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In addition to inhalation, dermal absorption is a route of exposure to be considered when assessing occupational risks. To investigate dermal penetration of chemicals, human skin samples are regarded as the gold standard. As human samples can be difficult to obtain, many experiments are performed with rat skins, and the results extrapolated to describe human percutaneous absorption. Here, we examined the characteristics of rat skin samples and compared absorption to that measured with in vitro human skin. The thickness of the stratum corneum layer in rat skin samples was found to be uniform when samples were excised from the animals' backs once they were at least 7-weeks-old. Overall, dorsal skin samples from mature rats could be reliably used to measure the flux of hydrophilic liquid molecules, such as N-methyl-2-pyrrolidone, and N,N-dimethylformamide. In contrast, with a solid lipophilic substance, bisphenol A, dissolved in acetone, the flux obtained with rat skin samples was 3-fold higher than that measured with human skin. Consequently, it does not appear relevant to use rat skin in place of human skin to measure absorption of solid lipophilic substances.

Introduction

Every day, workers may be exposed to a whole host of chemicals in their occupational environment. Industrial toxicants are mainly absorbed via oral, pulmonary and dermal routes. Among these routes, dermal absorption can be a major route for chemicals because of the large surface area of the human body. The human skin protects the body from physical strain and from exogenous products. Its barrier function is mainly assured by its outermost layer, the stratum corneum (SC). In discussions surrounding prevention policies, there are clear concerns that chemicals might penetrate the SC, and then the viable epidermis, to gain access to the dermis where there are plenty of blood vessels constituting a gateway for entry deeper into the body. SC is a superficial, thin and relatively dry layer of skin. It is composed of dead epidermal cells, the corneocytes, that have lost their nuclei and cytoplasmic organelles [START_REF] Mcgrath | Anatomy and organization of human skin[END_REF]. Corneocytes are separated by intercellular spaces filled with lipids and an aqueous film, which make up lamellar lipid bilayers [START_REF] Schneider | Schaefer Nanoparticles and their interactions with the dermal barrier[END_REF]. The SC is particularly lipid-rich and constitutes the primary barrier against penetration and allows the elimination of endogenous compounds [START_REF] Mizutani | Ceramide biosynthesis in keratinocyte and its role in skin function[END_REF]. The lipid composition of the SC differs widely compared to that found in most other biological membranes as it includes practically no phospholipids.

Rather, the main components are long-chain ceramides, fatty acids and cholesterol. Although at body-surface temperature, both the lipid and keratin components are solid, in hydrated conditions, minor fractions of the SC lipid and protein components become liquid. This property is expected to change the permeability of the dermal layer. Indeed, the increase in fluidity makes the SC more permeable to both polar and nonpolar compounds, and may influence skin elasticity. Dermal absorption can thus be significantly affected by the external conditions (temperature and humidity) and the nature of the vehicle (used to solubilize solid chemicals) in which the compound is miscible.

In the experiment described here, we have attempted to reduce the factors modifying dermal absorption as far as possible to compare the percutaneous permeation of three substances which are widely used in occupational environments: two solvents and one solid, lipophilic substance. The first molecule tested was N-methyl-2-pyrrolidone (NMP), which is frequently used to clean surfaces and dissolve lacquers, adhesives and polymer resins. The second molecule was N,N-dimethylformamide (DMF), used in the production of films, acrylic fibers and plastics, in the pharmaceutical industry and in the production of pesticides [START_REF] Bader | Human volunteer study on the inhalation and dermal absorption of N-methyl-2-pyrrolidone (NMP) from the vapour phase[END_REF]Nomiyama et al., 2001). The third compound was bisphenol A, which is used in the production of epoxy resin and thermal paper.

Skin absorption and dermal delivery of chemicals can be evaluated by in vitro method using excised skin (OECD, 2004a). Skin from human or animal sources can be used. Freshly-excised human skin samples (usually from abdomen or breast) are often regarded as the gold standard in absorption assays (OECD, 2004b;[START_REF] Todo | Transdermal permeation of drugs in various animal species[END_REF]. However, the supply of human skins from plastic surgery centers is often limited and their quality can be quite unpredictable. As a result, researchers frequently use rodent skins as an alternative to human skin when performing in vitro percutaneous absorption studies. Rats have numerous advantages: they are small and easily available, and there is a large body of data about them. Rat skin shares many structural similarities with human skin [START_REF] Godin | Transdermal skin delivery: predictions for human from in vivo, ex vivo and animal models[END_REF], but the use of a rat model may be inappropriate in some investigations and certain conclusions should only be extrapolated to human skin with caution. The most striking difference between rat and human skin is the fact that rat skin is generally more permeable than human skin (OECD, 2011;[START_REF] Jung | Animal models for percutaneous absorption[END_REF]. Using 'Triple Pack' approach (i.e. combining data from in vivo animal, in vitro animal in vitro human dermal absorption studies) estimation of human dermal absorption could be improve (OECD, 2011).

Before assessing a quantitative comparison of skin permeation parameters between human and rat skins, the parameters that might influence dermal absorption on rat skin, and thereby should increase variability of the model must be known and characterized. In the case of the rat, dorsal or ventral skin are the preferential zone but dorsal skin should be used if the study is designed to correspond with the in vivo application site (OECD, 2004b). However, the dorsal zone is not homogeneous according to the age of the animal.

The aim of the present study was thus to determine the ideal age at which skin can be harvested from rats, and the locations from which to excise skin samples so as to reduce the variability of the measurements carried out in this animal model. After determining the relevant age and the location, the absorption fluxes of NMP, DMF and BPA were comparatively assessed in human and rat skin samples.

Materials and Methods

Animals

Forty Sprague-Dawley rats (Charles River, 69210 Saint-Germain-Nuelles, France) were used in this study. The animals were maintained on a 12 h/12 h day/night cycle, at constant temperature and humidity (22±2 °C and 50±15%, respectively) with free access to a commercial rodent diet (food pellets, Scientific animal Food and engineering, Augy, France) and tap water.

They were housed in cages (350×180×184 mm) on irradiated cellulose BCell8 bedding (ANIBED, Route de Lude, 72510 Pontvallain, France). The animal facilities are fully accredited (C54-547-10), and investigators adhered to the Guide for Care and Use of Laboratory Animals promulgated by the European parliament and council (Directive, 2010/63/EU, 22 September 2010). The protocol for the present study (reference CELMEA-2012-0033) was approved by the local ethics committee.

Rat skin procurement

All the rats studied here were from the same 3-week-old batch. They were euthanatized by intraperitoneal injection of 50 mg/kg of pentobarbital and were investigated at different ages (4 weeks, 7 weeks, 4, 8 and 12 months). When collecting skin samples, the entire dorsal region was clipped and the subcutaneous tissue carefully removed. Small skin samples (about 0.6 cm²) were removed from three different locations (shoulders, mid-back and hips) for histological preparation before measuring the thickness of the skin layers. The remaining skin was then stored at -80 °C until required for in vitro experiments.

Human skin procurement

Human skin samples were obtained from patients undergoing abdominal plastic surgery.

Patients provided their written informed consent for use of their samples in this study. Samples obtained from three different female donors were investigated (29, 31 and 55 years old).

Immediately following removal, skin was transported to the laboratory and rinsed with a saline solution. Adipose tissue was dissected off, and small skin samples (about 0.6 cm²) were removed to measure skin layer thicknesses. The remaining skin was then stored at -80 °C until required for in vitro experiments.

Histological preparation

Both rat and human skin specimens were snap frozen in liquid nitrogen and stored at -80 °C before analysis. Frozen sections measuring 7 to 10 µm thick were cut with a cryostat (Microm HM560, Microm Microtech, Brignais, France). The specimens were routinely processed for observation under light microscopy. Briefly, they were placed on a glass slide and stained with hematoxylin-eosin-saffron. A Nikon microscope (Eclipse 80i) coupled with image analysis software (Nikon NIS element D) were used to measure the thickness of the different skin layers (stratum corneum, viable epidermis and total epidermis).

Test substances

Radiolabeled N-Methyl-2pyrrolidone (N-Methyl[ 14 C]-2-pyrrolidone, 14 C-NMP) and N,Ndimethylformamide (N,N-dimethylformamide[ 14 C], 14 C-DMF) were supplied by American Radiolabeled Chemicals, Inc. (Saint Louis, USA). Specific activity was 2.0 GBq/mmol (55 mCi/mmol) according to the supplier. Radiolabeled bisphenol A ([ring 14 C(U)]-bisphenol A, 14 C-BPA) was supplied by Moravek Biochemicals, Inc. (California, USA), with a specific activity of 1.85 GBq/mmol (50 mCi/mmol) according to the supplier. Radiochemical purities, as determined by the suppliers, were at least 98%. Radiochemical purity was verified by HPLC combined with scintillation counting (Tri-Carb 2900TR, Perkin Elmer, The Netherlands). As recommended by the suppliers, 14 C-NMP and 14 C-BPA were stored at -20 °C, 14 C-DMF at +4 °C. Unlabeled NMP, DMF and BPA (Sigma-Aldrich Chemie S.a.r.l., Saint-Quentin Fallavier, France) were stored at room temperature. Their chemical purity exceeded 99% according to the suppliers. Working solutions were prepared the day before deposition on skin samples by weighing labeled, unlabeled substances, and acetone on a precision balance. The balance is regularly verified as part of a quality assurance process. Liquid scintillation was also used to determine the radiochemical concentration of triplicate samples of the solution administered. The partition coefficients (Log Ko/w) for DMF, NMP and BPA were -1.01, -0.38 and 3.32, respectively.

In vitro experiments

In vitro absorption through rat and human skin was assessed in Franz diffusion cells (Bercauverre, Lyon, France), which have a diffusion area of 0.45 cm² and a receiver volume of 2 mL. The skin was cut using an electric dermatome (Zimmer, Etupes, France). Skin thickness was measured using a plate thickness gauge. Skin samples were placed in diffusion cells with the SC facing up. The dermis side was in contact with the receiver fluid (RPMI 1640, 2.5 % penicillin-streptomycin, 0.2 % gentamycin, 2 % BSA added for BPA experiments) throughout the experiment. The receiver fluid was continuously stirred with a Teflon-coated magnetic stirrer. Diffusion cells were maintained at a temperature of 36 °C in a circulating water bath.

As a result, the skin surface temperature was 32 ± 1 °C. The integrity of each skin sample was assessed by measuring transepidermal water loss (TEWL, Tewameter ® TM300 Courage + Khazaka, Monaderm, Monaco). [ 14 C]-NMP (40 µL/cm²), [ 14 C]-DMF (400 µL/cm²) or [ 14 C]-BPA solubilized in acetone (50 µL/cm², 200 µg/cm²) were applied to rat and human skin samples. An aliquot of receiver fluid was collected at regular intervals during the exposure period (6 h, 24 h and 48 h for NMP, DMF and BPA, respectively) using an automatic fraction collector (Gilson GX-281, Middleton USA). An equivalent volume of fresh solution was added to the receiver compartment to maintain a constant volume.

Statistical analysis

Two different analyses were run in this study. Firstly, Stata 14.0 software was used to establish a mixed linear regression for the thicknesses of the SC, viable epidermis, and total epidermis, with "age" and "location" as fixed effects, and their interaction; a random intercept "rat" was included. If the interaction was significant, the simple effect of "location" was tested for each "age". The statistical analyses of data obtained from samples excised from the back, hips and shoulders are detailed throughout the paper.

To compare the human and rat layer thicknesses, a "group" variable was constructed, with modalities including different age groups for the rats, and a single human group.

A second mixed linear regression model (stratum corneum thickness, viable epidermis thickness and total epidermis thickness) was independently applied with a fixed "group" effect, including a random intercept "subject" (human id or rat id).

Secondly, Statgraphics Centurion software version XVI was used to perform statistical analyses on the fluxes. Either a one-way or a two-way ANOVA was run to test the significance of variations as a function of the experimental conditions. Statistical results were expressed as follows: [F(dfb, dfi)=F; p=value], where dfb is the number of degrees of freedom between groups, and dfi is the number of degrees of freedom within a group. The F-ratio is the mean squares value between groups divided by the mean squares value within a group. Post hoc analysis was performed by the Bonferroni method.

The threshold for statistical significance was set at 5%, whatever the statistical analyses carried out. The SC thickness was measured in skin samples harvested from animals aged between 4 weeks and 12 months (Figure 1). A major change was observed between 4 and 7 weeks (p<0.001, contrast = -12.30). When examining samples from the different localizations, the thickness of the SC from the samples excised from the hips and shoulders was seen to rise steadily over the first 8 months of life, increasing from 11 to 25 µm. The increase in thickness was faster for skin from the back, which reached a plateau of approximately 23 µm at just 7 weeks (NS, p=0.99, contrast = -0.64 ± 2.14). Statistically, there was no difference between the thicknesses measured in skin harvested from the backs of rats between 7 weeks and 12 months. The SC thicknesses measured for human and rat skin samples were compared (Figure 2). This comparison revealed that, samples harvested from 4-week-old animals were had a thickness similar to that measured in humans (16-18 µm) (p<0.001, contrast = -5.41±1.19). The thickness of viable epidermis was determined by calculating the difference between the SC and the total epidermal thickness. As above, the thickness of the viable epidermis was relatively uniform (approximately 33 µm) from 7 weeks to 12 months for the samples obtained from the back (Figure 3). Once again, there was no significant difference in the thicknesses measured for samples excised from the back between 7 weeks and 12 months (NS, contrast = 0.56 ± 1.52).

Results

SC thickness depends on age and location

Viable epidermis thickness depends on age

In contrast, the thicknesses of the viable epidermis increased over the period of analysis for samples obtained from hips and shoulders, (from 25 to 32 µm between 7 weeks and 12 months). The thickness of the total epidermis as a function of age showed similar trends to those observed for the SC. This result was expected, as the total epidermis includes the SC and the viable epidermis. Skin samples excised from the backs of rats were relatively constant in thickness from 7 weeks of age (approximately 55 µm). Indeed, no significant difference was obtained between 7 weeks and 12 months (NS, contrast = -0.48 ± 3.20), whereas an overall increase ranging from 40 to 55 µm was observed over the full 12 months of analyses. Values are expressed in g.h -1 .m -2 ± SD (mean ± SD). TEWL was measured before the exposure on each sample after an equilibrium period of at least 1 hour. The obtained values were quite similar in rat and human for the three tested substances and in accordance with those reported in human by [START_REF] Kottner | Transepidermal water loss in young and aged healthy huamns: a systematic review and meta-analysis[END_REF]. TEWL values were all below the 10 g.h -1 .m -2 limit [START_REF] Guth | Suitability of skin tests for dermal absorption studies in vitro[END_REF]. In vitro cumulative percutaneous absorption of neat [ 14 C]-NMP (40 μL/cm²) was measured as a function of time with human (n=3) and rat (n=4) skin samples (Figure 6). For rat samples, animals were at least 7-weeks-old at the time of harvesting. An obvious time [F(76,10)=48.90 p<0.001] and species effect [F(76,1)=28.07 p<0.001] was observed. The profiles for cumulative absorption were quite similar between human and rat samples, although there was a clear difference between the two species after one hour (3.67 ± 2.31 between 30 min and 1 hour).

14 C N-methyl-2-pyrrolidone

The difference increased, reaching its peak at 6 hours. The absorption flux for neat [ 14 C]-NMP (40 μL/cm²) was calculated from the cumulative percutaneous absorption curve as a function of time (Figure 6b). The patterns of the curves were quite similar, although the absorption fluxes were consistently higher for rat skin than for human skin samples. An obvious time [F(76,10)=26.03 p<0.001] and species effect [F(76,1)=5.95 p<0.02] was observed. As expected, both curves peaked after one hour of exposure (4.29 ± 1.12 between 30 min and 1 h). The fluxes peaked at approximately 6 and 9 mg/cm²/h in human and rat, respectively. In vitro cumulative percutaneous absorption of neat [ 14 C]-N,N-dimethylformamide (400 μL/cm²) was measured as a function of time for adult human skin (n=3) and skin from rats aged at least 7 weeks (n=4) (Figure 7a). An obvious time effect [F(111,15)=95.18 p<0.001] was observed with this compound, whereas the species effect was insignificant [F(111,1)=3.28 p=0.07]. The profiles of the human and rat curves were quite similar. Once again, the profiles of the human and rat curves were quite similar, although a nonsignificant difference was observed up to 4 hours (Figure 7b). The peaks for absorption with human skin was reached after three hours of exposure, whereas with rat skin, the peak was attained at 2 hours. In vitro cumulative percutaneous absorption of solubilized [ 14 C]-Bisphenol A (200 µg/cm², 50 μL acetone/cm²) was measured as a function of time in adult human skin (n=3) and skin from rats aged of at least 7 weeks (n=4) (Figure 8a). Obvious time [F(125,17)=53.03 p<0.001] and species effects [F(125,1)=350.17 p<0.001] were observed. With BPA, there was an approximately 3-fold difference between the fluxes measured with rat skin and those measured with human skin samples (Figure 8b). The time [F(125,17)=8.39, p<0.001] and species effects [F(125,1)=304.7, p<0.001] were significant. The difference between species emerged after 6 hours (0.51 ± 0.06). The curves for both species reached a plateau after 12 hours' exposure in acetone (0.60 ± 0.06).

Discussion

The thickness of rat skin samples depends both on the age of animals and on the anatomical sites from which samples were collected. Both the thickness of the SC and that of the total epidermis were relatively constant when the skin was excised from the back of rats aged at least seven weeks. Indeed, after seven weeks, the SC and the total epidermis plateaued at 23 and 55 µm, respectively, although a significant peak was measured at 7 weeks. The thicknesses of human SCs measured here were similar to those reported by [START_REF] Todo | Transdermal permeation of drugs in various animal species[END_REF] and [START_REF] Jung | Animal models for percutaneous absorption[END_REF]: 18 µm. However, these authors also reported an 18-µm thickness for the rat SC, whereas we found an average thickness of 16 µm at 4 weeks for the samples from the back and 23 µm from the age of 7 weeks, for all samples, regardless of the location of the excision. The difference between our measurements and those reported in the literature are probably due to the authors using young rats and indicating an average thickness for the SC.

However, we cannot confirm this hypothesis as the age of the rat was not mentioned in these previous articles. We consider that reaching the plateau of thickness for the morphological layers corresponds to a certain state of maturation. Although the thickness of the SC measured at 4 weeks was closer to that measured in human skin (16 vs. 18 µm), this layer is not yet fully mature and its thickness increased rapidly up to 23 µm from 7 weeks of age (Figure 2).

Therefore, we considered it preferable to investigate skin samples with a constant thickness rather than using immature samples even if their thickness was comparable to that of human skin samples. Indeed, steady morphological characteristics of the skin should reduce the variability of the data obtained with the rat model, and that was the purpose behind this study.

Skin samples excised from the backs of animals were the first to reach a steady thickness. As a result, skin samples excised from the back of the Sprague-Dawley rat were preferred to those collected from the hips or shoulders. By using these samples, the variability of data from absorption assays should be reduced.

Beyond the morphological aspects of skins samples, we compared dermal absorptionas cumulative absorption and absorption flux -for three test-molecules. Two of the molecules tested were liquid hydrophilic substances: N-methyl-2-pyrrolidone (NMP) was tested at a moderate volume (40 µL/cm 2 ), whereas N,N-dimethylformamide (DMF) was tested at a large volume (400 µL/cm 2 ). The toxicokinetic data and the metabolism of these two molecules have been extensively studied in the laboratory [START_REF] Payan | Toxicokinetics and metabolism of N-[ 14 C]N-methyl-2-pyrrolidone in male Sprague-Dawley rats: a saturable NMP elimination process[END_REF][START_REF] Payan | Toxicokinetics and metabolism of [ 14 C]-N-methyl-2-pyrrolidone in male Sprague-Dawley rats: in vivo and in vitro percutaneous absorption[END_REF]. The third molecule:

bisphenol A (BPA) was a solid lipophilic molecule which was solubilized in acetone as a vehicle before performing absorption assays.

Overall, with the two liquid hydrophilic molecules (NMP, DMF), the profiles of the curves representing the absorption fluxes and the cumulative absorption were quite similar with rat and human samples. Nevertheless, dermal absorption was significantly greater with rat skin compared to human skin. This difference between rat and human skins was mainly concentrated during the peak of absorption, the duration of which can vary from 3 to 9 hours. Whatever the duration of the peak, rat skins absorbed greater amounts of the chemical compounds than human samples. This interspecies difference could be explained by the fact that rat skin has a higher density of hair follicles than human skin [START_REF] Bronaugh | Methods for in vitro percutaneous absorption studies. II. Animal models human skin[END_REF], and the number of follicles could affect percutaneous absorption of chemicals [START_REF] Jung | Animal models for percutaneous absorption[END_REF]. However, as the profiles for the comparative curves for NMP and DMF were quite similar it still seems to be relevant to use rat skin to predict human absorption.

The large difference between the two species found when testing bisphenol A absorption is more worrying. After dissolution in a widely used vehicle, acetone, the flux obtained with rat skin samples was much higher than that measured with human skin (Figure 8b). The reasons for such a difference may be plural. Firstly, as mentioned above, the density of the hair follicles could provide a possible explanation. Secondly, the vehicle could be partly responsible for the difference. Indeed, the SC is the outmost layer of the skin, and as such represents the skin's first line of defense. Since the SC is made of a multilamellar lipid matrix, the vehicle could affect the SC barrier in rat or human skin samples differently, modifying its permeability to the toxicants. Topical solvent treatment has been shown to disrupt the cutaneous permeability barrier differently depending on the nature and thickness of the barrier [START_REF] Grubauer | Relationship of epidermal lipogenesis to cutaneous barrier function[END_REF].

Moreover, studies suggested that increased water loss can occur following barrier disruption, leading to focal changes in the concentration of inorganic ions on the outer epidermis (Lee et al., 1994). Following acetone-mediated disruption of the barrier, a large variety of homeostatic repair responses can trigger a cascade of metabolic events in the epidermis in an attempt to normalize barrier function. These responses could be different in rats and humans, potentially modifying flux measurements, as the results presented here indicate. Finally, the water content (rather than the relative humidity), due to uncertainties associated with the equilibration of samples containing solvents, could also produce differences in dermal permeation [START_REF] Pham | Chemical penetration enhancers in stratum corneum -Relation between molecular effects and barrier function[END_REF]. Faced with this large difference between rat and human permeation for BPA, a solid lipophilic chemical, we performed the same experiments with artificial sebum as a substitute for acetone. Unfortunately, the same difference in BPA absorption was measured between rat and human permeations. In another study, we tested the percutaneous absorption fluxes of benzo[a]pyrene (BaP), another lipophilic molecule, and a similar large difference between rat and human skin was found [START_REF] Champmartin | Artificial sebum as a vehicle for studying ex vivo percutaneous absorption of solid and lipophilic industrial toxicants[END_REF]. Consequently, when attempting to predict human skin permeation of solid lipophilic toxicants, human skin samples should be preferred to rat skins whenever possible.

Conclusions

In vitro human skin is regarded as the gold standard when testing dermal absorption for occupational toxicology. Excised human skin samples are always obtained from adult patients.

Here, we determined the age and location from which skin samples should be excises so as to reduce inter-sample variability of absorption data. Rat skin should be excised from the backs
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Table 1

 1 Transepidermal water loss measurement of the skin excised samples in rat and human

		Rat	Human
	NMP	3.2 ± 0.8	4.7 ± 1.4
	DMF	2.6 ± 0.4	3.0 ± 0.4
	BPA	3.4 ± 1.8	3.8 ± 1.3
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of animals aged at least 7-weeks-old to obtain samples with constant morphological characteristics. Samples excised from the hips or shoulders only reach a steady thickness from 8 months.

Based on our experimental results, the absorption profiles as a function of time and the absorption fluxes were quite similar between rat and human samples for NMP and DMF, two liquid hydrophilic molecules which are considered representative of solvents widely used in factories. In contrast, although the patterns of the curves obtained with rat and human skin were comparable for BPA, the absorption values measured with rat skin samples were almost 3-fold those measured with human skin. Such a considerable difference in result range points out the limits of the rat skin model when attempting to predict percutaneous absorption in humans, in particular for solid lipophilic molecules.
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