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Abstract: Attached to the outer surface of the corneocyte lipid envelope (CLE), omega-hydroxy
ceramides (ω-OH-Cer) link to involucrin and function as lipid components of the stratum corneum
(SC). The integrity of the skin barrier is highly dependent on the lipid components of SC, especially on
ω-OH-Cer. Syntheticω-OH-Cer supplementation has been utilized in clinical practice for epidermal
barrier injury and related surgeries. However, the mechanism discussion and analyzing methods are
not keeping pace with its clinical application. Though mass spectrometry (MS) is the primary choice
for biomolecular analysis, method modifications forω-OH-Cer identification are lacking in progress.
Therefore, finding conclusions on ω-OH-Cer biological function, as well as on its identification,
means it is vital to remind further researchers of how the following work should be done. This
review summarizes the important role ofω-OH-Cer in epidermal barrier functions and the forming
mechanism of ω-OH-Cer. Recent identification methods for ω-OH-Cer are also discussed, which
could provide new inspirations for study on bothω-OH-Cer and skin care development.

Keywords: omega-hydroxy ceramides (ω-OH-Cer); corneocyte lipid envelope (CLE); mass spectrometry
(MS) analysis; integrity of skin barrier; skin care

1. Introduction

In the history of organic evolution, creatures have covered themselves with skin to
isolate their inner organs from the outer environment [1]. As one of the biggest organs in
the human body, the skin has several essential functions. Most mechanical injury would be
fatal if there is no skin coverage. Furthermore, survival on dry land requires a sustainable
moisture containment system in the stratum corneum (SC), which can protect against the
loss of body fluid and electrolytes [1,2]. The mammalian epidermis is a kind of multi-
layered epithelium, which maintains its self-renewal ability under dynamic equilibrium
and injury conditions by maintaining the mitotic active cell groups in hair follicles and the
innermost basal layer. The SC functions as a barrier for the human body, and is formed
naturally with a linear differentiation process. In this process, basal cells differentiate from
a basal layer into spinous cells in the spinous layer, which in turn develop into enucleated
granular cells in the granular layer, and subsequently function into squames in the SC [3].
The dysfunction of the SC will cause a disrupted skin barrier, exposing patients to water
loss and skin inflammation, all of which would cause severe dermatological conditions
such as atopic dermatitis, psoriasis vulgaris, and xeroderma pigmentosum [4].

During the skin-cornification process, lipids are transported to the extracellular space
by lamellar bodies containing phospholipids, glycosylceramides, sphingomyelin, choles-
terol, and enzymes [5,6]. Enzymes are known as metabolizers of lamellar lipids, and form
the final lipid components of SC. Generally, human SC is composed of 50% ceramides
(Cer), 25% cholesterol, and 15% free fatty acids (FA) [7]. As the most abundant component
of SC, Cer has attracted the attention of researchers. In SC, the lipids derived from sebo-
cytes, keratinocytes and microorganisms function as “mortar” for squames. The strong
protective barrier of skin is built via lipids binding squames together [8]. Certain lipid
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components of SC will maintain a balance of inner homeostasis. To date, the cause of skin
barrier disruption is poorly understood. In the meanwhile, the disruption of skin barrier
integrity was confirmed as a mechanism for skin dermatoses [9]. Supplementation of Cer
assists in the formation of the permeability barrier, which in turn can heal damage to the
skin barrier [10]. Severe epidermal barrier perturbation occurs with selective ablation of
ceramides in the epidermis [11]. Moreover, as a secondary lipid messenger, Cer and/or
its metabolites mediate several cell signaling processes, including growth, differentiation,
senescence, necrosis, proliferation, and apoptosis [12]. In current clinical treatment for
skin barrier integrity, Cer has become a preferred alternative to corticosteroids, of which
the latter might cause side-effects such as high blood pressure, headache, and in terms of
skin, barrier weakening [13]. A recent review by Kono et al. [14] reveals 21 positive reports,
indicating that external ceramide-containing preparations have effects on improving dry
skin and barrier function. In these reports, formulations containing Cer have been shown
to reduce transdermal water loss, improve stratum corneum structure, and/or increase stra-
tum corneum fat content. These reports therefore detail the efficacy of ceramide-containing
formulations.

The Cer molecule is composed of a long-chain base (LCB) and an FA attached by an
amide bond [6]. Various combinations of LCB and FA make the molecular structure of Cer
to differ from other molecules. For mammals, there are five types of LCB, including sph-
ingosine (Sph), dihydrosphingosine (DS), phytosphingosine (PS), 6-hydroxy sphingosine
(H), and 4,14-sphingadiene (SD), as well as four types of FA, including nonhydroxy FA
(N), α-hydroxy FA (A), β-hydroxy FA (B), andω-hydroxy FA (O) [15]. The structures and
nomenclature for Cer classes in mammals are illustrated in Figure 1. Sph-based Cer will be
the focus of the following discussion. In this review, the nomenclature of ceramides follows
the report of Motta et al. [16] and Robson et al. [17]. The name of each Cer is a combination
of a letter representing the type of FA, and another one representing the type of LCB.
For example, Sph ceramides with α/β/ω-hydroxylated FA are designated as AS/BS/OS.
Hydroxylation of LCB in ceramides introduces multiple variations in biomolecule func-
tions. For instance, the absence of AS on the myelin sheath membrane leads to a loss of
long-term stability of the myelin sheath, and eventually leads to demyelination [18,19]. The
quantitative analysis of B in biological cycles evaluates the energy fatty acid oxidation and
interrelated pathways. In other words, a regular and proper BS level indicates the body’s
ability to deal with fasting states, as well as normal cell metabolism and maintenance
of cell energy supply [20]. When it comes to OS, the most noticed function is its critical
role in maintaining the integrity of SC. O-type FA is hydroxylated at the ω position of
carbon chain, which is located at the end of carbon chain. Acylated with LCBs, O-type FA
formsω-hydroxyceramides (ω-OH-Cer), namely, OS/ODS/OPS/OH/OSD. This unique
hydroxyl position gives ω-OH-Cer surfactant properties, and chances to combine with
proteins or other FAs with the hydroxyl at theω position ofω-OH-Cer.

In SC, keratinocytes are surrounded by a highly crosslinked protein network, also
known as the cornified lipid envelope (CLE) [21]. ω-OH-Cer is the primary lipid compo-
nent of CLE, which is covalently attached to the outer surface of the cornified envelope and
connected with involucrin, forming lipids in SC [22]. ω-OH-Cers are synthesized in the SC
(the outermost layer of the epidermis) from precursor molecules called glucosylceramides.
The synthesis of omega-hydroxy ceramides is mediated by a family of enzymes called
cytochrome P450 oxidases, which add hydroxyl groups to the ceramide molecules. These
hydroxyl groups are typically added to the omega (ω) position of the fatty acid chain of
the ceramide molecule, hence the name “ω-OH-Cers” [23]. The hydroxyl group at theω
position can be esterified with other molecules to form esterified FA, or be attached to a
protein for the modification of protein-bound FA. Early in 1986, Philip et al. [24] reported
that FA, ω-hydroxyacids, and ω-hydroxyacylSphs in mammals are covalently attached
to macromolecules, where 60% of the hydrolysis products of these lipids comprises ω-
hydroxyacylSph or OS. Acylceramide, formed by acylation of ω-OH-Cer, functions as a
molecular rivet. It holds the extracellular bilayers, where theω-hydroxyacyl chain spans



Int. J. Mol. Sci. 2023, 24, 5035 3 of 14

one of the lipid bilayers and the linoleate tail is inserted into another bilayer [25]. The
cutaneous permeability barrier is therefore constructed by matured corneocytes to form
a moisture-containment system. The significant role of ω-OH-Cer in maintaining the
epidermal barrier function was only discovered after years of clinical cases. Numerous
abnormal barrier conditions, including malformation of the cornified lipid envelope [26],
atopic dermatitis [22], and ultraviolet burns [22], are all due to disturbedω-OH-Cer biosyn-
thesis, which is huge threaten to skin barrier integrity. ω-OH-Cer contributes to this barrier
function by forming lamellar structures that help to seal the spaces between corneocytes
(the flattened, dead cells that make up the SC). These lamellar structures are formed by the
interdigitation of long-chain ceramides, cholesterol, and free fatty acids, and they provide a
water-repellent surface that helps to prevent water loss from the skin [27].

Therefore, quantitation and identification of omega-hydroxyceramides in the skin
can provide important insights into the mechanisms underlying skin barrier function. In
particular, the development of analytical methods to quantitate ω-OH-Cer has enabled
researchers to assess the levels of ω-OH-Cer in healthy and diseased skin, providing
valuable insights into the role ofω-OH-Cer in skin function and disease [28]. The analysis
of omega-hydroxyceramides in the skin involves different steps, including separation and
compound identification. Separation of ω-OH-Cer provides the potential of studying
this Cer with an independent view. Compound identification with separated ω-OH-
Cer provides a more specific identification, which can possibility be used for further
quantitation [2,6,18]. These two steps, along with the analyzing methods, are valuable tools
for understanding the biological functions of the ω-OH-Cer molecule, as well as for the
study of the pathology and biology ofω-OH-Cer molecules [6].

In this review, the detailed molecule mechanism of SC recovery from acute barrier dis-
ruption is discussed, in order to evaluate the efficiency ofω-OH-Cer in CLE development.
This review is organized as follows: (1) mechanism of epidermal barrier recovery; (2) the
biosynthesis ofω-OH-Cer; (3)ω-OH-Cer functions as a molecular rivet in CLE develop-
ment; (4) current identification studies ofω-OH-Cer and challenges; (5) conclusions.
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Figure 1. Structures and nomenclature for Cer classes in mammals.

2. Mechanism of Epidermal Barrier Recovery

The mammalian epidermis maintains renewable ability under conditions of injury
or homeostatic status, via population of mitotically active cells in hair follicles and the
innermost basal layer [28,29]. The epidermal barrier is the outermost layer of the skin, and
it plays a critical role in protecting the body from external insults and preventing water
loss. When the epidermal barrier is damaged, the skin becomes more permeable and loses
its ability to retain moisture. This can lead to skin dryness, inflammation, and other skin
disorders [27].The forming process, as well as the recovering process, of the epidermal
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barrier are dynamic and similar. The detailed structure of the epidermal barrier is pictured
in Figure 2. As the beginning sign of terminal differentiation, basal cells withdraw from
cell cycles concomitantly and leave the basement membrane. Differentiation of basal
cells to spinous cell leads to the next stage of epidermal keratinocytes, where the durable
cytoskeleton frame of keratin filaments is reinforced, in order to gain sufficient mechanical
strength for the potential physical impact. Following that, the spinous cells develop into
granular cells. In granular layer, lamellar bodies produce lipids and herein assemble CLE,
the highly crosslinked protein network, via sequential incorporation of precursor proteins
underneath the plasma membrane [6]. In this process, epidermal keratinocytes go through
most of their cell cycle and are close to the disintegration of their cell membranes [30]. The
subsequent calcium influx activates the transglutaminase (TGM) enzyme to crosslink Cers
with CLE proteins, forming a sac surrounding the keratin fibers, as shown in Figure 2. One
of the protective elements of the epidermal barrier is derived from this tough, insoluble
structure. As the dynamic process occurs from the inner layers to the surface, the final
stage of the epidermal keratinocyte life cycle occurs in the SC, where lipids derived from
sebocytes, keratinocytes, and microorganisms will function as the “mortar” for squames.
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For physical skin damage recovery, all those mentioned cells are included, and this
dynamic process is similar to the process of epidermal barrier-forming, as mentioned
before, but with certain differences, including inflammation. The process of wound healing
occurs in five overlapping stages, namely hemostasis, inflammation, proliferation, re-
epithelization, and fibrosis [31,32]. In inflammation stage, which follows initial hemostasis,
the innate immune system helps to remove dead tissue and defend the body from invading
pathogens [33]. The reconstruction of damaged tissue involves the proliferation and re-
epithelization processes, which include collagen synthesis, extracellular matrix formation,
and restoration of the vascular network [33,34]. Basal keratinocytes migrate continuously
to the SC layer to rebuild physical barrier [31]. The final stage of wound healing is the
formation of functionally and visually intact skin. These overlapping wound individual
healing stages are complex and their processes are dependent on one another; disruption
in any of the processes can induce a hypertrophic scar with long-lasting pruritis [32].
Hypertrophic scar formation brings a risk of keloids, which is benign hyperproliferation of
fibroblasts [35]. Sung et al. demonstrated that growth of fibroblasts can be inhibited by Cer
via apoptosis and supposedly Sph; the metabolic product of OS might have cytotoxic effects
on growth of keloid fibroblasts [36]. Therefore,ω-OH-Cer not only plays an irreplaceable
role in SC formation, but also is beneficial for epidermal barrier construction.
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Beside open skin injuries, recovery of the skin barrier from atopic dermatitis is another
issue of great interest, which is shown in Figure 3. Atopic dermatitis is characterized by
inflammation and chronic itching in skin. Barrier dysfunction induces an inflammatory en-
vironment and skin dryness, lowering the itch threshold [37]. Pruritus in atopic dermatitis
generally causes scratching on the affected area. Scratching breaks down fragile skin barrier
and triggers Type 2 inflammatory responses that could exacerbate itch sensitization. Due
to continuous damage accrued in the itch–scratch cycle and pre-existing barrier dysfunc-
tion, the five overlapping stages discussed in the preceding paragraph will be interrupted,
breaking the healing plan [38]. Fortunately, certain treatments can relieve these symptoms.
Of numerous studies based on topical therapy, systemic agents, or biologics, the main goal
for atopic dermatitis management is to maintain the integrity of the skin barrier [39–41].
Intact CLE not only prevents the loss of natural moisturizing, but also helps in forming a
proper orientation of the intercellular lipid lamellar structure, by interdigitating with the
intercellular lipids [42]. Attached to the outer surface of the cornified envelope, ω-OH-Cer,
symbolized by OS in CLE, is linked to involucrin to function as lipid components of SC.
ω-OH-Cer forms lipids in the SC in unique ways that other ceramides cannot replace. Pa-
tients suffering from a lack ofω-OH-Cer or its related enzymes are at an extremely high risk
of atopic dermatitis, harlequin ichthyosis [43], psoriasis [44], and other diseases caused by
skin barrier dysfunction [45,46]. Mutations inω-OH-Cer synthesis or condensing-related
gene have been shown to be causes of congenital ichthyoses and ichthyosis syndromes.
These ichthyosis conditions can only be modified via ω-OH-Cer supplementation [47].
There has been no successful trial on non-ω-hydroxylated ceramides on modifying congen-
ital ichthyoses or ichthyosis syndromes. Moreover, the specific mechanism for epidermal
injury caused by UVB is the breakage of the lipid bond betweenω-OH-Cer and other lipids
in SC [23]. To assist in epidermal barrier recovery, syntheticω-OH-Cer has been applied
widely in order help regain the moisture containment system in animal experiments [48,49].
All in all,ω-OH-Cer supplementation is not an official treatment for any specific disease,
but the existence ofω-OH-Cer builds a strong barrier for the SC.
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Figure 3. Schematic diagram of epidermal barrier recovery. (A) Epidermal barrier recovery due to
physical skin damage. (B) Epidermal barrier recovery due to a lesion from atopic dermatitis.

3. The Biosynthesis of ω-OH-Cer in Epidermal Barrier

ω-OH-Cer molecules were synthesized via de novo synthesis and salvage pathways.
To detail the whole process ofω-OH-Cer synthesis, the FA and Cer synthesis processes are
described individually below. Figure 4 is a vivid emerge of this whole process.
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3.1. The Synthesis of Long-Chain FA (LCFA) for ω-Hydroxylation

The synthesis of FA is an iterative process, where FA chain length is strictly under
control. Unlike proteins and nucleic acids, the monomeric unit of FA has less freedom
and the chain length is more complex to predict, since this process is defined via FA
synthase (FAS) instead of mRNA or DNA templates. During FA synthesis, there is no
specific boundary for FA chain elongation, hydroxylation, and desaturation. Therefore, the
variation of the FA chain is diverse. Despite the numerous FA products garnered using FA
biosynthesis, the naturalω-hydroxylation on FA only occurs on FA chains with more than
16 carbon atoms [24].

Upon the onset of long-chain FA (LCFA) synthesis, FASs commonly release palmitic
acid (C16:0) and stearic acid (C18:0), or the coenzyme A (CoA) derivatives thereof [50].
Most elongations of FA are achieved based on those products. FA elongations circulate via
four processes: condensation, reduction, dehydration, and reduction [51]. In the first step,
enzymes embedded in the endoplasmic reticulum elongate FAs, in order to convert FAs into
acyl-CoAs. FA elongase catalyzes the production of 3-ketoacyl-CoA by condensing acyl-
CoA with malonyl-CoA. Mammals have seven FA elongases with characteristic substrate
specificity, named after the elongase of very-long chain fatty acid 1–7 (ELOVL1–7) with
specific substrates [50]. In the second step, 3-ketoacyl-CoA is reduced to 3-hydroxy acyl-
CoA by 3-ketoacyl-CoA reductase, named KAR in mammals [52]. Later, 3-hydroxyacyl-CoA
dehydratase (HACD1-4) dehydrates 3-hydroxy acyl-CoA into 2,3-trans-enoyl-CoA, in order
to take the LCFA synthesis to the last step. Then, 2,3-trans-enoyl-CoA reductase (TER)
takes over in order to catalyze the formation of elongated acyl-CoA.

Besides saturated fatty acid, the synthesis of unsaturated FA is also interesting. Firstly,
the unsaturation process of elongated acyl-CoA or FAs should be clarified. CoA desaturases
introduce a double bound to a specific location on the acyl-CoA chain, where the biological
properties are complexed for further biofunctions. CoA desaturase is classified in accor-
dance with the location on which the double bound is introduced (∆ number to indicate
the location on carbon chains). In mammals, activities of ∆9, ∆6, and ∆5 CoA desaturases
are observed [52]. All the desaturases found in mammals are only stearoyl-coA desaturases
(SCDs). The other desaturase family, the so-called fatty acid desaturase (FADS) family, is
not present in mammals. SCDs are endoplasmic reticulum enzymes, which catalyze the
saturated FAs, synthesized de novo or from diary intake, into monounsaturated FAs. The
desaturating process is essentially the transmission of hydrogen ions (H+). The combination
of nicotinamide adenine dinucleotide (NADH), flavoprotein cytochrome b5 reductase, and
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the electron acceptor cytochrome b5 provides one molecular oxygen of adequate hydrogen
ions to form two molecules of H2O, half from the transmission of hydrogen ions and half
from substrates [53]. The preferred substrates of SCD are palmitoyl (C16:0)- and stearoyl
(C18:0)-CoA, which are desaturated into palmitoleoyl (C16:1)- and oleoyl (C18:1)-CoA [54].

Noticeably, elongase activities and the process of FA occur in parallel until the chain
length hits C26, when ELOVL4 takes over the elongase process and the desaturase process
barely appears. The longer the carbon chain grows, the weaker the control SCD has on
them. Therefore, though FAs can be catalyzed five or six times, the supplementation of
essential FAs, such as docosahexaenoic acid (DHA, C22:6), in the diet is important [55].

The ω-hydroxylation of FA is not limited to a certain chain length. Although it is
not thoroughly clarified, one of the credible theories based on the activity of microsomal
cytochrome P450 enzymes is put into practice in multiple studies [50,56]. Cytochrome P450
family, a heme-containing monooxygenase, has a special ability to catalyze the hydroxy-
lation of the terminal carbon atoms in the inactivated alkyl chain [57]. About 300,000 se-
quences of cytochrome P450 have been identified since it was first discovered in the early
1960s [58]. ω-hydroxylation of FA includes two main P450-dependent mechanisms. FAs
with carbon chain longer than C30 are produced from a chain extension of palmitic acid
(C16:0) and then hydroxylated by the P450 enzyme. In contrast, FAs with shorter carbon
chains are directly ω-hydroxylated by the P450 family [24]. In 2000, Behne et al. [48]
adapted amino benzotriazole, a chemical relative with notable P450 inhibitory activity,
into cultured human keratinocytes, and found that it demonstrated significant decline in
ω-hydroxylated FA and led to increased water loss in the epidermal barrier. This work
proved the vital role P450 plays inω-hydroxylated FA formation, as well as in epidermal
health. Six years later [59], mutations on a new gene FLJ39501, which encodes CYP4F22
(cytochrome P450, family 4, subfamily F, polypeptide 22), were found in 21 patients with
autosomal recessive congenital ichthyosis, in four countries. Ohno et al. [60] further delved
into the investigation of FLJ39501, the FA ω-hydroxylation gene, to prove that CYP4F22
is a bona fide ULCFA ω-hydroxylase required for acyl Cer production to enhance skin
permeability barrier function. In 2019, a more detailed theory of lamellar ichthyosis based
on a missense mutation in exon 8, CYP4F22 Arg243Leu, was predicted to be a functionally
defective variant via in silico analysis [61]. An abnormality of cytochrome P450-related
genes in human mutations can further induce obvious epidermal damage, which will
expose hosts to hyperkeratosis, mild acanthosis, or parakeratosis symptoms [24,48,56–58].
Not only meaningful for ω-hydroxy FA biosynthesis, fungal P450 and its outstanding
ω-hydroxylation performance shed light on the artificial synthesis of ω-hydroxy FA in
commercialized synthesis [50]. Despite the related knowledge being still limited, further
studies on FAω-hydroxylase are still carrying on.

3.2. The Synthesis of ω-OH-Cer in the Epidermal Barrier

The onset of LCB biosynthesis inω-OH-Cer is the condensation of palmitoyl (C16:0)-CoA
and L-serine by serine palmitoyltransferase (SPTLC), the product of which is 3-ketodihydro-Sph.
In the following, 3-ketodihydro-Sph reductase (KDSR) reduces 3-ketodihydro-Sph to dihydro-
Sph. Dihydro-CER D4-desaturase (DES1) desaturates the dihydro-Sph between C4 and C5
to form a double bound, from which a Sph base is completed [62]. Dihydro-Sph can also be
hydroxylated at the C3 position by dihydro-CER hydroxylase (DES2) to complete a PS base,
which is another LCB, to synthesizeω-OH-Cer [62].

The synthesis of ω-OH-Cer follows the regular synthesis process of Cer synthesis,
where Cer synthase (CerS) participates in the main esterifying process. Specifically, CerSs
have preference for certain fatty acyl-CoAs. For example, CerS5 and CerS6 are active with
C14:0-C18:0 fatty acyl-CoAs [63–65]; CerS1 is active with C16:0-C18:0 fatty acyl-CoAs [64];
CerS4, CerS2, and CerS3 are active with C18-C24 fatty acyl-CoAs [64–66]. To produce
ceramides with longer chain lengths, CerS2 and CerS3 can keep active for fatty acyl-CoAs
up to C26 [66,67]. The lack of CerS3 in mice directly induces the complete loss of ultra-
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long-chain ceramides (>C26) and ω-OH-Cer [67]. In this aspect, the ω-OH-Cer de novo
synthesis process in mammals is highly dependent on CerS3.

Other than being a de novo pathway, Cers can also be re-acylated by the salvage
pathway via CerSs [56].

4. ω-OH-Cer Functions as Molecular Rivet in CLE Development

As mentioned before, SC mainly consists of terminally differentiated keratinocytes,
which are embedded into the extracellular lipid matrix. During terminal differentiation, the
cornified envelope (CE), a crosslinked protein structure, replaces the plasma membrane [30].
CLE is a monolayer of lipids bound covalently to CE. Being the interface of hydrophilic
corneocytes and the lipophilic extracellular lipids, CLE is vital for skin barrier stability [26].
The surfactant properties of CLE are mainly based on its complex lipid components, of
which ceramide accounts for the majority. ω-OH-Cer stands out for its hydroxylated group
at the end of its carbon tail, with which CE proteins are connected by ester linkage [48].

The CLE is the product of keratinocytes during the differentiation process from specific
lipid vesicles, which comprises lamellar bodies in the upper part of viable epidermis
keratinocytes [2,6,68]. Within the latter differentiation process, Cer precursors (glycosylated
or phosphocholinated ceramides), together with their converting enzymes, are released
to extracellular space. Concurrently, the CLE forms via enzymes involved in binding Cer
with CE, co-located at SC [68,69].

The binding of Cer with CE is based on the covalent binding of ultra-long-chain
(ULC) Cer (ULC-Cer) to proteins on the surface of CE, as shown in Figure 2. ULC-Cer is
derived from ultra-long-chain acylceramide, a Cer species in which the N-acyl chain is
composed ofω-hydroxylated ULC-fatty acids esterified with linoleic acid (C18:2) to form
esterifiedω-hydroxy sphingosine (EOS), esterifiedω-hydroxy phytosphingosine (EOP),
and esterified ω-hydroxy 6-hydroxy sphingosine (EOH) [70]. The formation of CerEOS
and CLE, as well as the genes/molecules involved, have been researched by studies on
water-loss-related diseases, such as ichthyosis [69]. However, the mechanism of CerEOS
binding to proteins on the outer surface of CE is still not well understood.

In 2020, Takerchi hypothesized that the loss of SDR9C7, which is generally respon-
sible for ichthyosis, is the key for CerEOS binding to proteins [71]. It was conjected that
after 12R-LOX catalyzes CerEOS to form 9R-hydroperoxy-CerEOS, eLOX3 takes over to
further catalyze 9R-hydroperoxy-CerEOS into epoxy-alcohol-CerEOS. After these pro-
cesses, SDR9C7 oxidization happens, resulti into epoxy-enone-CerEOS. The non-enzymatic
binding to proteins on the extracellular surface of CE relies on this epoxy-enone [72].
Finally, the covalently bound epoxy-enone-CerEOS forms CerEOS-bound protein by an
unknown mechanism (probably via the Michael addition reaction or Schiff base and pyrrole
formation) [71]. In 2021, Youssefian et al. [73] conducted a clinical and molecular char-
acterization work of 19 patients with autosomal recessive congenital ichthyosis, in five
families with SDR9C7 gene mutation. The apparent knockdown of SDR9C7 coupled with
ichthyosis symptoms indicates a strong link between SDR9C7 mutations and ichthyosis.
Downregulation of SDR9C7 by small interfering RNA techniques in three-dimensional
organotypic skin construction in in vitro keratinocytes also led to similar morphologi-
cal and histological abnormalities in ichthyosis patients [73]. Takeichi et al. [72] carried
out liquid chromatography–mass spectrometry (LC-MS) quantitative assays on epoxy-
enone-CerEOS in SDR9C7-mutated patients and SDR9C7-KO mice. The disappearance of
epoxy-enone-CerEOS, compared with a higher abundance of other acylceramides related to
the lipoxygenase pathway in these cases, verified ADR9C7 as being a critical requirement
for production of epoxy-enone-CerEOS, which is known for its nonenzymatic coupling
to proteins [72]. Mutations of the SDR9C7 family are strongly associated with Mendelian
disorders of cornification, a highly heterogeneous group of diseases [74]. Collectively, con-
structions of CerEOS with proteins, which ensure epidermal barrier integrity, are severely
dependent on SDR9C7.
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5. Current Identification Studies of ω-OH-Cer and Challenges

In 1986, Philip et al. [24] reported the irreplaceable position of hydroxylated ceramides
in CLE lipids. In the same year, Philip et al. continued to verify that the bound lipids
are mostly composed of ω-OH-Cer (53.3%) and ω-hydroxyacid-containing (24.8%) Cer
in human SC, via traditional quantitative thin-layer chromatography coupled with gas–
liquid chromatography [75]. This innovative discovery, at the time, attracted much interest
regarding ω-OH-Cer in the SC, and, therefore, gave a primitive guide for identification
studies ofω-OH-Cer.

The identification and quantification of small biomolecules such as ceramides can
be analyzed via a wide array of analytical methods, such as gas chromatography–mass
spectrometry (GC-MS), LC-MS, and high-performance thin layer chromatography (TLC)
coupled with MS detection. Herein, the following part will discuss these methods for
ω-OH-Cer identification. Hopefully this will be an inspiration for further study. Conven-
tional techniques, for instance, ultraviolet spectroscopy (UV) analysis, have been used as
the standard method for ω-OH-Cer identification. However, the accuracy and stability
of MS has gradually led to it becoming the technique of choice for structural analysis.
Especially when it comes to isomer discrimination, the regular fragmentation makes the
identification easier and more specific for detail picturing [76].

There is a small body of work reporting GC-MS for the qualitative study ofω-OH-Cer.
Without derivation, lipids are fragile, since they are non-volatile and instable [77]. Com-
monly, the GC-MS analysis method forω-OH-Cer identification is developed together with
other ceramides. Since ceramides do not show sufficient volatility, derivation is essential for
GC analysis. Over the years, methods have been used in order to realize perfect derivations,
such as yielding trimethylsilyl derivatives [78] and permethylated ceramides [77]. Due to
its complexity and instability, GC-MS commonly displays lower efficiency and adaptability
for Cer analysis than LC-MS. In the early stage of Cer analysis, GC was chosen for analysis,
due to its cheap cost [79,80]. Modifications of LC systems have drawn more researchers to
lean towards LC-MS as the more preferred method forω-OH-Cer analysis.

With the rapid development of lipidomics in recent decades, the number of LC-MS
studies on ω-OH-Cer has gone through an exponential growth [81]. The LC separation
system is based on different affinities of each component in two phases. The LC systems
used can be divided into liquid–solid chromatography, liquid–liquid chromatography, and
bonded-phase chromatography, according to the difference in stationary phases. The mostly
adapted LC system comprises liquid–solid chromatography, where silica gel is applied as a
filler in the columns, and bonded-phase chromatography, where micro silica gel is applied
as a matrix for the columns [81]. One of the most important aspects of LC method optimiza-
tion is to choose a suitable LC column. The choices of mobile phase and its matching ratio,
column temperature, and flow rate are all variances for LC method optimization. Com-
monly, normal-phase (NP) LC and reverse-phase (RP) LC are all used to analyze ceramide.
NP-LC distinguishes ceramides according to their hydrophilic functionalities [79], but it
is more suitable for separating ceramides into their representative classes than coupling
electrospray ionization (ESI), and achieves high sensitivity in mass spectrometry analysis.
Furthermore, to separate ω-OH-Cers, a Cer class, NP-LC narrows the elution time to a
narrow range, making it difficult to identify each molecule [82]. Conversely, RP-LC realizes
the separation of ceramides based on their hydrophobic properties. Depending on mainly
the carbon chain length and number of unsaturated bonds, RP-LC significantly raises the
separation efficiency for weakly intrinsic hydrophilic biomolecules such as ω-OH-Cers.
Likewise, RP-LC improves the higher peak capacity for lipid species [83].

TLC, a traditional and practical means for separation and quantification, has also been
applied inω-OH-Cer analysis for years [81,83]. By comparing the migration front (Rf) with
known and available standards, the identification of the Cer class can be achieved [76].
However, TLC suffers as a technique due to the lack of maturity, and thorough and
commercialized standards. Luckily, TLC coupled with further identification or validation,
namely, MS, technology can overcome this problem.



Int. J. Mol. Sci. 2023, 24, 5035 10 of 14

MS is a method to analyze and identify samples by measuring and analyzing the
mass-to-charge ratio (m/z) of sample ions. There are three main parts of MS: the ion
source, mass analyzer and detector. The mass analyzer is the core component of the mass
spectrometer, which determines the sensitivity, resolution, and accuracy. Prior to analysis,
the sample must be ionized so that the sample molecules will be charged [80]. Then,
the charged ions are first driven by an accelerated electric field and fly into the analysis
electric field or magnetic field. Due to the difference in the quality of the sample itself and
the ionization charge, the motion trajectories of the sample ions in the analytical electric
field are also different, so different ions can be distinguished by analyzing the motion
trajectories of the ions, and the information, purity and other characteristics of the sample
can be qualitatively and quantitatively determined. The two ion modes in MS, which are
the positive mode and negative mode, are separately adapted for their own utilities [84].
Commonly,ω-OH-Cers are analyzed under positive mode, due to its high sensitivity and
ability to help characterize the protonated (i.e., [M+H]+) and lithiated (i.e., [M+Li]+) states
of the molecular species at low collision energy range [81]. Negative mode stands out for
its high efficiency characterizing molecular structures [85]. With the participance of acetic
acid (or formic acid), ions in negative mode are detected as adduct [M+CH3CO2]− ions,
which are dissociated into [M−H]− for further structure analysis.

Unfortunately, the diversification of analytical methods still has not garnered the best
method forω-OH-Cer detection. With more reports onω-OH-Cer, this research gap will
hopefully be fulfilled by further refined methods for the identification and separation of
ω-OH-Cer.

6. Conclusions

ω-OH-Cer has gained increasing attention. The unique function ofω-OH-Cer makes
this class of Cer molecules vital for epidermal barrier formation and reconstruction. With
more experimental and clinical practices on the effectω-OH-Cer has for skin integrity, the
lipid research has now progress into a new stage, where detailed and specific sphingolipid
classes should be further studied. In this review, the detailed mechanism of ω-OH-Cer
biosynthesis and its role are discussed. Hydroxylation gives ω-OH-Cer more biological
potential. Correspondingly, the identification ofω-OH-Cer in studies in recent years has
gained more attention. MS technology for qualification in biological samples is impressive,
but still faces many challenges. This review aimed to garner inspiration for more specific
research onω-OH-Cer in epidermal integrity.
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Abbreviations

A α-hydroxy fatty acid LCB long-chain base
B β-hydroxy fatty acid LCFA long-chain fatty acid
CE cornified envelope LC-MS liquid chromatography-mass spectrometry
Cer ceramide MS mass spectrometry
CerS ceramide synthase N nonhydroxy fatty acid
CLE corneocyte lipid envelope NADH nicotinamide adenine dinucleotide
CoA coenzyme A NP normal-phase
DES dihydro-CER D4-desaturase O ω-hydroxy fatty acid
DHA docosahexaenoic acid PS phytosphingosine
DS dihydrosphingosine RP reverse-phase
ELOVL elongase of very long chain fatty acid SC stratum corneum
EOH esterifiedω-hydroxy 6-hydroxy sphingosine SCD stearoyl-CoA desaturases
EOP esterifiedω-hydroxy phytosphingosine SD 4,14-sphingadiene
EOS esterifiedω-hydroxy sphingosine Sph sphingosine
ESI electrospray ionization SPTLC serine palmitoyltransferase
FA fatty acid TER 2,3-trans-enoyl-CoA reductase
FAD fatty acid desaturase TGM transglutaminase
FAS fatty acid synthase TLC thin layer chromatography
GC-MS gas chromatography-mass spectrometry ULC ultra-long-chain
H 6-hydroxy sphingosine UV ultraviolet spectroscopy
HACD 3-hydroxyacyl-CoA dehydratase ω-OH-Cer omega-hydroxy ceramides
KDSR 3-ketodihydro-Sph reductase
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44. Łuczaj, W.; Wroński, A.; Domingues, P.; Domingues, M.R.; Skrzydlewska, E. Lipidomic Analysis Reveals Specific Differences
between Fibroblast and Keratinocyte Ceramide Profile of Patients with Psoriasis Vulgaris. Molecules 2020, 25, 630. [CrossRef]

45. Ohta, K.; Hiraki, S.; Miyanabe, M.; Ueki, T.; Manabe, Y.; Sugawara, T. Dietary Ceramide Prepared from Soy Sauce Lees Improves
Skin Barrier Function in Hairless Mice. J. Oleo Sci. 2021, 70, 1325–1334. [CrossRef]

46. Shin, K.O.; Kim, S.; Park, B.D.; Uchida, Y.; Park, K. N-Palmitoyl Serinol Stimulates Ceramide Production through a CB1-Dependent
Mechanism in In Vitro Model of Skin Inflammation. Int. J. Mol. Sci. 2021, 22, 8302. [CrossRef] [PubMed]

47. Takeichi, T.; Akiyama, M. Inherited ichthyosis: Non-syndromic forms. J. Dermatol. 2016, 43, 242–251. [CrossRef] [PubMed]

http://doi.org/10.1523/JNEUROSCI.0458-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815260
http://doi.org/10.1002/glia.21172
http://doi.org/10.1007/s00216-013-7601-y
http://doi.org/10.1007/s00403-016-1674-3
http://www.ncbi.nlm.nih.gov/pubmed/27402316
http://doi.org/10.1159/000513261
http://www.ncbi.nlm.nih.gov/pubmed/33567435
http://doi.org/10.1111/ics.12432
http://www.ncbi.nlm.nih.gov/pubmed/28994119
http://doi.org/10.1006/bbrc.1993.1767
http://www.ncbi.nlm.nih.gov/pubmed/8323550
http://doi.org/10.1016/j.bbalip.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23928127
http://doi.org/10.1097/PSY.0000000000000222
http://doi.org/10.1038/nrg758
http://doi.org/10.1016/j.biopha.2020.110805
http://doi.org/10.1016/j.jchromb.2007.02.030
http://doi.org/10.3390/bioengineering5040091
http://doi.org/10.3390/ijms18010208
http://doi.org/10.1159/000505291
http://doi.org/10.1038/nature07039
http://doi.org/10.1097/DSS.0000000000000819
http://doi.org/10.1111/j.1346-8138.2004.tb00495.x
http://doi.org/10.1016/j.alit.2022.04.003
http://www.ncbi.nlm.nih.gov/pubmed/35624035
http://doi.org/10.1016/S0140-6736(20)31286-1
http://www.ncbi.nlm.nih.gov/pubmed/32738956
http://doi.org/10.1080/14712598.2022.2026920
http://www.ncbi.nlm.nih.gov/pubmed/34991429
http://doi.org/10.1002/cti2.1390
http://doi.org/10.1007/s11356-021-18429-8
http://doi.org/10.1111/j.1600-0625.2010.01164.x
http://doi.org/10.3390/ijms22041613
http://doi.org/10.3390/molecules25030630
http://doi.org/10.5650/jos.ess21128
http://doi.org/10.3390/ijms22158302
http://www.ncbi.nlm.nih.gov/pubmed/34361066
http://doi.org/10.1111/1346-8138.13243
http://www.ncbi.nlm.nih.gov/pubmed/26945532


Int. J. Mol. Sci. 2023, 24, 5035 13 of 14

48. Behne, M.; Uchida, Y.; Seki, T.; de Montellano, P.O.; Elias, P.M.; Holleran, W.M. Omega-hydroxyceramides are required for
corneocyte lipid envelope (CLE) formation and normal epidermal permeability barrier function. J. Investig. Derm. 2000, 114,
185–192. [CrossRef]

49. Uchida, Y.; Holleran, W.M. Omega-O-acylceramide, a lipid essential for mammalian survival. J. Derm. Sci 2008, 51, 77–87.
[CrossRef] [PubMed]

50. Durairaj, P.; Malla, S.; Nadarajan, S.P.; Lee, P.G.; Jung, E.; Park, H.H.; Kim, B.G.; Yun, H. Fungal cytochrome P450 monooxygenases
of Fusarium oxysporum for the synthesis of ω-hydroxy fatty acids in engineered Saccharomyces cerevisiae. Microb. Cell Fact.
2015, 14, 45. [CrossRef]

51. Jakobsson, A.; Westerberg, R.; Jacobsson, A. Fatty acid elongases in mammals: Their regulation and roles in metabolism. Prog.
Lipid. Res. 2006, 45, 237–249. [CrossRef]

52. Kemp, S.; Valianpour, F.; Denis, S.; Ofman, R.; Sanders, R.J.; Mooyer, P.; Barth, P.G.; Wanders, R.J. Elongation of very long-chain
fatty acids is enhanced in X-linked adrenoleukodystrophy. Mol. Genet. Metab. 2005, 84, 144–151. [CrossRef]

53. Paton, C.M.; Ntambi, J.M. Biochemical and physiological function of stearoyl-CoA desaturase. Am. J. Physiol. Endocrinol. Metab.
2009, 297, E28–E37. [CrossRef]

54. Soulard, P.; McLaughlin, M.; Stevens, J.; Connolly, B.; Coli, R.; Wang, L.; Moore, J.; Kuo, M.S.; LaMarr, W.A.; Ozbal, C.C.; et al.
Development of a high-throughput screening assay for stearoyl-CoA desaturase using rat liver microsomes, deuterium labeled
stearoyl-CoA and mass spectrometry. Anal. Chim. Acta 2008, 627, 105–111. [CrossRef]

55. Yeboah, G.K.; Lobanova, E.S.; Brush, R.S.; Agbaga, M.P. Very long chain fatty acid-containing lipids: A decade of novel insights
from the study of ELOVL4. J. Lipid Res. 2021, 62, 100030. [CrossRef] [PubMed]

56. Rabionet, M.; Gorgas, K.; Sandhoff, R. Ceramide synthesis in the epidermis. Biochim. Biophys. Acta 2014, 1841, 422–434. [CrossRef]
[PubMed]

57. Edson, K.Z.; Rettie, A.E. CYP4 enzymes as potential drug targets: Focus on enzyme multiplicity, inducers and inhibitors, and
therapeutic modulation of 20-hydroxyeicosatetraenoic acid (20-HETE) synthase and fatty acidω-hydroxylase activities. Curr. Top.
Med. Chem. 2013, 13, 1429–1440. [CrossRef] [PubMed]

58. Ni, K.D.; Liu, J.Y. The Functions of Cytochrome P450ω-hydroxylases and the Associated Eicosanoids in Inflammation-Related
Diseases. Front. Pharm. 2021, 12, 716801. [CrossRef]

59. Lefèvre, C.; Bouadjar, B.; Ferrand, V.; Tadini, G.; Mégarbané, A.; Lathrop, M.; Prud’homme, J.F.; Fischer, J. Mutations in a new
cytochrome P450 gene in lamellar ichthyosis type 3. Hum. Mol. Genet. 2006, 15, 767–776. [CrossRef]

60. Ohno, Y.; Nakamichi, S.; Ohkuni, A.; Kamiyama, N.; Naoe, A.; Tsujimura, H.; Yokose, U.; Sugiura, K.; Ishikawa, J.; Akiyama, M.;
et al. Essential role of the cytochrome P450 CYP4F22 in the production of acylceramide, the key lipid for skin permeability barrier
formation. Proc. Natl. Acad. Sci. USA 2015, 112, 7707–7712. [CrossRef]

61. Sayeb, M.; Riahi, Z.; Laroussi, N.; Bonnet, C.; Romdhane, L.; Mkaouar, R.; Zaouak, A.; Marrakchi, J.; Abdessalem, G.; Messaoud,
O.; et al. A Tunisian family with a novel mutation in the gene CYP4F22 for lamellar ichthyosis and co-occurrence of hearing loss
in a child due to mutation in the SLC26A4 gene. Int. J. Dermatol. 2019, 58, 1439–1443. [CrossRef]

62. Mizutani, Y.; Mitsutake, S.; Tsuji, K.; Kihara, A.; Igarashi, Y. Ceramide biosynthesis in keratinocyte and its role in skin function.
Biochimie 2009, 91, 784–790. [CrossRef]

63. Venkataraman, K.; Riebeling, C.; Bodennec, J.; Riezman, H.; Allegood, J.C.; Sullards, M.C.; Merrill, A.H.; Futerman, A.H.
Upstream of Growth and Differentiation Factor 1 (uog1), a Mammalian Homolog of the Yeast Longevity Assurance Gene
1 (LAG1), RegulatesN-Stearoyl-sphinganine (C18-(Dihydro)ceramide) Synthesis in a Fumonisin B1-independent Manner in
Mammalian Cells. J. Biol. Chem. 2002, 277, 35642–35649. [CrossRef]

64. Mizutani, Y.; Kihara, A.; Igarashi, Y. Mammalian Lass6 and its related family members regulate synthesis of specific ceramides.
BioChem. J. 2005, 390, 263–271. [CrossRef] [PubMed]

65. Guillas, I.; Jiang, J.C.; Vionnet, C.; Roubaty, C.; Uldry, D.; Chuard, R.; Wang, J.; Jazwinski, S.M.; Conzelmann, A. Human
homologues of LAG1 reconstitute Acyl-CoA-dependent ceramide synthesis in yeast. J. Biol. Chem. 2003, 278, 37083–37091.
[CrossRef] [PubMed]

66. Lahiri, S.; Futerman, A.H. LASS5 is a bona fide dihydroceramide synthase that selectively utilizes palmitoyl-CoA as acyl donor. J.
Biol. Chem. 2005, 280, 33735–33738. [CrossRef]

67. Jennemann, R.; Rabionet, M.; Gorgas, K.; Epstein, S.; Dalpke, A.; Rothermel, U.; Bayerle, A.; van der Hoeven, F.; Imgrund, S.;
Kirsch, J.; et al. Loss of ceramide synthase 3 causes lethal skin barrier disruption. Hum. Mol. Genet. 2012, 21, 586–608. [CrossRef]

68. Grond, S.; Radner, F.P.W.; Eichmann, T.O.; Kolb, D.; Grabner, G.F.; Wolinski, H.; Gruber, R.; Hofer, P.; Heier, C.; Schauer, S.; et al.
Skin Barrier Development Depends on CGI-58 Protein Expression during Late-Stage Keratinocyte Differentiation. J. Investig.
Dermatol. 2017, 137, 403–413. [CrossRef] [PubMed]

69. Grond, S.; Eichmann, T.O.; Dubrac, S.; Kolb, D.; Schmuth, M.; Fischer, J.; Crumrine, D.; Elias, P.M.; Haemmerle, G.; Zechner,
R.; et al. PNPLA1 Deficiency in Mice and Humans Leads to a Defect in the Synthesis of Omega-O-Acylceramides. J. Investig.
Dermatol. 2017, 137, 394–402. [CrossRef] [PubMed]

70. Hirabayashi, T.; Anjo, T.; Kaneko, A.; Senoo, Y.; Shibata, A.; Takama, H.; Yokoyama, K.; Nishito, Y.; Ono, T.; Taya, C.; et al. PNPLA1
has a crucial role in skin barrier function by directing acylceramide biosynthesis. Nat. Commun. 2017, 8, 14609. [CrossRef]

71. Takeichi, T. SDR9C7 plays an essential role in skin barrier function by dehydrogenating acylceramide for covalent attachment to
proteins. J. Dermatol. Sci. 2020, 98, 82–87. [CrossRef]

http://doi.org/10.1046/j.1523-1747.2000.00846.x
http://doi.org/10.1016/j.jdermsci.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18329855
http://doi.org/10.1186/s12934-015-0228-2
http://doi.org/10.1016/j.plipres.2006.01.004
http://doi.org/10.1016/j.ymgme.2004.09.015
http://doi.org/10.1152/ajpendo.90897.2008
http://doi.org/10.1016/j.aca.2008.04.017
http://doi.org/10.1016/j.jlr.2021.100030
http://www.ncbi.nlm.nih.gov/pubmed/33556440
http://doi.org/10.1016/j.bbalip.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/23988654
http://doi.org/10.2174/15680266113139990110
http://www.ncbi.nlm.nih.gov/pubmed/23688133
http://doi.org/10.3389/fphar.2021.716801
http://doi.org/10.1093/hmg/ddi491
http://doi.org/10.1073/pnas.1503491112
http://doi.org/10.1111/ijd.14452
http://doi.org/10.1016/j.biochi.2009.04.001
http://doi.org/10.1074/jbc.M205211200
http://doi.org/10.1042/BJ20050291
http://www.ncbi.nlm.nih.gov/pubmed/15823095
http://doi.org/10.1074/jbc.M307554200
http://www.ncbi.nlm.nih.gov/pubmed/12869556
http://doi.org/10.1074/jbc.M506485200
http://doi.org/10.1093/hmg/ddr494
http://doi.org/10.1016/j.jid.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/27725204
http://doi.org/10.1016/j.jid.2016.08.036
http://www.ncbi.nlm.nih.gov/pubmed/27751867
http://doi.org/10.1038/ncomms14609
http://doi.org/10.1016/j.jdermsci.2020.03.005


Int. J. Mol. Sci. 2023, 24, 5035 14 of 14

72. Takeichi, T.; Hirabayashi, T.; Miyasaka, Y.; Kawamoto, A.; Okuno, Y.; Taguchi, S.; Tanahashi, K.; Murase, C.; Takama, H.;
Tanaka, K.; et al. SDR9C7 catalyzes critical dehydrogenation of acylceramides for skin barrier formation. J. Clin. Investig. 2020,
130, 890–903. [CrossRef]

73. Youssefian, L.; Niaziorimi, F.; Saeidian, A.H.; South, A.P.; Khosravi-Bachehmir, F.; Khodavaisy, S.; Vahidnezhad, H.; Uitto, J.
Knockdown of SDR9C7 Impairs Epidermal Barrier Function. J. Investig. Derm. 2021, 141, 1754–1764. [CrossRef] [PubMed]

74. Elias, P.M.; Gruber, R.; Crumrine, D.; Menon, G.; Williams, M.L.; Wakefield, J.S.; Holleran, W.M.; Uchida, Y. Formation and
functions of the corneocyte lipid envelope (CLE). Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2014, 1841, 314–318. [CrossRef]
[PubMed]

75. Fujiwara, A.; Morifuji, M.; Kitade, M.; Kawahata, K.; Fukasawa, T.; Yamaji, T.; Itoh, H.; Kawashima, M. Age-related and seasonal
changes in covalently bound ceramide content in forearm stratum corneum of Japanese subjects: Determination of molecular
species of ceramides. Arch. Derm. Res. 2018, 310, 729–735. [CrossRef] [PubMed]

76. Jamin, E.L.; Jacques, C.; Jourdes, L.; Tabet, J.C.; Borotra, N.; Bessou-Touya, S.; Debrauwer, L.; Duplan, H. Identification of lipids of
the stratum corneum by high performance thin layer chromatography and mass spectrometry. Eur. J. Mass Spectrom. 2019, 25,
278–290. [CrossRef]

77. Haraguchi, H.; Yamada, K.; Miyashita, R.; Aida, K.; Ohnishi, M.; Gilbert, A.; Yoshida, N. Determination of carbon isotopic
measurement conditions for ceramide in skin using gas chromatography-combustion-isotope ratio mass spectrometry. J. Oleo Sci.
2014, 63, 1283–1291. [CrossRef] [PubMed]

78. Harvey, D.J.; Vouros, P. Mass Spectrometric Fragmentation of Trimethylsilyl and Related Alkylsilyl Derivatives. Mass Spectrom.
Rev. 2020, 39, 105–211. [CrossRef] [PubMed]

79. t’Kindt, R.; Jorge, L.; Dumont, E.; Couturon, P.; David, F.; Sandra, P.; Sandra, K. Profiling and characterizing skin ceramides using
reversed-phase liquid chromatography-quadrupole time-of-flight mass spectrometry. Anal. Chem. 2012, 84, 403–411. [CrossRef]

80. Bai, X.; Zhu, C.; Chen, J.; Jiang, X.; Jin, Y.; Shen, R.; Zhu, M.; Wu, C. Recent Progress on Mass Spectrum Based Approaches for
Absorption, Distribution, Metabolism, and Excretion Characterization of Traditional Chinese Medicine. Curr. Drug Metab. 2022,
23, 99–112. [CrossRef]

81. Jia, W.; Di, C.; Zhang, R.; Shi, L. Application of liquid chromatography mass spectrometry-based lipidomics to dairy products
research: An emerging modulator of gut microbiota and human metabolic disease risk. Food Res. Int. 2022, 157, 111206. [CrossRef]

82. Lee, J.Y.; Jeon, S.; Han, S.; Liu, K.H.; Cho, Y.; Kim, K.P. Positive Correlation of Triacylglycerols with Increased Chain Length and
Unsaturation with ω-O-Acylceramide and Ceramide-NP as Well as Acidic pH in the Skin Surface of Healthy Korean Adults.
Metabolites 2022, 13, 31. [CrossRef]

83. Eberlin, L.S.; Ifa, D.R.; Wu, C.; Cooks, R.G. Three-dimensional vizualization of mouse brain by lipid analysis using ambient
ionization mass spectrometry. Angew. Chem. Int. Ed. Engl. 2010, 49, 873–876. [CrossRef] [PubMed]

84. Jarrold, M.F. Applications of Charge Detection Mass Spectrometry in Molecular Biology and Biotechnology. Chem. Rev. 2022, 122,
7415–7441. [CrossRef] [PubMed]

85. Tsugawa, H.; Ikeda, K.; Tanaka, W.; Senoo, Y.; Arita, M.; Arita, M. Comprehensive identification of sphingolipid species by in
silico retention time and tandem mass spectral library. J. Cheminform. 2017, 9, 19. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1172/JCI130675
http://doi.org/10.1016/j.jid.2020.11.030
http://www.ncbi.nlm.nih.gov/pubmed/33422619
http://doi.org/10.1016/j.bbalip.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24076475
http://doi.org/10.1007/s00403-018-1859-z
http://www.ncbi.nlm.nih.gov/pubmed/30182275
http://doi.org/10.1177/1469066718815380
http://doi.org/10.5650/jos.ess14131
http://www.ncbi.nlm.nih.gov/pubmed/25391684
http://doi.org/10.1002/mas.21590
http://www.ncbi.nlm.nih.gov/pubmed/31808199
http://doi.org/10.1021/ac202646v
http://doi.org/10.2174/1389200223666220211093548
http://doi.org/10.1016/j.foodres.2022.111206
http://doi.org/10.3390/metabo13010031
http://doi.org/10.1002/anie.200906283
http://www.ncbi.nlm.nih.gov/pubmed/20041465
http://doi.org/10.1021/acs.chemrev.1c00377
http://www.ncbi.nlm.nih.gov/pubmed/34637283
http://doi.org/10.1186/s13321-017-0205-3
http://www.ncbi.nlm.nih.gov/pubmed/28316657

	Introduction 
	Mechanism of Epidermal Barrier Recovery 
	The Biosynthesis of -OH-Cer in Epidermal Barrier 
	The Synthesis of Long-Chain FA (LCFA) for -Hydroxylation 
	The Synthesis of -OH-Cer in the Epidermal Barrier 

	-OH-Cer Functions as Molecular Rivet in CLE Development 
	Current Identification Studies of -OH-Cer and Challenges 
	Conclusions 
	References

