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ABSTRACT

We previously reported that epidermal glycation causes an increase in saturated fatty acid (FA)
content in a differentiated reconstructed skin model and HaCaT cells. However, the
relationship between ceramides (CERs) and glycation and their effects on stratum corneum
(SC) barrier function was not elucidated. In this study, we investigated the effect of glycation
on lipid content in 6-day-old cultured reconstructed skin. We used the EPISKIN RHE 6D model
and induced glycation using glyoxal. In addition to transepidermal water loss, content of CERs,
cholesterol and FA in the reconstructed epidermal model were analyzed by high performance
thin layer chromatography. Expression of genes related to ceramide metabolism was
determined by real time RT-PCR. Membrane fluidity of stratum corneum lipid liposomes (SCLL)
that mimic glycated epidermis was analyzed using an electron spin resonance technique. It
was found that FA was significantly increased by glycation. CER[NS], [AP], and cholesterol were
decreased in glycated epidermis. Expression of ceramide synthase 3 (CERS3) was significantly
decreased while fatty acid elongase 3 was increased by glyoxal in a dose dependent manner.
Membrane fluidity of SCLL mimicking the lipid composition of glycated epidermis was
increased compared with controls. Therefore, disruption of CER and FA content in glycated
epidermis may be regulated via CERS3 expression and contribute to abnormal membrane
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Introduction

Viable epidermis has a unique mechanism of lipid
metabolism and contributes to the production of the
stratum corneum (SC). As the outermost layer of the
skin, the SC is essential for protecting the host from
external stimuli including ultraviolet light, chemicals,
mechanical insults, and pathogens, as well as prevent-
ing loss of water from the body." In the SC, corneo-
cytes are embedded in an intercellular lipid matrix,
composed of approximately equimolar concentrations
of various species of ceramides (CERs), cholesterol
(chol) and fatty acids (FAs), forming a lamellar struc-
ture.>” These lipids, derived from both epidermal bio-
synthesis and intake from other organs, are delivered
to the extracellular space by the exocytosis of lamellar
bodies, containing phospholipids, glucosylceramides,

sphingomyelin, chol, and enzymes. At the extracellu-
lar space, these lipids are metabolized by enzymes to
lamellar forming lipids.*®

Importantly, the change in the ratio and constitu-
tion of these SC intercellular lipids contributes to the
exacerbation of skin diseases. For example, all 3 key
lipids are decreased in patients with atopic dermatitis
(AD).”"* Not only these key lipids, but also the com-
position of sphingoid bases, sphingosine and sphinga-
nine which are precursors and catabolites of CER,
influences lamellar membrane architecture in AD
derived SC, contributing to the barrier abnormality."
Furthermore, natural aging and photoaging also cause
disruption of lipid content."*'> Thus, maintaining the
homeostasis of lipid metabolism is essential for proper
barrier function in skin.
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Advanced glycation end products (AGEs) are
generated via the non-enzymatic Maillard reaction
between the aldehyde group of reducing sugars and
amino group of proteins, lipids or nucleic acids.'®
As the population ages, accumulation of AGEs in
tissues has attracted much attention as a cause of
diabetic complications and are also thought to be
related to other lifestyle-related diseases. For skin,
where AGEs can be seen, developing an anti-AGEs
strategy is important from an aesthetic as well as a
functional point of view. AGEs accumulate in both
dermis (e.g. collagen and elastic fibers) and epider-
mis (e.g. keratin 10).'”'” Additionally, AGEs can
be ligands for receptor for AGEs (RAGE) and pro-
voke inflammatory signaling via a reactive oxygen
species (ROS) / nuclear factor-«B (NF-«B) path-
way.’*** Recently, hyperglycemia has been reported
to be strongly related to disruption of lipid metabo-
lism. Findings show that hyperglycemia contributes
to lipotoxicity via upregulation of FA production,
causing endoplasmic reticulum (ER) stress and apo-
ptosis of pancreatic B cells.”>** Thus, it is expected
that the lipid metabolism in glycated epidermis is
also disrupted, but there are few studies regarding
glycation in skin.”> We previously reported that FA
content in glyoxal (GO) treated HaCaT cells and a

skin
However, the relationship between

reconstructed model was significantly
increased.*
metabolism of FAs and other lipids and the mecha-
nisms of barrier disruption in glycated epidermis
remain to be elucidated.

Here, we revealed the relationship between the
extent of glycation and metabolism of various SC
intercellular lipids and its effect on barrier function
using a reconstructed skin model and SC lipid lipo-
somes (SCLLs) mimicking the intercellular lamellae

structure.

Materials and methods
Reagents

GO, chol and palmitic acid were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
For lipid standards, Ceramide[NS] and [AS] were pur-
chased from Matreya (State College, PA, USA) and
Ceramide[NP] and [AP] were purchased from Evonic
Industries AG (Essen, Germany). Chol, cholesterol
sulfate, palmitic acids for liposome and 5-DOXYL-

stearic acid were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Cell culture

The reconstructed epidermal model 6D RHE and
EPISKIN were purchased from EPISKIN (Lyon,
France) and maintained in the supplied culture
medium in a humidified atmosphere of 5% CO, at
37°C. AGEs were induced by exposure to various con-
centrations of GO in culture medium for 72 h from
the basal side.

Cell viability assay

Reconstructed model epidermis was cultured for 24 h
before exposure to various concentrations of GO from
the basal side. After 72 h incubation, cells were washed
with culture medium and incubated with alamar
Blue® in culture medium (1:10) for a further 4 h. The
fluorescence at Ex. 570 nm, Em. 585 nm, of the
medium was measured using a microplate reader
(SpectraMax M2°, Molecular Devices, Sunnyvale, CA,
USA).

RNA extraction and quantitative real time PCR

Total RNA was isolated from the reconstructed epi-
dermal model using RNAiso Plus (Takara Bio, Otsu,
Shiga, Japan), followed by reverse transcription to
cDNA using the PrimeScript® RT reagent kit
(Takara Bio) on a thermal cycler (Veriti, Applied
Biosystems, Foster City, CA, USA). Real-time PCR
reactions were performed using SYBR® Premix Ex
Taq™ (Takara Bio) on a StepOnePlus™ (Applied
Biosystems) with the respective primers (Table S1).
The fold-change of expression was calculated
according to the AACy method using glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as an
endogenous control.

Lipid extraction

Epidermal lipid samples from reconstructed epidermal
models were extracted in CHCl;/MeOH 2:1 (v/v) solu-
tion after being washed and excised from the trans-
well. Samples were minced then sonicated for 10 min,
the solution filtrated with a 0.22 um pore filter mem-
brane and dried under N, stream. All lipid extracts
and standards were dissolved in CHCl;/MeOH 2:1
(v/v) solution.



High Performance Thin Layer Chromatography
(HPTLC) analysis

Ten pL of lipid extracts were applied to the HPTLC
plate (HPTLC Silica gel 60, Merck Millipore, Darm-
stadt, Germany) together with lipids standards to
generate calibration curves and developed twice in a
saturated chromatographic chamber containing
CHCIl;/MeOH/CH;COOH  190:9:1 (v/v) mobile
phase. Then the HPTLC plate was dried and
sprayed with a reagent (10% CuSO;, 8% H;PO,
aqueous solution) and heated to 180°C for 10 min
and quantitated by densitometry using ChemiDoc™
XRS+ and Image Lab™ software (Bio-Rad, Hercu-
les, CA, USA).

Measurement of transepidermal water loss (TEWL)

Cutaneous water evaporation was measured with a
VAPOSCAN AS-VT100RS (Asahibiomed, Tokyo,
Japan). Reconstructed epidermal models were natural-
ized for 1 h before measurements. ATEWL means
TEWL at 72 h after GO exposure subtracted from
TEWL before exposure to GO.

Liposome preparation

SCLL were prepared according to the conventional
thin-film hydration method. Individual lipids were
dissolved in chloroform/methanol (2:1) as shown in
Table 1. The solvent was dried under reduced pressure
using a rotary evaporator, leaving a thin film in the
flask. The lipid film was hydrated with PBS, followed
by freeze/thawing 5 times. The obtained large unila-
mellar vesicles were subjected to extrusion through
polycarbonate filters using an extruder (pore size: 100,
200, and 400 nm, Merck Millipore). Particle diameter,
PdI and ¢ potential were measured using a Zetasizer
Nano ZS (Malvern, Worcestershire, UK).

Electron spin resonance analysis

SCLLs were probed with 5-doxylstearic acid (5-
DSA). 5-DSA was dissolved in methanol and thin

Table 1. Formulation and fluidity of liposomes mimicking normal
(SCLL) and glycated (G-SCLL) epidermal lipid composition. Results
are expressed as the mean = SD of n = 3 replicates.” p < 0.05.

Composition Ratios by weight S
SCLL CER[NS]/Chol/PA/CholSE 40/40/25/10 1.364 £ 0.005
G-SCLL  CERINS]/Chol/PA/CholSE 20/20/50/5 1.316 + 0.004"
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films produced by evaporation under low pressure
before mixing with SCLL for 5 min at RT. Probed
SCLLs were then added to a «capillary tube
(HIRSCHMANN, Eberstadt, Germany) and sealed
with putty (Terumo, Tokyo, Japan). After the sam-
ples were inserted, electron spin resonance (ESR)
spectra were recorded on a RFR-30 (Radical
Research Inc., Tokyo, Japan). The operating condi-
tions of the equipment were: microwave power of
4.0 mW, modulation frequency of 9.43 kHz, modu-
lation amplitude of 0.2 mT, magnetic field scan of
337.5 mT, sweep time of 8 min, detector time con-
stant of 0.1 ms, at RT. To determine the liposomal
fluidity, the S value was determined using the fol-
lowing equation Eq. 1, Fig. S1).

S=1/2(3cos*6—1)
=(A; —A/{Az— (Ax+Ayy)/2} x 10
= (2T, /2—2T,/2)/{33.6 — (6.3+5.8)/2} x 10

(1)

Data analysis

Statistical differences between groups were assessed by
means of Dunnett’s test (vs 0 mM treated group) or 2-
tailed Student t-test using SAS University edition (SAS
Institute, Cary, NC, USA). P value of < 0.05 was con-
sidered as the limit of statistical significance.

Results

Evaluation of barrier function in a glycated
reconstructed epidermal model

To elucidate the barrier function of glycated epider-
mis, the RHE 6D model was exposed to various con-
centrations of GO from the basal side for 72 h. Cell
viability was decreased in a GO concentration depen-
dent manner (Fig. 1a, p < 0.001) compared with the
untreated control. The ATEWL of the glycated model
indicated a significant decrease in TEWL in the
0.5 mM and 1 mM GO exposed groups (Fig. 1b, p <
0.05, p < 0.001 respectively).

Quantification of lipids in the glycated 6D RHE
model

Lipids were extracted from the 6D RHE model and
separated by HPTLC to quantitate the content of
CERs, FA and Chol (Fig. 2). In the 6D RHE model, the
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Figure 1. General properties of the glycated reconstructed epidermal model. Glycation was induced by hydration with various concentrations
of GO from the basal side for 72 h. Viability of glycated 6D RHE was measured by alamar Blue® assay(a). ATEWL of glycated 6D RHE was mea-
sured using vaposcan (b). All results are expressed as the mean =& SD of n = 3 or n = 4 replicates, respectively. “p < 0.05, ***p < 0.001.

content of CER[NS], [AP]b was decreased in glycated ~ 0.05) and 10.18 (p < 0.05) pug/cm’, respectively
skin. Contents of these lipids in the normal epidermal  (Fig. 2a and e). Chol content also decreased in the gly-
model were 27.41 and 14.69 ug/cm’ respectively, while  cated epidermal model; the normal epidermal model
in the glycated epidermal model they were 18.45 (p <  contained 40.97 pug/cm® and the glycated contained
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Figure 2. Changes in the content of epidermal lipids in glycated reconstructed epidermal model. Lipids contents of 6D RHE were deter-
mined after 72 h exposure to glyoxal by HPTLC: CER[NS] (a), CER[NP] (b), CER[AS] (c), CER[AP]a (d), CER[AP]b (e), cholesterol (f), and fatty
acids (g). All results are expressed as the mean = SD of n = 3 replicates. *p < 0.05, **p < 0.01, ***p < 0.001.



30.85 jug/cm’ (p < 0.01, Fig, 2f). Furthermore, the rela-
tive FA content was 1.8 times higher in glycated (1 mM
GO exposed) epidermal model compared with the
untreated control (p < 0.001, Fig. 2g).

Changes in expression of genes related to lipid
metabolism

To elucidate the mechanisms of change in lipid contents
in glycated skin, the mRNA expression in EPISKIN was
measured by real time PCR. Expression of CER synthase
3 (CERS3) was 0.44-fold decreased in 1 mM GO exposed
epidermis, while acid ceramidase (aCDase) was not sig-
nificantly changed (Fig. 3a, 3b). FA elongase, ELOVL3,
was increased 2.78-fold in glycated epidermis, while
no significant difference was shown in ELOVL4
(Fig. 3c and d). Expression of fatty acid synthase
(FASN), which is important for synthesis of C16 FA, was
0.13-fold decreased by GO exposure (p < 0.001, Fig. 3e).
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Characterization of features of normal and glycated
epidermis mimicking SCLL

Finally, the relationship between lipid composition
and lamellar stability was investigated using SCLL by
ESR methods. Measurement of SCLL particle diame-
ter, Pdl and ¢ potential showed that both normal
SCLL and SCLL mimicking glycated epidermis
(G-SCLL) were stable at 37°C for at least 1 w
(Fig. Sla-c). However, order parameter S of G-SCLL,
determined by ESR spectrum of 5-DSA, was signifi-
cantly decreased compared with SCLL, indicating
higher membrane fluidity (p < 0.05) (Table 1, Fig. S1).

Discussion

In the present study, we investigated the effect of gly-
cation on epidermal CERs metabolism and found dif-
ferences in lipid metabolism and barrier function.
Glycation of keratinocytes causes a decrease in cell
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Figure 3. Expression of ceramide and fatty acid metabolism-associated genes. Expression of CERS3 (a), aCDase (b), ELOVL3 (c) ELOVL4 (d)
and FASN (e) in EPISKIN after 72 h exposure to glyoxal as determined by real-time RT PCR. All results are expressed as the mean =+ SD of

n = 3 replicates. *p < 0.05, **p < 0.01, ***p < 0.001.
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viability via apoptotic pathway [22]. Cell viability and
ATEWL of GO treated reconstructed skin were signifi-
cantly decreased in a dose dependent manner. Inter-
estingly, we did not find any color change in this
experiment at the concentrations of GO used, but
found that exposure to 5 mM GO is required for a
yellowish color change, which is characteristic of gly-
cated skin, of the reconstructed epidermal model in a
pilot study (data not shown). From these results,
changes in lipid metabolism may occur before alter-
ation in appearance, thus early treatment of skin gly-
cation is thought to be important.

The content of FA in early glycated skin was sig-
nificantly increased as previously reported®® and gly-
cated 6D RHE also showed an increase in FA
content. In addition to upregulation of ELOVL3, the
downregulation of CERS3 may contribute to the
accumulation of FA and lowering of CER content.
Although ceramides in skin are produced via either
the de novo or salvage pathways,””*®* CERSs control
both the de novo synthesis of sphingolipids as well
as the recycling of sphingosine from the breakdown
of preformed sphingolipids. Of the 6 types of CERSs
reported, CERS3 and CERS4 are distributed in epi-
dermis® and deficiency of CERS3 in mice revealed
the lack of 90% of epidermal CERs.> Since expres-
sion of aCDase was not changed in our experiment
(Fig. 3), it is suggested that the synthetic pathway
plays an important role in the decrease in CERs con-
tents. ELOVL3 and CERS3 have substrate specificity
to saturated FA: C18:0, C20:0, C22:0, C24:0 for
ELOVL3* and Cl16:0, C18:0, C22:0, C24:0 and
>C26 for CERS3.” This preference may explain the
increase of C16:0, C18:0 FA. EPISKIN, which was
used to measure the mRNA expression in the recon-
structed skin model, showed no significant difference
in CERs content (data not shown). Notably, this
model already has mature SC, including various
ceramides, and the cultured cells cannot undergo
turnover. Thus, existing ceramides might mask the
change in ceramides contents, although expression
of CERS3 was significantly decreased. Park et al
reported that FA and cholesterol contents were
decreased and ceramide contents was not changed
by glycation using a spontaneously diabetic rat strain
with typical characteristics of type 2 diabetes melli-
tus.?> To understand the differences in our results,
species differences and method for AGEs induction
should be taken into account in future studies.

Our SCLL model had a lipid composition that
mimicked glycated epidermis, demonstrating slight
but higher membrane fluidity compared with
untreated controls (Table 1, Fig. S1). Thus, the contri-
bution of change in lamellar lipid fluidity to an
increase in TEWL is expected. We previously reported
that the barrier to low molecular weight hydrophilic
compounds in in vitro glycated full-thickness skin was
disrupted and conformational change in intercellular
lipids contributed to this phenomenon.’®** Taken
together, this study successfully connected the disrup-
tion of lipid synthesis in viable epidermis to SC lamel-
lar fluidity. Our results suggest the glycation-induced
disruption of SC structure and lipid homeostasis.
However, it is well documented that percutaneous
penetration occurs through transcellular, and to a
lesser extent, appendageal routes as well as intracellu-
lar routes.” Since AGEs in epidermis accumulate at
keratin 10,'” non-physiologic crosslinking of keratin
may also be involved in barrier function. Additionally,
the effect of AGEs on appendage should be elucidated
in the near future.
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AD Atopic dermatitis

AGE  Advanced glycation end products
CER Ceramide

Chol  Cholesterol

5-DSA 5-DOXYL stearic acid

ESR Electron skin resonance

FA Fatty acids

GO Glyoxal

SCLL  Stratum corneum lipid liposome
TEWL Transepidermal water loss
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