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Introduction
‘Stratum Corneum Moisturization At The Molecular
Level’ [1] was published over a decade ago to review what
was known about the biology of a common cosmetic
problem called ‘dry skin’ (Figure 1). At the same time
Warner and Lilly [2] in 1994 published ‘The correlation of
water content with ultrastructure in the stratum corneum’
and demonstrated for the first time the precise location of
the reduced water content of the skin in dry skin conditions,
namely the outermost layers of the stratum corneum (SC).
These key publications described the current state of the art
of dry skin knowledge. Since then significant advances have
been made in our understanding of the pathophysiology of
dry skin.
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FIGURE 2. Typical structure of the epidermis and critical steps in formation of the stratum corneum. Modified from Rawlings, AV; Scott, IR;
Harding, CR & Bowser, PA. Stratum Corneum Moisturization at the Molecular Level. J. Invest. Dermatol. 103 (5) 731-740 (1994) and Rawlings,
AV & Harding CR. Moisturization & skin barrier function. Dermatologic
Therapy. 17: 43-48 (2004).
FIGURE 1. – (Left) Visible light macrograph of dry skin on the outer lower
leg (approx. 50x), showing lifting squame. (Right) SEM micrograph of
carbon tape applied to dry outer lower leg skin (500x); note compacted
corneocytes in disarray.
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Under normal circumstances, the SC must be as impermeable as possible except for a small amount of water loss
to (a) hydrate the outer layers of the stratum corneum to
maintain its flexibility and (b) to provide enough water to
allow enzyme reactions that facilitate stratum corneum
maturation events, together with corneodesmolysis and
ultimately desquamation (Figure 2) [3-5].
Key in precipitating the condition we call ‘dry skin’ or
cosmetic xerosis is a perturbation of water gradients within
the SC. The only study to demonstrate changes in SC water
gradients in dry skin is that of Warner et al [2] where about
one third of the outer layers of the stratum corneum are
reported to contain less than 10% water content (Figure 3).
As was originally reported by Blank [6] at this water content
the SC will be dysfunctional and brittle.
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FIGURE 3. Water profile averaged over a single rectangular region of a
cryosection obtained from an individual with normal skin, grade 0.5
(A). The horizontal axis is distance across the SC with the SC/granulosum
junction indicated by a vertical line. Water profile averaged over a single
rectangular region of a cryosection obtained from an individual with dry
skin, grade 4 (B). From Warner, RR & Lilly, NA. Correlation of water
content with ultrastructure in the stratum corneum. In: Bioengineering of
the skin: Water & the stratum corneum. Pp 3-12. Eds: Elsner, P,
Berardesca, E & Maibach HI. CRC Press Inc. (1994)
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This paper will review the latest understanding of these
mechanisms and how they are disturbed in dry skin but
equally review the implications of the micro-inflammatory
state in such conditions and introduce the concept of a dry
skin cycle.
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Ceramides constitute on a weight basis approximately
47%, cholesterol 24%, fatty acids 11% and cholesterol
esters 18% [12]. Cholesterol has an important role to play in
the lipid mixtures as it can increase the chain mobility of
lipids present in the gel state and decrease their mobility in
the liquid crystalline state, a property likely to be important
for barrier function during processing of glucosyl-ceramides
to ceramides in the lower and upper regions of the stratum
corneum. However, ceramides are the most complex of SC
lipids and, given this diversity together with the identification
of new ceramides, a new nomenclature based on structure,
rather than the original chromatographic migration characteristics, was proposed by Motta et al [13]. In this system,
ceramides are classified in general as CER FB, where F is
the type of fatty acid and B indicates the type of base. When
an ester linked fatty acid is present, a prefix of E is used.
Normal fatty acids (saturated or unsaturated), alpha-hydroxy
fatty acids and omega-hydroxy fatty acids are N, A, O
respectively whereas sphingosines, phytosphingosines and
6-hydroxysphingosine are indicated by S, P and H. Sphinganine (not previously classified) is proposed to be SP in
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Our original picture of the stratum corneum as a ‘basket
weave’ appearance at the histological level and a stratum
compactum-stratum disjunctum at the electron microscope
level has come under question over the last decade. Pfeiffer
et al [7] developed new high pressure freezing followed by
freeze substitution techniques and visualized lipid stacks
within lamellar bodies and organized microdomain-like
areas in the cytosol of keratinocytes but, more importantly,
the stratum corneum appeared more compact with smaller
intercellular spaces and hence tighter cell-cell interactions.
In the bottom layers of the SC the corneocytes were less
transparent and this transparency increased towards the
skin surface. No keratohyalin granules were observed in the
epidermis. Norlen [8] has also developed cryo-transmission
electron microscopy techniques to image vitreous sections
of skin without the use of cryo-protectants. More denselypacked images are apparent compared with conventional
images and new organelles or tubular structures have been
observed in the epidermis. Cubic-like membrane structures
with a lattice parameter corresponding to that of cubic/water
phases in vitro were observed. Using the same methodology Norlen [9] has further proposed a cubic rod packing
model for stratum corneum keratin structures. However,
even with a more compacted stratum corneum, several
hydration zones have been established by Bouwstra et al
[10] and Richter et al [11] upon hydration which will be important in the development of new moisturizing technologies.
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– the presence of both intracellular and extracellular
hygroscopic materials called “natural moisturizing
factors” (NMF).

this nomenclature system. A novel long-chain ceramide
containing branched chain fatty acids is also found in vernix
caseosa [14]. Typical structures of human ceramides are
given in (Figure 4). Newly identified ceramides have also
been found attached to the corneocyte envelope. In
addition to ceramide A (sphingosine) and ceramide B
(6-hydroxysphingosine), Chopart et al [15] recently identified
covalently-bound omega hydroxyl fatty acid containing
sphinganine and phytosphingosine ceramides. These
covalently-bound ceramides should now be named
CER OS, CER OH, CER OSP and CER OP.
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The SC uses three main mechanisms to hold onto water:
– the intercellular lamellar lipids whose physical conformation, predominantly an orthorhombic laterallypacked gel and 13nm long periodicity lamellar phase,
provide a tight and semi-permeable barrier to the
passage of water through the tissue,
– the presence of fully matured corneodesmosomebound and ceramide hydrophobed corneocytes which
influence the tortuosity of the SC and thereby the diffusion path length of water and
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FIGURE 4. Structures of human stratum corneum ceramides.

All of the SC ceramides are synthesised from glucosylceramides, epidermosides and sphingomyelin. Epidermosides are glycated precursors of omega hydroxyl-containing
ceramides. The studies of Hamanaka et al [16] have demonstrated that sphingomyelin provides some of CER NS and
CER AS whereas the glucosylceramides are precursors to
ceramides and epidermosides are precursors to the
covalently bound ceramides, together with CER EOS, CER
EOH & CER EOP.
Lipids in vivo appear to exist as a balance between a
solid crystalline state (orthorhombic packing) and gel
(hexagonal packing) or liquid crystalline states. The
orthorhombically-packed lipids are the most tightly packed
conformation and have the better barrier properties and, as
shown by electron diffraction studies, these physical states
change during migration of the corneocytes from the lower
layers of the stratum corneum to the outer layers, where a
greater proportion of hexagonally-packed lipid conformations are observed [17]. This is consistent with a weakening
of the barrier towards the outer layers of the stratum
corneum. It is believed that short chain fatty acids from
sebum contribute to the crystalline to gel transition in the
upper stratum corneum layers [18]. Bouwstra et al [19]
recently proposed a new sandwich model consisting of two
broad lipid layers with a crystalline structure separated by a
narrow central lipid layer with fluid domains (Figure 5).
Cholesterol and ceramides are important for the formation of
the lamellar phase, whereas fatty acids play a greater role in
the lateral packing of the lipids. Cholesterol is proposed to
be located with the fatty acid tail of CER EOS in the fluid
phase. CER EOS, EOH and EOP play an essential role in
formation of the additional lamellar arrangements. The
repeated distances were found to be 13nm in dimension,
composed of two units measuring approximately 5nm each
and one unit measuring approximately 3nm in thickness.
These repeat lamellar patterns were also observed by X ray
diffraction studies and were named the “long periodicity”
(LPP) and “short periodicity” (SPP) phases respectively.
In the absence of CER EOS, mostly hexagonal phases
are also observed for total lipid mixtures. Nevertheless, the
inclusion of CER EOS induces the formation of the LPP.
Moreover, the importance of ceramide 1 or CER EOS in
facilitating the formation of the long 13.4nm LPP has been
further elaborated by understanding the influence of the type
of fatty acid esterified to the omega hydroxyl fatty acid [20].
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FIGURE 5a.
‘Sandwich model’,
the characteristics
of which are:
(1) the liquid
sublattice is located in the central
lipid layer of this
phase, in this
layer mainly
unsaturated linoleic acid and cholesterol are present;
(2) in the sublattice adjacent to the
central layer a
gradual change in
lipid mobility
occurs due to the
presence of less
mobile long
saturated hydrocarbon chains;
(3) only a small
fraction of lipids forms a fluid phase in the SC, therefore one can assume
that this central lipid layer is not a continuous phase. 5b. The liquid phase
parallel to the basal layers of the lamellae facilitates transport and therefore communication between the desmosomes. Modified from Bouwstra J,
Pilgram G, Gooris G, Koerten H and Ponec M. New aspects of the skin
barrier organization. Skin Pharm Appl Skin Physiol 14: 52-62 (2001).
FIGURE 5

Stratum Corneum Corneodesmosomes
and Corneodesmolysis
A fuller description of the original ‘brick and mortar’
model introduced “corneodesmosomes”, modified and
specialized desmosomes. The corneodesmosomes [24] are
macromolecular glycoprotein complexes incorporated into
the corneocyte envelope (CE) and consist of the cadherin
family of transmembrane glycoproteins, desmoglein 1 (Dsg
1) and desmocollin 1 (Dsc 1). These glycoproteins span the
cornified envelope into the lipid enriched intercellular space
between the corneocytes and provide cohesion by binding
homeophilically with proteins on adjacent cells. Within the
corneocytes, Dsg 1 & Dsc 1 are linked to keratin filaments
via corneodesmosomal plaque proteins such as plakoglobin,
desmoplakins and plakophilins. The corneodesmosomal
protein, corneodesmosin (Cdsn), after secretion by the
lamellar bodies with the intercellular lipids, and certain
proteases, becomes associated with the desmosomal
proteins just before transformation of desmosomes into
corneodesmosomes. As these proteins are cross-linked into
the complex by transglutaminase, their controlled disruption
must occur by proteolysis. Indeed, Rawlings et al [21 and
Figure 7] demonstrated degradation of the corneodesmosomes towards the surface of the SC in humans.
FIGURE 7

As a consequence, the LPP is seen mainly with linoleatecontaining CER EOS, less with oleate-containing CER EOS
and is absent if only stearate-containing CER EOS is present in
the lipid mixtures. These studies indicate that for formation of
the LPP, a certain fraction of the lipids has to form a liquid
phase. If the liquid phase is too high (as with the oleate-containing CER EOS) or too low (as with stearate-containing CER
EOS), the levels of the SPP increase at the expense of the
LPP. It is important to remember in vivo that the fatty acid
composition of CER EOS is highly complex but contains a large
proportion of linoleic acid.
Changes to the composition of the SC lipids could, therefore, dramatically influence the condition of the skin. In the
surface layers of the stratum corneum, cholesterol sulphate
& CER EOS are hydrolysed, concentrations of short chain
length fatty acids are increased while pH and water levels
are decreased, increased crystallisation of cholesterol
occurs and decreased ceramide levels occur and, as a
result, perturbations to the lamellar ordering can be
observed. In this respect, using electron microscopy of tape
strippings from the outer layers of normal healthy skin,
Rawlings et al [21] reported complete loss of lamellar ordering in the outer layers of the stratum corneum (Figure 6).
These results have been confirmed by Warner et al [22] and
Berry et al. [23].
FIGURE 6. Organisation of stratum
corneum lipids in
tape-strippings of
individuals with
clinically normal
skin. Transmission
electron micrographs of tape-strippings. Ultrastructural changes in lipid
organisation
towards the surface
of the stratum
corneum: A. First
strip; absence of
bilayers and presence of amorphous lipidic material. B. Second strip;
disruption of lipid lamellae. C. Third strip; normal lipid lamellae.
(x200,000). From: Rawlings, AV, Watkinson, A, Rogers, J, Mayo, AM,
Hope J and IR Scott, Abnormalities in stratum corneum structure, lipid
composition and desmosomal degradation in soap-induced winter xerosis,
J Soc Cosmet Chem 45 203-220 (1994)
FIGURE 6

FIGURE 7. Electron micrographs of tape strippings of normal skin (grade
1). Degradation of corneodesmosomes (CD) toward the surface of the
stratum corneum: A. First strip; CD fully degraded. B. Second strip; CD
partially degraded and encapsulated by lipid lamellae. C. Third strip; CD
partially degraded, vaculation of structure. D. Third strip, normal CD in
contact with lamellar lipids. From: Rawlings, AV, Watkinson, A, Rogers,
J, Mayo, AM, Hope J and IR Scott, Abnormalities in stratum corneum
structure, lipid composition and desmosomal degradation in soapinduced winter xerosis, J Soc Cosmet Chem 45 203-220 (1994)

The exfoliation of corneocytes from the surface of the
skin is facilitated by the action of specific hydrolytic enzymes
in the stratum corneum that degrade the corneodesmosomal
linkages. Currently, several serine, cysteine and aspartic
enzymes are believed to be involved in this process, namely
stratum corneum chymotryptic enzyme (SCCE), stratum
corneum tryptic enzymes (SCTE), stratum corneum thiol
protease (SCTP now known as Cathepsin L-2), cathepsin E
and the aspartic protease cathepsin D. SCCE & SCTE are
alkaline-optimal enzymes whereas the latter ones are acidicoptimum enzymes [25-29]. Cathepsin L has also recently
been implicated in corneodesmosin hydrolysis [30]. Only
SCTE and not SCCE, however, was capable of degrading
Dsg1 [31]. This enzyme was also reported to be involved in
the processing of pro-SCCE. Bernard et al [32] has also
identified an endoglycosidase, heparanase 1, within the
stratum corneum, thought to play a role in the pre-proteolytic processing of the protecting sugar moieties on
corneodesmosomal proteins. Cdsn undergoes several
proteolytic steps. Cleavage of the N terminal glycine loop
domain occurs first at the compactum disjunctum interface
(48-46KDa to 36-30 KDa transition), followed by cleavage of
the C terminal glycine loop domain in exfoliated corneocytes
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(36-30KDa to 15KDa transition) [33]. The last step appears to
be inhibited by calcium resulting in residual intercorneocyte
cohesion. Nevertheless, the presence of oligosaccharides did
not protect Cdsn against proteolysis by SCCE [31]. A list of
the putuative desquamatory enzymes is given in Table 1.
TABLE 1 - ENZYMES INVOLVED IN THE DESQUAMATORY PROCESS
Sphingoid Hydrolases Ceramidase
Sulphatases

Steroid sulphatase

Glycosidases

Heparanase 1

Serine Proteases

Stratum corneum
chymotryptic-like enzyme (SCCE/KLK7)
Stratum corneum
tryptic-like enzyme
(SCTE/KLK5)

Cysteine Proteases

Stratum corneum thiol
protease
Stratum corneum
cathepsin L-like enzyme

Aspartic Proteases

(SCTP/L2)
(SCCL)

Stratum corneum cathepsin
D-like enzyme
(SCCDE)
Stratum corneum cathepsin
E-like enzyme
(SCCEE)

Many of these enzymes are thought to exist as proforms
and have been immunolocalised to the intercorneocyte lipid
lamellae. Sondell et al [34] used antibodies that immunoreact precisely with pro-SCCE to confirm that this enzyme is
transported to the stratum corneum extracellular space via
lamellar bodies. In later studies, using antibodies to both proSCCE and SCCE, Watkinson et al [35] demonstrated that the
processed enzyme was more associated with the
corneodesmosomal plaque. More recently Igarashi et al [36]
have immunolocalised cathepsin D to the intercellular space,
whereas cathepsin E was localised within the corneocytes.
Finally, KLK8 has also been reported to be localised to the
intercellular spaces of the SC [37].
As some of the desquamatory enzymes have been
immunolocalised to the intercellular space, the physical
properties of the stratum corneum lipids, together with the
water activity in this microenvironment, will influence the
activity of these enzymes. Interestingly, however, SCCE
appears to have a greater tolerance to water deprivation than
other proteolytic enzymes and this may be an adaptation to
maintain enzyme activity even within the water-depleted
stratum corneum intercellular space [38]. However, a variety
of inhibitors are also present to attenuate their activities,
cholesterol sulphate being one of them. Other protein and
peptide inhibitors are present such as elfin, covalently bound
to the corneocyte envelope, antileukoproteinase, alpha-1antitrypsin, alpha-1-antichymotrypsin and the SPINK5
derived peptides [39]. Nevertheless, anti-leukoprotease is
believed to be the major physiological inhibitor of SCCE; the
serpins are too low in concentration to be physiologically
relevant [40]. Caubet et al [31] recently speculated in a new
model of desquamation that SPINK5 may also inhibit SCTE.
Currently, little is understood of the molecular activation
mechanisms of SCCE or other enzymes within the stratum
corneum. Clearly, stratum corneum pH and water content will
influence enzymic activity. As the stratum corneum pH
declines towards the surface of the skin, the activity of SCTE
and SCCE may be reduced and perhaps the acid optimal
cathepsin enzymes mediate the final desquamatory steps.

Corneocyte Envelope Maturation &
The Role Of Transglutaminases
The corneocyte envelope is an extremely stable and insoluble proteinaceous layered structure. The stability of the

envelope is attributed to the degree of cross linking of
envelope proteins by either disulphide, glutamyl-lysine
isodipeptide bonds or glutamyl polyamine cross linking of
glutamine residues of several corneocyte envelope proteins
[41]. The enzymes, responsible for catalysing the gammaglutamyl-epsilon-lysine isodipeptide bond formation, are
the
calcium-dependent
transglutaminases
(TGase;
glutamyl-amine aminotransferases EC 2.3.2.13), of which
four are expressed in the epidermis 1, 2, 3 & 5. However, only
TGase 1, 3 and 5 are thought to be involved in keratinocyte
differentiation.
At early time points in the keratinocyte differentiation
process, envoplakin and periplakin are expressed and
become associated with desmosomes in the viable epidermis. Subsequently, involucrin (the glutamyl rich protein that
covalently-bound lipids become attached to) is expressed at
the same time as TGase 1 [42-45]. TGase 1 then cross links
involucrin to the other early expressed proteins, such as
members of the small proline rich (SPRR) family of proteins.
Subsequently, other plasma membrane proteins become
cross-linked and these form a scaffold for further reinforcement and maturation events. In the epidermis, the major CE
reinforcement proteins are loricrin with smaller amounts of
the SPRR proteins whereas in lips, palmoplantar or oral
epithelia the opposite occurs. In vitro data suggests that
TGase 3 and possibly TGase 5 initiate the heterodimerisation
and homodimerisation cross-links between these proteins
before TGase 1 finally cross-links them into the pre-existing
scaffold. The toughness, strength and flexibility of the corneocyte envelopes are thought to be dictated by the SPRR
proteins. There are two general groups of proteins: Group 1
(SPRR 1A, 1B, 3 and 4) and Group 2 (SPRR 2A, 2B, 2C, 2D,
2E, 2F and 2G). Group 2 proteins are the most flexible [46].
Using Normarski microscopy, the corneocyte envelopes
(CE’s) were shown to have a crumpled surface in the lower
layers of the stratum corneum and a smoother, more
flattened surface in the upper stratum corneum. These two
populations of corneocyte envelopes were named fragile
(CEf) and rigid (CEr). Mils et al [47] reported that about 80%
of corneocytes from volar forearm skin were smooth and
rigid, whereas 90% from foot sole were rough or fragile cells.
They can also be further differentiated by their binding of tetra
methyl rhodamine isothiocyanate (TRITC), with the rigid
envelopes staining to a greater extent (Figure 8) [48].
However, Hirao et al [49] have used a more elegant method
FIGURE 8

FIGURE 8. Fluorescence & Normaski phase contrast microscopy of TRIC
stained cornified envelopes demonstrating increased fluorescence
labelling of Cer compared with CEf. Harding CR, Long S, Richardson J,
Rogers J, Zhang Z, Bush A & Rawlings AV. The cornified cell envelope:
an important marker of stratum corneum maturation in healthy and dry
skin. Int. J. Cosmet Sci. 25:1-11 (2003).

to identify corneocyte envelopes based upon their hydrophobicity (staining with Nile red) and antigenicity (to anti-involucrin; Figure 9). It is clear from these studies that immature
envelopes (CEf) occur in the deeper layers of the stratum
corneum (involucrin-positive and weak staining to Nile red or
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FIGURE 9

A.

B.

FIGURE 9. Double Staining of CE’s with Nile red and anti-involucrin. A.
Face. B. Upper Arm. Modified from Hirao T, Denda M and Takahashi M.
Identification of immature cornfield envelopes in the barrier-impaired
epidermis by characterization of their hydrophobicity and antigenicities of
the components. Exp. Dermatol. 10: 35-44, (2001).

TRITC) and that mature envelopes occur in the surface
layers of healthy skin (apparent involucrin staining lessened
and increased staining with Nile red or TRITC). More recent
work from Kashibuchi et al [50] using atomic force
microscopy confirmed these structural changes in corneocytes from the deeper layers of the stratum corneum.
The morphological classification of fragile and rigid
envelopes has subsequently been found to be a pertinent
classification system as, mechanically, they have fragile and
rigid characteristics under compressional force (Figure 10)
[48]. Supporting this concept of increasing CE strength,
gamma glutamyl-lysine cross-links also increase in the

CEr

FIGURE 10
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FIGURE 10. Distribution profile of the maximal compressional forces (uN)
of individual CE’s. Top panel shows the force range for Cer and the bottom
for CEf. The maximal compression force was significantly different
between the corneocytes. Harding CR, Long S, Richardson J, Rogers J,
Zhang Z, Bush A & Rawlings AV. The cornified cell envelope: an important marker of stratum corneum maturation in healthy and dry skin. Int. J.
Cosmet. Sci. 25:1-11 (2003).

subsequent layers of the stratum corneum, due to enhanced
TGase activity. Three pools of TGase activity have been
identified in the stratum corneum which have been classified
based upon their solubility characteristics: a water-soluble
TGase (mainly TGase 1 and 3), a detergent-soluble TGase
(TGase 1) and a particulate form that cannot be liberated
from the corneocyte. Whether all enzyme fractions
are active in this maturation process of CEf to CEr is
currently not known.

Stratum Corneum Natural Moisturising
Factors (NMF)
A historical perspective on filaggrin biology and generation was given by Rawlings et al [1] but, for completeness, a

summary diagram is provided in (Figure 11). Biologically,
NMF allows the outermost layers of the SC to retain
moisture against the desiccating action of the environment.
Traditionally, it was believed that this water plasticized the
SC, keeping it resilient by preventing cracking and flaking
which might occur due to mechanical stresses. The general
mechanisms by which these NMF components influence SC
functionality have been studied extensively. From a physical
chemistry perspective, the specific ionic interaction between
keratin and NMF, accompanied by a decreased mobility of
water, leads to a reduction of intermolecular forces between
the keratin fibers and increased elastic behaviour. Recent
studies have emphasized that it is the neutral and basic free
amino acids [51], in particular, that are important for the
plasticization properties of the SC.
FIGURE 11
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FIGURE 11. Schematic representation of profilaggrin catabolism and
filaggrin hydrolysis to NMF within the SC.

Recently, hyaluronic acid has been shown to be present
naturally in the SC [52] as has glycerol. Glycerol will also be
derived from sebaceous triglyceride breakdown and again,
to emphasize the importance of this molecule, studies by
Fluhr et al [53] have indicated that topically-applied glycerol
can completely restore the poor quality of SC observed in
asebic mice (that have no sebaceous secretions) to normal.
However, typically, these two molecules have been largely
ignored in descriptions of NMF composition [1]. Recent data
also indicates that lactate plays a critical role in influencing
the physical properties of the SC. Lactate and potassium
were found to be the only components of the NMF analyzed
that correlated significantly with the state of hydration,
stiffness and pH, in the SC [54].
The generation and maintenance of an acid pH within the
SC, the so-called “acid mantle”, is critical to the correct
functioning of this tissue. Studies point to an essential role of
free fatty acids generated through phospholipase activity as
being vital for SC acidification [55], whilst Krein and Kermici
[56] have recently proposed that urocanic acid (UCA) plays
a vital role in the regulation of SC pH. However, studies on
the histidase-deficient mouse (which cannot generate UCA
through catabolism of free histidine), indicate SC pH is within
the normal range, and this observation argues against the
importance of UCA. Nevertheless, it is likely that NMF
components contribute significantly to the overall maintenance of pH.
Other components of NMF are also not derived from
filaggrin and urea, like lactate, may also be derived in part
from sweat. However, the presence of sugars in the SC
represents primarily the activity of the enzyme beta-D-glucocerebrosidase, as it catalyses the removal of glucose from
glucosylceramides to initiate lipid lamellae organization in
the deep stratum corneum [1].
Nevertheless, the most important development in this
area of SC research has not been a greater understanding
of the biology but has been the development of new
measurement tools. Caspers et al [57] have pioneered the
use of confocal Raman microspectroscopy to determine the
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concentration of defined NMF components, non-invasively,
in vivo within the SC [59]. Typical depth-concentration
profiles can be seen in (Figure 12).
FIGURE12.
12
Figure
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Exposure to low humidity conditions also increases
epidermal DNA synthesis and amplifies the DNA synthetic
response to barrier disruption [64]. Equally, when in a dry
environment epidermal IL-1 levels increased and increased
levels of this cytokine were greater when the barrier was
experimentally-challenged [65]. More recently, the same
group also reported increased numbers of mast cells and
increased dermal histamine levels (but unchanged epidermal histamine levels) [66]. Others have reported increased
SC nerve growth factor levels [67] and increased c-fibers in
dry skin, elicited by dry environments [68]. These events
would lead to increased skin itching in these conditions.
These changes in barrier properties of the SC are attributable to changes in SC moisture content and provide
evidence that changes in environmental humidities
contribute to the seasonal exacerbation or amelioration of
xerotic skin conditions which are characterized
by a defective barrier, epidermal hyperplasia and
inflammation.

The pathophysiology of winter & soap
induced dry skin
FIGURE 12. Semiquantitative in vivo concentration profiles of NMF and
sweat constituents in the stratum corneum of the thenar as determined by
Raman spectroscopy. From Caspers PJ, Lucassen GW, Carter EA, Bruining HA and Puppels GJ. In vivo confocal raman microspectroscopy of the
skin: non-invasive determination of molecular concentration profiles.
J. Invest. Dermatol. 116: 434-442 (2001).

The effect of humidity on epidermal differentiation and stratum corneum quality
Before considering the biology of dry skin, it is important
to review the effect of environmental conditions on the SC,
as these are the primary initiating events for the precipitation
of the condition. In studies conducted in the summer and
winter months of the year in the UK, Rogers et al [58]
demonstrated that there was a significant reduction in the
levels of SC ceramides, fatty acids, together with linoleatecontaining CER EOS in subjects in winter. Similar differences in scalp lipid levels have been observed between the
wet and dry seasons in Thailand [59]. However, more
recently and more importantly, Declercq et al [60] have
reported an adaptive response in human barrier function,
where subjects living in a dry climate like Arizona (compared
with a humid climate in New York) had much stronger barrier function and less dry skin due to increased ceramide
levels and increased desquamatory enzyme levels (SCCE &
SCTE).
Several animal studies have been conducted that
support these findings. TEWL was reduced by approximately 30% in animals exposed to a dry (<10%RH) environment
due to increased lipid biosynthesis, increased lamellar body
extrusion and a slightly thicker SC layer whereas, in animals
exposed to a high humidity environment (80%RH), this
induction of lipid biosynthesis was reduced [61]. However,
abrupt changes in environmental humidity can also influence
stratum corneum moisturization [62]. After transferring
animals from a humid (80%RH) to dry (<10%RH) environment, a six fold increase in TEWL occurred. Barrier function
returned to normal within 7 days due to normal lipid repair
processes. These changes did not occur in animals transferred from a normal to dry humidity environment. Similarly,
findings were reported for the water-holding capacity and
free amino acid content of the stratum corneum. Katagiri et
al [63] demonstrated that exposure of mice to a humid
environment, and subsequent transfer to a dry one, reduced
skin conductance and amino acid levels even 7 days after
the transfer to the new environment whereas, after transfer
from a normal environment, decreased amino acid levels
recovered within three days.

The differences in SC water concentration profiles
between normal and dry skin influence the enzymic
reactions in the SC. In dry flaky skin conditions,
corneodesmosomes are not degraded efficiently and
corneocytes accumulate on the skin’s surface layer.
Increased levels of corneodesmosomes in soap-induced dry
skin were first reported by Rawlings et al [21] but have been
confirmed more recently by Simon et al [69]. Many
corneodesmosomal proteins are now also reported to be
increased in the surface layers of xerotic skin. Stratum
corneum Dsg 1 levels were reported to be increased by
Bartolone et al [70] and Rawlings et al [21]. Dsc 1 levels
were also reported to be increased by the latter group [71].
More recently Cdsn and plakoglobin were found elevated in
dry skin [69]. Interestingly, however, in winter xerosis, the
accumulation of the corneodemosomal proteins, Dsg 1 and
plakoglobin, correlate with each. Cdsn protein levels, which
were also increased, do not, however, have such an association suggesting that different proteolytic mechanisms occur
for the different corneodesmosomal components during
desquamation. As suggested by Simon et al [69], as plakoglobin is a cytoplasmic protein,this would indicate that at
least the cytoplasmic domain of Dsg 1 may be cleaved. In
fact, immunoreactivity to the carboxy terminal tail of the
cytoplasmic portion of Dsg1 was observed. Perhaps the
intracellular portions of Dsg 1 are also degraded within the
corneocyte (for example, plakoglobin by the trypsin-like
activity or cathepsin E activity reported within the corneocyte
matrix. Conversely, Cdsn might be degraded by SCCE,
SCTE or cathepsin D in the lamellar matrix. This is consistent with the early electron microscope images of Rawlings
et al [21] showing that corneodesmosomes become internally vacuolated, followed by complete detachment of the
protein structures from the corneocyte envelope (Figure 7).
The lamellar lipid matrix is also perturbed dramatically in
dry skin (Figure 13) [21]. As the main desquamatory
enzymes are found within this lipid matrix, the physical
properties of the lamellar lipids will, therefore, influence
enzyme activity.
Rawlings et al [4] originally reported that stratum
corneum SCCE levels were reduced in the outer layers of
xerotic stratum corneum compared with normal skin. This
has been confirmed recently in more extensive studies by
Van Overloop et al [72] who also found that the equally
important stratum corneum SCTE activities were also
reduced. Conversely, in SLS-induced dry skin, increased
activities of these enzymes are reported [26]. More recently,
the over-activation of the plasminogen cascade has been
associated with dry skin. Normally only observed in the
epidermal basal layers, skin plasmin is widely distributed
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FIGURE 13

phenotypes also change in subjects with dry skin [41, 48].
Soap washing leads to a dramatic increase in the levels of
the fragile envelope phenotype at the expense of the rigid
phenotype (Figure 14). It is known that stratum corneum
transglutaminase activities increase towards the surface of
the stratum corneum, particularly the detergent-soluble and
particulate fractions. Although the same trend of the relative
increase in TGase between the inner and outer corneum is
true of dry skin, TGase activities are dramatically lowered in
dry skin compared with healthy skin, particularly the
detergent-soluble fraction, which contains mainly TGase 1.

FIGURE 13. Organisation of stratum corneum lipids in tape-stripping of
subjects with winter xerosis. Transmission electron micrographs of tape
strippings of individuals with severe xerosis. Perturbation in lipid
organisation towards the surface of the stratum corneum. D. First strip;
disorganised lipid lamellae. E. Second strip; disorganisd lipid lamellae.
F. Third strip; normal lipid lamellae (x200,000). From: Rawlings, AV,
Watkinson, A, Rogers, J, Mayo, AM, Hope J and IR Scott, Abnormalities in
stratum corneum structure, lipid composition and desmosomal degradation in soap-induced winter xerosis, J Soc Cosmet Chem 45 203-220 (1994)

through the epidermis in dry skin. Interestingly, a urokinasetype plasminogen activator also exists in the stratum
corneum [73]. Clearly these and other enzymes are potentially involved in the inflammatory and hyperproliferative
aspects of dry skin.
It has been well established that, in hyperproliferative
disorders such as dry skin, there is a change in stratum
corneum lipid composition. In particular, the composition of
the ceramide subtypes change and a predominance of
sphingosine-containing ceramides (at the expense of the
phytosphingosine-containing ceramides) has been
observed in the SC of subjects with dry skin. Fulmer &
Kramer [74] first identified these changes in SDS induced
dry skin (increased levels of ceramide 2 and 4, and reduced
levels of ceramide 3). However, Saint-Leger et al [75] could
not find any changes in ceramide levels in dry skin, but
found increased fatty acid levels. Rawlings et al demonstrated the reduced levels of ceramides at the surface of the
SC in winter xerosis [21]. At this time, the full complexity of
the different ceramide structure was not known but, more
recently, Chopart et al [76] observed dramatic reductions in
the levels of phytosphingosine-containing ceramides in dry
skin (approximately 50%), together with a shortening and
lengthening of the acyl sphingoid bases sphingosine and 6hydroxysphingosine, respectively. Van Overloop et al [72]
also clearly demonstrated that the phytosphingosinecontaining ceramides were reduced to a greater extent than
other ceramides, with increasing dryness levels. Fulmer and
Kramer also observed dramatic reductions in the levels of
long chain fatty acids in dry skin [74]. Imokawa et al [77] did
not find reduced ceramide levels in xerotic skin (but only
average levels, rather than superficial levels, were
measured).
These changes in lipid composition will, of course, influence the lamellar packing of the lipids. In fact, Schreiner et
al [78] established a reduction of CER EOS & EOH with
increased concentrations of sphingosine-containing
ceramides (CER NS & CER AS) and crystalline cholesterol
in association with a loss of the LPP. However, although the
lipid ultrastructure is clearly aberrant in the outer layers of
dry skin [21], more work is needed to ascribe a particular
lipid phase.
The proportions the different corneocyte envelope

Percentage Of Corneocyte Phenotype

FIGURE 14

Normal

Soap-Dried

100
80
60

*

40

*

20
0
Rigid

Fragile

FIGURE 14. Percentage distribution of Cer and CEf in normal and soap dried
dry skin. *p<0.05. Harding CR, Long S, Richardson J, Rogers J, Zhang Z,
Bush A & Rawlings AV. The cornified cell envelope: an important marker of
stratum corneum maturation in healthy and dry skin. Int. J. Cosmet. Sci.
25:1-11 (2003).

Reduced NMF levels are also implicated in dry skin
conditions. The loss of NMF generally reported with
increased ageing, however, is not consistent with the recent
observations of Takahashi and Tezuka [79] of increased
NMF in subjects with senile xerosis suggests that our understanding of this process is far from complete..

The ‘Dry Skin Cycle’ model: a new way to
describe induction & propagation of xerosis
Classically, dry skin has been described in two ways –
(a) as a condition that is simply either present or not or (b)
as a linear progression of sequelae, resulting in the
concomitant development of clinical tools such as linear
visual grading scales, etc. Whilst not refuting the validity of
these, it is proposed that the induction and propagation of
dry skin conditions may be best and most intuitively
expressed as a cyclical model, dependent on stratum
corneum integrity and particularly upon barrier function and
homeostasis.
A cyclical model implies a spiralling deterioration in
outcome that, without intervention, would lead to a progressive worsening in model endpoints. Additionally, it is implicit that intervention at one, or preferably multiple, points
within this cycle is necessary to arrest the progression of this
continuing downward spiral. This is indeed the case with
most dry skin conditions and, moreover, reflects extremely
well consumer perception of dry skin – the seeming repetitive cycle of product usage, re-usage, disappointment with
treatment outcome and, often, a corresponding loss of
compliance. The model described below describes several
phases within this cycle and, therefore, possible targets
against which treatments could be directed. Reference to
the graphical depiction of the model below (Figure 15) may
facilitate complete understanding of the relationship of these
phases, one with another.
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atosis and mild inflammatory changes, one of the
hall-marks of dry skin conditions, as the skin
attempts to repair itself. This response is mediated
via production and secretion of cytokines and growth
factors, many researchers citing the ratio between
interleukin one receptor antagonist protein (IRAP)
and interleukin one-alpha (IL-1␣) as a key marker of
this process [84-87]. The degree of hyperprofileration has been shown to be dependent upon the
corresponding degree of barrier perturbation [88],
probably reflecting both the ingress of exogenous
irritants through the impaired barrier and the growing
realisation that the SC barrier is itself a biosensor
and that corneocytes and keratinocytes themselves
participating in the release of these messengers.
The hyperproliferation of the epidermis probably
occurs as a result of the double paracrine signalling
events between the epidermis and dermis. IL-1 acts
on fibroblasts which in turn secrete KGF and
GMCSF inducing hyperproliferation and dysfunctional differentiation of keratinocytes [89].

FIGURE 15

The induction of this inflammatory hyperproliferative state is absolutely key in the cycle of dry skin as
it fundamentally leads to aberrant differentiation and
the over-hasty production of a variety of poor quality materials and structures vital to the proper functioning of the
SC barrier and normal healthy skin. These include:

FIGURE 15. Schematic diagram showng pivotal events within the "dry skin cycle".

As discussed the induction phase can be mediated by a
variety of different factors:
– low environmental temperature and humidity
– abrupt changes in environmental conditions which
includes the effect of modern indoor climate-controlled
environments
– surfactant dissolution of stratum corneum lipid & NMF
– chronological ageing & genetics
Once the skin has been provoked by one or more of
these mechanisms, there is an inevitable sequence of
events that may be described conveniently as a cycle.
Initially a mini-cycle of barrier deterioration is initiated
and perpetuated. Blank estimated that the SC loses its flexibility once its water content falls below approximately 10%
[6], the provocation for which may constitute one or a combination of the factors noted above. Without intervention, this
quickly leads to a steeper SC hydration gradient, a decrease
in net recondensation on the SC surface, a corresponding
increase in evaporative water loss from the SC surface, a
consequent further drop in SC water concentration and so
on. The inevitable rapid consequence of this series of events
is a decrease in the plastic or viscous properties of the SC
(commonly interpreted as skin “softness” or “suppleness”),
an increase in SC fragility / brittleness and an impairment of
SC barrier function [80-83]. This surface dehydration is the
first step in the development of the dry skin cycle and is
further exacerbated by destruction of the normal barrier lipid
lamellae in the outer layers of the stratum corneum during
bathing [21]. The impaired barrier in the superficial layers of
the stratum corneum allows leaching of NMF from the outermost skin cells, thereby reducing stratum corneum water
activity. Whiteness between the dermatoglyphics (caused by
backscatter from multiple tissue-air interfaces) and minor
scaling due to the dehydration of individual corneocytes are
the first visible steps in the cycle. Perturbation to the barrier
then leads to further development of dry skin.
Due to the cyclical nature of these processes, therefore,
it becomes virtually impossible to distinguish between dry
skin conditions that are provoked initially by barrier disruption or by dehydration of the stratum corneum. However,
once the barrier has been disrupted, even superficially, a
new cascade of events is started primarily through the
induction of a hyperproliferative state.
Acute and chronic insults to the SC barrier will lead to
enhanced keratinocyte proliferation, consequent hyperker-

(a) the production of smaller and immature corneocyte
envelopes ,
(b) changes in epidermal lipid and particular ceramide
biology,
(c) reduced transglutaminase activity
(d) reduced filaggrin synthesis and NMF levels
Finally a loss in efficiency of desquamation, due to
reduced activity of desquamatory enzymes at the surface of
the SC, and ensuing scaling, thickening and loss of hygroscopicity of the SC occurs. Marked scaling is, of course, one
of the obvious consumer-noticeable expressions of “dry
skin”. The formation of a thicker SC with impaired desquamation has, again, immense biophysical importance. The
water gradient across the thicker SC becomes steeper,
leading to further increases in evaporative water loss,
reducing further water concentration in the outer SC and
propagating directly another round of the dry skin cycle.
Corneocytes that should be in a mature fully
hydrophobed format are now replaced by fragile corneocytes. The resulting barrier protecting these corneocytes
and their contents is now weaker due to changes in barrier
lipid profiles and surface hydrophobicity. Equally, the hygroscopic (though highly water-labile) NMF present within
corneocytes of normal SC, are depleted gradually through
normal everyday activities such as cleansing and / or
occupational duties [1, 59]. The corneocytes of dry SC are,
therefore, subject to exaggerated insult such due to their
changed biochemical and biophysical properties. The dry
skin cycle, thus, is propagated further by an increased loss
of NMF relative to normal skin and a corresponding loss in
SC hygroscopicity.
Finally and most importantly, the development of an
increasingly thick, dry SC results in a layer characterised,
from a biomechanical viewpoint, by a dramatic increase in
hardness and brittleness. The consumer perceives this as
tightness. These properties create a SC barrier inherently
susceptible to mechanical stress and fracture, another factor
driving the impairment in barrier function cyclical nature of
the dry skin cycle.
The clinical endpoint of “dry skin” cannot be regarded as
static but rather is most fully described as a cycle that,
without intervention, tends to perpetuate itself. Pivotal to
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SLS & tape-stripping induced induced barrier perturbation
every stage of this cycle and its propagation is a compro[99].
mised SC barrier. Interventions that truly break the dry skin
cycle, therefore, by definition need not only to treat symptoFor more a complete review on dry skin -relieving
matic manifestations, but repair and augment SC barrier
technologies see the publication of Rawlings [100]
function. This will yield a skin that is inherently
better able to cope with the constantly changing
external environment of the modern world.
FIGURE 17A
D= Corneodesmosome

The Management Of Dry Skin

Enzyme mediated
degradation of
corneodesmosome and lipids,
weakening of barrier
& loss of NMF

Although a major analysis of dry skin treatments are outside of the scope of this review it is
worth mentioning just briefly the biology that
needs to be corrected in cosmetic dry skin condition and providing a few key examples. Traditionally, humectants, occlusives and emollients have
been, and will continue to be, the mainstay of
cosmetic treatments [90]. Glycerol, once thought
to be “merely” a humectant, has been shown to
be a lipid fluidizer [91] and corneodesmolytic
moiety [92]. Bilayer-forming lipids such as
ceramides have been introduced to supplement
the SC barrier [93] and in this respect, on an
equal-weight basis, bilayer lipids (when combined
with glycerol), have been demonstrated to be
clinically superior to petroleum jelly in relieving dry
skin [94]. Hydroxyacids are being used to facilitate desquamation and improve lipid biosynthesis
together with barrier function [95]. However, not
all hydroxyacids perform equally. Glucanolactone
and tartaric acid have been shown to be superior
to glycolic acid and lactic acid in improving barrier function [96]. Ligands for nuclear receptors
such as the peroxisomal proliferator activated
receptor have been shown to improve epidermal
differentiation, increasing ceramide and filaggrin
levels [97]. Moreover, niacinamide has been introduced into lotions that up regulates endogenous
epidermal lipid biosynthesis and, consequently,
provides significant improvement in SC barrier
function [98]. Moreover, when combined with
glycerol, niacinamide-containing lotions have
been shown to be more effective than traditional
emollient and lactic acid-containing moisturisers
in relieving dry skin in the treatment phase of a
typical Kligman-type regression study (Figure
16), as well as improving resistance to
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FIGURE 17. Summary of stratum corneum maturation & corneodesmolysis in normal
(A) and dry skin (B).

Summary & Conclusions

FIGURE 16.

The maintenance of water balance in the stratum
corneum is dependent on three major mechanisms:
– the intercellular lamellar lipids whose physical conformation, predominantly an orthorhombic laterally
packed gel phase and 13nm long periodicity lamellar
phase, provide a tight and effective barrier to the
passage of water through the tissue,
– the presence of fully matured corneodesmosomebound corneocytes which influence the tortuosity of
the SC and thereby the diffusion path length of water
and
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FIGURE 16. Results from the treatment phase of a Kligman-type regression study (products applied twice-daily at 2mg/cm2 to randomised sites
on the outer, lower leg of female subjects [n=36] with inclusion of a
no-treament control). Products represented high-efficacy commercial
moisturisers with ingredients of differing dry skin relief mechanism. Key:
NT = no treatment control; N = niacinamide-containing lotion; A = lactic
acid-containing moisturiser; other product codes represent commercial
products with high loadings of traditional humectants and emollients
(including glycerin and petrolatum).

The normal functioning of the SC, however, can be
disturbed in dry, flaky skin conditions. On perturbation of SC
barrier function, a futile cycle of events begins first with the
superficial dehydration of the SC, and subsequent release of
inflammatory mediators, induction of hyperproliferation of
epidermal keratinocytes and disruption of epidermal differentiation, leading to an inferior SC. As has become apparent, reductions in SC water and NMF levels, changes in lipid
ultrastructure and reductions in enzyme activities contribute
to the reduced corneodesmolysis known to occur in these
conditions. See (Figure 17) for a schematic summary of the
differences in SC biology in normal & dry skin.
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This understanding has led to new treatment modalities
and new measurement techniques. These new measurement techniques will lead the way forward in further
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understanding SC water gradients in vivo in dry skin (Figure
18) building on the early work of Warner and Lilly [2].

FIGURE 18

FIGURE 18. Semiquantitative in vivo concentration profiles of water on different body sites. Courtesy of Gerwin Puppels & Peter Caspers at River
Diagnostics.
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