
INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  38:  16-22,  201616

Abstract. The skin consists of the epidermis, dermis and 
subcutis. The epidermis is primarily comprised of keratino-
cytes and is separated into four layers according to the stage 
of differentiation of the keratinocytes. Corneocytes are termi-
nally differentiated keratinocytes that closely interact with 
other corneocytes through corneodesmosomes, and synthesize 
lamellar bodies and the intercellular multilamellar barrier, 
which protects the body from the external environment. As 
ceramides are the principal components of lamellar bodies 
and the multilamellar barrier, it is important to understand the 
biosynthesis of ceramides and their functions in skin. Ceramides 
are synthesized by amide bond‑mediated interactions between 
sphingoid bases, long‑chain amino alcohols [long-chain base] 
and fatty acids through a de  novo pathway, a sphingomy-
elin (SM) hydrolysis pathway and a catabolic pathway. The 
majority of ceramides produced by the de novo pathway form 
the epidermal barrier. Ceramides used as signaling molecules 
are synthesized by the SM and catabolic pathways. Synthesized 
ceramides are released from corneocytes and form the multi-
lamellar barrier. Additionally, ceramides and their metabolites 
regulate the apoptosis, proliferation and differentiation of skin 
cells as well as the formation of the skin barrier. Thus, the study 
of ceramides and their metabolites is crucial to understanding 
the function and regulation of the skin barrier.
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1. Introduction

Histologically, the skin consists of the epidermis, dermis and 
subcutis. The epidermis, which is the outermost layer of the 
skin, protects the human body from the external environ-
ment (1,2). The epidermis is divided into four layers (stratum 
basale, stratum spinosum, stratum granulosum and stratum 
corneum) as a result of the process of epidermal differen-
tiation. This creates an epidermal barrier at the level of the 
stratum corneum, the uppermost layer, to prevent dehydra-
tion and moisture loss. The epidermis also prevents external 
antigens from entering the skin and is a defense against ultra-
violet (UV) rays (3-6). The epidermal barrier plays important 
roles in skin aging, dermatitis, psoriasis and atopic dermatitis, 
and is the subject of intense research (7-10).

Generally, the epidermal barrier is formed by the multiple 
actions of lipids produced in the lamellar bodies of the stratum 
granulosum during the process of keratinocyte differentiation, 
which involves terminally differentiated corneocytes and 
corneodesmosomes that connect keratinocytes (11,12). These 
lipids create a multilamellar barrier between corneocytes, 
both increasing the adhesion and hindering the movement of 
material between cells, thus creating an epidermal barrier. 
The major lipids that form the multilamellar barrier of the 
skin consist of 50% ceramide, 25% cholesterol and 15% fatty 
acids (FAs) (11). Ceramides, also known to act as moderators 
of cellular physiology, are sphingolipids which are composed 
of FAs connected to sphingosine (12,13).

2. Biosynthesis and structure of ceramides and their 
derivatives

Ceramides are primarily synthesized in the endoplasmic 
reticulum  (ER) of the stratum spinosum within the 
epidermis. They are transferred out of cells through lamellar 
bodies created in the stratum granulosum and create a multi-
lamellar barrier between the corneocytes of the stratum 
corneum  (14-18). Ceramides are chemically composed 
of a sphingoid base, which is a long-chain amino alcohol 
[long‑chain base  (LCB)], and a FA joined by an amide 
bond (Fig. 1). The sphingoid base may consist of dihydro-
sphingosine  (dS), sphingosine  (S), phytosphingosine  (P) 
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or 6-hydroxy  sphingosine  (H)  (19,20). The FA may be a 
non-hydroxyl FA (N), an α-hydroxyl FA (A), or an esteri-
fied ω-hydroxyl FA  (EO). Thus, various ceramides are 
created by different combinations of these two types of 
molecules (Fig. 2). Ceramides undergo biosynthesis through 
various mechanisms, and the most common synthetic 
pathway is the de novo pathway, which is the most impor-
tant biosynthetic mechanism for creating an epidermal 
barrier (Fig. 3). The de novo pathway can be divided into 
pathways that produce the sphingoid base and the FA.

The first step of the pathway responsible for sphingoid 
base synthesis uses palmitoyl-CoA and L-serine  (17,18). 
Initially, 3-ketosphinganine (ketodihydrosphingosine) reacts 
with palmitoyl-CoA and L-serine by serine palmitoyl trans-
ferase. The synthesized 3-ketosphinganine is deoxygenated 
by 3-ketosphinganine reductase, producing sphinganine 
(dihydrosphingosine) (17,18). The resulting long-chain amino 
alcohol of sphinganine has 18  carbon atoms; however, 
ceramides with 12-28 carbon atoms have been found in the 
stratum corneum (21-24).

Figure 1. Basic chemical structure of ceramides. Ceramides are composed of a sphingoid base and a fatty acid (FA). The sphingoid base contains a polar head 
group and a non-polar tail group. Each moiety is bonded by an amide linkage. Additionally, the FA contains positions for α- and ω-hydroxylation.

Figure 2. Details of de novo-generated ceramides in human stratum corneum. Various ceramides generated by the de novo pathway are formed by an amide 
linkage between the sphingoid base and fatty acid. The sphingoid base may consist of dihydrosphingosine (dS), sphingosine (S), phytosphingosine (P), or 
6-hydroxy sphingosine (H). The fatty acid (FA) moieties may be a non-hydroxyl with FA (N), α-hydroxyl fatty acid (A), or esterified ω-hydroxyl fatty acid (EO). 
Cer, ceramide.
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Using acetyl-CoA carboxylase, FA synthase, and acyl-CoA 
synthetase, the FA synthesis pathway combines acetyl-CoA 
from citrate in the TCA cycle, malonyl-CoA and palmitoyl 
to synthesize palmitoyl-CoA with 16 carbon atoms. Then, 
after a condensation reaction by 3-ketoacyl-CoA synthase 
[elongation of very long chain FAs (ELOVL) protein] of 
palmitoyl-CoA, a reduction reaction by 3-keto-acyl-CoA 
reductase, a dehydration reaction by 3-hydroxyacyl-CoA 
dehydratase and a reduction reaction by 2,3-enoyl-CoA 
reductase, the carbon number of the FA is increased by 2. 
Therefore, the length and saturation of the FA are determined 
by ELOVL proteins. For example, ELOVL6 creates C16 and 
C16:1, ELOVL1 creates C18-C24, ELOVL4 creates C24 or 
above, ELOVL3 creates C18-C24 and C18:1-C24:1, ELOVL7 

creates C18-C22, ELOVL5 creates polyunsaturated C18-C20, 
and ELOVL2 creates polyunsaturated C20-C24 FAs (25,26). 
In particular, ELOVL1, 3  and  4 are principally found in 
the epidermis  (27,28). The FAs subjected to long-chain 
elongation undergo hydroxylation at the α- or ω-position, 
and the ω-hydroxylation of FAs involves ω-esterification 
with linoleic acid to produce ultra‑long chain (ULC) FAs 
that have 28-38 carbon atoms (14,29). Aside from creating 
ULC-ceramides, the ω-hydroxyl group also connects proteins 
and ceramides through ω-esterification to the side chain 
of glutamate in cornified envelope protein (30). Moreover, 
1-O-acylceramides, in which very long-chain acyl residues 
are connected to the N- and O-positions of ceramide, have 
also been discovered (31).

Figure 3. Synthesis and transfer of ceramides in the de novo pathway. The diagram shows that ceramides generated by the de novo pathway are contained in 
the ER. In the ER, serine palmitoyl transferase (SPT) and 3-ketosphinganine reductase (KSR) synthesize sphinganine. Additionally, elongation of very long 
chain fatty acids (ELOVL) protein and stearoyl-CoA desaturase (SCD) synthesize long-chain base (LCB) fatty acid-CoA (LCB FA-CoA). Dihydroceramide 
is produced by reacting sphingosine and LCB FA-CoA ceramide using ceramide synthase (CerS). From the ER, the generated ceramides exit the cell via the 
Golgi body. In this mechanism, ceramides are converted into glycosylceramide and sphingomyelin by glucosylceramide synthase (GCS) and sphingomyelin 
synthase (SMS). Once outside the cell, reconversion into ceramide occurs by β-glucocerebrosidase (β-GCase) and acid sphingomyelinase (A-SMase). DES, 
dihydroceramide Δ4-desaturase; ACC, acetyl-CoA carboxylase; FAS, FA synthase; ACS, acyl-CoA synthetase.
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The sphingosine base and FA are combined to produce 
dihydroceramides by N-acylation which is catalyzed by 
ceramide synthase  (CerS)1-6  (32). Finally, C4 and C5 are 
unsaturated by dihydroceramide Δ4-desaturase, creating 
ceramides  (16-18). There are six types of CerS (CerS1 to 
CerS6) that produce different types of ceramides  (21,33). 
CerS3 and CerS4 are highly concentrated in the skin. CerS3 
levels are elevated during keratinocyte differentiation and it 
has been found to be mutated in congenital ichthyosis (34,35) 
Moreover, alopecia occurs in mice as a result of a lack of 
CerS4 (36). Therefore, CerS3 and CerS4 are expected to play 
significant roles in creating an epidermal barrier in human 
skin. Accordingly, NP (ceramide 3) and EOH (ceramide 4), 
created by CerS3 and CerS4, and long‑chain ceramides with 
18-26 carbons are known to be the major components of the 
epidermal barrier (29,33,37). The amount of total lipids in the 
stratum corneum is low in patients with atopy and dry skin, 
and ceramide levels are also low (38,39). Decreases in EOS 
(ceramide 1) levels are known to convert the orthorhombic 
structure of the epidermal barrier to a hexagonal gel struc-
ture, thus increasing moisture loss from the skin  (40-42). 
The ceramides known to play important roles in the lamellar 
structure of the skin are EOS, NP and EOH, among which 
EOS is known to be an essential component in creating the 
lamellar structure (14). Ceramides produced in the ER are 
converted into glucosylceramides and sphingomyelin (SM) by 
glucosylceramide synthase and SM synthase (SMS), respec-
tively, and are translocated to the Golgi complex to create the 
lamellar body (43). These compounds then exit the cell and are 
converted back into ceramides by β-glucocerebrosidase and 
acid sphingomyelinase (A-SMase), creating the multilamellar 
barrier.

Aside from the biosynthetic mechanism through which 
ceramides are produced, ceramides and their derivatives are 
synthesized by the SM and catabolic pathways (44) and used 
as intracellular messengers. The SM pathway synthesizes 
ceramides through the hydrolysis of SM by sphingomye-
linase (SMase), and the typical SMases which play a role in this 
mechanism are epidermal A-SMase and neutral SMase (45,46). 
By contrast, to synthesize SM, SMS uses ceramide. Moreover, 
the catabolic pathway uses ceramidase to produce derivatives 
of sphingosine and sphingosine-1-phosphate (S1P) to produce 
sphingosine from ceramide, and synthesizes ceramides 
from sphingosine in the reverse direction through CerS (44). 
Moreover, S1P is created when sphingosine is phosphorylated 
by sphingosine kinase, and sphingosine may be regenerated 
when S1P is dephosphorylated by S1P phosphatase. Ceramides 
and their derivatives act as different cellular messengers, which 
are repeatedly synthesized and degraded through reversible 
processes by multiple enzymes.

3. Intracellular and extracellular functions of ceramides

Ceramides and their derivatives act as intra- and extracellular 
messengers in the epidermal barrier (9,12). Lipids that form 
the multiple intercellular lipid lamellae may be used to illus-
trate the structure of the epidermal barrier, either by a two 
compartment model or a bricks and mortar model (Fig. 4).

With regard to the detailed lipid structure and layout of 
multiple intercellular lipid lamellae, the structure of lipids in 

the stratum corneum was analyzed by X-ray diffraction in 
the 1950s and 1960s, and the structure of lamellae was deter-
mined by electron microscopy in the 1960s (47,48). Structural 
analysis revealed that the lamellar structure had unique 13-nm 
intervals (long periodicity phase), which disappeared when the 
temperature rose above 70˚C and was regained at temperatures 
below 25˚C, proving that the structure is reversible (49-51). 
A structure of 6-nm intervals (short periodicity phase) was 
observed in certain types of ceramides (52). Moreover, lamellae 
have three different structures according to the layout of the 
head group and the packing of the alkyl group: orthorhombic, 
hexagonal gel and liquid lamellar (53). As a result of analyzing 
wide-angle X-ray diffraction results, these structures show 
only the peak orthorhombic patterns of 0.375 and 0.416 nm, 
and the peak liquid lamellar pattern of 0.46 nm. At 45˚C, the 
peak orthorhombic and liquid lamellar patterns disappear, 
and only the 0.412 nm peak hexagonal gel pattern appears, 
which becomes one phase when the temperature rises (52,53). 
If the temperature rises to 70˚C and the motility of the alkyl 
chain increases, the peak liquid lamellar pattern of 0.46 nm 
is observed (39). The epidermal barrier structure consists of 
liquid lamellar < hexagonal gel < orthorhombic, according to 
structural differences.

Intracellular ceramides act as second messengers for 
various processes (apoptosis, cell growth, differentiation, 
senescence, diabetes, insulin resistance, inflammation, neuro-
degenerative disorders or atherosclerosis) (54-57). Ceramides 
which play roles in intracellular signal transduction are 
produced using the aforementioned de novo pathway, which 
participates in different reactions according to the specific 
isoforms and activity of CerS (58). Most ceramides induce 
cellular apoptosis or growth arrest. For example, C18-ceramide 
is created by CerS1, which induces cell growth inhibition and 
apoptosis. However, there is an exceptional case in which the 
activity of CerS6 increases, rescuing the cells from ER stress 
and apoptosis by creating acyl-C16-ceramide (59).

One synthetic mechanism produces ceramides through 
the hydrolysis of SM (Fig. 5). Six types of SMases have been 
discovered in mammals: four types of neutral SMases, one 
A-SMase, and one alkaline SMase. Ceramides used in intra-
cellular signal transduction are primarily created by neutral 
SMases existing in the ER and plasma membrane  (60). 
Another mechanism synthesizes ceramides from S1P using 
S-1-phosphate phosphatase and CerS. An additional mecha-
nism produces ceramides through the phosphorylation of 
ceramide‑1-phosphate phosphatase  (CPP) generated from 
ceramide-1-phosphate. Most ceramides created in this way 
inhibit cell growth and induce apoptosis (61-64). Thus, intra-
cellular ceramides are known to be increased by inducing 
apoptosis through TNF-α, Fas, radiation, and antitumor 
agents, and by the conversion of SM into ceramides in cell 
membranes or lysosomes. Moreover, ceramides are known to 
induce apoptosis by activating intracellular c-Jun N-terminal 
kinase (JNK)/stress‑activated protein kinase (SAPK), protein 
kinase C  (PKC)δ/ε and caspase-3  (CASP3)-like protease 
signals, and to reduce the phosphorylation of Ser473 of 
AKT by activating PKCζ and PP2A, thus inhibiting cell 
growth  (65,66). Multiple mechanisms exist as the long 
carbon chain of ceramides make it structurally difficult for 
ceramides to pass through cell membranes. Thus, there is 
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a clear distinction between ceramides that function in the 
multilamellar barrier outside the cell and ceramides that 
function as a second messenger inside the cell. Moreover, 
each mechanism is a reversible pathway, thus, S1P and 
ceramide‑1-phosphate play opposing roles in cell growth 
inhibition and apoptosis.

A study reported that for keratinocytes in the epidermis, 
intracellular ceramides induce the apoptosis of cells exposed 

to UVA radiation, thereby controlling the expression of 
ICAM1 by mediating AP2 activity (67). Moreover, processed 
short-chain ceramides may permeate into cells and induce 
apoptosis and differentiation, and reduce proliferation by 
activating apoptosis signal-regulating kinase 1 (ASK-1), p38 
and caspase-14 in cells (68-70). Moreover, glucosylceramide 
and S1P, derivatives of ceramide, also induce keratinocyte 
differentiation  (71). Furthermore, in melanocytes, AKT 

Figure 5. Overview of sphingolipid metabolism and related enzymes. Ceramides are synthesized from L-serine and palmitoyl-CoA by serine palmitoyl 
transferase (SPT). The generated ceramides are metabolized into glycosylceramide, sphingomyelin, sphingosine, sphingosine-1-phosphate (S1P), and 
ceramide-1-phosphate (C1P) by various enzymes, such as ceramide synthase (CerS), dihydroceramide Δ4-desaturase (DES), ceramide kinase (CERK), 
ceramide-1-phosphate phosphatase (CPP), sphingomyelin synthase (SMS), sphingomyelinase (SMase), ceramidase (CERase), sphingosine kinase (SK), S1P 
phosphatase (SGPP1), and S1P lyase (SPL). Each metabolite functions as a signaling molecule in apoptosis, cell growth, differentiation, senescence, diabetes, 
insulin resistance, inflammation, neurodegenerative disorders or atherosclerosis.

Figure 4. Structure of the multiple lamellae. The stratum corneum is formed by corneocytes (bricks) and lipids (mortar). The lipid layer is packed with 
intercellular spaces and multiple intercellular lamellae. The multiple lamellae have both lateral and lamellar levels of organization. The lateral organization 
is categorized as orthorhombic crystalline, hexagonal gel, and liquid lamellar, according to the temperature. The lamellar organization is categorized as long 
periodicity phase (LPP) and short periodicity phase (SPP), according to the type of ceramide.
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phosphorylation is reduced by short-chain ceramide, thereby 
decreasing melanocyte growth and increasing melanin 
synthesis (72).

4. Conclusion

Ceramides and their derivatives form the lamellar barrier of 
the skin and facilitate the differentiation of keratinocytes, 
thereby creating the epidermal barrier. Thus, they limit the 
movement of material through the skin, maintain skin moisture 
by preventing dehydration and prevent microbes and allergens 
from entering tissues from the outside. As a consequence, 
impaired ceramide synthesis damages the barrier function 
of the epidermis, making it impossible for the skin to control 
moisture levels. External microbes and allergens may then 
enter the tissues and dehydrate the skin, causing inflammation 
and resulting in such cutaneous diseases as atopic dermatitis 
or psoriasis. Accordingly, it is crucial that the skin controls the 
type and amount of ceramides produced in the skin. Ceramides 
perform a number of functions inside cells, creating signals 
associated with apoptosis, proliferation and differentiation. The 
metabolism of ceramides may suppress apoptosis. Therefore, 
through the synthesis and metabolic conversion of ceramides, 
it is possible to control the apoptosis, proliferation and differen-
tiation of skin cells and the formation of the skin barrier.
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