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Abstract To examine factors that regulate ceramide

production during keratinization of the human stratum

corneum (SC), we developed a reconstructed human epi-

dermal keratinization model in which a fresh layer of SC is

newly formed within 1 week. Addition of the UDP-glucose:

ceramide glucosyltransferase inhibitor 1-phenyl-2-decan-

oylamino-3-morpholino-1-propanol significantly diminished

SC ceramide levels (expressed as lg/mg protein) with

decreased glucosylceramide levels. Desipramine hydro-

chloride, an inhibitor of sphingomyelinase, also signifi-

cantly reduced SC ceramide levels. Similarly, conduritol B

epoxide, an inhibitor of b-glucocerebrosidase, significantly

down-regulated SC ceramide levels and significantly

increased glucosylceramide levels. These results indicate

the reliability of this model to elucidate ceramide synthe-

sis regulating factors. Using this model, we assessed the

effects of the inflammatory cytokine interleukin-1a (IL-1a),

several bioactive sphingolipids and all-trans retinoic acid

(RA) on ceramide levels in the SC. Whereas treatment

with IL-1a (at 10 nM) significantly down-regulated cera-

mide levels, treatment with sphingosylphosphorylcholine

(at 50 lM) or sphingosine-1-phosphate (at 10 or 20 lM)

distinctly up-regulated ceramide levels. Interestingly, RA

(at low as 10 nM) significantly up-regulated ceramide

levels without affecting the formation of the SC or levels of

keratinization-related proteins in the epidermis. The

increased levels of ceramide were accompanied by a sig-

nificantly increased secretion of granulocyte–macrophage

colony-stimulating factor as well as by a significantly

down-regulated expression of acid-ceramidase at both the

gene and protein levels. Taken together, our results

underscore the superiority of this reconstructed human

epidermal keratinization model to analyze factors that

regulate ceramide synthesis, especially in human SC.
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Abbreviations

AD Atopic dermatitis

CBE Conduritol B epoxide

CDase Acid-ceramidase

DSP Desipramine hydrochloride

GCase b-Glucocerebrosidase

GM-CSF Granulocyte–macrophage colony-stimulating

factor

HPTLC High-performance thin layer chromatography

IL-1a Interleukin-1a
PDMP 1-Phenyl-2-decanoylamino-3-morpholino-

1-propanol

RA all-trans retinoic acid

SC Stratum corneum

S1P Sphingosine-1-phosphate

SMase Acid-sphingomyelinase

SPC Sphingosylphosphorylcholine

SPT Serine palmitoyltransferase
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Introduction

Ceramides in the stratum corneum (SC) play a pivotal role in

the water-holding property [13–15] and in the cutaneous

permeability barrier of the skin [3, 8, 18]. Dysfunction of

either or both of those parameters occurs in the skin of

patients with atopic dermatitis (AD) [12] or in aged skin [12]

due to a ceramide deficiency. As for the mechanism involved

in the ceramide deficiency in AD, we have already reported

that a novel sphingolipid metabolic enzyme (termed sphin-

gomyelin/glucosylceramide deacylase) is highly expressed

in the epidermis of patients with AD. The expression of that

enzyme results in the generation of lysosphingolipid,

sphingosylphosphorylcholine (SPC) and glucosylsphingo-

sine, instead of ceramides produced by the normally

expressed ceramide producing enzymes, acid-sphingomye-

linase (SMase) and b-glucocerebrosidase (GCase), which

leads in turn to the ceramide deficiency [4, 16]. Recently,

sphingomyelin/glucosylceramide deacylase has been puri-

fied from rat skin and was found to be identical to the

b-subunit of acid-ceramidase (CDase) which consists of a

complex of an a-subunit and a b-subunit linked by two S–S

bonds (unpublished data). This strongly suggested that the

induction of sphingomyelin deacylase in AD is mediated by

an abnormality of the S–S cross-linking enzyme responsible

for the formation of the a-subunit and b-subunit complex of

CDase during its processing in the endoplasmic reticulum or

is due to the cleavage of those S–S bonds by unknown

enzymes. In aged skin with decreased water content, CDase

activity is remarkably up-regulated in the SC [17]. However,

little is known about the mechanism(s) underlying the high

expression levels of sphingomyelin/glucosylceramide

deacylase or CDase in several pathological conditions. To

determine which biological factors elicit the expression of

those abnormal enzymes, an animal model is needed in

which the topical application of chemicals and/or genetically

mutated mice can be used to test whether a similar ceramide

deficiency is evoked in the SC. However, not all data

obtained using animal models can be applied to humans

because there is no proof of the similar sphingolipid

metabolism between humans and other animals. It seems

reasonable to assume that a human epidermal model con-

sisting of human keratinocytes alone would be the most

suitable model by which bioactive factors capable of mod-

ulating ceramide levels in the SC could be evaluated to

analyze the mechanisms involved in the ceramide

deficiency.

Although human epidermal models consisting of human

keratinocytes alone are commercially available and have

been used in several studies to analyze sphingolipid

metabolism in the epidermis, almost all of those studies

focused on ceramide levels in the entire epidermis [25, 29].

In this study, we developed a new reconstructed human

epidermal keratinization culture model in which epidermis

without the SC (thus prior to keratinization) is cultured for

1 week to form a complete SC layer after which ceramides

can be extracted from the whole SC and quantified as per

SC protein. Characterization of the new model revealed

that several specific sphingolipid metabolic inhibitors

induce a ceramide deficiency in the SC in a fashion similar

to the in vivo situation in human skin. Further, the results

show that several biologically active factors, such as

interleukin-1a (IL-1a), SPC, sphingosine-1-phosphate

(S1P) or all-trans retinoic acid (RA) serve as suppressors

or stimulators of ceramide synthesis in the SC. These

findings underscore the superiority of this new recon-

structed human epidermal keratinization model to analyze

factors that regulate ceramide synthesis, especially in the

SC of human skin.

Materials and methods

Reconstructed human epidermal keratinization culture

model

The reconstructed human epidermal keratinization model

was established by Green’s method (LabCyte EPI-

MODEL, Japan Tissue Engineering Co., Ltd.) [2, 24] In

this model, foreskin-derived human keratinocytes are

incubated in an air–liquid condition for a total of 14 days

during which the SC formation occurs in the latter 7 days.

The model was shipped to us after the first 7 days and then

we incubated it at 37 �C in a 5 % CO2 atmosphere for the

latter 7 days in medium containing the following chemical

samples: 1-phenyl-2-decanoylamino-3-morpholino-1-pro-

panol (PDMP, Sigma-Aldrich), conduritol B epoxide

(CBE, Matreya), desipramine hydrochloride (DSP, Sigma-

Aldrich), SPC (Sigma-Aldrich), S1P (Sigma-Aldrich),

IL-1a (R&D Systems), RA (Wako) or solvents [dimethyl-

sulfoxide or phosphate-buffered saline (PBS)] as a control.

The basic medium for the latter 7 days also contains

ascorbic acid (concentration was not available due to

manufacturer’s confidential information) for enhancement

of SC formation. All media were replaced every day.

Lipid extraction

After incubation, the whole skin was peeled from the

membrane and the epidermal cells were separated from the

SC by incubation in a trypsin (2.5 mg/mL)/EDTA (0.2

mg/mL) aqueous solution at 37 �C for 1 h. The separation

was confirmed by microscopic observation. Both the SC

and the epidermal cell samples were washed with PBS and

were stored at -80 �C until used. Lipids were extracted using

a modification of the Bligh/Dyer method [1] as follows:
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Samples were homogenized in Bligh/Dyer solution (chlo-

roform:methanol:PBS = 1:2:0.8 by vol) and were mixed

for 20 min. Following centrifugation at 3,000 rpm for

15 min, the supernatants were collected in glass test tubes

and then 1 mL of chloroform and 1 mL of PBS were

added. After 20 min of mixing, and centrifugation for

15 min at 3,000 rpm, the bottom layer was collected and

dried at 30 �C under nitrogen gas. The remaining precipi-

tates were collected for quantification of total protein

amount, using BCA protein assay kit (Thermo Scientific).

Thin layer chromatography

The amounts of ceramides and glucosylceramides were

determined by high-performance thin-layer chromatography

(HPTLC) as described by Imokawa et al. [12]. The dried

samples were dissolved in chloroform/methanol = 2/1 sol-

vent and were fractionated by TLC on 20 9 10 cm silica gel

plates (Merck). Ceramides were developed twice over 9 cm

with chloroform/methanol/acetic acid (190:9:1 by vol) fol-

lowed by separation over 1 cm with chloroform/methanol/

acetone (76:20:4 by vol) to develop glucosylceramides. The

plates were scanned and analyzed using Quantity One 1-D

analysis software (Bio-Rad). Species of the ceramides were

assigned according to Motta nomenclature as well as

Masukawa ceramide characterization [19–22].

Real-time RT-PCR

The expression of mRNAs for several sphingolipid

enzymes were examined by real-time RT-PCR as described

elsewhere [26]. The primers used for real-time PCR were

synthesized by Invitrogen and the sequences are as follows:

50-TGGCTCTATGAAGCGATGG-30 as the forward and

50-AGGCCGATGTAGGTAGTTGC-30 as the reverse

primers for SMase; 50-CCTTCTTCCTTGATGATCGC-30

as the forward and 50-GTGGAGTTCACCATGGTTCG-30

as the reverse primers for CDase; 50-TGGCATTGCTGT

ACATTGG-30 as the forward and 50-CGTTCTTCTGACT

GGCAACC-30 as the reverse primers for GCase; 50-GC

GCGCTACTTGGAGAAAGA-30 as the forward and 50-TG

TTCCACCGTGACCACAAC-30 as the reverse primers for

serine palmitoyltransferase (SPT1); 50-AGCCGCCAAAGT

CCTTGAG-30 as the forward and 50-CTTGTCCAGGTTT

CCAATTTCC-30 as the reverse primers for SPT2; 50-G
AAGGTGAAGGTCGGAGTCAACG-30 as the forward

and 50-AGTCCTTCCACGATAACCAAAGTTG-30 as the

reverse primers for GAPDH.

Western blotting

Reconstructed human epidermal keratinization model tis-

sues were lysed and subjected to western blotting as

described elsewhere [26]. The following primary antibod-

ies were used: rabbit anti-human ASAH1 polyclonal anti-

body (Proteintech group) for CDase, anti-SMase rabbit

polyclonal antibody (Exalpha Biologicals) for SMase, and

monoclonal anti-beta-actin clone ac-74 mouse ascites fluid

(Sigma) for b-actin.

ELISA

The amounts of cytokines or chemokines after 1 or 2 days

of culture were determined with an ELISA kit (Thermo

Scientific) according to the manufacturer’s protocol.

Statistical analysis

All data are expressed as mean ± SD (n = 3) unless noted

otherwise. For pairwise comparisons, either the Student’s

or Welch’s t test was applied. For multiple comparisons,

data were tested by one-way ANOVA, subsequently using

the Tukey multiple comparison test. p values \0.05 are

considered statistically significant.

Results

H&E staining of the separated SC and the whole

epidermis

After the epidermal model was incubated for 1 h with the

trypsin/EDTA solution, the SC layers were separated from

the whole epidermis. H&E staining of the separated SC and

the whole epidermis indicates that the SC layers were com-

pletely separated without contamination by epidermal cells.

Effect of the inhibitor for UDP-glucose: ceramide

glucosyltransferase, PDMP, on ceramide levels

and composition in the SC

The addition of PDMP at a concentration of 50 lM during

7 days of culture induced a slight thinning of the epidermis

(Fig. 1a) and resulted in a marked decrease in all species of

ceramides and glucosylceramide as revealed by TLC anal-

ysis (Fig. 1b). Quantitative analysis of ceramides revealed

that ceramide levels expressed per well or per mg protein

were significantly down-regulated by PDMP (Fig. 1c, e)

despite the fact that the SC protein levels expressed per well

were significantly decreased (Fig. 1d). The composition of

ceramide species (Fig. 1f) demonstrated that almost all

ceramide species (except for Cer[AP]) were significantly

reduced by PDMP treatment. Quantitative analysis of glu-

cosylceramide levels also demonstrated a significant reduc-

tion of glucosylceramide (expressed per well or per mg

protein) in the SC (Fig. 1g, h).
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Fig. 1 Effects of PDMP on

ceramide levels in the SC.

a H&E staining on days 0 or 7,

b TLC analysis, c effects on

ceramide level per well,

d effects on protein level of the

SC per well, e effects on total

ceramide per mg SC protein,

f effects on ceramide species per

mg SC protein, g effects on

glucosylceramide per well,

h effects on glucosylceramide

per mg protein. n = 3
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Effect of the inhibitor for GCase, CBE, on ceramide

levels and composition in the SC and within epidermal

cells

The addition of CBE at a concentration of 3 mM during

7 days of culture induced no structural changes in the

epidermis (Fig. 2a) but resulted in a marked decrease in all

species of ceramides and in a remarkable up-regulation of

glucosylceramide as revealed by TLC analysis (Fig. 2b).

Quantitative analysis of ceramides revealed that ceramide

levels expressed per well or per mg protein were signifi-

cantly down-regulated by CBE (Fig. 2c, e) while SC pro-

tein levels expressed per well remained unchanged

(Fig. 2d). The composition of ceramide species (Fig. 2f)

demonstrated that all ceramide species were significantly

reduced by the CBE treatment. In contrast, quantitative

analysis of glucosylceramide demonstrated a significant

and remarkable up-regulation of glucosylceramide

(expressed per well or per mg protein) in the SC (Fig. 2g,

h).

Effect of the inhibitor for SMase, DSP, on ceramide

levels and composition in the SC

The addition of DSP at a concentration of 25 lM during

7 days of culture induced a slight thinning of the epidermis

(Fig. 3a) and resulted in a distinct decrease in all species of

ceramides as revealed by TLC analysis (Fig. 3b). Quanti-

tative analysis of ceramides revealed that ceramide levels

expressed per well or per mg protein were significantly

down-regulated by DSP (Fig. 3c, e) despite the fact that the

SC protein levels expressed per well were slightly but not

significantly decreased (Fig. 3d). The composition of cer-

amide species (Fig. 3f) demonstrated that ceramide spe-

cies, such as Cer[EOS], [NDS/NS], [NP] and [AH], but not

[EOH], [AS], [NH] and [AP], were significantly reduced by

DSP treatment although Cer[EOS] decreased to a lesser

extent than did Cer[NDS/NS] and [NP].

Comparison of ceramide levels between the SC

and the epidermal cells

Comparison of ceramide levels expressed per mg protein

between the SC and the epidermal cells in inhibitor-treated

reconstructed epidermal keratinization models demon-

strated that while treatment with CBE at relatively high

concentrations significantly reduced SC ceramide levels (as

a result of decreased ceramide and no change in protein),

the same treatment slightly diminished epidermal cera-

mides (as a result of decreased ceramide and no change in

protein) (Table 1). On the other hand, treatment with CBE

at relatively low concentrations elicited no change in cer-

amide levels in the SC (as a result of decreased ceramide

and protein), but slightly up-regulated ceramide levels (as a

result of an increase in ceramide and no change in protein)

within epidermal cells (Table 2). Following treatment with

DSP, whereas the ceramide level was significantly down-

regulated in the SC (as a result of decreased ceramide and

no change in protein), there was a significantly up-regu-

lated ceramide level (as a result of increased ceramide and

protein) in the epidermal cells (Table 3). These compari-

sons indicate that there are distinctly different responses

in ceramide metabolism between the SC and epidermal

cells and that ceramide levels vary with a balance

between ceramide and protein levels. This strongly sug-

gests the importance for measuring ceramide levels only

in the SC.

Effects of several biologically active factors

on ceramide levels and composition in the SC

To highlight the influence of inflammatory cytokines, we

used IL-1a to assess its effect on SC ceramide levels. The

addition of IL-1a at a concentration of 10 nM during

7 days of culture induced no distinct change in the kerat-

inization process of the epidermal equivalents (Fig. 4a).

Quantitative analysis of ceramides revealed that ceramide

levels expressed per mg protein were significantly down-

regulated by IL-1a treatment at 10 nM (Fig. 4d) while

ceramide levels (Fig. 4b) or SC protein (Fig. 4c) expressed

per well were significantly decreased or not changed,

respectively. The composition of ceramide species

(Fig. 4e) demonstrated that Cer[EOS], [NP], [EOH], [NH]

and [AH] species expressed per mg protein were signifi-

cantly decreased by treatment with IL-1a, whereas only

Cer[NDS/NS] was significantly increased. Second, we

examined the effects of biologically active sphingolipids

such as SPC and S1P. The addition of SPC or S1P at

concentrations of 5–50 or 5–20 lM, respectively, during

7 days of culture induced no distinct change in the kerat-

inization process of the epidermal equivalents (Figs. 5a,

6a). Quantitative analysis of ceramides revealed that cer-

amide levels expressed per mg protein were significantly

up-regulated by SPC or S1P at 50 or 10–20 lM, respec-

tively (Figs. 5d, 6d), while ceramide levels (Figs. 5b, 6b)

or SC protein (Figs. 5c, 6c) expressed per well were sig-

nificantly increased at 50 or 10–20 lM, or were not

changed, respectively. The composition of ceramide spe-

cies (Figs. 5e, 6e) demonstrated that Cer[NDS/NS], [NP],

[EOH] and [AH]expressed per mg protein were signifi-

cantly increased by SPC at 50, 50, 5–50 and 5–50 lM,

respectively, and Cer[EOS], [NDS/NS], [NP], [EOH] and

[AH] expressed per mg protein were significantly increased

by S1P at 20, 5–20, 10–20, 10–20 and 20 lM, respectively.

The addition of RA at concentrations of 5 or 10 nM during

7 days of culture induced no structural changes in the
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epidermis (Fig. 7a), whereas RA at more than 0.1 lM

markedly attenuated the SC formation (data not shown);

thus, we did not examine ceramide levels at higher con-

centrations of RA.

Quantitative analysis of ceramides revealed that cera-

mide levels expressed per well or per mg protein were

significantly up-regulated by RA treatment at 10 nM

(Fig. 7b, d) despite the fact that SC protein levels

Fig. 2 Effects of CBE on

ceramide levels in the SC.

a H&E staining on days 0 or 7,

b TLC analysis, c effects on

ceramide level per well,

d effects on protein level per

well, e effects on total ceramide

per mg SC protein, f effects on

ceramide species per mg SC

protein, g effects on

glucosylceramide per well,

h effects on glucosylceramide

per mg protein. n = 3
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expressed per well remained unchanged (Fig. 7c). The

composition of ceramide species (Fig. 7e) demonstrated

that Cer[NP] and [AH] at 5 nM RA and Cer[NDS/NS],

[NP] and [AH] at 10 nM RA were significantly increased

per mg protein.

Effect of RA at lower concentrations on the expression

of sphingolipid metabolic enzymes

Because RA can exert its stimulatory effect on SC

ceramide production at concentrations as low as 10 nM

Fig. 3 Effects of DSP on

ceramide levels in the SC.

a H&E staining at days 0 or 7,

b TLC analysis, c effects on

ceramide level per well,

d effects on protein level of the

SC per well, e effects on total

ceramide per mg protein,

f effects on ceramide species per

mg protein

Table 1 Comparison of

ceramide levels between the SC

and epidermis after 1 week of

culture with CBE (high

concentration)

Ceramide (lg/well) Protein (lg/well) Ceramide (lg/mg protein)

SC

Control (n = 3) 36.13 ± 4.82 251.34 ± 46.30 145.04 ± 13.75

CBE 3.0 mM (n = 3) 14.97 ± 0.75 297.39 ± 28.92 50.50 ± 2.45

Epidermis

Control (n = 3) 0.57 ± 0.13 10.95 ± 2.25 52.77 ± 11.73

CBE 3.0 mM (n = 1) 0.315 10.62 29.66
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(1,000-fold lower than other biologically active substances

tested) it was of interest to elucidate its influence on the

sphingolipid metabolism responsible for ceramide synthe-

sis. Real-time RT-PCR analysis revealed that treatment

with RA at concentrations of 5 or 10 nM significantly

down-regulated the expression of genes encoding SMase

(Fig. 8a) and CDase (Fig. 8b) on day 5 of culture, whereas

they elicited no changes in the gene expression for SPT1

(Fig. 8c) or SPT2 (Fig. 8d) or in GCase (Fig. 8e) at day 5

of culture. Western blotting analysis revealed that treat-

ment with RA significantly down-regulated protein levels

of CDase (at RA concentrations of 5 and 10 nM) and

SMase (at RA concentrations of 10 nM) (Fig. 8f, g).

Effect of RA on the release of cytokines or a chemokine

When levels of cytokines or chemokines, including IL-1a,

TNFa, IL-4, IL-6, IL-8 and GM-CSF, were measured in the

conditioned medium of the reconstructed epidermal ker-

atinization model on days 1 and 2 of culture, treatment with

RA at a concentration of 10 nM significantly stimulated the

secretion of GM-CSF alone among the cytokines tested on

day 1 of culture (Table 4). The same treatment on day 2

(fresh medium containing 10 nM RA was exchanged each

day) significantly increased the secretion of GM-CSF to a

lesser extent than on day 1 (Table 4).

Effect of RA at a low concentration on the protein

expression of keratinization-related proteins

Immunohistochemistry with antibodies to filaggrin, invo-

lucrin, loricrin, transglutaminase I, transglutaminase III,

cytokeratin 10 and cytokeratin 19, revealed no distinct

changes in staining patterns or intensities in the RA

(10 nM)-treated reconstructed epidermal keratinization

model (data not shown), which suggests that 10 nM RA

does not affect keratinization processing to a detectable

extent.

Discussion

In this study, we developed a reconstructed human epi-

dermal keratinization culture model, in which a newly

layered SC is generated within 1 week during which fac-

tors can be added to examine their effects on ceramide

levels, especially in the SC. In other studies which used

similar epidermal equivalents [25, 30] as well as epidermal

sheets in culture, it is difficult to assess the effects of

chemicals or cytokines on ceramide levels in the SC since

the entire SC is already formed before the start of culture

and normal desquamation of the SC layers never occurs in

a pattern similar normal epidermis in vivo due to the wet

conditions. Because of these constraints, all evaluations

conducted on ceramide changes had been limited not to the

SC, but to the whole epidermis [5, 29]. However, although

ceramide levels in the whole epidermis (which includes the

SC) might roughly reflect levels in the SC since ceramides

are predominantly located in abundance in the SC, one

could not rule out the possibility that intracellular ceramide

levels within living epidermal cells affect the total cera-

mide levels expressed per mg protein (due to a unbalanced

change in ceramide and/or protein). This could result in

errors in estimating ceramide levels in the SC which are

Table 2 Comparison of

ceramide levels between the SC

and epidermis after 1 week of

culture with CBE (low

concentrations)

Ceramide (lg/well) Protein (lg/well) Ceramide (lg/mg protein)

SC

Control (n = 6) 33.16 ± 2.26 256.02 ± 37.20 130.88 ± 12.24

CBE 0.1 mM (n = 4) 18.62 ± 9.00 167.50 ± 54.63 105.13 ± 28.01

CBE 1.0 mM (n = 4) 23.01 ± 7.05 191.57 ± 69.68 132.92 ± 70.32

Epidermis

Control (n = 6) 0.73 ± 0.34 7.06 ± 1.17 103.13 ± 45.37

CBE 0.1 mM (n = 3) 2.00 ± 0.37 10.24 ± 3.31 202.37 ± 33.91

CBE 1.0 mM (n = 3) 2.39 ± 0.58 8.32 ± 1.80 308.71 ± 149.78

Table 3 Comparison of

ceramide levels between the SC

and epidermis after 1 week of

culture with DSP

Ceramide (lg/well) Protein (lg/well) Ceramide (lg/mg protein)

SC

Control (n = 6) 33.16 ± 2.26 256.02 ± 37.20 130.88 ± 12.24

DSP 25 lM (n = 4) 18.80 ± 3.68 225.54 ± 39.73 85.75 ± 22.20

Epidermis

Control (n = 6) 0.73 ± 0.34 7.06 ± 1.17 103.13 ± 45.37

DSP 25 lM (n = 3) 12.62 ± 0.51 54.74 ± 9.75 236.41 ± 50.66
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essentially and precisely responsible for the barrier and

water holding functions of the skin [3, 8, 13–15, 18]. In

fact, in this study, the comparison of ceramide levels

between the SC and the epidermal cells after treatment

with ceramide metabolic inhibitors revealed that there is no

mutual correlation in ceramide levels between the SC and

the living epidermal cells. This is quite reasonable when

one considers the ceramide synthetic pathway in the SC

where lamellar granules are secreted into intercellular

spaces between SC cells during which the ceramide pre-

cursors, glucosylceramide and sphingomyelin, are hydro-

lyzed by GCase and SMase, respectively, indicating a

major contribution of the SC ceramide levels to such cer-

amide metabolic enzyme activity.

For those reasons, in this study we examined the effects

of inhibitors of major sphingolipid metabolic enzymes on

the formation of ceramide, especially in the SC. The

addition of the UDP-glucose: ceramide glucosyltransferase

inhibitor, PDMP [28, 31] at a concentration of 50 lM

during the 7-day keratinization phase significantly

decreased ceramide levels expressed per mg SC protein,

with almost all ceramide species being deficient and this

was concomitant with significantly decreased levels of

glucosylceramide. This is in good agreement with the

findings of our previous study [27], which used cultured

murine epidermal sheets, and supports the notion that all

ceramide species including acylceramide can be synthe-

sized via glucosylceramide, as an intermediate of ceramide

Fig. 4 Effects of IL-1a on

ceramide levels in the SC.

a H&E staining at day 7,

b effects on ceramide level per

well, c effects on protein level

of the SC per well, d effects on

total ceramide per mg protein,

e effects on ceramide species

per mg protein. n = 3 or 4
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Fig. 5 Effects of SPC on

ceramide levels in the SC.

a H&E staining at day 7,

b effects on ceramide level per

well, c effects on protein level

of the SC per well, d effects on

total ceramide per mg protein,

e effects on ceramide species

per mg protein. n = 3
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Fig. 6 Effects of S1P on ceramide levels in the SC. a H&E staining on day 7, b effects on ceramide level per well, c effects on protein level of

the SC per well, d effects on total ceramide per mg protein, e effects on ceramide species per mg protein
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synthesis. This notion was also substantiated by our related

study using an inhibitor of GCase [27], CBE, in which all

ceramide species were significantly down-regulated in

concert with a significant increase in glucosylceramide.

This was also in a good agreement with our previous study

[27] that used murine skin. Similarly, we show for the first

time that an inhibitor of SMase, DSP [11], at a concen-

tration of 25 lM significantly reduced the levels of cera-

mides, including the acylceramide Cer[EOS], without any

change in the level of another acylceramide Cer[EOH]

although it remains unclear why Cer[EOS] was signifi-

cantly reduced by the inhibition of SMase. Among the

inhibitors tested, while DSP has the lowest potential to

down-regulate SC ceramide levels, CBE is the most

effective in reducing SC ceramide levels, which indicates a

consistency for the participation ratio [9, 30] of SMase

(approximately 30 %) and GCase (approximately 70 %)

for ceramide synthesis in the SC. The sum of these results

indicates that the major metabolic pathways responsible for

ceramide synthesis through the interface between the SC

and the granular layer occur in the reconstructed human

epidermal keratinization model such as occurs in vivo.

That evidence allows us to set a unique keratinization

model against which to evaluate the influence of several

Fig. 7 Effects of RA at low

doses on SC ceramide. a H&E

staining on day 7, b effects on

ceramide levels per well,

c effects on protein levels of the

SC, d effects on ceramide per

mg protein, e effects on

ceramide species per mg

protein. **p \ 0.01, *p \ 0.05
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bioactive substances on the SC ceramide production during

the initial keratinization process instead of using animal or

human skin in vivo.

We used SPC, S1P, IL-1a and RA as biologically active

substances to measure their effects on SC ceramide pro-

duction because SPC [7], S1P [32], IL-1a [34] and RA [23]

Fig. 8 Effects of RA at low doses on ceramide related enzymes.

a–e Effects on mRNA levels of SMase, CDase, SPT1, SPT2, GCase,

respectively. n = 4 or 5. f, g Effects on protein expression of CDase

and SMase, respectively. Immunoblots from three independent

experiments are shown. n = 3. **p \ 0.01, *p \ 0.05
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are known to alter the keratinization process. Of substances

capable of stimulating transglutaminase expression, we

found that SPC and S1P significantly increase SC ceramide

levels, whereas IL-1a exerts an inhibitory effect on SC

ceramide production. This suggests that the up-regulated

expression of transglutaminase is not directly linked to

sphingolipid metabolism which is responsible for SC cer-

amide levels. Interestingly, SPC up-regulated mainly

Cer[NDS/NS] and [NP] which are synthesized via both

major enzymes, SMase and GCase, whereas S1P up-regu-

lated not only Cer[NDS/NS] and [NP], but also Cer[EOS],

which is synthesized only via GCase pathway. Since SPC

can be generated instead of ceramides from sphingomyelin

via sphingomyelin deacylase pathway [6], the accumula-

tion of SPC may lead to suppression of sphingomyelin

deacylase, resulting in the increase of ceramides, although

it is too speculative because it remains unclear whether

sphingomyelin deacylase activity is involved in our

reconstructed epidermal keratinization model. On the other

hand, as S1P is one of the metabolites of ceramide deg-

radation, the S1P accumulation may result in the increase

of ceramides via the interruption of the CDase pathway

[33] although we have no available data to backup these

assumptions at this point.

Intriguingly, we found that RA at concentrations as low

as 10 nM significantly up-regulates ceramide levels

accompanied by increases in Cer[NDS/NS] and [NP]

without affecting the formation of the SC (namely no

changes in SC protein), whereas RA at concentrations

higher than 0.1 lM remarkably attenuated formation of the

SC (data not shown); thus we did not examine ceramide

levels at higher RA concentrations. In contrast to the other

factors tested, such a remarkably low concentration of RA

that is sufficient to stimulate SC ceramide production

prompted us to analyze its biological mechanism of action

in more detail. The up-regulation of ceramide synthesis in

the SC by low levels of RA was not associated with any

marked alteration in keratinization markers, but was

accompanied by the enhanced release of the Th1 type of

cytokine GM-CSF. It was also accompanied by the sig-

nificantly down-regulated gene expression of both SMase

and CDase, whereas the gene expression levels of SPT

1/2 and GCase were not affected. Consistently, in the low

RA-treated reconstructed human epidermal keratinization

model, the protein expression levels of both SMase and

CDase were distinctly down-regulated compared with the

control non-treated epidermal model. In a related study

using the same reconstructed human epidermal keratini-

zation model, we found that the addition of GM-CSF at a

concentration of 10 nM significantly stimulated ceramide

levels in the SC (unpublished data). This supports the

possibility that GM-CSF is one of the stimulators for the

low RA-induced up-regulation of ceramide synthesis in the

SC. Although the reduced expression of SMase may lead to

a controversial explanation for the increased ceramide

levels in the low RA-treated epidermal model, we

hypothesize that the significant down-regulation of CDase

expression and the minor increase in GCase expression as

well as a weaker contribution of the SMase pathway to

produce all ceramides could compensate for the decrease in

SMase expression, resulting in the slight increase of cera-

mide levels in the SC. Further research into the mechanism

underlying the changes in expression of sphingolipid

metabolic enzymes is beyond the scope of this study which

focused on establishing the feasibility of the epidermal

keratinization model using human epidermal equivalents.

In conclusion, we observed that several specific sphin-

golipid metabolic inhibitors induce a ceramide deficiency

in the SC in a fashion similar to the in vivo situation [10]

and that several biologically active factors, such as IL-1a,

SPC, S1P and RA, serve as suppressors or stimulators of

ceramide synthesis in the SC. We also found that the

increased production of SC ceramide by RA is mainly

mediated by the down-regulated expression of CDase.

These results underscore the superiority of the recon-

structed human epidermal keratinization model to examine

factors that regulate ceramide synthesis, especially in the

human SC as well as for analyzing their modes of action.

Table 4 Effects of RA on the

secretion of cytokines or

chemokines (n = 3)

Cytokine or

chemokine

Day 1 Day 2

Control

(ng/mL)

RA 10 nM (ng/mL) Control (ng/mL) RA 10 nM (ng/mL)

IL-1a 4.35 ± 0.26 6.30 ± 2.89 4.02 ± 0.12 4.18 ± 0.14

IL-4 3.76 ± 0.60 3.63 ± 0.08 3.72 ± 0.42 3.93 ± 0.26

IL-6 0.47 ± 0.97 0.02 ± 0.09 0.37 ± 0.15 -0.23 ± 0.40

IL-8 30.91 ± 8.56 34.30 ± 11.53 82.93 ± 22.95 92.03 ± 12.80

GM-CSF -0.77 ± 2.89 7.33 ± 1.28 (p = 0.0114

vs. control)

-0.44 ± 0.70 3.94 ± 0.20 (p = 0.0005

vs. control)

TNF-a 3.55 ± 0.52 3.55 ± 0.26 4.29 ± 0.89 3.70 ± 0.68
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