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Abstract Ceramides are the major lipid constituent of lamellar sheets present in the intercellular spaces of the stratum

corneum. These lamellar sheets are thought to provide the barrier property of the epidermis. It is generally
accepted that the intercellular lipid domain is composed of approximately equimolar concentrations of free fatty
acids, cholesterol, and ceramides. Ceramides are a structurally heterogeneous and complex group of sphingo-
lipids containing derivatives of sphingosine bases in amide linkage with a variety of fatty acids. Differences in
chain length, type and extent of hydroxylation, saturation etc. are responsible for the heterogeneity of the
epidermal sphingolipids.

It is well known that ceramides play an essential role in structuring and maintaining the water permeability
barrier function of the skin. In conjunction with the other stratum corneum lipids, they form ordered structures.
An essential factor is the physical state of the lipid chains in the nonpolar regions of the bilayers. The stratum
corneum intercellular lipid lamellae, the aliphatic chains in the ceramides and the fatty acids are mostly straight
long-chain saturated compounds with a high melting point and a small polar head group. This means that at
physiological temperatures, the lipid chains are mostly in a solid crystalline or gel state, which exhibits low
lateral diffusional properties and is less permeable than the state of liquid crystalline membranes, which are
present at higher temperatures.

The link between skin disorders and changes in barrier lipid composition, especially in ceramides, is difficult
to prove because of the many variables involved. However, most skin disorders that have a diminished barrier
function present a decrease in total ceramide content with some differences in the ceramide pattern.

Formulations containing lipids identical to those in skin and, in particular, some ceramide supplementation
could improve disturbed skin conditions. Incomplete lipid mixtures yield abnormal lamellar body contents, and
disorder intercellular lamellae, whereas complete lipid mixtures result in normal lamellar bodies and intercel-
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lular bilayers. The utilization of physiological lipids according to these parameters have potential as new forms
of topical therapy for dermatoses. An alternative strategy to improving barrier function by topical application
of the various mature lipid species is to enhance the natural lipid-synthetic capability of the epidermis through

the topical delivery of lipid precursors.

The bilayer lipid matrix of cell membranes is composed of a
heterogeneous mixture of different lipids, e.g. phospholipids,
sphingolipids, and cholesterol. With the exception of sphingomy-
elin, sphingolipids are usually minor components of membranes.
However, the sphingolipids and their breakdown products are now
thought to be involved in various cellular processes, e.g. transport
functions, immunological activity, cell growth, and differentia-
tion.l-31 Consequently, there is a growing interest in the study of
the structure and properties of sphingolipids.[®-8!

The essential molecular features of sphingolipids are: (i) a
hydrophobic backbone called ceramide, which consists of a
sphingosine base with an amide-linked fatty acid; and (ii) a polar
head group. The ceramide, itself, is synthesized in the endoplas-
mic reticulum and transported to the Golgi apparatus, where it is
converted to cerebroside, ganglioside, or sphingomyelin.[®] Al-
though ceramides act as a precursor for cerebroside, ganglioside,
and sphingomyelin, very low levels of free ceramides are found
in membranes.

Recently, it has been demonstrated that certain environmental
signals that induce cell growth inhibition, cell differentiation, pro-
grammed cell death (apoptosis), and down-regulation of the c-myc
proto-oncogene rapidly increase intracellular ceramide concen-
trations by increasing sphingomyelin turnover or by increasing
de novo synthesis.['17] A role for the generated ceramides in
mediating some of the activities of these extracellular signals (e.g.
tumor necrosis factor-o., interferon-y or 1-o, 25-dihydroxyvitamin
D3) has been demonstrated with the use of water-soluble, cell-
permeable ceramide analogues.[!1:13.18.19] These studies have es-
tablished a potential signaling pathway involving sphingomyelin
hydrolysis with the generation of ceramides as putative second
messenger molecules. Ceramides have been shown to induce phos-
phorylation of the epidermal growth factor receptor, possibly by
activating a protein kinase.?%-211 A novel ceramide-activated pro-
tein phosphatase which may be involved in transducing the ef-
fects of ceramides has been identified.[!422:23] Thus, the second
messenger ceramide can dispatch the signal via activation of a
protein kinase or a protein phosphatase. In skin, little is known
about the role of sphingolipids in signaling events. In keratin-
ocytes, extracellular and intracellular ceramides play important
different roles. Intracellular ceramides cause differentiation of
keratinocytes. Current knowledge of sphingolipid signaling in
epidermal homeostasis has recently been reviewed.[?*]

It is well known that the permeability barrier of the skin,
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which prevents water loss and penetration of harmful chemicals
from the environment, is localized in the horny layer (stratum
corneum) of the epidermis.[2>-26] Intracellular ceramides are pres-
ent in large amounts in the stratum corneum and are the major
lipid constituents of the lamellar sheets present in the intercellular
spaces of the stratum corneum. These lamellar sheets are believed
to provide the barrier property of the epidermis. This review will
be mainly focused on the structural function of the ceramides as
part of the lipid barrier of the skin.

The superficial cornified layer of the stratum corneum of the
epidermis of terrestrial vertebrates has evolved to provide a bar-
rier to water permeation, which is essential for survival in a dry
environment.[23:26] It has been known for decades that this barrier
is provided by lipids, but it was only during the 1980s that the
molecular structure and physical arrangement of these lipids were
defined.

The stratum corneum is composed of corneocytes, flattened
dead cells, which are embedded in lamellar lipid regions. There is a
continuous renewal of cells in the basal layer of the epidermis.
These cells are subsequently transported to the upper layers in
the epidermis. The composition of lipids changes markedly dur-
ing apical migration through successive epidermal layers. When
the differentiation process is accomplished (i.e. in the stratum
corneum), the lipid composition changes markedly, the phospho-
lipids are degraded enzymatically into glycerol and the free fatty
acids and glucosylceramides into ceramides. The main constitu-
ents of stratum corneum lipids are thus cholesterol, free fatty
acids and ceramides. Stratum corneum ceramides represent a
unique heterogeneous group of at least eight ceramides that differ
from each other by the head-group architecture and by the mean
fatty acid chain length. In addition to the free lipids of the stratum
corneum matrix, there are at least two species of ceramides co-
valently bonded to the corneocyte protein envelope.

The function of all these ceramides is the subject of much
investigation. They are known to be critical in the barrier function
of the epidermis but the influence of their chemical structure and
their macromolecular organization is still a matter of speculation.
This paper will review the knowledge of the structure of these
compounds as well as their essential role in the stratum corneum.

1. Current Concepts on Structure and Function of
Stratum Corneum

The stratum corneum is viewed currently as a layer of protein-
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enriched corneocytes embedded in a lipid-enriched, intercellular
matrix,[?3] the so-called ‘bricks and mortar’ model.[27:28] The
‘bricks’ are corneocytes surrounded by a cornified cell envelope
made up of proteins, mainly loricrin and involucrin, and covalent-
ly bound to the hydroxyceramide molecules of a lipid envelope.
In turn, these ‘bricks’ are embedded in a ‘mortar’ of lipid bilay-
ers.[29-311 The so-called ‘mortar’ contains a variety of intercellular
lipids including, ceramides, free sterols and sterolesters, choles-
terol sulfate, and free fatty acids.

The evidence for such protein-lipid sequestration is based on
freeze-fracture replication, histochemical, biochemical, cell frac-
tionation, cell separation, and physical chemical studies (reviewed
in Elias!?7!). Freeze-fracture analysis reveals stacks of intercellu-
lar bilayers in the intercellular spaces. Moreover, histochemical
stains also show the membrane domains of the stratum corneum
to be enriched in neutral lipids, especially when these stains are
applied to frozen sections. Furthermore, analysis of isolated pe-
ripheral membrane domains has shown that: (i) the bulk of stra-
tum corneum lipids are in stratum corneum interstices; (ii) the
lipid composition of these preparations is virtually identical to
that of the whole stratum corneum; and (iii) the freeze-fracture pat-
tern of membrane multilayers, previously described in whole stra-
tum corneum, is duplicated in the membrane preparations. Fi-
nally, X-ray diffraction and electron-spin resonance studies have
identified that all the bilayer structures, as well as physiological
lipid-based thermal phenomena, are localized to these membrane
domains.[3?]

Although the intercellular epidermal lipids only account for
about 15% of the stratum corneum weight (with the remainder being
15% water and 70% proteins), they are essential components of a
suitable barrier function and prevent, in combination with the so-
called hydrolipidic layer, excessive transepidermal water loss.[27-331
The unique molecular organization into bilayer units with alter-
nating electron-dense and electron-lucent lamellae not only im-
parts the impermeability of stratum corneum but also provides a
selective permeability for lipophilic substances.[3+33! It has been
suggested that quantitative differences in lipid content are more
accurate than stratum corneum thickness in predicting regional
variations in skin permeability.[36] Thus, the barrier properties of
the skin will largely depend on the intactness of the lipid lamellae
in the intercellular spaces of the stratum corneum. Both total content
and the type of lipids appear to be important.34-37]

1.1 Lamellar Bilayer Generation, Maturation
and Substructure

Lamellar body exocytosis delivers the precursors of these bi-
layers to the intercellular spaces at the stratum granulosum-stratum
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corneum interface.[32! A transition can be observed from lamellar
body-derived sheets into successively elongated membranes with
the same substructure as lamellar body sheets which unfurl par-
allel to the plasma membrane!28-38.391 (figure 1). End-to-end fu-
sion of lamellar body-derived membrane sheets continues within
the first two layers of the stratum corneum, giving rise to broad,
uninterrupted membrane sheets, followed by compaction of ad-
jacent membrane sheets into lamellar bilayer unit structures.
This change in structure correlates with a sequence of change
in lipid composition, i.e. from the polar lipid-enriched mixture of
glycosphingolipids, phospholipids, and free sterols present in la-
mellar bodies to the more nonpolar mixture, enriched in cera-
mides, free sterols, and free fatty acids that is present in the remain-
der of the stratum corneum.[32! An explanation for the structural
changes, consistent with the compositional changes and enzyme
localization data, is that the initial end-to-end fusion of unfurled
lamellar body-derived sheets may be mediated by the initial deg-
radation of phospholipids to free fatty acids by phospholipase A,,*!1
which occurs in abundance in lamellar bodies and in the stratum
corneum interstices (figure 1). The subsequent transformation of
elongated disks into the broad multilamellar membrane system re-
quired for barrier function is associated with the further, complete
hydrolysis of residual glucosylceramides to ceramides with the
action of B-glucocerebrosidase.*?] Phosphosphingolipid sphingo-
myelin has recently also been proved to be the precursor of some
epidermal ceramides,!*3] the presence of acid-sphingomyelinase
with highest activity at pH 5.1-5.6 being important.[**] These
intercellular lipid lamellae may exist either in a solid crystalline gel
or in a liquid crystalline phase, the degree of fatty acid unsatura-
tion being responsible for the balance between these phases.[*3

SG/SC interface Lower to mid SC

Phospholipase B-Glucocerebrosidase

»
>

7.3 pH 5.0

Hydrated » Dehydrated

Fig. 1. Several of the steps required for the synthesis of the unit membrane
found in the intercellular space of the stratum corneum (SC). Extracellular
processing of polar lipids to nonpolar lipids is required for the sequential
membrane modifications that lead to barrier formation. In addition, changes
in extracellular pH and hydration may contribute to this sequence. SG =
stratum granulosum (reproduced from Elias,[40] with permission from Marcel
Dekker).
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The entire multilamellar complex lies parallel outside the corneo-
cyte surface, which has a hydrophobic envelope containing co-
valently bound ceramides.[°]

1.2 Covalently Bound Envelope

The membrane complex immediately outside the cornified
envelope replaces the true plasma membrane during differentia-
tion.[32] Although a portion of this trilaminar structure survives
exhaustive solvent extraction, it is destroyed by saponification.[?]
Lipid extracts of saponified fractions yield at least two very long-
chain, ®w-hydroxy acid—containing ceramides that are believed to
be covalently attached to glutamine residues in the cornified en-
velope.[#748] Although the covalently bound envelope is enriched
in ®-hydroxy acid—containing ceramides, its complete composi-
tion is not known since both the initial solvent extraction of the
intercellular lamellae and subsequent saponification could remove
or destroy certain constituents of this structure. Given that this
envelope remains after prior solvent extraction has rendered the
stratum corneum porous, it is assumed that it does not constitute
a barrier. It may function as a scaffold for the deposition and
organization of lamellar body-derived, intercellular bilayers.
However, a recent study!*®! has found a direct correlation be-
tween the amount of covalently bound ceramides and the barrier
function of the skin. Finally, the origin of the covalently bound
envelope remains unknown. It could originate from the pool of lipids
deposited during lamellar body and/or Golgi apparatus secretion,
and/or by in situ degradation of plasma membrane sphingolipids,
such as sphingomyelin.[%0]

2. Lipids Derived from Lamellar Bodies

Lipids are relatively chemically inert and do not readily form
hydrogen bonds with water. This ‘hydrophobic effect’ is the primary
driving force for the formation of lipid aggregates. However, not
all lipids form bilayers; membranes are generally formed by
amphipathic molecules that contain a polar head group and an
apolar alkyl chain. The alkyl chains align in parallel to form the
hydrophobic domain whereas the polar head group forms the in-
terface with aqueous domains. It is the subtle balance of forces
between the alkyl chains and the polar group that governs the
predisposition of a lipid to form a specific structure.[>!-52! In par-
ticular, the alkyl chain length and degree of saturation strongly
influence the predisposition of lipid mixtures to form these struc-
tures.

It is well known that the intercellular lipid domain is composed
of roughly equimolar concentrations of free fatty acids, choles-
terol, and ceramides. The polar head groups of these lipids are un-
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usual for membrane-forming lipids in that they are all relatively
small and bind water poorly.

2.1 Free Fatty Acids

The composition of free fatty acids in human stratum corneum
is rather unique. They are predominantly saturated and range from
14-28 carbons in length and account for about 10% in weight of
stratum corneum lipids.[*0! They mainly consist of palmitic
(C16:0, 7.4%), stearic (C18:0, 9.1%), oleic (C18:1®9, 5.7%), be-
henic (C22:0, 5.9%) and lignoceric (C24:0, 26.9%) acids.[>3! This
contrasts with the free fatty acid content of serum®# or sebum,
indicating that free fatty acids are derived from de novo synthesis
in the epidermis. The free fatty acids in the stratum corneum are not
enriched in essential fatty acids, suggesting that these lipids do
not play a significant structural role in the intercellular lipid do-
main. However, the principal role of essential fatty acids is pre-
sumably related to their ester derivatives linked to ®-hydroxy
acid—containing ceramides that are required for the formation of
the 13mm trilaminar unit (see section 3) as well as to the viability
of the epidermis. Since the composition of the free fatty acids in
the stratum corneum does not reflect that of the underlying layers,
this indicates that pathways for the degradation and/or recycling
of unsaturated fatty acids exist. Overall, the fatty acid composi-
tion of the intercellular lipid plays an important role in the stratum
corneum barrier and in the pH variations in the different stratum
corneum layers.[40]

2.2 Sterols

The primary sterol found in the stratum corneum is choles-
terol (27%), though significant levels of cholesterol esters (10%)
and cholesterol sulfate (3%) are also observed.[53! Cholesterol is
also a major component of mammalian plasma membranes; thus,
it is the only major lipid class found in both of these systems.
Although obtainable from nutritional (i.e. serum) sources, epider-
mal cholesterol is mainly synthesized in the epidermis.!5>! Owing
to the hydroxyl group in position 3, representing the polar head
group, cholesterol is roughly perpendicular to the bilayer surface
and improves both plasticity and rigidity of the membranes.[46]
Although the amount of cholesterol sulfate present in the epider-
mis is rather low, it is important for the cell-cell cohesion of the
stratum corneum. Its desulfatation by a steroid sulfatase is required
for physiological desquamation of the stratum corneum. It has
been observed that any alteration of the cholesterol metabolism
in the epidermis leads to considerable disturbances of the cohesion-
desquamation homeostasis of the horny cells, and to a disturbed
barrier function.[>%]

Am J Clin Dermatol 2003; 4 (2)
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2.3 Ceramides

Ceramides are a structurally heterogeneous and complex
group of sphingolipids containing mainly sphingosine, phyto-
sphingosine or 6-hydroxysphingosine, C18-sphingoid bases in
amide linkage with a variety of nonhydroxy, o-hydroxy, or m-
hydroxy acids!37-381 (figure 2). These differences in type and ex-
tent of hydroxylation, together with the N-acyl chain lengths and
the presence of an additional acylation at the w-side of the N-acyl
group, account for the heterogeneity of the epidermal sphingo-
lipids.!*®! They represent about 50% of the total lipid amount of
the stratum corneum.

The initial nomenclature of ceramides was based on a series
of numbers from 1-6 (the higher the number, the greater the po-
larity) in accordance with the six chromatographically separated
ceramide fractions determined in pig skin.®1 A new ceramide
fraction has since been obtained in human skin with an interme-
diate polarity between ceramide (Cer) 3 and Cer 4158 and recently
another ceramide with the same polarity as Cer 5 was found.[60]
Thus, there are at least eight major free ceramides present in the
human stratum corneum matrix (Cer 1-8) [figure 3]. In addition,
there are at least two major protein-bound ceramides that are

WVVM)\/OH

OH
Sphingosine (S)

6-Hydroxysphingosine (H)

OH  NH,

e A

OH
Phytosphingosine (P)

WOWWWW/MOH

covalently bonded to the corneocyte protein envelope (Cer A and
B) [figure 3].

Progress in elucidation of epidermal ceramide structures has
made possible a nomenclature based on their molecular structure
instead of on their mobility on thin layer chromatography. This
system, which makes use of individual characters, indicates the
type of amide-linked fatty acid and the type of base (table I).[8-61]

As stated earlier in the section, the stratum corneum ceramides
differ from one another by the architecture of the head group and
by the fatty acid chain length. The fatty acid esterified to the
amide of the sphingosine head group can be either o-hydroxy or
nonhydroxy fatty acids. The fatty acid chain lengths vary between
16 (Cer 5 [AS]) and 30-40 carbon atoms (Cer 1 [EOS]). Further-
more, Cer 1 (EOS) and Cer 4 (EOH) contain mainly linoleic acid
linked to the w-hydroxy acids. All these differences in chemical
structure of the ceramides (summarized in table I) are assumed to
be important for the characteristic organization of stratum corneum
lipids.

Serine palmitoyl transferase is the rate-limiting enzyme in
sphingolipid synthesis producing an intermediate dihydrosphin-
gosine (sphinganine) followed by N-acylation. Inhibition of this
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w-Acyl-oxyacid or esterified w-hydroxy acid (EO)

Fig. 2. Chemical structures of sphingoid bases and fatty acids which form, through amide linkage, the different ceramides present in the stratum corneum.
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Fig. 3. Structures of the (a) eight major free ceramides and (b) two protein-bound ceramides of the human stratum corneum (reproduced from

Robson et al., %8

acid; O = o-hydroxy acid; P = phytosphingosine; S = sphingosine.
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with permission). A = o-hydroxy acid; E = w-acyl-oxyacid or esterified o-hydroxy acid; H = 6-hydroxysphingosine; N = nonhydroxy
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Table I. Free ceramides of human stratum corneum

Numerical Chemical Sphingoid base Linked fatty acids Total ceramides
nom. nom. content in the SC (%)
1 EOS Sphingosine Saturated 30—40 carbon chains, amide-linked w-hydroxy acids. Mainly 8
linoleate ester linked to w-hydroxyl group
2 NS Sphingosine Mainly saturated 18, 24, 26 and 28 carbon chains, amide-linked acids 21
(nonhydroxy acids)
3 NP Phytosphingosine Mainly saturated 18, 24, 26 and 28 carbon chains, amide-linked acids 13
(nonhydroxy acids)
4 EOH 6-Hydroxysphingosine Saturated 30—40 carbon chains, amide-linked w-hydroxy acids. Mainly 4
linoleate ester linked to w-hydroxyl group
5 AS Sphingosine Mainly saturated 16, 24 and 26 carbon chains, amide-linked o-hydroxy 18
acids
6 NH 6-Hydroxysphingosine Mainly saturated 18, 24, 26 and 28 carbon chains, amide-linked acids 9
(nonhydroxy acids)
7 AP Phytosphingosine Mainly saturated 24 and 26 carbon chains, amide-linked o-hydroxy acids 4
8 AH 6-Hydroxysphingosine Mainly saturated 24 and 26 carbon chains, amide-linked o-hydroxy acids 22

A = o-hydroxy acid; EO = esterified ®-hydroxy acid; H = 6-hydroxysphingosine; N = nonhydroxy acid; nom. = nomenclature; P = phytosphingosine; S =

sphingosine; SC = stratum corneum.

enzyme, with B-chloroalanine for example, has been shown to
delay barrier repair after damage.[?1 Although both glucosyl-
ceramide and the phosphosphingolipid sphingomyelin are poten-
tial precursors of stratum corneum ceramides, it was assumed that
all major subfractions are generated from glucosylceramides.[#?]
Subsequent experiments demonstrated that epidermal sphingo-
myelin is also important an precursor of Cer 2 (NS) and Cer 5
(AS) and that ®-OH Cer 1 (EOS) and Cer 4 (EOH) only derive
from glucosylceramide precursors.[*31 A proposed pathway for
production of stratum corneum ceramides is schematized in fig-
ure 4.

3. The Ceramides in the Phase Behavior of
Intercellular Lipids

Itis well known that ceramides play an essential role in struc-
turing and maintaining the water permeability barrier function of
the skin.[32:63.641 However, in contrast with cellular membranes,
which consist predominantly of phospholipids, ceramides lo-
cated in the intercellular spaces are not able to form bilayer con-
figurations by themselves.[%] Nevertheless, in conjunction with
cholesterol, and even more with free fatty acids and cholesterol
sulfate, which are ionized at physiological pH, they form ordered
structures (see section 2). These arrays of hydrophobic chains con-
struct lipid bilayers with closely packed interiors which dramat-
ically reduce their permeability to water and solutes.[3%-66-67]
However, the presence of lipid bilayers in the stratum corneum
alone is insufficient to guarantee an impermeable water barrier.

One essential factor is the physical state of the lipid chains
in the nonpolar regions of the bilayers. This is because in the stratum
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corneum intercellular lipid lamellae, the aliphatic chains in the
ceramides and the fatty acids, both free and esterified with cera-
mides, are mostly straight long-chain saturated compounds with
a small polar head group and a high melting point. This means
that at physiological temperature, the lipid chains are mostly in
a solid crystalline or gel state. In these states, the membrane ex-
hibits low lateral diffusional properties and is less permeable than
the membrane in a liquid crystalline state, present at higher tem-
peratures (figure 5).37-68-71]

In the solid crystalline phase and, to a lesser extent, the gel
phase, the lipids exhibit a long range order i.e. they display a specific
orientation with respect to one another. Alkyl chains are in the all-
trans configuration, which facilitates the interaction between ad-
jacent chains and lateral diffusion of a lipid in the membrane is
extremely slow. An increase in the number of gauche isomers is
observed for the gel phase, promoting a slightly faster diffusion.
In the liquid crystalline phase, many more alkyl chains are in the
gauche configuration. They do not pack into specific arrange-
ments, allowing rapid lateral mobility.[*¢]

Lipid-phase transitions in model membrane systems can be
induced by changing the pressure, hydration, solvents, salt con-
centration, pH, cations, temperature, and proteins. Lipid compo-
sition strongly influences the phase transition temperature. Increas-
ing the alkyl chain length of a phospholipid by 2 carbons raises
the gel-liquid phase transition temperature by 20°C whereas in-
creasing the degree of unsaturation of the alkyl chain by the in-
troduction of a double bond decreases it by as much as 35°C.
Cholesterol influences the gel-liquid crystalline phase transition
by decreasing the enthalpy of the phase transition.’!] Note that

Am J Clin Dermatol 2003; 4 (2)
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Ceramides 1-8

Ceramides 3, 6, 7, 8, (NP, NH, AP, AH)
acylceramides 1, 4 (EOS, EOH)
A

Glucocerebrosidase

Ceramide 2, 5 (NS, AS)

t 1

Sphingomyelinase

A 4

Glucosylceramides
acylglucosylceramides
(epidermoside 1&ll)

UDP

Glucosylceramide
synthase

Sphingomyelins

DG

Sphingomyelin
synthase

UDP-glucose

Ceramides,
acylceramides

PC

A

Sphingoid base

A
Serine palmitoyl transferase

| L-serine + palmitoylCoA |

Fig. 4. Proposed pathway for the production of stratum corneum ceramides. The scheme for the production of the eight stratum corneum ceramides (Cer
1-Cer 8) distinguishes between glucosylceramide- and sphingomyelin-dependent pathways, and is based on the results presented by Uchida et all#3d
(reproduced from Uchida et al., 3 with permission). A = a-hydroxy acid; CoA = coenzyme A; DG = diacylglycerol; EO = esterified o-hydroxy acid; H =

6-hydroxysphingosine; N = nonhydroxy acid; P = phytosphingosine; PC = phosphatidylcholine; S = sphingosine; UDP = uridine diphosphate.

the changes in composition of membranes are greater if they pro-
mote a change between different phases than if they remain within
a single phase. For example, although increasing the saturation
of the alkyl chains in a membrane will lead to an increase in the
membrane order, the effect will be relatively small unless a phase
transition is induced at physiological temperatures.

Thus, the phase-transition temperature for stratum corneum
lipids, and particularly the ceramides, is higher than the physio-
logical body temperature, preventing an excessively high fluidiz-
ing effect on intercellular membrane domains. The presence of un-
saturated fatty acids is important in that it confers sufficient
pliability to the lipid structure order to prevent cracks and, conse-
quently, a reduced barrier function. In the domain mosaic model
of Forslind,!%%711 it has been proposed that the intercellular lipid
lamellae consist of gel-phase domains within a continuous liquid-
crystalline area. Molecules crossing these multilamellar layers
would penetrate more easily through the more fluid liquid-crystalline
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domains or at the phase boundaries (due to chain packing defects)
than through the gel phase.

The lipid structure and organization of the skin barrier have
been studied using a number of physical techniques including
small- and wide-angle X-ray diffraction,[%8.72-78] electron diffrac-
tion,17079-80] transmission and scanning freeze-fracture electron mic-
roscopy,39-81-83] nuclear magnetic resonance spectroscopy, 84831
differential scanning calorimetry,[’>-861 atomic force micros-
copy!87:88] and Fourier transform infrared spectroscopy.[89-931

Analysis of the pattern of human stratum corneum with wide-
angle X-ray diffraction distinguishes two rings at 0.37 and 0.41nm
spacing.[% These rings are attributed to the orthorhombic lateral
packing. However, whether or not a hexagonal sublattice coexists
with an orthorhombic sublattice cannot be deduced from the
diffraction pattern since there is an overlapping of the reflection
characteristics for both the hexagonal and the orthorhombic
phases. For this reason lateral packing has recently been studied
by electron diffraction using sequential strips of stratum corn-
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eum.391 With this approach it is evident that throughout the stra-
tum corneum the lipids form an orthorhombic lattice with the
exception of the most superficial layers in which hexagonal pack-
ing has, occasionally, been observed.

From the small-angle X-ray diffraction pattern it appears that
in stratum corneum two lamellar phases are present, one with a
periodicity of approximately 6.4nm and the other with a peri-
odicity of approximately 13.4nm, respectively.! Using ruthe-
nium tetroxide post fixation, an unusual lipid bilayer arrangement
has been found. The 13nm thick lamellar structure consists of two
electron translucent broad bands and one electron translucent
narrow band (the so called Landmann units) which are not equal
in width[39-72.77.81.83] (see figure 6). Since the 13nm lamellar phase
has always been present in all species studied so far, this phase
is considered to be important for the skin barrier function.

The important role of Cer 1 (EOS) in the formation of the 13.4nm
lamellar phase and in the transition from a hexagonal to an ortho-

Phase Structure

Solid crystalline

Crystalline (gel)

Liquid crystalline

rhombic phase induced by free fatty acids has been observed in
mixtures prepared with isolated stratum corneum lipids as well
as in intact human stratum corneum.!’-%) Lipid-phase behavior
of mixtures of cholesterol, free fatty acids, and total ceramide
fraction has been compared with that of mixtures of cholesterol,
free fatty acids, and ceramide mixture lacking Cer 1 (EOS). These
studies have shown that in the absence of Cer 1 (EOS) almost no
long periodicity phase is formed.[”%-9%) From these studies, a sand-
wich model has been proposed for the molecular arrangement of
the two lamellar phases in which the different ceramides are al-
located in the different layers (figure 7).

In this model, the lipids are organized into 3 layers. The two
broad regions are formed by partly interdigitating ceramides with
long-chain fatty acids of approximately 24-26 carbon atoms,
while the narrow low-electron density regions are formed by fully
interdigitating ceramides with a short fatty acid chain of approx-
imately 16—18 carbon atoms. Furthermore, long Cer 1 (EOS) and

Diffusion
coefficient (cm2/sec)

Incidence of trans-gauche
isomerization

All trans <1014
Some gauche 1071
Trans-gauche mixture 1078

Fig. 5. Schematic representation of three bilayer phases: solid, gel, and liquid crystalline. The degree of interaction is less in the gel and liquid crystalline
phases. Characteristic chain-packing configurations, the degree of trans/gauche isomerization and lateral diffusion coefficients are also presented. These
properties should be considered illustrative, rather than definitive (reproduced from Schaefer and Redelmeier,[46] with permission).
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Cer 4 (EOH) are important for the formation of this phase with
the unsaturated linoleic acid moiety located in the central narrow
layer of this model.

These findings reflect observations made in vivo comparing
normal and diseased skin. For this purpose, the lipid-phase behavior
of stratum corneum derived from healthy, dry skin and lamellar
ichthyosis skin has been examined. Dry skin is selected because
of its low Cer 1 (EOS) content”! and lamellar ichthyosis skin
because of its low free fatty acid content.[8! The lipid composi-
tion of the stratum corneum samples is examined and the mean
content of Cerl (EOS) and Cer 4 (EOH) determined. It appears
that the absence of the 13nm lamellar phase is in concert with a
reduced content of these two ceramides.[76]

Fourier transform infrared spectroscopy yields information
about the physical conformation of the lipid hydrocarbon chains,
sensitive to the trans/gauche ratio, intramolecular order, the lateral
hydrocarbon chain packing, intermolecular chain interactions and
intermolecular hydrogen bonding between polar head groups.
Differential scanning calorimetry registers the latent heat, or en-
thalpy difference (AH) between the two states at a phase transi-
tion. Infrared and differential scanning calorimetry of human
stratum corneum demonstrate thermal phase transitions at 35, 65,
80 and 95°CI99-101] (see figure 8). The transitions are relatively
broad, reflecting a lack of cooperativity. The three lower transitions
are assigned to the intercellular lipid component since they are
altered after solvent extraction. The small transition close to 35°C
is recorded and attributed to contamination by e.g. sebaceous lipids.

Fig. 6. Ruthenium tetroxide stained human stratum corneum. In the stratum
corneum lipid regions, the lipid lamellar, broad-narrow-broad electron trans-
lucent bands are depicted (reproduced from Lépez et al.,'® with permission
from Elsevier Science).
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Fig. 7. The left-hand figure shows the electron density profile calculated from
the peak intensities attributed to the 12.2nm lamellar phase of the equimolar
cholesterol:pig ceramide mixture. On the right-hand side the lamellar organ-
ization of ruthenium tetroxide-fixed stratum corneum with the broad-narrow-
broad electron translucent band sequence is shown. Based on this
sequence, a model is proposed with three lipid layers with a prominent role
of ceramide (Cer) 1 (EOS). Furthermore, the unsaturated linoleic moiety of
Cer 1 (EOS) and Cer 4 (EOH) are located in the central narrow layer of this
model (reproduced from Bouwstra et al.,[’® with permission from Karger).
CHOL = cholesterol.

However, recent studies have indicated a sharp increase in the
proportion of gauche conformers along the hydrocarbon chains
between 32 and 37°C. This is attributed to the crystalline to liquid
crystalline transformation of a subfraction of stratum corneum
lipids.[192] The 95°C transition is assigned to keratin denaturation
since it is found after extraction of lipids by solvents and it is not
thermally reversible.[*®! However, the presence of thermal tran-
sitions at these relatively high temperatures and their modifica-
tion with hydration indicate that intercellular lipids have proper-
ties different from those of other biological membranes.

A study of structural and thermotropic properties of o-
hydroxy fatty acid—containing ceramides (ACers) [Cer 5, 7 or 8§,
(AS, AP or AH)] and nonhydroxy fatty acid—containing cera-
mides (NCers) [Cer 2 or 3 (NS or NP)] using differential scanning
colorimetry and X-ray diffraction techniques demonstrates ther-
motropic behavior changes with hydration.[”>! ACers show a sim-
ple reversible thermal behavior involving conversion of a gel
phase to a hexagonal phase (Lg—H), whereas the NCers show
a more complex polymorphic phase behavior involving two gel
phases. This study suggests that ceramide hydroxylation leads to
increased intermolecular interactions which somehow inhibit
formation of a stable state.

Fourier transform infrared spectroscopy studies are nowadays
conducted with Cer 2 (NS) analogues of different specific chain
lengths!®?] with the three possible equimolar binary mixtures of
cholesterol, stearic acid and Cer 2 (NS)[®3] and model stratum
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corneum ternary lipid mixtures of equimolar amounts of choles-
terol, deuterated palmitic acid and Cer 2 (NS)B%91 or Cer 5
(AS)PH or Cer 3 (NP) or Cer 7 (AP).[103]

As regards the Cer 2 (NS) in the ternary mixture, the ceram-
ide fraction transition into an isotropic state occurs at approxi-
mately 50-75°C, whereas the chain disorder of the palmitic acid
phase begins at 42°C with a transition point of 50°C. Cer 2 (NS)
forms separate domains within these ternary stratum corneum
models and the lipids do not collapse with the disordering of
palmitic acid.[3%-901

In the Cer 5 (AS) model, the methylene stretching frequencies
again provide evidence that palmitic acid and Cer 5 (AS) are fully
extended all-trans conformations, tightly packed at physiological
temperatures. However, both components have sharper phase
transitions than the components of the Cer 2 (NS) model at the
same temperature ~50°C. This suggests that there is less mixing
with cholesterol and that the Cer 5 (AS) domains are probably
fairly small and do not segregate from fatty acid domain in the
skin barrier model.°!]

The phytosphingosine-based ceramides Cer 3 (NP) and Cer
7 (AP) exhibit phase behaviors that are markedly different from
those of Cer 2 (NS) and Cer 5 (AS). The Cer 3 (NP) when com-
bined with palmitic acid and cholesterol does not exhibit any
phase transition up to temperatures above 90°C, although the fatty
acid and cholesterol appear to loosen the chain packing of Cer 3
(NP). However, Cer 7 (AP) in the model has a broad transition at
~90°C, suggesting some interaction between this Cer 7 (AP) and
the other model stratum corneum components.!03]

These different physical properties have been determined by
studying the CH,-stretching vibrations which illustrate the intra-
molecular conformational order of the lipid chains within the
bilayer. Since cohesiveness of the stratum corneum lipid barrier
is partly derived from intermolecular hydrogen bonding between
groups, it has also been monitored in the same spectra as the chain
interactions. The carbonyl stretching mode and ceramide amides
I and II provide information on head group interactions in the
stratum corneum models!!® (see figure 9). The splitting in the
amide I mode of Cer 2 (NS) suggests an intermolecular bonding
between opposing Cer 2 (NS) head groups. In contrast, none of
the other ceramide species demonstrate splitting in the amide
modes. However, the lower frequencies observed for Cer 5 (AS)
and Cer 7 (AP) are indicative of strongly H-bonded head groups.
The small temperature dependence of the lowest amide I frequency
of ~1612cm™! for Cer 3 (NP) indicates a very strong internal
H-bond.[193]

All these biophysical studies shed some light on the unusual
properties of hydrated ceramides, and on how these properties
relate to ceramide function in the stratum corneum. It is quite
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clear that the diversity of ceramides found in the stratum corneum
does not reflect redundancy because each ceramide species has
unique properties that contribute to stratum corneum organization
and cohesion and thereby provide the stratum corneum with its
barrier function.

4. Relationship Between Ceramides and Barrier
Function of Skin

Studies using very simple membrane models, such as lipo-
somes formed by stratum corneum lipid mixtures, have demon-
strated the important role of the ceramides in the preservation of
the permeability and integrity of the bilayer structures.!'%4! Strong
evidence that stratum corneum barrier lipids, especially ceramides,
play a crucial role in the water retention capacity of the skin also
comes from medical research of various skin disorders.[60:105] [n-
deed, a variety of skin conditions and diseases are characterized
by hyperkeratinization, often associated with redness and itching.
The skin is dry and rough and shows an impaired lipid barrier and
an increased trans-epidermal water loss.
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Fig. 8. Differential scanning calorimetry profiles of five human stratum
corneum samples. Samples al (dry) and all (hydrated) were from the same
source at the indicated hydration levels. The other samples were from differ-
ent sources. A minor transition is observed at 37—40°C; principle transitions
attributed to intercellular lipid are observed at 68—70°C and 80°C with a small
transition observed at 95°C in some samples (reproduced from Schaefer and
Redelmeier,[46] with permission from Karger).
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Fig. 9. The temperature dependence of the amide | mode of ceramide (Cer) 2 (NS), Cer 3 (NP), Cer 5 (AS) and Cer 7 (AP), in ternary lipid models of the
skin barrier. This mode provides a direct measure of head-group H-bonding (reproduced from Moore and Rerek,“os] with permission). A = a-hydroxy acid;
N = nonhydroxy acid; P = phytosphinogosine; S = sphingosine.

The following classification of skin barrier problems has

been made.[106]

Acute damage to the skin barrier, very common and normally
not associated with inflammation leading to a skin pathol-
ogy. Examples are extraction with organic solvents and short
exposure to aggressive detergents.

Chronic damage to the skin barrier as seen in xerosis, often
season-linked and more common in persons with an atopic
skin. Changes in the horny layer such as scaliness, roughness
and abnormal dryness are important symptoms of barrier
damage. These symptoms, as also observed in irritant contact
dermatitis, lead to an inflammatory reaction and sometimes
to the onset of skin diseases.

Structural changes in the skin barrier as observed in ichthy-
osis, general dyskeratotic disorders and atopic skin.
Inflammatory skin diseases accompanied by skin barrier
changes; examples are atopic dermatitis and psoriasis.
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The link between skin disorders and changes in barrier lipid

composition is, however, difficult to prove because of the many
variables that could play a crucial role in the regulation and mod-
ulation of the composition of the skin barrier including:1%7]

variables related to the individual such as age, sex, body site,
and phenotype;!108-110]

environmental variables including seasonal variations, UV
light, and contamination of the extracted barrier lipids with
sebaceous lipids; 64111112

low amounts of the barrier lipids in damaged skin, requiring
sensitive quantification techniques;!'13!

difficulties in the comparison of interlaboratory results.[108:110]
Bearing the above considerations in mind, a summary of the

state-of-the-art relationship between the presence or composition

of ceramides and barrier impairment in healthy or diseased skin
is presented in the remainder of the section.
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4.1 Effect of Anatomical Site, Sex, Age, and Season

Barrier properties of different skin sites cannot be attributed
to differences in thickness or the number of cell layers in stratum
corneum. Rather, an inverse relationship exists between the lipid
weight percentage and the permeability properties of a particular
site, with significant regional differences in the lipid compositional
profile.['%8] For example, despite the small amount of lipids, the
proportion of ceramides and cholesterol is much higher in palmo-
plantar stratum corneum than on the extensor surfaces of extrem-
ities, abdominal or facial stratum corneum. However, the signif-
icance of these differences in lipid distribution is not known.
Functional interpretations require consideration not only of lipid
distribution and weight percentages, but also information about
site-related variations in the fatty acid profiles of esterified spe-
cies, and at present these data are not available.

These regional differences in lipid content do have important
clinical implications. ! First, they correlate with susceptibility
to the development of contact dermatitis to lipophilic antigens
(e.g. poison ivy) or hydrophilic antigens (e.g. foods, flowers) at
lipid-replete sites (e.g. face) or lipid-depleted sites (e.g. palms,
soles). Second, individuals with atopic dermatitis who display a
paucity of stratum corneum lipids are less readily sensitized to
lipid soluble compounds than to hydrophilic antigens, such as
nickel. Third, percutaneous drug delivery of lipid-soluble drugs,
such as topical corticosteroids and retinoids, occurs more readily
at lipid-replete sites. Finally, the low lipid content of palms and
soles explains the increased susceptibility of these sites to the
development of soap/surfactant- and hot water-induced dermati-
tis. Moreover, the distribution of lipids at nonkeratinized, oral
mucosal sites, which generally have a higher water permeability
than keratinized regions, is different from that in the epider-
mis.[114115] There is a replacement of ceramides and free fatty
acids by glucosylceramides and phospholipids, respectively.

In some reports, changes in ceramides and total stratum
corneum lipid content with increasing age have been described
and it is now generally accepted that there is an overall decrease
in total stratum corneum lipids by approximately 30% in the el-
derly.[97.109.116-1181 Tt hag been suggested that the decrease in the
total ceramide content in aged skin could be a result of an age-
related increase in the ceramidase activity, whereas the activity
of B-glucocerebrosidase remains unchanged.[!'”) According to
Yamamura et al.,['20l however, a downregulation of sphingomye-
linase activity is at the basis of the decline in ceramide concen-
trations. Moreover, low amounts of ceramides!!?0! and abnormal
lamellar bodies have also been observed in senile xerotic skin.[!21]

The incidence of skin xerosis appears to be greater both with
increasing age and during the harsher climatic conditions of the
winter season. No seasonal changes have been observed in the
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stratum corneum lipid levels in Japanese patients,22! whereas a
decrease has been reported in winter xerosis in Caucasian wo-
men.[118:123] Stratum corneum lipid levels of three body sites ex-
amined (face, hand, leg) were dramatically depleted in winter
compared with spring and summer.[!'8] The relative levels of Cer 1
(EOS) lignocerate, heptadecanoate, and linoleate are also de-
pleted in winter and aged skin whereas Cer 1 (EOS) oleate levels
increase.[!'81 The crucial role of essential fatty acids in stratum
corneum function has been appreciated for decades.['241 In essen-
tial fatty acid deficiency, the replacement of linoleate with oleate
in Cer 1 (EOS) is associated with dramatic perturbations in the ultra-
structure of the stratum corneum lipids and desquamatory abnor-
malities.['25] Essential fatty acid insufficiency is also associated
with other less serious conditions. For example, Cer 1 (EOS) lino-
leate levels are reduced in atopic dermatitis, 267 acne,[71 and dry
skin.[127]

Although water loss from skin does not appear to alter with
age or season, the decrease in the mass levels of intercellular
lipids and the altered ratios of fatty acids esterified to Cer 1 (EOS)
are likely to contribute to the increased susceptibility of aged skin
to perturbation of barrier function and xerosis, particularly during
the winter months.![!18] In a recent study, the relationship between
stratum corneum lipid composition, X-ray diffraction pattern and
barrier characteristics of different healthy human skin types (nor-
mal, dry, and aged skin) has been reported.[!28] A deficiency in
o-hydroxy acid—containing Cer 1 (EOS) and Cer 4 (EOH), and
an increase in nonhydroxy acid—containing Cer 2 (NS) and o-
hydroxy acid—containing Cer 5 (AS), coincides with a lack of the
4.4nm peak attributed to the long periodicity phase, which occurs
predominantly in young, dry skin and in a few cases of aged and
young normal skin.

Ceramide distribution changes related to age and sex have
been reported!! 191 and significant differences have been obtained
between age groups in female individuals only. There is a significant
increase in Cer 1 (EOS) and Cer 2 (NS) with a corresponding de-
crease in Cer 3 (NP) and Cer 7 (AP) from prepubertal age to adult-
hood in females. Thereafter, from young adult to elderly women,
the ratio of Cer 2 (NS) to total sphingolipids decreases with age
in contrast to Cer 3 (NP), which shows an increase. This suggests
a significant influence of female hormones on the composition of
stratum corneum ceramides.

4.2 Effect of Barrier Damage Induced by
External Factors

Contact dermatitis is induced by exposure of the skin to ex-
ternal substances and challenges including, surfactants, solvents,
chemicals, metals, UV light, and even plain water.[19°! Perturba-
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tion of the barrier lipids by the use of organic solvents or deter-
gents or its removal by tape stripping leads to a significant in-
crease in water loss through the upper layers of the skin,['?! fol-
lowed by a cascade of homeostatic responses in the epidermis!!30!
(see figure 10).

After barrier perturbation, the early stage of repair (within 1
hour) is characterized by lamellar body excretion!?8] and an increase
in fatty acid and cholesterol biosynthesis,31 followed by a de-
layed synthesis (3—6 hours) of epidermal sphingolipids.[®?! This
is the result of an increased development and activity of lipid
processing enzymes, as a result of increased DNA synthesis.!30]
These enzymes catalyze the rate-limiting steps of the biosynthesis
of sphingolipids (serine palmitoyl transferase), cholesterol (hy-
droxymethylglutaryl coenzyme A [HMG CoA] reductase) and fatty
acids (acetyl CoA carboxylase). Once the barrier recovery is com-
pleted, the enzyme activities gradually return to baseline levels
and decreases in transepidermal water loss are observed.[37-131-133]

In vitro experiments using the non-ionic surfactant octyl-
glucoside have demonstrated its insignificant effect on the lamel-
lar structure of stratum corneum lipids.!!3* On the other hand, the

treatment of the skin with surfactants such as the anionic sodium
lauryl sulfate induces significant increases in transepidermal wa-
ter loss in vivo, with greater changes in stratum corneum lipid
composition than in total lipid levels. Increases in free cholesterol,
Cer 2 (NS) and Cer 4 (EOH) are observed, whereas the concen-
trations of cholesterol esters, long-chain fatty acids and Cer 3
(NP) decrease.[135.136]

The relationship between the initial ceramide content of stra-
tum corneum and induced changes in barrier function has also
been studied after sodium lauryl sulfate application.['371 The cor-
relation found between baseline Cer 1 (EOS) and Cer 7 (AP) and
skin barrier impairment indicates that individuals with low levels
of these ceramides are more prone to developing an irritant con-
tact dermatitis following exposure to detergent.

There are few studies on in vivo human irritation caused by
organic solvents.!!38-142] Grubauer et al.['4?! found that the selec-
tive extraction of nonpolar lipids causes only a slight increase in
transepidermal water loss, while the elution of polar lipids pro-
duces a linear correlation between transepidermal water loss and
the quantity of lipids removed. Di Nardo and coworkers!!38! re-
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197 with permission). FFA = free fatty acid; TEWL =transepidermal
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ported irritant contact dermatitis caused by organic solvents such
as toluene and xylene. The skin of many workers in the chemical
and cosmetic industry is frequently exposed to organic solvents
resulting in the sensitization of the skin. A significantly lower
baseline total weight of ceramides has been reported in individ-
uals showing the greatest tendency for irritation. The profile of
single lipid classes in these individuals suggest that the impair-
ment is directly related reduced levels of Cer 7, 5, 4, and 3 (AP,
AS, EOH, and NP).[138]

Another external source of skin damage is UV irradiation,
which may influence the composition of stratum corneum lipids
and barrier function; however, whether the effect is harmful or
beneficial depends of the UV dose. Provided that the irradiation
occurs at suberythemal doses, increases in the amount of stratum
corneum lipids and improvement in barrier function are ob-
served.l''!l The ceramide fraction is especially enhanced, with
the appearance of two new ceramide subfractions in the polar
ceramide region following irradiation. This explains the benefi-
cial effects of phototherapy on atopic skin. In the latter case, it
has been reported that not only is lamellar body content extrusion
improved, but also its conversion into lipid lamellae in the stra-
tum corneum.!!2!] However, high UV doses above the suberythe-
mal level cause barrier damage characterized by inflammation
and scaliness of the skin with concomitant increases in trans-
epidermal water loss.[111]

4.3 Pathological Skin Disorders

A number of skin pathologies directly cause structural alter-
ations in the stratum corneum as a result of malfunction of epi-
dermal lipid metabolism, resulting in a loss of barrier function. In
this respect, the most cited skin pathologies are psoriasis,!32-113.143-147]
atopic dermatitis,[146:148-1541 some forms of ichthyosis,[?8:155-1591
and severe xerosis.[123:128,160.161]

4.3.1 Psoriasis
Psoriasis is a hyperproliferative disease of the epidermis

characterized by abnormal epidermal maturation leading to an
incomplete process of differentiation with a consequently defec-
tive skin barrier function. An ultrastructural analysis of the stra-
tum corneum of psoriatic lesions has revealed extremely narrow
intercellular spaces, containing few pathological lipid lamellae,
between a large number of parakeratotic corneocytes.[146]

These morphologic findings are consistent with biochemical
studies that show a decrease in relative free fatty acid content and
a different pattern in ceramide distribution in psoriatic plaques
compared with normal control skin.[!13:144] In psoriatic skin, the
phytosphingosine-carrying ceramides (Cer 3 [NP] and Cer 7
[AP]) show a statistically significant decrease versus normal stra-
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tum corneum; some sphingosine-carrying ceramides (Cer 2 [NS])
and two new fractions with polarity similar to Cer 2 and 5 (this
new Cer 5’ could be the recently found Cer 6 [NH])[® increase,
whereas others (Cer 1 [EOS], Cer 4 [EOH] and Cer 5 [AS]) de-
crease. It has been postulated that the defect in skin barrier func-
tion may be attributed to Cer 1 and 4 (EOS and EOH) reduction
since they are the main linoleate derivatives. Subsequent stud-
ies!!147:159 have demonstrated the disturbances in the pathways of
the ceramide generation. Propaposin, the precursor of saposins
(sphingolipid activator proteins) and sphingomyelinase show a
decrease in the stratum corneum of psoriatic lesional compared
with nonlesional skin.[147]

4.3.2 Atopic Dermaititis
Atopic dermatitis skin tends to be easily irritated and appears

to be dry. These clinical traits correspond to an impaired barrier
function evidenced by an increase in transepidermal water loss
values and a decrease in hydration values in patients with atopic
dermatitis with eczematous or with apparently normal skin.!162163]
Recent biochemical findings indicate that disturbances of epider-
mal lipid compartment structures, and particularly of ceramides,
account for defects in barrier function of atopic dry skin.[149-154]
Compared with healthy skin, a decrease in the ceramide lipid
fraction and a diminished ratio of ceramides and free sterols have
been demonstrated in atopic dry skin.[14%:150] The total amount of
ceramides in the lesional and non-lesional atopic skin also exhib-
its a similar and significant decrease compared with those of
healthy individuals of the same age, Cer 1 (EOS) being the most
significantly reduced in both cases.'>!1 Other authors!!3?] have
found only a slightly lower proportion of ceramides in patients
with atopic dermatitis. Only Cer 1 (EOS) is statistically decreased,
showing an increase in its esterified oleic acid. Therefore, pa-
tients with atopic dermatitis have altered ceramide constituents
so that the absolute amount of the linoleate is probably less than
that of normal controls.

The relationship between epidermal lipids and barrier im-
pairment in atopic dermatitis skin has been assessed by Di Nardo
et al.l'>4] Patients with active signs of eczema have higher trans-
epidermal water loss values and lower capacitance values than
patients with no active signs of atopic dermatitis who have a
normal barrier function. The levels of Cer 1, and 3 (EOS and NP)
are significantly lower and the values of cholesterol significantly
higher for all patients with atopic dermatitis, being much more
pronounced for patients with active lesions. The quantity of Cer
3 (NP) is significantly correlated with transepidermal water loss.
A recent work[!1%4] has confirmed this for the dry skin of patients
with atopic dermatitis but not for patients with atopic dermatitis
but normal-appearing skin.
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Additionally, sphingomyelin metabolism has been found to
be altered in the skin of patients with atopic dermatitis when
compared with normal skin.[!33] The sphingomyelin hydrolysis
detected in patients with atopic dermatitis is attributable not to
sphingomyelinase, which degrades sphingomyelin to yield cer-
amides and phosphorylcholine, but rather to a hitherto undis-
covered epidermal enzyme sphingomyelin acylase, which releases
free fatty acid and sphingosyl-phosphorylcholine instead of
ceramides. All these findings suggest that sphingomyelin meta-
bolism is altered in patients with atopic dermatitis, resulting in a
decrease in the levels of ceramides, which could be an etiologic
factor in the continuous generation of atopic dry and barrier dis-
rupted skin observed in these patients.

4.3.3 Ichthyosis
Ichthyosis comprises a wide group of inherited and acquired

‘retention hyperkeratosis’ characterized by thickened and scaly
stratum corneum. Despite its dry appearance, it does not neces-
sarily correlate with a reduced water content. Ichthyosis can be
related either to a reduced rate of corneocyte shedding (ichthyosis
vulgaris and X-linked recessive ichthyosis) or an increased rate
of keratinocyte proliferation (lamellar ichthyosis, ichthyosis brit-
tle hair syndrome, congenital ichthyosis form erythroderma and
type II Gaucher’s disease) and, in some cases, abnormality in
lipid and ceramides metabolism is described. In contrast with the
other ichthyotic states, patients with X-linked recessive ichthyosis
show excessively high levels of cholesterol sulphate in the stra-
tum corneum because of a deficiency of the enzyme steroid sul-
fatase.l1331 Although the stratum corneum lipid profiles in other
ichthyotic diseases have not been fully determined, reduced lev-
els of sphingosine have been found in a variety of individuals
with various ichthyosis.!'5°] In lamellar ichthyosis, the ceramide
content of the intercellular lipid is altered and the ratio of free
fatty acid : cholesterol or free fatty acid : ceramide is signifi-
cantly decreased.[®8! The differences in ceramide composition
(lower amount of Cer 5 [AS] and higher amount of Cer 2 [NS] in
ichthyotic patients) could explain the smaller spacing of lipid
lamellae in ichthyotic skin.[98165] The reduction in acid sphingo-
myelinase activity found in congenital ichthyosis epidermolytic
hyperkeratosis could account for the decreased ratio of ceramides
versus the total lipids.['3°! Furthermore, Gaucher’s disease is char-
acterized by a deficiency in endogenous B—glucocerebrosidase
activity leading to a high percentage of glucosylceramides (48-69%
of total glycolipids) and to the complete absence of ceramides in
the stratum corneum. 38!

4.3.4 Xerosis

Xerosis is an example of a chronic skin barrier damage that
is often season-linked and more common in persons with an
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atopic skin. Changes in the horny layer such as roughness and
abnormal dryness are responsible for an increased susceptibility
to irritants and consequent barrier damage.[!%] In severe xerotic
skin, the replacement of the normal lipid bilayer structure by
large amounts of disorganized intercellular lipids in the upper
layers of the stratum corneum has been detected.!'?3] In addition,
the relative ceramide levels are decreased. Winter dry skin, which
is also called xerosis, is a scaly, rough skin characterized by dry-
ness and often by itching. Only small changes in total stratum
corneum lipid concentrations have been reported and no correla-
tion has been found between either cholesterol sulfate or ceram-
ide and the degree of non-eczematous dry skin.[!10:160.1611 However,
in more recent reports a reduction in ceramides, and especially in
Cer 1 (EOS) esterified with linoleate has been demonstrated in
winter months with respect to the summer period!! 121181 (see sec-
tion 4.1.)

4.3.5 Acne
Linoleate deficiency may also be an important factor in com-

edogenesis and, therefore, in the etiology of acne.l'®”1 No signif-
icant differences between acne and control individuals have been
reported with regards to ceramide proportions from the skin sur-
face, but the proportions of Cer 1 and 2 (EOS and NS) are greater
in comedonal lipids than in the leg surface lipids whereas the
opposite is true for Cer 4/5 and 7 (EOH, AS and AP).[18] Further-
more, comedonal acyl Cer 1 (EOS) contains considerably less lino-
leate than acyl Cer 1 (EOS) of skin surface, which is also de-
creased in patients with acne.[57:168]

4.4 Summary

Despite all the different results published and the difficulties
discussed above in the analysis of the ceramides, this section demon-
strates the influence of a decrease in the total amount of ceramides
and an impairment of the normal pattern of the different types of
ceramides in several skin disorders, which can be summarized in
table II. Whereas UV irradiation at suberythemal doses leads to
an improvement in the barrier function with a special increase in
ceramide fraction, most of the other skin disorders shown in table
II that have a diminished barrier function present a decrease in
the total ceramide content with arguable differences in the ceram-
ide pattern. In many cases, the decrease in acyl Cer 1 (EOS) has
been detected with a diminished content in the esterified linoleate
and an increased content in esterified oleate.

5. Ceramide Supplementation in Skin Disorders

Over the past decade, it has been demonstrated that formu-
lations containing lipids identical to those in skin and, in partic-
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Table Il. Reported impairment of ceramides in skin disorders

Skin disorder Total Ceramide pattern modification Enzymatic cause
ceramides
Aged skin d ! Cer 1 (EOS) and linoleate in Cer 1 (EOS) T Ceramidase activity

Winter xerosis

Surfactant-induced contact dermatitis

Organic solvent-induced contact dermatitis |’
Psoriasis

Atopic dermatitis d
Lamellar ichthyosis d

Congenital ichthyosis epidermolytic hyperkeratosis |
Gaucher’s disease d
Acne

T Oleate in Cer 1 (EOS)

{ Linoleate in Cer 1 (EOS)

T Oleate in Cer 1 (EOS)

| Cer 1 (EOS), Cer 3 (NP), Cer 7 (AP)

T Cer 2 (NS), Cer 4 (EOH)

1 Cer 3 (NP), Cer 4 (EOH), Cer 5 (AS), Cer 7 (AP)
1 Cer 1 (EOS), Cer 3 (NP), Cer 4 (EOH), Cer 5 (AS),
Cer 7 (AP)

T Cer 2 (NS) and new Cer 2’ and Cer 5’

| Cer 1 (EOS), Cer 3 (NP), linoleate in Cer 1 (EOS)
T Oleate in Cer 1 (EOS)

1 Cer5 (AS)

T Cer 2 (NS)

| Linoleate in Cer 1 (EOS)

| Sphingomyelinase

T Sphingomyelin acylase

4 Acid sphingomyelinase activity
4 B-Glucocerebrosidase

A = o-hydroxy acid; Cer = ceramide; EO = esterified o-hydroxy acid; H = 6-hydroxysphingosine; N = nonhydroxy acid; P = phytosphingosine; S =sphingosine;

| = decreased; T = increased.

ular, some ceramide supplementation may improve disturbed skin
conditions. Replenishment of endogenous stratum corneum lipids
normalize or accelerate barrier recovery when applied to solvent-
treated, stripped, or surfactant-treated skin.[67-16%-175] The barrier
lipids, cholesterol and fatty acids are valuable components of skin
care products, but in the case of ceramides, the results published
to date are less clear.[176]

Imokawa’s group studied the effect of the topical application
of sebaceous-rich lipids and stratum corneum lipids on lipid-
depleted forearm skin that had been pretreated with acetone/
etherl!”7) or with surfactant-treated dry skin.%%] In both cases, only
applications of the stratum corneum lipids caused a significant re-
covery in either conductance value or scaling, the ceramide frac-
tion being the one that induced the highest increase in conduc-
tance. Furthermore, some synthetic pseudoceramides (long chain
acyl amides of OH-functional ethers) have been demonstrated to
alleviate dry skin.l!78

It has also been demonstrated that when cholesterol, free
fatty acids, ceramides, or even acylceramides are applied alone to
solvent-perturbed skin,['70-1721 to stripped skin,'’!! and to some
surfactant-treated skinl!7!1 they aggravate rather than improve the
barrier. Likewise, any two-component system of the three key stra-
tum corneum lipids is deleterious. In contrast, three-component
mixtures of the three key lipids!'7%1721 or two-component mix-
tures of acylceramides and cholesterol!'’2! allow normal barrier
recovery and can even accelerate barrier recovery, depending on
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the final proportion of the key lipids. The aggravation and amel-
ioration mechanism of the barrier function resulting from the
topical application of physiological lipids is the same: the lipids
are quickly absorbed into the nucleated cell layers, and incorpo-
rated into nascent lamellar bodies. It has been suggested that
whereas complete mixtures result in normal lamellar bodies and
intercellular bilayers, incomplete mixtures yield abnormal lamel-
lar body contents and disorder intercellular lamellae.[40]

Berardesca et al.['®] have demonstrated that treatment with
Cer 1 (EOS) fortifies the skin barrier against minor sodium lauryl
sulfate-induced damage. Lintner et al.['7# applied a synthetic Cer
type 2 (N-stearoyl-DL-erytro-sphinganine) in an emulsion and
showed a repairing effect on sodium lauryl sulfate—insulted skin
and a barrier reinforcing effect on stripping-insulted skin. De
Paepe et al.['76:1791 did not find any improvement in transepider-
mal water loss of aged and sodium lauryl sulfate-damaged skin
after treatment with body lotions enriched in Cer 3b (N-oleoyl-P).
However, when a mixture of Cer 3, 3b and 7 (NP, N-oleoyl-P,
AP) and other skin lipids were added to the control lotion, there
was considerable improvement in barrier repair.!'80]

Ceramides have also been topically applied structured as
liposomes, which mimics the organized lipid structures of the
stratum corneum.[!31-185] Again, although liposomal formulations
containing only one kind of ceramide (Cer 3b or Cer 7 [N-oleoyl-
P or AP]) do not clearly demonstrate a protective effect against
sodium lauryl sulfate,['8!] promising results have been obtained

Am J Clin Dermatol 2003; 4 (2)



124

Coderch et al.

with liposomes with a mixture of ceramides.[!83-185] The benefi-
cial effect of liposomes with ceramides extracted from another
keratinized tissue, such as wool fiber, on intact skin in aging
populations or in people with dry skin has been reported.l'841 The
ability to accelerate repair in stripped and sodium lauryl sulfate-
disturbed skin has also been demonstrated in vivo.l'83 Addition-
ally, the repairing effect of liposomes formed with stratum
corneum lipids in delipidized skin has been confirmed in in vitro
experiments.!'73] Pharmacological action of lipids isolated from
other natural sources have been tested on UVB light—disrupted
skin and again a higher turnover of the skin barrier is found when
they are structured as liposomes. 185!

The utilization of physiological lipids according to these pa-
rameters envisages new forms of topical therapy for dermatoses.
Some authors have expressed their wish to apply ceramides on
different types of pathological skin.[!58:172] In fact, the topical
application of stratum corneum lipid liposomes in patients with
atopic eczema has been postulated to be effective in restoring the
barrier function!!36] and in the delivery of active components.[!37]
A recent work reported very promising results of a phase 1 trial
of a ceramide-dominant, barrier repair moisturizer in childhood
atopic dermatitis.['38! Even though there are many patents with
ceramide-containing formulations, to our knowledge, few works
have been published demonstrating the therapeutical usefulness
of ceramide formulations in the clinical arena. This could be be-
cause of the lack of commercially available ceramides of suffi-
cient quantity and purity. Besides, there is as yet no clear infor-
mation on the activity of each ceramide group, although a lot of
work is currently being performed.[48.76.88.92.93.103,128]

6. Enhanced Ceramide Synthesis in Skin Disorders
Through Delivery of Precursors

An alternative to improving barrier function by topical appli-
cation of the various mature lipid species is to enhance the natural
lipid-synthetic capability of the epidermis through the topical
delivery of lipid precursors. The earliest work in this field relates
to the alleviation of essential fatty acid deficiency in humans.
Topical application of formulations containing linoleic acid in the
form of natural oils!!3%! leads to enhanced synthesis of Cer 1 (EOS)
linoleate and subsequent normalization of the linoleate/oleate
ratio, which is modified in many skin diseases. Direct topical appli-
cation of linoleic acid has also been shown to alleviate the symptoms
of dry skin.[''?I Topically applied lactic acid, especially the L-isomer
can function as a general precursor to ceramides.[190-191]

Other precursors such as serine, the primary substrate for serine
palmitoyl transferase (figure 4) that is the rate-limiting enzyme
in the ceramide biosynthesis pathway, are utilized by keratinocytes
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in the presence of thiols (lipoic acid and N-acetylcysteine) to stim-
ulate ceramide biosynthesis.['9?] These thiols presumably activate
serine palmitoyl transferase by thiol disulphide exchange mech-
anisms, and might be expected to enhance barrier performance in
damaged skin.

An alternative approach is to provide substrates that can feed
into the biosynthetic pathways beyond the rate-limiting step. A good
example is tetra-acetylphytosphingosine, a modified sphingoid
base, which has been shown to stimulate ceramide biosynthesis in
cultured keratinocytes.!'3 In subsequent clinical evaluation, topi-
cally applied tetra-acetylphytosphingosine increased the resistance
of skin to surfactant damage.!'**! A synergistic improvement in
stratum corneum ceramide levels and a corresponding increase in
barrier function was achieved when tetra-acetylphytosphingosine
was combined with ®-hydroxy acids and linoleic acid. This triple
lipid combination preferentially increases Cer 1 (EOS) levels.[194]

Ceramides and other sphingolipids are known to be involved in
cellular decisions regarding differentiation and apoptosis.[193-1971
Hence, exogenously added ceramides may play an important pro-
differentiation role, aiding barrier recovery. For example, exogenous-
ly supplied short-chain ceramides induce keratinocyte differenti-
ation in vitro and short-chain ceramides and pseudoceramides also
reinforce the pro-differentiation effects of vitamin D.[198! Indeed
vitamin D is known to activate keratinocyte sphingomyelinase,
leading to increased intracellular levels of ceramides.['?] Further-
more, the topical application of nicotinamide (one of the B vitamins)
has recently been shown to stimulate de novo synthesis of cera-
mides, with upregulation of serine palmytoyl transferase and other
intercellular lipids of the stratum corneum.?%0! A key role of vita-
min C in the formation of glucosylceramides and the most polar
ceramides Cer 7 and 8 (AP and AH) was also demonstrated.[201]

The glycosylated ceramides have been reported to have both
proliferativel??l and differentiation-enhancing!?%3! properties,
and long-chain barrier ceramides have pro-differentiation activ-
ity in cultured keratinocytes. Indeed, Cer 1 m-esterified fatty acid
variants have been shown to have differing potencies in enhanc-
ing keratinocyte differentiation, with Cer 1-linoleate being the
most potent form.[204 Such observations raise the question as to
whether the topical application of long-chain ceramides can, in
addition to a direct, physical effect on barrier function, also have
an impact on the underlying proliferation/differentiation re-
sponses of the epidermis. Indeed, this raises the issue of whether
the intrinsic ceramide molecules have such functionality. How-
ever, given their extremely hydrophobic nature, it is considered
unlikely that topically applied long-chain ceramides can pene-
trate through intact stratum corneum to influence the underlying
epidermis.[20]
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7. Conclusion

Research into the structure and function of the ceramides has
increased substantially over the last two decades. Ceramides com-
prise a heterogeneous complex family of compounds of sphingoid
bases of different alkyl chain length amide-linked with different
fatty acids. It is generally recognized and supported by numerous
studies that ceramides play an essential role in structuring and
maintaining the water permeability barrier function of the skin.
It is evident that the diversity of ceramides found in the stratum
corneum does not reflect redundancy because each ceramide spe-
cies has unique properties that contribute to stratum corneum
organization and cohesion and thereby provide the stratum
corneum with its barrier function.

Whereas UV irradiation at suberythemal doses leads to an im-
provement in barrier function with a marked increase in ceramide
fraction, most skin disorders that have a diminished barrier func-
tion show a decrease in total ceramide content with some differences
in the ceramide pattern. In many cases, a decrease in acyl Cer 1
(EOS) is detected with a diminished content of the esterified li-
noleate and an increased content of esterified oleate.

The lack of commercial availability of skin-identical ceramides
at a reasonable cost also continues to be a problem. Admittedly,
existing in vitro data, some animal studies and limited human
data support potential benefits for use of ceramides in human skin
care. However, these benefits will remain unexploited unless more
extensive and critical data can show that ceramides or their natural
precursors deliver clinical and consumer-perceived skin benefits.
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