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Abstract

Introduction—L.ipidomics is the large-scale profiling and characterization of lipid species in a
biological system using mass spectrometry. The skin barrier is mainly comprised of corneocytes
and a lipid-enriched extracellular matrix. The major skin lipids are ceramides, cholesterol and free
fatty acids. Lipid compositions are altered in inflammatory skin disorders with disrupted skin
barrier such as atopic dermatitis (AD).

Areas covered—Here we discuss some of the recent applications of lipidomics in human skin
biology and in inflammatory skin diseases such as AD, psoriasis and Netherton syndrome. We also
review applications of lipidomics in human skin equivalent and in pre-clinical animal models of
skin diseases to gain insight into the pathogenesis of the skin disease.

Expert commentary—Skin lipidomics analysis could be a fast, reliable and noninvasive tool
to characterize the skin lipid profile and to monitor the progression of inflammatory skin diseases
such as AD.
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1. Introduction

A lipidome is defined as the complete spectrum of lipids in a tissue, organelle or membrane.
Lipidomics is the large-scale profiling and characterization of a set of lipid species in a
biological system[1,2]. Lipidomics was first introduced by Han and Gross in 2003 and has
experienced unprecedented progress, mainly because of continuous advances in mass
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spectrometric techniques over the years[1]. Currently, the development of MS-based
lipidomic approaches can be classified into two broad directions, including unbiased global
(non-targeted) lipidomics and targeted lipidomics[3]. Global lipidomic analysis refers to
identification and quantification of hundreds to thousands of cellular lipid species via a high-
throughput process, while targeted lipidomic analysis identifies one or a few lipid classes of
interest, and is typically performed via liquid chromatography coupled to mass spectrometry
(LC-MS) and liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
based methods[4]. As lipids play essential roles in the maintenance of body health,
lipidomics has been introduced for unraveling the role of lipids in life science. One objective
of lipidomics studies is to profile the lipids in a biological system and to determine the
fundamental biological processes of lipid metabolism. Another objective of lipidomics
studies is to find changes in lipid profiles of patients with a certain disease compared to
healthy controls and to examine the role of lipids in the progression of the disease and to
understand the possible mechanisms of this disease. The applications of lipidomics in
various diseases, such as cancers, diabetes, circulation and cardiovascular diseases (e.g.
atherosclerosis), neurodegenerative disease (e.g. Alzheimer’s disease) and infection disease,
have been well summarized in other reviews[3,5-7]. In the past few years, the application of
lipidomics to studies of skin biology and inflammatory skin diseases has drawn particular
attention. Several reported studies demonstrate that alteration of lipid composition may play
an important role in an impaired skin barrier, which is a major cause of several inflammatory
skin diseases[8-10]. In this review, we will focus on discussing some of the recent
applications of lipidomics in skin biology and skin disease research.

2. Skin and epidermal barrier

Skin is the largest organ serving multiple functions in the mammalian body, mainly
providing a barrier that protects the body against external irritation and infections as well as
preventing water loss[11,12]. The skin is composed of the epidermis, dermis and subcutis.
The epidermis, the exterior of the skin, mainly consists of four distinctive cell layers: the
stratum basale (SB), the stratum spinosum (SS), the stratum granulosum (SG) and the
stratum corneum (SC)[13]. The outmost layer of the epidermis, the stratum corneum (SC), is
comprised of large, flattened, enucleated corneocytes and a lipid-enriched extracellular
matrix[14-16]. The SC is often referred to as a “bricks in mortar” structure, in which
corneocytes act as the bricks and the lipids act as the mortar, and it plays a critical role in
skin permeability barrier formation and maintenance[17,18].

The presence of intercellular lipids is essential for the maintenance of a moist, pliable and
healthy skin barrier. Alteration of SC lipids composition leads to disrupted or impaired skin
barrier functions and results in an increase in transepidermal water loss (TEWL)[11,19].
Increased TEWL has been observed in many skin diseases, such as atopic dermatitis (AD)
and psoriasis[20-22]. The major classes of lipids found in the SC include ceramides (CERS),
cholesterol (Chol), and free fatty acids (FFAS)[17,23,24].
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3. Lipidomics for the identification of skin lipid composition in healthy
individuals

CERs are the most abundant lipid constituent in human SC, comprising approximately 50%
of the intercellular lipid content by mass [25]. Lipidomics has revealed the wide diversity of
CERs found in skin SC in humans. CERs consist of a sphingoid base linked via an amide
bond to a fatty acid and both variation in the fatty acid carbon chain and the sphingoid base
architecture result in a large number of CER subclasses with a wide variation in chain length
distribution[26,27]. As early as 1978, Gary and White used quantitative thin layer
chromatography (TLC) to identify several CER subclasses in human SC[28]. In 2003, Ponec
et al. first reported a reasonably complete description of the human epidermal CERs by a
using a combination of high performance thin layer chromatography (HPTLC) and nuclear
magnetic resonance spectroscopy (NMR)[29]. Nine CER subclasses were identified: (1)
CEREOQS] containing ester-linked w-hydroxy fatty acids and sphingosines, (2) CEREOP]
containing ester-linked w-hydroxy fatty acids and phytosphingosines, (3) CEREOH]
containing ester-linked w-hydroxy fatty acids and 6-hydroxysphingosines, (4) CERNS]
containing nonhydroxy fatty acids and sphingosines, (5) CERNP] containing nonhydroxy
fatty acids and phytosphingosines, (6) CERNH] containing nonhydroxy fatty acids and 6-
hydroxysphingosines, (7) CERAS] containing a-hydroxy fatty acids and sphingosines, (8)
CERAP] containing a-hydroxy fatty acids and phytosphingosines, and (9) CERAH]
containing a-hydroxy fatty acids and 6-hydroxysphingosines[29]. Due to the rapid advances
in mass spectrometric techniques, Masukawa et al. (2008) developed an improved method
for the comprehensive quantification of CER species in human SC by using simultaneous
selected ion monitoring measurement of as many as 182 molecular-related ions derived from
overall CER species in a normal-phase liquid chromatography-electrospray ionization-mass
spectrometry (NPLC-ESI-MS) technique combined with a calculation procedure using
relative responses of respective authentic CERs[27]. In addition to the previous nine classes,
this analysis identified two more CER subclasses: CERNDS] contains nonhydroxy fatty
acids and dihydrosphingosines and CERADS] contains w-hydroxy fatty acids and
dihydrosphingosines[27,29]. More recently, Smeden et al. reported a total of 12 CER
subclasses (Table 1) in human SC harvested from tape strips including a new CER subclass,
CEREODS], containing ester-linked w-hydroxy fatty acids and dihydrosphinosines, and all
11 previously known subclasses by using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) with an ion trap (IT) system, a Fourier transform-ion cyclotron resonance
system and a triple quadrupole system[26]. The combined LC-MS platform provides both
information on lipid subclasses as well as the lipid chain length distribution in each of the
subclasses[24]. Moreover, four additional CER subclasses, based on four different sphingoid
bases and each consisting of non-esterified w-hydroxy fatty acids [CER (OS/OH/OP/OdS],
have been reported only in healthy human SC [30,31].

Fatty acids have been identified as another major constituent of the SC and are crucial for
epidermal barrier structure and function, such as creating an acidic environment at the
surface of the SC[23,32]. As early as 1970, Ansari et al. performed gas/liquid
chromatography (GLC) to analyze the fatty acid composition of the human epidermis. The
presence of saturated fatty acids, mono-unsaturated fatty acids (MUFAS), poly-unsaturated
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fatty acids (PUFAs) and hydroxy-free fatty acids were detected in the human epidermis[33].
In 1998, a gas-liquid chromatography coupled to high-performance liquid chromatography
(HPLC)/light scattering detection method (LSD) was developed by Norlen et al. to
quantitative free fatty acids in the SC[34]. Very long chain (C32-C36) saturated and
monounsaturated FFAs were detected in human SC and C24:0 and C26:0 were the most
abundant FFAs[34]. Recently, an LC-MS-based lipidomics analysis, a newly developed
method with enhanced sensitivity, confirmed the previous observations about the FFAs
composition in the human SC[35].

4. Lipidomics in skin diseases

Lipidomics analysis is not only applied to identify the lipid composition in normal skin, but
is also applied to investigate the changes in lipid profiles of skin with impaired barrier
functions associated with diseases such as atopic dermatitis, Netherton syndrome (NTS) and
psoriasis.

4.1. Atopic dermatitis

Atopic dermatitis is a common chronic inflammatory skin disease characterized by disrupted
epidermal barrier functions, which can be indicated by increased TEWL[36,37]. About
15%—-20% of children and 1-3% of adults are affected by AD[11,38]. The role of lipids,
especially CERs, in skin permeability barrier function in AD has been widely studied and
reviewed[11,22,39]. Briefly, the abnormalities of SC lipids in AD were first reported by
Melnik et al. in 1988[40]. In 1991, Imokawa et al. showed for the first time that the
CEREOS] level had been reduced in AD [41]. Since then, several articles reported the SC
lipid abnormalities in AD, especially CERs [42—44]. The most recent applications of MS-
based lipidomics analysis in AD will be discussed in detail here. In 2010, Ishikawa et al.
performed lipidomics analysis using normal-phase liquid chromatography coupled with
electrospray ionization-mass spectrometry to compare the SC CERs profile between AD
patients and healthy individuals within small groups[45]. Their study showed that the level
of total CERs as well as those of the CERNH], CERNP], CEREOS], CEREOH], and
CEREOP] classes were significantly lower in AD lesional skin compared with controlled
healthy non-lesional skin[45]. In addition, the levels of certain CER species with short chain
lengths (e.g. CERNS], CERNDS], CERAS]) were lower in AD patients and certain CER
species with long chain lengths (e.g. CERNS], CERNDS], CERNH], CERAS], CERAH]
were significantly higher in AD subjects[45]. Later in 2012, a more comprehensive
comparison of CER composition in the SC of AD and control subjects was performed by
Janssens et al using LC-MS[8]. Consistent with a previous report, they observed that the
CER chain length is altered in AD subjects by significantly elevated C34 CERs levels (e.g
CERNS], CERAS] and CERAH]) and decreased w-esters of (w)- O-acyl-CER levels. The
changes in CER chain length were strongly correlated with aberrant lipid organization and
decreased SC permeability barrier functions (as measured by TEWL). In addition, it was
demonstrated that altered CER composition and abnormal lipid organization significantly
correlated with disease severity and levels of natural moisturizing factors derived from
filaggrin in skin [8].
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4.2. Netherton syndrome

Netherton syndrome (NTS) is a severe genetic skin disease that is caused by autosomal
recessive mutations in the SP/NK5 gene encoding the serine protease inhibitor, lympho-
epithelial Kazal-type 5 inhibitor (LEKTZ1). The mutations in the SPINK5 gene lead to
increased activity of several kallikrein-related peptidases, thereby compromising formation
of the skin barrier[46,47]. The disease is characterized by chronic inflammation, hair shaft
defects and epidermal hyperplasia with a drastically impaired cutaneous barrier
function[47]. However, little is known about the SC lipid composition and whether SC lipids
are important in NTS patients. Recently, a comprehensive LC-MS based lipidomics analysis
by Smeden et al. has revealed drastic alterations of the SC lipid profile in NTS patients[10].
In this study, decreased FFA chain lengths and increased levels of monounsaturated fatty
acids (MUFASs) have been seen in the SC of NTS patients compared with healthy
individuals. Furthermore, the study showed the total amount of CERs is reduced, whereas
the level of short-chain CERs was increased, and unsaturated CERs of different chain length
and subclasses were observed in NTS patients compared to healthy individuals. In addition,
it was also found that the amount of acyl-CERs is reduced in a subgroup of NTS patients
compared to the controls. Finally, they elucidated that the changes in lipid profiles (FFAs
and CERs) in NTS patients corresponded to altered expression of enzymes involved in SC
lipid processing, including stearoyl-CoA desaturase-1 (involved in converting FFASs into
MUFAS), elongase (ELOVL)-1 and 6 (responsible for elongation of the FFAS), beta-
glucocerebrosidase [48] and acid sphingomeylinase (aSMase) (responsible for conversion of
CER precursors into their specific CER subclass). Thus, these results indicated the
importance of the SC lipids in maintenance of a healthy and functional skin barrier, the
alteration of which may lead to diseased skin, such as NTS[10].

4.3. Psoriasis

Psoriasis is a common incurable chronic inflammatory skin disease that is characterized by
disrupted epidermal homeostasis and decreased skin barrier function[49]. Altered ceramide
distribution and content has been previously reported by a number of studies. As early as
1993, Motta et al. reported the changes in the CERs profile of psoriasis patients, including
reduction of CEREOS], [NP], [AP] and induction of CERAS] and [NS], using a TLC-based
method. Recently, Tawada and colleagues published an important article in which they
analyze the CER profiles of the SC in psoriasis patients by using matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)[50]. Significant
differences in the fatty acid composition profiles of certain CER subclasses of the SC
between psoriasis patients and normal controls (e.g CER [ADS], [NP], CERNH] and
CERAP]) were observed. The proportion of CERs with long-chain fatty acids was
significantly lower in psoriasis patients than in healthy controls[50]. However, the three
classes of o-hydroxy CERs (CEREOS], CEREOH] and CEREOP]) were unable to be
analyzed in their studies [30]. Not only the ceramide profiles but also the levels of sphingoid
bases were changed in the psoriatic epidermis. Sung and colleagues reported that levels of
sphingosine and sphinganine were increased in the psoriatic epidermis and increased
expression of ceramidase was positively correlated with the clinical severity of psoriasis[9].
These studies suggest that the alteration of SC lipids could, at least partially, be linked to the
decreased skin barrier function in the skin of psoriasis patients. More comprehensive
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lipidomics analysis is needed to characterize the SC lipid profile in psoriasis patients and to
further illustrate the role of SC lipids in skin barrier maintenance in these patients.

5. Lipidomics in pre-clinical animal models

Pre-clinical animal models of human disease are commonly utilized to gain insight into the
pathogenesis of specific diseases[48]. In this review, we also briefly summarize some
applications of lipidomics in pre-clinical mouse models of certain skin diseases (e.g. AD).
To elucidate potential mechanisms underlying depletion of long-chain CERs in the SC of
AD, Park et al. used a hapten-induced AD mice model[51]. First, they conducted a
lipidomics study by using LC-MS/MS-electrospray ionization (ESI) technique to investigate
the lipid profile in AD-like skin. A reduction in CER chain length was observed in AD-like
skin, which was in agreement with previous observations in human SC. Next, they further
examined the expression of the genes involved in the synthesis of long-chain CERs and
found the level of certain fatty acid elongases, such as ELOVL-1 and 4, was significantly
reduced at both the RNA and protein level. These results suggested that the alteration in the
profile of fatty acid lengths of CERs might due to the changes in expression of elongase
genes. Recently, our lab performed a lipidomics analysis in a pre-clinical eczema model in
which the mice were deficient in a transcription factor, COUP-TF-Interacting protein 2
(CTIP2), by using an LC-MS/MS technique[52]. Mice lacking Ctip2 (Ctip2~~ mice) exhibit
epidermal permeability barrier defects (e.g increased TEWL), and selective ablation of Ctip2
in epidermal keratinocytes leads to the development of an atopic dermatitis-like phenotype
in skin[53,54]. The lipidomics study showed an altered composition of major epidermal
lipids, including a decreased CERNS] level and an increased level of sphingomyelins in
CtipZ knockout mice. Interestingly, the changes in the sphingolipid (ceramide and
sphingomyelin) profile in Ctip2-null mice were accompanied by differences in the
expression of genes involved in sphingolipid biosynthesis and metabolism, including
ceramide synthases (Lass1-,2,-3and 6), serine palmitoyltransferases (Spt/c and -3),
sphingomyelinases (Smpdl and -2), sphingomyelin synthase 2 (Sgm2), acid p-glucosidase
(Gba2), glucosylceramide synthase (Ugcg), N-acylsphingosine amidohydrolases (Asah2),
sphingosine kinases (SphkZ and 2), and alkaline ceramidases (Acer)[52]. The results from
this lipidomics study indicated a crucial role of CTIP2 in regulating epidermal lipid
metabolism. A comparative bioinformatics analysis between the top human and mouse skin-
associated genes has recently been reported. This study identified about 200 commonly
shared genes between mice and humans, and the majority of those encode proteins that
participate in structural and barrier functions[55], highlighting the importance of the
epidermal barrier in these species to maintain skin homeostasis and prevent onset of AD.
The utilization of lipidomics analysis in a mouse model will lead to the identification of
specific genes (e.g. key epidermal lipid-regulating transcription factors) involved in skin
lipid biosynthesis and metabolism with respect to skin diseases and will contribute to the
understanding of possible mechanisms involved in lipid metabolism in certain diseases, such
as AD.
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6. Lipidomics in human skin equivalents

The most commonly used skin substitute, the 3-dimensional (3D) tissue engineered human
skin equivalent, which is generated from keratinocytes and fibroblasts, is an alternative to
animal studies. Drongelen and colleagues used a filaggrin (FLG) knock-down human skin
equivalent to investigate the effect of FLG on SC lipid properties. They found that a knock-
down of FLG did not alter the lipid composition and organization in the human skin
equivalents, which is in line with previous studies showing that changes in SC lipid
properties were independent of FLG mutations in AD patients[8,47,56]. In another study;, it
was shown that Th2 cytokines and tumor necrosis factor alpha (TNF-a reduced the level of
long chain FFAs and acyl-CERs, consequently resulted in altered lipid organization in
human skin equivalents, indicating the influence of cytokines on AD pathogenesis[57].
These studies provide information that human skin equivalents can be a useful skin
substitute for future studies. However, there are still noticeable differences in lipid (ceramide
and FFA) profiles between human skin equivalents and human skin SC obtained from tape
strips [24]. Development of improved types of human skin equivalent that can more closely
mimic human skin will be important in the future.

7. Expert commentary & five-year view

A typical lipidomics analysis workflow for a human SC sample is briefly summarized below
(Figure 1): 1) A human SC sample is collected by tape stripping; 2) The SC sample is then
subjected to lipid extraction using an extraction protocol optimized according to specific
lipids of interest [e.g modified Bligh and Dyer method[58]]; 3) The extracted lipid is
subjected to MS analysis after chromatographic separation; 4) Data is collected for
identification and quantification of specific lipids of interest; 5) The levels of the specific
lipid of interest are compared between samples under different conditions (e.g. healthy skin
vs. AD skin) as represented in Figure 2.

The applications of lipidomics in studies of skin biology and skin disorders have revealed
and enhanced the knowledge of SC lipids under different physiological or pathological
conditions. Particularly, lipidomics analysis can be a fast, reliable, and powerful tool to
characterize lipid profiles in diseased skin and to estimate the barrier status in inflammatory
skin diseases. Although much profiling of lipids in diseased skin has been accomplished, the
exact relationship between the alteration of the lipid composition and the onset of
inflammatory skin disease is still unclear. Ultimately, a combination of lipidomics, genomics
and proteomics will be needed to investigate the possible mechanism(s) underlying the
pathogenesis of certain skin diseases, but lipidomic analysis should be extremely helpful for
exploring new treatment options for skin diseases such as AD.
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Key issues

. Lipidomics is the large-scale profiling and characterization of a set of lipid
species in a biological system.

. The major lipid constituents of the stratum corneum are ceramides,
cholesterol and free fatty acids.

. Lipid compositions are altered in certain inflammatory skin disorders, such
as atopic dermatitis, Netherton syndrome and psoriasis.

. Applications of mass spectrometry-based lipidomics to study skin biclogy
and skin disorders will further our knowledge of skin lipid functions.

. Skin lipidomics analysis could be a fast, reliable and non-invasive tool for
estimating barrier status and for monitoring the progression of
inflammatory skin diseases.
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Figure 1.
A typical lipidomics analysis workflow on a human SC sample.
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Figure 2.
A representative example of an extracted-ion chromatogram in the positive ion mode from

LC-MS analysis of human skin: (A) normal healthy skin and (B) atopic dermatitis skin. NA:
non-atopic; AD: atopic dermatitis. cps: counts per second.
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Twelve subclasses of ceramide in human SC. (Modified from Janessens et. al, 2012, J. Lipid Res)

Table 1

Fatty acids Non-hydroxy | a-hydroxy | Esterified @-hydroxy
fatty acid fatty acid fatty acid
Sphingoid bases [N] [A] [EQ]
Dihydrosphingosine [dS] [NDS] [Ads] [EOdS]
Sphingosine [S] [NS] [AS] [EOS]
Phytosphingosine [P] [NP] [AP] [EOP]
6-hydroxy sphingosine [H] [NH] [AH] [EOH]
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