabolic pattern of
pesticides in human and animal hepatic models could be a good model for understanding and
extending the results of pesticides metabolism studies to human health risk assessment. 

Keywords: cytochrome P450, in vitro-in vivo extrapolation, interindividual variability,
interspecies differences, pesticide metabolism
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Abbreviations 

AChE acetylcholinesterase 

ADI acceptable daily intake 

ADME absorption, distribution, metabolism, and excretion 

ADUF uncertainty factor for animal to human differences in 

toxicodynamics 

AKAF adjustment factors for interspecies differences in toxicokinetics 

AKUF uncertainty factor for animal to human differences in
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AOEL acceptable operator exposure level 

ARfD acute reference dose 

CLH hepatic clearance 

CLint, LM in vitro intrinsic clearance  

CLint, whole liver hepatic intrinsic clearance  

CSAFs chemical-specific adjustment factor 

CYP cytochrome P450 

CUF composite uncertainty factor 

DMSO  dimethyl sulphoxide 

DogLM dog liver microsomes 

EPA Environmental Protection Agency 

ESI electrospray ionization 

GEMS food global environment monitoring system 

GSH  L-glutathione (reduced form) 

HDUF uncertainty factor for human variability in toxicodynamics 

HKAF adjustment factors for human variability in toxicokinetics 

HKUF uncertainty factor for human variability in toxicokinetics 

HLM human liver microsomes 

HPLC  high-performance liquid chromatography 

IARC International Agency for Research on Cancer 

IC50  concentration of inhibitor corresponding to a 50% decrease in 

reaction 

IEDIs international estimated dietary intakes 

IPCS The International Program on Chemical Safety  
Km  Michaelis-Menten constant for a substrate 

LC liquid chromatography 

MonLM monkey liver microsomes 
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MouseLM mouse liver microsomes 

MPPGL microsomal protein per gram of liver weight  

MRL maximum residue level 

MRM multiple reaction monitoring 

MS  mass spectrometry 

NADPH Nicotinamide adenine dinucleotide phosphate (reduced form) 

NOAEL no observed adverse effect level 

OP organophosphate 
PAPS  3′-phosphoadenosine 5′-phosphosulfate 

PigLM minipig liver microsomes 

PM poor metaboliser 

QH liver blood flow 

RabLM rabbit liver microsomes 

RatLM rat liver microsomes 

TLC thin layer chromatography 

TOF time-of-flight 

UDPGA  uridine 5′-diphosphoglucuronic acid 

UF uncertainty factor 

UM ultra-rapid metabolizer 

UNEP United Nations Environment Program 

US EPA Uunited States Environmental Protection Agency  

Vmax  the maximal velocity of the reaction 

WHO World Health Organization 
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1 Introduction 

Protecting public health is the primary reason why risk assessment of xenobiotics, 

be they pharmaceuticals, agrochemicals, or industrial chemicals, is of utmost 

importance. Exposure to pesticides is a global challenge to risk assessment 

(Alavanja et al. 2004, Maroni et al. 2006). Chronic exposure to low levels of 

pesticides can cause mutations and/ or carcinogenicity (Bull et al. 2006, IARC 

1991, Karabay & Gunnehir 2005). On a world-wide basis, acute pesticide 

poisoning is an important cause of morbidity and mortality. In an extrapolation, 

WHO/UNEP estimated that more than 3 million people were hospitalized for 

pesticide poisoning every year and that 220 000 died; it particularly noted that 

two-thirds of hospitalizations and the majority of deaths were attributable to 

intentional self-poisoning rather than to occupational or accidental poisoning 

(Konradsen et al. 2005, WHO/UNEP 1990). Humans are inevitably exposed to 

pesticides in a variety of ways: at different dose levels and for varying periods of 

time (Boobis et al. 2008, Ellenhorns et al. 1997). This is why pesticides are used 

as representative xenobiotics in this research program.  

Risk assessment needs reliable scientific information and one source of 

information is the characterization of the metabolic fate and toxicokinetics of 

compounds. Toxicokinetics refers to the movement of a xenobiotic into, through, 

and out of the body and is divided into several processes including absorption, 

distribution, metabolism, and excretion, ADME. Metabolism is one of the most 

important factors that can affect the overall toxic profile of a pesticide. During 

metabolism, the chemical is first biotransformed by phase I enzymes, usually by 

the cytochrome P450 (CYP) enzyme system, and then conjugated to a more 

soluble and excretable form by phase II conjugating enzyme systems (Guengerich 

& Shimada 1991). In general, these enzymatic reactions are beneficial in that they 

help eliminate foreign compounds. Sometimes, however, these enzymes 

transform an otherwise harmless substance into a reactive form – a phenomenon 

known as metabolic activation (Guengerich 2001). 

The cytochromes P450 (CYP) comprise a large multigene family of 

hemethiolate proteins which are of considerable importance in the metabolism of 

xenobiotics and endobiotics. Hepatic clearance is a principal way of elimination 

for xenobiotics, including drugs. CYP enzymes in humans as well as in other 

species have been intensively studied during recent years (Pelkonen et al. 2008, 

Pelkonen & Turpeinen 2007). It is now possible to characterize metabolic 

reactions and routes, metabolic interactions, and to assign which CYP is involved 
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in the metabolism of a certain xenobiotic by different in vitro approaches 

(Hodgson & Rose 2007a, Pelkonen & Raunio 2005, Pelkonen et al. 2005).  

The aim of this research was to the elucidate metabolic factors and 

interactions of four pesticides in human and animal in vitro hepatic models and to 

overall improve the process of human risk assessment. 
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2 Review of the literature 

2.1 Xenobiotic biotransformation 

Xenobiotic biotransformation is the process by which lipophilic foreign 

compounds are metabolized through enzymatic catalysis to hydrophilic 

metabolites that are eliminated directly or after conjugation with endogenous 

cofactors via renal or biliary excretion. These metabolic enzymes are divided into 

two groups, Phase I and Phase II enzymes (Oesch et al. 2000, Rendic & Di Carlo 

1997) (Figure 1). 

Phase I reactions, considered as functionalization reactions, add or uncover 

functional groups on xenobiotics with increasing polarity or nucleophilicity that 

create a suitable substrate for Phase II metabolism. Phase I reactions generally 

involve oxidation, reduction and hydrolytic reactions as well as other rarer 

miscellaneous reactions. These reactions are mediated primarily by the 

cytochrome P450 family of enzymes, but other enzymes (e.g. flavin 

monooxygenases, peroxidases, amine oxidases, dehydrogenases, xanthine 

oxidases) also catalyze the oxidation of certain functional groups. In addition to 

the oxidative reactions there are different types of hydrolytic reactions catalyzed 

by enzymes like carboxylesterases and epoxide hydrolases (Hodgson & Goldstein 

2001, Low 1998, Parkinson 2001).  

Phase I products are not usually eliminated rapidly, but undergo a subsequent 

reaction in which an endogenous substrate such as glucuronic acid, sulfuric acid, 

acetic acid, or an amino acid combines with the newly established functional 

group to form a highly polar conjugate to make them more easily excreted. 

Sulfation, glucuronidation and glutathione conjugation are the most prevalent 

classes of phase II metabolism, which may occur directly on the parent 

compounds that contain appropriate structural motifs, or, as is usually the case, on 

functional groups added or exposed by Phase I oxidation (LeBlanc & Dauterman 

2001, Rose & Hodgson 2004, Zamek-Gliszczynski et al. 2006).  

2.2 CYPs – the human xenobiotic- metabolizing enzymes 

The P450 enzymes are hemoproteins with approximate molecular weights of 

50,000 Da. These enzymes catalyze the monooxidation of a wide variety of 
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structurally unrelated compounds, including endogenous steroids and fatty acids 

and an essentially unlimited number of lipophilic xenobiotics. 

 

Fig. 1. Xenobiotic metabolism. In general, a parent compound is converted into an 

intermediate metabolite which is then conjugated, but metabolism may involve only 

one of these reactions. Some metabolites are more toxic than the parent compound. 

(Modified from Ahokas & Pelkonen 2007, Liska et al. 2006).  
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CYP oxidation reactions involve a complex series of steps. The initial step 

involves the binding of a substrate to oxidized CYP, followed by a one-electron 

reduction catalyzed by NADPH cytochrome P450 reductase to form a reduced 

cytochrome-substrate complex. The next several steps involve interaction with 

molecular oxygen, the acceptance of the second electron from NADPH 

cytochrome b5 reductase, followed by subsequent release of water and the 

oxygenated product of the reaction. This reaction sequence results in the addition 

of one oxygen atom to the substrate, while the other atom is reduced to water 

(Guengerich 2001, Parkinson 2001, Rose & Hodgson 2004).  

CYPs are found in high concentrations in the liver, but are present in a variety 

of other tissues, including lung (Lawton et al. 1990), kidney (Hjelle et al. 1986, 

Tremaine et al. 1985), the gastrointestinal tract (Dutcher & Boyd 1979, Peters & 

Kremers 1989), nasal mucosa (Adams et al. 1991, Eriksson & Brittebo 1991), 

skin (Khan et al. 1989) and brain (Bergh & Strobel 1992, Dhawan et al. 1990). 

P450 enzymes are categorized into families and subfamilies by their sequence 

similarities. Humans have 18 families of cytochrome P450 genes and 44 

subfamilies. The enzymes are thus identified by a number denoting the family, a 

letter denoting the subfamily and a number identifying the specific member of the 

subfamily. The example given below explains the system of nomenclature 

followed (Figure 2) 

Fig. 2. An example of the nomenclature of the cytochrome P450 enzymes (modified 

from Wijnen et al. 2007). 

The website http://drnelson.utmem.edu/CytochromeP450.html contains more 

detailed classification related to the cytochrome P450 metabolizing enzymes. The 

CYP enzymes in families 1-3 (Figure 3) are active in the metabolism of a wide 

variety of xenobiotics including drugs (Pelkonen et al. 2008, Pelkonen & Raunio 

2005, Rendic & Di Carlo 1997) as well as pesticides (Figure 4). 
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Fig. 3. Relative abundance of individual CYP forms in the liver (modified from 

Pelkonen et al. 2008). 

 

Fig. 4. Involvement of human recombinant P450 isoforms in pesticides metabolism (n 

= 451 reactions based on literature survey, see the literature review). 

2.2.1 CYP1A subfamily 

CYP1A1 and CYP1A2 are members of the CYP1A subfamily. CYP1A1 is found 

mainly in extrahepatic tissues under exposure to inducing agents and its level of 

expression in human liver is very low (Ding & Kaminsky 2003, Edwards et al. 
1998, Guengerich & Shimada 1991, McKinnon et al. 1991, Pasanen & Pelkonen 

1994, Pelkonen et al. 1998, Raunio et al. 1995). However, CYP1A1 is a major 

enzyme in the metabolism of a number of pesticides such as atrazine and 

ametryne (Lang et al. 1997), carbaryl (Tang et al. 2002), diuron (Abass et al. 
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2007) and carbosulfan (Abass et al. 2010) as well as in the activation of 

polycyclic aromatic hydrocarbons into DNA-binding forms (Shimada et al. 1996).  

In humans, CYP1A2 is expressed mainly in liver and in lower levels in lung 

along with CYP1A1 (Liu et al. 2003, Wei et al. 2001, Wei et al. 2002). CYP1A2 

represents about 10% of total CYP enzymes in the human liver (Pelkonen & 

Breimer 1994, Shimada et al. 1994). CYP1A2 enzyme levels in the human liver 

display some variability between individuals (Shimada et al. 1994). The catalytic 

activities of CYP1A2 have been reviewed by Pelkonen et al. (Pelkonen et al. 
2008). CYP1A2 has a major role in the metabolism of many important chemicals 

such as caffeine (Butler et al. 1989, Tassaneeyakul et al. 1992), phenacetin 

(Sesardic et al. 1990, Venkatakrishnan et al. 1998b), theophylline (Sarkar & 

Jackson 1994, Tjia et al. 1996), clozapine (Fang et al. 1998), melatonin (Facciolá 
et al. 2001, von Bahr et al. 2000), and tizanidine (Granfors et al. 2004a, Granfors 
et al. 2004b). O-deethylation of ethoxyresorufin, the specific in vitro substrate, is 

among the CYP1A2-catalytic reactions (Burke et al. 1977). Furafylline and 

fluvoxamine have been widely used as in vitro diagnostic inhibitors (Sesardic et 
al. 1990). 

CYP1A2 is known to be responsible for the metabolism of some pesticides. 

CYP1A2 mediates atrazine, terbuthylazine, ametryne and terbutryne dealkylation 

(Lang et al. 1997), carbaryl methyl hydroxylation and aromatic hydroxylation 

(Tang et al. 2002), Furametpyr and diuron N-demethylation (Abass et al. 2007, 

Nagahori et al. 2000), methoxychlor O-demethylation (Stresser & Kupfer 1998), 

parathion dearylation (Foxenberg et al. 2007, Mutch & Williams 2006), and 

bioresmethrin, cypermethrin and trans-permethrin oxidative metabolism (Scollon 
et al. 2009). Azinphos-methyl, chlorpyrifos, diazinon, parathion and dimethoate 

are mainly desulfurated by CYP1A2 at low pesticide concentrations relevant to 

human exposure (Buratti et al. 2003, Buratti et al. 2007). 

2.2.2 CYP2A subfamily 

The human CYP2A subfamily contains three genes i.e. CYP2A6, CYP2A7, and 

CYP2A13, and two pseudogenes (Hoffman et al. 1995, Honkakoski & Negishi 

1997, Pedro et al. 1995). CYP2A6 represents 10% of the total CYP content in 

liver (Pelkonen et al. 2008, Yun et al. 1991). CYP2A6 enzyme activity in the 

human liver displays a relatively large variability between individuals, and some 

Japanese are known to lack the functional protein completely (Pelkonen et al. 
2008, Pelkonen et al. 2000, Shimada et al. 1996). It has been shown that CYP2A6 
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has a major role in the metabolism of nicotine in vitro and in vivo (Kitagawa et al. 
1999, Messina et al. 1997, Nakajima et al. 1996a, Nakajima et al. 1996b, 

Yamazaki et al. 1999) and in the activation of several nitrosamines (Hecht 1998, 

Tiano et al. 1994, Yamazaki et al. 1992) as well as aflatoxin B1 (Salonpää et al. 
1993, Yun et al. 1991). The most common in vitro substrate is coumarine, which 

is known to be solely catalyzed by CYP2A6 (Pelkonen et al. 2000). A number of 

potent inhibitors with variable selectivity against CYP2A6 have been 

characterized. The most used in vitro inhibitors include tranylcypromine (Draper 
et al. 1997, Taavitsainen et al. 2001) and methoxsalen (Draper et al. 1997). More 

substrates and inhibitors currently known to be metabolized by or to interact with 

CYP2A6 in vitro and in vivo have been summarized by Pelkonen et al. (Pelkonen 
et al. 2008, Pelkonen et al. 2000). 

CYP2A6 participates in the metabolism of quite a few pesticides such as 

carbaryl aromatic hydroxylation and methyl oxidation (Tang et al. 2002), 

imidacloprid oxidation (Schulz-Jander & Casida 2002), DEET and diuron N-

dealkylation (Abass et al. 2007, Usmani et al. 2002) and carbosulfan N-S 

cleavage (Abass et al. 2010).  

2.2.3 CYP2B subfamily 

CYP2B6 represents approximately 1–10% of the total hepatic CYPs. A notable 

interindividual variability in the expression of CYP2B6 has been reported (Code 
et al. 1997, Faucette et al. 2000, Lang et al. 2001, Stresser & Kupfer 1999, 

Yamano et al. 1989). CYP2B6 has a high polymorphic expression and it is 

affected by genotype and gender. 

CYP2B6 is known to metabolize a large number of substrates including drugs, 

pesticides and environmental chemicals, many of which have been described in 

detail in reviews by (Ekins & Wrighton 1999, Hodgson & Rose 2007b, Turpeinen 
et al. 2006b). Clinically used drugs such as cyclophosphamide, tamoxifen, S-

mephenytoin, diazepam, ifosamide and efavirenz are metabolized in part by 

CYP2B6 (Granvil et al. 1999, Haas et al. 2004, Huang et al. 2000, Jinno et al. 
2003, Roy et al. 1999a, Roy et al. 1999b). CYP2B6 appears to activate and 

detoxify a number of precarcinogens (Code et al. 1997, Smith et al. 2003). Ekins 

and Wrighton (Ekins & Wrighton 1999) have described the advantages and 

disadvantages of several probe substrates for CYP2B6 activity. As a reference 

inhibitor for CYP2B6, orphenadrine has been used in drug metabolism studies 

even though its selectivity towards this isoform is questionable (Chang et al. 1993, 
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Ekins et al. 1997, Guo et al. 1997, Murray & Reidy 1990). Recently thioTEPA, 

an anticancer agent, has been shown to be a specific in vitro inhibitor of CYP2B6 

at relatively low concentrations (Harleton et al. 2004, Rae et al. 2002). 

CYP2B6 plays a major role in pesticides metabolism. CYP2B6 mediates 

alachlor, butachlor, acetachlor and metachlor N-dealkoxylation (Coleman et al. 
2000); chlorpyrifos, parathion, malathion and fenthion desulfuration (Buratti et al. 
2005, Foxenberg et al. 2007, Leoni et al. 2008, Mutch & Williams 2006, Sams et 
al. 2000, Tang et al. 2001); endosulfan-α and carbosulfan sulfoxidation (Abass et 
al. 2010, Casabar et al. 2006, Lee et al. 2006a); metalaxyl O-demethylation and 

lactone formation (Abass et al. 2007b); as well as profenofos hydroxylation and 

desthiopropylation (Abass et al. 2007a).  

2.2.4 CYP2C subfamily 

The CYP2C subfamily has four active members, namely 2C8, 2C9, 2C18 and 

2C19. CYP2Cs are the second most abundant CYP proteins in human liver and 

the CYP2C subfamily consists of three members, comprising about 20% of the 

total P450 enzymes. In humans, CYP2C9 is the main CYP2C, followed by 

CYP2C8 and CYP2C19, while CYP2C18 is not expressed in liver (Edwards et al. 
1998, Gray et al. 1995, Pelkonen et al. 2008, Richardson et al. 1997, Shimada et 
al. 1994).  

CYP2C8 meditates amodiaquine N-deethylation, which is the selective 

marker activity, paclitaxel 6α-hydroxylation and cerivastatin demethylation (Li et 
al. 2002, Rahman et al. 1994). Quercetin, montelukast, zafirlukast and 

trimethoprim are potent and specific inhibitors of the CYP2C8 enzyme (Kim et al. 
2005, Sousa & Marletta 1985, Walsky et al. 2005a, Walsky et al. 2005b, Wen et 
al. 2002). A few insecticides are mainly metabolized by CYP2C8. CYP2C8 

mediates parathion dearylation and desulfuration (Mutch et al. 2003, Mutch & 

Williams 2006); and the oxidative metabolism of deltamethrin, esfenvalerate, and 

β-cyfluthrin (Godin et al. 2007, Scollon et al. 2009). 

CYP2C9 is a major CYP2C isoform in the human liver, and it is one of 

several CYP2C genes clustered in a 500kb region on the proximal 10q24 

chromosomal region (Goldstein & de Morais 1994, Gray et al. 1995). In 

Caucasian populations, the frequencies of the two variant alleles, CYP2C9*2 and 

CYP2C9*3, range from 7% to 19% (Furuya et al. 1995, Ingelman-Sundberg et al. 
1999, Miners & Birkett 1998, Stubbins et al. 1996, Sullivan-Klose et al. 1996, 

Yasar et al. 1999). CYP2C9 is responsible for the metabolism of the S-isomer of 
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warfarin (Rettie et al. 1992). CYP2C9 also metabolizes tolbutamide, the selective 

marker, glipizide, fluvastatin, phenytoin, several non-steroidal anti-inflammatory 

agents and many other drug groups (Doecke et al. 1991, Kirchheiner & 

Brockmoller 2005, Miners & Birkett 1998, Rettie & Jones 2005, Veenstra et al. 
2005). CYP2C9 is inhibited by amiodarone, gemfibrozil, sulphaphenazole and 

others (Baldwin et al. 1995, Chen et al. 2004, Heimark et al. 1992, Kumar et al. 
2006, Wen et al. 2001). 

CYP2C9 is found to be involved in the oxidative metabolism of cis-

permethrin, resmethrin and esfenvalerate insecticides (Godin et al. 2007, Scollon 
et al. 2009), triphenyltin dearylation and tributyltin dealkylatin (Ohhira et al. 
2006), as well as the sulfoxidation of fenthion, phorate sulprofos, disulfoton and 

methiocarb insecticides (Leoni et al. 2008, Usmani et al. 2004b).  

CYP2C19, another member of the CYP2C enzyme family, represents 

approximately 5% of the total hepatic CYPs and metabolizes drugs that are 

amides or weak bases with two hydrogen bond acceptors (Lewis 2004, Musana & 

Wilke 2005, Pelkonen et al. 2008). Poor metabolizers with low CYP2C19 activity 

represent 3 to 5% of Caucasians and African-Americans, and 12 to 23% of most 

Asian populations (Goldstein 2001). CYP2C19 participates in the metabolism of 

many commonly used drugs including the antiepileptics phenytoin and 

mephenytoin (Bajpai et al. 1996, Komatsu et al. 2000, Tsao et al. 2001, Wrighton 
et al. 1993), selective serotonin receptor inhibitors citalopram and sertraline 

(Kobayashi et al. 1997, von Moltke et al. 2001), the psychoactive drug 

amitriptyline (Jiang et al. 2002, Venkatakrishnan et al. 1998a) and diazepam, 

among others (Jung et al. 1997). Selective marker activities include S-

mephenytoin 4α-hydroxylation and omeprazole 5-hydroxylation (Goldstein et al. 
1994, Pelkonen et al. 2008, Wrighton et al. 1993). CYP2C19 inhibitors, such as 

tranylcypromine, omeprazole, nootkatone, and ticlopidine are not completely 

selective (Jae Wook Ko et al. 2000, Ko et al. 1997, Tassaneeyakul et al. 2000). 

(+)-N-3-benzyl-nirvanol and (-)-N-3-benzyl-phenobarbital were found to be 

highly potent competitive inhibitors of CYP2C19 (Cai et al. 2004, Suzuki et al. 
2002). 

Among the substrates of CYP2C19 are several widely used pesticides such as 

the phosphorothioate insecticides diazinon, azinophos methyl, chlorpyrifos, 

parathion, diazinon, fenthion, phorate, sulprofos, disulfoton and methiocarb 

(Buratti et al. 2002, Foxenberg et al. 2007, Kappers et al. 2001, Leoni et al. 2008, 

Mutch & Williams 2006, Tang et al. 2001, Usmani et al. 2004b), as well as the 

pyrethroid insecticides bifenthrin, s-bioallethrin, bioresmethrin, β-cyfluthrin, λ-
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cyhalothrin, cypermethrin, cis-permethrin, trans-permethrin, resmethrin, 

deltamethrin and esfenvalerate (Godin et al. 2007, Scollon et al. 2009). CYP2C19 

mediates the dealkylation of the herbicide diuron and fungicides myclobutanil and 

triadimefon (Abass et al. 2007b, Barton et al. 2006).  

2.2.5 CYP2D subfamily 

CYP2D6 represents 1 to 5% of the total CYP, and approximately 3.5 and 5–10% 

of the Caucasian population are ultra-rapid and poor metabolize’s for this enzyme, 

respectively. The CYP2D6 gene is clearly the most polymorphic of all known 

cytochrome P450s; more than 75 polymorphisms have been identified. Four 

alleles account for > 95% of the functional variation observed in the general 

population (Al, Omari, A., & Murry 2007, Ingelman-Sundberg 2004, Musana & 

Wilke 2005, Pelkonen & Breimer 1994, Pelkonen et al. 2008, Shimada et al. 1994, 

Zanger et al. 2004). CYP2D6 metabolizes approximately 20% of all commonly 

prescribed drugs in vivo (Brockmöller et al. 2000). For example, CYP2D6 

contributes to the metabolism of betablockers metoprolol and timolol (Johnson & 

Burlew 1996, Volotinen et al. 2007) and the psychotropic agents amitriptyline and 

haloperidol (Coutts et al. 1997, Fang et al. 1997, Fang et al. 2001, Halling et al. 
2008, Someya et al. 2003). Dextromethrophan O-demethylation is the most used 

in vitro model reaction for CYP2D6 activity (Kronbach et al. 1987, Park et al. 
1984). Quinidine is widely used in drug metabolism studies as a highly selective 

and specific potent inhibitor of CYP2D6 (Bourrie et al. 1996, Broly et al. 1989, 

Newton et al. 1995, Speirs et al. 1986). 

The importance of CYP2D6 for pesticide metabolism has been elucidated. 

Known pesticide substrates for CYP2D6 include phosphorothioate insecticides 

such as diazinon, parathion, chlorpyrifos, sulprofos, disulfoton and methiocarb 

(Mutch et al. 2003, Mutch & Williams 2006, Sams et al. 2000, Usmani et al. 
2004b) as well as carbamate insecticide (Tang et al. 2002). CYP2D6 is also 

involved in the N-dealkylation of the atrazine and diuron herbicides (Abass et al. 
2007, Lang et al. 1997).  

2.2.6 CYP2E subfamily 

Only one gene belonging to this subfamily, namely CYP2E1, has been identified 

(Nelson et al. 1996, Nelson et al. 2004). CYP2E1 is one of the most abundant 
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hepatic CYPs, represents 15% of the total P450 and it is also expressed in lung 

and brain (Pelkonen et al. 2008, Raunio et al. 1995).  

Interest in the role of CYP2E1 as a mediator of toxicity comes from two of its 

actions. First, it is known to be important in the metabolic activation and/or 

detoxification of a number of carcinogens and hepatotoxins (Kessova & 

Cederbaum 2003, Lieber 2004). Second, it may have an important role in free 

radical production and oxidative stress. For example, hepatic CYP2E1 generates 

reactive oxygen species (ROS), which are linked to Parkinson’s disease 

(Gonzalez 2005, Montoliu et al. 1995, Tindberg & Ingelman-Sundberg 1989). 

The metabolism of very few clinically important drugs such as paracetamol, 

caffine, acetaminophen, enflurane and halothane seems to be mediated to some 

extent by CYP2E1 (Gu et al. 1992, Lee et al. 1996, Raucy et al. 1993, Thummel 
et al. 1993). Chlorzoxazone is probably the most used in vitro model substrate for 

CYP2E1 activity (Peter et al. 1990). Pyridine is widely used as a specific in vitro 

inhibitor of CYP2E1 (Hargreaves et al. 1994, Pelkonen et al. 2008). 

Few pesticides have been reported to be metabolized at least in part by human 

CYP2E1 such as atrazine, carbaryl, parathion, imidacloprid and diuron (Abass et 
al. 2007, Lang et al. 1997, Mutch et al. 2003, Mutch & Williams 2006, Schulz-

Jander & Casida 2002, Tang et al. 2002). One possible explanation for the small 

number of pesticides metabolized by CYP2E1 could be the potent inhibitory 

effect of DMSO, used often as a solvent to dissolve the pesticides tested, on 

CYP2E1.  

2.2.7 CYP2F subfamily 

CYP2F subfamily consists of one functional gene in mammalian species; in 

humans and other primates CYP2F pseudogene is also present. CYP2F genes are 

preferentially expressed in the respiratory tract. The best known substrates for 

CYP2F enzymes are naphthalene and 3-methylindole (Zhang & Ding 2008). The 

role of CYP2F enzymes in catalyzing naphthalene toxicity has been elucidated 

(Buckpitt et al. 2002). The recombinant enzyme is active in the dealkylation of 

ethoxycoumarin, propoxycoumarin and pentoxyresorufin (Nhamburo et al. 1990). 

Moreover, the recombinant CYP2F1 was the most active P450 isoforms in the 

conversion of styrene, a lung toxicant, to styrene glycol (Nakajima et al. 1994). 

There have no reports of any endogenous compounds that CYP2F enzymes 

metabolise. In addition nothing is known about any inducers of CYP2F genes 

(Zhang & Ding 2008).  
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2.2.8 CYP2S subfamily 

CYP2S1 has been identified in human by Rylander et al. (2001). The human 

CYP2S1 gene is located at the proximal end of a cluster of CYP2 family members 

on chromosome 19q, which includes the CYP genes CYP2A6, CYP2A13, CYP2B6, 

and CYP2F1 (Hoffman et al. 2001). CYP2S1 is expressed in epithelial cells of a 

wide variety of extrahepatic tissues. The highest expression levels have been 

observed in the epithelial tissues frequently exposed to xenobiotics, e.g., the 

respiratory, gastrointestinal, and urinary tracts, and in the skin (Saarikoski et al. 
2005a). CYP2S1 is inducible by dioxin and coal tar (Saarikoski et al. 2005b). 

CYP2S1 metabolizes naphthalene, a toxic and potentially carcinogenic PAH 

(Preuss et al. 2003). CYP2S1 has been described in detail in a review by 

Saarikoski et al. (2005b).  

2.2.9 CYP3A subfamily 

In humans, the CYP3A subfamily contains three functional proteins, CYP3A4, 

CYP3A5, and CYP3A7, and one pseudoprotein, CYP3A34. The human CYP3 

family constitutes approximately 30% of total hepatic P450 and is estimated to 

mediate the metabolism of around 50% of prescribed drugs as well as a variety of 

environmental chemicals and other xenobiotics. Because of the large number of 

drugs metabolized by CYP3A4, it frequently plays a role in a number of drug-

drug interactions (Bertz & Granneman 1997, Domanski et al. 2001, Imaoka et al. 
1996, Musana & Wilke 2005, Pelkonen & Breimer 1994, Pelkonen et al. 2008, 

Rostami-Hodjegan & Tucker 2007, Shimada et al. 1994).  

CYP3A4 is the major form of P450 expressed in human liver. It is also the 

major P450 expressed in human gastrointestinal tract, and intestinal metabolism 

of CYP3A4 substrate can contribute significantly to first-pass elimination of 

orally ingested xenobiotics (Guengerich 1995, Guengerich 1999). X-ray 

crystallography studies demonstrated that CYP3A4 has a very large and flexible 

active site, allowing it to oxidize either large substrates such as erythromycin and 

cyclosporine or multiple smaller ligands (Scott & Halpert 2005, Tang & Stearns 

2001). CYP3A4 participates in the metabolism of several clinically important 

drugs such as triazolam, simvastatin, atorvastatin, and quinidine (Bertz & 

Granneman 1997, Rendic & Di Carlo 1997). Detailed characteristics of several 

CYP3A4 substrates and inhibitors were summarized recently by Liu et al. (Liu et 
al. 2007). However, testosterone has been shown to be the most commonly used 
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in vitro CYP3A4 probe (50% of reported studies) in contrast to midazolam (15–

20% of in vitro estimates of CYP3A4 activity), whereas nifedipine, felodipine, 

and erythromycin were used in less than 10% of studies (Yuan et al. 2002). 

The importance of CYP3A4 for pesticide metabolism has been elucidated. 

The known pesticides mainly metabolized by CYP3A4 belong to several 

chemical groups such as phosphorothioate insecticides (Buratti et al. 2002, 

Buratti et al. 2003, Buratti et al. 2005, Buratti & Testai 2007, Butler & Murray 

1997, Mutch et al. 2003, Mutch & Williams 2006, Sams et al. 2000, Tang et al. 
2001), carbamate insecticides (Abass et al. 2010, Tang et al. 2002, Usmani et al. 
2004a), chlorinated cyclodiene insecticides (Casabar et al. 2006, Lee et al. 2006a), 

chloroacetamide herbicides (Coleman et al. 2000), conazoles, acylalanine and 

other fungicides (Abass et al. 2009, Abass et al. 2007b, Mazur et al. 2007), 

neonicotinoid insecticides (Schulz-Jander & Casida 2002), organotin biocide 

(Ohhira et al. 2006), phenyl pyrazole insecticide (Tang et al. 2004) and phenyl 

urea herbicide (Abass et al. 2007). 

CYP3A5 is a minor polymorphic CYP isoform in human liver in addition to 

the intestine (Lin et al. 2002, Paine et al. 1997) and kidney (Haehner et al. 1996). 

Functional CYP3A5 is expressed in approximately 20% of Caucasians and about 

67% of African-Americans (Kuehl et al. 2001). CYP3A5 may have a significant 

role in drug metabolism particularly in populations expressing high levels of 

CYP3A5 and/or on co-medications known to inhibit CYP3A4 (Soars et al. 2006).  

The metabolism of a number of pesticides has been reported to be mediated 

by CYP3A5. Parathion, diazinon, chlorpyrifos, malathion and fenthion 

desulfuration and/or dearylation (Mutch et al. 2003, Mutch & Williams 2006), 

besides deltamethrin, esfenvalerate and carbosulfan oxidative metabolism, are 

mainly mediated by CYP3A5 (Abass et al. 2010, Godin et al. 2007).  

Expression of CYP3A7 protein is mainly confined to fetal and newborn livers, 

although in rare cases CYP3A7 mRNA has been detected in adults (Hakkola et al. 
2001, Kitada & Kamataki 1994, Schuetz et al. 1994). CYP3A7 is responsible for 

the metabolism of endogenous substrates such as testosterone and DHEA-S in 

fetuses (Kitada et al. 1987, Kitada et al. 1987) as well as a few pesticides (Abass 
et al. 2010, Casabar et al. 2006, Foxenberg et al. 2007). The catalytic activity of 

CYP3A7 towards chlorpyrifos, parathion, malathion and fenthion has been 

examined (Buratti et al. 2006). Foetal CYP3A7 was able to desulfurate 

chlorpyrifos, parathion and malathion but not fenthion. At low chlorpyrifos 

concentrations the dearylation reaction, resulting in a non-toxic metabolite, was 

highly favored in the foetus. 
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Midazolam, alprazolam and mifepristone are metabolized to an equal or 

greater extent by CYP3A5 than by CYP3A4 (Christopher Gorski et al. 1994, 

Galetin et al. 2004, Hirota et al. 2001, Huang et al. 2004, Khan et al. 2002, 

Williams et al. 2002). Alprazolam has been suggested as a selective probe for 

CYP3A5 (Galetin et al. 2004). CYP3A7 has similar catalytic properties compared 

with other CYP3A enzymes, including testosterone 6β-hydroxylation (Kitada et 
al. 1987, Kitada et al. 1985, Kitada et al. 1991). Ketoconazole and itraconazole 

are potent inhibitors of CYP3A enzymes but ketoconazole is a relatively selective 

inhibitor of CYP3A4 at 1 μM concentration (Baldwin et al. 1995, Newton et al. 
1995). Gestodene has been long known as a mechanism-based CYP3A inhibitor 

(Pelkonen et al. 1998).  

2.3 In vitro and human-derived techniques for testing xenobiotic 
metabolism 

In order to study the metabolism and interactions of pesticides in humans we have 

to rely upon in vitro and human-derived techniques. In vitro systems have become 

an integral part of drug metabolism studies as well as throughout the drug 

discovery process and in academic research (Lin & Lu 1997, Pelkonen & Raunio 

2005). In vitro approaches to predict human clearance have become more 

frequent with the increase in the availability of human-derived materials (Skett et 
al. 1995). All models have certain advantages and disadvantages, but the common 

advantage to these approaches is the reduction of the complexity of the study 

system. However, the use of in vitro models is always a compromise between 

convience and relevance (Brandon et al. 2003, Pelkonen & Turpeinen 2007, 

Pelkonen & Raunio 2005, Pelkonen et al. 2005). An overview of different in vitro 

models and their advantages and disadvantages are collected in Table 1 and 

discussed below. 
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Table 1. An overview of different in vitro models and their advantages and 

disadvantages (modified from Brandon et al. 2003, Pelkonen & Turpeinen 2007, 

Pelkonen & Raunio 2005, Pelkonen et al. 2005). 

Enzyme sources Availability Advantages Disadvantages 

Liver homogenatesa Relatively good. 

Commercially available. 

Human liver samples 

obtained under proper 

ethical permission. 

Contains basically all 

hepatic enzymes. 

Liver architecture lost. 

Cofactors are necessary. 

Microsomesa Relatively good,  

from transplantations or  

commercial sources. 

Contains important rate-

limiting enzymes. 

Inexpensive technique. 

Easy storage. Study of 

individual, gender-, and 

species-specific 

biotransformation. 

Contains only CYP and 

UGTs.  

Requires strictly specific 

substrates and inhibitors 

or antibodies. 

Cofactor addition 

necessary. 

cDNA-expressed 

individual CYPsb 

Commercially available The role of individual 

CYPs in the metabolism 

can be easily studied. 

Different genotypes. 

High enzyme activities. 

The effect of only one 

enzyme at a time can be 

evaluated.  

Problems in extrapolation 

to HLM and in vivo. 

Primary hepatocytesc,d Difficult to obtain, 

relatively healthy tissue 

needed. Commercially 

available 

Contains the whole 

complement of CYPs 

cellularly integrated.  

The induction effect can 

be studied. 

Well established and 

characterized. 

Transporters still present 

and operational.  

Requires specific 

techniques and well 

established procedures. 

The levels of many CYPs 

decrease rapidly during 

cultivation. 

Cell damage during 

isolation. 

Liver slicese Difficult to obtain, fresh 

tissue needed.  

Contains the whole 

complement of CYPs and 

cell-cell connections. The 

induction effect can be 

studied. Morphological 

studies possible. 

Interindividual variation 

can be studied.  

Requires specific 

techniques and well 

established procedures 
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Enzyme sources Availability Advantages Disadvantages 

Immortalized cell linesf Available upon request, 

not many characterized 

cell lines exist.  

Non-limited source of 

enzymes. Easy to 

culture. 

Relatively stable enzyme 

expression level. The 

induction effect can be 

studied. 

The expression of most 

CYPs is poor. 

 

a (Kremers 1999); b (Rodrigues 1999); c (Guillouzo 1995); d (Gomez-Lechon et al. 2004); e (Olinga et al. 

1998); f (Allen et al. 2005).  

2.3.1 Subcellular fractions (liver microsomes and homogenates) 

Subcellular fractions including microsomes are the most widely used in vitro 

systems in drug metabolism studies of new drug candidates (Ekins et al. 2000, 

McGinnity & Riley 2001). Microsomes can be prepared easily from frozen liver 

tissue, and enzymatic activities are stable during prolonged storage (Beaune et al. 
1986, Pearce et al. 1996, Yamazaki et al. 1997). Microsomes consist of vesicles 

of the hepatocyte endoplasmic reticulum and are prepared by standard differential 

ultracentrifugation (Pelkonen et al. 1974). Liver homogenates centrifuged at 

9000g results in a supernatant (S9 fraction) rich in drug-metabolizing enzymes 

and a pellet containing predominately nuclei, lysosomes, peroxisomes and 

mitochondria. Centrifuging the S9 fraction at 100,000g results in a supernatant 

(cytosol) and pellet (microsomes). Liver preparations, other than from fresh 

human liver, can also be used (e.g., liver slices, liver cell lines, and primary 

hepatocytes) for the preparation of microsomes (Olsen et al. 1997, Skaanild & 

Friis 2000).  

Hepatic microsomes are useful for evaluation of metabolic stability, 

metabolite identification and quantification, and enzyme inhibition. Microsomes 

have many advantages including easy adaptation to higher throughput assays, 

easy preparation and use, good stability during storage, high CYP concentration 

and high rate of metabolite turnover. On the other hand, microsomes contain only 

phase I enzymes and UGTs, while hepatic homogenates contain basically all 

hepatic enzymes. The NADPH-regenerating system is required for CYP enzymes, 

while the addition of appropriate cofactors is necessary (e.g UDPGH, GSH and 

PAPS) for the catalytic activity of phase II enzymes (Brandon et al. 2003, Coecke 
et al. 2006, Ekins et al. 1999, Ekins et al. 2000, Pelkonen et al. 2005). 
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2.3.2 cDNA-expressed CYPs (single-enzyme systems) 

Recombinant xenobiotic metabolizing enzymes are well established and 

commercially available e.g. SupersomesTM. These enzymes are expressed in 

bacterial (Fisher et al. 1992), yeast (Peyronneau et al. 1992), and mammalian cell 

lines (Guengerich 1995) and human lymphoblast or baculovirus-infected insect 

cells (Asseffa et al. 1989). A NADPH-regenerating system (which consists of β-

NADP, glucose 6-phosphate, and glucose 6-phosphate dehydrogenase) or 

NADPH is required to supply the energy demand of the CYPs (Taavitsainen et al. 
2000).  

The presence of a mixture of CYPs and the wide variability in enzyme 

profiles between individual samples of liver microsomes makes them difficult to 

use for establishing the role of a specific enzyme in the metabolism of a 

compound. To overcome these problems, recombinant enzymes are easily applied 

for higher throughput screening and they can be used to study the role of 

individual CYPs in the metabolism or to produce usable amounts of metabolites. 

The disadvantage is that the effect of only one enzyme at a time can be evaluated 

(McGinnity & Riley 2001, Moody et al. 1999, Pelkonen et al. 2005). 

2.3.3 Hepatocytes 

Primary cultures of hepatocytes have shown good in vitro - in vivo correlations in 

the metabolic activity of a number of drugs and they allow a comprehensive view 

of whole cell metabolism since drug transporters and both phase I and II enzymes 

are present. Cultured human hepatocytes can be used to study CYP-mediated 

metabolism and induction only when maintained under optimal conditions. 

Hepatocytes are used to evaluate the metabolic stability of the compounds and 

identify the metabolizing enzymes and enzyme inhibition, much like the use of 

microsomes with the advantage of a broader complement of phase I and II 

enzymes and transporters (Ferrini et al. 1997, Gomez-Lechon et al. 2004, Hewitt 
et al. 2007, Kostrubsky et al. 1999, LeCluyse 2001, Li et al. 1997, Pelkonen & 

Turpeinen 2007). Hepatocytes in suspension are technically the easiest of all 

hepatocytes systems. The major limitation of use of suspensions is that 

hepatocytes in suspensions stay viable for a short period (up to 4 h), which 

prevents investigation of slowly metabolizing compounds. However, interspecies 

comparison seems to be more reliable with hepatocytes in suspensions than in 

culture due to potential damage of cytotoxic substances and variations in the 
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expression levels of xenobiotic metabolizing enzymes in cultures (Gebhardt et al. 
2003). 

2.3.4 Liver slices 

Like the hepatocytes, as whole cell systems, liver slices contain the whole 

complement of xenobiotic metabolizing enzymes and offer a more reliable in 
vivo/in vitro correlation than subcellular systems (Gomez-Lechon et al. 2004, 

Pelkonen et al. 2005). Liver slices have begun to slowly fall out of use in the 

prediction of pharmacokinetic properties and drug metabolism due predominantly 

to issues associated with drug movement into and out of the slices, lower enzyme 

activities and the increased use of hepatocytes to study similar reactions (Carlile 
et al. 1999, Olinga et al. 1998, Worboys et al. 1996, Worboys et al. 1997). 

However, liver slices are still a powerful tool to study biotransformation in vitro 

(Brandon et al. 2003, Ekins et al. 2000). 

2.3.5 Immortalized cell lines 

Different human and animal cell lines are available (http://www.lgcpromochem-

atcc.com). Because of interspecies differences, animal cell lines cannot predict 

human biotransformation. Human liver cell lines can be isolated from primary 

tumors of the liver parenchyma, developed after chronic hepatitis or cirrhosis 

(Crommelin & Sindelar 1997). The most common human cell lines for 

biotransformation studies are probably HepG2 (hepatocellular carcinoma) 

(Galijatovic et al. 1999, Urani et al. 1998, Walle et al. 2000, Yoshitomi et al. 
2001), BC2 (hepatoma) (Gomez-Lechon et al. 2001) and the lung-derived line 

A549 (Hukkanen et al. 2000). HepG2 is also an excellent tool to detect genotoxic 

properties of environmental and dietary chemicals (Knasmüller et al. 2004). 

Recently a new human hepatoma cell line, HepaRG, was derived from a 

hepatocellular carcinoma. The HepaRG cells express a large panel of liver-

specific genes including several cytochrome P450 enzymes such as CYP1A2, 

CYP2B6, CYP2C9, CYP2E1 and CYP3A4, which is in contrast to the other 

hepatoma cell lines such as HepG2. In addition to P450 enzymes, HepaRG cells 

have a stable expression of phase II enzymes, transporters and nuclear 

transcription factors over a time period of six weeks in culture (Aninat et al. 2006, 

Anthérieu et al. 2010, Kanebratt & Andersson 2008, Turpeinen et al. 2009). 
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2.4 In vitro characterization of the metabolism and metabolic 
interactions of xenobiotics 

The aim of in vitro characterization is to produce relevant and useful information 

on metabolism and interactions to anticipate, and even to predict, what happens in 
vivo in man. Each in vitro model has its own set of advantages and disadvantages 

as they range from simple to more complex systems: individual enzymes, 

subcellular fractions, cellular systems, liver slices and whole organ, respectively 

(Brandon et al. 2003, Pelkonen & Raunio 2005, Pelkonen et al. 2005). To 

understand some of the factors related to xenobiotic metabolism that can 

influence the achievement of these aims, there are several important points to 

consider such as (Hodgson & Rose 2005, Pelkonen & Turpeinen 2007, Pelkonen 

& Raunio 2005, Pelkonen et al. 2005): 

– Determination of the metabolic stability of the compound 

– Identification of reactive metabolites  

– Evaluation of the variation between species 

– Identification of human CYPs and their isoforms involved in the activation or 

detoxification 

– Evaluation of the variation between individuals  

– Identification of individuals and subpopulations at increased risk 

– Overall improvement of the process of human risk assessment 

An overview of different in vitro studies for the characterization of 

metabolism and metabolic interactions of xenobiotics are collected in Table 2 and 

discussed below. 

2.4.1 Metabolic stability of the compound 

Several in vitro test systems (microsomes, homogenates, hepatocytes or 

recombinant proteins) are available to determine metabolic stability. In vitro 

methods for the study of stability are probably the most well established of drug 

metabolism systems. As a result, if a new chemical entity is rapidly metabolized 

in vitro, its bioavailability and persistence in vivo are most probably too low for it 

to be a drug candidate. There are two main components to any in vitro screen for 

metabolic stability; namely, a system for metabolizing the compounds and a 

means of analyzing the metabolic reaction (Eddershaw & Dickins 1999, Tolonen 
et al. 2009). Similar studies performed in human and test species give valuable 
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information for the selection of test species for pharmacokinetic and toxicological 

in vivo studies. Moreover, the determination of metabolic stability of human in 
vitro incubation systems results in the possibility of extrapolation to the in vivo 

situation (Pelkonen & Turpeinen 2007, Riley et al. 2005, Tolonen et al. 2009). 

Table 2. In vitro studies for the characterization of the metabolism and metabolic 

interactions of xenobiotics (modified from Pelkonen & Raunio 2005, Pelkonen et al. 
2005). 

In vitro test In vitro model Parameters Extrapolations 

Metabolic stability Microsomes  

Homogenates  

Cells  

Slices  

Disappearance of the 

parent molecule or 

appearance of (main) 

metabolites  

Intrinsic clearance  

Interindividual variability 

Interspecies differences 

Metabolite identification 

and quantitation 

Microsomes  

Homogenates  

Cells  

Slices 

Tentative identification by 

(e.g.) LC/TOF-MS 

Metabolic routes  

Semi-quantitative 

Interspecies differences 

Identification of 

metabolizing enzymes 

Microsomes with 

inhibitors or inhibitory 

antibodies  

Recombinant CYPs 

Hepatocytes 

Relative ability of 

enzymes to metabolize a 

compound 

Prediction of effects of 

various genetic, 

environmental and 

pathological factors  

Interindividual variability 

Enzyme inhibition Microsomes  

Recombinant enzymes  

Hepatocytes 

Inhibition of specific 

model substrate 

Potential interactions 

Enzyme induction Cells  

Slices  

Permanent cell lines 

Induction of CYP model 

activities or mRNA 

Induction potential of a 

substance 

2.4.2 Identification of metabolites and metabolic routes 

During the last few years, human subcellular preparations and recombinant 

enzymes have become readily available and can be used to generate metabolites 

of compounds that can then be rapidly identified and quantified using modern, 

highly sensitive analytical techniques. Especially LC/MS has proven its status as 

the most powerful analytical tool for screening and identifying drug metabolites 

in modern drug discovery (D’Esposito et al. 2008, Pelkonen & Raunio 2005, 

Reponen et al. 2010, Seiss et al. 2007, Tolonen et al. 2009). These analytical 

techniques have become irreplaceable for drug metabolism laboratories, 
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providing large amounts of information from a wide variety of samples. It has to 

be stressed that mass spectrometers are not all the same and choosing the wrong 

LC–MS system may lead to compromised data quality or biased results as well as 

wasted time and effort (Tolonen et al. 2009). 

2.4.3 Identification of the metabolizing enzymes 

If the results of the metabolic stability and metabolic routes in human in vitro 

systems indicate that CYP enzymes contribute significantly to the metabolism of 

a xenobiotic, then identification of the individual CYP enzyme(s) involved in the 

metabolism of a xenobiotic is necessary for in vitro – in vivo extrapolation and 

prediction. Due to the broad substrate specificity of CYP enzymes, it is possible 

for more than one enzyme to be involved in the metabolism of a single compound. 

In vitro methods have been established to determine which CYP isoform(s) is (are) 

involved in the metabolism of a xenobiotic (Pelkonen & Raunio 2005, Pelkonen 
et al. 2005). The approaches employed for this purpose will be presented below.  

cDNA-expressed enzymes 

The availability of a full panel of recombinant enzymes covering the major 

human liver CYPs allows a direct approach for assaying the metabolism of a 

compound by incubation with the isolated isoforms. This can be done by 

following substrate consumption or product formation by each isoform using the 

same analytical methods as for HLM-based assays (Reponen et al. 2010). The 

biotransformation of a xenobiotic by a single CYP does not necessarily mean its 

participation in the reaction in vivo. The relative roles of individual CYPs cannot 

be quantitatively estimated using this approach due to the interindividual variation 

in the levels of individual active CYPs in the liver (Guengerich 1999, Guengerich 

1995). However, cDNA-expressed CYPs are well suited for isozyme 

identification in a high-throughput screening format (White 2000). The relative 

importance of individual isoform to in vivo clearance is dependent upon the 

relative abundance of each isoforms. When taking into account the average 

composition of human hepatic CYPs, an approximate prediction of the 

participation of any CYP enzyme in the whole liver activity can be achieved 

(Rodrigues 1999, Rostami-Hodjegan & Tucker 2007). 
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Correlation studies 

Using a bank of “phenotyped” liver microsomes, correlation analysis could be 

performed. Correlation analysis involves measuring the rate of xenobiotic 

metabolism by several liver samples from individual humans and correlating 

reaction rates with the level of activity of the individual CYP enzymes in the 

same microsomal samples. If there are a sufficient number of individual samples 

(at least ten), the correlation plot would give the information needed for the 

evaluation of the participating CYPs. The higher the correlation between the 

activities, the larger the probability that the respective CYP enzyme is responsible 

for the metabolism of the xenobiotic. Another approach is to correlate the levels 

of an individual CYP determined by Western blot analysis against the metabolic 

activity (Beaune et al. 1986, Berthou et al. 1994, Brandon et al. 2003, Guengerich 

1995, Jacolot et al. 1991, Wolkers et al. 1998).  

Inhibition studies with CYP-selective chemical inhibitors and specific 
antibodies 

Pooled human liver microsomes or individual liver microsomal samples should 

be used to examine the effect of CYP-selective chemical inhibitors or selective 

inhibitory antibodies. Antibody inhibition involves an evaluation of the effects of 

inhibitory antibodies against selective CYP enzymes on the metabolism of a 

xenobiotic in human liver microsomes. Chemical inhibition involves an 

evaluation of the effects of known CYP enzyme inhibitors on the metabolism of a 

xenobiotic. Several compounds have been characterized for their inhibitory 

potency against different CYPs; for example, furafylline is perhaps the most 

potent and selective inhibitor of CYP1A2, tranylccypromine of CYP2A6, thio-

tepa and ticlopidine of CYP2B6, trimethoprim and sulfamethoxazole are selective 

inhibitors of CYP2C8 and CYP2C9, respectively, fluconazole of CYP2C19, 

quinidine is a commonly used in vitro diagnostic inhibitor of CYP2D6 activity, 

pyridine and disulfiram of CYP2E1, and ketoconazole and itraconazole are 

among many potent and relatively selective inhibitors of CYP3A4 often used in 
vitro and in vivo as diagnostic inhibitors (Bourrie et al. 1996, Clarke et al. 1994, 

Nebert & Russell 2002, Pelkonen et al. 2008, Pelkonen et al. 2005, Rendic & Di 

Carlo 1997, Schmider et al. 1995, Sesardic et al. 1990). 
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Inhibition of CYP enzymes 

Testing the inhibitory interactions of a xenobiotic on CYP-specific model activity 

in human liver microsomes in vitro provides information about the affinity of the 

compound for CYP enzymes (Pelkonen & Raunio 2005). The type of CYP 

inhibition can be either irreversible (mechanism-based inhibition) or reversible. 

Irreversible inhibition requires biotransformation of the inhibitor, while reversible 

inhibition can take place directly, without metabolism. Reversible inhibition is the 

most common type of enzyme inhibition and can be further divided into 

competitive, noncompetitive, uncompetitive, and mixed-type inhibition (Pelkonen 
et al. 2008). The inhibitory interactions of a xenobiotic on CYP enzymes can be 

tested by co-incubating a series of dilutions of a xenobiotic with a reaction 

mixture containing single or multiple substrates. In the single substrate assay, 

traditionally CYP interaction studies are performed using specific assays for each 

CYP isoform. A decrease in probe metabolite formation produced by inhibition is 

usually analyzed by LC-UV, LC-MS or fluorometry. In the cocktail assay, several 

CYP-selective probes are incubated with human liver microsomes and analyzed 

by LC-MS-MS (Tolonen et al. 2007, Turpeinen et al. 2005, Turpeinen et al. 
2006a).  

2.5 Health risk assessment of chemicals 

2.5.1 General considerations 

In the health risk assessment of chemicals, the determination of a NOAEL (No 

Observed Adverse Effect Level) is often based on data only from animal 

experiments. The safety or uncertainty factor 100 is used to convert NOAEL from 

an animal toxicity study to an ADI (Acceptable Daily Intake) value for human 

intake, ADI = NOAEL/100. Historically, the assessment factor of 100 intended to 

cover the interspecies (animal-to-human) and interindividual (human-to-human) 

variations has often been used as a default (Bigwood 1973, Lu 1979, Vettorazzi 

1977). Based on factor 100, Renwick (Renwick 1991, Renwick 1993) has 

attempted to provide a scientific basis for the default values of 10 for interspecies 

and 10 for interindividual variability. Renwick also proposed a division of each of 

these factors into subfactors to allow for separate evaluations of differences in 

toxicokinetic and toxicodynamic based on the relative magnitude of 

toxicokinetics and toxicodynamics variation between and within species. He 
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proposed that the 10-fold factors for inter- and intraspecies variation should be 

subdivided into factors of 4 for toxicokinetics and 2.5 for toxicodynamics. 

WHO/IPCS (WHO/IPCS 1994) has adapted the Renwick approach with one 

deviation. While the uncertainty factor (UF) for interspecies extrapolation should 

be divided into default values of 4 for toxicokinetics and 2.5 toxicodynamics, the 

UF for interindividual variation should be divided into 3.16- fold for both 

toxicokinetics and toxicodynamics. The reason for this deviation from Renwick’s 

proposal was that the WHO/IPCS considered the slightly greater variability in the 

kinetics in humans compared with dynamics was not sufficient to warrant an 

unequal subdivision of the 10-fold factor into a toxicokinetic factor of 4 and a 

toxicodynamic factor of 2.5 (Figure 5).  

 

Fig. 5. The subdivision of the 100-fold default uncertainty factor (modified from 

WHO/IPCS 2005). 

The Swedish Chemical Agency, KEMI, (KEMI 2003) has recommended the 

inclusion of assessment factors in risk assessment, when justifiable, since the 

scientific background for default assessment (uncertainty) factors in general 

remains unsatisfactory. WHO/IPCS, (WHO/IPCS 2005) has proposed the use of 
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chemical-specific toxicological data instead of default assessment factors, 

whenever possible. Consequently, Chemical-Specific Adjustment Factors (CSAFs) 

have been introduced to provide a method for the incorporation of quantitative 

data on interspecies differences or interindividual variability in either 

toxicokinetics or toxicodynamics into the risk assessment procedure, by 

modifying the relevant default UF of 10. The basic idea is to replace one or more 

of these subfactors with chemical-specific factors that can be derived from 

quantitative chemical-specific data. The assessment factor may increase or 

decrease and the differences may be considerable (Figure 6) (Dorne et al. 2005, 

WHO/IPCS 2005).  

The European Union procedures of pesticides marketing, use, residues in 

food and their risk assessment associated to the regulatory approval of 

commercialisation are regulated by Council Directive 91/414/EEC and regulation 

(EC) No 396/2005 (http://ec.europa.eu/food/plant/protection/index_en.htm). 

 

Fig. 6. Chemical specific adjustment factors can replace the default uncertainty 

factors (WHO/IPCS 2005), modified from (Dorne et al. 2005).  
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2.5.2  Interspecies differences and interindividual variability in 
toxicokinetics 

Due to data limitation for most substances, an assessment factor is usually applied 

for extrapolation. Species-specific differences, based on chemical-specific data, 

between animals and humans should be taken into consideration in the 

extrapolation of data from animal studies to humans (WHO/IPCS 2005). The 

interspecies assessment factor is generally recognized as providing an 

extrapolation from an average animal to an average human being, assuming that 

humans are 10-fold more sensitive than experimental animals. The assessment of 

species differences in glucuronidation and the metabolism of human CYP1A2 

substrates supported the need to replace the default factor by compound-specific 

quantitative data (Walton et al. 2001a, Walton et al. 2001b). KEMI (KEMI 2003) 

and Falk-Filipsson et al. (Falk-Filipsson et al. 2007) suggested a species-specific 

default factor, if no chemical-specific data are available. This factor should be 

based on differences in caloric demand and is thus 4 for extrapolation from rats, 7 

from mice, 3 from guinea pigs, 2.4 from rabbits and 1.4 from dogs. 

Human susceptibility to chemicals may depend on a number of determinants, 

including for example the genotype and gender of the individual, age, growth and 

development, health status and lifestyle factors (Falk-Filipsson et al. 2007). 

Laboratory animals are initially healthy, of similar age and are fed with the same 

feed. Thus, interindividual variation in sensitivity towards toxic agents can be 

expected to be much higher within the human population than in inbred strains of 

laboratory animals. It has been suggested by KEMI (KEMI 2003) that an 

interindividual factor of 3-5, with differences in sensitivity due to enzymatic 

polymorphisms not included in this estimate, might be sufficient to reflect the 

toxicokinetic variability between healthy adults. Falk-Filipsson et al. (Falk-

Filipsson et al. 2007) concluded based on several analyses (Dorne et al. 2001a, 

Dorne et al. 2001b, Dorne et al. 2002, Dorne et al. 2003a, Dorne et al. 2003b, 

Dorne et al. 2004a, Dorne et al. 2004b, Ginsberg et al. 2002, Hattis et al. 1987, 

Hattis et al. 2003, Kalberlah & Schneider 1998, Renwick 1993) that an inter-

individual factor of 3.2 might not be appropriate to reflect the toxicokinetic 

variability between individuals, and they suggested a factor of 4.5 as a minimum. 

However, neonates and some genetic subgroups, such as CYP2D6 and CYP2C19 

poor metabolizers (PM), may need much higher factors. Pregnant women, infants, 

elderly and patients with kidney and liver diseases are other sensitive subgroups. 
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2.5.3 Considerations regarding in vitro data 

Risk assessment needs reliable scientific information and one source of 

information is the characterization of metabolic fate and toxicokinetics. Human 

data are needed in order to obtain quantitative toxicokinetic data for comparisons 

between individuals or between animals and humans (Falk-Filipsson et al. 2007). 

Because humans cannot be used as study subjects with pesticides except in 

occasional circumstances, we have to rely upon in vitro and animal experiments. 

In vitro metabolic data can be used as a sufficient data basis to derive a chemical-

specific adjustment factor (Gundert-Remy & Sonich-Mullin 2002, KEMI 2003) 

taking into account that metabolism is usually the most important factor 

contributing to interindividual and interspecies differences in toxicokinetics.  

Using in vitro-derived techniques such as microsomes, the kinetic parameters 

Vmax (the maximal velocity of the reaction) and Km (the substrate concentration 

that gives one-half Vmax) values and thus, the intrinsic clearance (CLint, LM = 

Vmax/Km), can be determined experimentally. A comprehensive discussion of 

assumptions behind these measures can be found in an excellent report by 

Houston (Brian Houston 1994). However, in vitro chemical specific quantitative 

data scaled to determine and compare the efficiency of catalysis CLint, LM between 

species, e.g. the clearance in each tested mammalian microsome, is divided by the 

clearance in humans and between the individuals. The MPPGL, milligrams of 

microsomal protein per gram of liver, as well as the size of the liver are needed 

for the extrapolation (Barter et al. 2007, Johnson et al. 2005). For a complete 

discussion and extrapolation, see the excellent report by Pelkonen and Turpeinen 

(Pelkonen & Turpeinen 2007) and results and discussion sections below. 

2.6 Pesticides as representative xenobiotics 

2.6.1  General information 

The use of pesticides is a hotly debated topic (Steerenberg et al. 2008). While 

they can be extremely useful in terms of protecting plants and public health, most 

pesticides create risk or harm, by their very nature. Pesticides can cause harm to 

humans, animals, or the environment because they are designed to kill or 

otherwise adversely affect living organisms. Since pesticides can provide such a 

benefit to humans, exposure to pesticides is a global challenge to risk assessment. 

This is why pesticides are used as representative xenobiotics in this application. 
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The criteria of selecting the study compounds were the extent of use, lack of 

detailed knowledge and prospective benefits for risk assessment. The chemical 

structures of the study compounds are shown in Figure 7 and their hazard 

characterization is collected in Table 3. 

There are more than 1500 pesticides listed in the compendium of pesticides 

common names. Each group of pesticides is subdivided into chemical or other 

classes. Pesticides can be classified by target organism, chemical structure, 

physical state (American Medical Association 1997), or the WHO recommended 

classification of pesticides by hazards (IPCS 2005). In the 1940s manufacturers 

began to produce large amounts of synthetic pesticides and their use became 

widespread (Daly et al. 1998). In 2001 over five billion pounds of pesticides were 

used worldwide (USEPA 2000–2001).  

Fig. 7. Chemical structures of the study compounds. 
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Table 3.  Hazard characterization of the study compounds (Data obtained from 

European Commission pesticides database (http://ec.europa.eu/food/plant/protection/-

-evaluation/database_act_subs_en.htm). 

Pesticide ADI (mg/kg bw) ARfD (mg/kg bw) AOEL (mg/kg bw) MRL (mg/kg) 

Metalaxyl 0.08 0.5 0.08 0.05 – 2.0 

Profenofos 0.03 1.0 -- 0.05 – 0.2 

Diuron 0.007 0.016 0.007 0.05 – 0.2 

Carbosulfan 0.01 0.01 -- 0.05 – 0.1 

- ADI, acceptable daily intake, the amount of a chemical that can be consumed every day for a lifetime 

in the practical certainty, on the basis of all known facts, that no harm will result 

- ARfD, acute reference dose, the amount of a chemical that can be consumed at one meal or on one 

day in the practical certainty, on the basis of all known facts, that no harm will result 

- AOEL, acceptable operator exposure level, a level of daily exposure that would not cause adverse 

effects in operators who work with a pesticide regularly over a period of days, weeks or months. 

- MRL, maximum residue level, the maximum concentration of pesticide residue likely to occur in or on 

food and feeding stuffs after the use of pesticides according to Good Agricultural Practice (GAP). 

2.6.2 Individual pesticides studied 

Metalaxyl 

Metalaxyl is a highly effective systemic acylanilide fungicide. It is registered for 

use in many countries worldwide, including the United States, Europe and 

Australia, on a variety of fruits and vegetable crops for control of plant diseases 

caused by Phythophthora infestans and Pythiumultimum (Sukul & Spiteller 2000). 

The mode of action is to inhibit protein synthesis in fungi by interfering with the 

synthesis of ribosomal RNA (Tomlin 2000). Metalaxyl is tolerant to a wide range 

of pH, light, and temperature and this leads to its continued use in agriculture. It 

has a tendency to migrate to deeper soil horizons with a potential to contaminate 

groundwater, particularly in soils with low organic matter and clay content (Sukul 

& Spiteller 2000). 

Metalaxyl can induce bradycardia in rats and affect the activity of 

monoamine oxidase in the rat heart (Naidu & Radhakrishnamurty 1988, Naidu & 

Radhakrishnamurty 1989, Naidu 1989). Metalaxyl interacts with the RNA 

polymerase-I-template complex inhibiting incorporation of ribonucleotide 

triphosphates into ribosomal RNA (Hassall 1990). No evidence of a carcinogenic 

or genotoxic potential of metalaxyl has been mentioned in a FAO/WHO report 

(2002). Meanwhile, some data indicate a cocarcinogenic potential of metalaxyl, 
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which could be sufficient to induce critical DNA damage either directly or 

indirectly (Paolini et al. 1996) and can cause chromosomal changes in humans 

and animals (Hrelia et al. 1996).  

A few studies on the metabolism of metalaxyl in mammals, rats and goats, 

have been reported (FAO/WHO 2002). The metabolic fate of 14C metalaxyl in rats 

after administration of a single oral dose of 28 mg/kg and 48 h collection of urine 

and faeces was studied. Altogether more than 30 different metabolites were 

detected in mammals, some of which were identified by gas chromatography, MS 

and NMR, and the metabolism was rapid with more than 60% of the administered 

dose excreted within 24 h. Metabolism proceeds through several steps, leading to 

glucuronic acid conjugates via methyl ester cleavage and benzyl methyl oxidation. 

Didemethyl metalaxyl metabolite was predominant (39%) followed by hydroxy 

aromatic methyl (14%) and demethyl ester (4.1%). Minor amounts of phenyl ring 

hydroxylated (0.3%), ether group demethylated (0.9%) and lactone metabolite 

(0.6%) were also detected. The potential N-dealkylation metabolite of metalaxyl 

2,6-dimethylaniline has been proven to be a rat nasal carcinogen (Kornreich & 

Montgomery 1990, Tyden et al. 2004).  

Profenofos 

Profenofos is an organophosphate (OP) non-systemic foliar insecticide and 

acaricide with contact and stomach actions used widely for agricultural and 

household purposes. Profenofos is moderately toxic to birds and has low 

mammalian toxicity (Tomlin 2000).  

The insecticidal and nematicidal activities of profenofos are attributed to 

inhibition of the enzyme acetylcholinesterase (AChE), which plays an important 

role in neurotransmission at cholinergic synapses by rapidly hydrolyzing the 

neurotransmitter acetylcholine to choline and acetate (Fulton & Key 2001, Ozmen 
et al. 1999). Profenofos is activated to desthiopropylprofenofos through the 

oxidation of the sulphur in the P-S-n-propyl bond to the more potent AChE 

inhibitor (Wing et al. 1983, Wing et al. 1984). The primary effect of profenofos in 

studies of acute, short, and long-term toxicity was inhibition of 

acetylcholinesterase activity. However, the inhibitory effects of OP insecticides 

are dependent on their binding capacity to the enzyme active site as well as their 

rate of oxidation (Jokanovic 2001). Profenofos is a moderately severe toxicant, 

causing relatively delayed respiratory failure and death (Eddleston et al. 2009). 

Profenofos downregulates hepatic and testicular CYP2C11 and CYP3A2 mRNA 
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and protein expression levels as well as decreases the testicular aromatase 

(CYP19A) mRNA in treated rats (Moustafa et al. 2008). An evaluation of the 

CYPs inhibition potential of selected pesticides in human hepatic microsomes 

illustrated that organophosphorus insecticides are potent and extensive inhibitors 

of CYP1A1/2, CYP2B6, CYP2C8, CYP2C9, CYP2D6 and CYP3A4 (Abass et al. 
2009). 

Only a few studies on profenofos metabolism in mammals have been 

reported (FAO/WHO 2007). After single and repeated doses of [Phenyl-14C] 

profenofos to rats, unchanged profenofos was detected in the feces, but the 

amount was very small (approximately 1–2% of the administered dose), and this 

was probably the proportion of the dose that was not absorbed. Four major 

metabolites were present in urine and no unchanged profenofos was detected. The 

major metabolites were the sulfate and glucuronide conjugates of 4-bromo-2-

chlorophenol that were formed by hydrolysis of the aryloxy–phosphorus bond 

followed by conjugation with sulfate or glucuronic acid. The other two 

metabolites were formed by cleavage of the phosphorus– sulfur bond either by 

loss of the propyl group or hydrolysis. The 4-bromo-2-chloro-phenol was 

detected in some urine samples, but probably arose as a result of hydrolysis of the 

conjugates after excretion. 

Diuron 

Diuron, one of the most commonly used herbicides, belongs to the family of 

halogenophenylureas that represents an important class of contact herbicides 

applied in pre- and post-emergence to control broadleaf weeds in a wide variety 

of annual and perennial broadleaf and grass weeds (Field et al. 1997, Gooddy et 
al. 2002). Diuron has been classified as slightly hazardous (toxicity class III) 

pesticide by WHO. Diuron is relatively persistent in the environment (with a half-

life of over 300 days). As a result, it is often detected in groundwater and surface 

water (Blanchoud et al. 2004, Giacomazzi & Cochet 2004, Lapworth & Gooddy 

2006, Malato et al. 2003). Diuron has been detected in marinas and coastal areas 

in the United Kingdom, Germany and Japan (Lamoree et al. 2002, Okamura et al. 
2003, Thomas et al. 2001). Diuron is included in the list of priority pollutants of 

the EU Water Framework Directive (European Commission 2001). Also, the 

United States Environmental Protection Agency reported diuron on the list of 

substances considered contaminants of drinking water since 1998 (USEPA 2005). 
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The United States Environmental Protection Agency (USEPA) evaluated 

diuron as a “known/likely” carcinogen to humans. Meanwhile, no evaluation has 

been made for diuron carcinogenicity by FAO/WHO so far. In a study conducted 

on male and female Wistar rats and NMRI mice at dietary levels of 25, 250 and 

2500 ppm of diuron, diuron showed carcinogenic activity in the highest dose-

treated animals (i.e., increased incidences of urinary bladder and renal pelvis 

tumors in both genders of Wistar rats and of mammary tumors in female NMRI 

mice) (USEPA 2004). Moreover, diuron also showed in vivo mutagenic activity in 

Swiss mice by the bone marrow micronucleus test (Agrawal et al. 1996). Only a 

few studies on diuron metabolism in mammals have been published. In metabolic 

studies of rats and dogs, N-(3,4-dichlorophenyl)urea was the predominant 

metabolite in the urine. Small amounts of N-(3,4-dichlorophenyl)-N-methylurea, 

3,4-dichloroaniline, 3,4-dichlorophenol and unchanged diuron were detected 

(Hodge et al. 1967). In a human postmortem case, diuron and its demethylation, 

didemethylation and hydroxylation metabolites were identified in plasma and 

urine (Verheij et al. 1989). On the other hand, in a hospitalized case, diuron was 

completely metabolized mainly via demethylation and didemethylation. In 

addition urine extracts contained hydroxyphenyldiuron and 3,4-dichloroaniline at 

minor concentrations (Van Boven et al. 1990).  

Carbosulfan 

Carbosulfan belongs to the carbamates class of pesticides and to carbofuran 

sulfonylated derivatives. Carbosulfan is a systemic insecticide with contact and 

stomach actions, extensively used in agriculture for broad spectrum control of 

insect pests of crops. Carbosulfan toxicological evaluation was compiled by 

FAO/WHO (2003). 

Carbosulfan has been classified as a moderately hazardous (toxicity class II) 

pesticide by WHO with a low ADI of 0.0 – 0.01 mg/kg body weight (IPCS 2005). 

Carbosulfan, as other carbamates, is extremely toxic to mammals and its toxicity 

is mediated through inhibition of AChE in neural tissue, resulting in the 

accumulation of ACh in the synaptic cleft. Subsequently, the overstimulation of 

ACh receptors leads to neurotoxic symptoms (Renzi & Krieger 1986). The 

genotoxicity of carbosulfan was investigated in a wide range of tests. Primarily 

negative results were obtained, while positive effects were observed in a few tests. 

Carbosulfan has been reported to induce micronucleus formation, sister chromatid 
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exchange and chromosomal aberrations in human peripheral blood lymphocytes 

and bone marrow cells of rats (Giri et al. 2003).  

There are reports about the metabolism of carbosulfan in the environment 

(Chaudhry et al. 2002, de Melo Plese et al. 2005) and in plants (Soler et al. 2006). 

In mammals three primary metabolites, 3-hydroxycarbofuran, 3-keto-7-

phenolcarbofuran, and dibutylamine, were detected by TLC in rat in vivo 

(Marsden et al. 1982). Moreover, carbofuran and polysulfide derivatives of 

carbosulfan were detected in rat stomach by TLC (Umetsu & Fukuto 1982). In 

male and female rats in vivo, ten metabolites were identified by TLC and HPLC 

and major metabolites were confirmed by GC-MS (FAO/WHO 2003). We have 

recently described the in vitro metabolic pathways of carbosulfan in microsomal 

hepatic preparations from seven mammalian species including humans. The 

primary metabolic pathways in these in vitro studies were the initial oxidation of 

sulfur to carbosulfan sulfinamide (‘sulfur oxidation pathway’) and the cleavage of 

the nitrogen sulfur bond (N-S) to give carbofuran and dibutylamine (‘carbofuran 

pathway’). Carbofuran was oxidized to 3-hydroxycarbofuran and/or 7-

phenolcarbofuran, which were further oxidized to 3-ketocarbofuran or 3-hydroxy-

7-phenolcarbofuran, respectively, and finally to 3-keto-7-phenolcarbofuran 

(Abass et al. 2009). It has been shown that, carbosulfan is metabolized in the 

environment, plants, and mammals to carbofuran, 3-hydroxycarbofuran, and 3-

ketocarbofuran. While all are actually toxic compounds, carbofuran is found to be 

more persistent and toxic than carbosulfan itself. Carbosulfan (LD50 250 and 185 

mg kg−1 for male and female rats, respectively) is transformed into a more toxic 

one, carbofuran (LD50 8 mgkg−1 for male and female rats), (Iesce et al. 2006, 

Tomlin 2000, Trevisan et al. 2004). 
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3 Aims of the present study 

Since human data are needed to improve human risk assessment, performing 

investigations with human-derived in vitro model systems to predict metabolic 

fate and toxicokinetics are of utmost importance. The general aim of this study 

was to elucidate the metabolism and interactions of pesticides in animal and 

human hepatic preparations. The study focused on characterization of the 

metabolic factors of four pesticides, metalaxyl, profenofos, diuron, and 

carbosulfan, in in vitro model systems. The specific goals were: 

1. To identify and quantify pesticide metabolites formed in vitro by liver 

preparations from humans and other mammalian species. 

2. To identify the human CYP enzymes responsible for the metabolism by c-

DNA expressed human CYPs and other relevant approaches.  

3. To quantify pesticide metabolism in vitro by individual human liver 

microsomes. 

4. To elucidate the inhibitory interactions with major human liver CYPs. 

5. Overall improvement of the process of human risk assessment 
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4 Materials and Methods 

4.1 Chemicals 

Carbosulfan, carbofuran, 3-hydroxycarbofuran, 3-ketocarbofuran, 3-keto-7-

phenolcarbofuran, 3-hydroxy-7-phenolcarbofuran, 7-phenolcarbofuran 3,4-

dichloroaniline, bis(p-chlorophenyl)urea and 3-(4-chlorophenyl) methyl urea 

were purchased from ChemService (West Chester, PA). Dibutylamine was 

purchased from Sigma-Aldrich (Heidenheim, Germany). Diuron, N-

demethyldiuron, and N-dimethyldiuron were purchased from Dr. Ehrenstorfer 

(Augsburg, Germany). Metalaxyl, profenofos and carbaryl were a kind gift from 

Agrochem (Alexandria, Egypt). Midazolam was a kind gift from F. Hoffman-La 

Roche (Basel, Switzerland), and omeprazole was a gift from Astra Zeneca 

(Mölndal, Sweden). HPLC-grade solvents were obtained from Rathburn 

(Walkerburn, UK) and Labscan (Dublin, Ireland). All other chemicals used were 

from the Sigma Chemical Company (St. Louis, MO) and were of the highest 

purity available. Water was freshly prepared in-house with the Simplicity 185 

(Millipore S.A., Molsheim, France) water purification system and was UP-grade 

(ultra pure, 18.2 MΩ). 

4.2 Human and animal liver samples 

Human liver samples used in this study were obtained from the University 

Hospital of Oulu as surplus from organ donors. The collection of surplus tissue 

was approved by the Ethics Committee of the Medical Faculty of the University 

of Oulu, Finland. All liver samples were of Caucasian race including 4 female and 

6 male between the ages of 21 and 62. Intracerebral hemorrhage was the primary 

cause of death. Characteristics of the liver samples are presented in the original 

publication (II). The livers were transferred to ice immediately after the surgical 

excision and cut into pieces, snap-frozen in liquid nitrogen, and stored at –80° C. 

Male DBA/2 mouse, Sprague-Dawley rat, Beagle dog, Cynomolgus monkey, 

Göttingen minipig, and New Zealand white rabbit liver samples were left-over 

tissue from untreated male animals used as controls in other studies. The Animal 

Use and Care Committee of original sites of research had approved the 

experimental design of primary studies. All microsomes were prepared by 

standard differential ultracentrifugation (Pelkonen et al. 1974).  
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4.3 Recombinant enzymes 

Baculovirus insect cell-expressed human CYPs (CYP1A1, 1A2, 1B1, 2A6, 2B6, 

2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 3A5, 3A7 and 4A11) were purchased 

from BD Biosciences Discovery Labware (Bedford, MA) and were used 

according to the manufacturer’s instructions.  

4.4 In vitro assay of metabolites and analytical methods 

The standard incubation mixture contained serial concentrations of the studied 

compound; microsomal protein and 1 mM NADPH in a final volume of 200 µl 

phosphate buffer (pH 7.4). The compound was first dissolved in DMSO. After a 2 

min incubation at +37 °C in a shaking incubator block, the reaction was started by 

adding NADPH. The mixture was incubated at +37 °C for different time points 

and the reaction was stopped with ice cold acetonitrile. After centrifugation at 

10000 × g for 15 min, the supernatant was collected and stored at -20 °C until 

analyzed. To measure the production of potential metabolites with human liver 

homogenates, incubations were prepared containing serial concentrations of the 

studied compound. In addition to human liver homogenates, the other components 

in the homogenations incubate were 5 mM UDPGA, 1.2 mM PAPS, 1 mM GSH 

and 1 mM NADPH in a final volume of 200 µl phosphate buffer (pH 7.4). The 

incubations and analytical method were similar to the microsomal incubations. To 

measure the main metabolites of recombinantly expressed CYP enzymes, the 

standard incubation mixture contained phosphate buffer (pH 7.4), NADPH, 

recombinantly expressed CYP enzymes and the studied compound. Incubations 

were carried out according to the manufacturer’s instructions.  

Chromatographic separation of metabolites was carried out with the Waters 

Alliance 2690 HPLC system (Waters Corp., Milford, MA). The column used was 

Waters XTerra MS C18 (2.1 mm x 50 mm, particle size 3.5 µm) (I, II, III) and 

Waters Atlantis T3 (2.1 mm x 100 mm, particle size of 3 µm) (IV, V) together 

with a Phenomenex C18 2.0 mm x 4.0 mm precolumn (Phenomenex, Torrance, 

CA). The initial screening of the compounds present and accurate mass 

measurements was carried out using a Micromass LCT (Micromass, Altrincham, 

UK) time of flight (TOF) mass spectrometer equipped with a Z-Spray ionization 

source. The mass spectrometer and HPLC system were operated under 

Micromass MassLynx 3.4 software. The quantification (multiple reaction 

monitoring, MRM) and fragmentation measurements were performed with a 
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Micromass Quattro II triple quadrupole instrument equipped with a Z-spray 

ionization source. 

The lower limit of quantification was 0.1 µM for profenofos and diuron, 0.5 

µM for carbosulfan and its metabolites, and 1.0 µM for metalaxyl and 2,6-

dimethylaniline.  

4.5 Determination of enzyme kinetic parameters 

To measure the enzyme kinetic parameters in both the microsomal samples and 

recombinantly expressed CYP enzymes, the standard incubation mixture 

contained a series of concentrations of the studied compound. Incubation 

mixtures and methods were the same as mentioned above. Samples were analyzed 

by LC-MS-MS. The kinetic parameters Vmax and Km were calculated using Prism 

5.0 (GraphPad Software, Inc., San Diego, CA) by nonlinear regression. These 

values were used to calculate the intrinsic clearance value (Vmax/Km) and to 

compare the efficiency of catalysis between species. 

4.6 Correlation analysis 

Correlations were performed between metabolite formations and the activities of 

each CYP model across the human liver bank. Model substrate reactions used for 

correlations were the same as those used in the inhibition studies below. The 

software program Prism 5.0 (GraphPad Software, Inc., San Diego, CA) was used 

for data analysis (II, III, IV, and V). 

4.7 Enzymatic and inhibition assays 

The incubation and analysis conditions used in this work have been presented in 

detail in the original publication (III). 

4.8 In vitro - in vivo extrapolations 

In vivo hepatic clearance for the metabolism of profenofos, diuron and 

carbosulfan were extrapolated from in vitro data obtained from the incubation 

with various liver microsomes. In vivo extrapolations were made based on actual 

measurements of microsomal protein per gram of liver weight (MPPGL) and 

other published values (Boxenbaum 1980, Pelkonen & Turpeinen 2007) (Table 4). 
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Table 4. Average values of body weights, liver weights, hepatic blood flows and 

MPPGL.  

Species Human Dog Rabbit Rat Mouse Minipig Monkey 

Body weight (kg) 70 17 2.9 0.24 0.03 19.4 4.12 

liver weight (gm) 1500 480.2 131.5 10.1 1.54 382a 157 

liver blood flow QH (L/min) 1.45 0.68 0.12 0.02 0.003 0.85a 0.25  

MPPGLb 18.2 24.5 19.5 23.4 20.6 22 12.1 
a Estimated values based on pig values 
b Experimentally determined values 

In addition, in vivo hepatic clearance for the metabolism of carbosulfan was 

extrapolated from experimentally determined in vitro intrinsic clearance (CLLM) 

and actual measurements of microsomal protein per gram of liver weight 

(MPPGL) (Table 5). 

Table 5. Experimentally determined MPPGL in ten donors 

Individual HLM20 HLM21 HLM22 HLM23 HLM24 HLM28 HLM29 HLM30 HLM31 HLM32 

MPPGL 19.6 16.3 17.1 16.1 27.2 26.0 17.6 11.8 20.7 9.3 

To estimate the hepatic clearance CLH of study compounds, in vitro metabolic 

clearance (intrinsic clearance, CLint, LM) was calculated on the basis of liver 

microsomal incubations. The reported pharmacokinetic parameters were 

calculated as following: 

– In vitro intrinsic clearance  

CLint, LM [ml/min/mg protein] = Vmax/Km 

– Hepatic intrinsic clearance 

CLint, whole liver [ml/min] = CLint, LM [ml/min/mg protein]*MPPGL*liver weight 

– Hepatic clearance  

CLH [L/min] = CLint, whole liver [L/min] * QH / (CLint, whole liver [L/min] + QH) 
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5 Results 

5.1 Metabolism of pesticides in mammalian hepatic preparations 

5.1.1 Identification of metabolites produced in vitro by mammalian 
hepatic preparations 

Incubations of pooled human liver homogenates and microsomes with various 

concentrations of the studied compounds were analyzed by LC-TOF-MS. 

Metalaxyl (I) metabolites were tentatively identified on the basis of exact mass 

determined by TOF-MS, since the identification of the metabolites from 

fragmentation data was not possible due to a lack of reference data. The 

metabolites detected were two hydroxymetalaxyl derivatives or atropisomers of 

one of the derivatives, demethyl and didemethylmetalaxyl, and a lactone 

metabolite, while the suspected carcinogenic metabolite, 2,6-dimethylaniline was 

not found. Detection limit was 1.0 µM.  

In the case of profenofos, (II), two metabolites, namely 

desthiopropylprofenofos and hydroxyprofenofos, were identified from the 

extracted mass chromatograms and fragmentation data. The hydroxyprofenofos 

fragmentation pattern illustrated that in the first fragmentation step ethanol is 

released and in the second step the hydroxypropyl group is released. According to 

this pattern it is evident that the hydroxylation has to be in the S-propyl moiety. 

Because none of the metabolites were available, they were quantitated using the 

calibration curve of profenofos, assuming the signals of the parent and the 

metabolites were approximately equal. External standards were measured in the 

beginning, middle and end of the experiment to ensure quality of analysis. 

Diuron (III) and carbosulfan (IV, V) metabolites were detected from the 

extracted mass chromatograms and in general identified with the help of reference 

standards. N-demethyldiuron was the only metabolite detected in diuron 

incubations and no other potential metabolites were observed even with the help 

of the standards. Of eight detected carbosulfan metabolites, seven were identified 

with the help of the reference standard. These metabolites were carbofuran, 3-

hydroxycarbofuran, 3-hydroxy-7- phenolcarbofuran, 3-ketocarbofuran, 3-keto-7-

phenolcarbofuran, 7-phenolcarbofuran and dibutylamine. We have assumed that 

the unidentified metabolite is carbosulfan sulfinamide based on published reports 

(FAO/WHO 2003, Marsden et al. 1982). 
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5.1.2 Studies of in vitro metabolism by mammalian hepatic 
preparations 

Metabolite formations as a function of incubation time were studied using human 

and mammalian hepatic fractions. Only human data are reported for metalaxyl, 

whereas comparison with other species is done for other pesticides. In most cases, 

the amounts of metabolites were increased as a function of incubation time in 

correspondence to the disappearance of the parent compounds. Higher amounts of 

metabolites were observed in human hepatic homogenates than in microsomes 

probably due to the fact that the homogenates contained higher amounts of 

microsomal protein than microsomal preparations when added to the incubation 

mixtures, even if the same amount of liver tissue was as a starting material. It is 

also possible that the homogenate provides more optimal conditions for the 

metabolism of selected pesticides than the microsomal preparation. 

Metalaxyl (I) incubations indicated that the hydroxymetalaxyl metabolites 

were major products, whereas moderate levels of didemethylmetalaxyl and minor 

levels of demethylmetalaxyl and lactone metabolite were produced. However, the 

didemethylation step was more active in the homogenates than in microsomal 

incubations.  

The bioactivation of profenofos (II) via CYP-mediated desthiopropylation 

was the predominant pathway. Minor amounts of hydroxyprofenofos were found 

in all incubations.  

Diuron N-demethylathion (III) was the only metabolic pathway detected in 

human and seven mammalian hepatic microsomes. It is of interest to note that a 

very fast disappearance of both diuron and its metabolite was detected in dog 

liver microsomes at the lower diuron concentrations. 

3-hydroxycarbofuran was the main carbosulfan (IV,V) metabolite in all 

species and individuals, but otherwise there were some qualitative interspecies 

differences in carbofuran pathway metabolites. Only rabbit liver microsomes 

were able to metabolize carbofuran via hydroxylation to 7-phenolcarbofuran. 

Carbofuran was not detected in dog liver microsomes due to the rapid further 

metabolism. In general, liver microsomes from all seven species and individuals 

produced more toxic products (carbofuran, 3-hydroxy-carbofuran, 3-

ketocarbofuran) more rapidly than the detoxification product (carbosulfan 

sulfinamide). 
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5.1.3 Interspecies differences in in vitro metabolism 

The metabolic pathways of the three substrates (II, III, and IV) were very similar 

in all species, with a similar qualitative, but not quantitative, agreement in the 

types of metabolites produced, with the exception of a more distal carbosulfan 

metabolite, 7-phenolcarbofuran. On the basis of the data obtained, it is apparent 

that there are species specific differences in the ratios and rates of metabolites 

formed from the various substrates. Differences in kinetics between the lowest 

and highest species are shown in Table 6. 

Table 6. The largest differences in kinetic parameters for the formation of metabolites 

of profenofos, diuron and carbosulfan between different mammalian liver 

microsomesa.  

Metabolite Km Vmax CLint, LM 

Profenofos    

Desthiopropylprofenofos 2.6 6.9 4.3 

Hydroxyprofenofos 2.5 3.1 9.0 

Diuron    

N-demethyldiuron 4.4 5.5 5.4 

Carbosulfan    

Carbofuran metabolic pathway 5.5 5.1 2.1 

Carbosulfan sulfinamide 3.5 4.6 4.3 

Dibutylamine 7.7 4.4 6.3 
a Differences between the maximum and minimum observed values. 

Biotransformation of these pesticides in mammalian liver microsomes occurred 

via NADPH-dependent metabolic pathways. There is a relatively moderate 

variability (in the level of CLint, LM values) based on animal to human efficiency 

comparisons. It is, however, necessary to emphasize that maximum differences 

between the lowest and highest rates were not conspicuously large. These 

findings illustrate that in vitro screening of metabolite profiles and metabolic 

activities for the proper prediction of animal model studies is desirable since 

differences in metabolism and disposition could affect the accuracy of the 

extrapolation approach. 

5.1.4 Interindividual variability in in vitro metabolism 

The interindividual variability in the percentage of metabolite formation rates for 

the tested compounds is shown in Figure 8. In the present work, a large degree of 
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interindividual variability in the rates of metabolite production (2.6- to 19.6-fold) 

was observed as differences between the maximum and minimum observed 

values in ten donors. The up to 19-fold interindividual variability could be a 

significant determinant in toxicity. There could be substantial differences in toxic 

metabolite formation even if different individuals are exposed to the same 

quantity of compound. It is an established fact that CYP activities display a large 

interindividual variation (Pelkonen et al. 2008). The relatively large 

interindividual variability in metabolite formation seems to be due to variable 

levels of catalytic activities of CYP enzymes (see below for further discussion). 

The uncertainty factor for in vitro human variability in toxicokinetics was up 

to 3-fold, as defined by Renwick and Lazarus (Renwick & Lazarus 1998), as a 

variation between the mean and the highest value. Thus, a tentative suggestion is 

that interindividual variability in toxicokinetics of the studied three pesticides, 

even if restricted here to in vitro hepatic metabolism and not to the overall 

toxicokinetics, might be within the standard applied factor for interindividual 

variability in toxicokinetics.  

Fig. 8. The interindividual variability for the percentage of metabolites formation 

obtained with individual human liver microsomes. A bank of 10 livers was used to 

assess the metabolite formation in individual livers. The values represented are the 

minimum, 25th percentile, median, 75th percentile, and the maximum. 
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5.2 Identification of CYP isoenzymes metabolizing the studied 
pesticides in human liver in vitro  

5.2.1 Kinetic analysis of recombinant CYP enzymes 

Detailed kinetic analyses were performed based on preliminary screening assays 

to determine which enzymes were responsible for the formation of various 

metabolites of the studied pesticides. According to the obtained kinetic values 

CYP3A4, CYP2B6 and CYP2C19 were identified as profenofos-oxidizing 

enzymes (II). The rank order of CYPs in profenofos desthiopropylation was 

CYP3A4>CYP2B6>CYP2C19, whereas it was the opposite for profenofos 

hydroxylation. All tested recombinant CYPs catalyzed diuron N-demethylation 

(III) and the highest activities were possessed by CYP1A1, CYP1A2, CYP2C19, 

and CYP2D6. CYP3A5 and CYP2B6 had the greatest efficiency to form 

carbosulfan sulfinamide (V), while CYP3A4 and CYP3A5 were the most 

efficient in the generation of the carbofuran metabolic pathway. Precise 

calculation of the enzyme kinetic parameters for metalaxyl (I) metabolite 

formation by recombinant CYPs was not possible. Much higher concentrations of 

metalaxyl in the incubation mixture would have been needed for reliable 

estimation, but this was not possible because of dissolution and precipitation 

problems at higher metalaxyl concentrations. Only CYP3A4 was responsible for 

metalaxyl hydroxylation, while CYP2B6 was the major isoform responsible for 

(di)demethylation and lactone formation. 

5.2.2 Analysis of the relative contributions of different CYP enzymes 

The importance of individual isoforms in in vivo clearance is dependent upon the 

relative abundance of each isoform. Thus, intrinsic clearance values measured 

with individual cDNA-expressed enzymes were scaled to liver microsomes by 

employing human hepatic microsomal P450 isoenzyme concentrations based on 

the average human hepatic microsomal protein amounts of the main P450s 

(Rostami-Hodjegan & Tucker 2007). The contribution of CYP3A4 to profenofos 

(II) desthiopropylation and to both of the carbosulfan (V) metabolic pathways 

was the highest because of both high intrinsic clearance of the pathway and 

average amount of the isoenzyme. CYP2C19 was estimated to contribute 55% to 

profenofos hydroxylation, whereas CYP1A2 contributes 60% to diuron N-

demethylation (III) (Figure 9). 
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Fig. 9. The relative contribution of each CYP isoform based on the actual intrinsic 

clearance values and the average human hepatic microsomal protein amounts of 

P450s. 

5.2.3 Relationship between CYP activities and metabolite formation 

A correlation analysis was performed between the formation of metabolites and 

each CYP activity across the human liver bank. High and significant correlations 

between either desthiopropylprofenofos (II) or carbofuran metabolic pathway (V) 

and CYP marker activities were seen with CYP3A4 and CYP2C19, whereas a 

high correlation was observed between N-demethyldiuron formation (III) and 

CYP1A2 marker activity (Figure 10). No correlations were observed between the 
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production of carbosulfan sulfinamide or hydroxyprofenofos metabolites and the 

specific activities of P450 isoform-catalyzed reactions. However, exclusion of 

two potential outliers resulted in relatively weak correlations except for 

carbofuran metabolic pathway and CYP3A4, omeprazole sulfoxidation, (R2 = 

0.81). The reason for the potential outliers comes from individuals HLM22 and 

HLM28 who had the highest level of both CYP3A4 and CYP2C19.   

Fig. 10. Correlation of the metabolite formation rates of profenofos, diuron and 

carbosulfan with CYP-selective probe drug activities measured in a panel of ten 

human liver microsomes. CYP marker activities (range of values and mean ± SD), on 

the X axis, are expressed as pmol/(mg protein*min) and metabolite formation rates are 

on the Y axis. 
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5.2.4 Inhibition of in vitro metabolism of pesticides by CYP-selective 
inhibitors (V) 

The inhibitory effects of known CYP isoform-selective inhibitors on metabolites 

formation was studied only with carbosulfan (V). Ketoconazole, a CYP3A4-

selective inhibitor, inhibited formation rates of the carbofuran pathway and to a 

lesser extent carbosulfan sulfinamide formation. The results suggest that CYP3A 

subfamily member has a major role in carbosulfan metabolism (Figure 11). 

Fig. 11. Effect of the CYP3A isoform-selective inhibitor, ketoconazole, on the 

carbofuran metabolic pathway and carbosulfan sulfinamide formation by HLM.  

5.3 Evaluation of the CYP inhibition potential of the studied 
pesticides in pooled human hepatic microsomes 

The ability of the studied pesticides to inhibit selective model activities for all 

major CYPs was studied. It has to be stressed that the evaluation does not 

consider the mechanisms of inhibition. However, there were quite considerable 

differences in the potency and extent of inhibition between tested pesticides. 

Generally profenofos (II) and diuron (III) were the most potent and extensive 

inhibitors especially towards CYP1A1/2 (IC50 = 2.9 and 4.1 μM, respectively). 

Metalaxyl (I) inhibits CYP2B6 moderately with an IC50 value of 41.7 μM. 

Carbosulfan (V) inhibits CYP3A4 moderately with IC50s of 11.2 and 23.8 μM for 

midazolam 1’-hydroxylation and omeprazole sulfoxidation, respectively, whereas 

even higher values of 58.3 and 61.9 μM were observed for CYP1A1/2 and 

CYP2C19, respectively (Figure 12).  
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Fig. 12. Observed IC50 values of tested pesticides on CYP-model activities in pooled 

human hepatic microsomes. 
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5.4 In vitro - in vivo extrapolation 

The data we have presented show both differences and similarities in the in vitro 

metabolism of pesticides in liver microsomes of human and experimental animals, 

and this may be important in extrapolating data from in vitro to in vivo. 

Pharmacokinetic variables for the metabolism of selected pesticides in the human 

and animal body were extrapolated from in vitro data. The in vitro intrinsic 

clearance (CLint, LM) was determined experimentally and the value obtained used 

to estimate hepatic clearances (CLH) per kg body weight (Pelkonen & Turpeinen 

2007). The calculated in vivo hepatic clearances based on in vitro intrinsic 

clearances (CLint, LM) were considerably different in different species (Table 7) but 

not individuals (Table 8).  

Table 7. Calculated in vivo hepatic clearance of study compounds extrapolated from 

incubation in human and mammalian liver microsomes.  

Pharmacokinetic parameters HLM DogLM RabLM RatLM MouseLM PigLM MonLM 

Desthiopropylprofenofos        

CLint, LM [ml/min/mg protein]  27.9 - - 8.8 37.5 - - 

CLint, whole liver [ml/min]  760 - - 2.07 1.19 - - 

CLH [L/min]  1.447 - - 0.017 0.003 - - 

CLH / kg B.W [ml/min/kg] 20.7   70.3 85.8   

Hydroxyprofenofos        

CLint, LM [ml/min/mg protein]  0.3 - - 1.9 2.7 - - 

CLint, whole liver [ml/min]  8.18 - - 0.45 0.09 - - 

CLH [L/min]  1.232 - - 0.016 0.003 - - 

CLH / kg B.W [ml/min/kg] 17.6 - - 68.2 83.5 - - 

N-demethyldiuron        

CLint, LM [ml/min/mg protein]  0.17 0.40 0.31 0.08 0.21 0.16 0.33 

CLint, whole liver [ml/min]  4.75 4.71 0.81 0.09 0.01 1.34 0.62 

CLH [L/min]  1.111 0.591 0.106 0.009 0.002 0.520 0.178 

CLH / kg B.W [ml/min/kg] 15.9 34.8 37.2 36.0 62.1 26.8 43.3 

Carbofuran metabolic pathway        

CLint, LM [ml/min/mg protein]  0.45 0.22 0.34 0.33 0.25 0.47 0.45 

CLint, whole liver [ml/min]  12.4 2.63 0.86 0.08 0.01 3.96 0.86 

CLH [L/min]  1.298 0.538 0.107 0.014 0.002 0.699 0.194 

CLH / kg B.W [ml/min/kg] 18.5 31.6 37.5 58.0 64.9 36.0 47.0 

Carbosulfan sulfinamide        

CLint, LM [ml/min/mg protein]  0.02 0.05 0.04 0.01 0.03 0.03 0.03 

CLint, whole liver [ml/min]  0.510 0.601 0.098 0.003 0.001 0.212 0.052 

CLH [L/min]  0.377 0.318 0.054 0.002 0.001 0.170 0.043 
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Pharmacokinetic parameters HLM DogLM RabLM RatLM MouseLM PigLM MonLM 

CLH / kg B.W [ml/min/kg] 5.4 18.7 19.1 10.0 24.6 8.7 10.4 

Dibutylamine        

CLint, LM [ml/min/mg protein]  0.063 0.087 0.018 0.115 0.080 0.057 0.047 

CLint, whole liver [ml/min]  1.723 1.018 0.047 0.027 0.003 0.483 0.090 

CLH [L/min]  0.787 0.406 0.034 0.010 0.001 0.308 0.066 

CLH / kg B.W [ml/min/kg] 11.2 23.9 11.9 43.4 42.4 15.9 16.1 

Table 8. Calculated in vivo hepatic clearance of the carbosulfan active moiety, the 

carbofuran metabolic pathway, extrapolated from incubation in ten donor liver 

microsomes.  

Pharmacokinetic 

parameters 
HLM20 HLM21 HLM22 HLM23 HLM24 HLM28 HLM29 HLM30 HLM31 HLM32 

CLint, LM [ml/min/mg 

protein]  0.391 0.264 0.365 0.381 0.671 0.420 0.394 0.473 0.101 0.354 

CLint, whole liver [ml/min]  11.51 6.46 9.35 9.18 27.39 16.40 10.42 8.36 3.14 4.91 

CLH [L/min]  1.288 1.184 1.255 1.252 1.377 1.332 1.273 1.236 0.992 1.119 

CLH / kg B.W 

[ml/min/kg] 18.40 16.92 17.93 17.89 19.67 19.03 18.18 17.65 14.18 15.99 
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6 Discussion 

6.1 Methodological aspects of the in vitro studies 

Risk assessment of chemicals needs reliable scientific information, and one 

source of information is the characterization of metabolic fate and toxicokinetics. 

Pesticides were used as representative xenobiotics in this study since exposure to 

pesticides is a global challenge to risk assessment. Because humans cannot be 

used as study subjects except in occasional circumstances, we have to rely upon 

in vitro model systems and animal studies. In vitro metabolism and interactions of 

pesticides by human and animal hepatic preparations together with the advantages 

of novel analytical techniques (LC/TOF-MS and LC/MS-MS) for metabolite 

identifications and quantification provide information for the prediction of in vivo 

pharmacokinetics of selected pesticides. 

 Mass spectrometry is the preferred technique because of its good sensitivity. 

Mass spectrometry is also a very robust technique and typically only protein 

precipitation is needed as a sample preparation method before analysis. LC/TOF-

MS is of use in the initial screening of the compounds’ present and accurate mass 

measurements because of its ability to detect all ionized compounds 

simultaneously. Another benefit of TOF-MS is its ability to provide accurate mass 

measurements, which helps in identification by providing the elemental 

composition of the metabolites. LC/MS-MS is of use in the quantification and 

fragmentation measurements because of its excellent selectivity and sensitivity.  

In most studies, human liver homogenates and microsomes were used as a 

pool of ten individual donors. These pooled preparations provide average 

metabolic activities. Moreover, the metabolism has been studied in different 

individuals in order to illustrate the interindividual variability. It has to be stressed 

here that although we measured only the in vitro hepatic metabolism of selected 

pesticides, metabolism is usually the most important factor contributing to 

interindividual and interspecies differences in toxicokinetics.  

In vitro-in vivo extrapolations are considered a relatively reliable and useful 

tool for predicting pharmacokinetics. Simple models for in vitro-in vivo 

extrapolation of hepatic clearance have been presented previously (see (Pelkonen 

& Turpeinen 2007)) and used for the prediction of in vivo pharmacokinetics of the 

selected pesticides and consequently interspecies comparison in this study. In 
vitro-in vivo extrapolations were made based on the actual measurements of 
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microsomal protein content in liver samples (MPPGL) from humans and animals. 

The reason for the use of actual values and not the consensus values is that 

reliable consensus values are available only for human and perhaps rat liver 

(Barter et al. 2007). Average values of liver weights and hepatic blood flows in 

various mammalian species were obtained from the published literature 

(Boxenbaum 1980, Pelkonen & Turpeinen 2007).  

6.2 Differences in pesticide metabolites formation 

6.2.1 In vitro vs in vivo qualitative differences 

Metalaxyl metabolites were identified in the light of published reports 

(FAO/WHO 2002) because of metabolite fragmentation before the analyzer and a 

lack of reference data. The biotransformation reactions were hydroxylation, 

(di)demethylation and lactone formation. Metalaxyl principal metabolites 

detected in vitro in human liver preparations were the same as in in vivo 

metabolism in rats (FAO/WHO 2002). Quantitative differences are probably due 

to well-recognized potential differences regarding species and in vitro-in vivo 

differences.  

Profenofos metabolites were analyzed by LC-TOF-MS and metabolites were 

identified from the extracted mass chromatograms in our in vitro studies. A high 

concentration of desthiopropylprofenofos, via profenofos oxidative desulfuration, 

and a small amount of hydroxyprofenofos were obtained. The corresponding 

oxidative desulfuration metabolic pathway has been detected as a major pathway 

in the case of phosphorothiolate compounds (Kono et al. 1983, Lee et al. 2006b, 

Wing et al. 1983). In a fatal human poisoning case, profenofos metabolites were 

detected by GC-FPD in the acid extracts of blood and urine after methylation with 

diazomethane. Desthiopropylprofenofos was detected as a major metabolite, 

while the minor metabolite, hydroxyprofenofos, was not detected in vivo (Gotoh 
et al. 2001). Since hydroxyprofenofos was detected only in in vitro studies as a 

minor metabolite (Abass et al. 2007a, Wing et al. 1983), the in vitro – in vivo 

qualitative difference could be partly explained by further metabolism in humans 

in vivo keeping in mind that the lapse of time after death was estimated to be 27 

hours at the time of autopsy and the profenofos dose was very high. 

Diuron demethylation at the terminal nitrogen atom was the only metabolic 

pathway detected in human liver homogenates and seven mammalian liver 
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microsomes including human. In vitro-in vivo qualitative differences were 

observed. Diuron has been reported to be metabolized in vivo in rats, dogs (Hodge 
et al. 1967), and humans (Van Boven et al. 1990, Verheij et al. 1989) via 

demethylation, didemethylation, and hydroxylation. It is possible that other 

potential metabolic pathways reside in extrahepatic tissues or need much longer 

incubation times or different incubation conditions than those we used with 

hepatic preparations. Also, diuron doses in human poisoning cases, in which other 

human metabolites were observed, were very high. A rough estimate of the total 

concentration of diuron plus metabolites in plasma was found to be near 100 

mg/L, resulting in an estimated intake of at least several grams (Verheij et al. 
1989). Moreover, in the electrospray ionization of the MS analysis, all of the 

compound would not necessarily ionize, and consequently, some metabolites 

would not be detected. 

From eight carbosulfan metabolites detected in vitro in human hepatic 

preparations, seven were identified. These metabolites were detected in male and 

female rats in vivo and by TLC and HPLC, with the exception of carbosulfan 

sulfinamide. Carbosulfan sulfone was detected instead of carbosulfan sulfinamide 

in addition to the carbofuran and polysulfide derivatives of carbosulfan 

(FAO/WHO 2003, Marsden et al. 1982, Umetsu & Fukuto 1982). Most 

metabolites that had been identified in vivo in rat were also present in our in vitro 

study with hepatic microsomes. Concerning some discrepancies, the 

sulfate/glucuronide conjugation was not detected in vitro. However, it should be 

kept in mind that the metabolism in rats in vivo was determined after repeated oral 

doses for 14 days followed by 14C carbosulfan single oral dose on day 15 whereas 

the maximum incubation period in vitro was 60 min. 

Qualitative interspecies differences were observed in the carbofuran distal 

metabolite, 7-phenolcarbofuran. 7-Phenolcarbofuran was a rabbit-specific 

metabolite, not detected in any other tested species including rat liver microsomes. 

However, 7-phenolcarbofuran has been detected as a carbosulfan metabolite in 
vivo in rat urine and feces and in goat’s milk, liver, and kidney (FAO/WHO 2003). 

The probable reason could be the short duration of in vitro incubations, which did 

not allow enough time for the formation of minor metabolites.  

In vitro metabolism study results were generally in agreement with the results 

obtained from the in vivo studies, at least for the active chemical moiety and 

major metabolites. With respect to minor metabolites, qualitative differences 

could be explained by different incubation conditions and well-recognized 

potential in vitro – in vivo differences. 
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6.2.2 Qualitative interspecies differences in the in vitro metabolism 
of profenofos, diuron and carbosulfan 

It has been repeatedly observed that differences in metabolism, both qualitative 

and quantitative, between different species even in the case of closely related 

species can be considerable (Turpeinen et al. 2007). In our studies, no qualitative 

interspecies differences were observed in the in vitro metabolism of profenofos. 

The diuron N-demethylation pathway was observed and quantified in all tested 

liver preparations. On the other hand, further metabolism could have happened in 

mouse, dog, monkey liver microsomes and human liver homogenates, although 

we did not detect any metabolites, since the concentrations of diuron and its N-

demethylation metabolite were decreasing especially at the lowest diuron 

concentration. Despite extensive screening of the potential metabolites by TOF-

LC-MS, we did not detect any other metabolites. Potential metabolites should be 

detected since they contain nitrogen and therefore should be easy to detect with 

electrospray ionization, but of course there may be some exceptions. It has to be 

mentioned that, in electrospray ionization, all of the compound would not 

necessarily ionize, and, consequently, these metabolites would not be detected. 

Qualitative interspecies differences were observed in the carbosulfan in vitro 

metabolism profile. 7-Phenolcarbofuran was detected only in rabbit liver 

microsomes. 3-Keto-7-phenolcarbofuran was not detected in rat, while 3-

hydroxy-7-phenolcarbofuran was not detected in either rat or mouse liver 

microsomes. Carbofuran was not detected in dog liver microsomes due to 

extensive metabolism into more distal metabolites. Qualitative differences in the 

more distal metabolic pathway might be due to slight differences in the 

expression or the active site of the enzymes responsible for these reactions, 

keeping in mind that in the standard experimental conditions used for carbosulfan 

metabolites, reaction rates were linear at least up to 0.15 mg of microsomal 

protein/ml and 60 min of incubation time.  

6.2.3 Quantitative interspecies differences in the in vitro metabolism 
of profenofos, diuron and carbosulfan 

Animal to human quantitative differences based on intrinsic clearance values are 

collected in Table 9. MouseLM catalyzed profenofos desthiopropylation and 

hydroxylation more efficiently than human. The rapid disappearances of both 

diuron and N-demethyldiuron, at least in dog, could be partially explained by the 
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formation of undetectable metabolites. DogLM was also the most active 

mammalian microsomes in metabolite formation over the time and concentration 

used. Also the kinetics data showed that DogLM had the highest capacity and 

efficiency for metabolite formation. DogLM metabolized diuron 2.3-fold more 

than HLM, followed by MonLM and RabLM, whereas RatLM had the smallest 

value (0.43-fold). In the case of carbosulfan, there is a relatively small variability 

in the level of species differences. MinipigLM, monkeyLM, and humanLM 

metabolized carbosulfan to carbofuran almost equally, while dogLM and 

mouseLM had the smallest values. On the other hand, dogLM was the most 

efficient in carbosulfan sulfinamide and dibutylamine formation (2.7- and 1.4-

fold to human, respectively). Differences in efficiencies between rat, minipig, and 

human liver microsomes in the metabolism of triazine herbicides such as atrazine 

and ametryn have been reported by Lang et al. (Lang et al. 1996). Also, with 

other pesticides such as chlorpyrifos (organophosphorus insecticide) and 

carbofuran (carbamate insecticide), human liver microsomes showed lower rates 

of metabolism than mouse and rat liver microsomes (Tang et al. 2001, Usmani et 
al. 2004a). 

Profenofos was more readily activated than detoxified by human, mouse and 

rat hepatic microsomes, as demonstrated by the greater CLint, LM rates for 

desthiopropylation compared with the CLint, LM rates for hydroxylation. The ratios 

between activation/detoxification intrinsic clearance values for profenofos were 

81.9 for human, followed by 13.9 for mouse, and 4.7 for rat liver microsomes.  

A similar trend was observed for the biotransformation of carbosulfan by 

several mammalian hepatic microsomes including human. The 

bioactivation/detoxification ratios (CLint, LM carbofuran metabolic pathway / CLint, LM carbosulfan 

sulfonamide) were rat (27.4) and human (24.4) followed by minipig (18.7) and 

monkey liver microsomes (16.5). Rabbit (8.8), mouse (7.7) and dog (4.4) liver 

microsomes were proportionally the least active in carbosulfan activation.  

It is apparent that there are considerable differences in the quantities of the 

metabolites produced within the species, as well as in the ratios of the metabolites 

among the species. In general, the types of metabolites formed are identical in all 

species, and there is no metabolite produced only by one species, except the more 

distal carbosulfan metabolite 7-phenolcarbofuran that was rabbitt-specific. 

Therefore, the enzymes of these species responsible for the metabolism are 

similar in that they catalyze the same types of reactions. Nevertheless, these 

enzymes are to some extent different in their selectivity and efficiency, as is 

apparent from the characteristic metabolic pattern of each species. These 
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differences could be related to the variability in the constitutive expressions of 

CYP enzymes in the liver of investigated animal species (Turpeinen et al. 2007). 

These findings illustrate that in vitro screening of qualitative and quantitative 

differences are needed to provide a firm basis for interspecies and in vitro- in vivo 

extrapolations. 

Table 9. Animal to human fold differences based on in vitro intrinsic clearance values 

(CLint, LM). 

Metabolite HLM DogLM RabLM RatLM MOUSELM PigLM MonLM 

Profenofos        

Desthiopropylprofoenofos 1 - - 0.32 1.34 - - 

Hydroxyprofenofos 1 - - 6.30 9.00 - - 

Diuron        

N-demethyldiuron 1 2.30 1.80 0.43 1.23 0.92 1.88 

Carbosulfan        

Carbofuran metabolic pathway 1 0.49 0.74 0.72 0.56 1.03 0.99 

Carbosulfan sulfinamide 1 2.74 2.04 0.64 1.76 1.35 1.46 

Dibutylamine 1 1.37 0.29 1.81 1.27 0.91 0.75 

6.2.4 Interindividual variability in in vitro metabolism 

A bank of ten individual human liver microsomal samples was used to 

characterize CYP enzymes activities. The enzyme activities were determined with 

appropriate marker substrates and experimental conditions (see the materials and 

methods section and Table 10). There are large interindividual differences in the 

expression levels and catalytic activities of CYP enzymes in humans, and these 

variations sometimes lead to different susceptibilities of humans to the 

pharmacological and toxicological actions of drugs, toxic chemicals, and 

carcinogens (Pelkonen et al. 2008). 

To study interindividual variability in the in vitro metabolism of profenofos 

and diuron, metabolite formation rates were measured in hepatic microsomes 

from ten donors. Up to 7.8-fold interindividual variability in the rate of 

profenofos activation and 19.6-fold for diuron activation, as determined by the 

difference between the lowest and highest value, were detected. Interindividual 

variability in the biotransformation kinetics for carbosulfan was investigated in 

hepatic microsomes from ten donors for the carbofuran metabolic pathway, since 

the active chemical moiety is the most relevant for chemical risk assessment. 

Human liver microsomes display quite large interindividual differences in all 
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carbosulfan metabolic pathways. Differences between the maximum and 

minimum observed values in ten individual liver microsomes indicated 5.9-, 7.0-, 

and 6.6-fold variability in the km, Vmax and CLint, LM values for the carbofuran 

metabolic pathway, respectively. The up to 7-fold interindividual variability in the 

rate of carbosulfan activation, as determined by the difference between the lowest 

and highest kinetic values, could be the significant determinant of the toxicity 

effects. There will be substantial differences in toxic metabolite formation even if 

different individuals are exposed to the same quantity of carbosulfan. High 

metabolizers might be at higher risk for carbosulfan-related toxicity. 

Table 10. Characterizations of CYP activities in hepatic microsomes from ten donors.  

Enzyme Substrate Activity 

Values range 

pmol/(mg 

protein*min) 

Mean ± S.D 
Fold 

variation 

CYP1A1/2 7-Ethoxyresorufin O-deethylation 3.8–31.7 50.0 ± 31.7 8.3 

CYP2A6 Coumarin 7-hydroxylation 95.8–549.2 281.6 ± 167.3 5.7 

CYP2B6 Bupropion Hydroxylation  4.5–220.5 73.1 ± 61.9 49 

CYP2C8 Amodiaquine N-deethylation  152.6–362.4 238.8 ± 65.4 2.4 

CYP2C9 Tolbutamide Methylhydroxylation 79.8–269.3 148.6 ± 55.9 3.4 

CYP2C19 Omeprazole 5-hydroxylation  21.5–124.1 55.8 ± 35.8 5.8 

CYP2D6 Dextromethorphan O-demethylation  67.9–229.6 156.9 ± 58.9 3.4 

CYP2E1 Chlorzoxazone 6-hydroxylation  136.0–773.5 397.4 ± 202.2 5.7 

CYP3A4 Midazolam 1`-Hydroxylation 511.6–4568 1499 ± 1336 8.9 

CYP3A4 Omeprazole Sulfoxidation  12.9–130.5 49.6 ± 40.8 10.1 

There are large interindividual differences in the expression levels and catalytic 

activities of CYP enzymes in humans, and these variations sometimes lead to 

different susceptibilities of humans to the pharmacological and toxicological 

actions of drugs, toxic chemicals, and carcinogens (Pelkonen et al. 2008). 

Considerable interindividual variability was evident in the metabolism of the 

tested compound as ten individuals progressed through the entire study. 

Individuals HLM22 and HLM28 with the highest level of both CYP3A4 and 

CYP2C19 exhibited the highest desthiopropylprofenofos and carbofuran 

metabolic pathway formation rates. Individual HLM28 exhibited the highest N-

demethyldiuron formation corresponding to highest levels of both CYP1A2 and 

CYP2C19, and the reverse was true for individual HLM31, who had the lowest 

levels of both isoforms. 
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6.3 Identification of the P450 isoform(s) involved in metabolism  

Recently, a number of papers have been published on the activity of human P450s 

involved in the metabolism of pesticides (see the literature review) and these 

activities may result in activation and/or detoxification reactions. Therefore, in 

order to improve risk assessment of chemicals, by improving the interpretation of 

toxicological studies in experimental animals and interpretation of 

epidemiological studies in exposed individuals, it is essential to identify the CYP 

enzymes involved in the metabolism of a given pesticide. The identification of 

CYPs gives essential knowledge about the potential interactions with other 

chemicals and drugs that are metabolized by the same isoforms, the 

interindividual variability and the predicting of the in vivo situation based on its 

relative contribution.  

Different established approaches were used to identify the CYP isoform(s) 

involved in the metabolism of the investigated pesticides using human liver 

microsomes and cDNA-expressed P450 isoforms. CYP1A2, CYP2B6, CYP2C19, 

and CYP3A4 catalyze the metabolism of the investigated pesticides. In general, 

CYP3A4 play a crucial role and CYP2B6 a lesser role in the metabolism of 

metalaxyl, profenofos and carbosulfan. CYP1A2, CYP2C19 and to lesser extent 

CYP3A4 were the most important CYPs catalyzing diuron metabolism.  

In the inhibition study of in vitro metabolism of carbosulfan by ketoconazole, 

a relatively high concentration of 100 µM was used. Although ketoconazole is a 

selective inhibitor of CYP3A4 at 1 μM concentration (Baldwin et al. 1995, 

Newton et al. 1995), there is a risk of having some loss of specificity at a higher 

concentration. However, on the basis of comprehensive evidence it seems that 

CYP3A4 is the most significant CYP enzyme in carbosulfan metabolism. The 

role of other members of the CYP3A subfamily, CYP3A5, and CYP3A7, is 

probably negligible. Because CYP3A5 exists in only 10–20% of Caucasians 

(Rodrigues et al. 1999) and the amount of CYP3A7 is very low in adult human 

livers and is mainly expressed in embryonic, fetal, and newborn livers, where it is 

the predominant CYP form (Hakkola et al. 2001, Kitamura et al. 1992). Thus, 

CYP3A4 is probably the most important CYP enzyme (Liu et al. 2007, Pelkonen 

et al. 2008, Rendic & Di Carlo 1997, Riley et al. 2001) and it has been shown that 

it has a prominent role in pesticide metabolism, as demonstrated here for 

carbosulfan, metalaxyl and profenofos and furthermore it is involved in the 

metabolism of diuron. 
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The known pesticides metabolized mainly by CYP3A4 belong to several 

chemical groups due to its very large and flexible active site, allowing it to 

oxidize either large substrates or multiple smaller ligands (Scott & Halpert 2005, 

Tang & Stearns 2001). Phosphorothioate, carbamate, chlorinated cyclodiene, 

neonicotinoid, and phenyl pyrazole insecticides; conazoles, acylalanine and other 

fungicides; and chloroacetamide and phenyl urea herbicides are mainly 

metabolized by CYP3A4. CYP2B6 can catalyze the oxidation of a number of 

structurally diverse classes of xenobiotics, many of which have been described in 

detail in reviews by Ekins & Wrighton 1999, Hodgson & Rose 2007b, Turpeinen 
et al. 2006b. CYP2B6 plays a major role in pesticide metabolism such as 

chloroacetamide herbicides, phosphorothioate and carbamate insecticides, and 

acylaniline fungicides. Similarly, xenobiotics mainly metabolized by CYP2C19 

and CYP1A2 belong to several chemical group and we did not find a correlation 

between a specific CYP and specific pesticide chemical group. Based on the 

literature survey, the involvement of human recombinant CYPs for metabolism of 

pesticides was 24%, 15%, 12% and 12% for CYP3A4, CYP2C19, CYP2B6 and 

CYP1A2, respectively (see the literature review and Figure 4). 

Data have been presented for the biotransformation of three structurally 

different compounds in hepatic microsomes from ten donors. Differences have 

been demonstrated in the profile of CYP enzymes catalyzing the bioactivation of 

these compounds. Knowledge of the enzymes responsible for the 

biotransformation can contribute to the risk assessment of these compounds. In 

particular, an understanding of the preference of individual enzymes to 

bioactivate or detoxify these compounds can help our knowledge of how 

susceptibility to these compounds may be affected by differential expression of 

CYPs. Consequently, the activity of CYP3A4 and CYP2C19 may be important in 

determining the toxicity arising from exposure to profenofos and carbosulfan. 

Thus, an individual with high CYP3A4 and CYP2C19 activities (e.g, ultra-rapid 

metabolizers (UMs)) might be particularly susceptible to the toxic effects of this 

compound. Similarly, individuals with high CYP1A2 and CYP2C19 activities, 

UMs, might be more susceptible to diuron toxicity.  

6.4 CYP-pesticides inhibition potential 

Human hepatic CYP-associated marker activities were inhibited to a variable 

extent by the tested pesticides. Generally, CYPs were more sensitive to 

organophosphorus insecticides, e.g. profenofos, than to other pesticide groups. In 
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a screening study to elucidate the ability of 18 pesticides to inhibit selective 

model activities for all major CYPs, organophosphorus compounds were the most 

potent and extensive inhibitors especially towards CYP1A1/2, CYP2B6, CYP2C8, 

CYP2C9, CYP2D6 and CYP3A4. Otherwise there were quite considerable 

differences in potency and extent of inhibition between other pesticide groups 

(Abass et al. 2009).  

In the study of the inhibitory potential of carbosulfan similar inhibition 

constants were obtained with both cocktail and single enzyme assays for CYP1A2, 

CYP2C19, and CYP3A4. Moderate inhibition of CYP2C9 and CYP2D6 was 

observed only with the cocktail assay. In the cocktail assay, possibility of 

interference between probe substrates has been reported, for example, 

amodiaquine and bupropion have moderate inhibitory potencies towards CYP2D6 

(Bapiro et al. 2001, Hesse et al. 2000).  

In vivo concentrations of pesticides under different exposure conditions 

(occupational, dietary) would be helpful in interpreting in vitro studies, but are 

not usually available and not easily calculable. For example, the International 

Estimated Dietary Intakes (IEDIs) of profenofos were calculated for the 13 

GEMS/Food cluster diets (Food Global Environment Monitoring System–Food 

Contamination Monitoring and Assessment Programme). The calculated IEDIs 

were 3 µg/kg b.w, representing 1–10% of the maximum ADI (0.03 mg/kg bw) 

(FAO/WHO, 2007). Profenofos was the most potent and extensive inhibitor 

especially towards CYP1A1/2 and CYP2A6 with IC50 ~ 3 µM, representing 0.11 

mg/ml. Because appropriate pharmacokinetic parameters, i.e. volume of 

distribution etc, are not known, it is difficult to extrapolate either from in vivo 

exposure "down" or from in vitro concentration "up". However, it seems unlikely 

that profenofos would cause interactions after dietary exposures, whereas 

inhibitory interactions could become relevantafter intense occupational exposures. 

6.5 Quantitative prediction of in vivo metabolic clearance and the 
calculation of CSAFs for the studied compounds. 

6.5.1 Interspecies differences and the calculation of AKAF 

In the chemical risk assessment, traditional default values are used to account for 

interspecies differences and for human variability. Modern approaches aim to 

replace the default factors by data-derived values. The basic physiological 
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parameters, such as body weight, liver weight and liver blood flow, vary between 

laboratory animal species and humans. There are large differences in 

physiological parameters in mice compared to humans (Boxenbaum 1980, 

Calabrese et al. 1992). This is the reason why hepatic clearances, CLH, per kg 

body weight were used for interspecies comparison in toxicokinetics. In these 

calculations CLH, per kg body weight in experimental animals, for the active 

chemical moiety, were divided by the clearance in humans (Table 11). The highest 

AKAF are 4.2 for dethiopropylprofenofos, 3.9 for N-demethyldiuron and 3.5 for 

the carbofuran metabolic pathway, i.e., there would be higher concentrations in 

humans than in animals, mouse in this case, for the same dose per kg body weight 

because of the lower clearance in humans. It must be stressed here that we 

measured only the hepatic metabolism, assuming that there is a negligable 

contribution of extrahepatic metabolism; however, metabolism is often the most 

important factor contributing to interspecies differences in toxicokinetics. 

Table 11. Calculated AKAF based on in vivo hepatic clearance (CLH) for the active 

chemical moieties of the study compounds. 

Pharmacokinetic parameters HLM DogLM RabLM RatLM MouseLM PigLM MonLM 

Desthiopropylprofenofos        

CLH / kg B.W [ml/min/kg] 20.7   70.3 85.8   

AKUF    3.4 4.2   

N-demethyldiuron        

CLH / kg B.W [ml/min/kg] 15.9 34.8 37.2 36.0 62.1 26.8 43.3 

AKUF  2.2 2.3 2.3 3.9 1.7 2.7 

Carbofuran metabolic pathway        

CLH / kg B.W [ml/min/kg] 18.5 31.6 37.5 58.0 64.9 36.0 47.0 

AKUF  1.7 2.0 3.1 3.5 1.9 2.5 

Overall, the results of the present study have demonstrated that the in vitro 

metabolic pattern of human microsomes resembled that of minipig and to a lesser 

extent that of monkey liver microsomes. It is, therefore, reasonable to assume that 

the minipig hepatic microsomes are qualitatively and quantitatively suitable as in 

vitro model for exploring and predicting human in vivo metabolism of pesticides, 

and the metabolic similarity must be taken into consideration in toxicological 

research on carbamates and organophosphates pesticides in humans. Indeed, the 

metabolism plays a critical role in the toxicity of carbamate and organophosphate 

pesticides toxicities (Buratti et al. 2005, Buratti & Testai 2007, Leoni et al. 2008, 

Mutch et al. 2003, Mutch & Williams 2006, Tang et al. 2001, Tang et al. 2002).  
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The concept of CSAFs has been introduced to provide a method for the 

incorporation of quantitative data on interspecies differences or human variability 

in either toxicokinetics or dynamics into the risk assessment procedure. The AKAF 

should be used for the development of the CSAF of studied pesticides rather than 

the default values because they are based on quantitative chemical-specific data. 

It has to be stressed here that the prediction of in vivo metabolic clearance 

and the development of CSAFs for the studied compound is restricted to in vitro 

hepatic metabolic characteristics, and all other contributing factors such as the 

contribution of extrahepatic metabolism should be either assumed or studied 

separately. 

6.5.2 Interindividual variability and the calculation of the HKAF factor 
for carbosulfan 

Hepatic clearances were calculated for carbosulfan in ten donors used for HKAF 

extrapolation. Since interindividual variability addresses the potential differences 

in the response of a sensitive individual compared to an average individual, the 

HKAF is 1.1 as the variation between the mean and the highest value as defined by 

Renwick and Lazarus (Renwick & Lazarus 1998). Our studies with carbosulfan 

suggested that in vivo extrapolated interindividual variability in toxicokinetics is 

within the standard applied factors for interindividual extrapolation in 

toxicokinetics restricted to in vitro hepatic metabolism in the Caucasian race.  

6.5.3 Calculation of the composite uncertainty factor (CUF), 
carbosulfan as an example  

The use of chemical-specific data has the effect of replacing a default factor for 

an area of uncertainty with chemical specific data, thereby reducing the overall 

uncertainty. CUF is the composite value obtained on multiplying the CSAF, used 

to replace a default subfactor, by the remaining default subfactors for which 

suitable data were not available. The CUF could be either greater than or less than 

the usual default, 100, depending on the quantitative scientific data that have been 

introduced to reduce the default uncertainty factor (WHO/IPCS, 2005). The CUF 

is generally shown as:  

CUF = [AKAF or AKUF] × [ADAF or ADUF] × [HKAF or HKUF] × [HDAF or HDUF]. 

In the case of carbosulfan, the CUF is a composite of adjustment factors for 

interspecies differences and human variability in toxicokinetics and uncertainty 
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factors for interspecies differences and human variability in toxicodynamics. CUF 

= AKAF × ADUF × HKAF × HDUF, Therefore, CUF = 3.5 × 2.5 × 1.1 × 3.16 = 30. 

On the basis of Cmax, the uncertainty factor for some pesticides has been 

changed. FAO/WHO (2002) established an ARfD for the carbamate insecticide, 

carbaryl, of 0.2 mg/kg bw based on a NOAEL of 3.8 mg/kg bw per day identified 

on the basis of inhibition of cholinesterase activity observed at 10 mg/kg bw per 

day in a 5-week dietary study in dogs with the application of a 25-fold CUF. On 

the other hand, in the Australian evaluation of carbaryl, the current Australian 

ARfD of 0.01 mg/kg bw is based on a NOEL of 1 mg/kg bw per day identified on 

the basis of behavioural indications of autonomic neurotoxicity, and inhibition of 

brain and plasma erythrocyte cholinesterase activity in a study of developmental 

toxicity and a 13-week study of neurotoxicity in rats, and using a 100-fold safety 

factor (FAO/WHO 2005). 

FAO/WHO (2002, 2008, 2009) has established safety factors of 50 for the 

organophosphate insecticide acephate and 25 for triazole fungicide fenpyroximate; 

pyrethroid insecticide cyfluthrin, beta-cyfluthrin and lambada cyhalothrin; and 

conazole fungicides triadimenol and triadimefon. On the other hand, higher safety 

factor was established for other pesticides, e.g. pyrazole acaricide fenpyroximate, 

safety factor of 200. 

FAO/WHO (2002, 2008), established an ARfD of 0.009 mg/kg bw for 

carbofuran, the active chemical moiety in carbosulfan metabolic pathway, on the 

basis of the NOAEL of 0.22 mg/kg bw per day with the application of a CUF of 

25. This, together with our CUF value of 30 provides strong support for the use of 

In vitro chemical-specific quantitative toxicokinetics data and quantitative 

prediction of in vivo metabolic clearance for the calculation of the composite 

uncertainty factor (CUF) for xenobiotics for the overall improvement of the 

process of human risk assessment. 

Finally when estimating the composite uncertainty factor from in vitro-in 

vivo extrapolation data, one should keep in mind some limitations. Results 

obtained from in vitro test systems are highly dependent on several technical 

factors including the microsomal protein amount, incubation time, and initial 

velocity conditions used in the test system etc (Pelkonen et al. 2008). The best 

predictive value is usually obtained when the substrate concentration used is 

within the linear part of the time and protein concentration curves for substrate 

depletion or metabolite formation (Lin & Lu 1998, Mäenpää et al. 1998, Yuan et 
al. 1999) (cited from Pelkonen et al. 2008). The prediction of in vivo metabolic 

clearance is based on many scaling factors and physiological measures, which 
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should either be assumed or measured (Pelkonen & Turpeinen 2007). These 

include for example microsomal yield (if microsomes are used), liver weight, 

liver blood flow, extra-hepatic metabolism and clearances via other routes than 

hepatic metabolism. However, in the context of this study it is of importance to 

note that although the measurements are restricted to in vitro hepatic metabolism 

of selected pesticides, metabolism is probably in these cases the most important 

factor contributing to interindividual and interspecies differences in toxicokinetics. 
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7 Conclusions 

1. Metalaxyl was metabolized in human hepatic microsomes mainly via 

hydroxylation, demethylation and to a lesser extent via lactone formation. 

Diuron was metabolized by N-demethylation. Profenofos and carbosulfan 

were mainly activated to desthiopropylprofenofos and carbofuran, 

respectively, in human and mammalian hepatic preparations.  

2. In general, the types of metabolites formed are identical in all species, except 

for the more distal carbosulfan metabolites. Considerable differences in the 

quantities of the metabolites produced within the species, as well as in the 

ratios of the metabolites among the species, were observed.  

3. CYP1A2, CYP2B6, CYP2C19, and CYP3A4 in particular catalyze the 

metabolism of the investigated pesticides. In general, CYP3A4 plays a crucial, 

and CYP2B6 a lesser, role in the metabolism of metalaxyl, profenofos, and 

carbosulfan. CYP1A2, CYP2C19 and, to a lesser extent CYP3A4, were the 

most important CYPs catalyzing diuron metabolism.  

4. Individuals with high CYP3A4 and CYP2C19 activities might be particularly 

susceptible to the toxic effects of profenofos and carbosulfan, while 

individuals with high CYP1A2 and CYP2C19 activities might be more 

susceptible to diuron toxicity.  

5. Profenofos and diuron were potent inhibitors of CYP1A1/2. Metalaxyl 

inhibited CYP2B6 and carbosulfan moderately inhibited CYP3A4, 

CYP1A1/2, and CYP2C19.  

6. Based on in vivo hepatic clearance, the highest AKAF were 4.2 for 

dethiopropylprofenofos, 3.9 for N-demethyldiuron, and 3.5 for the carbofuran 

metabolic pathway and the HKAF was 1.1 for carbofuran metabolic pathway. 

The AKAF and HKAF, restricted to metabolism studies, should be used for the 

development of the CSAF of studied pesticides rather than the default values 

because they are based on quantitative chemical-specific data. 

7. The information provided is important in that in enables a more rational, 

data-based evaluation of species and interindividual differences in the 

toxicokinetics of pesticides. This information is of value in refining the risk 

assessment of the pesticides in question. 
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