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Abstract: Human skin is the largest organ of the body and is an effective physical barrier keeping
it from environmental conditions. This barrier function of the skin is based on stratum corneum,
located in the uppermost skin. Stratum corneum has corneocytes surrounded by multilamellar lipid
membranes which are composed of cholesterol, free fatty acids and ceramides (CERs). Alterations
in ceramide content of the stratum corneum are associated with numerous skin disorders. In recent
years, CERs have been incorporated into conventional and novel carrier systems with the purpose of
exogenously applying CERs to help the barrier function of the skin. This review provides an overview
of the structure, function and importance of CERs to restore the barrier function of the skin following
their topical application.
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1. Skin Barrier

Human skin is the largest organ of the body, accounting for 16% of total weight and having
an area of 1.8 m?. It prevents excessive water loss from the body and helps to maintain electrolyte
balance and involves some metabolic processes that are related to immune system. It also protects
the organism against microorganisms, ultraviolet radiation, toxic substances and mechanical damage,
creating a physical barrier between environmental conditions and the body. Basically, the human skin
is a multi-layered membrane. From deep to superficial, these layers are (Figure 1) [1]:

Hypodermis (subcutaneous or subcutis): It consists of essentially loose connective tissue, blood
vessels and fat cells. This layer is 2-7 mm in thickness and has important functions such as storing
lipids, isolating the body and regulating temperature.

Dermis: It enables a critical support to the epidermis. The fibroblasts are mainly cell types in the
dermis which is about 1 mm in thickness. It produces collagen, enabling strength and endurance to the
dermis, elastin fibers providing elasticity and flexibility to the skin and proteoglycans maintaining skin
hydration. In addition, inflammatory reactions initiate in this layer via macrophages and mast cells
residing in the dermis. The hair follicles, pilosebaceous units, apocrine and endocrine glands also exist in
this layer [2,3].

Epidermis (upper skin): The epidermis is the outermost layer of the skin, and predominantly consists
of keratinocytes arranged in several layers. It generates a physical and functional barrier between the
human body and the environment as a result of cornification or keratinization, which is reformation of
terminally differentiating keratinocytes into corneocytes in order to make up the stratum corneum [4,5].
Additionally, it contains some nerve endings for the perception of pain, but it does not have any blood
vessels or lymphatic system.

The thickness of the epidermis varies from 50 to 150 pm and is composed of five layers. From
deep to superficial, these layers are [6,7]:
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1. Basal layer (stratum germinativum)
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stralum corpgym stratum corneum" _ { Lipids
Skin Barrier “w== Skin Barrier - &> (Mortan)
corneocyte Bpidefmis . " _
&= —e, ge}_"‘.e“. aye, &= Comeocytes
y 4 0% > 1 (Bricks)
dermis
/ Lipids (Lamellar Membranes)
Epidermis—{_ |

Dermis

Hyp“de"““{ i “brick-and-
- - =y mortar” model

Corneodesmosomes (Protein rivets)

Figure 1. Structure of the stratum corneum.
1.1. Barrier Function of Stratum Corneum

The stratum corneum consists of a lipid matrix and 15-20 layers of flattened dead cells (corneocytes)
embedded in this lipid matrix. This structure with 10-20 pm in thickness, which is called a “brick and
mortar” model, constitutes a major barrier function of the stratum corneum (Figure 1). In this barrier
layer, the “bricks” are terminally differentiated keratinocytes (corneocytes) composed mostly offilaggrin
and a dense network of keratin macrofibrils, which is a protein that helps to keep the skin hydrated by
preventing water evaporation and absorbing water. The corneocytes are surrounded by an insoluble
cornified cell envelope which results in keratinization and is composed of a monolayer of ceramides.
These cells are held together in the lipid matrix by corneodesmosomes, modified desmosomes from the
uppermost nucleated epidermal layers. Also, intracellular humectants (natural moisturizing factors)
that are essential for stratum corneum hydration, barrier homeostasis and desquamation localize in the
corneocytes [8,9].

The “mortar” includes intercellular lipids arranged into lamellar layers consisting of cholesterol,
free fatty acids, approximately ceramides (CERs) and sterol/wax esters. The intercellular lipid
lamellar matrix of stratum corneum is essential for maintaining skin barrier function and preventing
transepidermal water loss (TEWL) [1,10].

Besides the structures of the stratum corneum, the tight junctions attached to lateral walls of
keratinocytes in the stratum granulosum have presented a secondary functional barrier in the skin. Also,
these complex cell-cell junctions which are affected chemical, microbial or immunological barriers
influence the stratum corneum barrier [11,12].

1.2. Relationship of Skin pH, Transepidermal Water Loss (TEWL) and Stratum Corneum Barrier

Skin pH: The “acid mantle” of the stratum corneum has been known since the 1920s [13]. In recent
years, development of new technologies and animal models have implied that stratum corneum acidity is
essential in many epidermal functions such as epidermal permeability barrier, epidermal anti-microbial
barrier, integrity and cohesion of the stratum corneum. In addition, it has been reported that the barrier
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regeneration proceeds at an acidic skin pH, and conversely delays at a neutral skin pH [14], because
b-glucocerebrosidase activity and lipid secretion through basal cell layers decrease reversibly in neutral
skin pH, so the intercellular lipid lamellar matrix could not generate for an effective permeability
barrier (Figure 2) [15].

Figure 2. The effect of skin pH change on permeability barrier.

Transepidermal Water Loss (TEWL): It has well known for many years that the stratum corneum
prevents TEWL and hydrates corneocytes for continuity of enzymatic reactions enabling desquamation
and its effective barrier characteristics [16,17]. The water acts as a plasticizer that imparts an elastic
property to corneocyte proteins. When the water is deprived of the skin, the corneocyte proteins
become more fragile and the skin tends to crack with the mechanical stress. Thus, the natural barrier
of the stratum corneum is damaged with a decrease of skin hydration and an increase of TEWL [16].
However, this correlated relationship between skin hydration and TEWL only occurs in some skin
disorders such as irritation and psoriasis. In the case of aged skin, the skin effectively maintains its
barrier function despite the decrease of skin hydration, without a significant increase of TEWL values.
Conversely, occlusion after hydration results in increased hydration and TEWL values, and damage of
barrier function [15]. Considering these data, skin hydration and TEWL values are not indicators of
stratum corneum integrity.

1.3. Major Lipids of Stratum Corneum

The major lipids of human stratum corneum are cholesterol, free fatty acids, and CERs in an
approximately 1:1:1 ratio. This equimolar ratio is highly important to maintain epidermal homeostasis
because of alterations in the lipid content of the stratum corneum resulting in a disturbed barrier
function [18].

1.3.1. Cholesterol

Cholesterol is a lipid with low molecular weight that plays a role in regulating the desquamation
process [19]. In the final stage of the keratinization process, unsaturated fatty acids (mostly oleic acid)
are transferred into the cholesterol, which is the only large sterol in the human stratum corneum, to
produce cholesterol esters. These cholesterol esters settle into the intercellular lipid lamellar matrix of
the stratum corneum [20].

1.3.2. Free Fatty Acids

The free fatty acids in the human stratum corneum are principally straight-chain saturated derivates
in the range of 14 and 28 carbons in length. These are mostly >20 carbons in length, with the fatty
acids consisting of 22 and 24 carbons being the most abundant. The free fatty acids take part in the
structure of CERs, reacting with long-chain sphingoid [21].
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1.3.3. Ceramides

Structure and Physicochemical Characteristics of Ceramides

CERs are predominant lipid components of the stratum corneum and comprise 30-40% of the
stratum corneum lipids by mass. They are composed of long-chain sphingoid bases (dihydrosphingosine,
sphingosine, phytosphingosine or 6-hydroxysphingosine) which are linked to long chain free fatty acids
(non-hydroxy fatty acids, a-hydroxy fatty acids or ester-linked w-hydroxy fatty acids) via amide bonds (Figure 3).
Hence, the head groups in CERs include hydroxyl groups that can form inter- and intramolecular
hydrogen bonds. The number of hydroxyl groups in the head group of CERs is important for integrity
of the stratum corneum’s barrier function. Also, CERs exhibit the heterogeneity in terms of chain length
(16-30 carbons) and degree of unsaturation (predominantly saturated) and hydroxylation pattern.
The chain length of fatty acids in the CERs generally is 24-26 carbons, but there are slightly available
fatty acids comprising 1618 carbons [22], and their chain length affects the skin permeability and
barrier function of the stratum corneum [23].
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Figure 3. Ceramide structure.

Considering the chemical structure of CERs, they are highly lipophilic compounds because
the ratio of long-chain fatty acids to the hydrophilic head part is high. As such, CERs are poorly
water-soluble compounds [24]. Also, CERs are compounds with high molecular weight [25]. Because
of the aforementioned physicochemical characteristics of CERs, the percutaneous absorption of these
compounds is limited when topically applied to the skin. Besides this issue, CERs exhibit polymorphic
characteristics which resulted in some questions during the fabrication of ceramide formulations [26].

There are an available 12 types of extracted CERs in the human stratum corneum, which are derived
from the aforementioned types of fatty acids and sphingoid bases, differing from one another based on
the composition of the head group or esterification of fatty acids (Figure 4) [27,28].

Biosynthesis of Ceramides in the Skin

The production of CERs could be from different metabolic pathways. These are the de novo
biosynthesis pathway, SMase pathway (activation of sphingomyelinases) and salvage pathway [29].
In the de novo pathway, ceramide biosynthesis occurs in the endoplasmic reticulum of corneocytes in
the stratum basale. For the synthesis of CERs, L-serine amino acid and palmitoyl CoA are primarily
condensed via serine palmitoyl transferase. The first long-chains of CERs form and these molecules
are named as 3-ketodihydrosphingosine. 3-ketodihydrosphingosine undergoes a reduction reaction
for conversion to dihydrosphingosine. Then, dihydrosphingosine is converted to dihydroceramide
by acylation. Finally, dihydroceramide is catalyzed by dihydroceramide desaturase to synthesize
CERs [30,31]. The salvage pathway occurs in the acidic subcellular compartments, such as the late
endosomes and the lysosomes. In these compartments, sphingosine-1-phosphate is converted to
sphingosine via sphingosine kinase. Then, sphingosine is converted to CERs by ceramide synthase.
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SMase pathway occurs in the plasma membrane and the endosomal/lysosomal compartments. CERs
are formed by hydrolysis of sphingomyelin by SMase [29,31].

On the other hand, salvage and SMase pathways are reversible metabolic processes, therefore they
behavelike a control mechanism to keep constant the ceramide, fatty acid and cholesterol ratio. In this
way, CERs are taken under the control and reach the upper layer of the skin even through the stratum
corneum. They harmonize to corneocyte about forming the "brick-mortar" model and organization
occurs regularly thanks to their head-tail structure [29].
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Figure 4. The identified ceramide types in the human stratum corneum.
Location and Position of Ceramides in the Skin

The lateral and lamellar organization of lipids is crucial for the barrier function of the skin.
The lateral organization is the arrangement of the lipids vertically to the plane of lamellar lipid
organization. There are three possible organizations in intercellular spaces: (i) fluid organization,
which is the most disordered and highly permeable, (ii) hexagonal organization, which is less dense
and medium permeable, and (iii) orthorhombic organization, which is a highly ordered state and
exhibits low permeability [32-34]. In the orthorhombic organization, highly ordered state is based on
Van der Waals interactions in the tails and hydrogen bonds in the head groups of the lipids [35,36] and
the ceramide molecules are organized with width and length as 0.41 nm and 0.37 nm in per 0.182 nm?
area, respectively [37]. Besides, in the hexagonal organization, the ceramide molecules are arranged
in an order having equal width and length as 0.41 nm in per 0.194 nm? area, respectively. Also,
the width and length are angled as 120° in a hexagonal structure because of weakened interactions, as
distinct from orthorhombic organization. These structural diversities make the hexagonal structure less
constricted, probably causing changes in skin barrier function. Nevertheless, the hexagonal structure
in regular order provides a sufficient barrier function rather than a fluid organization that the ceramide
molecules could be disorganized in the skin [38].

In the lamellar organization, the lipids which are ordered as bilayers are arranged with different
periodicity phases. If the lipids repeat in per 6 nm interval, the alignment is identified as a short
periodicity phase (SPP). On the other hand, it is named as a long periodicity phase (LPP) if the lipids
recur in per 13 nm interval [34,38].

Role of Ceramides in the Skin Barrier and Skin Disorders

The morphology of ceramide holding the corneocytes and attaining to intercellular matrix knits
the skin and remain the skin integrity. The ordered alignment of lipid forms a closed system to prevent
TEWL and makes the stratum corneum more impermeable. As a result, changes in the amount and
organization of the stratum corneum CERs cause skin disorders with barrier defects.
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Atopic Dermatitis: Atopic dermatitis is a dermatological disorder which is characterized by dry
skin, pruritus, increased TEWL, and decreased skin barrier function. Matsumoto et al. [39] reported that
the ceramide I, long-chain ceramide, decreased by 52% in atopic dermatitis. In addition, ceramide V in
non-lesionedparts of the skin were raised, and ceramide I and ceramide III were reduced in lesioned
parts of the skin [40,41]. Moreover, the metabolism pathways such as ceramidase are overactive in the
epidermis with atopic dermatitis [42]. Besides, Chermprapai et al. [43] determined that free fatty acids
were reduced as well as CERs in the atopic dermatitis.

Ichthyosis: As much as atopic dermatitis, free fatty acid ratio reduces in contradistinction
for CERs ratio. Also, orthorhombic organization and LPP, having crucial roles in the skin barrier
function, degenerate inichthyosis patients [44]. In Dorfman-Chanarin syndrome, ichthyosis is also
shown as a symptom with descending w-OH-acylceramide and w-O-acylceramide [45]. Additionally,
ceramide synthase 3 enzyme synthesizing the ceramide 3 has gene damage in a patient with congenital
ichthyosis [46].

Psoriasis: In another skin disorder in which barrier defects occurs, Motta et al. [42] revealed the
relation between ceramide composition and TEWL in psoriatic and healthy skin. According to results,
ceramide [, III, IV, V, and VI reduced TEWL increased in all psoriatic scales.

Acne: It is considered that altered ceramide values is also effective on acne. Because of high-level
TEWL in acne, altered ceramide could have a role in this point. Pappas et al. [47] examined the
correlation between them. However, TEWL is not negatively correlated with symptoms even though all
subclasses of ceramide are negatively correlated with TEWL. Therefore, they considered the ceramide
composition of healthy skin and skin with acne according to season. As a result, decreased ceramide
aggravates the symptoms, especially in winter months. Seasonal changes in the amount of ceramide
are exposed by increasing TEWL. On the other hand, healthy skin has high-level ceramide VI and VIII
providing adaptation of environmental conditions in winter months.

Gaucher Disease: As a genetic disorder, Gaucher disease arising from -glucocerebrosidase
enzyme deficiency is also related to the ceramide biosynthesis and metabolism pathway.
On glucosylceramide breaking down to glucose and ceramide, 3-glucocerebrosidase has a role
with hydrolyzation. After this stage, glucosylceramide is diminished and a ceramide molecule is
exposed. However, in patients with Gaucher disease, this metabolism pathway loses the function
because of 3-glucocerebrosidase deficiency. Unlike the aforementioned disorders, a decrease in the
amount of ceramide in Gaucher disease is originated from this point [48].

Dry Skin: The lipid envelope, LPP, and orthorhombic organization keep the moisturizing balance
under control and reduce TEWL. In this way, even though the skin is not moisturized by supplementary
products, hydration content is preserved in skin layers. With decreasing ceramide levels in the skin,
the barrier function of lipid envelopes becomes incapacitated. Compared to dry and normal skin,
ceramide [, II, III, IV, V and VI diminish with dryness, while CERs are at a high level in normal skin [39].

2. Topical Applications of Ceramides

As mentioned earlier, decreased levels of stratum corneum CERs have been shown to be a major
effect of the occurrence of skin disorders. As a result of this, the researchers have thought that these
disorders could be improved by replacing decreased CERs levels. Therefore, topical applications
including conventional and novel carrier systems have been formulated by diverse researchers [49-52].

2.1. Conventional Carrier Systems

Several commercial lotions, creams, and moisturizers (e.g., Eucerin Smoothing Repair Dry Skin
Lotion, Eucerin Eczema Relief Body Creme, CeraVe Moisturizing Lotion, CeraVe Suncare Sunscreen
Face SPF 30) [53] based on CERs 1 and 3 have been formulated in the market. However, there is
confusion related to skin permeability and efficacy of CERs after topical application via conventional
carrier systems. Spada et al. [49] reported that the phytosphingosine, ceramide I, ceramide III and
ceramide VI-II in a simplified cream have a crucial role in the hydration of skin and reducing TEWL
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values compared to placebo data. Draelos et al. [54] and Neubert et al. [50] also suggested that CERs in
their conventional formulations could be efficient to restore the skin barrier in skin disorders. However,
glycyrrhetinic acid (an anti-inflammatory compound) and ethoxydiglycol (a penetration enhancer)
were used to improve therapeutic efficacy and skin permeation of CERs in these studies, respectively.
Hence, these results also could be due to the aforementioned constituents, because Chang et al. [55]
revealed that emulsion including ceramide, niacin, and arginine-sodium-PCA complex could not
create a notable clinical response. Similarly, Zhang et al. [56] showed via tape stripping and IR imaging
studies that ceramide 1 and 3 in suspension could not penetrate through the stratum corneum despite
the presence of oleic acid.

This distinction could be based on whether the skin is healthy or dry. Aoki et al. [51] observed in
the fluorescent light after 12 hours following application that ceramide 2 NBD in emulsion formulating
with water, Tween 20 and octyldodecanol was able to permeate to all layers of dry skin while remaining
in the upper layer of healthy skin. The researchers considered the relationship between the amounts of
endogenous ceramide in healthy/dry skin and penetration capability. It is clear that dry skin consisting
of low endogenous ceramide is convenient for exogenous ceramide passing. Nakaune-Lijima et al. [57]
also demonstrated via TEM images following application that the emulsions containing ceramide I,
ceramide IX-S and ceramide IX-L in ratio 0.3%, cholesterol, 1,3 butylene glycol and aqueous lecithin
were able to restore the damaged LPP formation of stratum corneum lipids.

2.2. Novel Carrier Systems

Conventional carrier systems have been used for skin delivery of various compounds for many
years. However, these systems are inappropriate for skin delivery of large molecular structure and
highly lipophilic compounds, due to the complex nature of the skin. Hence, the researchers have
developed novel carrier systems such as vesicular systems, microemulsions, and nanoparticles to
overcome these disadvantages [58,59]. In this context, the microemulsions are widely studied to
increase the penetration of CERs through the stratum corneum [50,52]. Considering the literature review,
we assert that these microemulsion formulations are the most permeable preparations for topical
application of CERs among other novel carrier systems. This situation could be based on directly
improving penetration through the stratum corneum due to the high surfactant content of formulations
and indirectly increasing solubility (thereby thermodynamic activity) of CERs via microemulsions.
Moreover, some researchers have suggested that droplet size of microemulsions and nanoemulsions
including CERs is crucial for their penetration through the stratum corneum [50]. Therefore, Su et al. [60]
studied the relation of droplet size and temperature changes in the production of o/w nanoemulsions.
The other group indicated that oil phase type affects the droplet size of ceramide 3b nanoemulsion.
In the study, the largest droplet size occurred in the formulation with avocado oil/oleic acid while the
smallest droplet size obtained in the formulation with squalene [61].

In the literature, another option is ceramide-based liposomes with high membrane fluidity,
high fusion activity, and comprising stratum corneum lipids to facilitate the penetration of CERs to
the skin. These liposomes were composed of C-8 ceramide/cholesterol/linolenic acid/cholesterol
sulfate = 45/5/5/45 (w/w%) [62]. Also, a human-type nanoceramide dispersion called Astalift Jelly
Aquarysta was developed to improve ceramide localization in the stratum corneum. According to
the results of in vivo tape stripping studies, the localization of human-type nano CERs in the stratum
corneum was determined to be 9 times greater than that of its reference [63].

Apart from microemulsions, nanoemulsions, and liposomes, novel carrier systems for topical
delivery of CERs are nanoparticles and microparticles. These systems have aimed at controlled and
targeted delivery of CERs via nanoparticles [64-66]. The penetration percentage of nanoparticles
was 60% while the microemulsion was 92%, in the study of Tessema et al. [64]. They obtained in a
controlled manner delivery for nanoparticle formulations. Similarly, Jung et al. [65] designed a new
chitosan-coated ceramide/PLGA nanoparticle to target the main region with dermatitis by releasing
ceramide, particularly in the acidic state. Kim et al. [66] also prepared a microparticle with pseudo
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ceramide PC 104, stearic acid and cholesterol. They found that the microparticles with ceramide PC
104 are able to repair barrier function and obstruct TEWL in atopic dermatitis.

3. Conclusions

The skin is an effective barrier mainly due to the structure of the stratum corneum, its outermost
layer. The stratum corneum is composed of keratinized cells (corneocytes) embedded in the lipid
matrix. CERs are the main lipids in the stratum corneum, which play a key role on the barrier function.
Alterations of CERs or stratum corneum lipid composition results in skin disorders with barrier defects
such as atopic dermatitis, psoriasis and ichthyoses. In recent years, CERs have been incorporated
into conventional and novel carrier systems with the purpose of topical delivery of CERs to repair
the barrier function of the skin. However, the penetration of CERs into deeper layers of the skin is
also a controversial debate because of their high molecular weight and highly lipophilic character.
Thus, in recent years, researchers have focused on the development of their novel carrier systems
such as microemulsions in order to improve the potential of topical delivery of CERs through the
skin. However, these carrier systems could not be feasible for improvement of barrier defects in skin
disorders such as atopic dermatitis, psoriasis and ichthyoses due to the high surfactant content of
the microemulsions.

As a conclusion, there is a debate about the efficacy of CERs following topical application.
Hence, the potential topical delivery of CERs needs to be clarified and there is a challenge to develop
skin-friendly formulation contents for topical application of CERs.
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