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a b s t r a c t 

Polyunsaturated fatty acids (PUFAs) play an important role in the establishment and the maintenance of 

the skin barrier function. However, the impact of their derived lipid mediators remains unclear. Skin sub- 

stitutes were engineered according to the self-assembly method with a culture medium supplemented 

with 10 μM of both α-linolenic acid (ALA) and linoleic acid (LA). The supplementation with ALA and LA 

decreased testosterone absorption through a tissue-engineered reconstructed skin model, thus indicating 

an improved skin barrier function following supplementation. The exogenously provided fatty acids were 

incorporated into the phospholipid and triglyceride fractions of the skin substitutes. Indeed, the dual sup- 

plementation increased the levels of eicosapentaenoic acid (EPA) (15-fold), docosapentaenoic acid (DPA) 

(3-fold), and LA (1.5-fold) in the epidermal phospholipids while it increased the levels of ALA ( > 20-fold), 

DPA (3-fold) and LA (1.5-fold) in the epidermal triglycerides. The bioactive lipid mediator profile of the 

skin substitutes, including prostaglandins, hydroxy-fatty acids, N -acylethanolamines and monoacylglyc- 

erols, was next analyzed using liquid chromatography-tandem mass spectrometry. The lipid supplemen- 

tation further modulated bioactive lipid mediator levels of the reconstructed skin substitutes, leading to 

a lipid mediator profile more representative of the one found in normal human skin. These findings show 

that an optimized supply of PUFAs via culture media is essential for the establishment of improved bar- 

rier function in vitro . 

Statement of significance 

Supplementation of the culture medium with 10 μM of both α-linolenic acid (ALA) and linoleic acid 

(LA) improved the skin barrier function of a tissue-engineered skin model. The exogenously provided 

fatty acids were incorporated into the phospholipid and triglyceride fractions of the skin substitutes 

and further modulated bioactive lipid mediator levels, including prostaglandins, hydroxy-fatty acids, N - 

acylethanolamines and monoacylglycerols. These findings highlight the important role of ALA and LA in 

skin homeostasis and show that an optimized supply of polyunsaturated fatty acids via culture media is 

essential for the establishment of improved barrier function in vitro . 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Skin barrier function is provided by the outermost layer of the 

pidermis, the stratum corneum (SC), which is composed of cor- 
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eocytes embedded in a lipid matrix [1] . The SC is produced dur- 

ng a multistep process of differentiation of the epidermal ker- 

tinocytes in which lipid metabolism plays an essential role, both 

t a structural and a homeostatic level. First, fatty acids in the 

kin can be synthesized de novo or can be taken up from the diet 

r extracutaneous sites, with the exception of short-chain polyun- 

aturated fatty acids (PUFAs) such as α-linolenic acid (ALA) and 

inoleic acid (LA), which cannot be synthesized in the skin and 

eed to be obtained exclusively through dietary sources [2–4] . 

atty acids then enter various metabolic pathways such as phos- 

holipid synthesis. This pathway is particularly active in the basal 

ayer of the epidermis where cells are proliferating [5] . During 

he differentiation process of the skin, the catabolism of phospho- 

ipids is observed and keratinocytes tend to produce more neu- 

ral lipids such as triglycerides and ceramides [6] . The newly syn- 

hesized lipids will finally form the SC lipid matrix, specifically 

omposed of a mixture of 45% ceramides, 30% cholesterol and 

5% free fatty acids. The contribution of LA to the skin barrier 

s crucial, since it is incorporated into ω-hydroxylated ceramides 

7] . These ceramides are covalently bound to the corneocytes and 

erve as a scaffold f or other lipids, allowing an optimal organi- 

ation of the lipid matrix. The epidermal differentiation is highly 

egulated by different signaling systems, involving many different 

ctors such as kinases and also a large number of bioactive lipid 

ediators derived from PUFAs, which include prostaglandins (PGs), 

ydroxylated fatty acids (HFAs), leukotrienes (LTs), endocannabi- 

oids (eCBs), N -acylethanolamines (NAEs) and monoacylglycerols 

MAGs) (Fig. S1) [ 8 , 9 ]. 

The complex structure of the SC still represents a challenge 

o replicate in vitro . The tissue-engineered bilayered human skin 

odel is the model that currently best represents normal human 

kin morphology [10–12] . It is produced using both primary fi- 

roblasts and keratinocytes and includes culture steps at the air- 

iquid interface, which allows complete differentiation of the re- 

onstructed epidermis. Bilayered skin models can be produced by 

arious approaches, including collagen gel, collagen sponges and 

elf-assembled matrix [13] . Among these, tissue-engineered skin 

ubstitutes produced according to the self-assembly method have 

een comprehensively characterized over the past decade [14–17] . 

or instance, transmission electron microscopy and biomechanical 

nalyses showed that the reconstructed skin substitutes displayed 

 similar skin barrier physiology to native human skin, present- 

ng lamellar bodies filled with lipids in the epidermis and optimal 

ermal-epidermal adherent strength [ 18 , 19 ]. Many factors can in- 

uence the formation of the barrier function in the reconstructed 

kin model, one of them being the fatty acid composition of the 

edia used during long-term culture [ 15 , 20 ]. Because of their es-

ential nature, PUFAs must therefore be added to the culture me- 

ia [ 21 , 22 ]. We have shown in a previous study that a supple-

entation of the culture media with ALA improved the skin bar- 

ier function of the reconstructed skin model, while an equivalent 

upplementation of the culture media with LA did not affect the 

kin barrier function [21] . These results were unexpected, since 

A is the most abundant PUFA present in the epidermis and is 

ell known to influence skin permeability through its incorpora- 

ion into ω-hydroxylated ceramides [23–25] . On the other hand, 

LA has never been documented as influencing skin permeability, 

lthough it is recognized as being implicated in skin homeosta- 

is, since it is the precursor of long-chain n-3 PUFAs that produce 

icosanoids and resolvins [26] . Additionally, ALA is a preferred sub- 

trate for beta-oxidation and carbon recycling, and it possesses po- 

ential anti-inflammatory action in diverse diseases [27] . Therefore, 

hese previous results highlight the importance of the n-3 to n- 

 PUFA ratio in cutaneous homeostasis [21] . In the present study, 

e expanded these studies and assessed the impact of a combined 

upplementation with ALA and LA on the permeability of the skin 
262 
ubstitutes. In addition, the impact of such supplementation on the 

evels of bioactive lipid mediators in the skin substitutes was also 

nalyzed in order to better understand the metabolism of PUFAs 

ithin the skin. 

. Materials and methods 

.1. Cell culture 

This study was conducted in accordance with the guidelines of 

he Research Ethics Committee of the CHU de Québec - Univer- 

ité Laval and with the Declaration of Helsinki. For the produc- 

ion of the tissue-engineered skin substitutes, the fibroblasts and 

eratinocytes were extracted from breast reduction skin biopsies 

f three Caucasian women aged 18, 46 and 49 years old, using a 

ethod based on thermolysin, trypsin and collagenase digestion 

s described elsewhere [28] . For the lipid analyses, normal human 

kin (NHS) was obtained from skin biopsies of 5 Caucasian women 

breast reduction) aged 26, 31, 47, 48 and 55 years old, and a Cau- 

asian man (liposuction) aged 21 years old. 

.2. Tissue-engineered skin substitute reconstruction 

Skin substitutes were produced according to the self-assembly 

ethod previously described by Simard et al. [21] . For each anal- 

sis, at least 3 skin substitutes were reconstructed using match- 

ng fibroblasts and keratinocytes from 3 different donors (bio- 

ogical replicates). The number of skin substitutes produced per 

onor (technical replicates) is specified for each analysis in the 

esult section. Human primary fibroblasts (passage 6) were cul- 

ured for 25 days in 6-well plates (1 × 10 4 cells/cm 

2 ) with Dul- 

ecco’s modified Eagle’s medium (DME) (Gibco, Life Technologies, 

ew York, NY, US) supplemented with 10% Fetal Calf premium 

erum (FCS) (Wisent Inc., St-Bruno, QC, CAN), 50 μg/ml ascorbic 

cid (Sigma, Oakville, ON, CAN) and antibiotics; 60 μg/ml penicillin 

 (Sigma, Oakville, ON, CAN) and 25 μg/ml gentamicin (Gemini 

io-Products, Sacramento, CA, US). Two of the resulting fibroblast 

heets were superimposed and were cultured for 3 days in a 100 

m Petri dish to form the dermal equivalents. Matched human 

rimary keratinocytes (passage 2) were then seeded on the der- 

al equivalents (1.2 × 10 6 cells per dermal equivalent). The skin 

ubstitute was cultured in submerged conditions for one week in 

ME mixed with Ham’s F12 medium (3:1) (DME-HAM) (Gibco, Life 

echnologies, New York, NY, US) supplemented with 5% FetalClone 

I serum (Hyclone, Logan, UT, US), 5 μg/ml insulin (Sigma, Oakville, 

N, CAN), 0.4 μg/ml hydrocortisone (Galenova, St-Hyacinthe, QC, 

AN), 10 −10 M cholera toxin (Sigma, Oakville, ON, CAN), 10 ng/ml 

uman epidermal growth factor (EGF) (Ango Inc., San Ramon, 

A, US), 60 μg/ml penicillin and 25 μg/ml gentamicin. The skin 

ubstitutes were raised to the air-liquid interface and cultured 

or three additional weeks in DME-HAM medium supplemented 

ith 5% FetalClone II serum, 5 μg/ml insulin, 0.4 μg/ml hy- 

rocortisone, 10 −10 M cholera toxin, 60 μg/ml penicillin and 25 

g/ml gentamicin. Cells were incubated at 37 °C in an 8% CO 2 

tmosphere. 

ALA and LA were purchased from Sigma (Oakville, ON, CAN). 

ndividual stock solutions were produced by dissolving ALA and 

A in 99% ethanol (EtOH) (Greenfield Global, Brampton, ON, CAN). 

ulture media were supplemented with the corresponding amount 

f both stock solutions to reach a final concentration of 10 μM 

LA and 10 μM LA. During the preparation of the culture media, 

UFAs were first incorporated into the serum containing naturally 

bundant bovine serum albumin, which increases fatty acid solu- 

ility. Skin substitutes were produced either with all culture media 

upplemented with ALA and LA (Substitute ALA + LA + ) or with cul- 

ure media supplemented with the corresponding volume of EtOH 
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Substitute −) during the entire culture period, including culture 

edia used for both fibroblasts and keratinocytes (Fig. S2). Culture 

edia were changed three times a week. 

.3. Histologic and morphometric analyses 

Skin substitute biopsies were fixed in HistoChoice solution (AM- 

ESCO, Inc., Solon, OH, US) and embedded in paraffin. Five μm 

hick sections were cut and were stained with Masson’s trichrome. 

wo substitutes for each of the 3 donors were analyzed (n = 6). 

he thickness of the dermis and epidermis was measured on 

he stained sections with Image J software (National Institutes of 

ealth, US, http://imagej.nih.gov/ij ). Ten measurements on three 

ifferent sections of each biopsy were made. 

.4. Percutaneous absorption 

Percutaneous absorption analyses were performed using the 

tandard Franz diffusion cell technique, as described by Franz, 

imard et al. and elsewhere [ 21 , 29–33 ]. Skin substitutes were 

laced between the giving and the receiving compartment of the 

ranz cells (LOGAN Instruments Corp., Somerset, NJ, US) and the 

wo compartments were held together using clamps. The receiv- 

ng compartment was filled with phosphate-buffered saline (PBS) 

ontaining 20% ethanol and a stirring bar was used to assure ho- 

ogeneity. The Franz cells were placed on a heating bench (LO- 

AN Instruments Corp., Somerset, NJ, US), which kept the receiv- 

ng compartment at 37 °C and the skin sample temperature at ap- 

roximately 32 °C. A fresh solution of 4 mg/ml testosterone (Sigma, 

akville, ON, CAN) in PBS:EtOH (50:50) was prepared before each 

xperiment [34–36] . A volume of 100 μl of the testosterone solu- 

ion (400 μg) was applied to the skin substitutes in each Franz 

ell at time point 0. The experiment was performed under oc- 

luded conditions by applying paraffin to each giving compartment 

fter testosterone deposition. The contents of the receiving com- 

artment were collected at different time points (1h, 2h, 3h, 4h, 

h, 8h), using a 5 ml syringe with a catheter. Samples were stored 

t -80 °C until analyzed. 

Testosterone samples were assayed by an in-house-developed 

PLC-UV method (248 nm) using a Waters Acquity UPLC system 

ith a water PDA detector and a thermostatted autoinjector (Ac- 

uity UPLC H-Class System, Waters, Mississauga, ON, CAN). Testos- 

erone was separated on a BEH C 18 Waters column (50 mm x 2.1 

m, 5 μm, ON, CAN) kept at 40 °C. The mobile phase was a gradi-

nt concentration of acetonitrile (ACN) in water (50% ACN to 60% 

CN in three minutes) using a solution buffered with 0.1% trifluo- 

oacetic acid (TFA) at a flow rate of 0.6 ml/min. The injection vol- 

me was 5 μl. Under these conditions, testosterone was eluted at 

pproximately 1.50 min. Data collection and peak integration were 

erformed using Empower 2 software (Waters, Mississauga, ON, 

AN). 

.5. Gas chromatography (GC-FID) 

Gas chromatography was performed as reported elsewhere [21] . 

he epidermis of skin substitutes was mechanically separated from 

he dermis using forceps and scalpels, and for human skin (6 Cau- 

asian donors: 2 males and 4 females aged between 26-48 years- 

ld), the epidermis was peeled off using forceps after incubation 

n water at 60 °C for 1 minute. The extraction of the epidermal and

ermal lipids was performed using a chloroform-methanol mix- 

ure (2:1, vol/vol) according to a modified Folch method [37] . To- 

al PLs were separated by thin layer chromatography. A migration 

as performed in isopropyl ether/acetic acid (96/4) until the mid- 

le of the plate was reached. The fatty acids of isolated phos- 

holipids were methylated. Capillary gas chromatography with a 
263 
P5890 gas chromatograph (Hewlett-Packard, Toronto, ON, CAN) 

quipped with an HP-88 capillary column (100 mm x 0.25 mm 

nternal diameter x 0.20 μm film thickness; Agilent Technologies, 

anta Clara, CA, US) coupled with a flame ionization detector was 

hen used to obtain fatty acid profiles, as described elsewhere [38] . 

.6. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

For NHS, any trace of adipose tissue was carefully removed 

rom the skin samples and they were then incubated in water at 

0 °C for 1 min, after which the epidermis was peeled off using 

orceps. For tissue-engineered skin substitutes, the epidermis was 

echanically separated from the dermis using forceps and scalpels. 

kin samples were pulverized into a fine powder using a Cryomill 

M400 (Retsch®, Newtown, PA, US) and suspended in 500 μl Tris- 

CL 50 mM (pH 7) and immediately denatured in one volume of 

old (-20 °C) methanol containing the internal standards. The ex- 

raction of epidermal and dermal lipids was performed using an 

cidified methanol chloroform technique, exactly as described in 

39] . LC-MS/MS was performed as reported elsewhere [40] . Sam- 

les were reconstituted in 50 μl of a 50/50 mixture of LC sol- 

ent A (H 2 O containing 0.05% acetic acid and 1 mM NH 4 
+ ) and

olvent B (acetonitrile/H 2 0, 95/5, v/v, with 0.05% acetic acid and 1 

M NH 4 
+ ). 40 μl of the latter was injected onto a RP/HPLC col- 

mn (Kinetex C8, 150 × 2.1 mm, 2.6 μm, Phenomenex) and lipids 

ere separated using the same LC program as described previously 

41] . Quantification was done by generating calibration curves us- 

ng pure standards and analyzing on the LC-MS/MS system three 

imes. The slope was then calculated using the ratio between the 

eak areas of the compound and its standard (Supplementary Ta- 

le S1). Because of the acyl migration from the sn -2- to the sn -1(3)

osition naturally occurring in MAGs, we present the data as the 

ombination of MAG isomers (1/2-MAG). 

.7. Gene expression profiling 

Total RNA was isolated from the complete skin substi- 

utes (dermal and epidermal compartments) using the RNeasy 

ini Kit (QIAGEN, Toronto, ON, CAN) and its quality deter- 

ined (2100 bioanalyzer, Agilent Technologies, Mississauga, ON, 

AN) as previously described [42] . The labeling of Cyanine 3- 

TP labeled targets, their hybridization on a G4851A SurePrint 

3 Human GE 8 × 60K array slide (Agilent Technologies, 

anta-Clara, CA, US) and data acquisition and analyses were 

ll performed as previously reported [42] (GSE120464, http:// 

ww.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc1/4GSE120464). 

.8. Statistical analysis 

Data are expressed as means ± standard deviation for para- 

etric variables, except when stated otherwise. Statistical analyses 

f fatty acid lipid profiles and bioactive lipid mediators were per- 

ormed using ANOVA with Tukey’s post-hoc test. Only values of P < 

.05 were considered significant. All calculations were performed 

ith Prism version 7 software (Graphpad Software, La Jolla, CA, 

S). 

. Results 

.1. Dual supplementation with ALA and LA increases impermeability 

f the skin substitutes to testosterone 

Tissue-engineered reconstructed skin substitutes were produced 

ccording to the self-assembly method with culture media sup- 

lemented with 10 μM ALA and 10 μM LA (Substitute ALA + LA + ) 

http://imagej.nih.gov/ij
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Fig. 1. Impact of supplementation with ALA and LA on skin substitute morphology and functionality. ( A-B ) Macroscopic aspect and ( C-D ) histological cross-sections 

after Masson’s trichrome staining of the skin substitutes. Legend: DE, dermis; EP, epidermis; SC, stratum corneum. Scale bars: A-B) 1 cm, C-D) 100 μm. ( G-H ) Involucrin, ( I-J ) 

keratin 10 and ( K-L ) loricrin immunofluorescence staining of the skin substitutes. ( M ) Epidermal and dermal thickness quantified from Masson’s trichrome-stained sections. 

(3 donors, 2 skin substitutes per donor). Two-way ANOVA followed by Tukey’s post-hoc test ∗P < 0.05. ( N ) Influence of ALA and LA supplementation on the flux of testosterone 

absorbed through the skin substitutes. Percutaneous absorption studies were performed in a Franz cell diffusion system. The testosterone solutions were freshly prepared in 

ethanol/water (1:1), yielding a concentration of 4.0 mg/ml. Testosterone was quantified using a Waters Acquity UPLC. (3 donors, 6 skin substitutes per donor), p-values were 

derived from Student’s t-tests. ∗P < 0.05; ∗∗P < 0.01. Abbreviations: ALA, α-linolenic acid; LA, linoleic acid. 
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r without PUFAs (Substitute −) (Fig. S2). The skin substitutes pro- 

uced under both culture conditions presented a similar morphol- 

gy ( Fig. 1 ). They both displayed a dermal layer with a rich colla-

en matrix as colored in blue on the Masson’s trichrome stanned 

ections ( Fig. 1 C-D), and an epidermis with proper keratin and dif- 

erentiation marker expressions ( Fig. 1 G-J). In addition, they both 

resented a differentiated epidermis with a SC containing late dif- 

erentiation markers, such as loricrin ( Fig. 1 K-L). Moreover, no sta- 

istical differences were observed between thickness of the epider- 

al living layer of Substitute ALA + LA + and Substitute − ( Fig. 1 M). To 

valuate the impact of the dual supplementation with ALA and LA 

n the permeability of the skin substitutes, the percutaneous ab- 

orption of testosterone, a lipophilic compound, was assayed using 

 Franz cell diffusion system ( Fig. 1 N). The mean flux of testos-

erone through Substitute ALA + LA + was significantly smaller than 

hrough Substitute − at 2, 3 and 4 hours, showing decreased testos- 

erone absorption through Substitute ALA + LA + ( Fig. 1 N). Therefore, 

ual supplementation with ALA and LA stimulates the formation 
f the barrier function of the skin substitutes. f

264 
.2. Exogenous ALA and LA are incorporated into phospholipids and 

riglycerides 

Testosterone is a lipophilic compound and therefore its absorp- 

ion through the skin is more susceptible to being affected by a 

odification of the lipid content of the SC, for which it will have 

ore affinity based on its physico-chemical properties [43] . There- 

ore, the lipid content of the skin substitutes was further investi- 

ated, first in order to identify whether the exogenously added PU- 

As were incorporated into phospholipids and triglycerides of the 

kin samples ( Figs. 2 and 3 ). The epidermis was separated from 

he dermis and total lipids were extracted from each compartment 

ccording to a modified Folch method [37] . Total phospholipids 

nd triglycerides were separated by thin layer chromatography and 

heir fatty acids were analyzed using gas chromatography with a 

ame ionization detector (GC-FID). 

The distribution of fatty acids in the phospholipids of the skin 

ubstitutes was compared to that of NHS ( Fig. 2 A-B). The levels of 

atty acids are presented in percentage to allow proper compari- 
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Fig. 2. Incorporation of ALA and LA into the phospholipid fatty acids of the skin substitutes after dual supplementation with ALA and LA. Characterization of epider- 

mal (A, B and E) and dermal (C, D and F) phospholipid fatty acids using gas chromatography. Impact of dual supplementation on (A, C) n-3 PUFAs and (B, D) n-6 PUFAs. 

Results are expressed as μg per g of tissue. Proportion of various FAs in E) the epidermis and F) the dermis of Substitute − , Substitute ALA + LA + and NHS. Results are expressed 

as percentages (FA/total FA). For skin substitutes: n = 6 (3 donors, 2 skin substitutes per donor); for NHS: n = 6. Two-way ANOVA followed by Tukey’s post-hoc test. ∗P < 0.05; 
∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001. Abbreviations: AA, arachidonic acid; ALA, α-linolenic acid; DGLA, dihomo- γ -linolenic acid; DHA, docosahexaenoic acid; DPA, docos- 

apentaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid; LA, linoleic acid; NHS, normal human skin; OA, oleic acid; PUFAs, polyunsaturated fatty acids; VA, vaccenic 

acid. 
265 
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Fig. 3. Incorporation of ALA and LA into the triglyceride fatty acids of the skin substitutes after dual supplementation with ALA and LA. Characterization of epidermal 

(A, B and E) and dermal (C, D and F) triglyceride fatty acids using gas chromatography. Impact of dual supplementation on (A, C) n-3 PUFAs and (B, D) n-6 PUFAs. Results are 

expressed as μg per g of tissue. Proportion of various FAs in E) the epidermis and F) the dermis of Substitute − , Substitute ALA + LA + and NHS. Results are expressed as percent- 

ages (FA/total FA). For skin substitutes: n = 6 (3 donors, 2 skin substitutes per donor); for NHS: n = 6. Two-way ANOVA followed by Tukey’s post-hoc test. ∗P < 0.05; ∗∗P < 0.01; 
∗∗∗P < 0.0 01; ∗∗∗∗P < 0.0 0 01. Abbreviations: AA , arachidonic acid; ALA , α-linolenic acid; DGLA , dihomo- γ -linolenic acid; DHA , docosahexaenoic acid; DPA , docosapentaenoic 

acid; EPA, eicosapentaenoic acid; FA, fatty acid; LA, linoleic acid; NHS, normal human skin; OA, oleic acid; PUFAs, polyunsaturated fatty acids; VA, vaccenic acid. 
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on of skin substitutes and NHS, since total levels of fatty acids in 

he dermis were significantly higher in the skin substitutes than in 

HS (Fig. S3). As expected, lower proportions of n-6 PUFAs, no- 

ably LA, were found in both the epidermis (-4.1-fold) and der- 

is (-1.4-fold) of the Substitute − compared with their respective 

ounterparts of the NHS, while in contrast, higher proportions of 

onounsaturated fatty acids (MUFAs), such as vaccenic acid (VA) 

nd oleic acid (OA), were measured in Substitute − ( Fig. 2 A-B). 

urthermore, PUFAs were efficiently incorporated into epidermal 

nd dermal phospholipids following supplementation with ALA 

nd LA ( Fig. 2 C-F). Indeed, the dual supplementation increased the 

mounts of both n-3 and n-6 PUFAs in the epidermis, with higher 

evels of the n-3 PUFAs eicosapentaenoic acid (EPA, 15-fold) and 

ocosapentaenoic acid (DPA, 2.9-fold), and of the n-6 PUFA LA (1.4- 

old) detected in Substitute ALA + LA + than in Substitute − ( Fig. 2 C-D). 

imilar results were found in the dermis, as an increase in levels 

f the n-3 PUFA DPA (2.4-fold) was measured in Substitute ALA + LA + 

ompared with Substitute − ( Fig. 2 E). Moreover, a 1.7-fold increase 

n the level of LA was measured in the dermal phospholipids, al- 

hough it was not significant ( Fig. 2 F). A decrease in the amount

f the n-6 PUFA arachidonic acid (AA, -1.4-fold) was also mea- 

ured in Substitute ALA + LA + dermis compared with Substitute − der- 

is, which may suggest decreased LA metabolism following dual 

upplementation ( Fig. 2 F). The proportion of LA was still signifi- 

antly lower in Substitute ALA + LA + epidermis than in NHS epider- 

is, showing that although it was incorporated into the phospho- 

ipids, the LA increase ( ∼ 55 μg per g of tissue) was not sufficient 

o reach the proportions of LA found in NHS ( Fig. 2 A). On the other

and, the proportion of LA was higher in Substitute ALA + LA + dermis 

han in Substitute − dermis and was not significantly different from 

hat of NHS, indicating that the lipid profile of skin substitute der- 

is was restored to NHS levels by the dual supplementation with 

LA and LA ( Fig. 2 B). We next investigated whether the fatty acid

ipid profiles of the skin substitute phospholipids correlated with 

he percutaneous absorption of testosterone. Interestingly, LA was 

he fatty acid the most strongly negatively correlated (r 2 = 0.9713) 

ith the flux of testosterone at 3 h, clearly showing that LA epi- 

ermal levels in the skin substitute phospholipids are of major im- 

ortance for the establishment of the skin barrier function (Figs. 

3 and S4). 

The distribution of fatty acids in triglycerides of the skin sub- 

titutes was next compared to that of NHS ( Fig. 3 A-B). As for

hospholipids, lower proportions of LA were found in the epider- 

al triglycerides of the Substitute − compared with those of NHS 

 Fig. 3 A). Moreover, PUFAs were efficiently incorporated into der- 

al and epidermal triglycerides ( Fig. 3 ). Levels of ALA, DPA and 

A were significantly higher in the epidermis of Substitute ALA + LA + 

han in Substitute − while, levels of ALA and LA were significantly 

igher in the dermis of Substitute ALA + LA + than in Substitute −

 Fig. 3 C, F). Of note, the proportion of LA was still significantly

ower in Substitute ALA + LA + epidermal triglycerides than in NHS epi- 

ermal triglycerides ( Fig. 3 A). On the other hand, the proportion of 

A was higher in Substitute ALA + LA + dermis than in Substitute − and 

HS ( Fig. 3 B). In addition, levels of fatty acids in triglycerides were

ot significantly correlated with the flux of testosterone at 3 h un- 

er our experimental conditions (Fig. S4). 

.3. Characterization of prostaglandins and hydroxy fatty acids of 

kin substitutes and modulation with ALA and LA supplementation 

Supplementation with ALA and LA did not completely restored 

he fatty acid profile in the phospholipids and triglycerides of the 

kin substitutes to levels found in NHS. Therefore, we further in- 

estigated if the exogenously added fatty acids were used for the 

ynthesis of lipid mediators instead and whether these bioactive 

ipid mediators can influence skin substitute impermeability. The 
267 
Gs and HFAs found in the skin substitutes were compared with 

hose in NHS since lipid mediator profiles of reconstructed skin 

odels have not yet been reported to our knowledge ( Fig. 4 and 

able S1). Regarding PGs, levels of EPA- and AA-derived PGs tended 

o be lower in the Substitute − epidermis than in NHS epidermis 

 Fig. 4 A-B). Indeed, significantly lower levels were measured for 

GD 2 , PGE 2 and PGF 2a in Substitute − epidermis compared with 

HS epidermis ( Fig. 4 B). These lower levels contrasted with lev- 

ls of their respective precursor (EPA and AA), which were not 

ignificantly different in the epidermal phospholipids of NHS and 

ubstitute −, indicating that enzymes in the biosynthetic pathway 

f PGs are more likely to be responsible for these lower levels of 

pidermal PGs. On the other hand, levels of n-6 derived PGs in the 

ermal compartment tended to be higher in Substitute − than in 

HS, notably for PGE 2 whose levels were significantly higher in 

ubstitute − dermis ( Fig. 4 C-D). Higher levels of PGs in the dermis 

ere consistent with higher levels of AA found in the phospho- 

ipids of Substitute −. Dual supplementation with ALA and LA in- 

reased levels of EPA-derived PGs, notably PGF 3a in the epidermis 

s well as PGE 3 and PGF 3a in the dermis, while it did not affect

A-derived PGs ( Fig. 4 A-D). These results are therefore representa- 

ive of the levels of the precursors after dual supplementation, for 

nstance the increase in EPA measured in Substitute ALA + LA + phos- 

holipids. 

The main bioactive lipid mediators found in NHS and 

ubstitute − were HFAs derived from docosahexaenoic acid 

DHA), LA and AA. These HFAs were predominantly de- 

ived from 15-Lipoxygenase (LOX) and 12-LOX, such as 13- 

ydroxyoctadecadienoic acid (HODE), 12-hydroxyeicosatetraenoic 

HETE), 15-HETE, 14-hydroxydocosahexaenoic acid (HDHA) and 

7-HDHA ( Fig. 4 E-H). The levels of most HFAs in Substitute −

pidermis and dermis were similar between Substitute − and NHS, 

nd mostly reflected the levels of their respective precursors found 

n phospholipids of both skin samples ( Fig. 4 E-H and Table S2). 

he main difference encountered between Substitute − and NHS 

as increased levels of LA-derived 13-HODE in the Substitute −

pidermis compared with NHS epidermis ( Fig. 4 F). High levels of 

3-HODE contrasted with low levels of LA found in Substitute −

pidermal phospholipids. Therefore, it may support the premise 

hat LA is strongly metabolized into its oxidized derivative in the 

pidermis of reconstructed skin models and point out high 15-LOX 

ctivity in the skin substitutes epidermis. On the other hand, 

he levels of AA-derived 12-HETE were decreased in both the 

pidermis and dermis of Substitute − compared with NHS ( Fig. 4 F, 

). This result is not consistent with the levels of AA found in 

he phospholipids of Substitute − compared with NHS. The dual 

upplementation with ALA and LA did not significantly stimulate 

he production of HFAs in the epidermis, although it tended to 

ncrease n-3-derived HFAs ( Fig. 4 E-F). Indeed, the supplementation 

ven decreased the levels of 13-HODE in Substitute ALA + LA + com- 

ared with Substitute − ( Fig. 4 F). This decrease in 13-HODE levels 

ontrasts with the higher levels of its precursor (LA) found in 

ubstitute ALA + LA + and may be the result of increased competition 

ith n-3 PUFAs such as ALA or EPA for 15-LOX. In the dermis, 

ual supplementation with ALA and LA increased levels of HFAs 

ccordingly with increases of their precursor in phospholipids 

 Fig. 4 G-H). Exogenous provision with ALA and LA increased 

evels of HFAs derived from DHA (14-HDHA) and LA (9-HODE and 

3-HODE), while it had no impact on oxidized metabolites derived 

rom EPA and AA ( Fig. 4 G-H). The fact that levels of AA-derived 

FAs and PGs were low even after supplementation may confirm 

 low conversion rate of LA to AA. Of note, all signals for the 

ipid mediators were above the detection limit of the LC-MS/MS 

nd were detected in at least one skin sample. The detailed lipid 

ediator concentrations expressed in pmol/g of tissue and used to 

roduce Fig. 4 are also available in Supplementary Table S1. 
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Fig. 4. Impact of a dual supplementation with ALA and LA on the lipid mediator profile of the skin substitutes and NHS. Characterization of epidermal (A, B, E and 

F) and dermal (C, D, G and H) lipid mediators. Impact of dual supplementation on (A-D) COX metabolites and (E-H) LOX metabolites. For skin substitutes: n = 6 (3 donors); 

for NHS n = 6. Two-way ANOVA followed by Tukey’s post-hoc test. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.0 01; ∗∗∗∗P < 0.0 0 01. Abbreviations: ALA, alpha-linolenic acid; HDHA, hydroxy- 

docosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; HETE, hydroperoxyeicosatetraenoic acid; HETrE, hydroxyeicosatrienoic acid; HODE, hydroxyoctadecadienoic acid; 

LA, linoleic acid; LT, leukotriene; NHS, normal human skin; PG, prostaglandin. 
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Fig. 5. N -acyl-ethanolamine (NAE) content of the skin samples quantified using LC-MS/MS analysis. ( A ) Heatmap of the eight NAEs measured in NHS, Substitute − and 

Substitute ALA + LA+ (S+). ( B ) Proportion of NAEs derived from n-3 PUFAs, n-6 PUFAs or MUFAs and SFAs. NAE classes are shown as a percentage of total NAEs. NAEs derived 

from ( C ) n-3 PUFAs and ( D ) n-6 PUFAs found in NHS, S − and S + . For human skin: n = 6 donors; for skin substitutes: n = 3 donors. Two-way ANOVA followed by Tukey’s post- 

hoc test ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0 0 01. Abbreviations: AEA, N -arachidoyl-ethanolamine; DHEA, docosahexaenoyl-ethanolamine; DPEA, N -docosapentaenoyl- 

ethanolamine; EPEA, N -eicosapentaenoyl-ethanolamine; HDHA, hydroxydocosahexaenoic acid; HDPA, hydroxydocosapentaenoic acid; LEA, N -linoleoyl-ethanolamine; MUFA, 

monounsaturated fatty acid; NAE, N -acyl-ethanolamine; NHS, normal human skin; OEA, N -oleoyl-ethanolamine; PEA, N -palmitoyl-ethanolamine; PUFA, polyunsaturated fatty 

acid; S, substitute; SFA, saturated fatty acid. 
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.4. Identification of main NAEs of the skin and investigation of their 

iosynthesis in reconstructed skin following supplementation with 

LA and LA 

To investigate the potential involvement of eCBs, arachidonoyl- 

thanolamide (AEA), and eCB-like compounds from the NAE class 

n the formation of the barrier function of the skin, eight NAEs 

ere quantified in NHS, Substitute − and Substitute ALA + LA + ( Fig. 5 ). 

he NAE profile of NHS was described here since it has not 

een extensively documented yet. The main NAEs measured in 

HS were N -oleoyl-ethanolamine (OEA), N -linoleoyl-ethanolamine 

LEA), N -palmitoyl-ethanolamine (PEA), N -stearoyl-ethanolamine 

SEA) and AEA, respectively accounting for 37.4%, 25.2%, 19.1%, 

1.0% and 4.9% of total NAE species in NHS ( Fig. 5 A). Similarly, the

ain NAEs in NHS dermis were also OEA (39.5%), LEA (28.5%), AEA 

15.8%), PEA (7.5%) and SEA (6.3%) ( Fig. 5 A). Low levels of NAEs

ere derived from n-3 PUFAs in NHS ( Fig. 5 A-B). Although similar 

AEs were identified in both the epidermis and the dermis of NHS, 

he epidermal compartment displayed significantly higher levels of 

AEs than the dermal compartment (Fig. S6). The NAE profile of 

HS found in the present study was comparable to the one de- 

icted by Kendall and co-workers, a slight difference being higher 

evels of SEA and lower levels of OEA and LEA reported by Kendall 

han were found in the present study [44] . 

Next, the NAE profile of the skin substitutes were com- 

ared to that of NHS. All NAEs detected in NHS were also 

ound in Substitute − ( Fig. 5 A). However, lower levels of NAEs 

erived from n-6 PUFAs were found in both compartments 

f Substitute − compared with their respective counterparts in 

HS ( Fig. 5 B). This deficiency in n-6 PUFA-containing NAEs was 

ainly the consequence of lower levels of LEA (-17.1-fold) in 

ubstitute − than in NHS ( Fig. 5 D). Similarly, the levels of n-3 
M
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UFA-containing NAEs, specifically docosapentaenoyl-ethanolamine 

DPEA) and docosahexaenoyl-ethanolamine (DHEA), were signifi- 

antly lower in Substitute − epidermis than in that of NHS, show- 

ng a slight n-3 PUFA deficiency in Substitute − epidermis ( Fig. 5 C). 

hese lower NAE levels can be linked to the lower levels of n-6 PU- 

As and n-3-PUFAs found in other lipid fractions of the skin sub- 

titutes, thus showing that this lipid class were also affected by 

he n-6 and n-3 PUFA deficiency [ 21 , 45 ]. NAEs biosynthesis in the

kin substitutes was next studied after dual supplementation with 

LA and LA. Supplementation with ALA and LA induced significant 

ncreases in levels of the n-3 PUFA-containing NAE DPEA in both 

he epidermis (7.3-fold) and dermis (5.1-fold) of Substitute ALA + LA + 

 Fig. 5 C). Supplementation with ALA and LA tended to increase LEA 

evels (1.8-fold) in Substitute ALA + LA + , although this increase was 

ot statistically significant ( Fig. 5 D). The levels of NAEs seem to 

orrelate with the levels of their precursors found in phospholipids 

Table S2). 

.5. Identification of main MAGs of the skin and investigation of their 

iosynthesis in reconstructed skin following supplementation with 

LA and LA 

The eCB 2-arachidonoyl-glycerol (2-AG) and 6 other MAGs were 

ext quantified using LC-MS/MS to first identify the species found 

n NHS ( Fig. 6 ). The major MAGs in NHS were 1/2-palmitoyl- 

lycerol (2-PG), and 2-oleoyl-glycerol (2-OG), and 1/2-linoleoyl- 

lycerol (2-LG), accounting for 78.2%, 14.0% and 6.4%, of total MAG 

pecies in the epidermis ( Fig. 6 A). Low levels of MAGs were de- 

ived from n-3 PUFAs in NHS ( Fig. 6 A). Although similar MAGs 

ere identified in both the epidermis and the dermis of NHS, 

he epidermal compartment displayed significantly higher levels of 

AGs than the dermal compartment (Fig. S7). These results sug- 
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Fig. 6. Quantification of monoacylglycerols in the skin samples using LC-MS/MS analysis. ( A ) Heatmap of the seven MAGs measured in NHS, Substitute − and 

Ssubstitute ALA + LA+ (S+). ( B ) Proportion of MAGs derived from n-3 PUFAs, n-6 PUFAs or MUFAs and SFAs. MAG classes are shown as a percentage of total MAGs. MAGs 

derived from ( C ) n-3 PUFAs and ( D ) n-6 PUFAs found in NHS, S − and S + . For human skin: n = 6 donors; for skin substitutes: n = 3 donors. Two-way ANOVA followed by 

Tukey’s post-hoc test ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.0 01; ∗∗∗∗P < 0.0 0 01. Abbreviations: 1/2-AG, 1/2-arachidonoyl-glycerol; 1/2-DHG, 1/2-docosahexaenoyl-glycerol; 1/2-DPG, 1/2- 

docosapentaenoyl-glycerol; 1/2-EPG, 1/2-eicosapentaenoyl-glycerol; S, substitute; 1/2-LG, 1/2-linoleoyl-glycerol; MAG, monoacylglycerol; MUFA, monounsaturated fatty acid; 

NHS, normal human skin; 1/2-OG, 1/2-oleoyl-glycerol; 1/2-PG, 1/2-palmitoyl-glycerol; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid. 
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est that the epidermis has a greater endocannabinoidome biosyn- 

hetic capacity than the dermis and possibly that some eCB-like 

ipids (NAEs and MAGs) are more important in the epidermis than 

n the dermis [44] . The present study is to our knowledge the first

o report the levels of various MAGs in human skin. 

The MAGs identified in NHS were also found in Substitute −

 Fig. 6 A). In contrast with phospholipid, triglyceride and NAE frac- 

ions, the MAGs in Substitute − did not displayed a deficiency in 

-6 PUFAs compared with that of NHS ( Fig. 6 A-B). Indeed, the 

evels of MAGs were similar in both skin samples, except for 2- 

G, which was decreased in Substitute − compared with NHS (- 

.3-fold) ( Figs. 6 A and S6). MAG biosynthesis in the skin sub- 

titutes was next studied after dual supplementation with ALA 

nd LA. Supplementation of the culture media with ALA and LA 

ncreased the total amount of MAGs in the epidermis and the 

ermis of Substitute ALA + LA + , although the increase was only sig- 

ificant in the dermis (Fig. S6). More specifically, increased lev- 

ls of 2-docosapentaenoy-glycerol (2-DPG) (4.8-fold) were mea- 

ured in Substitute ALA + LA + dermis and epidermis compared with 

ubstitute − ( Fig. 6 C). Furthermore, tremendous increases in the 

uantities of 2-LG and 2-AG were measured in the dermis of the 

ubstitute ALA + LA + compared with Substitute − ( Fig. 6 D). These re- 

ults suggest that n-3 and n-6 PUFAs tend to accumulate as MAGs 

n the skin substitutes and thus may explain the deficiency ob- 

erved in other lipid fractions even after supplementation. 

The pathways for MAG synthesis and degradation are still not 

ell documented, which makes these unexpected results difficult 

o explain. Phosphatidylinositol and phosphoinositides have been 

ostulated to be the precursors of 2-AG, and therefore the biosyn- 

hesis of MAGs was thought to involve 1) hydrolysis of phos- 

hatidylinositol by the Phospholipase C (PLC) and 2) further hy- 

rolysis of the resulting diacylglycerol (DAG) by the DAG lipase 
270 
and β (DAGL) to generate MAGs ( Fig. 7 A). However, a recent 

tudy revealed that AA stimulated 2-AG biosynthesis in leuko- 

ytes independently of the PLC/DAGL or the PLD/DAGL pathway, 

ince low levels of DAGL were found in these cells and DAGL in- 

ibitors did not decrease the AA-stimulated biosynthesis of 2-AG 

46] . The resulting hypothesis was that 2-AG synthesis would in- 

olve lysophosphatidic acid (LPA) as an intermediate, which was 

ound to increase upstream of 2-AG after AA administration [46] . 

nterestingly, the expression of DAGLA and DAGLB was not detected 

n the skin substitutes under our culture conditions, therefore sup- 

orting the premise that MAG synthesis does not rely on DAGL 

ctivity ( Fig. 7 B). Furthermore, among the genes encoding pro- 

eins involved in the biosynthetic pathways of phospholipids and 

riglycerides, the expression of GPAT, AGPAT1-3 and DGAT1-2 was 

etected in the skin substitutes, supporting the conclusion that 

hese biosynthetic pathways are active in keratinocytes and fibrob- 

asts ( Fig. 7 A-B). MAGs could thus be important intermediates pro- 

uced during the biosynthesis of phospholipids and triglycerides. 

herefore, perhaps the supplementation of the culture media with 

AGs, such as 2-LG, could equilibrate the lipid metabolism of the 

kin substitutes, leading to a better distribution of PUFAs. 

. Discussion 

Tissue-engineered skin substitutes represent promising tools for 

he study of lipid mediator signaling and functions in the skin. 

hese models made it possible to dissect the metabolism of var- 

ous subsets of cells in order to identify specific mechanisms. The 

resent report is to our knowledge the first to study the lipidome 

f a tissue-engineered human skin model and its impact on the 

kin barrier function. As expected, the reconstructed skin substi- 

utes displayed lower proportions of n-3 and n-6 PUFAs and higher 
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Fig. 7. Biosynthetic pathways of phospholipids, triglycerides and lipid mediators. ( A ) Schematic overview linking phospholipid, triglyceride and lipid mediator biosynthetic 

pathways. Triglycerides (TAG) are synthesized de novo (lipogenesis, green arrows) from glycerol-3-phosphate (G3P). Phospholipids can also be synthesized de novo (blue 

arrows). In regard to lipid mediators, prostaglandins (PGs, orange box), hydroxy fatty acids (HFAs, orange box), N -acyl-ethanolamines (NAEs, grey box) and monoacylglycerols 

(MAGs, purple arrows and purple box) are produced mainly from phospholipids. ( B ) Profiling of genes encoding the main proteins involved in the biosynthetic pathways of 

lipids presented in panel A. 

p

T

c

p

P

t

p

s

a

s

v  

n

s

t

m

t

s  

n

f

c

n

roportions of monounsaturated fatty acids compared with NHS. 

hese results are consistent with other studies, in which a defi- 

iency of n-6 PUFAs was found in tissue-engineered human skin 

roduced with culture media that were not supplemented with 

UFAs [ 20 , 45 ]. Dual supplementation with ALA and LA decreased 

he percutaneous absorption of testosterone and modulated the 

hospholipid, triglyceride and lipid mediator profile of the skin 

ubstitutes. Therefore, the exogenous provision of ALA and LA had 

 similar impact on the barrier function of the reconstructed skin 

ubstitutes as dietary supplementation with essential fatty acids in 

ivo [ 24 , 25 , 47 ]. These results showed that the metabolism of the
271 
-3 and n-6 polyunsaturated fatty acids remains functional in the 

kin model produced in vitro . 

Although other techniques, such as the measurement of 

ransepithelial water loss, can be used to assess membrane per- 

eability, the percutaneous absorption assay is recommended by 

he OECD, since this sensitive technique allows the detection of 

mall changes in barrier integrity [ 4 8 , 4 9 ]. In addition, percuta-

eous absorption studies offer the possibility of evaluating dif- 

erent pathways of molecule penetration, based on their physico- 

hemical properties [ 33 , 50–52 ]. In the present study, the percuta- 

eous absorption assay revealed that dual supplementation with 
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oth ALA and LA decreased the permeability of the skin substi- 

utes to testosterone, showing an improvement of the skin barrier 

unction after lipid supplementation. Testosterone is a lipophile 

olecule and thus the assay predominantly evaluates the absorp- 

ion of molecules through the intracellular pathway, in which 

olecules passed mainly through the stratum corneum lipid ma- 

rix [43] . Therefore, this assay suggests that the lipid supplementa- 

ion has mainly influenced the lipid content of the skin substitutes. 

t is important to mention that many factors other than fatty acid 

omposition can influence skin permeability, including skin type, 

ge and body area [ 53 , 54 ]. It is of note that darkly pigmented

kin was shown to display a more resistant skin barrier com- 

ared with lightly pigmentated skin [53] . Therefore, skin pigmen- 

ation could contribute to the suboptimal permeability of the re- 

onstructed skin substitutes since the melanocytes responsible for 

kin pigmentation are not added to reconstructed tissues. Although 

hese factors did not vary between the supplemented and con- 

rolled conditions in the present studies and thus should not have 

nfluenced our findings, they are particularly important to take 

nto consideration when comparing the permeability of different 

odels. In fact, there is a variety of models used in the literature 

nd they have been found to have different levels of permeability 

 55 , 56 ]. For instance, it was shown that skin models produced with

yaluronic acid had lower transepidermal water loss than those 

roduced with agarose [57] . Previous studies have shown that in- 

ividual supplementation with ALA decreased testosterone absorp- 

ion through the skin substitutes [21] . It was also shown that ex- 

genous provision with ALA increased n-3 PUFA levels in the skin 

ubstitutes while supplementation with LA increased n-6 PUFA lev- 

ls in the skin substitutes. These results showed that although ALA 

upplementation improved the skin barrier function, it did not re- 

tore LA levels, which therefore remained the most deficient fatty 

cid in the skin substitutes. In the present study, gas chromatog- 

aphy analyses revealed that the exogenously provided ALA and 

A were incorporated into the skin substitute phospholipids and 

riglycerides. The resulting fatty acid profile was enriched in LA, 

hich represents an improvement compared with the individual 

upplementation with ALA. LA was the fatty acid that was most 

losely correlated with the decreased absorption of testosterone, 

hus showing its importance for the establishment of the skin bar- 

ier function. 

Once incorporated into phospholipids, fatty acids can be hy- 

rolyzed by the phospholipase A2. These liberated fatty acids can 

hen be converted into several bioactive lipid mediators ( Figs. 7 A 

nd S1). Whether fatty acids will serve in the biosynthesis of ei- 

her prostaglandins, leukotrienes or endocannabinoids depends on 

everal factors, including the expression and activation of the en- 

ymes responsible for their biosynthesis and the levels of fatty 

cids in phospholipids [ 58 , 59 ]. Consequently, bioactive lipid pro- 

les vary among tissues and cell types [60] . In the present study, 

nvestigation of the PG and HFA content of reconstructed skin re- 

ealed that 15-LOX is the predominant active biosynthetic path- 

ay in the epidermis, leading to high levels of 15-LOX products. 

igher levels of 13-HODE in the skin substitutes may support the 

remise that LA is strongly metabolized into its oxidized deriva- 

ive in the epidermis of reconstructed skin models. This enhanced 

etabolism could be the result of higher activity of 15-LOX in 

he skin substitute epidermis than in that of normal human skin, 

hich is in agreement with the overexpression of this enzyme 

ound in the skin substitutes [61] . The dual supplementation de- 

reased the levels of 13-HODE in the skin substitute epidermis, al- 

hough an increase in LA was measured in the phospholipids, sug- 

esting that the addition of the n-3 PUFA decreased LA metabo- 

ization through competition for 15-LOX [62] . It is noteworthy that 

igh production of 13-HODE found in the skin was shown to reg- 

late keratinocyte hyperproliferation [62] . Furthermore, levels of 
272 
2-HETE were lower in the skin substitutes compared with NHS. 

hese lower levels are consistent with high amounts of 15-LOX 

roducts, such as 15-HEPE, which are known to inhibit 5-LOX and 

2-LOX pathways. Moreover, lower levels of PGs were found in the 

pidermis of the skin substitutes. Since the activity of COX-1 was 

hown to be similar in the reconstructed skin model (Epiderm 

TM ) 

roduced with primary keratinocytes to that in human skin, the 

ower levels of PGs found in the epidermis are more likely to be 

he result of competition with other pathways such as the high 

ctivity of LOX in the skin substitutes [63] . Contrary to quantifica- 

ion performed in normal human skin and reported in other stud- 

es, the levels of AA-derived PGD 2 were too low to be detected in 

ubstitute −, which confirms that this lipid mediator is mostly pro- 

uced by other epithelial cells than keratinocytes and fibroblasts. 

ndeed, PGD 2 is usually known for being produced principally by 

angerhans cells and dermal mast cells exerting anti-proliferative 

nd anti-inflammatory activities [26] . On the other hand, the COXs 

ere the predominant active biosynthetic pathways in the dermis, 

eading to high levels of COX products, notably PGE 2 . Higher levels 

f PGs in the dermis were consistent with the higher levels of AA 

ound in the phospholipids of Substitute −. High levels of PGE 2 in 

he Substitute − dermis could be stimulated by cell-cell interactions 

f keratinocytes and fibroblasts. Indeed, the secretion of proIL-1 α
y keratinocytes stimulates the production of PGE 2 in fibroblasts 

y a mechanism in which the activity of COX-2 is increased [64] . It

as shown that high amounts of fibroblast-derived PGE 2 stimulate 

eratinocyte proliferation [ 64 , 65 ]. Under our culture conditions, no 

orrelation was found between lipid mediator levels and the per- 

eability of the skin substitutes to testosterone. It is however im- 

ortant to mention that bioactive lipid mediators have very short 

alf-lives and therefore individual supplementation with bioactive 

ipid mediators would bring relevant insight into their respective 

oles in the establishment of the skin barrier function. 

The best-known NAE and MAG species are AEA and 2-AG re- 

pectively [66] . Indeed, these two bioactive lipid mediators are 

alled endocannabinoids as they can activate the type-1 and - 

 cannabinoid receptors [ 67 , 68 ]. Based on their similar struc- 

ures and functions, other NAEs and MAGs are referred to as 

ndocannabinoid-like mediators [69] . In the present study, the lev- 

ls of NAEs correlate with the levels of their respective precursors. 

herefore, the deficiency in n-3 and n-6 PUFAs was found to af- 

ect the levels of NAEs in the skin. Since PEA, SEA, OEA and LEA 

re present in high amounts in the skin, they may play important 

oles in that tissue. These NAEs activate several receptors that are 

ound in the skin, such as peroxisome proliferator-activated recep- 

or α (PPAR α), transient receptor potential cation channel subfam- 

ly V member 1 (TRPV1) and the orphan G protein-coupled recep- 

ors GPR119 and GPR55 [ 69 , 70 ]. In a dermatitis animal model, the

opical application of LEA on the affected ear skin decreased pro- 

nflammatory cytokine expression, while inhibiting NF-kB signaling 

71] . Therefore, the role of these metabolites in the skin should be 

ore deeply investigated. 

Interestingly, we showed in the present study that PUFAs tend 

o accumulate in the form of MAGs in epithelial cells cultured in 

 reconstructed tissue, which may explain the deficiency in LA ob- 

erved in other lipid fractions such as phospholipids, triglycerides 

nd NAEs, even after supplementation. The role of MAGs in the 

kin has been poorly described and a few studies have pointed 

ut lately that the synthesis of MAGs is still not well understood 

 46 , 72 ]. Indeed, the main pathway for MAG synthesis is mediated 

y DAGL α and β . However, under our culture conditions the ex- 

ression of DAGL α and β was not detected in the skin substitutes 

y microarray analyses, indicating that MAG biosynthesis may not 

ccur through this pathway in the reconstructed skin model. The 

xpression of DAGLs has not been documented extensively in na- 

ive human skin and whether keratinocytes express DAGLs is, to 
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ur knowledge, unreported. Nevertheless, the expression of DAGL 

and β was found in the hypodermis, fibroblasts, melanocytes 

nd the sweat glands [ 73 , 74 ]. Interestingly, Lee and coworkers have

eported that MAGs could be involved in triglyceride synthesis in 

he epidermis of the guinea pig [75] . In contrast, Lin and cowork- 

rs showed that decreased levels of MAGs in FATP4 −/ − epidermis 

as accompanied by an unaltered level of triacylglycerols [72] . This 

ccumulation of MAGs could be attributed to an unsuccessful at- 

empt to synthesize triglycerides via the monoacylglycerol pathway 

n epithelial cells. 

. Conclusion 

The findings described in the present study show that an opti- 

ized supply of essential fatty acids via culture media is essen- 

ial for the establishment of the barrier function in vitro , as it 

argely affects the lipidome of the reconstructed skin. While in- 

ividual supplementation with ALA previously pointed toward the 

mportance of n-3 PUFAs in the establishment of the skin barrier, 

he present study shows that n-6 PUFAs, and more specifically LA, 

lay a crucial role in the skin barrier function and that they need 

o be used in combination with n-3 PUFAs for optimal incorpora- 

ion and metabolization by the reconstructed tissue. Since little is 

nown about the individual effects of each lipid mediator in the 

kin, our study highlights the importance of examining in more 

etail the effect of bioactive lipid mediators in the development 

nd maintenance of the barrier function. Indeed, several lipid me- 

iators such as 13-HODE, DPEA and 2-AG are known to exert anti- 

nflammatory properties, and a better understanding of their re- 

pective cutaneous metabolisms could make it possible to identify 

ew therapeutic targets for skin disease. 
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