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Abstract

Ceramides are a family of lipids constituted by a sphingoid base and a fatty acid. In
the skin, they are mainly present in the stratum corneum where, with cholesterol
and free fatty acids, they constitute the inter-corneocyte lipids. With the other
lipid groups, they play a key role in the formation of dense lamellar structures
between adjacent corneocytes, collectively ensuring the vital efficient barrier to
water evaporation and protection from foreign agents” penetration. Changes in
ceramide level and relative composition, with potential impairment of lipid ar-
rangement, have been evidenced in different skin conditions and skin diseases.
Therefore, use of suitably formulated ceramides has been proposed for topical
treatment to help re-structure damaged lipid arrangement and repair impaired
skin barrier function. Nonetheless, the formulation of ceramides in products ne-
cessitates specific processes such as heating to high temperature before their in-
troduction in the final formula. In this review on the structure, the role and the
potential of ceramides for skincare, we point out the necessity of rigorous process
when formulating ceramides into the final product. We demonstrate the coun-
terproductive effects of undissolved ceramides on skin barrier repair capacity of
the formulas, when assessed in different in vitro models of disrupted skin barrier.
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Résumé

Les céramides sont une famille de lipides constituée d'une base sphingoide et
d'un acide gras. Dans la peau, ils sont principalement présents dans la couche
cornée ou, avec le cholestérol et les acides gras libres, ils constituent les lipides
inter-cornéocytes. Avec les autres groupes de lipides, ils jouent un role clé dans
la formation de structures lamellaires denses entre les cornéocytes adjacents,
assurant collectivement la barriére efficace vitale contre I'évaporation de I'eau
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et la protection contre la pénétration des agents étrangers. Des modifications du
taux de céramides et de la composition relative, avec une altération potentielle de
l'arrangement lipidique, ont été observées dans différentes affections cutanées et
maladies cutanées. Par conséquent, l'utilisation de céramides formulés de maniere
appropriée a été proposée pour un traitement topique afin d'aider a restructurer
la disposition des lipides endommaggés et a réparer la fonction de barriere cutanée
altérée. Néanmoins, la formulation des céramides dans les produits nécessite
des processus spécifiques tels que le chauffage a température élevée avant leur
introduction dans la formule finale. Dans cette revue sur la structure, le role et
le potentiel des céramides pour les soins de la peau, nous soulignons la nécessité
dun processus rigoureux lors de la formulation des céramides dans le produit
final. Nous démontrons les effets contre-productifs des céramides non dissous

sur la capacité de réparation de la barriére cutanée des formules, lorsqu'ils sont

INTRODUCTION

Skin is a vital organ with two major roles. It is a barrier
preventing evaporation of internal water and aggressions
from the external environment. It is also a sensory organ
at the interface between the internal and external world
[1]. The skin barrier possesses numerous exceptional
functions. The stratum corneum (SC) forms the physical
barrier integrating various levels of intricate protective
mechanisms including the acidic buffering capacity pro-
tecting us from chemical aggressions and the skin micro-
biome that controls over the proliferation of pathogens.
This outermost barrier is completed by other functions
of the viable epidermis with the detoxification and anti-
oxidant capacity of the keratinocytes and the skin local
immune system that prevents microbial infection [2-4].
Moreover, the skin neuronal terminations detect and pre-
vent abnormal situations on the skin surface and the sub-
cutaneous layer with the sweat glands help to regulate the
body temperature.

The SC is constituted of two major components,
namely the corneocytes (anucleated skin keratinocytes)
and intercellular lipids. The renewal of the SC is ensured
by the continuous proliferation and differentiation of ke-
ratinocytes and its structuration and maintenance by mul-
tiple enzymatic processes that still take place in this part
of the body constituted of dead cells [5]. The architecture
of SC resembles a ‘brick and mortar’ model which ensures
avery thin and flexible but still very efficient physical bar-
rier [6,7]. The intercellular lipids are mainly composed of
three lipid classes, cholesterol, free fatty acids (FFA) and
ceramides with an approximate 1/1/1 molar ratio [8,9].
The SC lipids arrange themselves into specific lamellar
structures to build efficient barrier to the diffusion of water
and other molecules. Within the SC lipids, ceramides are
by far the most specific and the most diverse type. Decades

évalués dans différents modeles in vitro de barriére cutanée perturbée.

of research have led to the identification of the SC cera-
mides and the understanding of their arrangement [10].
If the vital architecture of SC lipid matrix encounters a
discrepancy in its composition, the barrier function is di-
minished and together with other pathophysiological pro-
cesses, they give rise to various levels of skin impairments
[11]. In the light of the need for effective skin restoration
agents, this article focuses on the structure and the role
of ceramides within the intercellular lipids, their poten-
tial benefits in skincare and the challenges associated with
their formulation in products for topical application.

CERAMIDE BIOLOGY
Ceramide structure

Ceramides are a family of lipids characterized by the as-
sociation of a sphingoid base and a fatty acid through an
amide bond. The fatty acid carbon chain varies in length
and is, in most cases, saturated. Ceramides are amphip-
athic molecules with hydrophilic and hydrophobic re-
gions. The hydrophilic region is constituted mostly by
hydroxyl groups on the sphingoid base and the amide
bond, and the hydrophobic region by the two carbon
chains of the sphingoid base and of the fatty acid. This
amphipathic nature is of importance for the creation of
the lamellar structures found in the intercellular cement
of the stratum corneum (Figure 1).

Ceramide classification
Ceramides are grouped into several classes based on their

molecular structure [12]. The classes of ceramides are de-
noted by a combination of letters that describes the type
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FIGURE 1 Ceramide structure. All SC ceramides consist of a sphingoid base and an acyl chain from a fatty acid linked by an amide
bond. The sphingoid base is constituted by the association of a palmitic acid and a serine. Variation of the acyl length, degree of saturation,
hydroxyl o or w position on the acyl chain or saturation or presence of hydroxyl on the sphingoid carbon chain define the different types of
ceramides which are further described in Table 1 (adapted from Bouwstra et al. [10]).

of fatty acid for the first letter and the type of sphingoid
base for the second letter. This classification proposed by
Motta et al. [13] can be further refined by giving the num-
ber of carbons and the level of unsaturation of the fatty
acid chain to describe a single ceramide [14,15]. Most
common components of skin ceramides are, for the fatty
acid moiety: non-hydroxy (N), a-hydroxy (A), ester-linked
w-hydroxy acid (EO) and to a lesser extent w-hydroxy (O)
fatty acids and for the sphingoid base: phytosphingosine
(P), sphingosine (S), 6-hydroxy-sphingosine (H), dihydro-
sphingosine (dS) and at a lower level 4, 14-sphingadiene
(SD). For example, CER NP is a non-hydroxy acyl chain
linked to a phytosphingosine, CER AS is an a-hydroxy
acyl chain linked to a sphingosine base and CER EOH
is a linolenic chain esterified to an w-hydroxy acyl chain
linked to a 6-hydroxysphingosine. The subclasses with the
esterified w-hydroxy acyl chain (EO), that is, CER EOS,
CER EOH, CER EOP and CER EOdS, are referred to as
CER EO. The subclasses with the o-hydroxy acyl chain
are referred to as CER O.

Table 1 describes the classes of ceramides so far found
in the stratum corneum [10].

Ceramide biosynthesis

The generation of ceramides can occur through different
pathways: the hydrolysis of complex sphingolipids (e.g.
sphingomyelin) or glucosyl ceramides and the de novo
synthesis from basic building blocks that involves a series
of enzymatic reactions in cells [16,17]. The latter process
typically occurs in the endoplasmic reticulum with the
following major steps:

« condensation of two fundamental building blocks,
serine and palmitoyl-CoA, by the enzyme ser-
ine palmitoyltransferase (SPT) to create the

3-keto-dihydro-sphinganine.

« reduction of the ketone by the keto-dihydro-sphinganine
reductase (KDHR) to generate the dihydro-sphingosine.

« condensation of the dihydro-sphingosine with an
acetyl-CoA activated fatty acid to create dihydrocera-
mides. The step is catalysed by a group of six enzymes
called Ceramide Synthase (CerS) 1-6 that have different
affinities for different types of fatty acids and thus gen-
erate different dihydroceramides [18].

« dihydroceramides modification by dihydroceramide de-
saturases. These enzymes introduce a double bond into
the dihydroceramide, converting it into a ceramide. A
summary of the de novo bio synthesis of ceramides is
described in Figure 2.

Ceramides are then transported from the endoplasmic
reticulum to the Golgi apparatus, and can undergo addi-
tional modifications, such as glycosylation (addition of
sugar groups) and sulfation (addition of sulfate groups).
These processes result in the formation of complex sphin-
golipids, including sphingomyelin and glycosphingolipids.

The structural diversity of ceramides arises from the
variety of sphingoid bases and fatty acids used during
the synthesis, and from the differential expression of ce-
ramide synthases. Different types of ceramides can be
distinguished based on the length of the fatty acid chain,
with ceramides having long chains (LC) (C14-C18), very
long chain (VLC) (C20-26) and ultra-long chain (ULC)
(>C26) [18,19]. In human stratum corneum fatty acid
length ranges from C18 to C36 with a majority of ceramide
with C24-C28 fatty acids moiety [12,20].

ULC ceramides can be further processed with the intro-
duction of a hydroxyl group on the w-carbon by cytochrome
P450 enzymes followed by esterification with linoleic acid
to generate the w-esterified ULC ceramide or ester-linked
o-hydroxy acids ceramides (EO series). Although those ce-
ramides are not the most abundant in the inter-corneocyte
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lipid matrix, they play a specific role in the formation of
the corneocyte lipid envelope [21-23].

Composition of ceramides in the
stratum corneum

Ceramide composition of normal (healthy) stratum cor-
neum lipid matrix in humans has been explored in differ-
ent studies; thanks to lipidomic techniques based on mass
spectrometry. It was found that most of the ceramides be-
long to the non-hydroxy family (NP, NH, NS and NDS)
representing about 55% of the total free ceramides sec-
onded by the a-hydroxy ceramides (AH, AP and AS) with
about 35% of the total unbound ceramides. At a lower
level, but always present, the o-esterified ceramides (EOS,
EOH and EOP) represent about 10% of the total ceramide
mass [24]. Those numbers are approximate, and the mean
measured content from different studies and more details
are shown in Table 2 [12,14,25,26].

The relative abundance of ceramides also varies
among body sites. Some ceramides such as CER NH,
CER NP or CER AH are highly variable in content among
body location whereas CER EOS or CER EOP level is
fairly constant. Based on this and with the repartition of
the FFA chain length, a clustering of the different body
sites (with similar composition of the lipids) shows that
the stratum corneum lipids composition is different on
the face, abdomen, back and arm, the hand and lower leg
and finally the plantar heel each with a very specific lipid
composition [27].

CERAMIDES AND SKIN BARRIER
FUNCTION

Together with cholesterol and free fatty acids, ceramides
are the major components of the inter-corneocyte lipids
and play a major role in the skin barrier function prevent-
ing internal water evaporation and penetration of external
aggressors. The efficacy of the lipid to constitute an effi-
cient barrier is intimately linked with their relative com-
position, structure and arrangement, with all parameters
being also linked together.

Looking at the overall stratum corneum (SC) orga-
nization, the SC lipids are located between corneocytes
filling the space that separates the cells. Zooming in on
this inter-corneocyte space, images from electron micros-
copy reveal that the lipids are organized in a succession
of regular lamellas that are approximately parallel to the
corneocyte and the skin surface [28]. It also shows the ex-
istence of a specific sheet covering the surface of the cor-
neocytes, called the corneocyte lipid envelope (CLE), that

constitutes the interface between the hydrophilic surface
of the corneocytes and the inter-corneocyte lipids [22].

The corneocyte lipid envelope (CLE)

The CLE is made of w-hydroxylated ceramides and in
a lesser amount with wo-hydroxylated free fatty acids
covalently bound to the corneocyte protein envelope
(Figure 3). This structure results from an enzymatic pro-
cessing of the esterified w-CER, mainly CER EOS. The
terminal linolenic acid bound is oxygenated by the 12R-
lipoxygenase (12R-LOX) and the epidermal lipoxygenase
3 (eLOX3) to generate a CER EO-epoxy-alcohol. This al-
coholic compound can either be further oxidized by the
short-chain dehydrogenase/reductase 9C7 (SDR9C7)
into a ketone allowing a potential non-enzymatic cova-
lent bonding on the y-amino functional group of the glu-
tamine from the corneocyte envelope proteins. The same
CER EO-epoxy-alcohol compound can be also processed
by the epoxyhydrolase 3 (EPHX3) and esterase to gen-
erate the CER O (w-hydroxylated ceramide) that can be
bound to the same protein residues by the transglutami-
nase 1 (TGM1) [29,30].

CLE creates an interface between the corneocyte sur-
face and the intercellular lipid cement and is important in
the barrier function. Impairment of the ®-hydroxylation
of ceramides [31] or loss of function by mutation of 12R-
LOX [32] and eLOX3 [33] generates severe ichthyosis in
human and a deficient barrier in mice. The suggested role
of CLE is to serve as a scaffold for the organization of the
lipid lamellar bilayers and for their orientation parallel to
the corneocyte surface. It may also serve as semiperme-
able membrane that allows the free passage of water from
corneocytes while retaining the larger hygroscopic mole-
cules such as filaggrin breakdown. Attack of bound CER
O by bacterial ceramidases that process bound ceramides
into w-hydroxylated free fatty acid could decrease this
semipermeable barrier function and could be one mech-
anism contributing to atopic dermatitis [22].

Organization of the lipids in the
inter-corneocyte space

As stated above, intercellular lipids are organized in
lamellar structures with an alternance of planar sheets
of hydrophobic (constituted by the non-polar region of
the cholesterol and the carbon chain of the sphingoid
base and the fatty acids) and hydrophilic (correspond-
ing to the polar head of the ceramide and of the cho-
lesterol and the acid termination of the FFA) regions.
The comprehension of these structures and their impact
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on the barrier efficacy has been studied during the last
four decades by different groups using different mod-
els and different methods. Models can be, for example,
SC from human, pig or mouse, reconstituted epider-
mis, or human skin explant and in vitro lipid models.
Methodologies to explore the lipid organization include
microscopy, infra-red or Raman spectroscopy and dif-
fraction of electron, neutron or X-ray coupled with the
use of deuterated lipids [10].

Lipid organization can be described in two dimensions:
the spacing of the lipid lamellae and the lateral packing
of the lipids. Lipid lamellae can arrange themselves into
repeated units of sheets exhibiting two different lengths:
either a repeated unit of 6nm also called the short period-
icity phase (SPP) [34,35], or a repeated unit of 13nm called
the long periodicity phase (LPP) [36]. Orthogonally to the

lamellar plane axis, lipids can form very dense orthorhom-
bic packing, a less dense hexagonal packing or a more dis-
organized fluid packing (Figure 4) [26]. LPP organization
as well as the orthorhombic packing show a higher barrier
function [37,38] when compared to SPP and hexagonal and
fluid lateral packing respectively [39-41]. In the human SC,
the LPP and orthorhombic structures are mainly found in
the central part of the SC where the barrier function is also
the highest. The lipids show more disorganized structure
in the basal part and near the surface of the stratum cor-
neum. The reason of this disorganization is not completely
understood but could be the consequence of the ceramides’
biochemical maturation and an uncomplete structuration
of the lipids in the basal part of the stratum corneum. On
the outer side, there can be an impact of sebum lipids, xeno-
biotics, microbiota and other external effects [42].

TABLE 1 Classification of stratum corneum ceramides (adapted from Bouwstra et al. [10]).

Non-hydroxy fatty acid [N]

Dihydrosphingosine [dS]

Sphingosine [S]

Phytosphingosine [P]

6-hydroxysphingosine [H]

a-hydroxy fatty acid [A]

H
[NH] [AH]
4,14-sphingadiene [SD] \/\/\/\/\/\/\/\/\(‘3 H
H y vawi(@
HN.
=~ : M "
[NSD] 7 ow
[ASD]
Dihydroxy- dihydrosphingosine [T] AP
OH
"
OH
[NT]

®-hydroxy fatty acid [O]

Dihydrosphingosine [dS]

Esterified o-hydroxy fatty acid [EO]

H

[EOdS]
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TABLE 1 (Continued)
®-hydroxy fatty acid [O] Esterified o-hydroxy fatty acid [EO]
Sphingosine [s] HO/\/\/\/\/\/\/\/\/YO /v\/\/—\/\/\/\/io/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\(@
M H
[0S] [EOS]
o
/\/\/\/\/\/\/\/\)\Of\/\/\/\/\/\/\/\/\/\/\/\/\/\/H\(O )
/\/\/\/\/\/\/&0\:
[EO - 18:1]
/\/\/\/\A/\/\/\iof\/\/\/\/\/\/\/\/\/\/\/\/\/\/\r()
H H
/\/\/\/\/\/\/\’\XO\S
[EO - 18:2]
Phytosphingosine [P] e o T T OIS 3
B . S N
/\/W\/\A%ﬂ W’*
[OP] on [EOP]
6-hydroxysphingosine [H] HO N NN NN NN AN A0 ? 5
e g A A
HN " HR ~on
"
(OH] [EOH]
4,14-sphingadiene [SD] HO NN AP o
o ) MN—\M/\/LON\/\/WMM/H\N@ )
[0SD] [EOSD]

Sphingosine [S]

$3-hydroxy fatty acid [B]

H HN.
MH
> H

Note: The table describes the most common ceramides of the stratum corneum according to the nomenclature introduced by Motta et al. [13]. The acyl chains
and the sphingoid bases are indicated by one or two letters [13]. The acyl chains are either the non-hydroxy (N), a-hydroxy (A), f-hydroxy (B), ®-hydroxy

(O) or linoleic acid esterified to an w-hydroxy acyl chain (EO). The sphingoid base is either dihydrosphingosine (dS), sphingosine (S), phytosphingosine (P),
6-hydroxysphingosine (H) or 4, 14 sphingadiene (SD) and dihydro dihydrosphingosine (T). In each ceramide subclass, there is a distribution of acyl chain
lengths and sphingoid base chain length. In general, the acyl chain length distribution is much broader than the sphingoid base chain length distribution.
Linoleate, and less often oleate are linked to the w-hydroxy acyl chain of the CER EO.

Using the lipid model systems, different parameters
have been identified for the formation of the different
lamellar structures. First, each of the lipid classes plays a
role in the organization of the SC lipids: non-CER EO are
the building blocks of these lamellar structures as they can
arrange themselves in parallel sheets with the SPP struc-
ture. However, to obtain the LPP, the presence of choles-
terol is important [43,44] as it allows a better mixture of
ceramides and the FFAs. Also, the presence of the specific
structure of the ultra-long chain (ULC) CER EO is import-
ant to form and stabilize the LPP units with CER EOS hav-
ing the highest potential [38,45,46,47,48]. The presence of
FFA with very long chains (at least C24) is determinant for
the orthorhombic packing and consequently the barrier
function of lipids mixtures. The presence of FFA at the
same ratio but with shorter chain can have a detrimental
impact on barrier function of these models [43].

Besides the mandatory presence of CER EO for the cre-
ation of the LPP structure, the composition of the ‘standard’
ceramides has a lower impact. Nonetheless, phytosphin-
gosine ceramides (CER “X’P) show a higher lamellar order-
ing but because of their more polar and more steric head
they tend to form more hexagonal lateral packing than the
sphingosine ceramides (CER X’S) [40,41]. Overall, lipid or-
ganization is more stable when different types of ceramides
are used to build the lipid models compared to those where
only one ceramide type is used [10].

The molecular arrangement of the lipids within the
lamellae is still under discussion. Using deuterated CER
EOS and cholesterol in different position of the molecules
Mojumdar et al. [49] were able to demonstrate that LPP
could be made of three symmetric units of 4.4, 4.2 and
4.4nm with CER EOS located at the boundaries pointing
acyl or sphingosine chains towards either the centre of
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(o] HO NH, FIGURE 2 De novo biosynthesis
e /\/\/\/\/\/\/\/U\ of ceramides. The first and rate limiting
3 Palmitoyl CoA . . SCoA o) OH step is the condensation of amino
Serine palmitoy transferase ) acid serine with saturated fatty acid
Serine . s .
0 palmitate which is catalysed by serine
palmitoyl transferase (SPT). Subsequent
HyC _ _ OH reduction to sphinganine is catalysed by
3-keto-Sphinganine NH, 3-ketosphinganine reductase (KDSR). A
3-keto-sphinganine reductase variety of ceram}de S}.fnthases (CerS1-6)
catalyse the conjugation of a second
OH acyl-CoA of variable chain length
HsC o (C14-C32) leading to the formation of
Sohi ) dihydroceramide. Dihydroceramide
phinganine
NH desaturase converts the intermediaries
+ Fatty acid acylCoA ' into proper ceramides. Ceramides are
Ceramide synthase synthesized de novo in the endoplasmic
OH reticulum.
HaC OH
Hac\/\/\/\/\/\/\/\/\/\/\/\”/NH
Dihydro-ceramide ©
Dihydroceramide desaturase
OH
HsC x OH
Hac\/\/\/\/\/\/\/\/\/\/\[(m—'
Ceramide (CER NS C20) 0
TABLE 2 Composition of unbound intercellular ceramides.
N non- A a-hydroxy O ®-hydroxy EO esterified
hydroxy FA FA FA ®-hydroxy FA B p-hydroxy FA
DS Dihydrosphingosine NDS 6.1 ADS1.3 0ODS 0.1 EODS 0.6
S Sphingosine NS 6.4 AS5.3 0S 0.7 EOS 4.6 BS 0.52
P Phytosphingosine NP 23.4 AP11.9 OP0.3 EOP 1.4
H 6-Hydroxyshingosine NH 18.3 AH 14.2 OH 0.5 EOH 3.8
SD 4-14-Sphingodiene NSD 0.1 ASD 0.2 OSD 0.0 EOSD 0.0
T Dihydroxy- Dihydrosphingosine NT 1.7

Note: The table compiled data on ceramide content in the stratum corneum from the literature as indicated in the following references: t’Kindt et al. [12], van
Smeden et al. [25,26], Masukawa et al. [12] and Kawana et al. [14]. Values represent the average percentage of the ceramide subclass reported to the total
ceramides. For the calculation, a null value was adopted when the ceramide subclass was not detected.

the unit or to an adjacent unit, whereas C24 fatty acid and
cholesterol are located inside the unit with the hydroxyl
of the cholesterol interacting with the ester function of
the acyl chain of the CER EOS. In this model, the con-
formation of the ceramides could be either in hairpin or
extended conformation.

Another model was recently proposed by Norlén et al.
[42]. The authors used cryo-electron microscopy and
molecular design to propose lipid arrangement mod-
els. They described the changes in the pattern of lipids

observed within the five first layers of corneocytes cor-
responding to the maturation of the ceramides as well
as re-arrangement of the molecules. In this model, the
ceramides shift from a mixed hairpin and linear confor-
mation to a fully extended conformation. The model also
predicts the formation of 12nm repeated unit with no
interdigitation of the ceramides except for the CER EOS.
In this model, the FFAs interact preferentially with acyl
chains of the ceramide and cholesterol with the sphin-
goid chain (Figure 5) [42].
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FIGURE 3 Model of the corneocyte
lipid envelop (CLE). ®-OH ceramide

and o-OH FFAs (represented with blain Iker-ehmmEees (Ipless

chains) are covalently linked to the FFA
corneocyte envelope proteins (involucrin) EEE EO
and serve as a frame to orient lamellar Cholesterol

structure of the inter-corneocyte lipids.
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SKIN CONDITIONS AND
CERAMIDE

Ceramide relative quantity, ceramide classes distribution
and acyl chain length have been associated with the qual-
ity of the barrier function in lipid models [10]. Given the
importance of the barrier constituted by the SC in the cu-
taneous physiology, research and clinical teams have in-
vestigated potential changes in the level and arrangement
of inter-corneocyte lipids in normal skin and when skin
is exposed to different external or internal stressors such
as cold, UV light, ageing or during chronic inflammatory
skin diseases like atopic dermatitis and psoriasis condi-
tions where skin barrier is often compromised.

In normal human volunteers, Ishikawa et al. [50] mea-
sured the level of different ceramide classes in the SC of
different body parts and negatively correlated them with
the barrier function assessed by trans-epidermal water loss
(TEWL) and positively with SC hydration. Interestingly, in
the same study, TEWL was also very nicely correlated with
acyl chain length of non-EO ceramides.

Seasonal variation

In the same study [50], the total level of ceramides and
their acyl chain length were explored in the same volun-
teers over 1year and variations were evidenced with less
ceramide level and lower carbon number of acyl chains
in winter season on some exposed body sites. Even if the
number of volunteers included (n=10) was too low to
reach statistical significance, this study confirmed the re-
sults of a previous one showing that the level of total cera-
mides decreased in winter [51]. In a more recent study,
Fujiwara et al. [51] described a lower level of saturated
and unsaturated ceramides in autumn and winter com-
pared to spring and summer in the tape strip done on the
volar forearm of 99 volunteers. Season was also described
to have an impact on ceramide levels in patients with acne
with notable reductions in CER NH and CER AH as well

as the acyl-ceramides, namely CER EOS and CER EOH in
autumn and winter. These differences correlated with an
increase in TEWL [53].

Effect of ageing

Study of the evolution of the skin barrier function as a
function of age has been a topic of interest during the last
decades. In 1995, Ghadially et al. [54] described that in
aged subjects, epidermis displays a diminution in secreted
lamellar body-derived contents, and a failure of these con-
tents to form a continuous series of multilamellar bilay-
ers. A year later, Rogers et al. [51] described that levels of
all major lipid species, in particular ceramides, decreased
with age including ceramide 1 linoleate (CER EOS li-
noleate) while CER EOS oleate increased with age. The
previously cited study of Fujiwara et al. [52] also showed
that, if the level of total ceramide was similar in young
and aged donors during autumn and winter, this level sig-
nificantly decreased in the aged group (>50years) during
spring and summer.

Also, studies that focused on the effect of menopause
showed a significantly decreased level of total ceramides in
the skin of post-menopausal women (vs pre-menopausal
group) [55]. This result was confirmed in a larger number
of volunteers [56] where reduction of the ceramide level
together with lower carbon content on the sphingoid base
and increase of TEWL were reported. Interestingly, the
level of sphingomyelins was higher in post-menopausal
skin suggesting an impairment of the pathway produc-
ing ceramides from sphingomyelin precursors. In the
two cited studies, a hormone replacement therapy can
counteract most of the changes observed [56]. Overall,
although the ceramide levels and structure differ in the
aged skin, the underlying physiological mechanisms are
not yet clear.

Finally, one of the major drivers of skin ageing is the
exposition to sunlight and especially the effect of ultravi-
olet radiation (UVR) on the skin leading to an accelerated
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FIGURE 4 Inter-corneocyte lipid organization in the stratum corneum. The stratum corneum is the outermost layer of the epidermis
(1). The SC consists of dead cells (corneocytes) embedded in a lipid matrix (2). The inter-corneocyte lipids are arranged in lamellae (3), with
two coexisting lamellar phases with either a repeat distance of 6 nm (referred to as the SPP) or 13 nm (referred to as the LPP). The lateral
organization in the plane perpendicular to the direction of the lamellar organization exhibits three possible arrangements of the lipids: a

very dense, ordered orthorhombic packing; a less dense, ordered hexagonal packing and a disordered liquid lipid packing (adapted from van

Smeden et al. [26]).

ageing of the skin also called photo-ageing. Exposure of
the skin to UVR appears to impair the expression of the
enzymes involved in CER EO bonding (12R-LOX and
SDRIC?7) to corneocytes in mouse skin and in human skin.
The consequences are reduction of covalently bound CER
EO levels and an increase in the free w-acyl-ceramides for
which an impairment in the barrier function in lipid mod-
els was observed when introduced at too high concentra-
tions [5,57].

Skin diseases
Atopic dermatitis (AD)

Atopic dermatitis is a relatively frequent skin condition
characterized by a chronic inflammation of the skin with
recurrent flares affecting different parts of the body and
face [58]. The aetiology of the disease is now associated
with barrier defect allowing the penetration of antigens
that could trigger the Th2 response of the immune sys-
tem. This response leads to local skin inflammation with
the creation of Th2 memory cells that can be reactivated
chronically. The impairment of the barrier function has
motivated scientists to explore different components
of the skin barrier and led to identify the role of loss-of-
function mutations in the filaggrin genes that increase
the risk of atopy in the mutation carriers [59,60]. Changes
in the inter-corneocyte lipids were also investigated and
multiple observations were made by different authors. It is
not the purpose to perform an extensive review of the skin

lipid changes accompanying AD. Nonetheless, AD is often
associated by an increase in CER AS, AH, ADS and NS and
a decrease in CER AP, NP, NH and EOs classes together
with a decrease of ultra-long chain (C>44) ceramides
and a concomitant increase in long and very long chain
(C>34) ceramides [61-64]. This later phenomenon is also
observed for FFAs with an increase in long chain (C <18)
and decrease of very long chain FFAs (C>24) with also
an increase in monounsaturated fatty acids [64]. In AD
skin, the protein-bound ceramide also showed a reduction
in the length of acyl chains for ceramide and FFA and an
increase in the level of monounsaturated ceramides with a
reduction of the chain length especially in lesional versus
non-lesional skin [65].

Those changes can be correlated with variations of
the expression level of enzymes involved in ceramide and
fatty acid synthesis observed in atopic skin: the increase in
CerS4, that catalyses the acylation of ceramide with short
chain fatty acids [66], the decrease of CerS3 expression
that catalyses the acylation of ceramides with long fatty
acids (C > 26), an increase in lesional skin of the stearoyl-
CoA desaturasel (SCD1) that transform the saturated
fatty acids into monounsaturated ones [66] and a decrease
in the expression of elongase 1 (ELOVL1) responsible of
the elongation of fatty acids from C20 to C26 [67].

At the lipid organization level, shorter repeat dis-
tance, and lower presence of LPP is observed in atopic
skin together with a smaller fraction of the lipids adopt-
ing a packed orthorhombic structure that correlated
with a higher TEWL [68-70]. Finally, using a meta-
analysis tool, a correlation between the expression of
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Th2 activation genes is seen with the decrease in genes
coding enzymes involved in lipid metabolism such as
elongase 3 (ELOVL3), fatty acid 2-hydroxylase FA2H
and fatty acyl-CoA reductase 2 (FAR2), thus linking the
inflammatory response to the disorder in skin lipid me-
tabolism [71].

Psoriasis

Psoriasis is a chronic inflammatory skin disorder char-
acterized by the major symptom of ‘plaques.” Plaques are

2 oo ’
3 '%t.’ % ) '3‘ . bilayer

raised, red, scaly patches of skin caused by an overactive
immune response, which leads to an accelerated skin cell
growth cycle. These plaques can appear anywhere on
the body and are often accompanied by itching and dis-
comfort. Th17 lymphocytes activation and its related cy-
tokines play a crucial role in the immune response and
the development of this condition. A perturbation of the
skin barrier is also observed with the marked elevation of
TEWL in involved skin [72].

Changes in the ceramide profile have been described as
a significant decrease in CER EOS, CER NP and CER AH
and an increase in CER NS together with a reduction in
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acyl fatty acid chain length [13,73,74,75]. The knockout of
serine palmitoyl transferase (SPT) genes in mice induced
a decrease in ceramide content, the development of pso-
riasiform lesions and the expression linked to a Th17 re-
sponse [76]. In this disease, the role of interferon-y (IFNy)
has also been documented as it decreases the expression
of several elongases of long chain fatty acids and redistrib-
utes the expression of the different CerS (CerS 1-6) [77].

POTENTIAL USE OF CERAMIDES
IN SKINCARE

The change in the composition of ceramides is associated
with a deficit in skin barrier. Regardless of the disruption
origin, the healthy, fully functional skin should be able to
initiate the restoring processes and by the synthesis of ap-
propriate lipids reverse the damage. However, owing to
the number of underlying genetic or environmental rea-
sons listed in the previous chapter, sometimes the skin
disease aborts the lipid replenishment and the needed
rapid repair is not achieved. For this reason, there are al-
ready several established methods for the management of
the diseased skin barrier such as application of hydrating
lotions in combination with anti-inflammatory treatment.
In recent years however, certain questions regarding the
application of moisturizers on the disrupted skin barrier
were raised [78].

Asaconsequence, several teams have explored whether
a topical application of ceramides would help to recover
the barrier function in models where the skin is impaired
either intentionally with a stress (e.g. sodium dodecyl
sulfate [SDS] treatment, tape stripping) or in volunteers
suffering from skin conditions with a dysfunctional skin
barrier.

For example, treatment with monomodal dispersions
containing 0.3% of CER-EOS and CER-EOP formulated
with cholesterol allowed the recovery of the LPP arrange-
ment detected by X-ray scattering in a reconstructed epi-
dermal model pre-treated with SDS [79]. In an ex vivo
human skin model based on tape stripping to mimic sev-
eral aspects of the lipid organization in AD skin, the top-
ical application of formulations containing CER EOS or
CER NS resulted in a higher fraction of the orthorhombic
lateral packing, mimicking more closely the lipid organi-
zation in native human skin [80]. Furthermore, in a study
performed on human volunteers whose skin epidermal
barrier was disrupted by either UVB irradiation or tape-
stripping, an improvement of TEWL and of the cohesion
of SC was observed after the topical application of product
containing C16 o-OH-phytoceramide [81]. Also, using a
pig skin model where the barrier was disrupted by dif-
ferent techniques (SDS, chloroform/methanol treatment

or tape stripping), the use of formulations based on CER
AP, CER NP, cholesterol and stearic acid could, at least
partially, recover the barrier function judging from the
permeation behaviour of lipophilic compounds (indo-
methacin and theophylline) [82]. These results confirm
an original observation where a CER NP containing prod-
uct could also improve the skin barrier function in SDS-
treated or tape-stripped volunteers when compared to a
petrolatum-containing product [83]. Other studies have
shown that topical use of ceramide-containing products
could improve the skin barrier in different skin condi-
tions such as senile xerosis [84,85] or psoriatic skin as a
companion product of corticoid treatment [86]. However,
those later studies were performed with complex prod-
ucts, often without a control product to clearly isolate the
effect of the ceramides.

INTRODUCTION OF CERAMIDES
IN SKINCARE FORMULATIONS

Challenges in ceramide formulation

As seen above, delivering ceramides into the skin could
be considered as an interesting way to improve impaired
skin barrier function to prevent water loss and permea-
tion of xenobiotics and decrease the severity of symptoms
of previously cited skin conditions and skin diseases.
Development of such products necessitates the solubili-
zation and the dispersion of ceramides in a form that is
deliverable and acceptable to the skin. When formulat-
ing such compounds, formulators face the challenge of
ceramide solubilization. Ceramides need high tempera-
ture (above 80°C) to be solubilized [87] in well-chosen
oils, emulsifiers and thickeners to avoid recrystallization
during the cooling process. This limits the number of
formula chassis into which such hot premix can be in-
troduced without destabilizing the emulsion. Different
types of emulsions have been described to deliver cer-
amides in the SC with the use of either conventional,
microparticle-, nanoparticle- or liposome-containing
emulsions and the use of penetration enhancers [88]. As
an example, formulation of phytosphingosine in polar
emollient increased its penetration into the skin versus
nonpolar ones. It also increased its biological activity
measured by the level of mRNA of different epidermal
differentiation markers [89].

As another example, an equimolar mix of CER AP and
NP with cholesterol and stearic acid showed a better ef-
ficacy in the repair of a disrupted pig skin barrier model
when the lipids were formulated as liposomes with a lamel-
lar structure than in the form of a droplet suspension [82].
In the same model of disrupted skin barrier, liposomes
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(a) ceramide/cholesterol/FFA lamellar formulation,
properly solved ceramides; pH 6.6

(b) ceramide/cholesterol/FFA lamellar formulation,
10% undissolved ceramides, pH 6.6

$

(c) ceramide/cholesterol/FFA lamellar formulation,
50% undissolved ceramides, pH 6.7

(d) ceramide/cholesterol/FFA lamellar formulation,
100% undissolved ceramides, pH 6.7

FIGURE 6 Optical microscopy analysis of the different
formulas containing lipid mixture and undissolved ceramides at
different concentrations. (a) Lamellar formulation with dissolved
ceramides and (b) 10%, (¢) 50% and (d) 100% of dispersed,
undissolved ceramides. Magnification 40-fold, polarization.

prepared with CER NP and CER AP, cholesterol and stea-
ric acid were able to repair the skin barrier, evidenced by
the indomethacin permeation and electrical impedance.
However, the barrier repair efficacy was higher with
large multilamellar liposomes than with small ones with
a non-multilamellar structure indicating that ceramides
formulated into a multilamellar structure resembling the
one present in the skin could be more adapted for barrier
strengthening. In the model, the molecular ordering of
the lipids measured by FTIR spectroscopy showed that
the delipidating treatment with chloroform/methanol
(2:1v/v) induced a loosening in the arrangement of the
skin lipids. Treatment with the large lamellar liposomes
gave back to the SC lipids with an arrangement close to
the non-disrupted barrier, whereas the non-lamellar ones
had only a weak effect [90].

In this same article, the authors noticed in some for-
mulations the presence of needle-like crystals due to un-
properly dissolved ceramides. Undissolved ceramides and
recrystallization can appear when the formula is brought
to ambient temperature and during the shelf life of the
products.

As the previous studies suggested that the correct sol-
ubilization of ceramides in formulation is important to
develop efficient products, we have decided to further in-
vestigate the impact of the recrystallization of ceramides
on the potential of the final formula to deliver its bene-
fits on skin barrier. For this, controlled levels of ceramide
crystals have been introduced into an established lamellar
emulsion system. When present in crystals, ceramides are
not properly incorporated into the lamellar layers in com-
parison to the original system in which fully dissolved ce-
ramides are stabilized in the lamellar layers (see pictures
of the different formulation in Figure 6). Formulations
were evaluated in two models: First, a delipidated porcine
skin model to assess their ability to repair impaired skin
barrier by the measurement of indomethacin permeation
through the skin, [90] and second, a human-reconstructed
epidermis where the protective/repair effect versus a
treatment with SDS was evaluated by measuring cell vi-
ability, release of inflammatory marker (IL-1a) and gene
expression of filaggrin (FLG) as marker of terminal differ-
entiation and skin barrier formation (See supplement for
detailed protocols).
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FIGURE 7 Effect of formulas containing ceramides in lamellar
or crystalline form on the barrier recovery of disrupted skin.
Frozen pig ear skin was placed in a Franz diffusion cell and was
delipidated with chloroform/methanol in a 2:1 (v/v) ratio. After
pretreatment with the test formulas, permeation of indomethacin
into the receptor compartment was measured by HPLC. The

skin was either non-delipidated, delipidated (disrupted barrier),
delipidated and treated with ceramide-free formula (vehicle),
delipidated and treated with formula containing dissolved and
undissolved ceramides. Flux values of indomethacin through

the native and disrupted skin and the skin treated by samples
containing ceramides in lamellar or crystalline form and by

the pure vehicle. n>3; (*) marks significantly different values
(p<0.01** and p <0.0001****) from the control or untreated skins.

Effect on delipidated porcine skin

Porcine skin was treated by chloroform/methanol mix-
ture to disrupt the lipid barrier. Therefore, delipidated
skin showed a significant decrease in its barrier function
objectivated by the increase in indomethacin permeation
expressed by the flux value (1 pg/cm?/h for intact skin vs.
21pg/cm?/h for delipidated skin). The treatment with
ceramide-containing formulation improved barrier func-
tion as shown by the decrease of indomethacin penetra-
tion (11.5pg/cm?/h for the ceramide-containing formula
vs. 15pg/cm?/h for the ceramide-free vehicle). The intro-
duction of ceramide crystals in the formulation partially
abolished the positive effect of the ceramide-containing
formula on barrier function in this model (13.5 ug/cm?/h)
(Figure 7).

Effect on reconstructed epidermis

Human-reconstituted epidermis treated with SDS showed
a significant decrease in cell viability as evidenced by the
increase in lactate dehydrogenase (LDH) release (+810%)
and a higher release in IL-1a (+1625%). The treatment
with a ceramide/cholesterol/FFA lamellar formulation
significantly decreased the effect of SDS on each of the

parameters (50% reduction in LDH release and more than
50% reduction in IL-la release) compared to the SDS-
stressed vehicle control. Introduction of undissolved crys-
talline ceramides at all concentrations tested (10%, 50% or
100%) completely abolished the protective effect of cera-
mide formulation in both parameters.

SDS application leads to a change in filaggrin gene ex-
pression, which could be observed to be significantly de-
creased by SDS treatment compared to the non-stressed
vehicle control. Treatment with a ceramide/cholesterol/
FFA lamellar formulation led to a significant restoration
of filaggrin gene expression, whereas in the presence of
undissolved ceramides in the formula, no correcting effect
was seen and filaggrin gene expression was even further
decreased in samples treated with the formulation includ-
ing non-properly dissolved ceramides (Figure 8).

These two experiments suggest that formulas contain-
ing lamellar structure of ceramide/cholesterol/free fatty
acid mix can deliver beneficial effects on barrier function
in models where the lipid barrier has been disrupted.
However, adding undissolved ceramides that form crystals
decrease the beneficial effect of the formula, thus demon-
strating the importance of the care to be brought to cera-
mide formulation when introducing such compounds in
dermo-cosmetic products. The mechanism of the reduced
efficacy of ceramides being present in crystals is not yet un-
derstood and will be the subject of further investigations.

CONCLUSION

Over the last four decades, a lot of knowledge has been
accumulated on the intercellular lipids of the stratum
corneum, thanks to the refinement of analytical and bio-
logical methods as well as the establishment of new study
models. This new knowledge reinforces the primary role
that SC lipids play a pivotal role in the vital function of
the skin barrier function. It also revealed the complex-
ity of those lipids in terms of biosynthesis, structure and
arrangement. In this landscape, ceramides are the cor-
nerstone as these peculiar lipids are the most abundant,
specific and diverse components of the stratum corneum
lipid barrier and certainly the most complex to study.
One of the actual challenges today is to design studies
that could integrate different levels of scientific explora-
tion and link the biology of the cells and the impact on
biochemical pathway of ceramide synthesis and metabo-
lism with the effect on lipid arrangement and the impact
on the barrier function. This could enable us to have a
better picture of the physiological events taking place in
lipid matrix in different skin conditions. This integrated
understanding of the physiology of the skin barrier could
also lead to designing better solutions for improvement

858017 SUOWILLIOD aA1Te81D) 3|ceo! dde 8Ly Aq peusenob afe sejole YO ‘88N JO S3INJ 0§ Akeiq18U1IUO /8|1 UO (SUONIPUOD-PUR-SLLIBYLIOD A 1M ARIq 1 Ul |UO//SdNL) SUORIPUOD PUe SWe | 8U8eS *[¥202/60/20] Uo Afiqiauljuo A8|im ‘Pl 80uspIng aue.yooD Aesin L Aq z/62T'SOYTTTT OT/I0pAW0D A8 im AreIq1juluo//:Sciy Wwolj pepeoumoq ‘v ‘vZ0Z ‘v6289rT



SCHILD ET AL.

International Journal of
Cosmetic Science

\ SOCIETE FRANGAISE DE %

| 539

FIGURE 8 Effect of the presence
of different levels of non-dissolved
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treated by SDS. (a) Effect on cell viability 180,0
(LDH release); (b) IL1x release, (c) 160,0
Relative gene expression of filaggrin. 140,0
Changes are calculated against the vehicle 120,0
control + SDS. Statistical significance 100,0
is calculated using Student's ¢-test with 80,0
%D < 0,001, **p < 0.01 and *p < 0.05. 60,0
40,0 -
20,0 -
0,0
vehicle (UPW)
-sDS

Cell membrane integrity - LDH release [U/L]

vehicle (UPW) CERformw/o CERform10% CER form 50% CER form 100%

*
| :[
I | ' I

crystals crystals crystals crystals
+SDS +SDS +SDS +SDS +SDS

(b) Inflammatory marker (IL1a)

vehicle (UPW) CERformw/o CERform 10% CER form 50% CER form 100%

IL-1a release [ng/ml]
80,0
70,0
60,0
50,0
40,0
30,0
20,0
10,0 **
0,0 ﬁ
vehicle (UPW)
-SDS

1l
1 |

crystals crystals crystals crystals
+SDS +SDS +SDS +SDS +SDS

(c) Relative gene expression of filaggrin

1,2 Kk
1,0
0,8
0,6
0,4
0,2

0,0

-SDS

FLG relative gene expression [fold-induction]

vehicle (UPW) vehicle (UPW) CER form wio CER form 10% CER form 50% CER form 100%

i i e ES :

crystals crystals crystals crystals
+SDS +SDS +SDS +SDS +SDS

and maintenance of the skin barrier function. On the one
hand, these solutions can be based on enzymatically mod-
ulating biochemical pathways responsible for the metabo-
lism of sphingolipids; on the other hand, quicker solutions
can be designed by topically delivering the lipids that could
help to improve the skin barrier function. This starts by

setting up large production capacity of natural ceramides
to allow their use at an affordable cost in most of the mois-
turizing products. For this, the establishment of microor-
ganisms able to produce sphingoid bases with the same
stereochemistry as the natural molecules, has been the first
major step. The second step is now to design products for
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topical application where ceramides are properly dissolved
to be well tolerated and available to be delivered to the stra-
tum corneum. In our experimental design, we mimicked
the conditions where ceramides were imperfectly solubi-
lized and present in a crystalline form. We demonstrated
that well-dispersed ceramides could decrease the inflam-
matory response and restore the impaired skin barrier in
different in vitro models. If only 10% of the ceramide mass
in the formula are in the crystalline form, the beneficial ef-
fect is abrogated. This reinforces the care to be taken by the
formulators when working with ceramides, including the
choice of other lipids, emulsifiers, and thickeners to keep
the ceramide solubilized, preferentially within a lamellar
structure. Concerns in formulating ceramides have trig-
gered lipid manufacturers to propose stabilized and ready
to use liquid mixtures of lipids containing ceramides pre-
formulated in a lamellar format, on top of pure ceramides
in powder form or solid pellets. This format could simplify
the production process as no high temperature premix is
required. It should also ensure a better solubilization of
those lipids in the final products. Nonetheless, the use of
those preformulated lipids shall not prevent formulators
to check for the final solubilization state of the ceramides
and for the efficiency of their products to improve the skin
barrier. In addition, it would be interesting to include cer-
amides with various fatty acid chain lengths into ready to
use ceramide mixtures to mimic even further the natural
occurrence of ceramides in the skin [91]. Oh et al. showed
that the diversity of ceramide fatty acid chains is beneficial
for the skin restoration [92].

Furthermore, as any other actives used at low concen-
tration, the chassis of the formula should be optimized to
enhance the delivery into the skin by, for example, playing
with emollient polarity or using specific formulations that
may enhance ceramide penetration in the stratum corneum.

In conclusion, ceramides are certainly the lipid family
with the most structural diversity. They are also the most
specific lipids of the SC. There, they play a critical role as,
together with fatty acids and cholesterol ceramides build
the essential lipid barrier. However, changes in their con-
tents, for example, by ageing, seasonal or other external
influences result in skin barrier impairment and are often
associated with barrier-affected skin conditions and skin
disease. Therefore, ceramides, when formulated in proper
way, should be considered as ingredients of choice for
skincare products to provide maintenance and recovery
of skin primary function: an efficient barrier.
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