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The primary purpose of the epidermis of terrestrial vertebrates is to produce the stratum corneum, which serves as the interface
between the organism and the environment. As such, the stratum corneum provides a permeability barrier which both limits water
loss through the skin and provides a relatively tough permeability barrier. This provides for a degree of resistance to mechanical
trauma andprevents or limits penetration of potentially harmful substances from the environment.The stratumcorneumconsists of
an array of keratinized cells embedded in a lipid matrix. It is this intercellular lipid that determines the permeability of the stratum
corneum. The main lipids here are ceramides, cholesterol, and fatty acids. In addition, the skin surface of mammals, including
humans, is coated by a lipid film produced by sebaceous glands in the dermis and secreted through the follicles. Human sebum
consists mainly of squalene, wax monoesters, and triglycerides with small proportions of cholesterol and cholesterol esters. As
sebum passes through the follicles, some of the triglycerides are hydrolyzed by bacteria to liberate free fatty acids. Likewise, near
the skin surface, where water becomes available, some of the ceramides are acted upon by an epithelial ceramidase to liberate
sphingosine, dihydrosphingosine, and 6-hydroxysphingosine. Some of the free fatty acids, specifically lauric acid and sapienic
acid, have been shown to have antibacterial, antifungal, and antiviral activity. Also, the long-chain bases have broad spectrum
antibacterial activity.

1. Epidermal Lipid Composition Alters
with Differentiation

As cells in the epidermis move from the basal layer toward
the skin surface, they become larger and flatter. They pro-
gressively synthesize keratins and other proteins, and they
synthesize and accumulate lipids [1]. The composition of the
lipids alters with differentiation until the final unique lipid
mixture in the stratum corneum is obtained. This consists
mainly of ceramides (50% by weight), cholesterol (27%),
and fatty acids (10%) with small amounts of cholesterol
oleate and cholesterol sulfate [1]. It is this lipid mixture that
determines the quality of the permeability barrier of the skin.
This barrier limits water loss through the skin, and this has
permitted the evolution of life as we know it on dry land [2].
This permeability barrier also protects the underlying tissue
against potentially toxic substances from the environment.
Some of the stratum corneum lipids also serve as substrates
for the enzymatic production of potent antimicrobials at

the skin surface. These antimicrobials are the long-chain
bases -- sphingosine, dihydrosphingosine, and possibly 6-
hydroxysphingosine. The structure of cholesterol has long
been known, and the free fatty acids in stratum corneum
are straight-chained saturated species ranging from 14- to
28-carbons in length with the C-22, C-24, and C-26 entities
being themost abundant [3]. However, it has taken decades to
fully define the changes in lipid composition accompanying
keratinization and to identify and determine the structures of
the ceramides of the stratum corneum.

In 1932, Kooyman demonstrated that human epidermal
basal cells contained phospholipids as the main lipid con-
stituents, while stratum corneum contained mainly neutral
lipids including cholesterol [4]. At this time ceramides had
not yet been identified in epidermis.

Another early demonstration that epidermal lipid com-
position alters with differentiation came from the work of
VJW Long [5, 6]. Long cut six horizontal slices through
cow snout epidermis. Each slice was 0.2mm thick. Lipids
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were then extracted and analyzed. The lowest slice contained
some dermis, the basal, and spinous cells, and the outermost
slice contained the stratum corneum and some granular cells.
Phospholipids, cholesterol, and free fatty acids were analyzed.
Phospholipids increased from the basal layer through the
next two slices and then decreased sharply as the stratum
corneum was approached. Cholesterol and fatty acids were
very low in the innermost four slices and showed a slight
increase in the slice below the stratum corneum and a
larger increase in the outermost slice containing the stratum
corneum. In 1965, Nicolaides had identified ceramides as a
major neutral lipid at the cell surface [7]. This identification
was based on infrared spectral data and was included in a
footnote added in proof (personal communication). Long
was apparently not aware of this and did not comment on
ceramides.

In 1975, Gray and Yardley [8] isolated different popula-
tions of keratinocytes from porcine epidermis by progressive
trypsinization. One fraction consisted of basal and spinous
cells, one of granular cells, and the third fraction was
stratum corneum. They found that the basal/spinous cell
fraction contained mostly phospholipids with small amounts
of cholesterol and glucosylceramides. The granular layer
fraction contained higher proportions of cholesterol and
glucosylceramides and lower proportions of phospholipids.
The stratum corneum contained the highest proportions of
cholesterol and ceramides. In the stratum corneum, phos-
pholipids represented 0.1% of the lipid mass compared to
62.3% in the basal/spinous cell fraction. These findings are
summarized in Figure 1.

2. Ceramide Structures

Gray and his collaborators also demonstrated that the ceram-
ides, found mainly in the stratum corneum, and the gluco-
sylceramides, found in the viable epidermis, are structurally
heterogenous [9]. They identified building blocks of the
sphingolipids to include straight-chained saturated fatty acids
ranging from 14- to 30-carbons in length, 𝛼-hydroxyacids,
sphingosines, dihydrosphingosines, and phytosphingosines.
Porcine epidermis was very similar to human epidermis in
terms of the lipid compositions.

In 1983, the first complete set of epidermal ceramide
structures was published [10]. The porcine epidermal
ceramides consisted of six chromatographically distinct
fractions, and each had a defined structure. These structural
entities were numbered 1 through 6 in order of increasing
polarity. Ceramide 1 was most unusual. It consisted of 30- to
34-carbon long 𝜔-hydroxyacids amide-linked to a mixture
of sphingosines and dihydrosphingosines with linoleic acid
ester-linked to the 𝜔-hydroxyl group. Ceramide 2 consisted
of straight-chained, saturated fatty acids amide-linked to
sphingosines and dihydrosphingosines. The fatty acids in
ceramide 2 were mostly 24-, 26-, and 28-carbons in length.
Ceramide 3 contained the same long, saturated fatty acids
amide-linked to a mixture of phytosphingosines. Ceramides
4 and 5 both contained 𝛼-hydroxyacids amide-linked to
sphingosines and dihydrosphingosines. They differed in that
ceramide 4 contained 24- through 28-carbon 𝛼-hydroxyacids
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Figure 1: Alteration of epidermal lipid content and composition
with differentiation based on data from Gray and Yardley [8].

while ceramide 5 contained 𝛼-hydroxypalmitic acid. The
difference in hydroxyacid chain lengths results in chromato-
graphic separation of these two ceramide fractions even
though they both contain 𝛼-hydroxyacids amide-linked to
sphingosine and dihydrosphingosine. Ceramide 6 contained
the longer variety of 𝛼-hydroxyacids amide-linked to
phytosphingosines. Determination of these structures has
been of significance for the cosmetics industry, transdermal
drug delivery, and dermatology.

While the numbering system of nomenclature worked
adequately for porcine ceramides, this did not carry over to
human epidermal ceramides, where the situation was more
complicated. Motta et al. [11] proposed a new nomenclature
system to address this problem. In the Motta system, the
amide-linked fatty acid is designated as N, A, or O, for
normal fatty acid, 𝛼-hydroxyacid, or 𝜔-hydroxyacid. The
long-chain base was indicated as S or P for sphingosine
or phytosphingosine. Sphingosine and dihydrosphingosine
always occurred together, so no separate designationwas pro-
posed for dihydrosphingosine. A prefix E indicated an ester-
linked fatty acid on the hydroxyl group of an 𝜔-hydroxyacid.
In normal healthy epidermis, this has always been predom-
inantly linoleate. With the subsequent identification of 6-
hydroxysphingosine in human epidermal ceramides H has
been added to this system to indicate this base [12]. Some
investigators have made the distinction between sphingosine
and dihydrosphingosine by using S for the former only and
DS for the latter [13–15]. In the original Motta proposal,
the stratum corneum ceramides with a base designated as S
actually contained a mixture of sphingosine and dihydrosph-
ingosine. These species did not separate by conventional
TLC. To describe such mixed-base ceramide fractions, it is
proposed to use S/DS. In this system, the porcine ceramides
becomeCEREOS/DS (7.1% of total ceramide byweight), CER
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Figure 2: Structures of free ceramides from human stratum corne-
um [16].

NS/DS (40.7%), CER NP (15.6%), CER AlS/DS (11.6%), CER
AsS/DS (10.1%), and CER AP (14.9%). The subscripts l and s
have been added to indicate long 𝛼-hydroxyacids and short
𝛼-hydroxyacids.

The first complete set of human ceramide structures was
published in 2003 [16]. These consisted of CER EOS/DS
(8.3%), CER EOP (6.4%), CER EOH (5.0%), CER NS/DS
(20.5%), CER NP (18%), CER NH (16.0%), CER AS/DS
(3.7%), CER AP (8.6%), and CER AH (12.9%). Again, sph-
ingosine was always accompanied by dihydrosphingosine as
indicated by S/DS. These structures are shown in Figure 2.

3. Mass Spectrometry and Individual
Ceramide Structures

The introduction of high performance liquid chromatogra-
phy in combination with electrospray ionization and tan-
dem mass spectroscopic methodology for analysis of stra-
tum corneum ceramides has led to the identification and
quantitation of individual molecular species [19]. In this
initial study, 182 molecular entities were identified. Similar
methodology has been used to examine seasonal variation
in ceramides linked to changes in barrier function in acne
patients [20]. This methodology has also been used to exam-
ine stratum corneum ceramides in healthy Chinese subjects
[15].

Liquid chromatography combined with dynamic multi-
pole reactionmonitoring ofmass spectrometry has been used
to study the effects of aging on stratum corneum ceramides. A
total of 93 biomarkers were identified to indicate differences
between children and adults [14].

Mass spectrometry has also been used to study stratum
corneum lipids in Netherton syndrome [21]. These patients
have severe permeability barrier disfunction. In general, it
was found that free fatty acids were shorter than normal and
contained more monounsaturated species. The ceramides

contained reduced proportions of long-chain fatty acids and
elevated proportions of shorter fatty acids.

The product of the PNPLA1 gene is a transacylase nec-
essary for the formation of 𝜔-O-acylceramides [22]. Mass
spectral analysis of ceramides from PNPL1 mutants revealed
the defect in acylceramide synthesis [23]. PNPLA1 knockout
mice die shortly after birth due to a severely defective
permeability barrier.

4. Covalently Bound Ceramides

Covalently bound𝜔-hydroxyceramides were first reported in
porcine stratum corneum [24] and were subsequently found
in human [17] and murine stratum corneum [18, 25].

Ceramides are synthesized in the viable portion of the
epidermis and are immediately glucosylated to form gluco-
sylceramides. These glycolipids are associated with lamellar
granules [26]. In the uppermost granular cells, the bounding
membrane of the lamellar granule fuses into the cellular
plasma membrane and the contents of the lamellar granule
are extruded into the intercellular space [27]. In addition
to glucosylceramides and sphingomyelin, the lamellar gran-
ules deliver to the intercellular space acid sphingomyelinase
and glucocerebrosidase [28–30]. These enzymes convert the
sphingomyelin and glucosylceramides into ceramides that
pass into the stratum corneum. The most abundant of the
glucosylceramides are the 𝜔-hydroxyacid-containing gluco-
sylceramides with linoleate ester-linked to the 𝜔-hydroxyl
group [31, 32]. Based on the amounts of acylglucosylceramide
associated with the lamellar granules and the amounts of
corresponding acylceramides that can be extracted from the
stratum corneum, it has been suggested that about two-thirds
of the lamellar granule-associated acylglucosylceramide is
in the bounding membrane, and the remaining one-third
is in the internal lamellae of the lamellar granule [33]. The
bounding membrane of the lamellar granule fuses into the
cell plasma membrane as the proteins of the cornified enve-
lope are being deposited [27]. The acylglucosylceramide at
the cell periphery becomes deglycosylated, and the linoleate
is removed.The resulting 𝜔-hydroxyceramides become ester-
linked to acidic amino acid side groups at the surface
of the cornified envelope [17, 24]. This process involves
lipoxygenase action on the linoleate tail [34], action of epox-
ide hydrolases [35], glucocerebrosidase [30], and possibly
transglutaminase [36]. The result is covalently bound CER
OS/DS [17, 24], CER OP [37], and CER OH [12, 17]. The
structures of the covalently bound 𝜔-hydroxyceramides are
presented in Figure 3.

It has been suggested that the covalently bound lipid
layer provides a template upon which the free lipids form
intercellular lamellae [38]. There is also evidence that the
covalently bound lipids may play a role in cell-cell cohesion
[39]. This layer of covalently bound lipid appears in trans-
mission electron micrographs as a continuous 4 nm thick
membrane and persists after extensive extraction of stratum
with chloroform:methanol mixtures to remove free lipids
[40]. Gray and Yardley noted in 1975 that the cell plasma
membrane appeared to persist from the basal keratinocyte
through the viable epidermis and into the stratum corneum
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Figure 3: Structures of the covalently bound 𝜔-hydroxyceramides
from porcine (OS/DS) and human (OS/DS, OH and OP) stratum
corneum [12, 17, 18].

as judged by transmission electron microscopy [8]. How-
ever, they pointed out that this structure in the stratum
corneum must be different from the plasma membrane in
the viable epidermis because there were no phospholipids in
the stratum corneum.Also, a freeze-fracture study employing
filipin as a probe to detect cholesterol in membranes noted
that the intercellular lamellae of stratum corneum contained
abundant cholesterol, but the lamella adjacent to the cornified
envelope, now known to be a layer of covalently bound 𝜔-
hydroxyceramides, contained none [41].

5. Metabolism of Ceramides

Palmitic acid is synthesized from acetyl-coenzyme A on the
cytosolic acyl carrier protein complex [42]. Palmitic acid can
then be released as the free fatty acid or transferred to coen-
zyme A. Chain extension starting with palmitoyl-coenzyme
A can take place in the endoplasmic reticulum [43]. If a chain
is extended long enough to span the endoplasmic reticulum,
it can be hydroxylated on the terminal carbon to produce
an 𝜔-hydroxyacid-coenzyme A [44]. Palmitoyl-coenzyme A
can also be hydroxylated on the 2 position to produce 𝛼-
hydroxyacid-coenzyme A [45].

Serine-palmitoyltransferase is the rate-limiting enzyme
in sphingosine, and thereby sphingolipid, biosynthesis [46].
It condenses serine with palmitoyl-coenzyme A to pro-
duce 3-keto-dihydrosphingosine. The ketone group in this
intermediate is reduced in an NADPH dependent reaction
to produce dihydrosphingosine which is rapidly condensed
with a fatty acid-coenzyme A by a ceramide synthase to
produce a ceramide. A trans double bond can then be
introduced between carbons 4 and 5 of the base to produce a
sphingosine-containing ceramide [45]. Hydroxylations of the
long-chain base component can produce phytosphingosine
or 6-hydroxysphingosine [45].

As noted elsewhere, ceramidases can hydrolyze ceram-
ides to liberate free long-chain bases.

6. Sebaceous Lipids

Sebum is the product of holocrine glands in the dermis and
is secreted through follicles onto the skin surface [47, 48].

Sebum composition is species specific. Human sebum con-
sists of squalene, wax monoesters, triglycerides, and small
proportions of cholesterol and cholesterol esters. As sebum
flows outward through the follicles, the triglycerides undergo
partial hydrolysis by bacterial lipases to produce free fatty
acids. The fatty acids reaching the skin surface include
saturated species ranging from 7- to 22-carbons in length
with palmitic acid being the most abundant [49]. It is notable
that this includes lauric acid (C12:0). Monounsaturates are
found in the range of 14- through 18-carbons with sapienic
acid, C16:1Δ6, being the most abundant. There are 18-carbon
dienoic species that represent less than 1% of the total fatty
acids. One of these is linoleic acid derived from the diet. The
other is the Δ 5,8 isomer [50].

7. Antimicrobial Fatty Acids and Long-Chain
Bases at the Skin Surface

In 1942, Burtenshaw demonstrated that lipids collected from
the human skin surface could kill Staphylococcus aureus [51].
The composition of the skin surface lipids was not completely
known at this time, but it was suggested that fatty acids could
be the active components. This view became widely accepted.
In 1947, Weitkamp et al. fractionated human sebaceous fatty
acid by fractional distillation [49]. They tested each fraction
for antifungal activity against Microsporum audouini, an
organism that causes ringworm of the scalp in infants [52].
They found that the short chain saturated species (C7:0, C9:0,
C11:0, and C13:0) were active against this fungus. Sebum
secretion is very low in children prior to the onset of puberty
[52]. This explains why “cradle cap” recurs in infants and
children until the onset of puberty, after which the infection
disappears and never returns.

Lauric acid, sphingosine, and dihydrosphingosine have
been shown to be antibacterial against a number of organ-
isms. Lauric acid was shown to be a uniquely potent antibac-
terial against a range of gram positive bacteria but not gram
negatives [53]. Sphingosine and dihydrosphingosine were
shown to be active against S. aureus, Streptococcus pyogenes,
Micrococcus luteus, Propionibacterium acnes, Brevibacterium
epidermidis, and Candida albicans [54].

Only recently were fatty acids actually isolated from
the human skin surface tested for antibacterial activity
[55]. It turns out that lauric acid (C12:0) and sapienic
acid (C16:1Δ6) were potent antibacterials versus S. aureus.
Octanoic acid, decanoic acid, myristic acid, and palmitic
acid displayed bacteriostatic activity but were not bactericidal
under the conditions of the testing. Recent studies have
shown that lauric acid is active against gram positive bacteria
including S. aureus, Streptococcus mitis, Streptococcus sangui-
nis, Corynebacterium bovis, Corynebacterium striatum, and
Corynebacterium jeikeium. It was not active against gramneg-
ative Escherichia coli, Serratia marcescens, or Pseudomonas
aeruginosa, but it was active against Fusobacteriumnucleatum
[56]. Sapienic acid was active against S. sanguinis, S. mitis,
F. nucleatum, and Porphyromonas gingivalis. It was inactive
against E. coli, S. marcescens, P. aeruginosa, C. bovis, C.
striatum, and C. jeikeium [56].
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Free sphingosine, dihydrosphingosine, and 6-hydroxys-
phingosine have been detected in stratum corneum [57–
61]. An epidermal ceramidase has been identified that could
liberate free long-chain bases from some of the ceramides.
There is some evidence that covalently bound ceramides
could be among the ceramidase substrates. In porcine stra-
tum corneum, there is a major amount of covalently bound
CER OS/DS and a small amount of covalently bound 𝜔-
hydroxyacid [17, 24]. The latter probably reflects ceramidase
action on covalently bound CER OS/DS with liberation of
sphingosine and dihydrosphingosine and retention of the 𝜔-
hydroxyacid. When young pigs are fed an essential fatty acid
deficient diet the transepidermalwater loss (TEWL) increases
progressively over some weeks [61]. The increase in TEWL
is accompanied by a decrease in covalently bound CER
OS/DS and a corresponding increase in covalently bound
𝜔-hydroxyacid. This may provide a mechanism to ward off
infection under conditions where the permeability barrier is
compromised.

Sphingosine and dihydrosphingosine have been found to
be antibacterial against E. coli, S. mitis, S. aureus, S. sanguinis,
C. bovis, C. striatum, C. jeikeium, and F. nucleatum. It was
inactive versus S. marcescens and P. aeruginosa [56].

8. Summary

In the epidermis, lipid composition alters dramatically as a
function of differentiation. Ultimately, a mixture of choles-
terol, fatty acids, and ceramides is end products of the
differentiation process.These lipids underlie the permeability
barrier of the stratum corneum.

Free fatty acids liberated from sebaceous triglycerides
serve as selective antimicrobial agents at the skin surface.
Free long-chain bases derived from ceramides in the stratum
corneum serve as broader acting antimicrobial agents at
the surface of the skin and its appendages. Under some
conditions, it may be useful to provide exogenous supplies of
these lipids to prevent or treat infection.

Conflicts of Interest

The author has no conflicts of interest regarding this manu-
script.

Acknowledgments

The author thanks Nancy Wertz for help in preparing the
figures and for proofreading this manuscript.

References

[1] P. W. Wertz and D. T. Downing, “Stratum corneum: Biological
and biochemical considerations,” Transdermal Drug Delivery,
vol. 35, pp. 1–22, 1989.

[2] D. Attenborough, Life on Earth, Little Brown & Company,
Boston, Mass, USA, 1980.

[3] P. W. Wertz, D. C. Swartzendruber, K. C. Madison, and D. T.
Downing, “Composition and morphology of epidermal cyst

lipids,” Journal of Investigative Dermatology, vol. 89, no. 4, pp.
419–425, 1987.

[4] D. J. KooymaN, “Lipids in the skin. Some changes in the
epidermis during the process of keratinization,” Archives of
Dermatology and Syphilology, vol. 25, no. 3, p. 444, 1932.

[5] V. J. Long, “Lipid composition at different depths in the cow
snout epidermis,”Proceedings of the Biochemical Society, vol. 114,
no. 4, pp. 72P–73P, 1969.

[6] V. Long, “Variations In Lipid Composition At Different Depths
In The Cow Snout Epidermis,” Journal of Investigative Derma-
tology, vol. 55, no. 4, pp. 269–273, 1970.

[7] N. Nicolaides, “Skin lipids. II. Lipid class composition of
samples from various species and anatomical sites,” Journal of
the American Oil Chemists’ Society, vol. 42, no. 8, pp. 691–702,
1965.

[8] G. M. Gray and H. J. Yardley, “Different populations of pig
epidermal cells: isolation and lipid composition,” Journal of
Lipid Research, vol. 16, no. 6, pp. 441–447, 1975.

[9] G. M. Gray and R. J.White, “Glycosphingolipids and ceramides
in human and pig epidermis,” Journal of Investigative Dermatol-
ogy, vol. 70, no. 6, pp. 336–341, 1978.

[10] P. W. Wertz and D. T. Downing, “Ceramides of pig epidermis:
structure determination.,” Journal of Lipid Research, vol. 24, no.
6, pp. 759–765, 1983.

[11] S. Motta, M. Monti, S. Sesana, R. Caputo, S. Carelli, and R.
Ghidoni, “Ceramide composition of the psoriatic scale,” BBA -
Molecular Basis of Disease, vol. 1182, no. 2, pp. 147–151, 1993.

[12] K. J. Robson, M. E. Stewart, S. Michelsen, and eral, “6-
Hydroxysphingosine in human epidermal ceramides,”The Jour-
nal of Lipid Research, pp. 2060–2068, 1994.

[13] S. Li, G. Ganguli-Indra, and A. K. Indra, “Lipidomic analysis of
epidermal lipids: a tool to predict progression of inflammatory
skin disease in humans,” Expert Review of Proteomics, vol. 13,
no. 5, pp. 451–456, 2016.

[14] Z.-X. Jia, J.-L. Zhang, C.-P. Shen, and L. Ma, “Profile and quan-
tification of human stratum corneum ceramides by normal-
phase liquid chromatography coupled with dynamic multiple
reaction monitoring of mass spectrometry: development of
targeted lipidomic method and application to human stratum
corneum of different age groups,” Analytical and Bioanalytical
Chemistry, vol. 408, no. 24, pp. 6623–6636, 2016.

[15] S. Cheng, Y. Chang, W. Fei et al., “Noninvasive quantitative
analysis of ceramide in skin of healthyChinese population,” Skin
Research and Technology, vol. 24, no. 3, pp. 479–484, 2018.

[16] M. Ponec, A. Weerheim, P. Lankhorst, and P. Wertz, “New
acylceramide in native and reconstructed epidermis,” Journal of
Investigative Dermatology, vol. 120, no. 4, pp. 581–588, 2003.

[17] P. W. Wertz, K. C. Madison, and D. T. Downing, “Covalently
bound lipids of human stratum corneum,” Journal of Investiga-
tive Dermatology, vol. 92, no. 1, pp. 109–111, 1989.

[18] M. Behne, Y. Uchida, T. Seki, P. Ortiz De Montellano, P.
M. Elias, and W. M. Holleran, “Omega-hydroxyceramides are
required for corneocyte lipid envelope (CLE) formation and
normal epidermal permeability barrier function,” Journal of
Investigative Dermatology, vol. 114, no. 1, pp. 185–192, 2000.

[19] Y. Masukawa, H. Narita, H. Sato et al., “Comprehensive quan-
tification of ceramide species in human stratum corneum,”
Journal of Lipid Research, vol. 50, no. 8, pp. 1708–1719, 2009.

[20] A. Pappas, A. C. Kendall, L. C. Brownbridge, N. Batchvarova,
and A. Nicolaou, “Seasonal changes in epidermal ceramides
are linked to impaired barrier function in acne patients,”
Experimental Dermatology, 2018.



6 Journal of Lipids

[21] J. Van Smeden, M. Janssens, W. A. Boiten et al., “Intercellular
skin barrier lipid composition and organization in netherton
syndrome patients,” Journal of Investigative Dermatology, vol.
134, no. 5, pp. 1238–1245, 2014.

[22] Y. Ohno, N. Kamiyama, S. Nakamichi, and A. Kihara, “PNPLA1
is a transacylase essential for the generation of the skin barrier
lipid 𝜔-O-acylceramide,” Nature Communications, vol. 8, p.
14610, 2017.

[23] M. Pichery, A. Huchenq, R. Sandhoff et al., “PNPLA1 defects
in patients with autosomal recessive congenital ichthyosis and
KO mice sustain PNPLA1 irreplaceable function in epidermal
omega-Oacylceramide synthesis and skin permeability barrier,”
Human Molecular Genetics, vol. 26, no. 10, pp. 1787–1800, 2017.

[24] P. W. Wertz and D. T. Downing, “Covalently bound 𝜔-
hydroxyacylsphingosine in the stratum corneum,” Biochimica
et Biophysica Acta (BBA) - Lipids and Lipid Metabolism, vol. 917,
no. 1, pp. 108–111, 1987.

[25] P. M. Elias, R. Gruber, D. Crumrine et al., “Formation and
functions of the corneocyte lipid envelope (CLE),” Biochimica
et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids,
vol. 1841, no. 3, pp. 314–318, 2014.

[26] P. W. Wertz, D. T. Downing, R. K. Freinkel, and T. N. Traczyk,
“Sphingolipids of the stratum corneum and lamellar granules of
fetal rat epidermis,” Journal of Investigative Dermatology, vol. 83,
no. 3, pp. 193–195, 1984.

[27] L. Landmann, “The epidermal permeability barrier,” Anatomy
and Embryology, vol. 178, no. 1, pp. 1–13, 1988.

[28] R. K. Freinkel and T. N. Traczyk, “A method for partial
purification of lamellar granules from fetal rat epidermis,”
Journal of Investigative Dermatology, vol. 77, no. 6, pp. 478–482,
1981.

[29] S. Grayson, A. G. Johnson-Winegar, B. U. Wintroub, R. R.
Isseroff, E.H. Epstein, andP.M. Elias, “Lamellar Body-Enriched
Fractions from Neonatal Mice: Preparative Techniques and
Partial Characterization,” Journal of Investigative Dermatology,
vol. 85, no. 4, pp. 289–294, 1985.

[30] K. C. Madison, G. N. Sando, E. J. Howard et al., “Lamellar
granule biogenesis: A role for ceramide glucosyltransferase,
lysosomal enzyme transport, and the Golgi,” Journal of Inves-
tigative Dermatology Symposium Proceedings, vol. 3, no. 2, pp.
80–86, 1998.

[31] P. W. Wertz and D. T. Downing, “Acylglucosylceramides of pig
epidermis: Structure determination,” Journal of Lipid Research,
vol. 24, no. 6, pp. 753–758, 1983.

[32] W. Abraham and PW. Wertz, “Downing DT: Linoleate-rich
acylglucosylceramides from pig epidermis: structure determi-
nation by protonmagnetic resonance,” Journal of Lipid Research,
vol. 26, pp. 761–766, 1985.

[33] P. W. Wertz, “Lipids and barrier function of the skin,” Acta
Dermato-Venereologica, vol. 80, pp. 7–11, 2000.

[34] Y. Zheng, H. Yin, W. E. Boeglin et al., “Lipoxygenases mediate
the effect of essential fatty acid in skin barrier formation: A
proposed role in releasing omega-hydroxyceramide for con-
struction of the corneocyte lipid envelope,” The Journal of
Biological Chemistry, vol. 286, no. 27, pp. 24046–24056, 2011.

[35] H. Yamanashi, W. E. Boeglin, C. Morisseau et al., “Catalytic
activities of mammalian epoxide hydrolases with cis and trans
fatty acid epoxides relevant to skin barrier function,” Journal of
Lipid Research, vol. 59, no. 4, pp. 684–695, 2018.

[36] Z. Nemes, L. N. Marekov, L. Fésüs, and P. M. Steinert, “A novel
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