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Abstract The stratum corneum (SC) is the outermost layer of
skin that functions as a barrier and protects against environ-
mental influences and transepidermal water loss. Its unique
morphology consists of keratin-enriched corneocytes embed-
ded in a distinctive mixture of lipids containing mainly
ceramides, free fatty acids, and cholesterol. Ceramides are
sphingolipids consisting of sphingoid bases, which are linked
to fatty acids by an amide bond. Typical sphingoid bases in the
skin are composed of dihydrosphingosine (dS), sphingosine
(S), phytosphingosine (P), and 6-hydroxysphingosine (H),
and the fatty acid acyl chains are composed of non-hydroxy
fatty acid (N), a-hydroxy fatty acid (A), w-hydroxy fatty acid
(O), and esterified w-hydroxy fatty acid (E). The 16 ceramide
classes include several combinations of sphingoid bases and
fatty acid acyl chains. Among them, N-type ceramides are the

J.-H. Shin - J. C. Shon * K.-H. Liu (<)

College of Pharmacy and Research Institute of Pharmaceutical
Sciences, Kyungpook National University, 80 Daehak-ro, Buk-gu,
Daegu 702-701, South Korea

e-mail: dstlkh@knu.ac.kr

K. Lee - S.Kim- C. S. Park
Department of Chemical and Biochemical Engineering, Dongguk
University, 26 Pil-dong 3-ga, Jung-gu, Seoul 100-715, South Korea

E. H. Choi
Department of Dermatology, Yonsei University Wonju College of
Medicine, 20 Ilsan-ro, Wonju 220-701, South Korea

C.H. Lee
Department of Bioscience and Biotechnology, BMIC, Konkuk
University, Seoul 143-701, South Korea

H. S. Lee (D<)

College of Pharmacy and Integrated Research Institute of
Pharmaceutical Sciences, The Catholic University of Korea, 43-1
Yeokgok 2-dong, Wonmi-gu, Bucheon 420-743, South Korea
e-mail: sianalee@catholic.ac.kr

most abundant in the SC. Mass spectrometry (MS)/MS anal-
ysis of N-type ceramides using chip-based direct infusion
nanoelectrospray-ion trap mass spectrometry generated the
characteristic fragmentation pattern of both acyl and
sphingoid units, which could be applied to structural identifi-
cation of ceramides. Based on the MS/MS fragmentation
patterns of N-type ceramides, comprehensive fragmentation
schemes were proposed. In addition, mass fragmentation pat-
terns, which are specific to the sphingoid backbone of N-type
ceramides, were found in higher m/z regions of tandem mass
spectra. These characteristic and general fragmentation pat-
terns were used to identify N-type ceramides in human SC.
Based on established MS/MS fragmentation patterns of N-
type ceramides, 52 ceramides (including different classes of
NS, NdS, NP, and NH) were identified in human SC. The MS/
MS fragmentation patterns of N-type ceramides were charac-
terized by interpreting their product ion scan mass spectra.
This information may be used to identify N-type ceramides in
the SC of human, rat, and mouse skin.

Keywords Ceramide - Mass spectrometry - Skin lipid -
Stratum corneum

Introduction

Ceramides, a subclass of sphingolipids, have an enormous
structural diversity, resulting in a large number of ceramide
species [1]. Ceramides are found in all tissues of the human
body, but the greatest diversity is found in the skin or, more
precisely, in the uppermost layer of the epidermis, i.e., the
stratum corneum (SC) [2]. This layer of the epidermis consists
of enucleate cells or corneocytes, which are embedded in a
matrix of primarily ceramides (>50 % by weight), cholesterol
and free fatty acids (between 15 and 20 wt.%), as well as
minor fractions of triacylglycerols and phospholipids [3-6].
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Ceramides belong to the sphingolipids, and in human SC, four
types of sphingoid bases, which are linked to fatty acids by an
amide bond. These include sphingosine (S),
phytosphingosine (P), 6-hydroxysphingosine (H), and
dihydrosphingosine (dS). The free fatty acids can be
non-hydroxylated (N), «-hydroxylated (A), or w-
hydroxylated (O), of which the latter can additionally be
esterified to a fatty acid (E) [7]. Among the four types of fatty
acid bases, N-type ceramide is the most abundant in human
SC (Fig. 1) [2]. All ceramide classes consist of several sub-
species that differ in the chain length of the sphingoid
base and amide-linked fatty acid. The most common chain
length for the sphingoid base is C18, with a range of C12 to
C22 [1]. The chain length of the amide-linked fatty acid varies
from C16 to C40.

Various techniques have been applied to identify ceramide
species in the SC. For example, HPTLC is commonly used in
skin lipid research to identify ceramide subclasses in human
SC [8, 9]. However, this approach is time-consuming and
requires a large quantity of material, which is not always
available. Liquid chromatography coupled to mass spectrom-
etry (MS) has also been used for ceramide analysis [1, 2,
10-15]. Although beneficial to comprehensive analysis, the
chromatographic step limits throughput, especially with a
large number of samples [16]. Recently, direct infusion of
lipid extracts into a tandem mass spectrometer without addi-
tional separation of the individual molecular species has been
developed and applied to rapid analysis of phospholipids,
triacylglycerols, and ceramides [17-20]. Shotgun lipidomic
method was more than 10-fold faster than traditional methods
because no chromatographic separation was required [20]. At
this time, ceramide species in skin SC samples have not been
analyzed using direct infusion methods. In addition, it is
important to characterize mass fragmentation patterns specific
to ceramide types to determine the structure of skin ceramides.
Previously, Hinder et al. [14] reported the fragmentation path-
way of NP-type ceramide using collision-induced dissociation
in negative ion mode. The collision-induced dissociation path-
ways of NS-type ceramides after electrospray ionization were
also partly elucidated by Han [21] and Hsu and Turk [13].
Additionally, the fragmentation scheme of NdS-type ceramide
was proposed by Raith and Neubert [22]. At present, the
comprehensive mass fragmentation patterns, as well as the
exact structure of each fragment ion, of the four major N-type
ceramide species remain unknown.

In this study, we characterized the MS/MS fragmentation
pattern of four major N-type ceramides by interpreting their
product ion scan mass spectra. We also developed a simple
and rapid method of identifying and profiling N-type cer-
amide species in human SC using chip-based direct infusion
nanoelectrospray-ion trap mass spectrometry. These methods
were successfully applied to identification of N-type
ceramides in human SC, and the MS/MS fragmentation pat-
terns of N-type ceramides were characterized.

Experimental
Reagents

Ammonium acetate and chloroform were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Methanol was
purchased from Merck (Darmstadt, Germany). All chemicals
and solvents were of analytical grade and commercially avail-
able. Synthetic ceramides CER[N(24:1)dS(18:0)],
CER[N(18:0)dS(18:0)], CER[N(17:0)S(18:1)],
CER[N(24:1)S(18:1)], CER[N(16:0)P(18:0)], and
CER[N(24:0)P(18:0)] were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) or Matreya (Pleasant Gap, PA,
USA).

Ceramide analysis and data processing

Ceramide profiling was performed on a LTQ XL mass spec-
trometer (Thermo Fischer Scientific, West Palm Beach, FL,
USA) equipped with a robotic nanoflow ion source TriVersa
Nanomate (Advion Biosciences, Ithaca, NY, USA) using
nanoelectrospray chips with 5.5-um-diameter spraying noz-
zles. The ion source was controlled using the Chipsoft 8.3.1
software (Advion Biosciences). lonization voltage was
—1.4 kV in negative mode, and backpressure was set at
0.4 psi. Ton transfer capillary temperature was 200 °C, and
tube voltage was —100 V. Under these settings, 10 pL of the
analyte could be electrosprayed for more than 50 min.
For the analysis, 5 pL of samples was loaded onto 96-
well plates (Eppendorf, Hamburg, Germany) of the
TriVersa Nanomate ion source. Each sample was ana-
lyzed for 2 min. The data collection method involved a
full scan (scan range: m/z 400—1,000) and a data-dependent
MS/MS scan of the most abundant ions. Standard spectra

Hon+1Ch
H2n+1C WOH H2n+1C WOH H2n+1C /\)\[/\OH 2n+1 w

Han+1C /\H/NH Hon+1C /\[‘rNH
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Fig. 1 Structure of four N-type ceramide species
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were scanned in low-resolution mode with 30 eV CID voltage
to obtain specific MS/MS fragmentations. All spectra were
recorded with the Thermo Xcalibur software (version 2.1.,

Thermo Fisher Scientific), and skin ceramides were tentative-
ly identified based on their specific MS/MS fragmentation
patterns.

b2 N(17:0)S(18:1
100 294.3 [M-CH,O-HJ ( )S( )
520.7 OH
80 43 C13H27/W°H
8 NH
§ 60 268.3 C15H31/\[(
5 d2\ el °
% 40 263.3 269.3 1 [M-CH,0O-H,0-HJ-
2 a3 C -
£ \ bl 502.7 | [M-H,0-H]
g ;§7§51'2 3103123 532.6
0 / 468.4
200 250 300 350 400 450 500 550 600 650 700
m/z
b2 . .
b2 N(24:0)dS(18:0)
100 OH
_ cmHNWOH [M-MeOH-HJ"
g 80 NH 618.8
g o szH45/\[f d3 [M-CH,0-H,O-H]
g 0 . 602.8
5 \ el
o 40 367.5 1
2 a3
g o O3 aagk 9D [M-H,O-H
['4
23032883 4105 632.8
0 .
a4
267.3 3103 N(160)P(18:0)
255.3
al
g0 298.3 Cuter”™ 1 T O
8 NH
% C14H29/Y
3 60 o)
5 [M-2H,0-HJ
2 40 bl 518.7
g 296.3 [M-H,O-H]
20 &2 | | [M-MeOH-H]| 536.7
237.3| 1280.3 5225
0
100 662'8
N(26:0)H(18:1) pu-cromr
g 80 OH
g CiaHas oH
T 60 OH NH
5 Cz4H49/\[f
£ 40 0
g b2 M-CH,0-H,O-H]
g £ d3 14205 [M-CH,0-H,0-H] [M-H,O-H]-
253. 39453955 cl bl 644.7 2
% ws N 436.54385 674.8
03— N . ) A i . i i 679.9
200 250 300 350 400 450 500 550 600 650 700
m/z

Fig. 2 Tandem mass spectrum of ceramides [N(17:0)S(18:1)], [N(24:0)dS(18:0)], [N(16:0)P(18:0)], and [N(26:0)H(18:1)]
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Sampling and sample preparation

Lipids of SC were obtained from healthy volunteers (20—
33 years old, seven males and six females, Korean). All
individuals were enrolled with informed consent. Skin lipids

were obtained from each inner forearm (a total of four loca-
tions per sample) using the cup method modified from the
procedure of Bonté et al. [23]. The skin surface was cleaned
with 30 % ethanol, and five tape strippings using D-squame
standard tape (Cuderm, Dallas, TX, USA, diameter, 2.2 cm)
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Scheme 1 Suggested fragmentation pathways of CER[NS] standard [N(17:0)S(18:1)] by means of collision induced dissociation in negative ion mode.

This scheme has been prepared considering previous work [10, 13, 21]
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under constant pressure (180 g/cm?®) were performed prior to
solvent extraction to avoid sebum contamination. For solvent
extraction, an 18-mm-diameter (40.72 cm? for the four contact
locations) glass cylinder was used. The solvent system used

CizHaz

5
OH

O g

4

CizHzr
HO
| —

for the first extraction was 5 mL of cyclohexane/ethanol (1:4;
v/v), and 5 mL of cyclohexane/ethanol (1:1, v/v) was used for
the second extraction. The solvent extracts were combined
and dried under a nitrogen stream at 50 °C. Total lipid extracts
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Scheme 2 Suggested fragmentation pathways of CER[NdS] standard [N(24:0)S(18:0)] by means of collision induced dissociation in negative ion

mode. This scheme has been prepared considering previous work [12, 13]
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were then fractionated into three fractions, namely neutral
lipids, free fatty acids, and ceramides using silicic acid column
chromatography. Half of the dried extracts were reconstituted
in 200 pL of chloroform and loaded onto silicic acid columns
which were preconditioned with chloroform. After sample

loading, each column was washed with 20 mL of chloroform
to elute the neutral lipids, with 20 mL of chloroform contain-
ing 0.2 % acetic acid to elute free fatty acids, and finally with
30 mL of methanol to elute ceramides. The ceramide fractions
were dried under nitrogen and stored at —70 °C until use. To
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Scheme 3 Suggested fragmentation pathways of CER[NP] standard [N(16:0)P(18:0)] by means of collision induced dissociation in negative ion mode.

This scheme has been prepared considering previous work [10, 12-15, 21]
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measure ceramides, the ceramide fractions were dissolved in ~ ammonium acetate. Aliquots were subjected to the
100 uL of methanol/chloroform (9:1, v/v) and diluted 10-fold ~ Nanomate-LTQ system to identify N-type ceramides in the
with methanol/chloroform (9:1, v/v) containing 7.5 mM  samples.

HO__ C12Hzs HO._ _CqoHps HO._ Ci2Hzs
4/HT\O = 7
k 1 A
HO 3 — HO —
N© [-CH,0] N [ H,0 N
C24H49/\[]/ 2 C24H49/\[f [- H20] C24H49/\ﬂ/
o} le} o
a m/z692.5 al m/z 662.8 a2 m/z644.7
HO CyoHos
N =
Sy T e ¢

- N- N°
N - H,O
C24H49/\n/ C24H49/j.r [ 2 ] C24H49/\ﬂ/

o (@)
a m/z692.5 b1 m/z 438.5 b2 m/z 420.5
HO__ C12Hzs
/UH
Ho N0 — > 7o
NH NH
Co4H Cz4H49/\[f
24 49/\[(])/ i
c m/z692.5 c1 m/z436.5
HO___Ci2H2s Ci2H2s
CizHas XD
YO NS o
(@) HN O .
[ H20] H \E HN\EO
C24H49 C24"'49 CaaHas CasHag
(6] O
¢ m/z692.5 d1 m/z674.8 92 /73945
H H
=
= [PeSa o HOM/)Q N
o C12H25 HN (3 C12H25 HN T — CZ4H49/Y
NH 0
Cz4H49/\ﬂ/
o] CaaHag e Ca4Hag
d1 m/z 674.8 el m/z3955
’ Ci2Hzs 'O C1aHas
'O CazHos
=
- HZO] Of) o
CaqHag Noh CaaHag Non
(e} (e}
f m/z692.5 f1 m/z674.8 f2 m/z 253.2

Scheme 4 Suggested fragmentation pathways of CER[NH] standard [N(26:0)H(18:1)] by means of collision induced dissociation in negative ion mode.
This scheme has been prepared considering previous work [2]
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Fig. 3 General MS/MS fragmentation pattern of N-type ceramides

Results and discussion
MS/MS identification of N-type ceramide

The targeted MS/MS analysis obtained by Nanomate-LTQ
provided specific fragment ion information for both the acyl
and sphingoid units, which can be used for structural identifi-
cation of ceramides. The identification procedures for synthet-
ic ceramide standards [N(17:0)S(18:1) (NS, MW=551),
N(24:0)dS(18:0) (NdS, MW=651), and N(16:0)P(18:0) (NP,
MW=555)] were as follows: NH-type ceramide is commer-
cially unavailable; therefore, the fragmentation pattern of this
ceramide was proposed based on the MS/MS spectrum of
N(20:0)H(17:1) ceramide (NH, MW=693), which was found
in the stratum corneum of human skin [2]. All N-type
ceramides species were detected as mainly acetate adducts
[M+CH3COO] (>95 %) due to the ammonium acetate com-
ponent of the reconstitution solvent system. The MS/MS
spectra of these acetate adducts generated deprotonated mo-
lecular ions [M-H] . Product ion scan spectra of these
pseudomolecular ions [M-H] provided informative fragmen-
tation patterns for the structural identification of N-type cer-
amide species (Fig. 2).

Characterization of NS-type ceramide mass fragmentation
patterns

The proposed fragmentation pathway of the non-hydroxy
ceramide (NS type) standard is illustrated in Scheme 1 and
described below. These patterns can be used to identify mo-
lecular species containing different acyl amide constituents.

@ Springer

The MS/MS spectrum of ceramide N(17:0)S(18:1) obtained
by fragmenting the pseudomolecular ion [M-H] with m/z
550.5 through collision yielded an abundant product ions at
m/z 520.7, which suggested that a CH,O group (al) was lost
and that cleavage induced the formation of an ion with the
charge retained at the fatty acid with m/z251.2 (a3). Ceramide
NS can also lose both the CH,O group and water, resulting in
a product ion at m/z 502.7 (a2). Cleavage at the C2—C3 (see
structure a in Scheme 1 for numbering of the carbon atoms)
bond resulted in a characteristic ion at m/z312.3 (b1) with the
charge on the fatty acid moiety, and a subsequent loss of water
resulted in a product ion at m/z294.3 (b2). Cleavage at the C2—
C3 bond from pseudomolecular ion ¢ resulted in a character-
istic ion at m/z 310.3 (c1) with the charge on the fatty acid
moiety. A prevalent neutral loss of water could occur at two
different positions (c and f) and occurred with double bond
formation (m/z 532.6). One double bond could form between
C2 and C3 (dl), and subsequent cleavage at this location
resulted in a product ion at m/z 263.3 (d2) and 268.3 (d3) with
the charge on the sphingoid moiety and fatty acyl moiety,
respectively. With a double bond at this position, a rearrange-
ment (e) can further take place, resulting in a product ion at m/z
269.3 (el), which is the fatty acid itself. A second possible
position was located between C1 and C2 (f1), and cleavage of
this position resulted in a product ion with m/z 237.3 and a
charge located at the sphingoid base (12).

Several characteristic fragments related to the fatty acid
were observed, namely a3, bl, b2, cl, d3, and el.
Furthermore, d2 and f2 were characteristic fragment ions
related to sphingosine. These results agreed with the findings
of Hsu and Turk [13], Han [21], and Vietzke et al. [10]. Based
on this ceramide NS fragmentation scheme, the composition
of NS-type ceramide in human SC can be examined.

Characterization of the NdS-type ceramide mass
fragmentation patterns

The proposed fragmentation pathway of NdS type ceramide is
illustrated in Scheme 2 and described below. The MS/MS
spectrum of the ceramide N(24:0)dS(18:0) standard by
fragmenting the pseudomolecular ion [M-H] ™ with m/z 650.7
through collision yielded a product ions at m/z 602.8, suggest-
ing that a CH,O group and water (al) were lost and that
cleavage at this location induced the formation of an ion with
the charge retained at the fatty acid with m/z 349.5 (a2).
Cleavage at the C2—C3 (see structure a in Scheme 2 for
numbering of carbon atoms) bond resulted in a characteristic
ion at m/z410.5 (b1) with the charge on the fatty acid moiety,
and a subsequent loss of water resulted in a product ion at m/z
392.6 (b2). Cleavage at the C2-C3 bond from
pseudomolecular ion ¢ also resulted in a characteristic ion at
m/z 408.5 (cl) with the charge on the fatty acid moiety. A
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Fig. 4 Tandem mass spectrum of ceramides [N(24:0)S(18:1)], [N(18:0)dS(18:0)], [N(24:0)P(18:0)], and [N(26:0)H(20:1)]

prevalent neutral loss of water could occur at two different
positions (c and f) with a double bond formation (m/z 632.8).
One double bond could be formed between C2 and C3 (d1),
and a subsequent cleavage resulted in a product ion at m/z
366.5 (d2) with the charge on the fatty acyl moiety. With a

double bond at this position (d1), a rearrangement (e) could
further take place, resulting in a product ion at m/z 367.5 (el),
which is the fatty acid itself. A second possible position was
located between C1 and C2 (f1), and cleavage at this location
resulted in a product ion with 7/z239.3 and the charge located
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Fig. 5 Typical mass spectrum of the ceramide extracts from the stratum corneum of human skin using electrospray ionization in negative ion mode

at the sphingoid base (f2). Ceramide N(24:0)dS(18:0) also
showed abundant product ions at m/z 618.8, suggesting that
loss of the methanol molecule (g1) and cleavage induced the
formation of an ion with the charge retained at the sphingoid
base with m/z 268.3 (g2).

Several characteristic fragments related to the fatty
acid were observed, namely a2, b2, cl, d2, and el.
Furthermore, f2 and g2 were characteristic fragment ions
related to sphingosine. These results are in agreement
with the findings of Hsu and Turk [13] and Raith and
Neubert [22].

Characterization of the NP-type ceramide mass fragmentation
patterns

The MS/MS spectrum of ceramide N(16:0)P(18:0) by
fragmenting the pseudomolecular ion [M-H]" with m/z 554.6
through collision showed a characteristic fragmentation pat-
tern. Cleavage at the C2—C3 (see structure a in Scheme 3 for
numbering of carbon atoms) bond resulted in a characteristic
ion at m/z 298.3 (al) with the charge on the fatty acid moiety,
and a subsequent loss of water resulted in a product ion at m/z
280.3 (a2). NP-type ceramide could also show cleavage of the
fatty acid chain, and this fragment ion showed a neutral loss of
water (a3, m/z 298.3) and further loss of a CH,OH radical (a4,
m/z 267.3). Cleavage at the C2-C3 bond from
pseudomolecular ion b also resulted in a characteristic ion at
m/z 296.3 (bl) with the charge on the fatty acid moiety. A
prevalent neutral loss of water could occur at two different
positions (b and d) with a double bond formation (m/z 536.7
and 518.7). Two double bonds due to the loss of two water
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molecules could form at the C2—C3 and C4—C5 bonds (c1, m/z
518.7), and a subsequent rearrangement (c2) could further
take place, resulting in a product ion at m/z 255.3 (c3), which
is the fatty acid itself. A second possible position was located
between C1 and C2 (d1), and cleavage at this location resulted
in a product ion with 7/z310.3 and a charge located at the fatty
acyl moiety (d2). Ceramide NP (d) also showed abundant
product ions at m/z 522.5 (d3), suggestive of loss of methanol
molecule. Two double bonds due to the loss of two water
molecules from d could also form at the C1-C2 and C4-C5
bonds (el, m/z 518.7), and cleavage at the C2—C3 bond
induced the formation of an ion with the charge retained at
the sphingoid base with m/z 237.3 (e2). Several characteristic
fragments related to the fatty acid were observed, namely al,
a2, a4, bl, c3, and d. Furthermore, €2 was a characteristic
fragment ions related to sphingosine. These results are in
agreement with the findings of Hsu and Turk [13], Hinder
et al. [14], Raith and Neubert [22], and Vietzke et al. [10].
Hinder et al. [14] proposed a structure of this fragment ion (m/z
267.3), which was produced from N(18:0)P(18:0) ceramide;
however, the m/z value of their structure was 266.3.

Characterization of the NH-type ceramide mass fragmentation
patterns

NH-type ceramide is commercially unavailable; therefore, the
fragmentation pattern of this ceramide was proposed based on
the MS/MS spectrum of NH-type ceramide (MW=693),
which is found in the stratum corneum of human skin. The
proposed fragmentation pathway of NH type ceramide is
illustrated in Scheme 4 and described below. The MS/MS
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Table 1 Identification of skin
NS-type ceramides which are No. MW [M-H]" [M+CH;COO]  Identified ceramides
found in human skin samples
Type Total carbon ~ Acyl chain Sphingoid base
1 621.7 620.7 680.7 NS 40:1 24:0 16:1
22:0 18:1
2 635.7 634.7 694.7 NS 41:1 25:0 16:1
24:0 17:1
23:0 18:1
3 649.7 648.7 708.7 NS 42:1 26:0 16:1
25:0 17:1
24:0 18:1
22:0 20:1
4 663.7 662.7 722.7 NS 43:1 26:0 17:1
25:0 18:1
24:0 19:1
5 677.7 676.7 736.7 NS 44:1 26:0 18:1
24:0 20:1
6 691.7 690.7 750.7 NS 45:1 27:0 18:1
26:0 19:1
25:0 20:1
7 705.7 704.7 764.7 NS 46:1 28:0 18:1
26:0 20:1
8 719.7 718.7 778.7 NS 47:1 28:0 19:1
27:0 20:1
26:0 21:1
25:0 22:1
9 733.7 732.7 792.7 NS 48:1 28:0 20:1
26:0 22:1
10 747.7 746.7 806.7 NS 49:1 29:0 20:1
28:0 21:1
27:0 22:1
11 761.7 760.7 820.7 NS 50:1 30:0 20:1
28:0 22:1
12 775.7 774.7 834.7 NS 51:1 30:0 21:1
29:0 22:1
13 789.7 788.7 848.7 NS 30:0 22:1
Table 2 Identification of skin
NdS-type ceramides which are No. MW [M-H]" [M+CH;COO]  Identified ceramides
found in human skin samples
Type Total carbon Acyl chain Sphingoid base
1 539.6 538.6 598.6 NdS 34:0 17:0 17:0
2 553.6 552.6 612.6 Nds 35:0 16:0 19:0
3 595.6 594.6 654.6 NdS 38:0 20:0 18:0
18:0 20:0
4 623.7 622.7 682.7 NdS 40:0 24:0 16:0
5 651.6 650.6 710.6 NdS 42:0 24:0 18:0
23:0 19:0
6 665.6 664.6 724.6 NdS 43:0 24:0 19:0
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Table 3 Identification of skin NP-type ceramides which are found in
human skin samples

No. MW [M-H] [M+ Identified ceramides
CH;COO]
Type Total Acyl Sphingoid

carbon chain base
1 5417 540.7 600.7 NP  33:0 16:0 17:0
2 5557 5547 614.7 NP  34:0 16:0 18:0
3 569.7 568.7 628.7 NP  35:0 18:0 17:0
4 5837 582.7 642.7 NP  36:0 19:0 17:0
18:0 18:0
5 5977 596.7 656.7 NP  37:0 20:0 17:0
19:0 18:0
18:0  19:0
6 611.7 610.7 670.7 NP  38:0 22:0  16:0
20:0 18:0
19:0  19:0
18:0  20:0
7 6257 624.7 684.7 NP  39:0 23:0 16:0
22:0 17:0
8 6397 638.7 698.7 NP  40:0 24:0 16:0
23:0 17:0
22:0 18:0
9 6537 652.7 712.7 NP  41:0 25:0 16:0
24:0 17:0
10 667.7 666.7 726.7 NP  42:0 26:0  16:0
25:0 17:0
24:0 18:0
11 681.7 680.7 740.7 NP  43:0 26:0 17:0
25:0 18:0
24:0  19:0
12 695.7 694.7 754.7 NP  44:0 26:0 18:0
25:0  19:0
24:0  20:0
13 709.7 708.7 768.7 NP 45:0 28:0 17:0
27:0  18:0
26:0  19:0
25:0  20:0
24:0 21:0
23:0  22:0
14 7237 7227 782.7 NP  46:0 28:0 18:0
27:0  19:0
26:0  20:0
25:0 21:0
24:0 22:0
15 7377 736.7 796.7 NP 470 29:0 18:0
28:0  19:0
27:0  20:0
26:0  21:0
25:0 22:0
16 751.7 750.7 810.7 NP  48:0 28:0  20:0
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Table 3 (continued)

No. MW [M-H] [M+ Identified ceramides

CH5;COO]

Type Total Acyl Sphingoid
carbon chain base

27.0 21:0
26:0  22:0
17 7657 764.7 824.7 NP  49:0 30:0 19:0
29:0  20:0
28:0 21:0
27:0 22:0
18 779.7 778.7 838.7 NP 50:0 30:0 20:0
29:0 21:0
28:0 22:0
19 7937 792.7 852.7 NP  51:0 31:0 20:0
30:0 21:0
29:0 22:0
28:0 23:0

spectrum of the ceramide N(26:0)H(18:1) by fragmenting the
pseudomolecular ion [M-H] with m/z 692.5 through collision
yielded product ions at m/z 662.8, suggesting that a CH,O
molecule (al) was lost. Ceramide NH could also show both
loss of a CH,O group and water, resulting in a product ion at
m/z 644.7 (a2). Cleavage at the C2—C3 (see structure a in
Scheme 2 for numbering of carbon atoms) bond resulted in a
weak ion at m/z 438.5 (bl) with the charge on the fatty acid
moiety, and a subsequent loss of water resulted in a product
ion at m/z 420.5 (b2). Cleavage at the C2—C3 bond from
pseudomolecular ion ¢ also resulted in a characteristic ion at
mlz 436.5 (cl) with the charge on the fatty acid moiety. A
prevalent neutral loss of water could occur at two different
positions (c and f) with double bond formation (m/z 674.8).
One double bond could form between C2 and C3 (d1), and a
subsequent cleavage resulted in a product ion at m/z 394.5 (d2)
with the charge on the fatty acyl moiety. With a double bond at
this position (d1), a rearrangement (¢) could further take place,
resulting in a product ion at m/z 395.5 (el), which is the fatty
acid itself. A second possible double-bond position was locat-
ed between C1 and C2 (fl), and cleavage at this location
resulted in a product ion with m/z 253.2 and a charge located
at the sphingoid base (f2). Several characteristic fragments
related to the fatty acid were observed, including b1, b2, cl,
d2, and el. Furthermore, f2 was a characteristic fragment ion
related to sphingosine. These results are in agreement with the
findings of t’Kindt et al. [2].

General MS/MS fragmentation pattern of N-type ceramides

Comparison of the fragment pattern of N-type ceramides with
different sphingoid backbones in the m/z region of the
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Table 4 Identification of skin
NH-type ceramides which are No. MW [M-H]" [M+CH;COO]  Identified ceramides
found in human skin samples
Type Total carbon Acyl chain Sphingoid base
1 539.6 538.6 598.6 NH 33:1 17:0 16:1
2 553.6 552.6 612.6 NH 34:1 16:0 18:1
3 567.6 566.6 626.6 NH 35:1 18:0 17:1
4 581.6 580.6 640.6 NH 36:1 18:0 18:1
5 595.6 594.6 654.6 NH 37:1 20:0 17:1
18:0 19:1
6 623.7 622.7 682.7 NH 39:1 24:0 15:1
7 637.6 636.6 696.6 NH 40:1 23:0 17:1
22:0 18:1
8 651.6 650.6 710.6 NH 41:1 24:0 17:1
23:0 18:1
9 665.6 664.6 724.6 NH 42:1 24:0 18:1
10 679.6 678.6 738.6 NH 43:1 26:0 17:1
25:0 18:1
24:0 19:1
11 693.6 692.6 752.6 NH 44:1 26:0 18:1
12 707.6 706.6 766.6 NH 45:1 26:0 19:1
25:0 20:1
13 721.6 720.6 780.6 NH 46:1 26:0 20:1
14 735.6 734.6 794.6 NH 47:1 28:0 19:1
27:0 20:1
26:0 21:1
15 749.6 748.6 808.6 NH 48:1 28:0 20:1
16 763.6 762.6 822.6 NH 49:1 28:0 21:1
17 777.6 776.6 836.6 NH 50:1 30:0 20:1
28:0 22:1
18 791.6 790.6 850.6 NH 51:1 30:0 21:1
29:0 22:1
19 805.6 804.6 864.6 NH 52:1 30:0 22:1

pseudomolecular ion of the MS/MS spectrum revealed gen-
eral fragmentation patterns of N-type ceramides (Fig. 3). The
MS/MS spectrum of NS- and NH-type ceramide resulted in a
series of fragment ion masses with differences of 18, 30, and
48 Da, which originated from the loss of water, CH,O group,
and CH,O and water, respectively, from their deprotonated
molecular ion. Although both NS- and NH-type ceramides
showed the same fragmentation pattern in higher m/z regions
of the tandem mass spectrum, these two ceramides were
distinguished based on the m/z values of their deprotonated
pseudomolecular ion. The MS/MS spectrum of NdS-type
ceramides showed a series of fragment ion masses with dif-
ferences of 18, 32, and 48 Da, which originated from the loss
of water, methanol, and CH,O and water, respectively, from
their deprotonated molecular ion. The MS/MS spectrum of
NP-type ceramides also resulted in characteristic fragment ion
masses with differences of 18, 32, and 36 Da, which

originated from the loss of water, CH,O group, and two water
molecules, respectively, from their deprotonated molecular
ion. Based on these characteristic and general MS/MS frag-
mentation patterns, we determined the sphingoid backbone of
N-type ceramides. These characteristic fragmentations of N-
type ceramides were also confirmed on N-type ceramides
having different acyl chain (Fig. 4). This pattern may be used
to identify the sphingoid backbone of N-type ceramides in the
SC of human, rat, and mouse skin.

Identification of N-type ceramides in the stratum corneum
of human skin
Direct infusion of lipid extracts into a tandem mass spectrom-

eter has been used for ceramide analysis in various sample
sources such as bovine brain [2, 13], rat [24], and Jurkat T cell
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[25]. At this time, this direct infusion method has not been
applied to ceramide profiling in skin SC.

In this study, the chip-based direct infusion
nanoelectrospray-ion trap mass spectrometry was successfully
applied to identify N-type ceramides in the human SC. A
typical mass spectrum of human SC extracts is shown in
Fig. 5. MS/MS/MS spectra were obtained from the product
ion scan of the acetate adduct ion [M+CH;COO] . Based on
established mass fragmentation patterns of N-type ceramides,
several N-type ceramides in human SC were identified
(Tables 1, 2, 3, and 4). Analyzing the fragments revealed N-
type ceramide molecules that differed in sphingosine and
amide-linked fatty acid chain lengths. For example, a NS-
type ceramide species with a monoisotopic mass of
708.7 Da (42 carbon atoms) contained both the expected and
most abundant ratio N24/S18, as well as N26/S16, N25/S17,
and N22/S20. Furthermore, several subspecies were detected
with an odd number of carbon atoms in both chains, including
N25/S17, N19/P17, N19/P19, N23/P17, N25/P17, and N23/
H17. This observation agrees with a previously report by
Hinder et al. [14].
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An overview of the total carbon chain lengths of all N-type
ceramide subclasses is listed in Fig. 6. The calculated total
chain length distribution (Tables 1, 2, 3, and 4) of N-type
ceramides (excluding NdS-type ceramides) is in agreement
with a previous report by van Smeden et al. [26], t’Kindt et al.
[2], and Vietzke et al. [10]. The relative distribution of NS-
type ceramide (Cy4q to Cs;) in Korean SC (Fig. 6a) is similar to
that in Belgian SC [2]. NP-type ceramides with a total number
of carbon atoms between Cs3 and Cs; (Fig. 6b) and NH type
ceramides between Cs; and Cs; were detected (Fig. 6¢). This
is in line with a previous study [2], in which NP-type
ceramides were found with 34-52 carbon atoms and NH-
type ceramides between Cs; and Cs,. These slight differences
may originate from inter-individual variations [14]. NdS- and
NH-type ceramides are of identical molecular weight; there-
fore, they produced the same m/z ion in mass spectra (Fig. 6d).
In general, NH-type ceramide is more abundant than NdS-
type ceramide [2], and the intensity of NH-type specific
fragment ions is stronger than that of NdS-type specific frag-
ment ions in the product ion spectra, which resulted in NH-
type ceramide identification compared to NdS-type ceramide.
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Based on these results, it is possible that NdS-type ceramide
profiling in human SC using direct infusion electrospray ion
trap mass spectrometry may not be possible because of the
presence of abundant NH-type ceramide.

Conclusion

In this study, the molecular structures of the subspecies of the
four N-type ceramide classes (NS-, NdS-, NP-, and NH-type)
were analyzed using chip-based direct infusion
nanoelectrospray-ion trap mass spectrometry. The product
ions of native N-type ceramides were associated with frag-
ments of the precursors using the fragmentation schemes
derived from tandem mass spectra of N-type ceramides.
Based on the MS/MS fragmentation pattern of these
ceramides, an N-type ceramide MS/MS library was generated.
We also applied this N-type ceramide MS/MS library to
determine the exact structure of N-type ceramides extracted
from human SC. In contrast to the relatively simple ceramide
standards, ceramides of the SC require intensive investigation.
However, this method could be used to identify N-type
ceramides in human SC.

Structural information of N-type ceramide molecular spe-
cies, including fatty acyl amide substituents and sphingoid
moieties, were easily obtained using negative-ion
nanoelectrospray tandem mass spectrometry. This platform
could be a useful tracking biomarker for various skin diseases
such as allergic contact dermatitis and atopic dermatitis.
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