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A B S T R A C T

Triflumuron (TFM) is a benzoylurea insecticide commonly used in Tunisian agriculture and around the world to
control crop pests and flies as a promising alternative to conventional insecticides for its arthropod specificity
and low toxicity. From the evidence available in animal models, it can be expected that the metabolism of TFM is
catalyzed by cytochrome P450 (CYP) and esterases. However, no data are available on human metabolism of
TFM with regards to phase I metabolism and CYP isoform specificity. Hence, this manuscript describes ex-
perimental investigations to underpin in vitro phase I TFM metabolism in human samples for the first time. TFM
biotransformation by recombinant human CYPs was characterized, then human liver microsomes (HLM) and
chemical specific inhibitors have been used to identify the relative contribution of CYPs and esterases. Our
results showed that all CYP isoforms were able to metabolize TFM with different affinity and efficiency. The
relative contribution based both on the kinetic parameters and the CYP hepatic content was
3A4 > >2C9 > 2C8 > 2A6 > 1A2 > 2B6 > 2D6 > 2C19 > 2C18 > 1A1 at low TFM concentration,
whilst at high TFM concentration it was 1A2 > >2C9=3A4=2A6 > 2C19 > 2B6=2C8 > 2D6 >
1A1 > 2C18. Experiments with HLMs confirmed the involvement of the most relevant CYPs in the presence of
specific chemical inhibitors with a catalytic efficiency (Cliapp) lower by an order of magnitude compared with
recombinant enzymes. Esterases were also relevant to the overall TFM kinetics and metabolism, with catalytic
efficiency higher than that of CYPs. It is foreseen that such isoform-specific information in humans will further
support in silico models for the refinement of the human risk assessment of single pesticides or mixtures.

1. Introduction

Benzoyl-phenyl ureas (BPUs) insecticides are considered to be of
low toxicity and have been used for the management of the widespread
resistance of insects against conventional chemical insecticides (such as
organophosphates (OPTs), carbamates, and pyrethroids) which could
also represent a threat for the environment and human health. BPUs are
chitin synthesis inhibitor (CSI) or non-systemic Insect Growth
Regulators (IGR) causing toxicity and death by interfering with chitin
biosynthesis and cuticle sclerotization during the molting of insects
(Merzendorfer, 2013). This mode of action is considered as highly se-
lective for the target organisms, being chitin present in the cuticle of
insects, but completely absent in vertebrates and higher plants. The
presence of chitin in other organisms, such as in the shell of

crustaceans, could impact on some specific non target organisms. Some
effects on non-target organisms, such as honey bees and catfish have
been reported at environmentally relevant concentrations (Fine et al.,
2017; Marimuthu et al., 2013).

Given its estimated agricultural area at 10.07 million hectares (FAO,
2016), Tunisia has resorted to the use of pesticides for crop protection.
Indeed, the Country imports on annual average 3600 tonnes of pesti-
cides per year (GAIN, 2014) with more than 330 active substances in
use, mainly in the agriculture sector (Tunisian Health Ministry, 2017).

Among the pesticides present on the Tunisian market, Triflumuron
(TFM) 2-Chloro-N - [[[4- (trifluoromethoxy) phenyl] amino] carbonyl]
benzamide (Fig. 1), a second generation BPU, has been used so far
mainly to control Tuta absoluta, a tomato leaf miner. Tomato is the first
horticultural crop in Tunisia with a production area of 25,000 ha and a
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total harvest of 1.1 million metric tons (DGPA, 2009). To manage T.
absoluta, a mixture of insecticides with different mode of action are
used, such as spinosad, indoxacarb, pyrethroids and TFM because OPTs
and carbamates are no more effective due to insect resistance. Fur-
thermore, TFM is used also against locusts in the Sahel zone (Pan
Africa, 2012).

At a global level, TFM and other BPUs are used on several fruits and
vegetables, because of their relative low mammalian toxicity. It is re-
gistered in Europe (Commission Directive 2011/23/EU), in the USA
and in Asia, where TFM residues have been reported in the Oolong tea
infusing liquid (among the most favorite teas in China, Japan and
Southeast Asia) with a level of 0.36 ng/ml (Chen et al., 2014), and in
other countries in which significant pesticide residues were detected in
crops (Safi et al., 2002; Nguyen et al., 2008) and in aquatic organisms
(Olsvik et al., 2013). BPUs accounted for about 3.6% of the global in-
secticide market around the world in 2011 (Sun et al., 2015), and are
also applied as biocidal products, with an anti-flea action for treating
cats and dogs or to control parasites in aquaculture plants. Hence, ex-
posure of the general population is widespread and not only related to
residues in fruits and vegetables.

Beside its low acute toxicity in mammals, TFM shows erythrocyte
damage as the main and critical toxic effect following repeated doses,
independently on animal species, with induction of hemolytic anemia
and secondary effects in spleen, liver and kidneys (EFSA, 2011). An
increased methaemoglobin production was also reported in male Wistar
rats treated orally with TFM for 28 days (Tasheva and Hristeva, 1993).
The latter effect has been associated with the formation of the meta-
bolite 4-trifluoro-methoxyaniline, which is present also as an impurity
in the technical product, and characterized by an acute toxicity higher
than the parent compound (EFSA, 2011). A clinical case of toxic me-
themoglobinemia was reported after deliberate ingestion of an un-
specified BPU in one subject (D’sa et al., 2014). The hospitalized patient
manifested cyanosis, low oxygen saturation and chocolate-brown co-
lored blood, the methemoglobin concentration was 59.3%. Following
treatment with ascorbic acid, there was evidence of haemolysis (D’sa
et al., 2014). Therefore, although in a single case study, symptoms were
confirmed in humans. Recently it has been reported that TFM in vitro

using HepG2 cells was able to promote the metastasis of human liver
cancer cells and that hypoxia-inducible factor (HIF)-1a is potentially
responsible for these changes (Ning et al., 2018).

Limited information regarding the metabolic fate of TFM in mam-
mals are available in the literature indicating hydrolysis, hydroxylation
and then conjugation as the main metabolic pathways (with up to 26
components identified in bile) (EFSA, 2011). On this basis the in-
volvement of esterases and cytochrome P450 isoforms (CYPs) can be
expected as first step of metabolic pathway. However, data regarding
TFM metabolism in human on an isoform- specific basis are not avail-
able. The involvement of CYPs was previously shown for other BPU
insecticides (Ledirac et al., 2000; Sapone et al., 2005; Rudek et al.,
2005; Abass et al., 2009; Elmadani et al., 2011).

In the context of current international risk assessment, the relevance
of isoform-specific information is becoming increasingly important in
characterizing the toxicokinetics of chemicals. A particular example is
the Commission Regulation (EU) No 283/2013 of 1 March 2013 setting
out the data requirements for active substances to be used in plant
protection products, asks for specific kinetic parameters informing
ADME, including an in vitro comparative metabolism study between
pivotal species used in toxicity testing (e.g. rat, mouse, dog, rabbit) and
human.

In the present work, we studied the contribution of the human liver
microsomal CYPs and esterases in TFM metabolism, using an integrated
approach, previously used for OPTs (Buratti et al., 2002, 2003, 2005),
with single recombinant human CYPs and human liver microsomes
(HLMs).

2. Material and methods

2.1. Chemicals

TFM (purity 98.8%), was purchased by Chem-Service (WestChester,
PA). All other analytical grade chemicals were obtained from com-
mercially available sources. Roche GmBh (Mannheim, Germany) sup-
plied NADPH, NADP, NAD, glucose-6-phosphate (G6P) and G6P-dehy-
drogenase (G6PDH). The isoform-selective cytochrome P450 inhibitors

Fig. 1. Triflumuron chemical structure and expected metabolic pathway.
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Furafylline (1A2), Trolendamicyn (3A4), Orphenadrine (2B6) and
Sulfaphenazole (2C family mainly 2C9) were supplied by Sigma-Aldrich
(St. Louis, MO). Tetra isopropyl-pyrophosphoramide (iso-OMPA) from
Sigma (St. Louis,MO) was used.

2.2. Biological samples: recombinant human CYPs and HLMs

cDNA-recombinant human CYPs, prepared from Escherichia coli-in-
fected cells expressing single isoforms (1A1, 1A2, 2A6, 2B6, 2C8, 2C9,
2C19, 2D6, 2C18 and 3A4), were purchased from Xenotech Control
Supersomes. The protein content was of 10mg/ml and cytochrome
P450 content was 1 nmol P450/ml, as indicated by the supplier.

HLMs from hepatic biopsies pooled from 200 donors (100 male and
100 female) (HLM1) and two 10 male donors containing different level
of CYP (HLM2 and HLM3) were purchased from Xenotech. Protein
concentration was 20mg/ml; cytochrome P450 content was 0.411,
0.428 and 0.487 nmol/mg protein, respectively. HLMs were fully
characterized by the supplier for the main monooxygenase activities by
using selective model substrates for each single P450 (Table 1).

2.3. In vitro metabolism of TFM by recombinant human P450 isoforms and
HLMs containing both CYPs and esterases

2.3.1. Enzymatic incubation
The standard incubation mixtures (0.5 ml final volume) contained

2mM G6P, 2mM MgCl2, 2–4 U/ml G6PDH, TFM (1–50 μM with single
CYPs and 1–150 μM with HLM), 1mM NADP, CYPs (1A1, 1A2, 2A6,
2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4) (50 pmolP450/ml) or HLMs
(1mg protein/ml) in 50mM Tris–HCl and 1mM EDTA buffer (pH 7.4)
(Buratti et al., 2005). The mixture was preincubated at 37 °C for 3min
before starting the reaction by adding 10 μl of NADP. The reaction was
stopped after 2 h by adding 1.5ml ice-cold ethylacetate. At least three
independent incubations were carried out in triplicate. Different in-
cubation times (30, 60, 120 and 240min) were used in preliminary
studies, in order to verify the linearity of the reactions vs. time (data not
shown).

With HLMs, three different kind of experiments were carried out : i)
when only the NADPH-generating system was present (standard in-
cubation) the combined activity of esterases and CYPs was studied; ii)
CYPs activity was measured by adding iso-OMPA 50 μM, an inhibitor of
unspecific esterases, to the standard incubation (experimental condi-
tions previously identified; Buratti et al., 2005); iii) by omitting both
the NADPH-generating system or iso-OMPA, only esterases activity was
measured.

In order to study the effect of the isoform-selective cytochrome
P450 inhibitors with HLMs, 5 μM orphenadrine (ORF) or 20 μM fur-
afylline (FUR) or 100 μM troleandomycin (TRO) or 25μM sulfaphena-
zole (SULF), as specific inhibitors of CYP2B6, 1A2, 3A4 and 2C family
(mainly 2C9), respectively, were added in the iso-OMPA-containing
standard mixture at two TFM concentrations (25 and 100 μM). A pre-
incubation of 15min was necessary for the three mechanism-based

inhibitors ORF, FUR and TAO with the NADPH-generating system at
37 °C. Being SULF a competitive inhibitor, it was added concurrently
with TFM, without pre-incubation.

Since the standards for TFM metabolites were not commercially
available, the biotransformation was quantified by measuring the de-
crease of the parent compound. Consequently, controls were run in
parallel with each sample and consisted of a standard incubation mix-
ture with heat-inactivated biological specimen not endowed with CYPs
and esterase activity.

2.3.2. Quantitative HPLC analysis of TFM metabolism
Once the incubation was terminated, with 1.5ml ethylacetate,

samples were vigorously shaken for 10min and centrifuged at
3000 rpm for 10min. The organic phase was collected, and the aqueous
phase was re-extracted with 1.5 ml ethylacetate. The pooled organic
phase was dried under nitrogen and re-suspended with 0.5 ml me-
thanol, immediately before HPLC analysis. In preliminary study the
extraction capacity of ethylacetate and dicloromethane was assessed.
Ethylacetate was selected as the most efficient extraction solvent, since
a single wash with ethylacetate already gave rise to a recovery>90%
also when the highest concentrations were used (data not shown).

The HPLC analysis were carried out with a Perkin Elmer Series 200
liquid chromatograph equipped with a Perkin Elmer diode array LC 235
detector and a Supelcosil LC18-DB (length= 25 cm; diameter
=4.6mm) reversed phase column. The mobile phase (1ml/min flow
rate) consisted of (80:20, v/v) methanol:water both acidified with tri-
fluoroaceticacid, TFA, (0.05%).

The retention time of TFM was 6.112min. The injection volume was
20 μl. The absorption of the eluate was measured continuously at
240 nm. Using TFM concentrations range from 1 μM to 150 μM, a linear
calibration curve with a correlation coefficient r= 0.9935 was ob-
tained.

2.3.3. Data analyses
The kinetic parameters Km and Vmax have been obtained from

linear or non-linear (Michaelis–Menten) regression fit curve with
GraphPad 6 PrismTM software. The intrinsic clearance (CLi) was de-
rived as the slope of the linear regression on the enzymatic activity
curve or as the Vmax/Km ratio, for the non-linear activities. The un-
paired t test was applied to determine the statistical significance
(p < 0.05) of the inhibition data.

3. Results

3.1. Metabolism of TFM by single recombinant human CYPs

To study the biotransformation of TFM, CYP1A1, 1A2, 2A6, 2B6,
2C8, 2C9, 2C18, 2C19, 2D6 and 3A4 were used with a range of con-
centrations of TFM (1–50 μM) by measuring the decrease of the parent
compound.

In the range of TFM concentrations used all CYPs tested showed
some activity, although with different behavior. Some CYPs, namely:
2C9, 2C8, 3A4, 2B6, 2A6, 2D6 and 2C18, showed a typical saturation
curve (Fig. 2A, B), whereas others, such as 2C19, 1A2 and 1A1 re-
mained linear also at the highest concentration tested (Fig. 2C).

The values of Vmax, Km and Cli obtained for each single re-
combinant CYP are reported in Table 2. CYP3A4 and two members of
the 2C family (2C8 and 2C9) showed the highest affinity for TFM
(meaning the lowest Km values), but were relatively rapidly saturated,
having lower Vmax values with respect to other isoforms.

The CLi values range was 0.015−0.082 nmol product/
(nmolP450·min·μM) with the following ranking 2C8 > 2B6 >
3A4 > 2C18 > 2D6=2A6 > 1A1 > 1A2 > 2C19.

The relative contribution (%) of each individual CYP to the total
TFM metabolism was tentatively estimated, taking into account the
average human hepatic content of each isoform, considering data

Table 1
CYPs marker activity in HLMs.

1A2 2A6 2B6 2C8 2C9 2C19 2D6 3A4/5

HLM1 548 1416 726 2568 2532 77.4 259 3565
HLM2 680 1400 411 2930 2610 95.8 282 3390
HLM3 528 1310 513 2320 2130 106 230 2640

Results are expressed as pmol product/(mg prot ∙ min)
Marker activity used by the supplier for HLM characterization: Phenacetin O-
dealkylation (CYP1A2), Coumarin 7-hydroxylation (CYP2A6), Bupropion hy-
droxylation (CYP2B6), Amodiaquine N-dealkylation (CYP2C8), Diclofenac 4′-
hydroxylation (CYP2C9), S-Mephenytoin 4′-hydroxylation (CYP2C19),
Dextromethorphan O-demethylation (CYP2D6), Testosterone 6β-hydroxylation
(CYP3A4/5).
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reported in Pastrakuljic et al. (1997) and in Achour et al. (2014). The
relative CYP contributions were calculated from CLi values of the active
CYPs for low TFM concentration and from Vmax values for high TFM
concentration, except for those CYPs showing linear activity, for which
the rate detected at 50 μM was used (Fig. 3A and B).

Considering the CYP hepatic content, the ranking for the relative
contribution toward TFM metabolism was different from the ranking
based on in vitro CLi listed above and was also concentration-depen-
dent. At low TFM concentration the major contribution was from 3A4
and 2C family, whilst at high TFM concentration CYP1A2 was the most
relevant one (Fig. 3A and B).

3.2. Metabolism of TFM by HLMs

The tested HLMs were characterized by having most mono-
oxygenase activities toward probe substrates at a similar level (Table 1).
Once TFM metabolism was measured, the kinetics in HLM1 and HLM3
samples showed a linear behavior when the combined activity of CYPs
and esterases was tested. In contrast, a typical saturation curve was

shown in the presence of the esterase inhibitor iso-OMPA, when only
the CYPs were active in metabolizing TFM (Fig.4A and B). The sa-
turation curve was characterised by kinetic parameters Kmapp and

Fig. 2. Dependence of TFM metabolism catalysed by single recombinant human CYPs on substrate concentration.

Table 2
Kinetic parameters of TFM metabolism by single human recombinant CYPs.

Vmaxa Kmb Clic

2C8 0.227 2.8 0.081
2B6 0.574 8.1 0.071
3A4 0.176 2.9 0.061
2C18 0.654 11.9 0.055
2C9 0.279 5.8 0.048
2A6 0.615 14.7 0.042
2D6 0.746 17.9 0.042
1A1 – – 0.028
1A2 – – 0.023
2C19 – – 0.015

a nmol product/(nmolP450 · min).
b μM.
c nmol product/(nmolP450 · min· μM).

Fig. 3. Estimate of the relative contribution of CYP isoforms to TFM bio-
transformation, using kinetic parameters obtained with recombinant enzymes
and the hepatic content (calculated by data from Pastrakuljic et al. (1997) and
Archour et al. (2014)) at low (A) and high (B) TFM concentrations.
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Vmaxapp lower by one order of magnitude, when compared with those
calculated using recombinant enzymes.

To highlight the contribution of esterases in the metabolism of TFM,
the NADPH-generating system have not been used with HLM1 and
HLM3 and the kinetic showed a typical saturation curve (Fig. 5), with
2–4 fold higher affinity (lower Kmapp) and efficiency (higher Cliapp)
for TFM metabolism in comparison to CYP activity (Table 3). Kinetic
parameters were very similar in the two samples. On the other hand,
the CLi app for CYPs contribution alone or esterases alone was higher
than the one measured for the combined activity esterases plus CYPs
(Table 3). Although the results obtained with HLM1 and HLM3 were
quite similar, the described kinetic behavior cannot be generalized,
since a third HLM sample (HLM2) having a similar panel of CYP ac-
tivities (Table 1) provided different results (Fig. 4C). This may be due to
a variable esterase content, which unfortunately could not be checked
due to the unavailability of additional amount of sample from the same
batch.

To characterise the relative contribution of some CYP isoforms
(1A2, 2B6, 2C19 and 3A4) in TFM metabolism, specific chemical

inhibitors were used in the mixture (FUR (1A2), TRO (3A4), ORP (2B6)
and SULF (2C family mainly 2C9) at two TFM concentrations (25 and
100 μM) (Fig. 6). The results confirmed the involvement of the 1A2,
2C19 and 3A4 for TFM metabolism without marked differences be-
tween low and high TFM concentrations (Fig. 6A and B): inhibition of
the activity of different isoform ranged between 20 and 60% (the higher
value being related to 2C family).

When all inhibitors were concurrently present a residual activity (on
average about 30%–40%) remained, confirming the contribution of the
other isoforms.

4. Discussion

In the human health area a global picture of TFM toxicokinetic and
toxicological profiles is needed for quantitative risk assessment, as well

Fig. 4. ) Dependence of TFM metabolism catalysed by HLMs on substrate concentration.

Fig. 5. Dependence on TFM concentration of metabolite formation catalysed by
aspecific esterases in two different HLMs.

Table 3
Kinetic parameters of TFM metabolism by CYPs and/or esterases in HLMs.

Vmaxappa Kmappb Cliappc

CYPs+ esterases
HLM1 0.007
HLM2 0.2684 55.95 0.0048
HLM3 0.0012
CYPs
HLM1 0.1515 78.2 0.0019

(0.0046)d

HLM2 – – 0.0009
(0.0021)d

HLM3 0.2038 77.94 0.0026
(0.0053)d

Esterases
HLM1 0.1138 18.42 0.0062
HLM3 0.1526 39.85 0.0038

a nmol product/(mg prot∙min).
b μM.
c nmol product/(mg prot∙min∙μM).
d nmol product/(nmolP450∙min∙μM); CYPs content : HLM1 = 0.411

nmolP450/mg prot, HLM2= 0.428 nmolP450/mg prot, HLM3= 0.487
nmolP450/mg prot.
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as to inform PBPK models with isoform-specific in vitro parameters (e.g.
Vmax, Km and Cli). This can be especially relevant considering that
methaemoglobinemia, the most relevant toxic effect associated to TFM
in mammals, has been attributed to the formation of a metabolite (4-
trifluoro-methoxyaniline) (EFSA, 2011). Here, human liver phase I
metabolism of TFM has been investigated for the first time using re-
combinant human cytochrome P450 isoforms and HLMs to characterise
the relative contribution of CYPs and esterases, identifying the isoform-
specific affinities and activities. The variability in TFM metabolism
quantification assessed via the disappearance of the parent compound,
was averaged out with an increased number of replicates, as reported
above.

The use of in vitro concentrations close to the actual human ex-
posure levels is crucial to obtain data relevant to the in vivo situation.
The range of concentrations to be tested was kept as low as possible,
compatibly with the reliable detection of parent compound depletion,
and considering information on the possible presence of TFM as residue
in food commodities. Considering the ADI value as identified by EFSA
(0.014mg/kg body weight (bw) per day) as the ‘extreme worst case’ for
exposure and the almost complete absorption by the gastro-intestinal
tract (EFSA, 2011), the blood circulating concentration in an adult of
60 kg bw (and a total Volume of distribution of about 13 L) would
correspond to 0.33 μM. Since in vivo hepatic concentrations are usually
higher than circulating ones, TFM concentrations< 50 μM could be
easily achieved in exposed individuals and therefore the in vitro con-
centrations used here may be considered in the same order of magni-
tude of the in vivo situation.

The expected metabolic pathways for phase I metabolism of TFM,
considering its chemical structure, are the following: hydroxylation of
the aromatic ring in the ortho and meta position with respect to the
–OCF3 substituent, cleavage of the NeC bond to form 2-chlor-
obenzamide, 2-chlorobenzoic acid and 4-trifluoromethoxy-phenyl urea,
4-trifluoro-methoxyaniline and subsequent phase II metabolism via
conjugation reactions (Fig. 1). It can be therefore anticipated that the
main phase I enzymes catalyzing the first steps of TFM biotransforma-
tion are CYPs and esterases.

The combined effects of the high affinity and Cli obtained with re-
combinant CYPs with their relative hepatic content have shown that at
low TFM concentrations the major isoform contributing to its metabo-
lism was given by CYP3A4 and 2C family, accounting together for about
80% of the liver CYP biotransformation capacity. All the other isoforms
were active, each of them contributing for less than 10%, including
CYP2B6, characterized by a relatively high Cli, but with a low hepatic
content (Fig. 3A). At high TFM concentration, the relative contribution
of CYP3A4 dropped, those by the 2C family slightly decreased, whereas
CYP1A2 activity became the most relevant, contributing alone for more
than 1/3 of the total metabolism (Fig. 3B). This result could be ex-
pected, since kinetics of CYP2C19 and CYP1A2 remained linear and was
not saturated in our experimental conditions, even at the highest con-
centration tested. In this contest the importance of CYP1A2 can increase
even more, particularly in the case of acute intoxication or poisoning
with very high TFM concentrations. The CYP1A2 contribution at higher
concentrations is likely to be underestimated, since the rate measured
at 50 μM rather than the Vmax value was used in the calculation. The

Fig. 6. Inhibition of TFM metabolism by some isoform-specific CYP inhibitors with two different HLMs (TFM concentration used: 25 and 100 μM). Stars indicate the
statistically significant difference between the control incubation (without the inhibitor, set as 100% activity) and the activity measured in the presence of different
inhibitors. * = p < 0.05; **=p < 0.01; ***p < 0.005.
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situation is similar for CYP1A1, which, however, is present only as trace
in the liver, and therefore its relevance is expected to be scant in any
situation.

The involvement of those CYPs found to be the most relevant to
TFM metabolism was further confirmed by results obtained with HLM
in the presence of specific chemical inhibitors.

With HLMs where the different isoforms are concomitantly present
and compete with each other for the substrate, a lower catalytic effi-
ciency was observed, when compared to the single recombinant iso-
forms. This was evidenced by an order of magnitude lower Cliapp value
in the three samples. None of the CYP isoforms has a marked pre-
valence, as evidenced by the linear Eadie-Hofstee plots (data not
shown). HLM1 and HLM3 shows very similar values and behavior (also
when data were referred to the actual CYP content instead of protein
content): since HLM1 was obtained by pooling 200 individuals of both
genders, it could be considered that this is a ‘general’ behavior, with
most of the interindividual differences being averaged out. In order to
have a prediction of microsomal Cli estimates of each CYP, the relative
abundance (RA) method was used (Stringer et al., 2009). With this
method the microsomal Cli contributions for TFM was based on the
average hepatic CYPs content (Achour et al. (2014); Pastrakuljic et al.,
1997). The predominant role for CYP3A4 was estimated as well as the
involvement of members of the 2C family (2C8 and 2C9) (Table 4),
confirming results obtained with recombinant enzymes. On the other
hand, only a limited contribution of CYP1A2 was calculated (Table 4).
Also the Relative Activity Factor (RAF) approach was used (Stringer
et al., 2009), although limited to some CYPs (2C9, 3A4, 2A6, 2D6) for
which the same probe substrate was used by the suppliers to measure
the isoform-specific activity in recombinant CYPs and in HLM1. Again,
a predominant role for CYP3A4 was predicted (Table 4), although
members of the 2C family other than 2C9 and 1A2 could not be
checked.

Our data are in line with results reported on other BPUs.
Hexalumuron and chlorfluazuron produced in vitro the reversible in-
hibition of a single human CYP, namely CYP2C9 (Abass et al., 2009;
Elmadani et al., 2011) with IC50 values of 6.0 and 7.5 μM, respectively,
suggesting a relevant role for this isoform in their metabolism. Fur-
thermore, an in vitro study on human metabolism on derivatives of
BPUs, which seems to exert in vitro antitumor activity, evidenced the
involvement of several CYP isoforms mainly CYP3A4 and CYP1A1, but
also CYP2C8, CYP3A5/A7 and CYP2D6 (Rudek et al., 2005). CYP

perturbation in hepatic and lung microsomes were reported after
treatment in vivo with diflubenzuron in male and female mice, after
three repeated doses, evidencing induction at the 752mg/kg bw and
inhibition at the 1075mg/kg bw (Sapone et al., 2005), which are
however extremely high treatment doses. Diflubenzuron was reported
to strongly inhibit CYP1A1 expression in HepG2 cells by acting as an
AhR antagonist (Ledirac et al., 2000).

In contrast to results from HLM1 and HLM3, results from HLM2
(obtained from 10 male donors) showed different kinetics, still linear at
the highest concentration tested. Since the CYP isoforms activity panel
is quite similar, this may reflect a different content of esterases, com-
peting with CYPs for the substrate. And indeed, the involvement of
esterases, whose catalytic efficiency in the tested samples was even
higher than CYPs, seems to be of relevance in TFM metabolism.
Carboxylesterases (CE), although widely distributed in mammalian
tissue, showed the highest levels expressed in the liver and the gas-
trointestinal tract (the first tissue encountered by orally ingested re-
sidues) and the brain (Satoh and Hosokawa, 1998). Differently from the
rat, where the CE activity in plasma is quite high, in humans the serum
CE is apparently lacking (Williams et al., 1989). In the human liver, CE
activity is found predominantly in the microsomal fraction (Hosokawa
et al., 1990). Microsomal hepatic forms were cloned and characterized;
single-nucleotide polymorphisms, with possible variation in their ac-
tivity, have been described (Marsh et al., 2004).

Therefore, in order to identify the possible interindividual differ-
ences in the toxicity of TFM, it is important to know not only the human
CYPs isoform-specific biotransformation, but also the relative con-
tribution of other enzymes to the total metabolism. This is crucial to
correctly inform models used to predict in vivo human kinetics.
According to our results, it can be expected that interindividual varia-
bility in the esterase activity is likely to have an impact on the overall
kinetics for the first steps of TFM metabolism.

Other conventional insecticides, such as organophosphates and
carbamates highly toxic for mammals are bioactivated/detoxified by
the same enzymes (Buratti et al., 2002, 2005; Buratti and Testai, 2005;
Abass et al., 2009) and possible interference in their metabolism due to
TFM exposure cannot be excluded. Consequently, considering the in-
creased interest for the toxicity of multiple chemical exposure, and the
need to have information on kinetics and mode of action to conduct the
related risk assessment (EFSA, 2018), the knowledge about the meta-
bolic fate of chemicals, including BPUs, even if with low mammalian
toxicity, can be useful for the human risk assessment.

Such isoform-specific data integrated with in vivo TK data will be
useful to carry out quantitative in vitro to in vivo extrapolation for TFM
as well as other compounds (e.g pesticides, food and feed additives,
contaminants).

This study is part of an EFSA funded project (GP/EFSA/SCER/2015/
01) which aims to identify and model human variability in both tox-
icokinetics and toxicodyamics to produce variability distributions for
PB-PK models. It is foreseen that such isoform-specific information in
humans will i) further support the use of quantitative in vitro-in vivo
extrapolation models and physiologically-based kinetic models for
human risk assessment of pesticides for single substances; ii) provide a
basis to identify possible metabolic interactions between multiple
substances concomitantly used and, to which the population can be co-
exposed through generating isoform specific constant of inhibition va-
lues (Ki). The possible integration of this dataset with the variability
distribution within the population for the involved enzymes could
provide information about the interindividual variability of kinetics,
providing indication for chemical specific assessment factors.

Conflict of interest statement

No conflicts of interest exist regarding this study.

Table 4
RA, RAF and CLi of CYPs in HLM1.

CYPs RAa CliCYPb RAFa CliCYPb

2C8 25 0.0020
2B6 16 0.0012
3A4 99 0.0060 142 0.0087
2C9 66 0.0032 35 0.0017
2A6 29 0.0012 85 0.0036
2D6 12 0.0005 3.4 0.0001
1A1 1 0.00003
1A2 41 0.0009
2C19 12 0.0002
2C18 0.4 0.00001

RA (Relative Abundance) for a CYP is the ratio: (Total HLM P450 concentra-
tion/100) * A, where A is the percent content of the CYP in the HLMs (extra-
polated from Achour et al. (2014) and Pastrakuljic et al. 1997)).
CliCYP related to TRI in HLM1 for each isoform was calculated as: TRI-
ClirecCYP * RA). (Stringer et al., 2009)
RAF (Relative Activity Factor) is the ratio CliHLM/ClirecCYP obtained with the
same probe substrate.
CliCYP related to TRI in HLM1 was calculated as: TRI-ClirecCYP * RAF).
(Stringer et al., 2009)

a pmolCYP/mg prot.
b nmol product/(mg prot · min·μM) (microsomal CLint contributions for TFM

from each CYPs).
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