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Abstract

Background: High-resolution magic angle spinning (HRMAS) is a nuclear magnetic
resonance (NMR) technique that enables the characterization of metabolic
phenotypes/metabolite profiles of cells, tissues and organs, under both normal and

pathological conditions, without resorting to time-consuming extraction techniques.

Objectives: To assess the impact of chemical skin sensitizers vs non-sensitizers on the

metabolome of 3D reconstructed human epidermis (RHE) by HRMAS NMR.

Methods: Based on the SENS-IS assay, 12 skin sensitizers and 5 non-sensitizing chemicals
were investigated and applied on EpiSkin RHE at the published maximal non irritating
concentrations under the conditions of the test. The metabolome of RHE samples was then

analyzed by HRMAS NMR.

Results: Thirty-two different metabolites were identified; 20 of these were quantified for
all samples. Statistical univariate analysis showed first that the tissue content of most
measured metabolites (with the exception of acetate and glucose) were different in the
untreated, treated with non-sensitizers and treated with sensitizers. In RHE samples in
contact with sensitizing chemicals, concentrations of all these 18 metabolites were
significantly decreased. Alanine and tyrosine could not discriminate between sensitizer and
non-sensitizer treated groups. A multivariate PLS-DA analysis was performed on the two
treated groups discriminating sensitizing and non-sensitizing chemicals with very good R2Y

value of 0.87 and a good Q2 value of 0.70.

Conclusions: Data suggest that HRMAS NMR could be used to monitor the impact of

chemicals, skin allergens vs non-sensitizers, on the metabolome of 3D RHE.
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1. INTRODUCTION

In addition to its physical barrier function,! the skin is a major immunocompetent?
and xenobiotic-metabolizing organ.3 As a consequence, prolonged or repeated dermal
exposure to chemicals can lead to a hypersensitivity immune response in some cases such
as skin allergy/allergic contact dermatitis (ACD), a very common inflammatory skin
disease.*> Currently, in the western world, 15-20% of the population are allergic to at least
one chemical present in their environment.¢ As there is no treatment for skin allergy other
than symptomatic, the prevention of this disease relies on early identification of sensitizing
chemicals prior to their introduction to the market. So far this has been done on the basis of
animal methods such as the murine local lymph node assay (OECD TG 429) or the
Magnusson-Kligman guinea pig based tests (OECD TG 406). However, since the
implementation of EU regulations such as REACH” and the Cosmetics Regulation,8 there
considerable efforts have been made to develop non-animal methods to assess skin
sensitization. The adverse outcome pathway (AOP) for skin sensitization, published by the
OECD in 2012,%10 has been the basis for new alternative methods addressing specific key
events (KE) of this AOP. Up to now three methods are available as OECD test guidelines: the
Direct Peptide Reactivity Assay (DPRA),11 the KeratinoSens,12 and the human Cell Line
Activation Test (h-CLAT)3 addressing KE1 (protein reactivity), KE2 (keratinocytes
activation) and KE3 (antigen presenting cells activation), respectively. While these methods

are individually performing quite well to identify potential skin sensitizers, they only
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address one specific key event. Moreover, they show some limitations in addressing
bioavailability, metabolic activation and danger signal.

One alternative to these peptide/cell based assays would be to use a 3D
reconstructed human epidermis (RHE) model that is very similar to the in vivo human
epidermis!#15 in terms of morphology and metabolic activity, although some differences in
terms of skin penetrationl® and enzymatic activation!”.18 should be pointed out. Advantages
of using a 3D reconstructed skin model would be to test chemicals under conditions similar
to human use (topical application), take advantage of the metabolizing enzymes present,
and benefit from the tridimensional microenvironment. On the one hand, an alternative
approach taking advantage of a 3D RHE model (EpiSkin), has recently been proposed.1® The
SENS-IS assay is based on the expression analysis of a large panel of genes relevant to the
sensitization process in RHE after exposure to a chemical.2? This assay has been shown to
have a very good predictive capacity, to be easily transferable and have a good
reproducibility.20 On the other hand, metabolomics is a rapidly growing branch of science
that aims at analyzing a whole set of metabolites, the metabolome, existing in a biological
environment. Metabolites are small molecules with a molecular weight of less than 1-1.5
kDa produced by the cells and taking part to the biochemical reactions essential for the
cellular integrity. Their levels can be regarded as the ultimate responses of the biological
systems to genetic and/or environmental challenges.2! The metabolome is therefore the

resulting product of the genomic expression implied in the cellular metabolism.

This article is protected by copyright. All rights reserved.



We have therefore been interested in the impact of chemical skin sensitizers on the
metabolome of RHE. The techniques most commonly utilized in metabolomics are mass
spectrometry (MS) coupled with gas or liquid chromatography (GC or LC) or liquid nuclear
magnetic resonance (NMR) spectroscopy. However these techniques are time-consuming
by requiring a step of extraction which can also introduce bias.22 An alternative could be
achieved by using high resolution magic angle spinning (HRMAS) nuclear magnetic
resonance (NMR) technique.23-25 Indeed, this technique offers, without resorting to time-
consuming extractions, a detailed and accurate analysis of the metabolic composition of
intact tissue specimen. This enables the characterization of metabolic
phenotypes/metabolite profiles of cells, tissues and organs, under both normal and
pathological conditions.26-28 Several gynecological, neurological and urological human
malignancies have thus been studied by HRMAS with promising results and the technique
has been applied to a variety of pathologies.2? More recently, our studies have
demonstrated HRMAS to be a promising tool in new domains such as organ transplantation
by allowing the assessment of the quality of the graft,3%3! and surgical operations as an
additional diagnostic tool providing real-time information.32 We have also been showing
that HRMAS NMR was well adapted to study RHE models, 33-3¢ more precisely the

metabolism of different 13C-substituted sensitizers.
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In this work we investigated if this approach based on the HRMAS NMR analysis of
RHE could be used to characterize the impact of chemical skin allergens. To this end, we
have been testing a series of 12 skin allergens versus 5 non-sensitizing chemicals on
EpiSkin following conditions used for the SENS-IS assay1920 showing a modification of the

metabolome allowing to discriminate between sensitizers and non-sensitizers.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Chemicals used in this study were: Oxazolone (CAS no. 15646-46-5),
diphenylcyclopropenone (CAS no. 886-38-4), p-benzoquinone (CAS no. 106-51-4), 2,4-
dinitrochlorobenzene (CAS no. 97-00-7), 4-nitrobenzylbromide (CAS no. 10011-8), 3-
methylcatechol (CAS no. 488-17-5), methyldibromo glutaronitrile (CAS no. 35691-65-7), o-
aminophenol (CAS no. 95-55-6), formaldehyde (CAS no. 50-00-0), glutaraldehyde (CAS no.
111-30-8), propyl gallate (CAS no. 121-79-9), methylchloroisothiazolinone (CAS no. 26172-
55-4), N-butyl alcohol (1-butanol; CAS no. 71-36-3), propylene glycol (CAS no. 57-55-6),
sulfanilamide (CAS no. 63-74-1), vanillin (CAS no. 121-33-5), glycerol (CAS no. 56-81-5),

and dimethylsulfoxide (CAS no. 67-68-5).

2.2 Reconstructed Human Epidermis
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Cell Culture: The EpiSkin reconstructed human epidermises, large model (thirteen days old,
1.07 cm?2), were obtained from Skinethic, Lyon, France. These models are differentiated
from human keratinocytes isolated from healthy donors and include a human collagen
(Type I) matrix, coated with a layer of Type IV human collagen, and a fully stratified and
differentiated epidermis covered with a stratum corneum. The Episkin cultures are shipped
onto a nutritive gel for transportation to maintain viability. Upon reception, RHE were kept
under sterile conditions in a 12-well culture dishes containing 2 mL/well of supplied
maintenance medium (DMEM/Ham'’s F12) pre-warmed at 37°C. The medium was changed
(1 mL) each 24h.

Treatment protocol: At day 14 of culture, the EpiSkin tissues were exposed to the test
chemicals. A solution of each chemical in PBS or DMSO (30 pL) at the maximum non-toxic
concentration!? was applied with a micropipette onto the stratum corneum of the
epidermis in duplicate. The tissues were then incubated with chemical for 15 min. at
37°C/5% COz and washed with 25 mL PBS per epidermis. After washing, the tissues were
further incubated at 37°C/5% COz2 for 6 hours. Each epidermis was then lifted from the
insert using forceps and transferred into a vial for snap freezing. The two RHE samples

treated with the same chemical were pooled into the same vial prior to the snap freezing.

2.3 Rotor preparation and data acquisition by HRMAS NMR
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The rotor preparation and the data acquisition by HRMAS NMR were carried out
according to the methodology already described. Briefly, each sample was prepared at -20
°C by introducing 15 to 20 mg of frozen RHE completed with D20 into a disposable 30 pL
KelF inserts. Shortly before HRMAS analysis, the insert was placed into a standard 4 mm
ZrO2 rotor and closed with a cap. The HRMAS experiments were performed at 3 °C. Upon
completion of the analysis, the insert was taken out of the rotor and stored back at -80 °C
for further complementary NMR analysis at a later stage.

HRMAS spectra were recorded on a Bruker Avance III 500 spectrometer
(Hautepierre University Hospital, Strasbourg) operating at a proton frequency of 500.13
MHz, equipped with a 4 mm double resonance (1H, 13C) gradient HRMAS probe. The
conditions of acquisition and processing for the 1D 1H experiments using standard one
pulse and Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences coupled with water
presaturation, and for the 2D 1H-13C g-HSQC (gradient Heteronuclear Single Quantum
Coherence) experiments using echo-antiecho gradient selection, were those described in
the detailed methodology. All spectra were referenced by setting the lactate doublet

chemical shift to 1.33 ppm in 1H and to 22.7 ppm in 13C.

2.4 Metabolite identification.

Spectral assignments were based on matching 1D NMR data to reference spectra in a home

made reference database, as well as with other databases
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(http://www.bmrb.wisc.edu/metabolomics/; http://www.hmdb.ca/), and reports in the

literature. Some unknown signals (marked with an “X” on 1D and 2D spectra) were

detected but they were not referenced, to our knowledge in any spectral database.

2.5 Discriminant analysis according to experimental groups.

A non-parametric Kruskal-Wallis test with a critical P-value of .05 was used to determine
whether there was a significant difference between the three groups for each metabolite
obtained from the partial least squares discriminant analysis (PLS-DA) models. P-values
were adjusted for multiple testing corrections using the False Discovery Rate.37 This test
was conducted using Minitab software (version 18). Statistically significant changes
between the metabolic content of RHE samples exposed either to sensitizers or non-
sensitizers and control groups were also assessed using a non-parametric Kruskal-Wallis
test followed by a Mann-Whitney test (n= 3 to 12 per group, P-value <.05).

A multivariate approach was also used. To this end, concentrations of the different
metabolites were imported as an input matrix into Python 3 using Matplotlib (Atlanta,
MA)38 and Scikit-learn libraries.3? Principal component analysis (PCA) was performed to
separate the exposed and control groups and remove outliers, if necessary (data not
shown). The PLS-DA method was then applied to identify potential metabolites
corresponding to the buckets with variable importance in the projection (VIP) above 1.

Cross-validation was used to determine the number of linear combinations to be included
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in the PLS-DA model. The quality of the model was indicated by two parameters, R2Y
(proportion of explained variance) and Q2Y (predictive ability). The Q2 value was evaluated

using seven-fold cross-validation.

3. RESULTS AND DISCUSSION

Based on the SENS-IS assay,1920 12 skin sensitizers and 5 non-sensitizing chemicals (Table
1) were investigated and applied on EpiSkin RHE at the published maximal non irritating
concentrations under the conditions of the test (15 min. exposure, washing with PBS

followed by 6h post-incubation).

3.1 HRMAS NMR analysis of untreated RHE

HRMAS NMR spectroscopy experiments were performed on several samples belonging to
two different EpiSkin RHE batches. 1D and 2D NMR spectra were found to be quantitatively
and qualitatively similar. A representative HRMAS Carr-Purcell-Meiboom-Gill (CPMG)
spectrum of an untreated RHE sample is presented in Figure 1A. Metabolites were assigned
using standard metabolite chemical shift tables available in the literature.*? 1H-13C g-HSQC
standard and edited spectra as well as 1H-1H DIPSI spectra were also used to confirm some
assignments. A representative g-HSQC standard spectrum is presented in Figure 1B, and
Supplementary Table 1 presents detailed assignments of metabolites detected in EpiSkin

RHE. A total of 32 different metabolites were thus identified.
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Since magnetic resonance is a quantitative technique, it was possible to obtain metabolite
levels for such samples. According to the protocol described elsewhere,2? metabolite
concentrations were measured by integrating the areas under individual peaks of the
metabolites. Note that these concentrations were obtained from about 15 mg of RHE within
an experimental time of about 19 min. These concentrations are indicative since they were
obtained on not fully relaxed systems. However, as all experiments were performed under
the same conditions, the measured concentrations can be used for statistical analyses. A
representative 1D 1H spectrum of the control group is presented Figure 1A, and a
representative 2D g-HSQC is presented in Figure 1B.

For some metabolites presenting at least one resonance with sufficient spectral resolution
(20 among the 32 described by 2D experiments), the obtained values in (nmol/mg of RHE)
were (on average) for an untreated sample alanine (10.3), aspartic acid (4.0), citrulline
(2.8), free choline (1.4), phosphocholines (4.0), total choline (5.4), beta-glucose (5.3),
glutamate (11.5), glutamine (23.9), glutathione (1.7), glycine (9.2), isoleucine (3.9), lactate
(17.8), lysine (12.0), pyroglutamic acid (10.1), serine (16.0), threonine (8.1), tyrosine (3.6),

and valine (3.6).

3.2 HRMAS analysis of treated RHE

The representative 'H spectra of the two treated groups of samples are also presented on

Figure 2 (B and C), along with the one of the control group. The NMR spectra of the skin
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samples showed signals from numerous small molecular weight metabolites and lipids. The
20 metabolites were for the majority of them detectable in all spectra, and were identified
as cell building blocks (amino acids and choline compounds), metabolites involved in
glutaminolysis (glutamate, glutamine), metabolites involved in detoxification (glutathione)
and metabolites involved in energy consumption (glucose and lactate). Peak areas of the 20
selected metabolites could be calculated for all samples. Note that acetate, present and
detectable in some RHE samples treated with sensitizers, was not detectable in control
samples. The average concentrations of the different metabolites quantified are presented
in Table 2, + SD. The individual concentrations of each metabolite for all the samples
analyzed are listed in Supplementary Table 2. A simple visual inspection of the three
representative 1H spectra presented in Figure 2 shows a global decrease of the metabolic
content between the control group, the non-sensitizer treated group and the sensitizer

treated group.

3.3 Modifications induced in RHE by sensitizers and non-sensitizers

Statistical univariate analysis showed first that the tissue content of most of the measured
metabolites (with the exception of acetate and glucose) were significantly different in the
three types of analyzed samples. This striking result is emphasized by a P-value < .05 in the

Kruskal-Wallis test, as depicted in Table 2. The levels of 17 of the quantified metabolites
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were lower in treated RHE compared to naive RHE samples. Note that glycine cannot

discriminate between naive samples and samples treated by a non-sensitizing chemical.

We also found metabolic changes for 18 of the quantified metabolites (P < .05, Mann-
Whitney test) (Table 2) between the two treated samples groups (sensitizers vs non-
sensitizers). Indeed, all these 18 metabolites were significantly decreased in RHE samples
exposed to a sensitizing compound even if alanine and tyrosine cannot discriminate
between the sensitizer and non-sensitizer treated sample groups. We can hence confirm the
global decreasing trend of the metabolic fingerprint of the RHE for distinguishing the
samples treated either by a non-sensitizing or a sensitizing chemical. We have also checked
that both treated groups (sensitizers and non-sensitizers) could be distinguished from the
untreated control group.

Among affected metabolites, glutathione (GSH) attracted our attention, as this peptide is
known to react readily with electrophiles and be involved in detoxication processes.
Overall, the average concentration of GSH was found to be 1.1+0.1 nmol/mg and 0.3+0.4
nmol/mg in non-sensitizers and in sensitizers treated RHE samples, respectively (Fig 3A).
For 7 over 12 sensitizers, GSH was even completely depleted, with no detectable signal.
Very interestingly the depletion was not complete either with prohaptens that need to be
activated (propylgallate, o-aminophenol, 3-methylcatechol) or aldehydes that are known to

be less reactive towards thiol nucleophiles (formaldehyde and glutaraldehyde).
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Interestingly, formaldehyde induced in parallel the second most important depletion for
lysine which is in very good agreement with its known chemical reactivity. A threshold
based on the measured concentration of GSH in RHE treated with formaldehyde at 0.97
nmol/mg could allow discriminating sensitizers from non-sensitizers (Fig. 3A). Similar
observations could be made with glutamate which could also discriminate sensitizers from
non-sensitizers with a threshold based on the concentration measured for o-aminophenol
at 4.70 nmol/mg of RHE (Fig 3B). Looking at depletion levels associated with vanillin that
are close to the threshold, the classification of this chemical as a non-sensitizer could be
questioned. Indeed, it is classified as such based on LLNA data, but cases of skin allergy have
been reported in humans and it could therefore be considered as a weak sensitizer. If
vanillin was considered as a sensitizer, many more metabolites could discriminate between
sensitizers and non-sensitizer such as serine, alanine or lysine. This very well illustrates the
complexity of analyzing such a large dataset, and therefore in order to include all data
without any “a priory”, more accurate statistical analysis based on multivariate tests were

needed.

3.4 Multivariate Statistical analyses
Multivariate partial least square-discriminant analysis (PLS-DA) using our in-house built
Python algorithm was performed on the two treated groups using all concentrations of the

different analyzed metabolites as an input. The variable importance in the projection (VIP)
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values determined following this analysis showed that citrulline, glycine, tyrosine and
aspartate had a low predictive value while all the remaining metabolites had the best
predictive values characterized by a VIP value above 0.9. Among these 16 metabolites, the
strongest discriminants were found to be acetate, free choline, glutathione, pyroglutamic
acid, lysine and threonine. A partial least square-discriminant analysis (PLS-DA) restrained
on these most discriminating metabolites has therefore been performed and a score plot is
presented in Figure 4A. It is characterized by a very good R2Y value of 0.87 and a good Q2
value of 0.70 obtained with the first two PCs of the model. A R2Y value and a Q2 value
superior respectively to 0.7 and to 0.5 are generally considered as very good indicators for
a robust classification model.2? Finally, we used this model to predict the control group. As
we can see on the score plot presented in Figure 4B, this group is also well distinguished for
the two others and is located close to the non-sensitizer group, reflecting the observation

made previously by a visual inspection in the three average NMR spectra.

3.5 Pathophysiological considerations

If in the case of GSH and Lysine the depletion following contact with skin sensitizers
could be explained by a direct reaction with the chemical, like in the DPRA, it is less clear for
other metabolites even if some of them have been linked to some pathophysiological
processes occurring in the skin. Thus, serine can be used by cells for energy supply being

converted into lactate,*! even if the origin of the intracellular serine remains unclear: either
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taken up from the medium, de novo synthetized from 3-phosphoglycerate or finally
resulting from the conversion of reduced serine. Some metabolites appear to be associated
with hyperproliferative or hypermetabolic states: glutamic acid, choline, valine, and
glucose. This parallels cancer metabolic profiles as both diseases are characterized by high
cellular proliferation rates.28 42 Similarly, choline is a building block needed for cell growth
and division and was found to be elevated in psoriatic skin compared to symptom-free
psoriatic skin and healthy controls in two studies using NMR and MS analysis.#344
Moreover, both glutamic acid and choline were found to have a positive correlation with
psoriasis severity based on the plaque severity scale, likely due to the increasing
keratinocyte proliferation and inflammation.#3 Alternatively, decreased levels of glucose
and valine-leucine/isoleucine ratios were found in psoriatic lesions compared to non-
psoriatic skin, which may be due to accelerated turnover of these metabolites in rapidly
proliferating cells. Increased levels of choline in inflammatory processes have also been

observed.4?

4. CONCLUSION

The use of a metabolomic approach based on HRMAS NMR Spectroscopy could be a
good alternative to assess the sensitizing capacity of chemicals. In this pilot study we have
been using a still limited number of potent skin sensitizers (12) and non-sensitizers (5).

Sensitizing chemicals were either classified as extreme (6) or strong (6) according to the
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LLNA and were covering some chemical diversity including haptens and prohaptens. It is
striking to note that even after a very short contact of 15 min, followed by an extensive
washing and a post incubation of 6h, a deep impact was observed on the metabolome of
RHE. It should also be noted that all chemicals were tested at non-toxic concentrations
previously determined under the conditions of SENS-IS and that not all metabolites were
affected by skin sensitizers. If the depletion of GSH and/or lysine could be explained by a
reaction with electrophilic intermediates, the decrease of some other metabolites is still
unexplained at this stage. To reinforce the model, experiments should be repeated and
more sensitizers, particularly those classified as moderate and weak or with a known
metabolic pathway should be included. Finally, the concentrations of the different
metabolites used for building our model were determined by using the area under the
corresponding peaks; we will reinforce thus our model by using some more accurate

quantification procedures by using commonly accepted methods like deconvolution.

ABBREVIATIONS

ACD, allergic contact dermatitis; AOP, adverse outcome pathway; DPRA, direct peptide
reactivity assay; ECVAM, European Center for Validation of Alternative Methods; HRMAS,
high-resolution at magic angle spinning; g-HSQC, gradient Heteronuclear Single Quantum

Coherence; LLNA, local lymph node assay; RHE, reconstructed human epidermis; PCA,
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Principal Component Analysis; PLS-DA: Partial Least Square-Discriminant Analysis; NMR:

Nuclear Magnetic Resonance. VIP: Variable Importance in the Projection.
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Table 1: Test chemicals used in the study

Chemical name CAS Dose used Solvent Sensitizer
number (%)
Oxazolone 15646-46-5 1 DMSO Y
Diphenylcyclopropenone 886-38-4 1 DMSO Y
p-Benzoquinone 106-51-4 10 DMSO Y
2,4-Dinitrochlorobenzene 97-00-7 1 DMSO Y
4-Nitrobenzyl bromide 100-11-8 1 DMSO Y
3-Methylcatechol 488-17-5 10 DMSO Y
Methyldibromo glutaronitrile =~ 35691-65-7 10 DMSO Y
o-Aminophenol 95-55-6 10 DMSO Y
Formaldehyde 50-00-0 10 PBS Y
Glutaraldehyde 111-30-8 10 PBS Y
Propyl gallate 121-79-9 10 DMSO Y
Methylchloroisothiazolinone 26172-55-4 50 DMSO Y
N-Butyl alcohol (1-butanol) 71-36-3 10 PBS N
Propylene glycol 57-55-6 50 PBS N
Sulfanilamide 63-74-1 50 DMSO N
Vanillin 71-36-3 50 DMSO N
Glycerol 56-81-5 50 PBS N
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TABLE 2: Average concentrations of the different metabolites in control (untreated RHE)
and in RHE after treatment by non-sensitizers or sensitizers.

Control Non Sensitizers
Metabolite Sensitizers P-Value*
(n=3) (n=12)
(n=5)

Acetate 0 0 0.22+0.20 _
Alanine 14.4+3.6 6.6+1.7# 2.8+1.2## 1t .003
Aspartate 5.0+x0.8 2.8x1.7 0.3£0.7##1(t1) .006
Citrulline 4.0+1.2 2.2+0.6 1.2+0.6%#1 .005
Free Choline 1.1+0.3 0.6+0.1# 0.3+0.1## 1t .001
Phosphocholines 3.7+0.3 2.6x0.5% 1.3+£0.6%# 1 .001
Total Choline 4.8+0.5 3.2+0.5# 1.6+0.7## 1t .001
Beta Glucose 4.5+1.2 2.6+0.5 3.3+1.7 .18
Glutamate 14.0+2.1 6.7+1.2# 2.9+1.2## 1t .001
Glutamine 26.5+2.2 14.3+3.4# 6.7+3.0## 1t .001
Glutathione 1.5+0.3 1.1+0.1% 0.3+0.4## 1t .001
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TABLE 2 (continued)

Metabolite Control (n=3) Senls\li(t)iI;ers Se(nns itli?)ers P-Valuet
(n=5)
Glycine 13.1+34 8.1+4.2 2.7+1.2## 1t .002
Isoleucine 3.3+0.6 2.3+0.4# 1.1+0.4## 1 .002
Lactate 18.0+0.8 10.3+£0.9# 8.6+3.9## .009
Lysine 13.5x1.4 6.9+1.4# 3.0£1.2## 1t .001
Pyroglutamate 12.7+2.4 7.1+2.2# 3.4+1.9t .005
Serine 24.7+7.7 12.4+2.7# 6.4+1.7## 1t .001
Threonine 9.5+1.3 5.4+1.1# 2.4+1.0## 1t .001
Tyrosine 1.7+0.1 1.0+0.2# 0.6+0.2## 1t .003
Valine 6.5+2.6 2.4+0.2# 1.2+0.5## 11 .001

t A non-parametric Mann-Whitney U test has followed a non-parametric Kruskall-Wallis

test, both based on average concentrations of the different metabolites quantified.

# (P<.05), ## (P<.02) indicate a significant change with respect to the “control” group; *

(P<.05),tf (P<.02) indicate significant change with respect to the “non-sensitizer” group.
Between brackets: when adjusted for numbers with identical ranges.
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Figure captions

Figure 1

Representative NMR spectra of the control group: 1A - Representative 1D 1H Carr-Purcell-
Meiboom-Gill (CPMG) spectrum of an untreated RHE sample. 1B (up and down) -
Representative 2D heteronuclear g-HSQC standard spectrum of an untreated RHE sample.
Characteristic metabolites, fatty acids and macromolecules are annotated. Numbers refer to

metabolites listed in Supplementary Table 1.

Figure 2

Representative 1D 1H HRMAS Carr-Purcell-Meiboom-Gill (CPMG) spectra of RHE samples -
untreated (A), treated with a non-sensitizer (B), treated with a sensitizer (C). The violet
arrow indicates a global decrease of the metabolic profile in NS treated samples compared
to blank samples and the red one indicates a more accentuated global decrease in S treated
samples compared to the control group. Characteristic metabolites, fatty acids and
macromolecules are annotated. Numbers refer to metabolites listed in Supplementary

Table 1.

Figure 3

Box-plots of GSH (1A) and Glutamate (1B) concentrations (nmol/mg of RHE) in untreated

samples (Blank), treated with non-sensitizers (NS) and with sensitizers (S). The bottom line
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of each box represents the first quartile, the intermediate line the median and the top line

the third quartile

Figure 4

Partial Least Squares Discriminant Analysis (PLS-DA) Score plots of the three analyzed
groups: 4A - PLS-DA Score plot between RHE samples treated by a non-sensitizing chemical
(triangles) and RHE samples treated by a sensitizing chemical (circles). 4B - Predictive
Model based on the previous one with the two treated groups represented by triangles and

circles and untreated control RHE represented by diamonds.
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Supplementary Table 1: *H and **C resonance assignments for metabolites, fatty
acids, and macromolecules present in EpiSkin™ RHE samples.

1, 13

Metabolite Group H C
1 Acetate B-CH3 1.92
2 Alanine B-CH3 1.48 18.71
a-CH 3.78 53.13
3 Arginine B-CH2 1.88 30.43
a-CH 3.91 57.80
4 Asparagine B-CH2 (u) 2.87
B-CH2 (d) 2.93
a-CH 4.00
5 Aspartic acid B-CH2 (u) 2.70 38.92
B-CH2 (d) 2.80 39.05
a-CH 3.89 27.83
6 Citrulline y-CH2 1.58 27.50
B-CH2 1.88 41.54
6-CH2 3.14 41.62
a-CH 3.75 13.87
7 Choline (Cho) N+(CH3)3 3.20 56.33
B-CH2 3.52
a-CH2 4.07 58.16
8 Creatine CH2 3.93 56.38
CH3 3.03 39.41
9 a-Glucose C2H 3.54 74.00
C3H 3.69-3.71 75.40
C5H 3.84 73.98
C6H or C6H (d) 3.89 63.67
C1H 5.23 94.83
10 B-Glucose C2H 3.24
C4H 3.40 72.08
C3H, C5H 3.47 78.6
C3H, C5H 3.48 78.3
C6H or C6H (u) 3.77 63.27
C1H 4.65 98.65
11 Glutamate B-CH2 2.04-2.11 29.60
y-CH2 2.35 35.91
a-CH 3.76 57.20
12 Glutamine B-CH2 2.14 29.18
y-CH2 2.45 33.38
a-CH 3.77 57.20
13 Glutathione, reduced B-CHz, Glu 2.17
0a-CHy, Cys 2.56
0a-CH,, Gly 2.96
a-CH 3.78
B-CH, 4.57
NH, Gly 8.37
NH, Gly 8.56
14 Glycerol 1,3 CH20H 3.56 65.30
1,3 CH20H 3.66 65.30
CH(OH) 3.76 75.08
15 Glycine ao-CH 3.56 44.08
16 GPCho N+(CH3)3 3.23 56.45
B-CH2 3.69 68.38
17 Histidine CH2 3.15-3.29
C4H(ring) 7.11

C2H(ring) 7.92



Supplementary Table 1 (cont.)

Metabolite Group ' B¢

18 Isoleucine 6-CH3 0.93 13.87
y-CH3 1.01 17.36
v-CH2 (u) 1.25
y-CH2 (d) 1.46 27.74
B-CH 1.98 38.57
a-CH 3.67 62.29

19 Lactate CH3 1.33 22.70
CH 4.12 71.17

20 Leucine §-CH3 0.95 23.44
§'-CH3 0.96 24.68
y-CH 1.70 29.12
B-CH2 171 42.54
a-CH 3.73

21 Lysine y-CH2 1.47 24.28
§-CH2 1.72
B-CH2 1.91 32.54
e-CH2 3.03 41.63
a-CH 3.79

22 Methionine €-CH3 2.12 16.51
y-CH2 2.63 31.00
a-CH 3.87

23 Ornithine B-CH2 1.94 30.07
§-CH2 3.08 41.55

24 PCho N+(CH3)3 3.22 56.51

25 Phenylalanine B-CH2 (u) 3.12
B-CH2 (d) 3.28 38.80
a-CH 4.00 58.81
CH2,6 7.31
CH4 7.37
CH3,5 7.41

26 Proline y-CH2 2.00
B-CH2 (d) 2.34 31.89
§-CH2 (u) 3.33 48.37
§-CH2 (d) 3.33 48.37
a-CH 4.13 63.75

27 Pyroglutamic acid B-CH2 (u) 2.02 29.70
y-CH2 2.40 32.31
B-CH2 (d) 2.51 28.03
a-CH 4.19 61.14

28 Serine a-CH 3.84 58.98
B-CH2 3.97 62.86

29 Threonine y-CH3 1.32
a-CH 3.59 63.15
B-CH 4.25 68.65

30 Tryptophan CH-arom 7.26 130.97
CH-arom 7.71

31 Tyrosine a-CH 3.93 58.59
CH3,5 6.89 118.47
CH2,6 7.17 133.40

32 Valine y-CH3 0.99 19.23
y'-CH3 1.04 20.62
B-CH 2.28 36.14

a-CH 3.61 62.92



Supplementary Table 1 (cont.)

Metabolite Group ' B¢
FA Fatty acids (a) CH3 0.90 16.65
CH2 1.28 34.62
FA Fatty acids (b) CH2 1.29 32.16
FA Fatty acids (c) CH2 1.30
CH2 2.01 28.01
5.32
FA Fatty acids (b) (c) CH2 1.58 27.54
CH2 2.24
MM  Macromolecules CH3 1.40 18.94
CH 4.29 56.39
CH 4.47 58.39
EtOH Ethanol CH3 1.18
CH2 3.65
_ CH? 0.94 20.85
_ CH? 1.22 21.54
_ CH? 141 19.05
FA Fatty acids (a) CH3 0.90 16.65
CH2 1.28 34.62
FA Fatty acids (b) CH2 1.29 32.16
FA Fatty acids (c) CH2 1.30
CH2 2.01 28.01
5.32
FA Fatty acids (b) (c) CH2 1.58 27.54
CH2 2.24
MM  Macromolecules CH3 1.40 18.94
CH 4.29 56.39
CH 4.47 58.39
EtOH Ethanol* CH3 1.18
CH2 3.65
X _ CH? 0.94 20.85
X _ CH? 1.22 21.54
X _ CH? 141 19.05
X _ CH? 1.42 24.33
X _ CH? 1.50 24.37
X _ CH? 2.98 54.50
X _ CH? 3.18 49.99
X B CH? 3.49 78.45
X _ CH? 3.89 63.71
X _ CH? 4.00 58.53
X _ CH? 4.29 52.76
X _ CH? 4.32 56.08
X B CH? 448 58.53
X _ CH? 5.31 132.05
X _ CH? 6.42 126.56
X _ CH? 6.46 126.54
X _ CH? 7.27 120.11
X _ CH? 7.50 122.98
X _ CH? 1.42 24.33
X _ CH? 1.50 24.37
X _ CH? 2.98 54.50
X _ CH? 3.18 49.99
X B CH? 3.49 78.45
X _ CH? 3.89 63.71
X _ CH? 4.00 58.53
X CH? 4.29 52.76



Supplementary Table 1 (cont.)

Metabolite Group ' B¢
X _ CH? 4.29 52.76
X _ CH? 4.32 56.08
X _ CH? 4.48 58.53
X _ CH? 5.31 132.05
X _ CH? 6.42 126.56
X _ CH? 6.46 126.54
X _ CH? 7.27 120.11
X CH? 7.50 122.98

* EtOH is not a metabolite but a technical residue.

(d): down field

(u): up field

arom: aromatic

x: unidentified metabolites or with ambiguous assignments given by available
databases.



Supplementary Table 2: Concentration of metabolites in EpiSkin™ RHE samples (untreated or treated) expressed in nmol/mg of
RHE

Metabolites Acetate Alanine Aspartate Citrulline |free Choline| Phosphocholines c:]%tl?ge

RHE samples

Untreated 0,00 10,31 4,04 2,77 1,42 3,95 5,37
Untreated 0,00 16,48 5,38 4,12 0,96 3,79 4,75
Untreated 0,00 16,43 5,48 5,16 0,92 3,38 4,30
DMSO 0,00 3,13 0,00 1,30 0,52 1,66 2,17
PBS 0,00 9,04 3,95 3,31 1,00 3,12 4,11
Vanilin 0,00 3,61 0,00 1,44 0,58 2,05 2,63
Sulfanilamide 0,00 7,51 3,97 3,01 0,51 2,17 2,68
1-Butanol 0,00 7,55 2,84 2,58 0,60 2,91 3,51
Propylene glycol 0,00 6,92 2,83 2,09 0,67 3,01 3,67
Glycerol 0,00 7,22 4,13 1,97 0,72 2,83 3,55
Propylgallate 0,38 4,16 0,00 1,79 0,31 1,49 1,80
2-Aminophenol 0,31 3,79 0,00 1,34 0,46 1,66 2,12
Methylchloroisothiazolinone 0,63 3,68 0,00 2,16 0,21 0,55 0,76
Methyldibromo glutaronitrile 0,00 1,65 0,00 1,53 0,26 0,53 0,79
Formaldehyde 0,43 2,03 1,65 0,24 0,54 2,00 2,55
Glutaraldehyde 0,23 3,76 1,77 1,00 0,48 2,34 2,82
2,4-dinitrochlorobenzene 0,00 2,98 0,00 2,06 0,25 0,68 0,93
p-Benzoquinone 0,28 0,60 0,00 0,44 0,42 0,98 1,41
3-Methylcatechol 0,19 2,74 0,00 1,09 0,27 1,19 1,45
4-Nitrobenzyl bromide 0,00 3,76 0,00 1,10 0,20 1,30 1,50
Oxazolone 0,00 3,02 0,00 1,02 0,50 1,75 2,25
Diphenylcyclopropenone 0,15 1,32 0,00 1,05 0,19 0,57 0,76




Supplementary Table 2 (cont.)

Metabolites | b-Glucose | Glutamate | Glutamine | Glutathione Glycine Isoleucine Lactate Lysine
RHE samples
Untreated 5,31 11,53 23,94 1,73 9,23 3,93 17,82 11,95
Untreated 5,07 15,34 27,75 1,51 14,14 3,11 17,24 14,72
Untreated 3,05 15,08 27,65 1,21 15,84 2,78 18,84 13,92
DMSO 2,58 4,13 8,02 0,66 3,26 1,17 10,51 4,05
PBS 4,58 7,92 18,58 0,56 9,03 3,00 9,70 8,90
Vanilin 2,82 4,81 8,47 1,06 3,58 1,73 10,84 4,56
Sulfanilamide 2,50 6,92 16,23 1,04 8,00 2,53 10,71 7,07
1-Butanol 2,45 7,12 14,37 1,11 7,18 2,70 9,36 7,84
Propylene glycol 2,10 6,77 15,27 0,99 6,98 2,21 11,19 8,03
Glycerol 3,33 7,97 17,20 1,10 14,96 2,37 9,44 7,22
Propylgallate 2,52 4,20 10,09 0,77 4,65 1,75 10,41 4,72
2-Aminophenol 1,66 4,70 7,85 0,80 3,40 1,30 13,79 4,07
Methylchloroisothiazolinone 2,39 3,07 6,98 0,00 4,13 1,36 4,21 3,51
Methyldibromo glutaronitrile 4,11 1,70 5,01 0,00 1,71 0,75 4,74 2,63
Formaldehyde 6,62 1,96 5,84 0,97 1,56 1,00 17,45 1,18
Glutaraldehyde 4,73 4,17 13,70 0,29 2,61 1,57 9,95 3,14
2,4-dinitrochlorobenzene 2,95 2,96 5,23 0,00 2,86 1,18 6,48 3,29
p-Benzoquinone 5,46 0,68 3,11 0,00 0,48 0,35 5,69 0,93
3-Methylcatechol 0,91 2,67 5,19 0,37 2,79 0,96 8,26 2,40
4-Nitrobenzyl bromide 2,05 2,85 6,88 0,00 3,33 1,39 7,70 4,26
Oxazolone 3,35 3,51 7,26 0,00 2,79 1,43 9,22 3,97
Diphenylcyclopropenone 2,63 2,04 3,15 0,00 1,56 0,66 5,49 1,91




Supplementary Table 2 (cont.)

Metabolites | Pyroglutamate Serine Threonine Tyrosine Valine

RHE samples

Untreated 10,12 15,96 8,05 1,59 3,62
Untreated 13,25 27,66 9,96 1,83 7,28
Untreated 14,72 30,60 10,45 1,75 8,60
DMSO 2,70 6,96 3,08 0,64 1,30
PBS 8,96 18,20 6,63 1,27 2,92
Vanilin 3,45 7,77 3,63 0,72 2,07
Sulfanilamide 9,15 14,45 6,11 1,25 2,15
1-Butanol 7,15 12,97 5,75 1,00 2,49
Propylene glycol 7,22 12,55 5,33 1,03 2,61
Glycerol 8,65 14,24 6,18 0,94 2,50
Propylgallate 5,11 8,48 3,95 0,84 2,19
2-Aminophenol 4,48 5,99 3,39 1,01 1,25
Methylchloroisothiazolinone 4,12 9,55 2,76 0,67 1,31
Methyldibromo glutaronitrile 2,00 4,54 2,39 0,44 0,76
Formaldehyde 2,69 6,75 1,07 0,43 0,77
Glutaraldehyde 8,12 7,71 1,84 0,47 1,63
2,4-dinitrochlorobenzene 2,65 6,30 3,24 0,58 1,21
p-Benzoquinone 0,84 4,35 0,74 0,21 0,47
3-Methylcatechol 3,33 5,18 1,92 0,51 1,28
4-Nitrobenzyl bromide 3,16 7,34 2,60 0,84 1,28
Oxazolone 2,84 6,75 2,73 0,65 1,55
Diphenylcyclopropenone 1,42 3,93 1,62 0,36 0,99
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