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ARTICLE INFO ABSTRACT

Keywords: Resistance to common pyrethroids, such as deltamethrin and permethrin is widespread in the malaria mosquito
C}"EOChmmf_3 P450 Anopheles funestus and mainly conferred by upregulated cytochrome P450 monooxygenases (P450s). In the
Transfluthrin pyrethroid resistant laboratory strain An. funestus FUMOZ-R the duplicated genes CYP6P9a and CYP6P9b are
gz;zll:z: highly upregulated and have been shown to metabolize various pyrethroids, including deltamethrin and
Pyrethroids permethrin. Here, we recombinantly expressed CYP6P9a and CYP6P9b from An. funestus using a baculovirus
Anopheles expression system and evaluated the interaction of the multifluorinated benzyl pyrethroid transfluthrin with

these enzymes by different approaches. First, by Michaelis-Menten kinetics in a fluorescent probe assay with the
model substrate 7-benzyloxymethoxy-4-trifluoromethylcoumarin (BOMFC), we showed the inhibition of BOMFC
metabolism by increasing concentrations of transfluthrin. Second, we tested the metabolic capacity of recom-
binantly expressed CYP6P9 variants to degrade transfluthrin utilizing UPLC-MS/MS analysis and detected low
depletion rates, explaining the virtual lack of resistance of strain FUMOZ-R to transfluthrin observed in previous
studies. However, as both approaches suggested an interaction of CYP6P9 variants with transfluthrin, we
analyzed the oxidative metabolic fate and failed to detect hydroxylated transfluthrin, but low amounts of an M-2
transfluthrin metabolite. Based on the detected metabolite we hypothesize oxidative attack of the gem-dimethyl
substituted cyclopropyl moiety, resulting in the formation of an allyl cation upon ring opening. In conclusion,
these findings support the resilience of transfluthrin to P450-mediated pyrethroid resistance, and thus, reinforces
its employment as an important resistance-breaking pyrethroid in resistance management strategies to control
the major malaria vector An. funestus.

1. Introduction

Malaria remains the most important vector-borne disease, especially
in sub-Saharan Africa (SSA), transmitted by Anopheline mosquitoes of
two species complexes, Anopheles gambiae s.1. and Anopheles funestus s.1.
(Diptera: Culicidae). Out of an estimated 627,000 malaria deaths in
2020, >95% were reported from the African continent (WHO, 2021).
An. funestus is one of the major malaria vectors in SSA (Coetzee and
Koekemoer, 2013; Sinka et al., 2010), and its control mainly relies on the
application of insecticides, particularly as indoor residual spray (IRS)
and long-lasting insecticidal nets (LLINs) (Sinka et al., 2016). Although
insecticide driven interventions, particularly pyrethroid-treated LLINs,
largely contributed to a massive decrease of reported malaria cases
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between 2000 and 2015 (Bhatt et al., 2015), an increased evolution of
insecticide resistance has been observed (Hemingway et al., 2016;
Ranson and Lissenden, 2016).

The insecticide portfolio to support vector control interventions is
rather limited in terms of modes of action and chemical classes, so new
high efficacy insecticides are urgently needed (Hoppé et al., 2016;
Williams et al., 2019). Pyrethroids play a major role in Anopheline
mosquito control, but high selection pressure resulted in increasing
resistance levels jeopardizing the success of malaria control programs
(Hemingway, 2018). Pyrethroids are fast acting insecticides targeting
the insect neuronal voltage-gated sodium channels (VGSC) leading to
rapid knock-down of the treated pests upon contact (Soderlund and
Bloomquist, 1989). They are broadly divided into type I (e.g.
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permethrin) and type II pyrethroids (e.g. deltamethrin), depending on
the absence and presence of an a-cyano group, respectively (Soderlund,
2020). Transfluthrin (2,3,5,6-tetrafluorobenzyl(1R,3S)-3-(2,2-dichlor-
ovinyl)-2,2-dimethylcyclopropane-carboxylate; syn. benfluthrin) is a
volatile, enantiomerically pure type I pyrethroid, with a multi-
fluorinated benzyl moiety instead of the more common 3-phenoxyben-
zyl moiety (Khambay, 2002). It exhibits good contact activity against
adult mosquitoes (Horstmann and Sonneck, 2016), and has been shown
to lack cross-resistance to 3-phenoxybenzyl substituted pyrethroids such
as deltamethrin and cypermethrin in An. funestus strain FUMOZ-R
(Nolden et al., 2021).

Pyrethroid insecticide resistance in pest insects, including vectors of
human diseases, is predominantly conferred by target-site mutations in
the VGSC, i.e., amino acid substitutions affecting pyrethroid binding
(Rinkevich et al., 2013; Scott, 2019), and increased detoxification driven
by the constitutive overexpression and/or duplication of genes of
metabolic enzymes, particularly cytochrome P450-monooxygenases
(P450s) (Nauen et al., 2022; Vontas et al., 2020). In An. funestus resis-
tance against different pyrethroid chemotypes has been shown to be
conferred by upregulated P450s, but not target-site resistance (Irving
and Wondji, 2017; Riveron et al., 2014; Wondji et al., 2009, 2022).
Several An. funestus P450s were functionally expressed and shown to
metabolize various pyrethroids, such as permethrin (type I) and delta-
methrin (type II) (Ibrahim et al., 2018; Riveron et al., 2013, 2014, 2017;
Wamba et al., 2021). Among those P450s recombinantly expressed,
especially CYP6P9a and CYP6P9b are playing a key role in pyrethroid
resistance in An. funestus, including the resistant laboratory reference
strain FUMOZ-R originating from Mozambique (Nolden et al., 2022a;
Williams et al., 2019; Wondji et al., 2022). Previous work revealed that
common phenoxybenzyl-pyrethroids, such as deltamethrin are primar-
ily hydroxylated at the 4’para position of the phenoxybenzyl-ring, as for
example shown for CYP6M2 of An. gambiae (Stevenson et al., 2011). The
same authors also demonstrated that 4’0OH deltamethrin is further
metabolized by the same enzyme resulting in the formation of cyano(3-
hydroxyphenyl) methyl deltamethrate. Very recently, sequential meta-
bolism of both deltamethrin and permethrin via hydroxylation followed
by ether cleavage has been demonstrated in studies employing recom-
binantly expressed CYP6P9a and CYP6P9b of An. funestus (Nolden et al.,
2022b).

We recently demonstrated that An. funestus strain FUMOZ-R lacks
phenotypic cross-resistance to transfluthrin when compared to a sus-
ceptible reference strain, FANG. However, increased adult toxicity
(synergism) has been observed in glazed tile bioassays in combination
with P450 inhibitors such as piperonyl butoxide, principally suggesting
oxidative metabolism of transfluthrin (Nolden et al., 2021). The objec-
tive of this study was to investigate the metabolic capacity of recombi-
nantly expressed CYP6P9a and CYP6P9b to degrade transfluthrin by
various approaches, including fluorescent probe competition assays and
UPLC-MS/MS analysis to elucidate transfluthrin depletion rates and
potential metabolites.

2. Material and methods
2.1. Chemicals

Transfluthrin (CAS: 118712-89-3), p-Nicotinamide adenine dinu-
cleotide 2'-phosphate (NADPH) reduced tetrasodium salt hydrate (CAS:
2646-71-1 anhydrous, purity >93%) and 7-hydroxy-4-trifluoromethyl-
coumarin (HFC; CAS: 575-03-1, 98) were purchased from Sigma
Aldrich/Merck (Darmstadt, Germany). Transfluthrin derivatives TF-0,
TF-1, TF-3, and TF-5 were of analytical grade and obtained internally
from Bayer (Leverkusen, Germany). NADPH regeneration system
(V9510) was purchased from Promega (Madison, USA). 7-benzyloxyme-
thoxy-4-trifluoromethylcoumarin (BOMFC; CAS: 277309-33-8; purity
95%) was synthesized by Enamine Ltd. (Riga, Latvia). All other chem-
icals and solvents were of analytical grade and purchased from Sigma/
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Aldrich (Darmstadt, Germany) unless otherwise stated.
2.2. Heterologous expression of CYP6P9a and CYP6P9b

CYP6P9a (VectorBase ID: AFUNO015792) and CYP6P9b
(AFUN015889) were recombinantly co-expressed with NADPH cyto-
chrome P450 reductase (CPR) from An. gambiae (GenBank: AY183375.1;
Table S1) in High-5 insect cells as previously described (Nolden et al.,
2022a). In brief: PFastBacl vectors containing each gene of interest -
codon optimized for expression in lepidopteran cell lines - were created
employing the GeneArt server (ThermoFisher, Waltham, MA, USA).
Plasmids were transformed using MaxEfficiancyDH10 (Invitrogen,
Waltham, MA, USA) according to manufacturer instructions and isolated
using large construct Kit (Qiagen, Hilden, Germany) following standard
protocols. The recombinant baculovirus DNA was constructed and
transfected into Trichoplusia ni High-5 cells using the Bac-to-Bac bacu-
lovirus expression system as described elsewhere (Manjon et al., 2018).
CYP6P9a and CYP6P9b were co-expressed with An. gambiae CPR with a
multiplicity of infection (MOI) of 1 (P450): 0.5 (CPR). High-5 cells were
diluted to 1.5 x 10° cells/mL and incubated with 0.5% fetal bovine
serum (FBS), 0.2 mM delta-aminolevulinic acid (d-ALA), 0.2 mM iron
(III) citrate and the respective amount of virus for 52 h at 27 °C and 120
rpm. After harvesting, cells were resuspended in homogenization buffer
(0.1 M K3HPO4, 1 mM DTT, 1 mM EDTA, 200 mM sucrose, pH 7.6).
FastPrep device (MP Biomedicals, Irvine, CA, USA) was used for
grinding the cells following a 10 min centrifugation step at 4 °C and 700
g. The resulting supernatant was centrifuged for one hour at 100,000 g
and 4 °C. Afterwards the microsomal pellet was resuspended with a
Dounce tissue grinder in buffer (0.1 M KoHPOg4, 0.1 mM EDTA, 1 mM
DTT, 5% glycerol, pH 7.6). The amount of protein was measured using
Bradford reagent (Bradford, 1976).

2.3. Fluorescent probe assays using BOMFC

Inhibition assays were conducted with minor changes as described
previously (Nolden et al., 2022a). In brief: recombinantly expressed
CYP6P9a and CYP6P9Db were diluted in buffer (0.1 M K;HPOy4, 0.1 mM
EDTA, 1 mM DTT, 5% glycerol pH 7.6), incl. 0.05% bovine serum al-
bumin (BSA) and 0.01% zwittergent 3-10 to 0.16 mg/mL. BOMFC
(stock solution 50 mM in DMSO) was diluted to eleven different con-
centration ranging from 200 pM to 0.0195 pM (final assay concentration
(fc)) in assay buffer (0.1 M potassium-phosphate buffer (pH 7.6), con-
taining 0.01% zwittergent 3-10 and different pyrethroid concentrations
with and without 1 mM NADPH. Twenty-five uL of enzyme solution,
corresponding to 4 pg total protein, were incubated with 25 pL of sub-
strate solution in black 384-well plates (Fluotrac, Greiner bio-one,
Belgium) for one hour at 20 + 1 °C. Each reaction was replicated four
times and the fluorescent product HFC was measured at 405 nm while
excited at 510 nm. Substrate saturation kinetics (Michaelis-Menten
plots) and enzyme inhibition were analyzed by non-linear regression
using GraphPad Prism 9.0 (GraphPad Software, San Diego, Ca, USA).
IC5p values were calculated to express the inhibition of BOMFC O-
debenzylation by different pyrethroids.

2.4. UPLC-MS/MS analysis

Analysis of transfluthrin metabolism by CYP6P9a and CYP6P9b was
conducted as described previously (Nolden et al., 2022b) with minor
modifications. Forty pL of recombinantly expressed CYP6P9a and
CYP6P9b, diluted to 0.8 mg protein mL~! in buffer (0.1 M KoHPOy, 1
mM DTT, 0.1 mM EDTA, 5% Glycerol, pH 7.6, containing 0.05% BSA)
were incubated with 10 pL of 10 pM (fc) transfluthrin (diluted in 0.1 M
KoHPO4, 0.05% bovine serum albumin (BSA), pH 7.6) and 50 pL assay
buffer (0.1 M KyHPOy, pH 7.6) with and without NADPH regeneration
system in 1 mL 96-deepwell plates (Protein-LoBind, Eppendorf).
Microsomal fractions from High-5 cells infected with virus containing
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PFastbacl vector with no inserted DNA served as control. Each reaction
was replicated four times and incubated for 90 min at 30 °C and 450 rpm
(Thermomixer, Eppendorf). The reactions were stopped with 400 pL ice-
cold acetonitrile (100%), incubated at 4 °C overnight, and centrifuged
for 30 min at 3000 g and 4 °C. The resulting supernatant was analyzed
using an Agilent 1290 Infinity II UPLC system, equipped with a Waters
Acquity BEH C18 column (2.1 x 50 mm, 1.7 pm). Chromatography was
carried out using 2 mM ammonium-acetate in methanol and 2 mM
ammonium-acetate in water including 1% acetic acid as the eluent in
gradient mode. After positive electrospray ionization, ion transitions
were recorded on a Sciex API6500 Qtrap. Transfluthrin was measured in
positive ion mode (ion transition: transfluthrin 371 > 163). The linear
range for transfluthrin quantification was 0.5-200 ng/mL.

2.5. Metabolite analysis

UPLC-TOF-MS was employed using an Acquity UPLC I-Class system
coupled to a cyclic iMS mass spectrophotometer (Waters Corporation,
MA, USA). A Zorbax Eclipse Plus C18 column (2.1 x 100 mm, 1.8 pm)
(Agilent Technologies, CA, USA) was used with a column oven tem-
perature of 60 °C. The mobile phase consisted of acetonitrile/0.25%
formic acid (eluent A) and water/0.25% formic acid (eluent B) in
gradient mode and a flow rate of 0.6 mL min~! with eluent B starting at
90% for 4.5 min, decreasing to 5% for 2.5 min and increasing to 90%
again for 1 min. The mass spectrometer operated in positive ion mode
with a full scan resolution of 60,000 fwhm (full width at half maximum).
Measurements and metabolite search were conducted with MassLynx
and Metabolynx software (Waters Corporation, MA, USA).

2.6. Cheminformatic analysis

Minimum energy conformer alignments and three-dimensional ball-
and-stick models of transfluthrin and deltamethrin in standard
normalized orientation were generated using the software package
Maestro (Schroedinger Release 2020-1: Maestro Schroedinger LLC, New
York, NY, USA). Isosurfaces of the Fukui functions for attack by an
electrophile as calculated from DFT (density functional theory) densities
were done as described elsewhere (Beck, 2005).

3. Results
3.1. Fluorescent probe competition assays

Transfluthrin and its defluorinated benzyl derivative TF-0 showed
ICsp-values for the inhibition of the O-debenzylation of BOMFC by
recombinantly expressed CYP6P9a and CYP6P9b at similar micromolar
concentrations (Table 1), therefore, principally suggesting interaction
with the catalytic site of both P450s. Deltamethrin and the two other
tested transfluthrin derivatives, TF-1 and TF-5 (Fig. 1), exhibited ICsp-
values of >100 pM, suggesting a weaker interaction with both enzymes

Table 1

Interaction of pyrethroids with CYP6P9a and CYP6P9b. Inhibition of BOMFC O-
debenzylation by recombinantly expressed CYP6P9a and CYP6P9b by trans-
fluthrin, TF-5, TF-1 and TF-0 (for chemical structures refer to Fig. 1). Data are
mean values & CI 95% (n = 4). Deltamethrin data was taken from Nolden et al.,
2022b.

Compound CYP6P9a CYP6P9b

ICso (UM) 95% CI* ICs0 (UM) 95% CI*
Transfluthrin 66.3 50.3-92.6 69.9 49.6-105
TF-0 44.7 38.2-52.8 70.2 52-103
TF-5 > 100 uM > 100 uM
TF-1 > 100 pM > 100 pM
Deltamethrin > 100 pM > 100 pM

95% confidence intervals.
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(Table 1).

Steady-state kinetic analyses of the O-debenzylation of BOMFC by
recombinantly expressed CYP6P9a and CYP6P9b in the absence and
presence of different concentrations of transfluthrin are shown in Fig. 2.
Further studies revealed a mixed type competitive/non-competitive in-
hibition (Table S2) based on kinetic characteristics of reversible P450
inhibition models (Fowler and Zhang, 2008). At the highest tested
transfluthrin concentration of 100 pM the Ky,-value for BOMFC signifi-
cantly increased for both CYP6P9a and CYP6P9b, whereas the Viax
values significantly decreased compared to co-incubations with 1 M
transfluthrin (Table S2).

3.2. Metabolism of transfluthrin by recombinantly expressed CYP6P9a
and CYP6P%9b

UPLC-MS/MS analysis revealed modest depletion of transfluthrin
when incubated with recombinantly expressed CYP6P9 variants in the
presence of NADPH in comparison to the control (empty virus, expressed
in High-5 cells), and CYP6P9 variants in the absence of NADPH
(Fig. 3A). We observed no difference in the depletion of transfluthrin
between microsomal membrane preparations expressing CYP6P9a or
CYP6P9b (Table S3), confirming the results obtained in fluorescent
probe competition assays (Table 1). Thus, suggesting that both enzymes
exhibit the same capacity to interact with transfluthrin. Interestingly, we
detected a significant depletion of transfluthrin between control-virus
and microsomal membranes containing CYP6P9 variants but incu-
bated in the absence of NADPH, most likely indicating sequestration.
Metabolite identification employing UPLC-TOF-MS revealed the pres-
ence of DCCA, 3-(2,2-dichlorovinyl)-2,2-dimethylcyclo-propane-
carboxylic acid (M-162; Fig. S1), at very low levels in all samples, except
those prepared from transfluthrin incubations without microsomal
membranes, suggesting transfluthrin hydrolysis by microsomal prepa-
rations of High-5 cells irrespective of the expression of CYP6P9 variants
and the presence or absence of NADPH. In addition, we identified a
single M-2 metabolite (Fig. 3B) specifically when recombinantly
expressed CYP6P9a and CYP6P9b were incubated with transfluthrin in
the presence of NADPH, but not in the absence of the co-factor. We failed
to detect an M + 16 signal - indicative for a stable hydroxy metabolite -
in any of the samples. The formation of the M-2 metabolite by both
CYP6P9a and CYP6P9D likely explains the observed significant differ-
ence in oxidative transfluthrin metabolism in the presence and absence
of NADPH shown in Fig. 3A.

Based on these results, we suggest the hydroxylation of one of the
methyl groups of the gem-dimethyl substituted cyclopropyl moiety,
resulting in the formation of an intermediate allyl cation upon ring
opening. Elimination of a proton results in the chemically stable M-2
metabolite proposed in Fig. 4. A cheminformatic analysis of local reac-
tivity descriptors by calculating the isosurfaces of the Fukui function
(Beck, 2005) for an electrophilic attack of transfluthrin revealed the
maximum of the Fukui function at the gem-dimethyl cyclopropyl moiety
(Fig. 5), providing in-silico support for the proposed oxidative metabolic
fate of transfluthrin catalyzed by An. funestus CYP6P9a and CYP6P9b.

4. Discussion

Transfluthrin is a multifluorinated benzyl pyrethroid which has been
recently shown to virtually lack cross-resistance to common phenox-
ybenzyl pyrethroids such as deltamethrin and permethrin in An. funestus
strain FUMOZ-R (Horstmann and Sonneck, 2016). When compared to
the susceptible reference strain FANG, FUMOZ-R exhibited resistance
ratios of >220-fold and 2.5-fold for deltamethrin and transfluthrin,
respectively (Nolden et al., 2021). Previous studies demonstrated that
the overexpression of duplicated P450s, CYP6P9a and CYP6P9b, confers
high levels of pyrethroid resistance in An. funestus (Wondji et al., 2009,
2022), which has been confirmed for various pyrethroids by metabolism
studies after functional expression of these enzymes (Nolden et al.,
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Fig. 1. Chemical structures of deltamethrin, transfluthrin and its derivatives used in this study.
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Fig. 2. Effect of transfluthrin on the O-debenzylation of 7-benzyloxymethoxy-4-(trifluoromethyl)-coumarin (BOMFC) by recombinantly expressed An. funestus
CYP6P9 variants. Michaelis-Menten kinetics of (A) CYP96P9a- and (B) CYP6P9b-mediated BOMFC metabolism at increasing concentrations of transfluthrin. Data are
mean values + SD (n = 4). Reaction velocity is defined as pmol 7-hydroxy-4-trifluoromethylcoumarin (HFC) / min x mg protein. Details on Michaelis-Menten kinetic

based data analysis are given in the Supporting Information, table S2.

2022b; Riveron et al., 2013), whereas their metabolic capacity to
interact with transfluthrin remains elusive.

Here we demonstrated by various approaches that recombinantly
expressed CYP6P9a and CYP6P9b interact with transfluthrin and its
non-fluorinated derivative TF-0. Transfluthrin (and TF-0) at mid-
micromolar concentrations inhibited the O-debenzylation of the fluo-
rescent probe substrate BOMFC by CYP6P9 variants. This provides a first
line of evidence that transfluthrin binds to the active site of these en-
zymes and is possibly metabolized, as for example previously shown for
hydroxylated phenoxybenzyl pyrethroids as products of the sequential
metabolism of deltamethrin and permethrin, which themselves did not
inhibit CYP6P9 variants (Nolden et al., 2022b). Interestingly, in another
study, deltamethrin showed tight interaction with diethoxyfluorescein
binding and its O-deethylation in fluorescent probe assays with An.
funestus CYP6P9a and CYP6P9b (Ibrahim et al., 2015), whereas BOMFC
(O-debenzylation) as a substrate failed to detect such an interaction with

deltamethrin in the present and previous studies (Nolden et al., 2022b),
suggesting that fluorescent substrates behave differently depending on
the reaction type. Other P450s such as An. gambiae CYP6Z2 have been
demonstrated to tightly bind deltamethrin but lack the capacity to
metabolize it (Mclaughlin et al., 2008). Considering these results, it is
difficult to predict the metabolization of a pyrethroid insecticide solely
based on inhibition data obtained in fluorescent probe assays with
recombinantly expressed P450s. In contrast, similar fluorescent probe
assays with P450s from other insect species such as whiteflies
(CYP6CM1) and honeybees (e.g., CYP9Q3) have been predictive for the
metabolism of a range of insecticidal chemotypes such as neon-
icotinoids, butenolides and diamides (Haas et al., 2021, 2022; Hamada
et al.,, 2019). Future work is warranted to better understand the pre-
dictive power of such biochemical assays using recombinantly expressed
P450s.

Next, we investigated the capacity of CYP6P9a and CYP6P9b to
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Fig. 3. Transfluthrin metabolism by recombinantly expressed An. funestus CYP6P9 variants in vitro. (A) Transfluthrin remaining after 90 min incubation at 30 °C
with CYP6P9a and CYP6P9b, with and without NADPH. Empty virus served as control. Data are mean values + CI 95% (n = 6). (B) ESI-TOF high resolution MS/MS
spectrum of the M-2 metabolite detected after incubation of transfluthrin with recombinantly expressed CYP6P9 variants in the presence of NADPH.

F F
F Y} F F F
, . CYP6P9alb .
cl cl L o o
@ 5 m X ) | ot Fl o) ;
ci s F cl (1 F ca_J o F a_J o F
0 F o F
cl cl

Transfluthrin Potential oxidation product

Allyl-cationas an intermediate M-2 (amu 369) metabolite

Tetradehydro-2, 3-seco-transfluthrin

Fig. 4. Oxidative metabolism of transfluthrin. Proposed scheme for the oxidative metabolism of transfluthrin by An. funestus CYP6P9a and CYP6P9b based on a
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Fig. 5. Cheminformatic modelling approaches. Isosurfaces of the Fukui func-
tions for attack by an electrophile (green, solid; isolevel 0.05 au) as calculated
from DFT densities for transfluthrin according to Beck (2005). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

metabolize transfluthrin by employing UPLC-MS/MS and UPLC-TOF-MS
analysis and detected two different metabolites, transfluthrin M-162 and
transfluthrin M-2. Transfluthrin M-162 has been detected in all samples
at low levels, except those lacking High-5 cell microsomal membranes,
indicating an inherent capacity of High-5 cell microsomes to metabolize
transfluthrin. The M-162 metabolite is known to represent DCCA

(Yoshida, 2014), i.e., the acid moiety of transfluthrin resulting from its
hydrolysis along with 2,3,5,6-tetrafluorobenzyl alcohol, representing
the alcohol moiety of transfluthrin (Fig. S1). Interestingly, High-5 cells
originate from cabbage looper, Trichoplusia ni, which has been previ-
ously shown to partially metabolize permethrin by microsomal hydro-
lysis, resulting in DCCA and 3-phenoxybenzylalcohol (Shono et al.,
1979). DCCA is also a major metabolite in urinary excretions of rats
administered transfluthrin (Yoshida, 2012). In a recent study with
Cunninghamella spp., a fungi routinely used to model drug metabolism, it
has been shown that the microsomal hydrolysis of transfluthrin is pre-
vented by the addition of 1-aminobenzotriazole (Khan and Murphy,
2021), a well-described P450 inhibitor (de Montellano, 2018). Sug-
gesting that most likely P450 activity in Cunninghamella spp. is medi-
ating the hydrolysis of the ester bond of transfluthrin. However, whether
the detected DCCA levels in our study reflect microsomal hydrolysis of
transfluthrin by High-5 cell P450s remains to be tested in future studies.

One of the major routes of oxidative pyrethroid metabolism is
4hydroxylation of the phenoxybenzyl moiety (Khambay and Jewess,
2004). This route has been described for deltamethrin, permethrin,
cypermethrin and other pyrethroids in mammalian and insect micro-
somal preparations (Anand et al., 2006; Scollon et al., 2009; Shono et al.,
1979). Recombinantly expressed mosquito P450s such as An. gambiae
CYP6M2 and An. funestus CYP6P9a/b have been shown to sequentially
metabolize deltamethrin and permethrin by 4hydroxylation and phe-
noxybenzyl ether cleavage (Nolden et al., 2022b; Stevenson et al.,
2011). In the present study we failed to detect a hydroxylated M + 16
transfluthrin metabolite, confirming the hypothesis that the para-posi-
tion of the multifluorinated benzyl ring is protected from oxidative
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attack by P450s (Horstmann and Sonneck, 2016). Our study further
supports this claim by fluorescent probe competition assays and the lack
of interaction of CYP6P9 variants with the transfluthrin derivatives TF-1
and TF-5, which are fluorinated at the benzyl para-position. Instead, we
detected a transfluthrin M-2 metabolite at low, but significant amounts
after incubation of CYP6P9a and CYP6P9b with transfluthrin. This M-2
metabolite has not been detected in the absence of the cofactor NADPH,
strongly supporting its P450-catalyzed formation. We hypothesize that
this stable metabolite, tetradehydro-2,3-seco-transfluthrin (Fig. 4), is
formed by the oxidation of one of the methyl groups of the gem-dimethyl
cyclopropyl moiety, followed by the elimination of a hydroxide ion,
cationic cyclopropyl-methyl rearrangement and release of a proton
(Suckling, 1988). Tetradehydro-2,3-seco-transfluthrin has been formally
named by following IUPAC nomenclature and terminology (Favre and
Powell, 2013). However, because we do not know the exact hydroxyl-
ation site at the transfluthrin gem-dimethyl moiety, we could not provide
the exact stereochemistry of the formed double-bond. Hydroxylation of
one of the gem-dimethyl groups has also been described for deltamethrin
upon incubation with recombinantly expressed An. gambiae CYP6M2
(Stevenson et al., 2011), but not An. funestus CYP6P9 variants (Nolden
et al., 2022b). Previous work with other pyrethroids and insect micro-
somal preparations demonstrated that the proposed gem-dimethyl site
for P450-mediated oxidative attack provides a valid hypothesis as a
potential route for transfluthrin degradation (Shono et al., 1979).

In conclusion, we propose that the limited capacity of CYP6P9 var-
iants to catalyse this reaction, as demonstrated here by a very low
depletion rate, likely explains the virtual lack of transfluthrin cross-
resistance in An. funestus strain FUMOZ-R. Thus, qualifying trans-
fluthrin as a valid option in resistance management strategies to control
pyrethroid resistant populations of An. funestus under applied
conditions.
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