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Abstract

In this study, a comprehensive characterization of xenobiotic metabolizing enzymes (XMEs) based on
gene expression and enzyme functionality was made in a reconstructed skin epidermal model derived
from the outer root sheath (ORS) of hair follicles (ORS-RHE). The ORS-RHE model XME gene profile
was consistent with native human skin. Cytochromes P450 (CYPs) consistently reported to be detected in
native human skin were also present at the gene level in the ORS-RHE model. The highest Phase | XME
gene expression levels were observed for alcohol/aldehyde dehydrogenases and (carboxyl) esterases. The
model was responsive to the CYP inducers, 3-methylcholanthrene (3-MC) and B-naphthoflavone (BNF)
after topical and systemic applications, evident at the gene and enzyme activity level. Phase |1 XME levels
were generally higher than those of Phase | XMEs, the highest levels were GSTs and transferases,
including NATL. The presence of functional CYPs, UGTs and SULTSs was confirmed by incubating the
models with 7-ethoxycoumarin, testosterone, benzo(a)pyrene and 3-MC, all of which were rapidly
metabolized within 24 h after topical application. The extent of metabolism was dependent on saturable

and non-saturable metabolism by the XMEs and on the residence time within the model.

In conclusion, the ORS-RHE model expresses a number of Phase | and 11 XMEs, some of which may be
induced by AhR ligands. Functional XME activities were also demonstrated using systemic or topical
application routes, supporting their use in cutaneous metabolism studies. Such a reproducible model will
be of interest when evaluating the cutaneous metabolism and potential toxicity of innovative dermo-

cosmetic ingredients.

Key words: reconstructed human epidermis, hair follicle, cutaneous metabolism, gene expression,

functional activity



Abbreviations: alcohol dehydrogenases (ADH); aldehyde dehydrogenases (ALDH); aryl hydrocarbon
receptor (AhR); APCI source in the positive mode (PI1-APCI); benzo(a)pyrene (B(a)P); B-naphthoflavone
(BNF); carboxylesterase 1 and 2 (CES1/2); catechol-O-methyltransferase (COMT); cytochrome P450
(CYP); epoxide hydrolase (EPHX); esterase D (ESD); ESI source in the negative mode (NI-ESI); 7-
ethoxycoumarin (7-EC); ethoxyresorufin O-deethylase (EROD); flavin monooxidase (FMO); glutathione
S-transferase (GST); High Resolution Mass Spectrometry (HRMS); hydroxysteroid (17-f3 dehydrogenase
10 (HSD17B10); hydroxycoumarin (HC); long-chain-fatty-acid-CoA ligase 1 (ACSL1); 3-
methylcholanthrene (3-MC); N(alpha)-acetyltransferase 20 (NAAZ20); N-acetyl transferase (NAT);
Organization for Economic Cooperation and Development (OECD); outer root sheath-derived
reconstructed human epidermis (ORS-RHE); prostaglandin-endoperoxide synthase (PTGS2); real time
reverse transcription PCR (RT-gPCR); spermine N1-acetyltransferase 1 (SAT1); sulfotransferase (SULT);
ubiquitin carboxyl-terminal esterase L3 (UCHL3); UDP glucuronosyltransferase (UGT); xenobiotic

metabolizing enzymes (XMESs).



1 Introduction

The outer root sheath-derived reconstructed human epidermal (ORS-RHE) model is a three-dimensional
human skin equivalent model engineered from adult undifferentiated keratinocytes from ORS cells of hair
follicles. This model was developed in order to establish a cost-effective and reproducible in vitro human
epidermal model that could be customized according to specific assay needs (Guiraud etal., 2014). The
use of ORS derived keratinocytes affords a number of advantages over other RHE models, including the
ease of the rapid and non-invasive sample collection, the ability to select a particular donor (gender, age,
healthy or diseased) and, moreover, the selection of adult donors, as opposed to neonatal donors that are
commonly used in commercial models. The ORS-RHE model was shown to be a good and reproducible
alternative to native human epidermis, such that the architecture, general stratification and localization of
differentiation markers were similar to those of native epidermis (Guiraud et al., 2014). This ORS-RHE
model has been shown to be a good alternative to human skin for studying the effects of UV radiation (e.g.
bipyrimidine photoproduct production, repair and induction of apoptosis) and investigating the sunscreen
genoprotection (Bacqueville et al., 2015). Here, our intention was to extend the use of the ORS-RHE
model to metabolism studies in the same way as previous reports using RHE models, such as SkinEthic,
Phenion® Full-Thickness skin model and EpiDerm™, that support their applicability to this purpose by
characterizing the functional activities of several Phase | and 11 xenobiotic metabolizing enzymes (XMESs)

in these models (Eilstein et al., 2015; Jackhet al., 2011).

The rate of percutaneous absorption of some compounds is known to be influenced by skin metabolism
(Lockley etal., 2004; Jacques et al., 2010a), and as compounds penetrate the skin, they may be subject to
metabolism, which can detoxify them to more water-soluble metabolites or bioactivate them to reactive
metabolites (Bronaugh and Stewart, 1985, Oesch et al., 2007 and 2014). Therefore, in order to help
interpret toxicity endpoints, it is important to characterize the metabolic capacity of the skin models used
in bioassays. In this study, we aimed to characterize as precisely as possible the metabolic capabilities of

the ORS-RHE model To this end, we first investigated the overall basal XME gene expression profile of



the ORS-RHE model using RT-gqPCR analysis of more than 90 Phase | and 70 Phase 11 XME genes. Since
the most relevant route of exposure to the skin is topical, it is important to show that RHE models can be
used to investigate topically applied chemicals. This is also of importance since the metabolic capacity of
such models could be altered during the course of topical treatment with a test compound (Hewitt et al.,
2013). Therefore, we measured the effect of two known AhR ligands, namely p-naphthoflavone (BNF)
and 3-methylcholanthrene (3-MC), on XME gene expression after systemic (added to the culture medium,
located below the model) and topical (added to the upper surface of the model) application. The
expression of a XME gene does not necessarily indicate that the corresponding XME is functional. In
addition, we confirmed induction effects by incubating control and inducer-treated skin models with the

CYP1A1/2 and CYP1B1 selective substrate, ethoxyresorufin.

In addition to analyzing the XME profile of the ORS-RHE model, we complemented this by investigating
functional XME activities by measuring the metabolism of four test chemicals with varying metabolic
pathway complexities. The two endpoints (gene expression and functional metabolism) were compared
using similar timepoints (24 h). Additional timepoints (48 and 72 h) were added for functional metabolic
studies, to capture the kinetics of metabolism. The test chemicals were 7-ethoxycoumarin (7-EC),
testosterone, B(a)P, and 3-MC. 7-EC represents a chemical with a simple metabolite profile involving
both Phase I and Il sequential pathways (De Kanter et al., 1999). The skin is known to be able to
metabolize steroids (Haag etal., 2012); therefore, we selected testosterone as a model of an endogenous
steroid and a well-established diagnostic substrate for CYP activities. This substrate can also be
metabolized through reductive pathways. Since the reductive capacity of the skin has previously been
reported to be good (van Eijl etal., 2012) testosterone represents an ideal substrate to confirm the
functional oxido-reductive capacity of the model. Testosterone is also specified in the Organization for
Economic Cooperation and Development (OECD) adopted guideline 28 (OECD, 2004a) and a
corresponding technical guidance document (OECD, 2004b) to describe methods assessing drug

absorption as one of the model compounds to develop skin alternative models. B(a)P is a known genotoxic



compound which toxicity relies on a CYP450-dependent bioactivation, into ultimate DNA reactive
metabolites (Conney etal., 1994). B(a)P has been also shown to induce EROD activities in the epidermal
model, Epiderm™, 24 h after topical application (Go6tz et al., 2012), suggesting it induces its own
metabolism and that this model responds to CYP1 induction. B(a)P is also detoxified by GSTs, SULTs
and UGTs, so it is important to understand the balance of metabolism of such a genotoxic compound in
human skin, especially to help interpret negative outcomes in genotoxicity assays using skin epidermal
models (Aardema et al., 2013). 3-MC is a direct genotoxin and is metabolized via Phase | and Il pathways.
It was used to investigate the inducibility of XMEs in ORS-RHESs and therefore it was of interest to

measure its metabolism alongside its induction effects.

These studies aimed to provide a comprehensive characterization of the XMEs present in the novel ORS-
RHE model by analyzing both gene expression profiles (PCR) and functional activities (EROD activity
and test chemical metabolism). The suitability of the model for compound metabolism assays was

evaluated, as well as the application of test compounds by the systemic and topical routes.

2 Materials and methods

2.1  Chemicals

7-ethoxy[3-'*C]-coumarin, [U-'"*C]-bisphenol A, [5,6-'*C] benzo(a)pyrene ['*C-B(a)P], [4,7-'*C]-
testosterone with specific activities of 2, 2.074, 2 and 2.03 GBg/mmol, respectively, were purchased from
Amersham Biosciences (Buckinghamshire, UK). 3-Methylcholanthrene-[’H] was purchased from
Moravek Biochemicals (Brea, United States). Unlabeled 7-EC, B(a)P, 3-MC and testosterone, purchased

from Sigma-Aldrich (St Quentin Fallavier, France) had a purity greater than 98.5%.

Benzo(a)pyrene-r-7,t-8,t-9,t-10-tetrahydrotetrol, benzo(a)pyrene-cis-7,8-dihydrodiol, benzo(a)pyrene-cis-
4,5-dihydrodiol, benzo(a)pyrene-1,6-dione, benzo(a)pyrene-3,6-dione, benzo(a)pyrene-7,8-dione, 8-

hydroxybenzo(a)pyrene, 9-hydroxybenzo(a)pyrene, 3-hydroxybenzo(a)pyrene, 7-hydroxybenzo(a)pyrene



were obtained from the National Cancer Institute Chemical Carcinogen Reference Standards Repository

(Kansas City, MO, USA) and were used as reference compounds.

Testosterone reference metabolites were from Sigma-Aldrich (St Quentin Fallavier, France): 2[3-
hydroxytestosterone, 6p3-hydroxytestosterone, 7a-hydroxytestosterone, 11B3-hydroxytestosterone, 160-
hydroxytestosterone, 11-ketotestosterone, 1-dehydrotestosterone, 4-androstene-3,17-dione, 4-androsten-
11B-0l-3,17-dione, 4-androsten-16a.-0l-3,17-dione, epitestosterone, androsterone, epiandrosterone, 5f3-
androstan-3a.-ol-17-one, 5B-androstan-3f3-ol-17-one, Sa-androstan-3,17-dione and 5B-androstan-3,17-

dione.

Other chemicals and solvents (analytical grade) were purchased from the following sources: ammonium
acetate, sodium acetate, phosphate buffer (0.01 M) and sodium hydroxide, from Sigma-Aldrich;
acetonitrile and ethyl acetate from Scharlau chemie S.A. (Barcelona, Spain); ethanol and acetic acid from
Merck (Briare-Le-Canal, France). Ultrapure water from a Milli-Q system (Millipore, Saint Quentin en
Yvelines, France) was used for HPLC mobile phase preparations. Dulbecco’s Modified Eagle Medium
(DMEM) and L-glutamine were obtained from Gibco™ (Cergy Pontoise, France). The antibiotics
(streptomycin/penicillin, gentamycin) and the antifongic (fungizone) used in the culture media were

purchased from Sigma-Aldrich.

2.2 Preparation of reconstituted human epidermis

Human epidermis was reconstructed using ORS keratinocytes isolated from hair follicles obtained from
three healthy Caucasian volunteers who had given their informed consent. The tissues were engineered in-
house according to the protocol described by Guiraud et al. (2014). Figure 1A provides an overview of the
culture of the ORS-RHE tissues and the structure of the tissues at the time of incubation (histology).

Briefly, plucked hair follicles were explanted on a microporous membrane of a cell culture insert (Costar,



Corning, New York, US) with post-mitotic human dermal fibroblasts sub-lethally treated with mitomycin
C on the underside. Follicles were submerged in the medium after 6 days and then cultured for a further 2
to 3 weeks before ORS cell harvesting and long-term storage. The growth medium (0.5 ml and 1 ml per
incubation for EROD activity and g°PCR/metabolism assays, respectively) contained DMEM/Ham’s F12
(3:1) supplemented with 10% fetal calf serum, epidermal growth factor, hydrocortisone, adenine, tri-
iodothyronine, insulin, amphotericin and antibiotics and was refreshed three times a week. For tissue
reconstruction, the ORS cells were then plated at a density of 0.3 x10° cells/cm?® on cell culture inserts,
again with post-mitotic human dermal fibroblasts as described previously. After 2-3 days, the
keratinocytes reached confluence, at which time the cultures were lifted to the air—medium interface in
order to differentiate the tissue and to form a functional stratum corneum (insert picture). After 16 days of

differentiation, the tissues were treated with the test compound.

2.3 Measurement of XME gene expression

Figure 1B provides an overview of the culture of the RHE tissues and the incubation conditions (Systemic
or topical). For gPCR analysis, ORS-RHE models (1.12 cm? cultured with 1 ml supplemented DMEM
medium) were treated with 25 uM BNF in DMSO to the medium (systemic application) or of 100
nmoles/cm® 3-MC in acetone to the surface of the model (topical application). The control treated tissues
were DMSO (systemic application) or acetone (topical application). RNA was isolated from the ORS-
RHE models 24 h after xenobiotic treatment and the XME gene expression profiles were measured using
real time reverse transcription PCR (RT-qPCR). The RT” Profiler™ PCR Arrays human drug metabolism
Phase [ and Phase II enzymes were used according to the supplier’s instructions (SA Biosciences/Qiagen).

The panel of the metabolic genes is available in Figure 2 and Supplementary Table 1.

Total RNA was extracted using the RNeasy Mini kit and RNAse-free DNAse I set (Qiagen), and
quantified using a NanoDrop ND-1000 spectrophotometer. Then, 1 ug RNA was reverse transcripted into

cDNA by using the RT” first strand kit and an Applied Biosystems 2720 Thermal Cycler. The Phase I and



IT enzyme arrays were run on a iCycler iQ™ real time PCR detection system (Bio-Rad laboratories). The
RT’ SYBR Green Mastermix containing HotStart DNA Taq Polymerase enzyme and other components
preventing non-specific amplification and reference dyes was mixed with cDNA and amplification was
performed with a 10 min hot start at 95°C, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.
A dissociation curve was performed after running to check single amplicons. Assays for 5 housekeeping
genes were included in the arrays for normalization of data, and the results were analyzed according to the
AACt method by using the web-based RT” Profiler™ PCR Array Data Analysis Software. A Cr value of
32 or more was considered to be absent, and fold-changes of gene expression were obtained from different

reconstructed epidermis (n=3-8) depending the xenobiotic treatments.

2.4 Measurement of functional XME activities

2.4.1 Induction of ethoxyresorufin O-deethylase (EROD) activity

ORS-RHE models (0.33 cm’ cultured with 0.5 ml supplemented DMEM medium) were treated with non-
toxic concentrations of BNF (25 uM) or 3-MC (10 uM) in DMSO to the medium (systemic application) or
of 100 nmoles/cm? 3-MC or BNF in acetone to the surface of the model (topical application, 10 ul/cm?)
(see Figure 1B). The control tissues were treated with DMSO (systemic application) or acetone (topical
application). The concentrations of the inducers and the measurement of EROD activity were based on the
method previously described by Harris etal. (2002), such that, on a pg/cm? basis, topical doses are
approximately 5-fold higher than systemically applied doses. After incubation and PBS washing, the
ORS-RHE modelwere placed in a 24-well plate containing 500 yL. EROD buffer containing 3.4 uM
ethoxyresorufin and 33 UM dicoumarol freshly prepared in culture medium. The incubation was carried
out for 1 h at 37°C, after which fluorescence was measured using a multiplate reader Mithras LB940
(Berthold technologies) with an excitation wavelength of 530 nm and emission wavelength of 590 nm.
The resorufin was quantified directly from tissue culture medium according to a standard curve (1.5 to 100

pmoles). Finally, the epidermis was lyzed by using 0.5 M NaOH and total proteins were assayed with a



micro BC Assay protein quantification kit (Uptima) in order to measure EROD activity, which was
expressed in pmole/mg/min. Experiments were performed from epidermis reconstructed from 3 batch

donors, each assayed in triplicate (n=9).

2.4.2 Testcompound metabolism

ORS-RHE models (1.12 ¢’ cultured with 1 ml supplemented DMEM medium) were incubated with 1 to
4 nmoles/cm? of test compound in acetone (10 pllcm?) to the surface of the model (topical application).
Test compounds were radiolabelled 7-EC, testosterone, B(a)P and 3-MC, adjusted with unlabeled 7-EC,
testosterone, B(a)P and 3-MC to reach the required dose. Culture media were collected at 24 h, 48 h and
72 h and were stored at —20°C until the analysis. All incubations were carried out in triplicate (3 batches).
Compartmental analysis for B(a)P, 7-EC and testosterone was performed as previously described by
Jacques et al (2010 a, b and 2014). Briefly, ORS-RHE surfaces, tissue culture inserts and wells were
washed twice with acetonitrile or methanol, according to the physicochemical properties of the compound
studied. ORS-RHE models were dissolved in 4 ml of solvable overnight (Perkin Elmer, France).
Radioactivity in culture media, RHE extracts and washing solutions, was quantified by scintillation
counting to obtain the mass balance. Metabolite analyses were performed by radio-HPLC and mass
spectrometry, as previously described by Jacques etal. (2010 a and b and 2014) for 7-EC, B(a)P and
testosterone. For 3-MC, the HPLC system consisted of an Agilent 1100 (France) associated with a
250%4.6 mm, (5 pm) Zorbax Sh-C18 column (Agilent, Interchim, Montlugon, France) protected by a
Kromasil C18 guard precolumn (Interchim, Montlugon, France). Mobile phases used at a flow rate of 1
ml/min, consisted of A: ammonium acetate (20 mM, pH 3.5): acetonitrile (95:5; v/v) and B: acetonitrile.
The temperature of the column was maintained at 30°C and the following gradient was used: 0 min 0% B,
5 min 10% B, 15 min 18% B, 28 min 18% B, 33 min 28% B, 40 min 28% B, 45 min 40% B, 50 min 50%
B, 55 min 62.5% B, 65 min 100% B, 70 min 100% B, 71 min 0% B, 75 min 0% B. *H-3-MC and related
metabolites separated by HPLC were monitored by on-line radioactivity detection using a Flo-one A500

(Perkin Elmer, France). The scintillation cocktail used for Flo-one detection was Ultima Flow M (Packard



Instruments). 3-MC and its metabolites were quantified by integrating the area of the radio-

chromatographic peaks.

Mass spectrometry analyses of 3-MC metabolites were performed using an LTQ-Orbitrap-XL mass
spectrometer (Thermo Fisher, Les Ulis, France) operating either with an ESI source in the negative mode
(NI-ESI) or an APCI source in the positive mode (P1-APCI). A post column split diverted 25% of the
mobile phase to the ion source. Since reference metabolites of 3-MC, operating ESI source parameters
were optimized from reference metabolites of benzo(a)pyrene which display similar structures, and were
state as follow: spray voltage -2.5 kV, sheath gas (N2) 30 au, auxiliary gas (N,) 10 au and capillary
temperature 360°C. Optimal APCI source conditions were obtained from 3-MC analysis were set as
follows: vaporizer temperature 300°C, Corona discharge 4 pA, sheath gas (N,) 60 au, auxiliary gas (N,)

25 au, and capillary temperature 150°C. The Orbitrap mass analyzer was used at a resolution of 60,000.

3 Results and discussion

3.1 Basal gene expression of XMEs

The basal gene expression of a panel of gene targets for Phase | and 1l metabolism in ORS-RHE models
treated systemically with DMSO in the medium (1% v/v final concentration) is shown in Figure 2. Basal
expression of Phase | XMEs after systemic application of DMSO was very similar to that in ORS-RHEs
after topical application of 10 pllcm® acetone, suggesting that neither the solvent nor the method of
application markedly affected the basal expression of XMEs. The levels of expression were assigned
according to the Ct (which are also shown in Supplementary Table 1); whereby “no expression” was
assigned to samples for which the Ct was >32; whereas, strong expression was assigned to samples with a

Ct <25 and “weak” to “good” expression were between these values.

3.1.1 Phase | XMEs

In general, the variety of genes expressed as well as their levels of expression were globally lower



for CYP than for non-CYP phase | XMEs, especially, aldehyde dehydrogenases (ALDH), for which
the expression levels of 10 ALDH isoforms were good (Ct <30) or strong (Ct <25) (Figure 2A and
Supplementary Table 1). Interestingly, only one of the seven alcohol dehydrogenases (ADH) measured
was expressed in the RHE tissues, namely ADHD5. It has been reported that ADH3 is the most abundant
isoform in skin (Cheung etal. 1999). Since the gene panel used was developed by the supplier for
toxicological assays, especially for the reference organ: liver, ADH3 was not included in this gene panel
and consequently it was not investigated in our study. Although our skin model includes a fibroblast
feeder layer on the underside of the transwell insert, which could affect the overall XME profile by
contributing to the gene expression profile, it appeared not to do so since selectively dermal XMEs were
not present in these ORS-RHE models. For example, ADH1B was absent in the RHE models and this
finding is consistent with its exclusively dermal location (Luu-The etal., 2009). NQOL1 s a cytoplasmic
dehydrogenase that reduces quinones to hydroguinones. It is present in native human skin and is thought
to help to protect the epidermis against oxidative stress (Huetal., 2010). The NQO1 gene was also well
expressed in ORS-RHE tissues. In addition to the good expression of dehydrogenases, UCHL3 (ubiquitin
carboxyl-terminal esterase L3, a protease), HSD17B10 (hydroxysteroid 17-p dehydrogenase 10),
expressed in the basement epidermis and involved in estrogen formation/metabolism (Hikima and
Maibach, 2007) and ESD (esterase D, involved in the recycling of sialic acids) were also strongly
expressed in the ORS-RHE tissues. The epoxide hydrolase gene, EPHXL, is preferentially expressed in the
dermis but is also presentin the epidermis of native human skin (Luu-The etal., 2009). Likewise, this
gene was also expressed at low (DMSO treated) and good (acetone treated) levels in ORS-RHE tissues.
The expression of this XME is important since this enzyme is involved in the detoxification via hydrolysis
of polycyclic aromatic hydrocarbons e.g. 3-MC and B(a)P, via hydrolysis, and plays animportant role in
the inactivation of many reactive epoxides (Benhamou et al., 1998). Carboxylesterase 1 and 2 (CES1/2)
also play an important role in the hydrolysis of a large number of structurally diverse drugs. They were
expressed at good levels in ORS-RHE models. CESL is the major hydrolase in human liver; whereas,

CES2 is responsible for the majority of hydrolase activity in the small intestine but both are responsible



for the metabolism of multiple drugs (Imai, 2006 and Oesch et al., 2007). Both of these isoforms are also
reported to be present in native human skin; whereas, the expression of CES3 is lacking (Hu et al., 2010).

Accordingly, the CES3 was not expressed in ORS-RHE models.

Of the FMOs, only FMO4 was found to be present in measureable amounts in the ORS-RHE tissues. This
is of interest because it is reported that the expression of this XME is differently in the epidermis and
dermis (Luu-The et al., 2009, Wiegand et al., 2014). While it is expected that FMO2 and FMO3 would be
lacking from the RHE models because they are selectively expressed in the dermis, FMO1, FMO4 and
FMOS5 have been reported to be present in the epidermis or whole skin of native skin (Luu-The etal.,
2009, Huet al., 2010). The expression of FMO genes in RHE models has previously been reported to be
affected by the culture medium and the presence of fibroblasts which secrete inhibitory factors (Luu-The
etal., 2009). In addition, there is a large variation in the presence of FMOs in skin from different donors,
whereby only half the skin samples from individuals have been shown to express FMO1, 3, and 4 mRNA

(Oeschetal., 2014).

The expression of the major hepatic phase | XMEs, namely CYP1A2, CYP2C9/18/19 and CYP3A4 were
found to be absent or present only at low levels in ORS-RHE models and only a few of the 42 target CYP
genes were present in measureable levels (weak or good expression). These genes were CYP1B1,
CYP2C18, CYP2R1,CYP2S1, CYP3A5,CYP4B1, CYP4F2, CYP4F3, CYP4F11, CYP7B1,CYP26B1
and CYP27BL1. Inprevious studies, all of these genes, except CYP4F11, were found to be expressed in
native whole skin tested by two other laboratories (Luu-The etal., 2009, Hu et al., 2010). CYP1B1 (which
is absent in adult human liver (Edwards etal., 1998)), CYP4B1 and CYP26B1 were also reported to be
strongly expressed compared to other CYPs in native human skin (Luu-The etal., 2009, Hu et al., 2010,
Wiegand et al., 2014). Notable XMEs that were not expressed in ORS-RHE models were CYP1A1,
CYP1A2 and CYP2B6; however, these were all reported to be expressed at very low levels in native

human skin from one or more donors (Luu-The etal., 2009, Wiegand et al., 2014, Huet al., 2010) , and



were reported not to be expressed in human keratinocytes (Saeki et al 2002) and human skin (Oeschetal.,
2014). CYP2D6 is reported to be a major CYP detected at the mRNA level in native human skin (Oesch et
al., 2014). In our study, it was found to be expressed only at very low levels in DMSO-treated control
models and not at all in topically applied acetone models (Supplementary Table 1). This may reflect the
polymorphic nature of this CYP. To further check this, additional studies using CYP2D6-selective
substrates (e.g. bufuralol or dextromethorphan) should be conducted to determine whether this CYP
exhibits any functional activity in the ORS-RHE models. CYP3A4 expression appears to be donor
dependent since it was absent in the ORS-RHE tissues measured here and in native skin from one donor
(Huet al., 2010) but present in native skin from three other donors (Wiegand et al., 2014). As with native
skin, CYP3A5 was present at the gene level in the ORS-RHE models but not the fetal form of this CYP,

namely CYP3AT.

3.1.2 Phase Il XMEs

There were a number of Phase |1 XMEs expressed at significant levels in RHE tissues (Figure 2B). The
most predominantly expressed GST was GSTP1 (Ct = 20.5), which is known to be the major GST isoform
expressed in the skin (Luu-The etal., 2009). All GSTs play an important role in the detoxification of
reactive oxygen species such as that induced by UVB radiation (Black et al., 2008). Other cytosolic and
microsomal GST isoforms were also present at good levels and have also shown to be present in native
skin by others (Huet al., 2010). SULT2B1, SULT1A3, SULTI1EL1 and thiosulfate sulfurtransferase
(rhodanese, TST) were all expressed in good levels in ORS-RHE tissues; however, other sulfurtransferase
genes targeted were undetectable. All the UGT isoforms found to be expressed in our model do belong to
the UGT 1A family, notably, UGT1A10, which is reported to be affected by the complexity of the skin
model such that it is absent in monolayers of keratinocytes but present in 3D epidermal and full-thickness
models derived from the same donors (Wiegand et al., 2014). The expression of N-acetyl transferases
(NATS) is known to be organ-specific suchthat NATL s preferentially expressed and has a higher

functional activity in the skin than in the liver (Huet al., 2010, Kawakubo et al., 1990). In keeping with



this, the presence of NAT1 but the absence of NAT2 in the ORS-RHE was confirmed in our studies.

Other strongly expressed Phase |1 XME genes were ACSL1 (Long-chain-fatty-acid-CoA ligase 1,
involved in lipid metabolism), COMT (catechol-O-methyltransferase), SAT1 (spermine N1-
acetyltransferase 1) and NAA20 (N(alpha)-acetyltransferase 20). The expression of COMT in skin has
been suggested to be a surprising occurrence since this enzyme is involved in the metabolism of
neurotransmitters and catechol hormones (Luu-The etal., 2009); however, we and others (Hu et al., 2010)
also noted a strong expression of this enzyme, suggesting its presence is important in skin metabolism.
SAT1 catalyzes the acetylation of spermidine and spermine, and is involved in the regulation of the

intracellular concentration of polyamines and their transport out of cells.

3.2 Induction of Phase | XME expression
A comparison of the expression of phase | XMEs in ORS-RHE models with that 24 h after topical

application of 3-MC or systemic application of B-NF is shown in Figure 3.

The Ct values and the statistical analysis for control and inducer-treated models are shown in
Supplementary Table 1. A biologically relevant induction response was called when a gene was
significantly (P<0.05) increased by more than 2-fold and when the induced expressed level was greater
than a Ct of 32. BNF and 3-MC are ligands for AhR and AhR regulates a number of Phase | XMEs,
notably CYP1A and CYP1B1 isoforms (Li etal. 1998). In line with this, there was a selective and
significant (P<0.05) induction of CYP1Aland CYP1B1 expression in ORS-RHE models treated with
both BNF and 3-MC (Figure 3). Despite CYP 1AL being expressed at very low levels it was readily
induced by BNF (133-fold) and 3-MC (250-fold) to clearly measurable levels. The response was much
higher than that of CYP1B1 (13.9-fold by BNF and 11.9-fold by 3-MC), which was most likely due to the

very low level of expression of CYP1AL in solvent treated tissues.



The induction of CYP1Aland CYP1B1 at the gene level was confirmed at the functional level by
incubating control and treated ORS-RHE tissues with the CYP1A1/2 and CYP1B1 selective substrate,
ethoxyresorufin, 24 h after the start of induction with BNF or 3-MC (Figure 4). EROD activity was
undetectable in ORS-RHE models treated topically or systemically with vehicle control solvents (DMSO
or acetone, respectively). By contrast, EROD activity was measurable in ORS-RHE tissues from one or
more batches treated topically and systemically with BNF or 3-MC. The extent of induction by inducers
was higher and more consistent across donors in systemically treated ORS-RHE tissues than when they
were topically applied. This could likely be due to difference in the bioavailability of the inducers such
that less of the dose penetrated the ORS-RHE when applied topically (eventhough the theoretical dose
was higher in topical applications). In addition, the induction response was higher using 3-MC than BNF,
which could be due to a higher affinity of 3-MC for AhR (despite the lower dose of 3-MC (10 uM)

compared to BNF (25 uM)).

A number of additional genes were induced by either BNF or 3-MC (but never by both inducers), namely,
CYP4F3, ALDH3A1 and NQO1 by the systemic application of BNF and PTGS2 by topically applied 3-

MC (2.2-fold, P<0.05). ALDH3A1 was significantly induced (P<0.001) by >2-fold following the

systemic or topical application of both inducers (Figure 3); however, the induction was only considered to
be biologically relevant after the systemic application of BNF since the induced level was below a Ct of
32. By contrast, although the topical application of 3-MC caused a significant induction of this gene (2.64-
fold), the induced level was still below the cut-off value considered to be biologically relevant (Ct was

32.34).

There were two other genes that were induced by more than 2-fold (ALDH1A3 and CY4F12) by BNF;

however, the increase did not reach statistical significance (P values: 0.323and 0.245, respectively) and/or



the induced level was not biologically relevant (Ct was ~32 for CYP4F12).

3.3 Induction of Phase 11 XME expression

A comparison of the expression of phase Il XMEs in ORS-RHEs with that 24 h after topical application of
3-MC or systemic application of B-NFis shown in Figure 5. The Ct values and the statistical analysis for
control and inducer-treated models are shown in Supplementary Table 1. Unlike Phase | XMEs, there was
only one type of Phase 11 XME genes that was induced by BNF and 3-MC, namely UGTs
(UGT1A3/5/6/7/8 and 10), and the extent of induction was also relatively low (2- to 5-fold) compared to
CYP1Aland CYP1B1linduction. The lower induction of UGTs comparedto CYPs has also been reported
by others using hepatocytes (Soars et al., 2004). The responses were higher after systemic application of

22 nmoles/cm? BNF (3.8-4.6-fold) than after topical application of 100 nmoles/cm? 3-MC (2.6-2.9-fold).

There were two phase |1 XMEs that were down-regulated by more than 2-fold by topically applied 3-MC,
namely INMT and SULT1AL; however, this effect was considered not to be biologically relevant because

change was not significant from control treated ORS-RHE models.

3.4 Metabolism of model substrates after topical application

Having characterized the Phase I and 11 XME gene expression in ORS-RHE tissues, we then investigated
whether this correlated with functional XME activities by incubating them with four test compounds
known to be metabolized by phase I and/or Il XMEs. All four test chemicals are known to penetrate
through the skin (from the studies presented here and from previous reports (Jacques et al., 2010a and b
and 2014)) and were therefore applied topically. The incubations included three time points (24, 48 and 72
h); however, in order to compare the functional profiles with the gene expression analysis described above
(which was measured after 24 h), we have expressed the dose-dependent effects using 24 h incubations. It

was also considered to be a suitable time point since all of the 4 model substrates were found to be



extensively metabolized after 24 h (Supplementary Figure 1).

3.4.1 7-Ethoxycoumarin (7-EC)

The main metabolites of 7-EC produced in recombinant human liver microsomes are produced via
CYP1Aland CYP2E1 (and a minor amount via CYP1A2 and CYP1B1) mediated O-deethylation to
hydroxycoumarin (HC) (Shimada etal., 1997), ), with a subsequent conjugation of the intermediate
metabolite into HC-glucuronide and HC—sulfate (De Kanter et al., 1999). These three metabolites were
produced in the ORS-RHE model, with the major metabolite being HC-glucuronide (Figure 6). Since
basal CYP2E1 expression was absent in these ORS-RHE models, the CYP responsible for the
biotransformation of 7-EC to hydroxycoumarin was likely to be CYP1B1, which was expressed at good
levels (Figure 2A). The glucuronidation of HC is reported to be mediated by UGT1A6 (Lampe etal.,
1999), which is also expressed at good levels in ORS-RHE models. There were six SULT isoforms
(shown to be expressed in the ORS-RHE models in acetone treated control models (Figure 2B) which

could have contributed to the sulfonation of HC.

The amount of radioactivity applied that was recovered in the medium ranged between 60% and 82% of
the applied dose (for all media samples and doses of 7-EC over 72 h) and of this, 54-73% was non-
metabolized 7-EC, indicating that this chemical does not require metabolism in order to pass through the
epidermal layers into the medium (an observation also made previously (Jacques etal., 2010b)). This was
the only one of the 4 test chemicals that was present as the parent chemical in significant amounts in the
culture medium after 24 h. There was a dose-dependent linear production of all three metabolites over 1 to
4 nmoles/model (Figure 6A), suggesting that the enzymes involved were not saturated, even at the highest
7-EC concentration used.. During the course of the 72 h incubation, the production of HC was maximal at
24 h but decreased thereafter, most likely due to further conjugation to HC-sulfate and HC-glucuronide.
Interestingly, the production of HC-sulfate and HC-glucuronide reached a plateau after 48 h

(Supplementary Figure 1A), which we attributed to the short residence time of 7-EC in the RHE models,



such that once it had reached the culture medium, no further metabolism was possible. Comparatively less
of the O-deethylated metabolite was detected in the medium, which may be due to its slow rate of

formation compared to the faster rate of its conjugation into the HC-glucuronide and HC-sulfate.

3.4.2 Testosterone

Testosterone is hydroxylated by multiple CYPs and reduced by reductases, producing many metabolites in
human liver microsomes and fresh human skin explants (Jacques et al., 2014). The major metabolites
produced by human liver microsomes (Jacques etal., 2014) were also produced by the ORS-RHE models
incubated in our studies, namely epiandrosterone (peak XIlI), androstenedione (peak Xl), A6-testosterone
(peak X), hydroxy-A4.dione (peaks IV, V’ and VIII), 4-androsten-16a-ol-3,17-dione (peak VI) and 16a-
hydroxytestosterone (peak I1) (Figure 7B). One of the major metabolites formed in the ORS-RHE models
was androsterone (peak XII1), the production of which is catalyzed by CYP2C18/19 (Yengi, 2003),
neither of which were included in our gene analysis. Two other hydroxylated metabolites were produced
in ORS-RHE tissues, 7o.-hydroxytestosterone (peak I, produced by CYP2A6 and 2A13 (Bogaards et al.,
2000; Desille et al., 1999)) and 6p3-hydroxytestosterone (peak I, produced by CYP1AL/2, CYP3A4/5/7
and CYP3A43 (Soucek et al., 2001; Waxman et al., 1991)), as well as a reduced metabolite, Sa.-androstan-

3,17-dione (peak XIII’, catalysed by Sa-reductase (Liu and Yamauchi, 2008)).

Due to the multiple metabolites formed, we grouped them as either hydroxylated or reduced metabolites
for the purpose of determining the dose and time dependence (Figure 7A). An interesting finding was that
there was a more extensive production of hydroxylated metabolites of testosterone than reduced
metabolites. This was also observed in ex vivo human skin and pig ear skin (Jacques et al, 2014)
suggesting that this observation was not specific to our ORS-RHE model. Considering the lower CYP
expression present in reconstructed skin models compared to reductases capacity, higher proportions of

reduced metabolites would have been expected (van Eijl etal., 2012). Possible reasons for the relative



contribution of hydroxylation and reduction pathways to testosterone metabolism could be due to the
composition of the medium and/or the differences in the skin models. The hair follicle cells from which
the RHE models are derived may exhibit XME profiles with predominant hydroxylation pathways,
although this has not been confirmed with experimental data due to the low amount of cells in the hair

follicle samples.

The amount of radioactivity applied that was recovered in the medium ranged between 62% and 78% of
the applied dose (for all media samples and doses of testosterone over 72 h) and of this, only 2-4% was
present as non-metabolized testosterone, indicating that this model molecule resided in the ORS-RHE
model long enough to be subject to extensive metabolism. The production of all metabolites was both
dose- and time-dependent (Figure 7 and Supplementary Figure 1B). While the increase in hydroxy-
metabolite formation was linear (and not saturated) over this dose range, the rate of production of reduced
metabolites decreased as the dose increased, suggesting these enzymes were saturated at higher doses.
Non-linear production of testosterone metabolites (including hydroxylated metabolites) and enzyme
saturation was also previously observed using pig skin at higher doses (400 — 800 nmoles/skin explant
(Jacques et al., 2014)). The percentage of reduced metabolites also decreased over time (from 25% after
24 hto 17% and 13% after 48 h and 72 h, respectively, suggesting that these metabolites are metabolized
further within the incubation duration (Figure 7 and Supplementary Figure 1B). The percentage of
hydroxylated metabolites increased from 34% after 24 h to 48% and 54% after 48 h and 72 h,
respectively, suggesting that the rate of metabolism decreased after 48 h following testosterone

application.

3.4.3 Benzo(a)pyrene (B(a)P)

B(a)P was selected as a test chemical because its metabolism is more complex than 7-EC and because the
penetration of this lipophilic compound is highly dependent on its metabolism such that only the

metabolites of this chemical penetrate into the receptor fluid (Jacques etal., 2010a). Likewise, in the



current study, only 1-3% of the radioactivity present in the culture medium was found to correspond to
non-metabolized B(a)P. Between 9% and 21% of the applied dose was recovered in media samples for all
doses of B(a)P over 72 h, the majority of B(a)P being metabolized in the first 24 h (Supplementary Figure
1C). Although the synthetic standards for some metabolites were not available, there was enough of each
B(a)P metabolite produced to be able to identify them by mass spectrometry and NMR. B(a)P was
metabolized by ORS-RHE models to hydroxide, diol, catechol and dione metabolites (Figure 8B). The
same metabolites are also produced by human liver microsomes (Jacques et al., 2010a) and are mainly
produced by CYP1B1, CYP1A1 and microsomal epoxide hydrolases (EPHX) (Hvastkovs et al., 2007) and
in part by CYP2C9,and CYP3A4 (Gautier et al., 1996). Of these XMEs, only CYP1B1 and EPHX were
found to be expressed at the gene level in solvent control RHE tissues. Therefore, these isoforms are likely
to be responsible for the CYP-mediated metabolism of B(a)P, at least in the first few hours of the
incubation. It is likely that CYP1ALlis also induced by B(a)P since this is an AhR ligand with similar
inducing effects to BNF and 3-MC; therefore, this CYP may contribute to B(a)P metabolism once it has

been induced.

The main phase Il metabolites of B(a)P produced in ORS-RHE models are the mono-glucuronide and
mono-sulfate conjugates of B(a)P-hydroxide (Figure 8B), which is consistent with the metabolites
produced in ex vivo pig skin (Jacques et al., 2010a). B(a)P phase | metabolites are conjugated via UGTs
(1A9, 1A6 ,1A1) (Bocket al., 1999; Bock and Kohle, 2005; Girard et al., 2008) and the phenol-
conjugating SULT forms (SULT1AL, 1B1, 1A3) and SULTI1EL (Meinl et al., 2008). Of these, UGT1A6
was present, along with UGT1A10, 1A7 and 1A8, and SULT1A3and 1E1 were present in ORS-RHE

models.

The production of phase | metabolites of B(a)P was dose-dependent and linear over the dose range tested
(Figure 8A). By contrast, sulfation and glucuronidation pathways were saturated at doses higher than 1

nmole since the amount of these conjugated metabolites produced reached a plateau at this dose.



3.4.4 3-Methylcholanthrene (3-MC)

The metabolic activation of 3-MC to DNA reactive metabolites involves CYP1 XMEs (Guengerich,
1992). The primary metabolites are hydroxides, 1-hydroxy-3-MC and 2- hydroxy-3-MC, which are further
metabolized to 1-keto-3-MC, and cholanthrene (Myers et al., 1989, Myers and Flesher, 1990), epoxides
(which are then hydrolyzed (Stoming etal., 1977)) and a number of multiple-hydroxylated metabolites,
including trans-1,2-dihydroxy-MC and 11,12- dihydroxy-11,12-dihydro-MC (Clayton and Clayton, 1981-
1982). The hydroxides are subsequently conjugated to sulfates and glucuronides. The sulfated conjugates
are reported to be more mutagenic than the hydroxides (Flesher et al., 1998) and the SULTSs involved in
the bioactivation depend on the hydroxide conjugated: SULT1B1 is primarily responsible for the
activation of 1-hydroxy-3-MC (with SULT1C3 and SULT2A1 playing a minor role) and SULT1AL is
primarily responsible for the activation of 2-hydroxyl-3-MC (with SULT1A2 and SULT2AL1 playing a
minor role) (Meinl etal., 2013). Interestingly, none of these SULT isoforms were present at the gene level
in the ORS-RHE models (Figure 2B); which suggests either that another isoform was responsible for the
sulfo-conjugation of 3-MC metabolites or that the gene level of these XMEs does not correlate with their
functional activities. The standard synthetic metabolites of 3-MC were not available and the low amount
produced (<10 ng) did not allow NMR identification. Therefore, we were unable to determine the exact
position of hydroxyl functions nor conjugation positions, and denoted these metabolites either as
“hydroxylated” or “reduced”” metabolites (Figure 9A). Detoxification via epoxide hydrolases in the ORS-
RHE models is likely to be via EPHX1, which was expressed in these tissues. As with the other 3
chemicals, UGTs were involved in the detoxification of 3-MC. Interestingly, we found that 3-MC induced
UGTs at the gene level after topical application (see Figure 5B) and these conjugates were readily

detected after 24 h incubation of 3-MC with ORS-RHE models.

The amount of radioactivity applied that was recovered in the medium ranged between 55% and 78% of

the applied dose (for all media samples and doses of 3-MC over 72 h) and of this, only 2-4% was present



as non-metabolized 3-MC, indicating that this chemical resided in the RHE models long enough to be
subject to extensive metabolism. In contrast to B(a)P, the formation of hydroxylated 3-MC metabolites
was lower than the formation of phase Il metabolites (glucuronidated and sulfated conjugates) (Figure 6).
3-MC phase | metabolites are conjugated via UGTs (1A5, 1A7, 1A6, 1A1) (Grams et al, 2000, Finel et al,
2005) and the SULTSs involved in the formation of the sulfated conjugates are SULT1B1, SULT1CS3,
SULT2A1, SULT1A2 and SULT1A1 (Meinl et al., 2013). Interestingly, none of these SULT isoforms
were present at the gene level in the ORS-RHE models (Figure 2B). Of the UGTs, UGT1A5, UGT1A6
and UGT1A7 were present at the gene level in the ORS-RHE models (Figure 2B). Interestingly, the gene
expression of UGT1A8 and UGT1A10 were induced after topical application of 3-MC but they have not

been reported as UGT enzymes involved in the 3-MC metabolism in the literature.

4 Conclusions

The aims of the current studies were to make a comprehensive characterization of the gene expression and
functional activity of XMEs in ORS-RHE models and to characterize them as a suitable surrogate for
native human skin for metabolism assays. Such models are important in the safety assessment of topically
applied chemicals by enabling the measurement of potential metabolic activation to toxic metabolites or,
conversely, detoxification, both of which impact local skin and systemic toxicity. This model reflects skin
metabolism under realistic exposure scenarios and is more predictive than using extrapolations from liver
test systems, which do not have the same XME profiles as skin (van Eijl et al., 2012) and cannot be

modified to mimic topical application.

Our data showed that the ORS-RHE model is a novel alternative approach with extensive xenobiotic
metabolism capabilities. Therefore, it could represent a complementary model to the commercially
available epidermal models. The use of the ORS of the hair follicle is a new concept that allows for
flexibility in the selection of the donor, especially of an adult skin source. Although several commercial

models, made under controlled conditions, are available and are suited to a number of different assay



endpoints (e.g. genotoxicity (Aardema etal., 2013), skin corrosion/irritation (Alépée etal., 2015)), we
noted that XMEs profiles were more sensitive than other endpoints such that the reproducibility of data
was affected by transportation conditions e.g. the duration of transport to our laboratory and seasonal
variations. Therefore, an important aspect of this model is that it is generated within our laboratory and
therefore exclude differences in enzymes functionality due to transport effects. Since topical application is
the most relevant exposure route for cosmetics ingredients and for environmental pollutants, we also

wanted to investigate whether topical application of test compounds could be employed in such assays.

The ORS-RHE model has a XME profile thatis consistent with native human skin, supported by the
presence of many of the Phase 1 and 2 XMEs at the gene level which have been reported to be present in
human native skin by at least one other laboratory (Table 1). The highest gene expression level of Phase |
XMEs was observed for alcohol/aldehyde dehydrogenases and (carboxyl)esterases, which is consistent
with the proteomic profile of XMEs in native human skin reported by van Eijl etal. (2012). Also in
keeping with other reports, the levels of Phase 11 XMEs present were generally higher than those of Phase
I XMEs, the highest levels were observed for GSTs (notably GSTP1) and transferases, including NATL.
Although the abundance of CYP enzymes is reported to be low in comparison with reductases, esterases
and dehydrogenases (van Eijl etal., 2012), there are a number of CYPs that are consistently reported to be
detected in native human skin. These were also present at the gene level in the ORS-RHE model and
include: CYP1B1,CYP2C18, CYP2D6,CYP2S1, CYP3A5,CYP4B1, CYP4F3, CYP7B1,CYP26B1and

CYP27BL

There is little information on the comparison of metabolites produced after systemic and topical
application to epidermal models, and the epidermal XMEs bioavailability is often assumed to be
sufficient. RHE models exhibit a reduced barrier function compared with that of native skin (Thakoersing
etal., 2012), making them unsuitable for skin penetration studies but ideal for metabolism studies (since

there is a higher bioavailability to the epidermal XMESs). Our study demonstrate that the ORS-RHE



models are able to rapidly metabolize four test compounds within 24 h of topical application. The extent
of metabolism was dependent on the metabolism by the XMEs and on the residence time within the
model, which is in keeping with the internal exposure model described by Manwaring et al., (2015). The
presence of functional CYPs was confirmed by the extensive CYP-mediated metabolism of 7-EC,
testosterone, B(a)P and 3-MC. The metabolites produced after incubation with testosterone also indicates
the presence of reductases such as 5a.-reductase, the presence of which is reported to be pivotal in the

regulation of androgens in the skin which in turn regulates hair growth (Liu and Yamauchi, 2008).

Importantly, the model is responsive to prototypical CYP inducers, such that CYP1Aland CYP1B1are
both potently induced by the AhR ligands, BNF and 3-MC. The induction of CYP1Aland CYP1B1was
evident at the gene and enzyme activity level, which is of significance because gene expression levels do
not necessarily correspond to functional XME activities (Hewitt et al., 2013). BNF and 3-MC also induced
a number of UGT isoforms, although the extent of induction was not as high (2- to 5-fold) as that for
CYP1Aland CYP1B1 (133- and 250-fold, respectively). The ORS-RHE models are intended for use in
metabolism studies; therefore, it is important to confirm whether XMEs can be altered by the test

compound itself i.e. autoinduction during the incubation period tested.

In conclusion, the ORS-RHE model was shown to express a number of important XMEs, which could be
induced in response to the incubation with CYP inducers. Functional XME activities were also
demonstrated using either systemic or topical application routes, supporting their use in cutaneous
metabolism studies and the prediction of the systemic exposure to parent and/or metabolites after topical
application. Such a reproducible model will be of interest when evaluating the cutaneous metabolism and

potential toxicity of innovative active ingredients.
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Figure legends

Figure 1 Anoverview of the generation of the ORS-RHE model and the incubation conditions for

metabolism assays.

Figure 2. Basal gene expression of Phase | (A) and Il (B) XME target genes in ORS-RHE tissues treated
systemically with DMSO (1% v/v final concentration) in the medium. The different levels of expression
were assigned according the Ct as follows: no expression (CJ) = Ct > 32; weak expression () = Ct 30

—32; Good expression (EEE) = Ct 25 — 30 and strong expression (lll) = Ct< 25.

Figure 3. Effect of systemic application of BNF (A) and topical application of 3-MC (B) to the Phase |
XME gene profile of ORS-RHE models. The gene profiles were measured 24 h after treatment with 25
uM BNF in the medium or after topical application of 100 nmoles/cm? 3-MC. Values are fold increase
compared to control. The lines represent unity + 2-fold. Symbols in red represent genes that were induced
by more than 2-fold and symbols in blue represent genes that were decreased by more than 2-fold. XMEs
in red indicate the change was statistically significant and XMEs in black indicate the change was not

statistically significant.

Figure 4. EROD activity in ORS-RHE models treated systemically (A) or topically (B) with BNF or
3-MC. EROD activity was measured 24 h after treatment with 25 pM BNF or 10 uM 3-MC (systemic
application) or after application of 100 nmoles/cm? of BNF or 3-MC (topical application). EROD was
expressed as the mean + standard error in pmoles/mg/min. Data were obtained from 3 donors in triplicate
and statistical analysis was calculated using a two-tailed Student’s t-test. Differences were considered
statistically significant from p < 0.05. NS not significant p > 0.05, *p < 0.05, ** p < 0.01 and *** p <

0.001.



Figure 5. Effect of systemic application of BNF (A) and topical application of 3-MC (B) to the Phase 11
XME gene profile of ORS-RHE models. The gene profiles were measured 24 h after treatment with 25
1M BNF in the medium or after topical application of 100 nmoles/cm? 3-MC. Values are fold increase
compared to control. The lines represent unity + 2-fold. Symbols in red represent genes that were induced
by more than 2-fold and symbols in blue represent genes that were decreased by more than 2-fold. XMEs
in red indicate the change was significant and XMEs in black indicate the change was not statistically

significant.

Figure 6. Dose-dependency (A) and radiochromatogram (B) of metabolite production in the medium 24 h
after topical application of 7-EC. The doses applied were 1, 2 and 4 nmoles/cm?. The amount of
metabolites (n = 3 donors, mean £ SEM) formed were HC ([, peak not visible in chromatogram), HC-
glucuronide (O, Peak I in radiochromatogram) and HC-sulfate (@, Peak Il in radiochromatogram). The
correlation coefficients (R®) for the goodness of fit were 0.94, 0.98 and 0.86 for the HC, HC-glucuronide

and HC-sulfate, respectively.

Figure 7. Dose-dependency (A) and radiochromatogram (B) of metabolite production in the medium 24 h
after topical application of testosterone. The doses applied were 1, 2 and 4 nmoles/cm?. The amount of
metabolites (n = 3 donors, mean £ SEM) shown in (A) are combined values for reduced () and
hydroxylated ((J) metabolites. The metabolites of testosterone shown in the radiochromatogram (B) are as
follows: Peak | = 7a- hydroxytestosterone; Peak 11 = 63-hydroxytestosterone; Peak 111 =16c.-
hydroxytestosterone; Peak IV = hydroxy-4-androstene-3,17-dione (standard not available); Peak V’ =
hydroxy-4-androstene-3,17-dione; Peak VI = 4-androsten-16a-0l-3,17-dione (16a.-hydroxy-4-androstene-
3,17-dione); Peak VIII = hydroxy-4-androstene-3,17-dione (standard not available); Peak IX =
hydroxytestosterone (standard not available); Peak X = 17B-hydroxyandrosta-4,6-dien-3-one (A6-

testosterone); Peak XI = androstenedione; Peak XII = epiandrosterone; Peak XIII” = 5a-androstan-3,17-



dione and Peak X111 = androsterone. The correlation coefficients (R?) for the goodness of fit were 0.97 and

0.98 for the reduced and hydroxylated metabolites, respectively.

Figure 8. Dose-dependency (A) and radiochromatogram (B) of metabolite production in the medium 24 h
after topical application of B(a)P. The doses applied were 1, 2 and 4 nmoles/cm?. The amount of
metabolites (n = 3 donors, mean + SEM) shown in (A) are combined values for Phase I (),
glucuronidated (O) and sulfated (@) metabolites. The metabolites of B(a)P shown in the
radiochromatogram (B) are as follows: Peak | = B(a)P-diol-sulfate; Peak Il = B(a)P-7,8,9,10-tetrol; Peak
111 = B(a)P-diol-glucuronide; Peak IV =B(a)P-O-glucuronide; Peak VV = B(a)P-O-sulfate; Peak VI =
B(a)P-catechol; Peak VI1 = B(a)P-hydroxide. The correlation coefficients (R?) for the goodness of fit were

1.00, 1.00 and 0.61 for the Phase I, HC-glucuronide and HC-sulfate, respectively.

Figure 9. Dose-dependency (A) and radiochromatogram (B) of metabolite production in the medium 24 h
after topical application of 3-MC. The doses applied were 1, 2 and 4 nmoles/cm?. The amount of
metabolites (n = 3 donors, mean + SEM) shown in (A) are combined values for Phase | (1),
glucuronidated (O) and sulfated (@) metabolites. The metabolites of 3-MC shown in the
radiochromatogram (B) are as follows: Peaks | and 11 = 3-hydroxy-3MC-glucuronide; Peak 1l = 3-
hydroxy-3MC-sulfate; Peak IV =2-hydroxy-3MC- glucuronide; Peak V = 3-hydroxy-3MC-sulfate and 2-
hydroxy-3MC- glucuronide; Peak VI = 2-hydroxy-3MC- glucuronide; Peak VII = 2-hydroxy-3MC-
sulfate ; Peak VI =2-hydroxy-3MC- glucuronide + 2-hydroxy-3MC- sulfate; Peak IX = 2-hydroxy-
3MC- sulfate; Peak X = 3-hydroxy-3MC- sulfate; Peaks XI and XII = 3-hydroxy-3MC; Peak XIII =
hydroxy-3MC- glucuronide; Peak XIV = 2-hydroxy-3MC ; Peak XV = Hydroxy-3MC-sulfate ; Peak XVI
= 2-hydroxy-3MC; Peak XVI1I = hydroxy-3MC. The correlation coefficients (R?) for the goodness of fit

were 0.80, 0.97 and 0.98 for the Phase I, HC-glucuronide and HC-sulfate, respectively.



Supplementary Figure 1. Time-dependency of metabolite production in the medium over 72 h after
topical application of (A) 7-EC, (B) testosterone, (C) B(a)P and (D) 3-MC. The dose applied was 1

nmole/cm? (0.33 cm? disc area). The amount of parent and metabolites was expressed as the mean nmole
produced + SD, n=3 (triplicate ORS-RHE models). The metabolites formed from 7-EC (‘) shown in (A)

were HC (1), HC-glucuronide (O) and HC-sulfate (@). The metabolites formed from testosterone (‘)

shown in (B) are combined values for reduced (ll) and hydroxylated (1) metabolites. The metabolites

formed from B(a)P (<>) shown in (C) are combined values for Phase | (_1), glucuronidated (O) and
sulfated (@) metabolites. The metabolites from 3-MC (A ) shown in (D) are combined values for

hydroxylated (@), glucuronidated (1) and sulfated (O) metabolites.
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Table 1. Summary of XMEs identified in control ORS-RHE models that are present at the gene level in
comparison to native human skin. Genes shown to be present in native human skin are from Luu-The et al.
(2009), Hu et al. (2010), Wiegand et al. (2014) and Svensso (2009) and Oesch et al. (2014). + = present, -
= absent; NR = not reported; ND = Not determined; a = reported by Luu-The etal. (2009); b = reported by

Hu etal. (2010).

Native human Control ORS-

XME skin RHE model

Phase 1
CYPI1A1l

CYP1B1
CYP2C18
CYP2R1
CYP2S1
CYP3A5
CYP4B1
CYP4F2
CYP4F3
CYP4F11 -
CYP7B1
CYP19A1 -
CYP26B1
CYP27B1
50.-Reductase
FMO4
MAOA NR
ADH5 -
ALDH1A1/2/3
ALDH2
ALDH3A2
ALDH3B1/2
ALDH4A1/5A1/6A1 NR
ALDH7A1/9A1 +
UCHL1 NR

+
1

+
+

+

+ |+ |+ [+ |+ [+ |+

+ [+ |+ [+ |+ [+ |+ [+

+

+

+

+ |+ [+ |+
Z
O

+ [+ |+ [+
+ [+ |+ [+ |+ [+ |+ [+ |+ |+




UCHL3 NR +
ESD NR +
EPX1 + +
CES1/2/5A N N
NQO1/2 + +
PTGS1/2 + +
HSD17B10 NR +
DPYD NR +
XHD NR +
Phase 2

GST1A4 + +
GSTK1 NR +
GSTM2/3/4 + +
GSTO1/2 NR +
GSTP1 + +
GSTT1 + +
GSTT2 NR +
MGST1/2/3 NR +
SULT1A1 + -
SULT1A3 + +
SULT1A5/8 NR +
SULT1B1 420 -
SULTIEL + +
SULT2B1 + +
TST NR +
UGT1A3/5/7 NR +
UGT1A6/8/10 + +
NAT1 + +
NAA20 NR +
SAT1 NR +
AS3MT NR +
COMT + +
GAMT NR +
NNMT NR +
TPMT + +




Version postprint

ACCEPTED MANUSCRIPT

DDOST NR
CCBL1 NR

Comment citer ce document :

Bacqueville, D. (Auteur de correspondance), Jacques, Duprat, Jamin, E. L., Guiraud, Perdu, E.,
Bessou-Touya, Zalko, D., Duplan (2017). Characterization of xenobiotic metabolizing enzymes of
a reconstructed human epidermal model from adult hair follicles. Toxicology and Applied
Pharmacoloav 329 190-201 DOI - 10 1016/i taan 2017 05 040



Graphical abstract

Xenobiotics
Topical application

Metabolites

Xenobiotics
Systemic application

Version postprint

Graphical abstract

Comment citer ce document :

Bacqueville, D. (Auteur de correspondance), Jacques, Duprat, Jamin, E. L., Guiraud, Perdu, E.,
Bessou-Touya, Zalko, D., Duplan (2017). Characterization of xenobiotic metabolizing enzymes of
a reconstructed human epidermal model from adult hair follicles. Toxicology and Applied
Pharmacoloav 329 190-201 DOI - 10 1016/i taan 2017 05 040



HIGHLIGHTS

Phase | and Il xenobiotic metabolizing enzymes are expressed in ORS-RHE model
derived from adult hair follicles

Xenobiotic metabolizing enzymes are functional in ORS-RHE following either systemic
or topical application

Xenobiotic metabolizing enzymes are inducible in ORS-RHE

ORS-RHE is a suitable model for studying skin metabolism

ORS-RHE is a convenient and reliable tool for the evaluation of xenobiotics



