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Abstract Corneocytes and intercellular lipids form
the stratum corneum. The content and composition
of intercellular lipids in the stratum corneum sig-
nificantly affect skin barrier function. The purpose
of this study was to demonstrate the effect of Sho-
tokuseki extract (SE) on intercellular lipid production
and metabolism in human three-dimensional cultured
human epidermis. SE or ion mixtures containing five
common ions were applied to three-dimensional cul-
tured human epidermis for 2-8 days for each assay.
The mRNA expression levels of epidermal differ-
entiation markers and lipid metabolism genes were
quantified by real-time PCR. After extraction of lipids
from the epidermis, ceramide, sphingosine, free fatty
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acids, and cholesterol were quantified by LC-MS/
MS, GC-MS, or HPLC. The results showed that the
application of SE increased the gene expression lev-
els of epidermal differentiation markers keratin10 and
transglutaminase. Elongation of very long-chain fatty
acids protein 3, serine palmitoyl transferase, cera-
mide synthase 3, and acid ceramidase mRNA expres-
sion levels increased and fatty acid synthase mRNA
expression decreased. The content of each lipid,
[EOS] ceramide decreased and total sphingosine con-
tent increased on day 4. On day 8 of application, cera-
mide [NDS], [NP], and [EODS] increased and total
free fatty acid content decreased. These results show
that SE alters the lipid composition of the epidermis,
increasing ceramides and decreasing free fatty acids
in the epidermis. The composition of the ions in the
SE may be responsible for the changes in lipid com-
position. These behaviors were different from those
observed when the ion mixture was applied.
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Introduction

The skin is an important organ involved in the home-
ostasis of the body. It has a barrier function to prevent
foreign substances from entering the body and a func-
tion to prevent evaporation of water from the body.
The epidermis is divided into four layers based on the
differentiation process of keratinocytes. Epidermal
keratinocytes produced in the basal layer are directed
toward the skin surface and change morphologi-
cally and characteristically physiological properties.
Finally, all cell organelles are lost and the stratum
corneum is formed. The cornified envelope (CE) is an
insoluble membrane that surrounds stratum corneum
cells, binds to intercellular lipids in the intercellular
spaces, and plays an important role in skin barrier and
moisturizing functions.

Intercellular lipids in the stratum corneum are
composed mainly of ceramide (Cer), cholesterol
(Chol), and free fatty acids (FFA). They are present
in approximately equimolar amounts, and they form a
regular, periodic structure (Swartzendruber et al. 1987,
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Bouwstra et al. 1991). In particular, Cer is the most
important component for the barrier function of the stra-
tum corneum, accounting for approximately 40-50%
of the intercellular lipid components (Grubauer et al.
1989; Imokawa et al. 1991). The combination of fatty
acids and sphingoids results in the presence of multiple
Cer in the epidermis (Masukawa et al. 2008; Kono et al.
2006. Non-hydroxy fatty acids [N], o-hydroxy fatty
acids [A], and esterified w-hydroxy fatty acids [EO]
are known as fatty acids, and dihydrosphingosine [DS],
sphingosine [S], phytosphingosine [P], and 6-hydrox-
ysphingosine [H] as sphingoids. For example, if [EO]
is bound to a fatty acid and [S] to a sphingoid, it is rep-
resented as Cer [EOS]. The pathways for Cer formation
in the skin can be broadly classified into the de novo
pathway (Menaldino et al. 2003), the sphingomyelinase
(SMase) pathway (Hannun and Obeid 2008; Wu et al.
2010), and the salvage pathway (Kitatani et al. 2008).
The de novo pathway uses serine and palmitoyl CoA as
starting materials and Cer is synthesized via condensa-
tion and acylation by the rate-limiting enzyme serine
palmitoyl transferase (SPT) and ceramide synthase
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(CerS) (Menaldino et al. 2003). In the SMase pathway,
Cer and phosphocholine are generated from the hydrol-
ysis of sphingomyelin by SMase (Rabionet et al. 2014;
Taniguchi and Okazaki 2014). Most of the Cer pro-
duced in the granular layer is metabolized by glucosyl-
ceramide synthase to glucosylceramide and by sphin-
gomyelin synthase to sphingomyelin, some of which is
transported to and accumulated in the granular layer of
keratinocytes (Holleran et al. 2006). Glucosylceramide
and sphingomyelin in lamellar granules are hydrolyzed
by SMase and p-glucocerebrosidase present in lamel-
lar granules as required (Hannun and Obeid 2008; Wu
et al. 2010). In the salvage pathway, Cer recycles sphin-
gosine (Sph), the smallest unit of sphingolipids, which
is produced by CerS (Kitatani et al. 2008). Finally,
CDase degrades Cer into FFA and sphingolipid (Kita-
tani et al. 2008; Kono et al. 2006). Cholesterol in skin
is also biosynthesized via HMG-CoA reductase (Fein-
gold 2007). Sterol regulatory element binding proteins
(SREBPs) are transcriptional regulators of cholesterol
synthesis and bind to SREBP cleavage activating pro-
teins (SCAPs) to form SREBP/SCAP complexes when
intracellular cholesterol levels are reduced. These also
regulate the cholesterol content in the skin (Brown et al.
2018). FFA metabolism is mediated by acyl CoA and
shares some energy-producing pathways with glucose
metabolism (Houten et al. 2016). Fatty acids are also
components of cell membranes and are included in Cer,
phospholipids, and triacylglycerols. Fatty acids of vari-
ous chain lengths are produced by the degradation of
complex lipids or by the biosynthesis of palmitic acid
by fatty acid synthase (FASN) (Jakobsson et al. 2006).
Palmitic acid undergoes an elongation reaction by the
extra-long-chain fatty acid elongation protein (ELOVL)
to produce extra-long-chain fatty acid species charac-
teristic of intercellular lipids (Kyselova et al. 2022).
Shotokuseki extract (SE) is a water extract of Sho-
tokuseki. Shotokuseki is a type of shale formed by the
uplift of sedimentary layers of plankton and seaweed
precipitated on the seafloor. We previously found Na,
K, Mg, Ca, Zn, Al, and Fe in the SE (Tsukui et al.
2022a, b). We also reported that the addition of SE to
epidermal keratinocytes increased the expression of
epidermal differentiation marker genes and increased
intracellular calcium concentrations compared with
the application of the same concentration of calcium
(Tsukui et al. 2022a, b). Furthermore, the contents of
amino acids and pyrrolidone carboxylic acids were
shown to increase after application of SE to human

three-dimensional (3D) cultured epidermis (Tsukui
et al. 2022a, b). Ionic components derived from natu-
ral products, including hot spring water and deep sea
water, have been used to promote health and beauty.
In fact, studies have reported that treatment with hot
spring water or deep sea water containing various
ions prevents inflammation and improves the barrier
function in atopic dermatitis and psoriasis (Hodak
et al. 2003; Proksch et al. 2005; Chun et al. 2017;
Lee et al. 2018). SE is included as a cosmetic ingre-
dient in various cosmetic products, such as lotions
and creams. However, not enough is known about the
effects of SE on the skin and skin cells. The aim of
this study was to determine the effect of SE on the
production and metabolism of stratum corneum inter-
cellular lipids in 3D cultured human epidermis.

Method and materials
Materials

SE was provided by IONA International Corpora-
tion (Tokyo, Japan), a member of the Zeria Group
(Tokyo, Japan). LabCyte EPI-MODEL 6D (3D
human epidermis models) and culture medium
were purchased from Japan Tissue Engineering
(Gamagori, Aichi, Japan). N-Omega-CD3-octade-
canoyl-p-erythro-sphingosine (Cer [NS] d;-18:0),
N-(30-linoleoyloxy-triacontanoyl)-sphingosine  (Cer
[EOS]  30:0), N-tetracosanoyl-phytosphingosine
(Cer [NP] 24:0), N®alpha-hydroxytetracosanoyl-
phytosphingosine (Cer [AP] 24:0), and N-(30-linole-
oyloxy-triacontanoyl)-phytosphingosine (Cer [EOP]
30:0) were purchased from Matreya, LLC (Pleasant
Gap, PA, USA). N-Palmitoyl-p-erythro-sphingosine
(Cer [NS] 16:0), N-stearoyl-p-erythro-sphingosine
(Cer [NS] 18:0), N-behenoyl-p-erythro-sphingosine
(Cer [NS] 22:0), N-lignoceroyl-p-erythro-sphingo-
sine (Cer [NS] 24:0), N-(2’-(S)-hydroxypalmitoyl)-
p-erythro-sphingosine (Cer [AS] 16:0), N-(2'-(S)-
hydroxybehenoyl)--erythro-sphingosine (Cer
[AS] 22:0), N-(2'-(S)-hydroxylignoceroyl)-p-
erythro-sphingosine (Cer [AS] 24:0), N-(2'-(R)-
hydroxypalmitoyl (d9)) 6-(R)-hydroxysphingosine
(Cer [AH] dy-16:0), N-palmitoyl (d9) 6-(R)-hydrox-
ysphingosine (Cer [NH] d9-16:0), N-palmitoyl (d9)
dihydrosphingosine (Cer [NDS] d49-C16:0), N-(2'-
(R)-hydroxypalmitoyl (d9)) p-erythro-sphinganine
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(Cer [ADS] d9-C16:0), p-erythro-sphingosine (C17
base) (Sph d17:1), and p-erythro-sphingosine (C20
base) (Sph d20:1) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Bovine serum albumin
and cholesterol were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Primers were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).
RNAiso Plus, PrimeScript™ RT Reagent Kit, and TB
Green™ Premix ExTaq were purchased from TaKaRa
Bio Inc. (Kusatsu, Shiga, Japan). Methyl ester fatty
acid (GLC-68 A) was purchased by Nu-Chek Prep,
Inc. (Elysian, MN, USA). o-Phthalaldehyde was pur-
chased from Nacalai Tesque (Kyoto, Japan). All other
chemicals and solvents were purchased from FUIJI-
FILM Wako Pure Chemical Corporation (Osaka,
Japan).

Preparation of SE and ion mixture solution

To prepare SE, purified water was added to Shotokuseki
(a type of shale), and after a certain period of time, the
Shotokuseki was removed to prepare an extract (solu-
tion) equivalent to 2% Shotokuseki. Ion mixture solu-
tion (IM) was prepared by a previously described
method (Tsukui et al. 20224, b). The solution contained
0.03 mM Na, 0.01 mM K, 0.14 mM Mg, 0.21 mM Ca,
and 0.004 mM Zn, equivalent to the concentrations of
each ion in SE. IM contains five ions (Na, K, Ca, Mg
and Zn). SE is Shotokuseki (natural products, a type of
rock) extract and assumed to contain many ions. The
difference in effect between IM and SE is suggested to
be the effect of ions other than Na, K, Ca, Mg, and Ca
contained in SE. The 5 ions are the major biological
ions (Frieden 1985), and many functions in the epider-
mis have been reported (Sugawara et al. 2012; Sasaki
et al. 2017; Nakagawa et al. 2004; Denda et al. 2007;
Lee et al. 2010; Emri et al. 2015).

Cell culture

The 3D human epidermis model was pre-incubated
for 3 h and then treated with SE or IM solution every
day for 2-8 days from the stratum corneum side. The
epidermis model was cultured in culture medium pro-
vided by the manufacturer. The culture medium was
changed every day. The epidermis model was incu-
bated in a humidified atmosphere of 5% CO, at 37 °C.
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RNA isolation and reverse-transcription quantitative
PCR

Total RNA was isolated from the 3D cultured human
epidermis model using RNAiso Plus, in accordance
with the manufacturer’s instructions. RNA concentra-
tion and purity were determined by NanoDrop 1000
(Thermo Fisher Scientific). Reverse transcription was
performed using PrimeScript™ RT Reagent Kit. RT-
gPCR was performed on a Step One Plus Real-Time
PCR system (Applied Biosystems) with TB Green™
Premix ExTaq. Amplification was started at 95 °C for
30 s as the first step, followed by 40 successive cycles
of PCR involving 95 °C for 5 s and 60 °C for 30 s.
Relative expression of target genes was calculated
using the AACt method. The primer sequences are
available in Supplementary Table 1. The mRNA level
of the untreated epidermis model (control) on day 2
or 4 of incubation was expressed as 1.0 and the others
were expressed as its relative values.

Lipid extraction from 3D cultured human epidermis
model

Lipid extraction was performed by a modified version
of a method reported previously (Otsuka et al. 2021;
Murakami et al. 2022). The 3D cultured human epi-
dermis model was immersed in chloroform/methanol
(2/1, v/v) and sonicated by an ultrasonic homogenizer
(SONIFIER 250 Advanced; BRANSON, Danbury,
CT, USA). The sample was then centrifuged at 12,000
X g for 10 min at 4 °C, after which the supernatant
was recovered and dried under a flowing nitrogen gas.
The lipids were stored at —30 °C until each analysis.
The residues were used for protein quantification.

Protein quantification

Protein was quantified using a modified version of the
method described by Roth (Roth 1971). The residue
was added to 8 mol/L KOH and incubated at 50 °C
for 18 h. After incubation, the sample was neutralized
with 5 mol/L. HCI, centrifuged, and the supernatant
was aliquoted onto a microplate. Each well was sup-
plemented with OPA reagent solution [0.5 mg/mL
OPA, 5% ethanol, and 0.25% 2-mercaptoethanol pre-
pared in 100 mM borate buffer (pH10)]. After 5 min,
fluorescence intensity was measured at 340/460 nm
using a plate reader (SpectraMax iD5; Molecular
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Devices, Sunnyvale, CA, USA). Quantitation was
performed using a calibration curve based on BSA.

Analysis of Cer and Sph by LC-MS/MS

Cers were analyzed using the protocols reported by
Ohno et al. (Ohno et al. 2017), with some modifica-
tions. Liquid chromatography tandem mass spec-
trometry (LC-MS/MS) analysis was performed using
an HPLC (Shimadzu, Kyoto, Japan) connected to
a mass spectrometer (LCMS8045, Shimadzu). The
chromatographic separation was achieved using a
Shim-Pack GISS C18 (1.9 pm, 2.1 X100 mm) (Shi-
madzu GLC, Tokyo, Japan) at 55 °C. The flow rate
was 0.4 mL/min in the binary gradient system using
mobile phase A [acetonitrile/water (3/2, v/v) contain-
ing 10 mM ammonium formate] and mobile phase
B [isopropanol/acetonitrile (9/1, v/v) containing 10
mM ammonium formate]. The gradient steps were
as follows: 0 min, 40% B; 0-18 min, linear gradi-
ent to 100% B; 18.1-25 min, 100% B; 25-25.1 min,
linear gradient to 40% B; and 25.1-28 min, 40% B.
The following settings were selected: nebulizer gas,
3.0 L/min; drying gas, 8.0 L/min; heating gas, 8.0 L/
min; interface temperature, 100 °C; desolvation tem-
perature, 150 °C; and heat block temperature, 250 °C.
Each Cer was detected by multiple reaction monitor-
ing (MRM) mode using the appropriate parameter, as
described in Supplementary Table 2. Quantification
of ceramide was performed by calculating the ratio of
the peak area of each ceramide species. [EODS] and
[EOH] ceramides are not commercially available, so
the [EOS] ceramide standard with a common struc-
ture was used for quantification.

Sphs were analyzed using the protocols reported
by Lan et al. (Lan et al. 2011), with some modifica-
tions. The chromatographic separation was achieved
using a Shim-Pack GISS (1.9 pm, 2.1 X100 mm) at
50 °C. The flow rate was 0.2 mL/min in the isocratic
elution system using a mobile phase of methanol/
water (95/5, v/v) containing 0.1% formic acid. The
following settings were selected: nebulizer gas, 3.0 L/
min; drying gas, 8.0 L/min; heating gas, 8.0 L/min;
interface temperature, 100 °C; desolvation tempera-
ture, 150 °C; and heat block temperature, 250 °C.
Each Sph was detected by MRM mode using the
appropriate parameters, as described in Supplemen-
tary Table 3.

Analysis of Chol by HPLC

The quantification of cholesterol was based on a
report by Paulazo and Sodero (Paulazo and Sodero
2020). The lipids were dissolved in the mobile phase
(mentioned below) and transferred to HPLC vials.
The measurements were performed using HPLC
(Alliance 2695; Waters, Milford, MA, USA). A UV
detector (Waters 2487; Waters) was set at a wave-
length of 210 nm. The chromatographic separation
was achieved using an InertSustain® CI18 (5 pm,
4.6x150 mm; GL Science, Tokyo, Japan) with a
mobile phase containing isopropanol/acetonitrile/
water (6/3/1, v/v/v), at a flow rate of 1 mL/min at
40 °C.

Analysis of FFA composition by GC-MS

FFA levels in 3D cultured human epidermis were
determined by a modified version of the method
reported by Hashimoto et al. (Hashimoto et al. 1999).
A mixture of lipids, augmented with 0.005% BHT/
methanol containing tricosanoic acid (TCA) as an
internal standard, and acetyl chloride, was incubated
at 98 °C for 60 min with 0.5 mol/L sodium hydrox-
ide/10% sodium chloride and octane. The mixture
was shaken for 3 min at room temperature and cen-
trifuged at 700 xg for 15 min. The octane phase,
containing the fatty acid methyl esters, was subjected
to gas chromatography-mass spectrometry (GCMS-
QP2010 Ultra; Shimadzu, Kyoto, Japan) and analysis
by an automatic sampler (AOC-5000; Shimadzu). GC
was performed using a capillary column (DB-WAX,
30 m X 0.25 mm X 0.25 pm; Agilent, Santa Clara,
CA, USA) at 200 °C. For sample injection, the split
method was used with a split ratio of 10.0; for the
carrier gas, nitrogen gas was used. GC was set up as
follows: 250 °C, 100 °C (held for 5 min), increased
to 180 °C at 20 °C/min, increased to 200 °C at 4 °C/
min, and to 250 °C at 2°C/min (held for 5 min). The
following settings were selected: pressure, 73.0 kPa;
total flow, 14.0 mL/min; column flow, 1.0 mL/min;
and line velocity, 37.2 cm?/s. MS was undertaken in
electron ionization (EI) mode with the following set-
tings: ion source temperature, 200 °C; and interface
temperature, 250 °C. Quantification of fatty acid
methyl esters (FAME) was performed in selected
ion monitoring (SIM) mode of the fragments (satu-
rated, m/z="74; monosaturated, m/z=>55; disaturated,
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m/z=67; polysaturated, m/z="79). Data analysis was
performed with LabSolution software (Shimadzu).
Quantification was based on external calibration with
FAME mix standard (GLC-68 A).

Statistical analysis

All data are presented as mean=+standard devia-
tion (S.D.). Statistical analysis among three or more
groups was performed by Dunnett’s or Tukey’s post
hoc test using JMP (version 15.0.0; SAS Institute
Inc., Cary, NC, USA).

Result

To assess the effect of SE on epidermal differentiation
in the 3D cultured human epidermis model, we meas-
ured the gene expression levels of K10 and TGasel
by RT-qPCR. We also measured the mRNA expres-
sion of the basal epidermal keratinocyte marker K35.
Treatment with SE for 2, 4, 6, and 8 days changed the
relative expression of the K70 gene, with changes to
0.5-, 1.5-, 1.9-, and 0.6-fold at 5% SE, respectively.
The changes on days 2, 4, and 6 were statistically
significant compared with control group at the same
timepoint. The expression level of the TGasel gene
increased by 1.6-, 1.7-, 3.8-, and 5.8-fold at 5% SE,
respectively. In particular, the increase after 8 days
was statistically significant compared with control
group at the same timepoint. The expression level
of K5, a marker of basal epidermal keratinocytes,
increased by 1.1-, 1.2-, 1.2-, and 1.0-fold when the
epidermis model was treated with 5% SE, with the

K5 K10
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Fig. 1 Effects of Shotokuseki extract on keratinocyte differen-
tiation marker gene expression in 3D cultured human epider-
mis model. Changes in K5, K10, and TGasel mRNA expres-
sion levels after application of Shotokuseki extract (SE) for
2-8 days. mRNA expression levels assessed by reverse-tran-
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increase after 6 days being statistically significant
compared with control group at the same timepoint
(Fig. D).

We assessed the effect of lipid production and
metabolism gene expression in the 3D cultured
human epidermis model treatment with SE for 4 or
8 days. FASN is associated with FFA production,
and its mRNA level was changed by 1.4- and 2.8-
fold upon treatment with 5% SE for 4 and 8 days.
However, after 8 days, the expression was signifi-
cantly lower than in the control group. ELOVL3 is
involved in the carbon chain elongation reaction of
FFA, and its mRNA level was increased by 4.6- and
18.7-fold at 5% SE, both of which constituted signifi-
cant increases. SPT1 and CerS3 are involved in Cer
production in the epidermis. The mRNA expression
of SPTI genes was increased by 2.1- and 3.1-fold at
5% SE. The expression of CerS3 genes was increased
by 2.8- and 0.3-fold at 5% SE. The expression levels
of SPTI and CerS3 were significantly increased after
4 days and significantly decreased after 8 days com-
pared with the levels in the control at the same time-
point. aCDase, GCS, and SMSI1 are involved in the
metabolism of Cer to sphingolipids. aCDase mRNA
level was increased by 4.4- and 25.6-fold at 5% SE.
Notably, the increase after 4 days was statistically
significant compared with control group at the same
timepoint. The mRNA level of SMS] was increased
by 1.1- and 5.3-fold at 5% SE, with the increase after
8 days being statistically significant compared with
control group at the same timepoint. In contrast, the
mRNA level of the GCS gene was decreased to 1.0-
and 0.5-fold at 5% SE. The decrease after 8 days was

TGase1
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]

73

8

(=9
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z

o

x .

% [ Control
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Time (day)

scription quantitative PCR. Data are expressed as mean+S.D.
of four independent experiments. *p<0.05, **p<0.01, and
**%p <0.001 (compared with control group at the same time-
point). Statistical significance was evaluated using Dunnett’s
test
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Fig. 2 Effects of Shotokuseki extract on intercellular lipid
metabolism gene expression in 3D cultured human epidermis
model. Changes in FASN, ELOVL3, SPTI, CerS3, aCDase,
SMS1, and GCS mRNA expression levels after application of
Shotokuseki extract (SE) for 4 or 8 days. mRNA expression

statistically significant compared with control group
at the same timepoint (Fig. 2).

To evaluate the effect of SE on the intercellular
lipid content of the stratum corneum, we measured
the Cer, FFA, Sph, and Chol contents in the 3D cul-
tured human epidermis model after SE application
for 4 or 8 days. Regarding the Cer content of the epi-
dermis model after 4 days of incubation, Cer [EOS]
decreased in the 5% SE group compared with that in
the control group Fig. 3a. After 8 days, Cer [NDS],
[NP], and [EODS] and total Cer content increased
in the 5% SE group compared with the levels in the
control group Fig. 3a, b. Additionally, the Cer [NP]/
[NS] ratio increased upon treatment with 5% SE for 8
days Fig. 3c. The FFA content of the epidermis model
after 4 days did not change in the SE group compared
with that in the control group. After 8 days, total FFA
content increased in the 5% SE group compared with
that in the control group Fig. 4. Regarding Sph con-
tent of the epidermis model after 4 days, in the 5% SE
and IM groups there were increases in Sph total con-
tent compared with that in the control group Fig. 4.
After 8 days, changes in Sph content were observed,
but were not statistically significant. Contents of Cer,
FFA, and Sph at each FFA carbon chain length are
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levels were assessed by reverse-transcription quantitative PCR.
Data are expressed as mean + S.D. of four independent experi-
ments. *p <0.05, **p <0.01, and ***p <0.001 (compared with
control group at the same timepoint). Statistical significance
was evaluated using Dunnett’s test

shown in the supplementary figures. Changes in Chol
content were observed after 4 and 8 days, but were
not statistically significant Fig. 4.

Discussion

The content of intercellular lipids and natural mois-
turizing factors in the stratum corneum is considered
to be related to the skin barrier function. We previ-
ously reported that SE increases natural moisturiz-
ing factor content in a 3D cultured human epidermis.
However, the effect on intercellular lipids in the stra-
tum corneum was unknown. This study investigated
the effect of SE on the production and metabolism of
intercellular lipids in the stratum corneum.

First, the effects on epidermal differentiation mark-
ers were investigated. The epidermis is a layered
structure formed by the differentiation of keratino-
cytes (Lechler and Fuchs 2005). The final differen-
tiation of keratinocytes results in the formation of
the stratum corneum, which is essential for the skin
barrier. We previously reported that the application of
SE to keratinocytes in monolayer culture upregulated
the expression of markers of epidermal differentiation
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Fig. 3 Effects of Shotokuseki extract on ceramide content
in 3D cultured human epidermis model. Changes in cera-
mide (Cer) levels for each sphingoid base a, total Cer levels
b, and Cer [NPJ/[NS] ratio ¢ after application of Shotokuseki
extract (SE) or ion mixture (IM) for 4 or 8 days. The amount

(Tsukui et al. 2022a, b). As reported in this paper,
we examined a 3D cultured human epidermis model.
The mRNA expression levels of the early differen-
tiation marker K10 and late differentiation marker
TGasel were significantly increased. Although SE
calcium concentrations were low, SE also affected
cell differentiation in the 3D cultured human epider-
mis. It is assumed that the stratum corneum is more
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of Cers was quantified by LC-MS/MS. Data are expressed
as mean=S.D. of three independent experiments. *p<0.05,
**p<0.01, and ***p <0.001. Statistical significance was eval-
uated using Tukey’s post hoc multiple comparison test

completely formed when epidermal differentiation is
promoted. As such, we expected that the production
of molecules involved in the epidermal barrier, such
as intercellular lipids in the stratum corneum, would
be enhanced, and thus we next examined the effects
on the production and metabolism of lipids in the
epidermis.
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Fig. 4 Effects of Shotokuseki extract on lipid content in 3D
cultured human epidermis model. Changes in free fatty acid
(FFA), sphingosine (Sph), and cholesterol (Chol) levels after
application of Shotokuseki extract (SE) or ion mixture (IM)
for 4 or 8 days. Amounts of FFA, Sph, and Chol were quan-

First, we quantified Cer, FFA, Sph, and Chol con-
tents in 3D cultured human epidermis after SE appli-
cation for 4 or 8 days. After 4 days of SE application,
there was no change in each of the lipid contents
(Figs. 3 and 4). Meanwhile, Cer [NDS], [NP], and
[EODS] contents increased after 8 days of SE appli-
cation, while FFA content also increased (Fig. 4).
Mieremet et al. reported that promotion in Cer syn-
thesis and a decrease in FFA supplemented with
palmitic acid (Mieremet et al. 2019). Our results are
also consistent with the present results. These are not
many studies on epidermal lipid metabolism have
measured on lipid composition. We believe it is sig-
nificant that each lipid was quantified and an overall
increase or decrease in lipids. The application of SE
did not change the cholesterol content. Uchino et al.
reported increased cholesterol sulfate in the skin of
patients with dry skin and psoriasis (Uchino et al.
2020; Uchino et al. 2023). Studies have also reported
that treatment with hot spring water or deep sea water
containing various ions reduced inflammation and
improved the barrier function in atopic dermatitis
and psoriasis (Hodak et al. 2003; Proksch et al. 2005;
Chun et al. 2017; Lee et al. 2018). The normaliza-
tion of cholesterol content through the application of
various ions may also be a factor in improving bar-
rier function. Because the present results are not well
supported, future studies should investigate how SE
and various ions alter cholesterol content in patients
with dry skin and psoriasis. To determine the reason
for this variation in lipid content, we examined the
expression levels of mRNAs related to lipogenesis

tified by GC-MS, LC-MS/MS, or HPLC. Data are expressed
as mean=S.D. of three independent experiments. *p<0.05,
**¥p<0.01, and ***p <0.001. Statistical significance was eval-
uated using Tukey’s post hoc multiple comparison test

and metabolism. There were increases in the mRNA
expression levels of SPT1, the rate-limiting enzyme
for Cer production; CerS3, which is involved in
Cer production; and ELOVL3, which is involved in
the chain length elongation reaction of FAA. Fur-
thermore, mRNA expression of aCDase, which is
involved in Cer degradation, was increased (Fig. 2).
These results suggest that CerS may be responsi-
ble for the increased Cer content and decreased Sph
and FFA contents in the epidermis after 8 days of
SE application. CerS1-6 have been reported as CerS
isozymes (Kihara 2016), and in epidermis in particu-
lar, CerS3 has also been reported to catalyze amide
bond formation using a wide range of fatty acyl
CoA from mid-chain fatty acids to long-chain fatty
acids (C18-C26) as substrates (Kanoh et al. 2019).
Here, CerS3 expression was increased on day 4 and
decreased on day 8 by SE application. The increase
in Cer content may be related to the increase in
CerS3 on day 4. However, on day 8, the expression
level may have decreased due to negative feedback
in response to Cer synthesis. Yokose et al. reported
that the Cer [NP]/[NS] ratio increases with keratino-
cyte differentiation (Yokose et al. 2020). Our results
are also consistent with the present results because
SE increases keratinocyte differentiation marker K10
and TGase mRNA expression (Fig. 1), and the Cer
[NP]/[NS] ratio is also increased Fig. 3c. CDases are
classified according to their optimum pH as acidic
CDases (aCDases), neutral CDases, and alkaline
CDases (alkCDases). aCDases and alkCDases are
expressed in the epidermis (Lin et al. 2012). aCDases
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are lysosome-localized enzymes that are highly active
at pH 4.5 (Houben et al. 2007). As SE is acidic, the
increased expression of aCDase mRNA may be due
to the pH change caused by the application of SE.

In Cer synthesis in the skin, [S] and [P] base Cer
are synthesized from [DS] base Cer via the activi-
ties of dihydroceramide desalase (DES 1) and dihy-
droceramide hydroxylase (DES 2), respectively
(Mizutani et al. 2009). In this study, there was a
significant increase of Cer [NDS]. These results
indicate that the application of SE may change
the expression of DES 1 and DES 2 in the epider-
mis. Furthermore, it has been suggested that the
expression of magnesium ion transporter (MgtE)
is involved in the synthesis of acylceramides in the
epidermis (Honda et al. 2018). MgtE is less selec-
tive for Mg?* and to transport other divalent ions
(Sahni and Scharenberg 2013). Because SE con-
tains a variety of divalent ions, these divalent ions
may have caused misrecognition and promoted the
expression of MgtE, which promoted Cer synthe-
sis. Furthermore, it is often reported that calcium/
magnesium ratios recovery skin barrier function,
and they might be due to enhanced lipid synthesis
(Proksch et al. 2005; Lee et al. 2018; Denda et al.
1999). Therefore, the ion balance of SE may have
contributed to changes in lipid composition.

This study investigated the effects of SE contain-
ing various ions on the differentiation and lipogen-
esis of 3D cultured human epidermis. These results
indicate that differentiation is also promoted in the
layered epidermis model, as we previously found in
keratinocytes. Lipid content in epidermis increased
for Cer and decreased for FFA and Sph. These find-
ings suggest that the application of SE promoted the
synthesis of Cer from FFA and sphingoid. Future
studies are needed to determine which of the ions
in SE are involved in Cer synthesis. The composi-
tion and structure of intercellular lipids in the stra-
tum corneum may be altered by the increased Cer
content and decreased FFA and Sph content. How-
ever, no change in cholesterol content was observed
in the present work. Further studies are needed to
understand the actual barrier function and com-
pound permeability after the application of SE.
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