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Abstract Ceramides are the predominant lipids in the stra-
tum corneum (SC) and are crucial components for normal
skin barrier function. Although the composition of various
ceramide classes in the human SC has been reported, that in
mice is still unknown, despite mice being widely used as ani-
mal models of skin barrier function. Here, we performed
LC/MS/MS analyses using recently available ceramide class
standards to measure 25 classes of free ceramides and 5
classes of protein-bound ceramides from human and mouse
SC. Phytosphingosine- and 6-hydroxy sphingosine-type ce-
ramides, which both contain an additional hydroxyl group,
were abundant in the human SC (35% and 45% of total ce-
ramides, respectively). In contrast, in mice, phytosph-
ingosine- and 6-hydroxy sphingosine-type ceramides were
present at ~1% and undetectable levels, respectively, and
sphingosine-type ceramides accounted for ~90%. In humans,
ceramides containing «-hydroxy FA were abundant, whereas
ceramides containing -hydroxy or w-hydroxy FA were
abundant in mice. The hydroxylated B-carbon in (3-hydroxy
ceramides was in the (R) configuration. Genetic knockout of
B-hydroxy acyl-CoA dehydratases in HAP1 cells increased
B-hydroxy ceramide levels, suggesting that (3-hydroxy acyl-
CoA, an FA-elongation cycle intermediate in the ER, is a
substrate for B-hydroxy ceramide synthesis.Hll We antici-
pate that our methods and findings will help to elucidate the
role of each ceramide class in skin barrier formation and in
the pathogenesis of skin disorders.—Kawana, M., M. Miya-
moto, Y. Ohno, and A. Kihara. Comparative profiling and
comprehensive quantification of stratum corneum cerami-
des in humans and mice by LC/MS/MS. J. Lipid Res. 2020.
61: 884-895.
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As an organ covering the body surface, the skin provides
a permeability barrier (skin barrier) between organisms
and the external environment. The skin barrier prevents
excessive water loss, as well as the entry of microorganisms,
allergens, and chemical substances. Dysfunction of the skin
barrier causes infectious diseases and skin disorders such as
atopic dermatitis and ichthyosis (1-3). Skin consists of the
epidermis, dermis, and subcutaneous tissue. The epider-
mis is subdivided into four layers; from the outside inward
they are the stratum corneum (SC), stratum granulosum,
stratum spinosum, and stratum basale. In the SC, a multi-
layered lipid structure (lipid lamellae) surrounds corneo-
cytes, terminally differentiated keratinocytes, and plays a
central role in skin barrier function. The main constituents
of lipid lamellae are ceramides, cholesterol, and FFAs, of
which ceramides account for ~50% by weight (4). A variety
of classes and molecular species of ceramides exist in lipid
lamellae (5-7). The appropriate maintenance of the amount
and composition of SC ceramides is important for normal
skin barrier function.

Ceramide is composed of a long-chain base (LCB) linked
to a FA via an amide bond. Both LCBs and FAs vary in car-
bon chain length, degree of unsaturation, and the posi-
tion and number of hydroxyl groups (8). Mammals have
five types of LCBs: dihydrosphingosine (DS), sphingosine,
phytosphingosine, 6-hydroxy sphingosine, and 4F,147
sphingadiene (4,14-sphingadiene; SD) (Fig. 1A) (8-10). It
is currently unclear whether SD is present in the epider-
mis. The FAs in ceramides can also be classified into five
types: nonhydroxy, a-hydroxy, B-hydroxy, w-hydroxy, and

Abbreviations: DKO, double KO; DS, dihydrosphingosine; EO, esteri-
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SC, stratum corneum; SD, 4,14-sphingadiene.
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esterified o-hydroxy (EO) FAs (Fig. 1B) (8). Although ce-
ramides containing -hydroxy FA have recently been identi-
fied in the mouse epidermis (11, 12), their presence in
human skin has not yet been determined. EO ceramides are
referred to as w-O-acylceramides, and a linoleic acid is the
predominant FA incorporated into the w-position of EO
ceramides (13, 14). Ceramides are classified into 25 classes
according to the different combinations of LCBs and FAs
they contain (Fig. 1C). Each ceramide class is designated
by a combination of abbreviations that represent the struc-
ture of the LCB and FA. For example, the most abundant
ceramide class in mammals is composed of sphingosine
and nonhydroxy FA and is designated as NS. NS and NDS
exist in almost all tissues in mammals, while other ceramide
classes exist only in specific tissues. In the human SC, 16
ceramide classes other than SD and B-hydroxy ceramides
have been identified (5-7). The alteration of ceramide
class composition and reductions in the total amount of
ceramides have been observed in the SC of patients with
atopic dermatitis (15-17). EO ceramides are epidermis-
specific ceramide classes, and their characteristic EO struc-
ture is important for the formation and stabilization of
lipid organization in the lipid lamellae (18, 19). A portion
of EO ceramides are converted into protein-bound w-
hydroxy (P-O) ceramides (Fig. 1B), which are connected to
cross-linked proteins constituting the cornified envelope,
a structure located beneath the surface of corneocytes (20—
22). The impairment of either EO or P-O ceramide produc-
tion causes ichthyosis (1, 2, 8, 21-26).

Each ceramide class includes a variety of molecular spe-
cies that differ in FA chain length and/or the degree of
unsaturation (8, 27, 28). Therefore, more than several
hundred ceramide species exist in the human SC (5-7).
The composition of ceramide classes/species in the hu-
man SC has previously been analyzed using LC/MS (5-7,
16, 17, 29, 30). However, it is difficult to separately detect
and precisely quantify such a tremendous number of ce-
ramide species by LC/MS. Recently, using LC/MS/MS in
the multiple reaction monitoring (MRM) mode, which
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selects both the molecule-related ion of each lipid spe-
cies and its specific fragment ion generated by collision-
induced dissociation, became a standard technique for
specifically detecting and quantifying lipid molecules of
interest. However, the following problems must be ad-
dressed to develop an LC/MS/MS method for quantifying
a variety of ceramide species. First, appropriate internal
standards are required. So far, NS with C17:0 FA has gener-
ally been used as an internal standard for the quantifica-
tion of SC ceramides. However, this ceramide is not ideal
because it exists endogenously. Additionally, the fragment
ion pattern of ceramides differs depending on their LCB
moiety (5). Therefore, a ceramide standard for each LCB
class is required. However, these standards were not com-
mercially available until recently. Second, ionization of the
molecule of interest is often suppressed by coexisting mol-
ecules (ion suppression or matrix effects), causing de-
creased detection sensitivity and inaccurate quantification.
Although an SC sample is often collected by tape stripping,
the matrix effect caused by coextracted compounds from
the tape is unknown. Third, during ionization, the dehy-
dration of ceramide is often induced by in-source decay
(31). If the MRM setting has been determined without
considering whether the ceramide species of interest is de-
hydrated, erroneous peak annotation and inaccurate quan-
tification may result. However, the degree of dehydration
of each ceramide class has not yet been determined.
Several KO mouse models, lacking genes responsible for
the production of ceramides involved in skin barrier for-
mation, have been produced and analyzed (8, 32, 33). In
particular, KO mice lacking the genes responsible for EO
ceramide production [e.g., the FA elongases Elovll and
Elovl4 (34, 35); the FA w-hydroxylase Cyp4/39 (the mouse
orthologue of human CYP4F22) (26); the ceramide syn-
thase Cers3 (36); and the transacylase Pnplal (24)] have
been used as ichthyosis mouse models to elucidate the
pathogenesis of ichthyosis. In addition, the atopic derma-
titis mouse model has been used for investigating the
correlation between skin barrier function and ceramide
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composition (37, 38). Thus, although mice have been gen-
erally utilized as a model animal for studying skin barrier
function, the ceramide classes measured have primarily
been sphingosine-type ceramides such as NS and EOS, and
the amounts of other ceramide classes have not yet been
elucidated.

Deuterium-labeled standards for each ceramide class
have recently become commercially available. In this study,
by solving the various problems in the quantification of ce-
ramides through the utilization of these standards, we es-
tablish a method that specifically quantifies each ceramide
species using LC/MS/MS. Moreover, using this method,
we elucidate detailed SC ceramide profiles and determine
the differences in ceramide composition between human
and mouse SC.

MATERIALS AND METHODS

Ethics

This study was approved by the ethics committee of Hokkaido
University and performed in accordance with institutional guide-
lines as well as the Declaration of Helsinki. Written informed con-
sent was obtained from all participants.

Mice

C57BL/6] mice were purchased from Sankyo Labo Service
Corporation (Tokyo, Japan). Mice were housed in a temperature-
controlled (23 + 1°C) specific pathogen-free environment with a
12 h light/dark cycle and free access to a standard chow diet
(PicoLab Rodent Diet 20; LabDiet, St. Louis, MO) and water. The
animal experiments were approved by the institutional animal
care and use committee of Hokkaido University.

Chemicals

Deuterium-labeled ceramide standards [ N-palmitoyl(dy) D-erythro-
sphingosine (dy-C16:0 NS), N-palmitoyl(dy) dihydrosphingosine
(dy-C16:0 NDS), N-palmitoyl(dy) p-ribo-phytosphingosine (d-
C16:0 NP), N-palmitoyl(dy) 6-(R)-hydroxysphingosine (dy-C16:0
NH), N-(2-(R)-hydroxypalmitoyl(dy)) p-erythrosphingosine (dy-
C16:0 AS), N-(2"-(R)-hydroxypalmitoyl(dy)) D-erythrosphinganine
(dg-C16:0 ADS), N-(2’-(R)-hydroxypalmitoyl(dy)) p-ribo-phyto-
sphingosine (dy-C16:0 AP), N-(2"-(R)-hydroxypalmitoyl (dy)) 6-(R)-
hydroxysphingosine (dy-C16:0 AH), and N-(26-oleoyloxy(dy)
hexacosanoyl) p-erythro-sphingosine (C26:0/dy-C18:1 EOS)] and
SD were all purchased from Avanti Polar Lipids (Alabaster, AL).
N-w-hydroxytriacontanoyl p-erythro-sphingosine (C30:0 OS) was
obtained from Cayman Chemical (Ann Arbor, MI). Methanol,
acetonitrile, and isopropanol of LC/MS grade, as well as chloro-
form and ammonium formate of HPLC grade, were all obtained
from FUJIFILM Wako Pure Chemical Corporation (Osaka,

Japan).

Collection of SC samples by tape stripping

Human SC samples were collected from healthy volunteers (10
males and 9 females aged 20-50 y). To collect the samples, the
inner forearm was first cleaned with water and dried before tape
stripping was performed. A 25 x 50 mm piece of film masking tape
465#40 (Teraoka Seisakusho, Tokyo, Japan) was stuck to the in-
ner forearm and then pressed and removed. The procedure was
repeated using a new piece of tape. The collected tape samples
were applied to an OHP film and stored at —30°C. Mouse SC
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samples were collected by tape stripping from the back of
C57BL/6] mice on the first day after birth using the same proce-
dure as human SC sampling. The second tape strip was used for
lipid extraction because the first tape strip may have included
dust, detergents, or lotions.

Lipid analyses by LC/MS/MS

Ceramides were detected and quantified using UPLC coupled
with an ESI tandem quadrupole mass spectrometer (Xevo TQ-S;
Waters, Milford, MA). LC separation was conducted using a re-
verse-phase column [ACQUITY UPLC CSH C18 column (particle
size, 1.7 pm; inner diameter, 2.1 mm; length, 100 mm; Waters) |
with a binary gradient solvent system as previously described (39).
In the positive ion mode, ionization was performed using the fol-
lowing parameters: capillary voltage, 2.5 kV; cone voltage, 30 V for
nonhydroxy, a-hydroxy, B-hydroxy, and w-hydroxy ceramides or
46 V for EO ceramides; source temperature, 140°C; desolvation
temperature, 650°C; desolvation gas flow, 1,200 1/h; and nebu-
lizer gas, 7.0 bar. In the negative ion mode, capillary voltage and
cone voltage were set at 2.0 kV and 30 V, respectively, and the
other parameters were the same as in the positive ion mode. Each
ceramide species was detected in the MRM mode using optimized
m/zvalues of precursor ions (Q1) and product ions (Q3) and col-
lision energies (supplemental Table S1). [M-H,O + H]" was se-
lected as a precursor ion to detect NS, NH, NSD, AS, BS, AH, and
ASD ceramides, and [M + H]" was selected to detect NDS, NP,
ADS, and AP ceramides. Both [M + H]" and [M-H,O + H]" were
selected to detect w-hydroxy and EO ceramides. Ceramides were
quantified by calculating the ratio of the peak area of each ce-
ramide species compared with that of the deuterium-labeled
ceramide (internal standard) corresponding to each ceramide
class. SD ceramides were quantified using a deuterium-labeled
sphingosine-type ceramide standard because deuterium-labeled SD
ceramides are commercially unavailable. EO and w-hydroxy ce-
ramides were quantified using the deuterium-labeled a-hydroxy
ceramide standards that shared common LCB structures. MassL-
ynx software (Waters) was used for data analysis.

Evaluation of matrix effect

Fresh tape, not including the SC, was cut and transferred into
a glass tube containing 2 ml methanol. After sonication (room
temperature, 5 min), the tape was removed. The tube was centri-
fuged (2,600 g, room temperature, 5 min), and the supernatant
was recovered to a new glass tube and evaporated. Tape extracts
were dissolved in 100 pl chloroform-methanol (1:2; v/v) contain-
ing deuterium-labeled ceramide standards (10 pmol each), and
each ceramide standard was detected by LC/MS/MS.

Lipid extraction

Tape strips that included the SC were cut to a size of 5 x 10 mm
and transferred into a glass tube containing 400 pl methanol. As
internal standards, deuterium-labeled ceramide standards were
added to human SC samples as follows: dy-C16:0 NS, 0.5 pmol; dq-
C16:0 NDS, 1 pmol; dy-C16:0 NP, 5 pmol; dy-C16:0 NH, 5 pmol;
dy-C16:0 AS, 0.5 pmol; dy-C16:0 ADS, 0.5 pmol; dy-C16:0 AP,
2 pmol; and dg-C16:0 AH, 2 pmol. To mouse SC samples the fol-
lowing standards were added: dy-C16:0 NS, 5 pmol; dy-C16:0 NDS,
10 pmol; dg-C16:0 NP, 1 pmol; dy-C16:0 NH, 0.5 pmol; dy-C16:0
AS, 2 pmol; di-C16:0 ADS, 0.5 pmol; dy-C16:0 AP, 0.5 pmol; and
dy-C16:0 AH, 0.5 pmol. After sonication (room temperature, 5 min),
the tape was removed. To remove the SC pellet, the tube was
centrifuged (2,600 g, room temperature, 5 min). The superna-
tant was recovered to a new glass tube and dried (total free lipid
samples). The SC pellet was subjected to extraction of P-O ce-
ramides as follows. To remove free lipids completely, 400 pl meth-
anol was added, vigorously mixed, and centrifuged (2,600 g,



room temperature, 5 min). After the supernatant was removed,
the same procedure was repeated twice, and the samples were
then incubated with 400 pl 95% methanol (60°C, 2 h). After cen-
trifugation (20,400 g, room temperature, 3 min), the supernatant
was removed. The pellet was again incubated with 400 pl 95%
methanol (60°C, 2 h), followed by centrifugation (2,600 g, room
temperature, 5 min) and removal of the supernatant. To release
P-O ceramides, 400 pl 1 M potassium hydroxide in 95% methanol
and internal standards were added to human samples as follows:
dy-C16:0 AS, 1 pmol; dy-C16:0 ADS, 0.25 pmol; dy-C16:0 AH,
1 pmol; and dy-C16:0 AP, 0.25 pmol. To mouse samples the follow-
ing standards were added: di-C16:0 AS, 5 pmol; di-C16:0 ADS, 0.5
pmol; di-C16:0 AH, 0.25 pmol; and dy-C16:0 AP, 0.25 pmol. The
solutions were incubated at 60°C for 2 h. For neutralization, 400
pl 1 M acetic acid was added. After the addition of 400 pl chloro-
form, the samples were vigorously mixed for 1 min and centri-
fuged (2,600 g room temperature, 5 min). The resulting organic
phase (lower phases) was recovered and dried (P-O ceramide
samples). Total free lipid samples and P-O ceramide samples were
dissolved in 100 and 50 pl chloroform-methanol (1:2; v/v), re-
spectively, and subjected to LC/MS/MS analyses.

Lipid extractions from the mouse epidermis were performed as
previously described (28). Lipids were extracted from cultured
cells as follows. Cells cultured in a six-well plate were washed twice
with 1 ml PBS, detached from the plate using a scraper, and trans-
ferred into plastic tubes. After centrifugation (400 g, 4°C, 3 min),
the supernatants were removed. The cells were suspended in 100
pl PBS and mixed with 375 pl chloroform-methanol-12 M formic
acid (100:200:1; v/v/v) and an internal standard (dy,-C16:0 AS, 10
pmol). Samples were mixed with 125 pl chloroform and 125 pl
water and centrifuged (20,400 g, room temperature, 3 min). The
organic phase was recovered and dried. Lipids were dissolved in
500 pl chloroform-methanol (1:2; v/v) and subjected to LC/MS/
MS analyses.

Cell culture and transfection

HAP1 cells are near-haploid human cells derived from a
chronic myelogenous leukemia sample (40). HACDI and HACD2
double KO (DKO) HAPI cells and their control cells have previ-
ously been described (41). These HAP1 derivatives were cultured
in Iscove’s Modified Dulbecco’s Medium (Thermo Fisher Scien-
tific, Waltham, MA). Human embryonic kidney (HEK) 293T cells
were grown in DMEM (D6429; Merck, Darmstadt, Germany) in
dishes coated with 0.1 mg/ml collagen (Cellmatrix type I-P; Nitta
Gelatin, Osaka, Japan). Each medium was supplemented with
10% FBS (Thermo Fisher Scientific), 100 units/ml penicillin, and
100 pg/ml streptomycin (Merck). Cells were cultured at 37°C
under 5% CO,. Transfections were performed using ViaFect
Transfection Reagent (Promega, Madison, WI) according to the
manufacturer’s instructions.

In vitro ceramide synthesis

HEK 293T cells were transfected with either pCE-puro 3xFLAG-
CERSI or pCE-puro 3xFLAG-CERS5, which are the plasmids de-
signed for the expression of N-terminally 3xFLAG-tagged human
ceramide synthase CERSI or CERS5, respectively, in mammalian
cells. Twenty-four hours after transfection, the cells were washed
twice with PBS, suspended in lysis buffer [50 mM HEPES/NaOH
(pH 7.4), 150 mM NaCl, 1 mM MgCl,, 1 mM DTT, 1 mM PMSF,
1x protease inhibitor cocktail (cOmplete, EDTA-free; Merck)],
and lysed by sonication. Cell debris was removed by centrifuga-
tion (400 g, 4°C, 3 min), and the resulting supernatant was sub-
jected to ultracentrifugation (100,000 g, 4°C, 35 min). The
pellet (membrane fraction) was suspended in lysis buffer. For
NSD synthesis, the membrane fraction (50 pg) prepared from
the cells overexpressing CERS5 was mixed with 1 pM SD and

1 pM C16:0-CoA (Merck) (total volume: 50 pl) and incubated
(37°C, 30 min). For BS synthesis, a 20 pg membrane fraction, pre-
pared from the cells overexpressing CERS1 (for C18:0 BS synthe-
sis) or CERS5H (for C14:0 BS synthesis), was mixed with 5 pM
drsphingosine (Avanti Polar Lipids), 5 pM B-hydroxy FAs [B-
hydroxy C18:0 (3-hydroxyoctadecanoic acid; Cayman Chemical),
B-hydroxy C14:0 (3-hydroxymyristic acid; Tokyo Chemical Indus-
try, Tokyo, Japan), or (R)-$-hydroxy C14:0 (3Rhydroxymyristic
acid; Toronto Research Chemicals, North York, Canada], 400 pM
CoA, 20 mM ATP, 150 mM NaCl, and 1 mM MgCl, (total volume:
50 pl) and incubated at 37°C for 30 min. The reactions were ter-
minated by the addition of 187.5 wl chloroform-methanol-12 M
formic acid (100:200:1; v/v/v) and vigorous mixing for 1 min.
After the addition of 62.5 pl chloroform and 62.5 pl HyO, phases
were separated by centrifugation (20,000 g, room temperature,
3 min). The organic phase was recovered and dried. Lipids were
dissolved in 100 pl chloroform-methanol (1:2; v/v), and the syn-
thesized ceramides were detected by LC/MS/MS.

RESULTS

Establishment of the method that specifically detects
ceramide species by LC/MS/MS

To develop a method for distinguishing each ceramide
species by LC/MS/MS, we first performed product ion
scanning using deuterium-labeled ceramide standards (dy-
ceramide; containing nine deuteriums instead of protiums
in its FA moiety). By fragmentation of NS and NH, product
ions of m/z 264 and 280, which correspond to sphingosine
and 6-hydroxy sphingosine moieties, respectively, were pre-
dominantly generated (Fig. 2A). The dissociation of NP
yielded three major product ions (m/z 264, 282, and 300)
at similar intensities, of which two product ions (m/z 264
and 282) overlapped with the major and minor product
ions of NS, respectively, indicating that the product ion
of m/z 300 was specific to phytosphingosine-type ceramide.
Product ions of m/z 266 and 284 were mainly produced by
the fragmentation of NDS, and neither were detected in
other ceramide classes. Because the NSD standard was not
commercially available, we synthesized C16:0 NSD by incu-
bating C16:0-CoA and SD with membrane fraction pre-
pared from HEK 293T cells. NSD was predominantly
cleaved to a fragment ion of m/z 262, which corresponded
to the SD moiety (Fig. 2B). Next, to investigate whether the
difference in an FA moiety affected the fragmentation of
ceramide, we performed fragmentation analyses using AS
and EOS standards. The MS/MS spectrum of both stan-
dards were the same as that of NS (Fig. 2C), indicating that
the difference in the FA moiety did not affect the genera-
tion of the fragment ion derived from the LCB moiety. Re-
cently, BS, which is composed of a B-hydroxy FA and
sphingosine, has been identified in mouse epidermis (11,
12). Because AS and BS are structural isomers, in the posi-
tive ion mode, BS is predicted to be detected at a different
retention time using the same MRM settings as AS detec-
tion. In LC/MS/MS analysis using the MRM setting to de-
tect C26:0 AS, C26:0 AS was detected in the human SC
(13.20 min), while a large peak at an earlier retention time
(12.86 min), instead of C26:0 AS, was detected in the
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600. The values shown in bold represent the m/z of a fragment ion specific for each ceramide class. C16:0 NSD was synthesized by incubating
1 pM SD and 1 pM C16:0-CoA with membrane fractions (50 pg) prepared from HEK 293T cells overexpressing CERS5 at 37°C for 1 h (B).
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*Unidentified peak. G: Each dy ceramide standard was added to the extract from the indicated size of tape piece (the final volumes of all
samples were adjusted to 100 pl) and detected by LC/MS/MS. Values are the detection rate compared with the external standards (exSTD)
and represent means + SDs (n = 3; ¥P< 0.05 and **P< (0.01; Dunnett’s test).
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mouse epidermis (Fig. 2D). The MS/MS spectrum of this
peak (12.86 min) in the positive ion mode was similar to that
of NS (Fig. 2E), indicating that the peak was derived from
sphingosine-type ceramide. In the negative ion mode, four
product ions (m/z 340, 310, 263, and 237) were generated
with the highest intensity at m/z 340. The fragmentation pat-
tern of this peak is consistent with that of C26:0 BS in previ-
ous reports (12, 42), demonstrating that the peak detected at
12.86 min was C26:0 BS. In summary, the ceramide classes
containing sphingosine, 6-hydroxy sphingosine, phytosphin-
gosine, DS, and SD are distinguished in MRM analyses by se-
lecting product ions of m/z 264, 280, 300, 284, and 262,
respectively. In addition, ceramide species having different
FA moieties are separated by the differences in m/z of their
precursor ions and their retention time in the LC.

Ceramides are dehydrated by in-source decay during
ionization (31). Due to dehydration, the m/z value of some
ceramide species may become the same m/z as another ce-
ramide species. For example, the m/z value of [C24:0 AS—
H,O + H]" is 648, which has the same m/z as that of [C24:1
NS+ H]"; thatis, the peaks derived from different ceramide
species are detected in the same MRM settings. Therefore,
differences in the susceptibility to dehydration may cause
erroneous peak annotation and inaccurate quantification.
To examine the differences in the degree of dehydration
among ceramide classes, we performed LC/MS/MS analy-
ses with MRM settings in which both [M + H]" and [M-
H,O + H]" were selected as precursor ions. Ceramide
classes with double bond(s) in their LCB (NS, NH, and
NSD) were highly dehydrated, while those without double
bonds (NDS and NP) were not (Fig. 2F). Dehydrated AS
was also detected predominantly, whereas nondehydrated
OS was detected at the same levels as dehydrated OS. The
nondehydrated EOS and BS levels were about half of the
dehydrated levels. From these results, we quantified ce-
ramides using MRM settings in which a dehydrated type, a
nondehydrated type, or both types were selected, depend-
ing on the specific ceramide class.

Tape stripping is often conducted to collect SC samples.
However, certain ingredients in the tape are coextracted
with lipids and may cause a matrix effect. To investigate the
effect of the extracts derived from the tape on the detec-
tion of ceramides, dy ceramide standards were mixed with
the tape extracts and detected by LC/MS/MS. Compared
with the standards diluted only with methanol (external
standards), the detection ratio of each dy ceramide mixed
with tape extracts was decreased, especially in the extracts
from 200 and 400 mm® pieces of tape (Fig. 2G). The ex-
tracts from 25 and 50 mm” pieces of tape did not affect the
detection ratio. From this result, although a matrix effect
(suppression of ionization) is caused by the tape-derived
coextracts, this effect can be nullified by reducing the tape
size to 50 mm” or less.

Different SC ceramide classes and FA composition
between humans and mice

Using the extraction protocol and the LC/MS/MS set-
tings determined in Fig. 2, we measured ceramides in hu-
man and mouse SC. The SC specimens were collected via

tape stripping from mice on the first day after birth (to
avoid hair) and humans. Lipids were extracted, dy cerami-
des were added as internal standards, and each ceramide
species was quantified by LC/MS/MS. We successfully
quantified 21 classes of ceramides from the human SC (NS,
NDS, NH, NP, NSD, AS, ADS, AH, AP, ASD, BS, OS, ODS,
OH, OP, OSD, EOS, EODS, EOH, EOP, and EOSD), in-
cluding 345 species; and 16 classes from the mouse SC (NS,
NDS, NP, NSD, AS, ADS, ASD, BS, OS, ODS, OP, OSD,
EOS, EODS, EOP, and EOSD), including 268 species (Fig.
3A, B; supplemental Table S2). In the human SC, NP, NH,
and AH were abundant (24.2%, 23.7%, and 18.0% of total
ceramides, respectively), followed by AP, NDS, NS, AS,
EOH, EOS, EOP, and ADS (in descending order, 1% to
9%). The proportions of other ceramide classes were lower
than 1%. In the mouse SC, NS levels were the highest
(57.9% of total ceramides), followed by EOS, NDS, OS,
and BS in that order (4% to 16%). The proportions of
other ceramide classes were lower than 2%. Of the catego-
ries of ceramide classes that contain a common LCB,
6-hydroxy sphingosine- and phytosphingosine-type cerami-
des were abundant in the human SC (45.4% and 34.7% of
total ceramides, respectively) (Fig. 3C). On the other hand,
the proportion of the sphingosine-type ceramide class was
highest in the mouse SC (87.7%). The proportion of
the phytosphingosine-type ceramide class in mice was low
(1.2%), and the 6-hydroxy sphingosine-type ceramide class
undetectable, in mice. SD-type ceramide levels were quite
low (~0.4%) both in humans and mice. Of the categories
of ceramide classes that have the same type of FA, the
proportion of the nonhydroxy ceramide class was the highest
(59.4%) in the human SC, followed by a-hydroxy ceramides
(32.5%), EO ceramides (6.3%), and w-hydroxy cerami-
des (1.6%) (Fig. 3D). Trace amounts of B-hydroxy ceramides
were present in the human SC (0.17%). Although nonhy-
droxy ceramide was the principal ceramide class present in
both the mouse (68.9%) and human (59.4%) SC, the pro-
portions of the other ceramide classes were largely different
between mice and humans. In mice, the EO, w-hydroxy,
and B-hydroxy ceramide classes were 16.9%, 8.7%, and
4.9%, respectively, and a-hydroxy ceramide, the second
highest ceramide class in humans, was quite low (0.7%).
Thus, the composition of SC ceramide classes was largely
different between humans and mice.

Various ceramide species with different FA chain lengths
exist in each ceramide class. We next compared FA compo-
sition among ceramide classes that exceeded 1% of the to-
tal ceramides (10 and 6 classes in humans and mice,
respectively) (Fig. 3E). Generally, the FA chain length of
w-hydroxylated ceramides (EO and w-hydroxy) was C30—
(C34, and that of the other ceramides was C16-C30. Major
FAs of nonhydroxy ceramides were C26:0 > C24:0 > C28:0
both in human and mouse SC (except for human NDS,
which was C24:0 > C26:0 > C28:0). The FA compositions of
the human AH, AP, and mouse BS were C26:0 > C24:0 >
C25:0; C24:0 > C26:0 > C25:0; and C26:0 > C28:0 > C25:0,
respectively. C26:0 and C24:0 were the top two FAs in most
ceramide classes, other than w-hydroxy or EO ceramides,
although C16:0 was the principal ceramide present in
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Fig. 3. Ceramide profiles in human and mouse SC. SC samples were collected by tape stripping from humans (aged 20-50 years; n = 19)
and mice (on the first day after birth; n = 3). Lipids were extracted from the tapes and subjected to LC/MS/MS analyses to quantify cerami-
des. A: Amount of each ceramide class. Values are the sum of the ceramide species containing each FA chain length (nonhydroxy ceramides,
a-hydroxy ceramides, and BS: C14-C36; w-hydroxy and EO ceramides: C26-36) and represent means = SDs. B: The ratio of each ceramide
class to total ceramides. C: The proportion of ceramide classes containing a common LCB. D: The ratio of ceramide classes containing a
common type of FA. E: The FA composition of ceramide classes representing more than 1% of the total ceramides in human and mouse SC.
F: The ratio of odd-chain FAs in each ceramide class. Values represent means + SDs. G: The ratio of unsaturated FAs in each ceramide class.
Values represent means + SDs.
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human AS (C16:0 > C26:0 > C24:0). Human EO ceramides
(EOS, EOH, and EOP) were composed of C30:0 > C32:0 >
C31:0. Mouse EOS and OS contained C32:0 > C30:0 >
C34:1 and C32:0 > C34:1 > C30:0, respectively. Although
the levels of ceramides containing odd-chain FAs are gen-
erally low in a broad range of tissues, those containing odd-
chain FAs such as €25, C27, C29, and C31 were present at
relatively high levels both in human and mouse SC. In par-
ticular, the levels of C25:0 AH, C25:0 AP, and C31:0 EO
ceramides (EOS, EOH, and EOP) in humans were the
third highest ceramide species in each ceramide class. The
total percentage of ceramides with odd-chain FAs were
14% to 25% in human and 6% to 10% in mouse ceramide
classes (Fig. 3F). Unsaturated FAs in the nonhydroxy, a-
hydroxy, and B-hydroxy ceramide classes were low (0.3% to
4% in humans and 1% to 4% in mice), while those in the
EO and w-hydroxy ceramide classes were high (5% to 7%
in humans and 29% to 33% in mice), especially mouse
C34:1 EOS (10.5%) (Fig. 3G). Overall, there were no re-
markable differences in the FA chain length of ceramides
between human and mouse SC.

Protein-bound ceramides in human and mouse SC

Unlike plasma membranes in general, which are consti-
tuted by a lipid bilayer, corneocytes are covered by a lipid
monolayer mainly composed of P-O ceramides (20), which
are presumed to link corneocytes to the lipid lamellae. To
investigate the amount and composition of P-O ceramides in
human and mouse SC, P-O ceramides were quantified by
LC/MS/MS analyses. Consistent with earlier reports (43,
44), in humans, P-OS was predominant (64% of total P-O
ceramides), followed by P-OH (28%) (Fig. 4A; supplemen-
tal Tables S4, Sb). In mice, P-OS was also the most abun-
dant (84%) P-O ceramide class. FA species that constituted
P-OS were C30-C34 (C30:0 > C32:0 > C32:1 in humans and
C34:1 = C32:0 > C32:1 in mice) (Fig. 4B). There were no
clear differences in FA composition among P-O ceramide
classes with different LCBs, both in humans and mice (sup-
plemental Table S5). Although semiquantitative analysis of
P-O ceramides by TLC and quantification of limited P-O
ceramide species by LC/MS/MS have already been con-
ducted (44—46), we successfully quantified 63 and 74 P-O
ceramide species in humans and mice, respectively, lead-
ing to the elucidation of the detailed composition of P-O
ceramides.

(R) configuration of the hydroxylated 3-carbon in BS

The structural configuration of the hydroxylated B-
carbon in BS, a ceramide class moderately present in the
mouse SC (Fig. 3), is unknown. To determine its configura-
tion, we first synthesized C18:0 BS by incubating (R, S) B-
hydroxy C18:0 FA and d; sphingosine with the membrane
fraction prepared from HEK 293T cells overexpressing
CERSI (a ceramide synthase that shows high activity against
C18:0 acyl-CoA) and performed LC/MS/MS analysis. In
the LC chromatogram of the synthesized (R, S) C18:0 BS,
two peaks were observed at 8.63 and 8.78 min, and the lat-
ter peak was identical with C18:0 BS in the mouse epider-
mis (Fig. 5A). Because neither (R) nor (S) B-hydroxy C18:0
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Fig. 4. P-O ceramide profiles in human and mouse SC. P-O ce-
ramides were extracted from the SC samples collected by tape strip-
ping from humans (aged 20-50 years; n = 19) and mice (on the first
day after birth; n = 3) and quantified by LC/MS/MS analyses. A:
The ratio of each P-O ceramide class to the total P-O ceramides. B:
FA composition of P-OS. Values represent means + SDs.

FAs were commercially available, we could not determine
the structural configuration of the two peaks. Next, we syn-
thesized (R, §) C14:0 BS and (R) C14:0 BS by mixing (R, S)
B-hydroxy C14:0 FA and (R) B-hydroxy C14:0 FA, respec-
tively, with d; sphingosine and the membrane fraction pre-
pared from HEK 293T cells overexpressing CERS5 (a
ceramide synthase that exhibits high activity against C14:0
acyl-CoA). In the LC chromatogram of (R, S) C14:0 BS, two
peaks (6.88 and 7.04 min) were again detected (Fig. 5B).
Although two peaks (6.79 and 6.96 min) were also observed
in (R) C14:0 BS, the latter peak was larger than the former,
indicating that the former and latter peaks corresponded
to (S) BS and (R) BS, respectively. The reason why (S)
C14:0 BS was detected despite the use of (R) B-hydroxy
C14:0 FA may be due to the isomerization of (R) to (S) or
the contamination of (S) B-hydroxy C14:0 FA in (R) (-
hydroxy C14:0 FA. From these results, we concluded that
the structural configuration of the hydroxylated (-carbon
in BS is in the (R) configuration.

Involvement of the FA elongation cycle in BS synthesis

The FA elongation cycle in the ER membrane produces
FAs with =C18 chain lengths. In this cycle, FA is elongated
in the form of acyl-CoAs, and 3-hydroxy acyl-CoA is gener-
ated as an intermediate (Fig. 6A) (27, 47). Although the
synthesis pathway of BS has not yet been identified, we sus-
pected that B-hydroxy acyl-CoAs in the FA elongation cycle
are used for BS production because ceramide synthesis also
proceeds in the ER membrane. In the FA elongation cycle,
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Fig. 5. (R) configuration of hydroxylated B-carbon in BS. A:
Membrane fractions (20 pg) prepared from HEK 293T cells over-
expressing CERSI were incubated with EtOH or 5 pM (R, S) -
hydroxy C18:0 FA and 5 pM d; sphingosine at 37°C for 1 h to
produce C18:0 BS. Lipids were extracted and subjected to LC/
MS/MS analysis to detect C18:0 BS containing d;-labeled sphin-
gosine [upper, EtOH; middle, (R, S) B-hydroxy C18:0 FA; and
lower, C18:0 BS in mouse epidermis]. *Unidentified peak. B:
Membrane fractions (20 pg) prepared from HEK 293T cells over-
expressing CERSH were incubated with EtOH, 5 pM (R, S) B-
hydroxy C14:0 FA, or (R) B-hydroxy C14:0 FA and 5 pM d;
sphingosine at 37°C for 1 h. Lipids were extracted and subjected
to LC/MS/MS analysis to detect C14:0 BS containing d;-labeled
sphingosine [upper, EtOH; middle, (R,S) B-hydroxy C14:0 FA;
and lower, (R) B-hydroxy C14:0 FA]. *Unidentified peak. The ver-
tical axis of each chromatogram shows relative intensity. The val-
ues represented in the chromatogram indicate retention time
(upper) and peak area (lower). EtOH, ethanol.
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Fig. 6. Increase in BS levels due to the accumulation of B-hydroxy
acyl-CoAs, which are intermediates in the FA elongation cycle. A:
The FA elongation cycle localized in the ER produces acyl-CoAs hav-
ing =C18 chain lengths. In each cycle, the chain length of the sub-
strate acyl-CoA is elongated by two carbon chains through a
four-step reaction. The enzymes involved in each reaction step
and intermediates are depicted. B-Hydroxy acyl-CoA dehydratases
HACDI1 and HACD2 convert B-hydroxy acyl-CoAs to trans-2-enoyl-
CoAs. B: Lipids were extracted from control and HACDI HACD2
DKO HAP1 cells, and C18:0 BS was quantified by LC/MS/MS. Val-
ues represent means + SDs (n = 3; **P < 0.01; two-tailed Student’s
ttest).

B-hydroxy (3-hydroxy) acyl-CoA dehydratase HACDI or
HACD?2 converts B-hydroxy acyl-CoAs to trans-2-enoyl-CoAs
(41, 48). To investigate the involvement of the FA elonga-
tion cycle in BS synthesis, we measured BS levels in HACDI
HACD2 DKO HAPI1 cells, in which B-hydroxy acyl-CoAs
accumulate. The amount of BS was increased in HACDI
HACD2 DKO cells by 15-fold compared with control cells
(Fig. 6B), suggesting that the -hydroxy FA moiety of BS is
derived from the FA elongation cycle.

DISCUSSION

Elucidation of the detailed compositions of SC cerami-
des is important in understanding the mechanisms under-
lying skin barrier formation and the pathogenesis of skin
disorders. In the current study, we performed LC/MS/MS
analyses and quantified free ceramides (21 classes/345 spe-
cies in humans; 16 classes/268 species in mice) and P-O
ceramides (5 classes/63 species in humans; 5 classes/74
species in mice) (Figs. 3, 4; supplemental Tables S2-S5),
revealing the in-depth ceramide profiles of human and
mouse SC.

The ratio of each ceramide class to total ceramides in
this study was not largely different from earlier studies
(supplemental Table S6). Although the amounts of SD-
type ceramides and BS were previously unknown, we de-
termined them for the first time (Fig. 3; supplemental
Tables S2, S3). A variety of ceramide species, including
phytosphingosine- and 6-hydroxy sphingosine-type cerami-
des, existed abundantly in the human SC. On the other
hand, phytosphingosine- and 6-hydroxy sphingosine-type
ceramides were at very low and undetectable levels, respec-
tively, in the mouse SC (Fig. 3; supplemental Tables S2, S3).
The types of hydroxylated FAs in the human SC ceramides
were also different from those in the mouse SC ceramides; in
humans, a-hydroxy ceramides were abundant, and BS and



w-hydroxy ceramides were almost absent; while in mice,
only small amounts of a-hydroxy ceramides were present,
and instead BS and w-hydroxy ceramides existed at relatively
high levels (Fig. 3; supplemental Tables S2, S3). Therefore,
it is likely that in mice other types of hydroxylated ce-
ramides (BS and w-hydroxy ceramides) compensate for
the functions of human hydroxylated ceramides (phyto-
sphingosine-, 6-hydroxy sphingosine-, and a-hydroxy-type
ceramides). The hydroxyl groups may enhance the interac-
tions between lipids by forming hydrogen bonds, even if
they are present at different positions, and may also contrib-
ute to the formation and maintenance of lipid lamellae,
which have a pivotal role in skin barrier formation.

Sphingosine- and phytosphingosine-type ceramides are
generated either via desaturation between the 4 and 5 posi-
tions of the LCB moiety of dihydroceramides (DS cerami-
des) by the desaturase DEGSI, or via hydroxylation of the
same moiety at the 4 position by the hydroxylase DEGS2
(49, 50). The difference in phytosphingosine-type ceramide
levels between humans and mice may be due to the differ-
ence of expression levels of DEGS2. In transcriptome anal-
ysis of human skin, the fragments per kilobase of transcript
per million mapped reads (FPKM) values, which indicate
relative gene expression levels, of DEGSI and DEGS2 were
186 and 32 (17% of DEGSI), respectively (51). On the other
hand, the FPKM values of Degsl and Degs2 were 95 and
0.036 (0.04% of DegsI) in the skin of mice (52). Although
the gene responsible for the production of 6-hydroxy
sphingosine-type ceramide has not yet been identified, the
absence of 6-hydroxy sphingosine-type ceramide in mice
suggests that the gene involved does not exist in mice or is
not expressed in the skin of mice. Additionally, the FPKM
value of FA2H, which encodes the FA 2-hydroxylase respon-
sible for hydroxylating FAs, the substrate of nonhydroxy
ceramide, to generate a-hydroxy ceramide, was low in mice
(0.17% of DegsI in mice; 4.2% of DEGSI in humans) (51,
52), possibly causing low levels of a-hydroxy ceramides in
mice. In Fa2h KO mice, neither the skin phenotype nor
reduced AS levels in skin were observed (53). In that re-
port, however, it is likely that BS, but not AS, was measured,
because AS levels were determined by TLC or MS analysis
without LC separation (53).

BS levels were increased by DKO of the 3-hydroxy acyl-
CoA dehydratase genes HACDI and HACDZ2in the FA elon-
gation cycle (Fig. 6B). Because acyl-CoAs with =C18 chain
lengths are produced in the FA elongation cycle, the high
levels of BS species with =C18 chain lengths (Fig. 3E) may
indicate that BS is synthesized in the ER by the condensa-
tion of LCB and B-hydroxy acyl-CoA supplied from the FA
elongation cycle. However, further analyses are required,
because (R) B-hydroxy acyl-CoAs are also produced as
an intermediate in B-oxidation in peroxisomes (54) and
because it is still possible that BS is generated by -
hydroxylation of NS by an unidentified hydroxylase. To
our knowledge, no experimental evidence has been re-
ported for the structural configuration of B-hydroxy acyl-
CoA in FA elongation so far. In this study, we have proven,
for the first time, that the B-hydroxy acyl-CoA produced in
FA elongation has an (R) configuration.

Earlier studies have reported that ceramides with odd-
chain FAs exist at high levels in the SC (Fig. 3F, supplemen-
tal Table S3) (7, 55). Odd-chain FAs are produced by
a-oxidation (cleavage of one carbon chain) of a-hydroxy
FAs (56). Therefore, the high C25:0 nonhydroxy and
a-hydroxy ceramide levels are presumed to be derived
from the high levels of C26:0 a-hydroxy ceramide, and odd-
chain FAs with chain lengths =C27:0 may be generated by
the elongation of C25:0 acyl-CoA through the FA elonga-
tion cycle.

The amounts of EO ceramides were comparable between
EOS, EOH, and EOP in the human SC (Fig. 3A), whereas
those of P-O ceramides were different: P-OS was the most
abundant, and P-OH and P-OP were half and 1/10 of
P-OS, respectively (Fig. 4A). Because P-O ceramides are
derived from EO ceramides, the difference in LCB com-
position between EO and P-O ceramides indicates that the
conversion efficiency of EO to P-O ceramides varies de-
pending on the LCB structure (the presence of hydroxyl-
ation), presumably due to the low activities against EOP
and EOH of the enzymes involved in the production of
P-O ceramides.

In this study, we revealed that the composition of ce-
ramide classes, especially in hydroxylated ceramide classes,
are different between human and mouse SC. Therefore, it
is predicted that the use of mice deficient in a hydroxylase
gene involved in the production of hydroxylated ceramide
may not always be appropriate as a model for human skin
disorders. On the other hand, the use of mice is still suit-
able for elucidating the importance of the common fea-
tures between human and mice, including EO ceramides,
P-O ceramides, and ceramides with ultra-long-chain FAs
(=C26), in skin barrier function.

In the current study, we successfully quantified a large
number of ceramide species in the SC. Although we fo-
cused on and quantified ceramide species containing LCBs
with a C18 chain length, LCBs with different chain lengths
(C14-C26) reportedly exist in the epidermis (57). Because
itis possible to separate and quantify ceramide species hav-
ing these LCBs by LC/MS/MS, more extensive SC ce-
ramide profiles will be analyzed in future studies. By using
our method to investigate and compare SC ceramide pro-
files from patients with skin disorders, the role of each ce-
ramide class in skin barrier formation and the pathogenesis
of skin disorders is expected to be revealed, leading to the
development of therapeutic drugs. B

Data availability
All data are contained within the manuscript.

The authors thank Megumi Sawai for providing the HACDI
HACD2 DKO cells.
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