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Abstract

Benzophenone-2 (BP2) is widely used as a UV sclieetboth industrial products and cosmetic
formulations, where it is frequently found assomibtvith fragrance compounds, such as isoeugenol and
coumarin. BP2 is now recognized as an endocrimemtisr, but to date, no information has been regubrt
on its fate in humans. The intrinsic clearancg,§@nd metabolic interactions of BP2 were explorsidg
cryopreserved human hepatocytes in primary culturevitro kinetic experiments were performed to
estimate the Michaelis-Menten parameters. The mtbstiepletion method demonstrated that isoeugenol
was cleared more rapidly than BP2 or coumarin,(€1259, 94.7 and 0.40/min/10°cells respectively).
This vitro model was also used to study the metaliateractions between BP2 and isoeugenol and
coumarin. Coumarin exerted no effects on eithereuigenol or BP2 metabolism, because of its
independent metabolic pathway (CYP2A6). Isoeugerpgeared to be a potent competitive substrate
inhibitor of BP2 metabolism, equivalent to the sfied)GT1A1 substrate: estradiol. Despite the fdnztt
inhibition of UGT by xenobiotics is not usually cdered to be a major concern, the involvement of
UGT1AL1 in BP2 metabolism may have pharmacokinetit pharmacological consequences, due to the its

polymorphisms in humans and its pure estrogenic eceff



1. Introduction
Benzophenone-2 (BP2) is one of the 12 main benzuptederivatives (BP1 to BP12), which are widely
used as UV screens to protect from light induceohadge. These compounds are also used as photo
stabilizers in cosmetics and personal care produxtswell as sunscreens to protect skin from UV
irradiation. Skin creams, lotions and perfumes eoeplex formulations which include numerous
fragrance compounds, nanomaterials and various etements. As these products are intended foctdire
application to the skin, human exposure to thesepbex mixtures can occur through dermal absorption.
In many EU countries and America, BP2 is no longemitted for use in sun lotions due to the high
concentrations (£10%) traditionally used in theseriulations. However, BP2 is still used in plastics
printing ink and cosmetics, to prevent UV induceanége. Often found in wastewater BP-2 is considered
an emerging contaminants of concern by the US ERAas therefore been suggested that human skin
may have daily contact with BP2 (Asimakopouloslef@14) but no information on other possible raute
of exposure to BP-2 is available (Buck Louis et28l14; Gao et al. 2015). This concept warrantéurt
investigation, not least because the incidencekof sancer and the photo damaging effects of UV
radiation have increased the use of UV protectimdycts. Furthermore, BP2 and other benzophenone
derivatives have previously been classed as emuodisruptors (EDC) (Muncke 2011). Thirdly presence
of BP2 was detected in human tissues samples (Asiooailos et al. 2014; Buck Louis et al. 2014; Gao e
al. 2015). Several studies have also highlightedetstrogenic effects of BP2 bathvivo in rats,in vitro
in fish models and in coral (Weisbrod et al. 20Rim et al. 2011; Downs et al. 2014). Although the
potency of this compound as a hormone receptorisigonantagonist is low, when compared to natural
ligands, BP2 has been described as one of the pumtsht of the BP family, and can elicit harmful
biological effects by interacting directly with amoden and estrogen receptors (Molina-Molina et al.
2008), and with the thyroid hormone axis (Schmuteteal. 2007; Hofmann et al. 2009). A recent study
found a clear association of a higher male BP-Zeotration with diminished couple fecundity (Buck

Louis et al. 2014). Elimination of these xenobistfoom the body chiefly occurs through Phase &nd
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Il detoxification processes, however, metaboli@iactions between personal care components and BP2
may interfere with its elimination.

Among the multitude of compounds frequently foundccosmetic formulations, coumarin and isoeugenol
are commonly associated with BP2. Though coumastabolism has been investigated in human and
animal models (Felter et al. 2006), BP2 and isoeolgeetabolic pathways are less well documented, an
only described in animals.

For all BP congeners, the possible average daigkén(PADI) value was estimated to be 0.33mg/day/kg
but this was possibly an over-estimation (Jeon. &0®8). For isoeugenol and coumarin, the PADugal
were estimated to be 0.2mg/day/ kg and 0.1mg/dagkpgectively. These were deemed to be far below
the values expected to elicit adverse effects gtegptible species. This is particularly true foumarin,

the toxicity of which depends on metabolism viaedodification pathway in humans (7-hydroxylation)
followed by glucurono- and sulfo-conjugation, or activation process in rat and mouse models (3, 4
epoxidation), which can be inactivated throughaghibne conjugation (Lake 1999).

The pharmacokinetics and metabolism of BP2 anduig®eol were studied in rats, and it was
demonstrated that, after gavage, BP2 was rapidltalméized to BP2-glucuronide and BP2-sulfate.
However, despite the rapidity of the metabolismrogenic effects were still observed in the ratruge
(Molina-Molina et al. 2008). Metabolic patterns BP-2 in numerous cell lines was also investigated
showing in HepaRg cells a predominance of a diggaaturonoconjugation. As BP2 is a component of
many cosmetics, daily human exposure has beenra@mdiby biomonitoring, which showed the presence
of BP2 in human urine (Asimakopoulos et al. 2014clB Louis et al. 2014) Although the metabolic
pathways associated with BP2 and isoeugenol haga bevestigated, little is known regarding their
biotransformation in humans or their interactionthwther cosmetic components.

The aim of this study was to investigate metabolismBP2, isoeugenol and coumarin in human
hepatocytes and to assess the metabolic interactimuced by isoeugenol and coumarin when co-

administered with BP2. The metabolic informationtaimed in this study may be integrated into



physiologically based pharmacokinetic (PBPK) modelpredict the fate of BP2 and metabolites in the

human body.

2 Materialsand methods

2.1 Chemicals

Culture medium and fetal calf serum (FCS) were iobth from Life Technologies Inc. (St Aubin,
France). [Ring-14C(U)]-isoeugenol (8mCi/mmol spiecifctivity), [4-14C]-coumarin (14.5 mCi/mmol
specific activity) and [3H]-BP2 (20 Ci/mmol specifactivity) were purchased from Bioactif (Straskmur
France). Radiochemical purity was +96%. '2 2-tetrahydroxybenzophenone (BP2), isoeugenol and
coumarin were from obtained from Sigma-Aldrich .INGt Quentin Fallavier, France). All other
chemicals were of the highest quality availablerfrctommercial sources. Centrifree ultrafiltratiodes
(YMT membrane, 30,000 molecular weight cutoff) wetpplied by Millipore. (Merck, France). All cell
culture plastics were obtained from Falcon (Merckdiab, Strasbourg, France).

2.2 Human primary hepatocytes preparation

The tissue liver was obtained from the DigestivatUlirchet 2 Hospital, University Hospital of Nice,
France. With informed consent of the tissue doaad following the ethical guidelines, piece of five
were collected from patient undergoing partial hegmmy. Patient suffering from infectious disease
(hepatitis, HIV) or cirrhotic and steatotic livergre excluded. Only one liver was taken from thegpam

of multi -organ donors due to no transplant reaeilrea studies of Vondran et al. (2008) and Heetes.
(2006) they indicate that there is no influencepodvious chemotherapy on the isolation outcome or
subsequent hepatocytes function. Period betweenatherapy and surgery may have allowed functional
hepatocyte recovery.

Human hepatocytes were isolated, cryopreservedteawied as previously described by de Sousa. et al
(1997; de Sousa et al. 1996). Briefly, upon remafgbiece of liver (CHU I'Archet, Nice, France),eth
tissue part tumor free was placed in cold sterifé5Lmedium and immediately transferred to the

laboratory. Hepatocytes isolation was performedeunrsierile conditions using a three-step collagenas
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perfusion. The piece of liver was firstly perfuagging an isotonic buffer containing EGTA, followby

the same buffer without EGTA. For tissue dissooiatithe liver was perfused with isotonic buffer
containing calcium and collagenase 0.05% (Rochgmnaistics, Meylan, France) in recirculation mode for
12-17 min. After a mechanical disruption of thestis, the cells were washed by centrifugation (35 g,
3min). The pellet containing mainly hepatocytethan cryopreserved as described by de Sousa et al.
Human hepatocytes (Table 1) from different donoesencultured into 48-wells CornifigCostaf plates
(VWR, France), previously coated with rat tail egién, at about +0.6x3@ells/well in an atmosphere of
5% CG and 95% relative humidity in presence of 25 td/82f percoll depending the liver to allow only
viable to settle down. After 30-60 min, dependihg tttachment rate of the cells estimated by visual
examination, the medium in each well was removed @placed by 200 pL of Wiliams E medium
containing 10% of fetal bovine serum (FBS), 1 Xaahix of insulin, selenium and transferrin (ITSdan
0.5% of a mix of streptomycin (10,000 pug/mL) andip#in (10,000 unit/mL) (Life Technologies, Saint
Aubin, France). After 24 hours, the cells are washih William’s E medium containing no FCS and no
phenol red but supplemented with human serum albuHBA, 0.24pg/ml; which correspond to +3.6
UM). Incubation with test compounds was performadtlie same medium. Previously to the first
experiments, BP2, isoeugenol and coumarin stabiityie incubation medium was tested, as well as th
nonspecific binding on culture plate. All experirtedrprocedures were done in compliance with French
laws and regulations as defined by the NationailcEtGommittee. Table 1 described the charactesistic
donors.

2.3 Nonspecific Binding to Microsomes and Ultr afiltration Tubes.

Solutions of BP-2 were added to medium containifgBEA to give final concentrations of 10uM. 1 ml,
in triplicate, of these solutions were added to tGfae ultrafiltration tubes (excluding any air lihles)
and centrifuged (2000g) using a 33°C fixed angl®rrdor 30 min. Binding to the Centrifree tube
membrane and collection cup was determined by mieastadioactivity.

2.4 Design of experiments



The stock solutions and successive dilutions of , B#ugenol and coumarin were freshly made foh eac
experiment. They were prepared in DMSO as a 40@gticoncentrated solution and then diluted in
William's E medium containing no FCS and no phereal but supplemented with HSA (0.25% DMSO
final concentration). The test solutions were iratedd in a polypropylene tube for 10 min at 37°C.
Incubations were started by the addition of a0D6f prewarmed test solutions. Due to the high dver
monolayer cultures were gently shaken for expertmeith BP2 and isoeugenol. No sign of any
detachment of hepatocytes from collagen was obdafugng the incubation with compounds. At various
intervals times (Tablel), which depend on prelimjrexperiments, reactions were stopped by adddfon
200pL of cold acetonitrile. Cells were scraped stmided at -20 °C until analysis. Prior to HPLC lgses
the medium/ACN containing cells were submitted émtdfugation to remove proteins. Three to four
independent preparations of cryopreserved humaatbeytes in primary culture (CHHP) were used for
BP2 and isoeugenol metabolic studies, and a pabireé human cryopreserved hepatocytes batches were
used for coumarin.

To quantify the number of hepatocytes, 2 to 3 blaeKs were fixed with iced MeOH during 2-3 min and
after coloration by the fluorescent dye HOESCHSB423 (Sigma Aldrich) in phosphate buffer, the
adherent cells were counted by using an ArrayscBin(Rhermo Fisher Scientific, Courtaboeuf, France).
Viable cells were distinguished from dead cellsedasn the size and the intensity produced by the
fluorochrome of their nucleus.

2.5 Inhibition of BP2 metabolism by isoeugenol

To evaluate the competitive substrate inhibitoriepoy of isoeugenol on BP2 metabolism, cryopreskerve
human hepatocytes in primary culture were exposetlouM of BP2, alone and in the presence of 6
concentrations of isoeugenol (0, 2.5, 5, 10, 30a60 120uM). Reactions were stopped after 20, @0, 6
min of exposure. In addition, a representative tooarse effect of estradiol was also performed, (8,5
10, 25, 50 and 100uM). Inhibition experiments weonducted on cryopreserved human in primary
culture of a pool of three independent human hegéts batches (two experiments in duplicate).

2.6 Sampleanalysis



The whole hepatocyte extracts from incubations ofmpounds were analyzed by HPLC with
radiochemical detection, after centrifugation. Qifemation of BP2, isoeugenol and coumarin was
performed with a Synergi 4 pm Hydro-RP 80 A (25@xm) (Phenomenex, Le Pecq, France) by a
Dionex liquid chromatography system with a P580 puemd an UVD 3405, coupled with flow
scintillation analyzer 500 TR Series (Packard Bistes Company, CT, USA). The mobile phase
consisted of two solvent: A, & for isoeugenol and BP2 and acetate buffer 20 M £ 4.5) for
coumarin; and B, 25%/75% mix of MeOH/AcN. Same oafuwas used for the three chemicals, with only
differences in solvent gradient in order to optieigeparation of metabolites from parent molecules
(supplemental data). Unchanged chemicals andrtatdbolites were quantified.

In order to analyze the overall metabolism of iggaol when used as an competitive substrate ioibit
in metabolic interaction studies, quantificationitsfunchanged form was performed from its absarban
at 270nm. A calibration curve was established dadimearity was evaluated by least-squares linear
regression analysis. The calibration was perforfrad the TO solution for each independent experimen
2.7 Dataanalysis

Data are expressed as mean + S.D of at least ittitependent hepatocyte’s experimentations and from
two independent preparations in duplicate for extéon studies. The data obtained were analyzeeldbas
on Michaelis-Menten kinetics, substrate-velocityveuwas calculated using statistical software {Stea
V12.0, Stasoft, France) and GraphPad Prism (Grapl@edtware V5.0, San Diego, CA) was used to
determineK, and V. values using nonlinear regression analysis fitting=(VoxXS)/(14K,,). Data are
expressed as mean + S.D.

To evaluate the inhibition potency of isoeugenotekative activity, BP2 metabolism in the absente o
competitive substrate inhibitor, was set to 100%e €nzyme inhibition parameter Ki was calculated by
fitting the experimental data to a 4 parametersmeig curve, where x represent the isoeugenol
concentration. Statistical differences were deteetii using one-way analysis of variance with LSD

Fischer post hoc tests. Data are presented as means standard deviations.



3 Results

3.1 In vitro metabolism of BP2, | sceugenol and Coumarin

As hepatocytes represent the most appropriate mfmtelthe evaluation of integrated xenobiotic
metabolism, cryopreserved human hepatocytes ingpyiraulture (CHHP, see supplemental data N°2),
from different donors, were exposed to BP2, isoaag@nd coumarin in a dose and time dependent
manner. Metabolite formation was determined fromman hepatocytes, usintH] BP2, [“C] isoeugenol
and [‘C] coumarin (Figure 1), with HPLC and radiochemiadétection. Typical representative
radiochromatograms of samples obtained by incupdiR2 with human hepatocytes are represented in
Figure 2. BP2 was rapidly metabolized by human tuepg#es, mainly as a metabolite co-eluting with the
solvent front (Figure 2) and a minor one. Compariebradiochromatographic profiles from before and
after treatment of the extracellular medium withglBeuronidase from E.Coli, indicated that this
metabolite was formed by direct conjugation of BR&eugenol also underwent rapid metabolism to
produce four or five metabolites, the chief of whim-eluted with the solvent front. As observedB&?2,
when incubated with B-glucuronidase from E.Colistimetabolite appeared to be a direct conjugatfon o
isoeugenol. In comparison with BP2 and isoeugermimarin is much more slowly metabolized into 3
metabolites, and as before, the major metabolit®isluted with the solvent front. At the concetitnas
used, no toxic effects, from any of the compoumase observed.

A 10uM solution of BP-2 in Medium + BSA was chogerinvestigate nonspecific binding to protein. No
differences were found between radioactivity measents made on medium with or without serum, we
supposed that only a marginal degree of nonspedgifiding of compounds occurred to hepatocytes or
HSA. Indeed, we have previously exposed human bepiats to BP2 and isoeugenol for longer exposure
times, which led to the total consumption of thpeeducts (data not shown). Moreover, total recowdry
radioactivity in the extracellular medium was alin®8% for all conditions and both plastic bindingda
the radioactivity content of the hepatocytes wezgligible with no detectable presence of any méditziso

or BP-2. Similar results were made by Le Fol e{lat. Fol et al. 2015)



3.2 Time course and concentration response relationships of BP2, isoeugenol and coumarin: total
metabolite formation in CHHP

To further examine the depletion rate of BP2, igm#wl and coumarin in CHHP, we examined the kinetic
appearance of total metabolites at different comagans and exposure times. All compounds weradou
to be stable in the media in the absence of ok#ishe human exposure to these molecules is estihtat
be low, concentrations used were in the range5fi.to 50uM, to closely mimim vivo levels. Figure 3
displays the depletion rates of BP2, isoeugenolauinarin, represented by the rate of formatioallof
metabolites. As the metabolism of a chemical via xknobiotic metabolizing enzymes (XME) can be
viewed as an enzymatic reaction, it therefore canldscribed by Michaelis-Menten kinetics. Moreover,
there is usually more than one XME present, andh édeve their own individuaV,., andK, values,
which contribute to the appareiit, and V. (Figure 4) calculated from the dose and time reses in
Figure 3.

The apparent Michaelis-Menten parameters calcuffmiethe depletion of BP2 were estimated as being
34.2 + 9.8 uM for the affinity constari{) and 3.24 + 0.49 nmol/min/i®epatocytes for th¥,.,, giving

an intrinsic clearance of 94.7 pl/minfltfepatocytes. For isoeugenol, the estimétgaas 16.0 + 6.1 uM
and theV, were 4.14 + 0.63 nmol/min/fthepatocytes. These values lead to an estimatefttro
intrinsic clearance of 259 pl/min/iBepatocytes. Coumarin was the compound withatvest turn-over
Viex (0.065 % 0.0015 nmol/min/£thepatocytes) ané,, (1.60 + 0.14 pNl leading to an estimated
intrinsic clearance value of 0.40 pl/minfiepatocytes. The Michaelis-Menten parametersjraatdrom
the observed rates and kinetics are summarizedliteT2. As the total hepatocyte volume was low,whe
compared to published data (4pf1@lls), we can estimate that the cell volume wa9|0L per 200uL
extracellular medium in our experiments, which wamsidered to be negligible and therefore no
correction for G}, was made (Jones and Houston 2004).

3.3 The effect of isoeugenol on BP metabolism

Due to the large differences \fm, K, and Clint values between isoeugenol and BP2, andharin, we
only investigated the effect of isoeugenol on BP@taholism. Preliminary experiments showed that
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coumarin had no effect on BP2 metabolism and didontentiate the inhibition provoked by isoeugenol.
A unique concentration of BP2 (10uM), lower thare #, was incubated in the presence of six
concentrations of isoeugenol (2.5, 5, 10, 30, @D E2OuM) for 20, 40 or 60 min of exposure with hmma
hepatocytes. We estimated that the Ki values werg7iuM, 18.0 uM and 18.46uM after 20, 40 and 60
min of incubation respectively. Preliminary studievealed that only estradiol was capable of tptall
inhibiting benzophenone metabolism at a conceptnatif 100uM after 20 min of exposure to CHHP,
whereas morphine exerted only a very slight effds. have therefore compared the estradiol competiti
substrate inhibitor potency to that of isoeugelimlpne single experiment. At concentrations of ap t
10uM, isoeugenol and estradiol exhibited the safffiects on BP2 metabolism (Figure 5). Thus,
considering that estradiol is a specific substidtéJGT1ALl and to a lesser extent, UGT2B7, we can
postulate that UGT1A1 is the main Phase Il enzymglicated in the direct detoxification of BP2 (see
supplemental data for UGT1A1 immunolocalisatiorhiiman hepatocytes). The analysis of isoeugenol
depletion products from the same sample used f@ mBetabolism showed that isoeugenol, as predicted
by its Cl,, was rapidly metabolized by CHHP. Indeed after 68utes of exposure to CHHP, most of the

isoeugenol was metabolized up to a dose of 30ulU(EI6).
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4 Discussion

Benzophenone-2 is an additive which acts as a W&f in personal-care products and as a light ktabi

for plastics, coatings, ink and adhesives. Destelassification as nonpersistent chemical iespnce in

in human asks the question where this compounehbis/rcoming from (Buck Louis et al. 2014; Schlumpf
et al. 2010). BP2 has been classed as an endodisngptor and, because of its presence in our
environment, it is now considered to be a “contamnirof emerging concern” (Downs et al. 2014). BP2
has been shown to have pure estrogenic effectdl8aiWuttke et al. 2004), to interfere with thgrtid
hormone axis in rats (Schmutzler et al. 2007) watiti-androgenic potencies (Molina-Molina et &08)

and to impaired human couples fecundity (Buck Latial. 2014).

The work presented here was undertaken initiallgwaluate the metabolic stability of BP2 with
the aim of predicting its human metabolic cleararete, using the substrate depletion approach. We
further sought to study the potential metabolieiiattions of BP2 with isoeugenol and coumarin, as
cosmetic formulations frequently contain BP2 in bimation with these fragrance compounds (Schlumpf
et al. 2010). Indeed, it is now well recognizedt timormation on the metabolism of a chemical is of
crucial importance for evaluating its toxicity apdtential impact on endocrine function (Jacobslet a
2008). As the metabolism of xenobiotics occurs igdimthe liver, human hepatocytes in primary crétu
were used in our study. Indeed these cells areidemesl to be the gold standard model for evaluating
hepatic metabolism, because they represent ingdlalar systems, containing a functional membrdorag t
encompasses all components of phase |, Il amddthbolizing enzymes and transporters (Lam andtBene
2004). This model could help enhance the undersigndf the BP2 metabolic pathway, as well as
elucidate potential interactions with other molesu(Fasinu et al. 2012; Brown et al. 2007). To our
knowledge, BP2 and isoeugenol metabolism were moiit never investigated in human hepatocytes.
Previous rat and in vitro studies showed that thesmecompounds are directly metabolized mainly by
phase Il enzymes to glucuronide - and sulfate-agatgs (Le Fol et al. 2015; Schlecht et al. 200&idga

et al. 2002). In this study, we have not been #&bleharacterize all metabolites formed after exppsa
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human hepatocytes. Nevertheless, we have shownhthahain BP2 metabolite has been formed, by a
direct conjugation, through the action of UGT1A4,UDPGA. This was confirmed by the competitive
substrate inhibitor potency of estradiol, whicthiian hepatocytes is mainly metabolized into estkad
3-glucuronide through UGT1A1 (Watanabe et al. 2008tiams et al. 2002; Donato et al. 2010) and to a
much lesser extent, morphine inhibition via UGT2BAu et al. 2011). BP2 elimination (after
glucuronidation) is rapid in rats. As our resifitdicate that BP2-glucuronide represents: £ 30%62%
and * 56.32% after 20 min, 40 min and 60 min ofesxwe respectively, and total metabolites corredpon
to £ 35%, + 55% and 74% of the total radioactivihen human hepatocytes are exposed to 10uM BP2,
the same conclusion can be drawn for humans.

Due to the critical role of glucuronidation in tkletoxification of BP2 and isoeugenol, we have used
human hepatocytes in primary culture after a calpgriod of 24 hours, which allows the recoveryhef
cofactors required for phase Il reactions (Li 200i)contrast to experiments using cryopreserveddru
hepatocytes in suspension, this system does noireegny UDPGA supplementation (Kuester and Sipes
2007). Furthermore, the substrate depletion meithadw a popular approach for determiningitheitro
metabolic clearances of drugs or xenobiotics. Tien® nonspecific binding of BP-2 to HSA. Whendise
at low ratios, as in our study (+ 0.35°klIs/ml), predictions obtained from hepatocytesavshown to

be more accurate than those from microsomes antt didcessitate nonspecific binding studies (Jones
and Houston 2004; Ito and Houston 2004). Moreavevas found that clearances predicted from human
liver microsome incubations underestimated thevivo hepatic clearance rates for compounds that
undergo phase Il metabolism (Boase and Miners 2B0@gtrakul et al. 2005; Soars et al. 2002).

In contrast, coumarin exhibits a very slow turngikerefore requiring hepatocyte exposure of up
to 24 hours CL;y = 0.40 puL/min/16cells). For this reason, this compound was notstigated further in
our study. Only BP2 and isoeugenol metabolic imtiioas were examined over a shorter period of time,
during which the expression of xenobiotic metabotjzenzymes were well maintained. In the rat, BP2

biotransformation is rapid, with a dose dependatio rof BP2-glucuronide to unchanged BP2 of 10:60.
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For isoeugenol, following oral daw administration, more than 90% of the dose wasietited from the
body, as only metabolites, and no parent isoeugemsk detected in the blood (Badger et al. 2002).

To our knowledge, this is the first time that;ihas been estimated for BP2 and isoeugenol using
human hepatocytes in primary culture. The reseéponted here support data obtained from rat studies
which showed a more rapid clearance for isoeugdghah for BP2 (Cly for isoeugenol 259
uL/min/1Ccells and Cl, for BP2 94.7 uL/min/i®ells). Our results also support the conclusion tha
these two derivatives undergo extensive metabolsrd that the predominant metabolic route is
glucuronidation, despite the fact that other unifiex metabolites were found in the incubation imed
These two molecules compete, at least in partthiersame UGTs. At a concentration of 10 uM or less,
the effects of isoeugenol are similar to those texeby estradiol, which inhibits the glucuronidatiof
BP2 and its other unidentified metabolites.

The important role of UDP-glucuronosyltransferaggd&sTs) in the metabolic elimination of
xenobiotics and endogenous substances has beemgrawre and more attention in recent years. As
BP2 glucuronide is dependent upon UGT1Al, we hygmited that in type | Crigler-Najjar syndrome
patients, who are deficient in hepatic UGT1Al, Bif2arance can be slower (Strassburg 2008), which
may further exacerbate the EDC properties obseimedormal phenotypes, and interfere with the
elimination of isoeugenol or bisphenol A (Trdan irust al. 2012) and endogenous compounds such as
bilirubin and estradiol.

Numerous studies have shown that within the beraophe (BP) family, all 12 of the main
derivatives have been used as UV filters, and shen@ estrogenic potencies in different species of
mammals and fish. They are able to interact withogen, androgens and the thyroid receptor siggalin
pathwayss. Biologically, BP2, which is now consateto be an EDC, has been shown to be one of the
most potent compounds of the benzophenone seriesvith metabolism, the transcutaneous absorption
rate of BP2 in humans is rapid, but rat studieshmeved that despite rapid clearance from tharosm,
BP2 can still exert its EDC effects, even at lowels of unchanged BP2 (Schlecht et al. 2008). Aside

from this referenced work, most of the studies timte examined the EDC properties of BP2 have used
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subcellular hormone receptor ligand binding methpdgliferation induction in hormone responsivel cel
lines, transactivation systems in mammalian cadi(Molina-Molina et al. 2008) and docking analysi
(Kerdivel et al. 2013) methods. In these studies, bibtransformation characterization or intrinsic
metabolic capacity investigations of these celédirwere undertaken. Indeed, Phase |, Il and Ifsste
which detoxify and eliminate xenobiotics are alswplicated in the metabolism of endobiotics and more
particularly endogenous steroids. Inadequate irdition on the fate of a possible EDC could therefore
give rise to false positive (lack of metabolism¥alse negative (lack of activation) data.

Furthermore, all living organisms are exposed téarge variety of xenobiotics with EDC
properties. Human EDC exposure is commonly asudtreScontact with compound mixtures, which, due
to the concentration addition law (Silva et al. 20de Sousa et al. 2014), may produce significHatts,
even if each chemical present is at a concentrdtan enough to avoid individual provocation of
undesirable reactions. This concept is discusaetiefr in the Kortenkamp study (Kortenkamp et al.
2014) which implicates BP2 in the decline of maproductive health.

In conclusion, in contrast to coumarin, BP2 andeig®enol undergo extensive hepatic
metabolism. Their predominant route of eliminatisrvia a direct conjugation to UDPGA, by the action
of the UGT1Al. At the anticipated levels of humagpasure to BP2 and isoeugenol, saturation of the
detoxification process is unlikely to occur. Howevie this case, given the lack of knowledge altbet
human exposome, which would traditionally charaeeethe total effects of external human exposura to
compound, we cannot entirely anticipate the fat&B2 in the human body or deny the possibility that

even at low doses, in combination with other EDOsiay act as an endocrine disruptor.
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Figurelegends

Figure 1. Chemical structures of substrates and competitiistsate inhibitor used in the study. 1)
benzophenone-2, 2) isoeugenol, 3) coumarin, 4adisir

Figure 2. Representative HPLC radiochromatograms of BP2 loditas, incubated at 10uM'{C] BP2)

for 20 min with cryopreserved human hepatocyteprimary culture. Effect of competitive substrate
inhibitor: isoeugenol and estradiol at the spedifiencentrations.

Figure 3. Dose and time dependent metabolites formation & @9, isoeugenol (B) and coumarin (C) in
CHHP. The line represents the best fit of the tla&polynomial equation in order to determineittital
velocity. Data are represented as the mean of thrésur independent CHHP preparations and the bars
represent the = SD.

Figure 4. Michaelis-Menten study of BP2, isoeugenol and catimin human cryopreserved human
hepatocytes in primary culture. Insert Lineweaverk® plots for each profile.

Figure 5. Dose and time effects of isoeugenol () and esitgdion BP2 metabolism. BP2 was incubated
at 10 uM on CHHP in the presence of estradiol andugenol at the specified concentration for 20, 40
and 60 min. Line is drawn point to point. Data aepresented as the mean of two independent
experiments in duplicate (except for estradiol).eQvay analysis of variance was followed by a LSD
Fischer post hoc multiple comparisons test to obntiP < 0.05; ***P < 0.001 compared to CHHP
exposed to BP2 alone.

Figure 6. Total metabolites (%) of isoeugenol, at identicahaentration as in Figure 5, formed in the

presence of 10uM of BP2, at 20, 40 and 60 min tfrexposure.
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Tables

Table 1. Characteristics of donors. *; hepatocytes usedhteraction studies.

Lot number Age Sex Disease

HuF31* 31 F Colorectal Metastasis

HuF82 82 F Colorectal Metastasis

HuM66* 66 M Colorectal Metastasis

Hu1195 M 49 Not available

Crystal* No information, the liver was anonymizededto multi-
organ removal (French Law).

Table 2. Estimated values (average + standard deviatiothekinetic constantg,., andK,, and the ratioVi.,/Kn

of the depletion of BP2, isoeugenol and coumaricrympreserved human hepatocytes in primary culture

Vinax Km Vi Kin Vi K

(nmol/min/1@cell) (uM) (uL/min/1Ccells) (mL/min/kg)
Benzophenor-2  3.24 + 0.4¢ 34.2 £ 9.1 94.% 243.
Isoeugenc 4.14 £ 0.6 16.0 £ 6.: 25¢ 666.7
Coumarir 0.065 £ 0.001 1.60£0.1. 0.4C 1.8
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Figure 4

V : nmol/min/0.1*108 cells V : nmol/min/0.1*10%cells

V : nmol/min/0.1*10%cells
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Figure 5
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Figure 6
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Highlights

*Benzophenone-2 have a pure estrogenic effect and it is used in numerous formulations with fragrances agents
*In contrast to coumarin, benzophenone-2 and isoeugenol are rapidly metabolized in human hepatocytes.
*Benzophenone-2 is metabolized by UGT1A1

Isoeugenol strongly inhibits the metabolisation of benzophenone-2, which could result in slowing down its

elimination



