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Abstract The permeability barrier is required for terres-
trial life and is localized to the stratum corneum, where
extracellular lipid membranes inhibit water movement.
The lipids that constitute the extracellular matrix have a
unique composition and are 50% ceramides, 25% choles-
terol, and 15% free fatty acids. Essential fatty acid de-
ficiency results in abnormalities in stratum corneum
structure function. The lipids are delivered to the extracel-
lular space by the secretion of lamellar bodies, which con-
tain phospholipids, glucosylceramides, sphingomyelin,
cholesterol, and enzymes. In the extracellular space, the
lamellar body lipids are metabolized by enzymes to the
lipids that form the lamellar membranes. The lipids con-
tained in the lamellar bodies are derived from both epi-
dermal lipid synthesis and extracutaneous sources.
Inhibition of cholesterol, fatty acid, ceramide, or glucosyl-
ceramide synthesis adversely affects lamellar body forma-
tion, thereby impairing barrier homeostasis. Studies have
further shown that the elongation and desaturation of fatty
acids is also required for barrier homeostasis. The mecha-
nisms that mediate the uptake of extracutaneous lipids by the
epidermis are unknown, but keratinocytes express LDL and
scavenger receptor class B type 1, fatty acid transport pro-
teins, and CD36.HE Topical application of physiologic lipids
can improve permeability barrier homeostasis and has been
useful in the treatment of cutaneous disorders.—Feingold,
K. R. The role of epidermal lipids in cutaneous permeability
barrier homeostasis. J. Lipid Res. 2007. 48: 2531-2546.

Supplementary key words stratum corneum ¢ lamellar body -
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JLR: DR. FEINGOLD, WHAT IS THE KEY
FUNCTION OF THE SKIN?

KREF: The chief function of the skin is to form a barrier
between the external hostile environment and the internal
milieu of the host (1). The skin must protect the host from
mechanical insults, ultraviolet light, chemicals, patho-
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genic microorganisms, etc. Most importantly, to survive
in a terrestrial environment without desiccating, the skin
must provide a barrier to the loss of water and electrolytes
(1). Without a permeability barrier, survival on land would
be impossible. Severe burns abrogate these barrier prop-
erties and lead to an increased risk of infection and dif-
ficulties with maintaining fluid and electrolyte balance.
Similarly, in premature infants, the skin is not fully de-
veloped and barrier function is impaired; therefore, they
also have great difficulties in maintaining fluid and elec-
trolyte balance (2, 3). More subtle functional abnormal-
ities in skin barrier function occur in neonates, in the
elderly, and in association with several cutaneous diseases,
including psoriasis and atopic dermatitis (4-6).

JLR: WHERE IN THE SKIN ARE THESE BARRIER
PROPERTIES LOCALIZED?

KRF: The permeability barrier properties are primarily
localized to the outer epidermal layer, the stratum cor-
neum (1). The stratum corneum consists of corneocytes,
keratinocytes that have undergone terminal differentia-
tion, surrounded by a neutral lipid-enriched extracellular
matrix. The mechanical strength of the skin is provided
by the corneocytes, which are encased by a cornified en-
velope consisting of extensively cross-linked proteins such
as involucrin and loricrin. The hydrophobic extracellular
lipid matrix provides the barrier to the movement of water
and electrolytes (1).

JLR: WHAT LIPIDS ARE IN THIS
EXTRACELLULAR MATRIX?

KRF: The lipids that constitute the extracellular matrix
of the stratum corneum have a unique composition and
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are very different from the lipids that constitute most
biological membranes. On a total lipid mass basis, human
stratum corneum is 50% ceramides, 25% cholesterol, and
15% free fatty acids (7). Very little phospholipid is present
in the stratum corneum, which is markedly different from
what is observed in most other membranes. The specific
ceramides present in the stratum corneum are unusual
and very diverse. Walter Holleran and colleagues will
discuss the origin and importance of this diversity in detail
in a review in this series. However, it should be noted that
linoleate is present in the acylceramides and that in es-
sential fatty acid deficiency oleate replaces linoleate, re-
sulting in marked abnormalities in cutaneous permeability
barrier function associated with an abnormal appearance
of the extracellular lipid membranes (8-11). These ob-
servations indicate that essential fatty acids are required
for the normal structure and permeability barrier function
of the stratum corneum. The free fatty acids in human
stratum corneum are predominantly straight chained,
with 22 and 24 carbon chain lengths being the most
abundant (7). Although cholesterol is the major sterol in
stratum corneum, cholesterol sulfate is a minor sterol
metabolite that plays a key role in regulating desqua-
mation (this will be discussed in detail by Peter Elias and
colleagues in another review in this series) (12, 13). The
synthesis of cholesterol sulfate in the epidermis is catalyzed
by the enzyme cholesterol sulfotransferase. Cholesterol
sulfotransferase activity increases with keratinocyte differ-
entiation, and recent studies have shown that SULT2B1b
is the isoform that accounts for the cholesterol sulfotrans-
ferase activity in the epidermis (14-16). For information on
the organization of lipids in the stratum corneum, a recent
review by Bouwstra and Ponec (17) provides a comprehen-
sive state-of-the-art update.

JLR: HOW ARE THE LIPIDS DELIVERED TO THE
EXTRACELLULAR SPACES OF THE
STRATUM CORNEUM?

KRF: The lipid is secreted from keratinocytes in lamellar
bodies, which are ovoid, 0.2 X 0.3 wm, membrane bilayer-
encircled secretory organelles that are unique to the epi-
dermis (18) (Fig. 1). These lamellar bodies are not present
in the undifferentiated basal layer of the epidermis, but
they begin to appear as keratinocytes differentiate and
are first observed in the upper stratum spinosum layer
of the epidermis, with increasing numbers found in the
stratum granulosum (18). These lamellar bodies contain
phospholipids, glucosylceramides, sphingomyelin, and
cholesterol (18). In addition, numerous enzymes, includ-
ing lipid hydrolases such as [ glucocerebrosidase, acidic
sphingomyelinase, secretory phospholipase Ay, and neu-
tral lipases, and proteases such as chemotryptic enzymes
(kallikreins) and cathepsins, are localized to lamellar
bodies (18). Moreover, recent studies have shown that
antimicrobial peptides, such as human B-defensin 2
and the cathelicidin LL-37, are also present in lamellar
bodies (18).
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JLR: DO THE LIPIDS IN THE EXTRACELLULAR
LIPID MEMBRANES IN THE STRATUM CORNEUM
DIFFER FROM THE LIPIDS PACKAGED
INTO LAMELLAR BODIES?

KRF: Yes. The lipids in the lamellar bodies are precursors
of the stratum corneum extracellular lipids. After secretion,
these lamellar body-derived lipids are further metabolized
in the stratum corneum extracellular spaces by enzymes
that are cosecreted in lamellar bodies (18-22). Specifically,
B-glucocerebrosidase converts glucosylceramides into cer-
amides (23, 24), acidic sphingomyelinase converts sphin-
gomyelin into ceramides (25, 26), and phospholipases
convert phospholipids into free fatty acids and glycerol
(27, 28). Both Gaucher’s disease, caused by a deficiency in
B-glucocerebrosidase, and Niemann-Pick disease, caused by
a deficiency in acidic sphingomyelinase, lead to defects in
the extracellular lipid membranes and abnormal perme-
ability barrier function that result from the impaired con-
version of lipid precursors into ceramides (23, 26). Walter
Holleran and colleagues will discuss in greater detail the
extracellular processing of sphingolipids in the stratum
corneum in their review. Of note, disruption of the perme-
ability barrier produces an increase in 3-glucocerebrosidase
activity and mRNA levels in the epidermis (29). Similarly,
disruption of the permeability barrier also increases acidic
sphingomylinase activity in the epidermis (25). Thus, the
activities of the two key enzymes that are required for the
extracellular metabolism of lamellar body lipids to the lipid
species that form the lamellar membranes are enhanced
after permeability barrier disruption. Additionally, inhibi-
tion of phospholipase Ay activity, which blocks the conver-
sion of phospholipids to free fatty acids, also leads to defects
in the structure of the extracellular lipid membranes
and permeability barrier homeostasis (27, 28). There are
several different isoforms of phospholipase Ay expressed in
the epidermis, and which specific isoforms are important
for the extracellular catabolism of phospholipids to fatty
acids in the stratum corneum remains to be determined
(30, 31). Finally, the cholesterol sulfate in the stratum cor-
neum is metabolized by the lamellar body-derived enzyme,
steroid sulfatase, to cholesterol [see the review by Peter Elias
and colleagues (32) for a detailed discussion of the impor-
tant role of the steroid sulfatase-mediated breakdown of

cholesterol sulfate in regulating corneocyte desquamation].

JLR: DOES THIS EXTRACELLULAR PROCESSING OF
LIPIDS HAVE OTHER IMPORTANT EFFECTS IN
ADDITION TO PROVIDING THE LIPIDS
REQUIRED FOR THE FORMATION OF THE
EXTRACELLULAR LIPID MEMBRANES THAT
MEDIATE PERMEABILITY BARRIER FUNCTION?

KRF: Yes. In fact, a number of key stratum corneum
functions are derived in part from this extracellular pro-
cessing of lipids. The glycerol that is formed by the break-
down of phospholipids by phospholipases plays a role in
the stratum corneum as a water-holding agent, which
helps to keep the stratum corneum hydrated. Hydration is
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crucial for a smooth and flexible skin, and changes in hy-
dration status signal several downstream responses, includ-
ing epidermal DNA synthesis and catabolism of filaggrin
into deiminated carboxylic acid metabolites (33-37).
The free fatty acids that are formed by phospholipid
breakdown contribute to the acidification of the stratum
corneum (38, 39). The pH of the outer stratum corneum

LDL receptor
SR-El

Cholesterol

Pathways for the formation of the extracellular lamellar lipid membranes that provide for the permeability barrier.

and skin surface in humans and animals ranges from 5
to 5.5 (40). This acidic environment is very important, as
it regulates the activity of many of the enzymes in the
stratum corneum (40). For example, the activities of both
B-glucocerebrosidase and acidic sphingomyelinase are
optimal at or below pH 5.5, which is very similar to the pH
of the stratum corneum. Conversely, many of the proteases
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in the stratum corneum have a pH optimum of 7 or higher;
therefore, their activities are decreased at the usual stratum
corneum pH of 5.5. If the pH of the stratum corneum is
increased, the activities of B-glucocerebrosidase and acidic
sphingomyelinase are reduced and the extracellular proces-
sing of glucosylceramides and sphingomyelins to ceramides
is impaired, leading to abnormalities in the structure of the
extracellular lipid membranes and decreased permeability
barrier function (4, 41-43). Furthermore, increases in stra-
tum corneum pH stimulate protease activity, resulting in in-
creased corneocyte desquamation (4, 41, 42). In newborns,
the pH of the stratum corneum is increased, which could
explain the decreased permeability barrier homeostasis and
epidermal fragility that is observed during the neonatal pe-
riod (4). Similarly, many cutaneous inflammatory disorders
also are associated with increases in stratum corneum pH,
which could adversely affect enzyme activity in the stratum
corneum, resulting in a decrease in permeability barrier
function and stratum corneum integrity and cohesion (40).
Finally, the breakdown of cholesterol sulfate to cholesterol
by the enzyme steroid sulfatase plays an important role in
regulating desquamation (12, 13, 32). Steroid sulfatase de-
ficiency results in recessive X-linked ichthyosis, which will be
discussed in detail in the review by Peter Elias and colleagues
(12, 13, 32). Additionally, cholesterol sulfate stimulates
keratinocyte differentiation, adversely affects permeability
barrier function, and inhibits cholesterol synthesis and
HMG-CoA reductase activity in keratinocytes (44-48).

JLR: ISANYTHING KNOWN ABOUT HOW LAMELLAR
BODIES ARE FORMED?

KRF: The structural proteins that constitute the lamellar
bodies have not yet been identified, and the details of
lamellar body formation are not well understood. The
incorporation of the lipid hydrolases and proteases into
lamellar bodies requires the prior or concurrent delivery
of lipid to the lamellar bodies (49). If lipids are deficient,
the enzymes that are characteristically found in lamellar
bodies are not transported from the Golgi to the lamellar
bodies (49). Recent studies have shown that ABCA12, a
member of the ABC family of transporters, is required for
lamellar body formation (50, 51). Mutations in ABCA12
result in the failure to form normal lamellar bodies and
extracellular lipid membranes (50, 51). Severe mutations
in ABCAI2 are associated with harlequin ichthyosis, a
disease that is often fatal in childhood, whereas milder
partial loss-of-function mutations in ABCA12 are associated
with a less severe phenotype of lamellar ichthyosis type 2
(these disorders will be discussed in greater detail in the
review by Peter Elias and coworkers) (50-54).

JLR: WHAT REGULATES LAMELLAR
BODY SECRETION?

KRF: Acute disruption of the permeability barrier by
mechanical forces (i.e., sequential tape stripping), sol-
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vents (i.e., acetone), or detergents (i.e., SDS) initiates a
homeostatic repair response that results in the rapid
recovery of permeability barrier function (55, 56). The
first step in this repair response is the rapid secretion
(within minutes) of the contents of the lamellar bodies
from the outer stratum granulosum cells, resulting in a
marked decrease in the number of lamellar bodies in
stratum granulosum cells (50-80% of preexisting lamellar
bodies are secreted) (57). Newly formed lamellar bodies
begin to reappear in the stratum granulosum cells, and
accelerated secretion continues until permeability barrier
function returns toward normal (57). If one artificially
restores permeability barrier function to normal by ap-
plication of an impermeable membrane, one can inhibit
the further secretion of lamellar bodies (57).

JLR: HOW DO THE STRATUM GRANULOSUM CELLS
KNOW THAT THE PERMEABILITY BARRIER IS
DISTURBED AND THAT IT IS TIME TO SECRETE
LAMELLAR BODIES AND INITIATE THE
HOMEOSTATIC REPAIR PROGRAM?

KRF: Within the epidermis, there is a calcium gradient
with high levels of extracellular calcium in the upper epi-
dermis surrounding the stratum granulosum cells (58, 59).
Immediately after barrier disruption, the increased water
movement through the compromised stratum corneum
carries calcium outward toward the skin surface, resulting
in a reduction in the calcium concentration surrounding
the stratum granulosum cells (60-62). This change in cal-
cium concentration appears to be the primary signal
inducing lamellar body secretion. If one prevents the re-
duction in calcium levels by providing exogenous calcium,
lamellar body secretion does not occur and permeability
barrier repair is not initiated (60-62). Conversely, if one
decreases the calcium surrounding the stratum granu-
losum cells without disrupting the permeability barrier by
either iontophoresis or sonophoresis, lamellar body secre-
tion is stimulated (63, 64). It is likely that potassium and
other ions also play a role in this signaling process (65-67).
In addition, other nonionic signals generated in the
stratum corneum and by keratinocytes may also influence
the repair response (for review, see Ref. 68). For example,
cytokines such as interleukin-la (IL-1a) are stored at high
concentrations in the stratum corneum and are rapidly
released after barrier disruption (69-71). Mice deficientin
IL-1, IL-6, and tumor necrosis factor-a signaling have a
delay in permeability barrier repair after acute barrier dis-
ruption, indicating a role for these cytokines in regulating
permeability barrier homeostasis (25, 72, 73).

JLR: WHERE DO THE LIPIDS IN THE LAMELLAR
BODIES COME FROM? FOR EXAMPLE,
WHAT IS THE SOURCE OF LAMELLAR

BODY CHOLESTEROL?

KRF: The epidermis on a weight basis is a very active site
of cholesterol synthesis (74). Moreover, after acute barrier
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disruption, there is a rapid and marked increase in epi-
dermal cholesterol synthesis (75). The increase in choles-
terol synthesis is associated with an increase in the activity,
protein, and mRNA levels of HMG-CoA reductase, a key
enzyme in the cholesterol biosynthetic pathway (76-78).
Furthermore, after acute barrier disruption, a marked in-
crease in the percentage of HMG-CoA reductase in the
active dephosphorylated form is observed (77). Increased
enzyme activation is observed as early as 15 min after acute
permeability barrier disruption, and the degree of dis-
ruption required to activate the enzyme is less than that
required to increase enzyme mass. The increase in HMG-
CoA reductase activity occurs in both the upper and lower
epidermis (79). Additionally, mRNA levels of other key
enzymes in the cholesterol synthetic pathway, including
HMG-CoA synthase, farnesyl diphosphate synthase, and
squalene synthase, also increase after acute barrier disrup-
tion (80). Preliminary studies by our laboratory have sug-
gested that the active forms of sterol-regulatory element
binding protein-1 (SREBP-1) and SREBP-2 increase after
barrier disruption, which could explain the concordant in-
crease in the enzymes of the cholesterol synthetic pathway.

Evidence that disruption of the permeability barrier
signals the increase in cholesterol synthesis is demon-
strated by experiments in which an artificial permeability
barrier is provided by occlusion with an impermeable
membrane. Under these conditions, the increase in epi-
dermal cholesterol synthesis and the increase in mRNA
levels of the cholesterol synthetic enzymes are inhibited
(75, 77, 80). Most importantly, if one inhibits the increase
in epidermal cholesterol synthesis by topical application of
statins, which inhibit HMG-CoA reductase activity and
decrease cholesterol synthesis, the recovery of permeabil-
ity barrier function is delayed (81). The initial wave of
lamellar body secretion occurs, but the reappearance of
lamellar bodies is delayed and those organelles that do
appear have an abnormal internal structure. These ab-
normalities can be reversed by topical treatment with
either cholesterol, the final product of the synthetic path-
way, or mevalonate, the product formed by HMG-CoA
reductase, indicating that these defects are not attrib-
utable to nonspecific effects of the topical application
of statins (81). Of note, mice with a deficiency of 38-
hydroxysterol-A24, the enzyme that catalyzes the con-
version of desmosterol to cholesterol, have abundant
desmosterol but no cholesterol in the epidermis. These
animals die within a few hours after birth from an im-
paired cutaneous permeability, providing additional evi-
dence for the importance of cholesterol for normal
permeability barrier function (82). Together, these results
demonstrate an important role for epidermal cholesterol
synthesis in permeability barrier homeostasis.

JLR: IS FATTY ACID SYNTHESIS IN THE EPIDERMIS
ALSO IMPORTANT FOR BARRIER REPAIR?

KRF: The epidermis is also a very active site of fatty acid
synthesis, and disruption of the permeability barrier re-

sults in a rapid and marked increase in fatty acid synthesis
(74, 83). Barrier disruption increases the activities and
mRNA levels of both of the key enzymes required for de
novo fatty acid synthesis, acetyl-CoA carboxylase and fatty
acid synthase (80, 84). The increase in acetyl-CoA carbox-
ylase and fatty acid synthase induced by permeability bar-
rier disruption is likely attributable to an increase in the
activation of SREBPs. Once again, occlusion with an im-
permeable membrane that restores permeability barrier
function prevents the increase in fatty acid synthesis and
the increase in the expression of acetyl-CoA carboxylase
and fatty acid synthase (80, 83, 84). Moreover, after acute
barrier disruption, inhibition of fatty acid synthesis by the
topical application of the acetyl-CoA carboxylase inhibitor,
5-(tetradecyloxy)-2-furancarboxylic acid (TOFA), delays
the recovery of permeability barrier function (85). The
initial wave of lamellar body secretion occurs normally,
but the ability of the epidermis to synthesize new lamellar
bodies is impaired and those lamellar bodies that are
formed display abnormal lamellar membranes. These ab-
normalities in barrier repair and lamellar body formation
can be reversed by topical treatment with free fatty acids,
indicating that these defects are not the nonspecific effects
of TOFA (85). These results demonstrate an important
role for epidermal de novo fatty acid synthesis in per-
meability barrier homeostasis.

JLR: IS THERE ANY EVIDENCE THAT THE
ELONGATION OF FATTY ACIDS IS IMPORTANT FOR
PERMEABILITY BARRIER HOMEOSTASIS?

KRF: Relatively few studies have examined this issue,
and the effect of permeability barrier disruption on the
expression of the enzymes involved in the elongation of
fatty acids has not yet been examined. Of note, animals
deficient in ELOVL4 (for elongation of very long chain
fatty acid-4) have a severely compromised permeability
barrier and die soon after birth (86-89). These animals
have deficient lamellar body contents and a paucity of
lamellar membranes in the stratum corneum, which
would account for the permeability barrier abnormality
(89). Lipid analysis revealed a global deficiency of very
long chain fatty acids in the epidermis and the absence of
w-O-acylceramides, which are key components of the
extracellular lipid membranes of the stratum corneum
(see the review by Walter Holleran and colleagues for
additional information regarding the role of specific
ceramides in permeability barrier homeostasis) (87-89).
These observations demonstrate the importance of
ELOVL4 in generating at least one of the lipids required
for normal permeability barrier homeostasis. ELOV3
knockout mice also have a defective permeability barrier
and abnormalities in stratum corneum structure, but
because this enzyme is predominantly expressed in
sebaceous glands and has only minimal expression in
keratinocytes, it is currently hypothesized that the defects
in stratum corneum structure and function are secondary
effects (90).
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JLR: IS DESATURATION OF FATTY ACIDS
IMPORTANT FOR PERMEABILITY
BARRIER HOMEOSTASIS?

KRF: The effects of permeability barrier disruption on
the expression of enzymes that desaturate fatty acids have
not been examined. Studies have shown that animals that
are deficient in SCD2 (for stearoyl-CoA desaturase 2) have
a defective permeability barrier, and many die soon after
birth (91). The barrier defect is associated with a decrease
in lamellar body contents and a decrease in lamellar
membranes in the stratum corneum (91). In the SCD2-
deficient mice, the content of linoleic acid in the acyl-
ceramide fraction was markedly reduced with increased
linoleic acid in phospholipids, suggesting alterations in
the partitioning of linoleic acid (91). Given the important
role of acylceramides in permeability barrier function, the
reduction of acylceramides containing linoleic acid could
account for the observed barrier abnormalities. Of note is
that ~30% of the animals survive, and in these animals
SCD1 appears to compensate for the absence of SCD2
(91). However, in animals deficientin SCD1 (asebia mice),
there are no abnormalities in permeability barrier homeo-
stasis (SCD1-deficient mice have a sebaceous gland defect
that will be discussed in Diane Thiboutot’s review in this
series) (92). The absence of defects in permeability barrier
function in asebia mice that have marked abnormalities in
sebaceous glands and the presence of normal permeability
barrier function in areas of human skin with a paucity of
sebaceous glands indicate that the lipids produced by
sebaceous glands are not essential for permeability barrier
homeostasis (92, 93). However, stratum corneum hydra-
tion is decreased in asebia mice that are deficient in seba-
ceous glands and in areas of human skin with a decreased
number of sebaceous glands (92, 93). The triglycerides in
sebaceous lipids are metabolized by lipases to free fatty
acids and glycerol, and a decrease in glycerol in areas with
reduced sebaceous gland activity leads to a decrease in
stratum corneum hydration (92, 93).

JLR: ARE THERE FATTY ACID BINDING PROTEINS
IN KERATINOCYTES?

KRF: Yes. Epidermal fatty acid binding protein (E-FABP)
is expressed in keratinocytes (E-FABP has also been called
C-FABP in rats, MAL 1 in mice, and PA-FABP in humans)
(94-97). The amount of E-FABP increases with keratinocyte
differentiation, and immunohistochemistry studies have
demonstrated that the intensity of staining is greatest in the
upper epidermis (96, 98, 99). The expression of brain, liver,
and heart FABP is not usually detected in the epidermis
(100, 101). Acute disruption of the permeability barrier in-
duces E-FABP expression, and this increase can be pre-
vented by covering with a vapor-permeable membrane
(102). Additionally, inflammatory disorders, including
psoriasis, are associated with increased E-FABP levels in the
epidermis (95, 97, 98). In animals deficient in E-FABP, basal
transepidermal water loss is lower than in wild-type animals,
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indicating better barrier function (100, 101). After acute
barrier disruption, the return of barrier function to normal
follows very similar kinetics to those observed in wild-type
animals, indicating that a deficiency in E-FABP does not
markedly impair normal permeability barrier homeostasis
(100, 101). Of note, though, is that heart FABP is expressed
in the epidermis of E-FABP knockout mice (usually not
detectable in wild-type mice), and it is possible that this
increase in heart FABP compensates for the absence of
E-FABP (100, 101).

JLR: THE FATTY ACIDS PRODUCED IN THE
EPIDERMIS WILL SERVE AS PRECURSORS FOR
BOTH PHOSPHOLIPIDS AND CERAMIDES.
WHAT IS KNOWN ABOUT THE SYNTHESIS
OF PHOSPHOLIPIDS IN THE EPIDERMIS?

KRF: Although phospholipids are essential constituents
of lamellar bodies, little is known about the regulation of
the enzymes of phospholipid synthesis in the epidermis.
Recent studies in our laboratory have focused on several
of the enzymes involved in phospholipid synthesis (103).
AGPAT (for l-acyl-sn-glycerol-3-phosphate acyltransferase)
catalyzes the acylation of lysophosphatidic acid to form
phosphatidic acid, the major precursor of all glycerolipids.
The expression pattern of AGPAT isoforms is unique, with
relatively high constitutive expression of AGPAT 3, 4, and
5 but low constitutive expression of AGPAT 1 and 2 in
murine epidermis (103). Localization studies indicated
that all five isoforms of AGPAT were expressed in all nu-
cleated layers of the epidermis (103). Moreover, acute
permeability barrier disruption rapidly increased AGPAT
1,2, and 3 mRNA levels, and this increase was sustained for
at least 24 h (103). In parallel with the increase in mRNA
levels, an increase in AGPAT activity also occurred (103).
Additionally, the increase in AGPAT expression could be
partially reversed by artificial barrier restoration by occlu-
sion with an impermeable membrane, indicating that the
expression of AGPATSs is linked to permeability barrier
requirements (103). In contrast, mitochondrial sn-glycerol-
3-phosphate acyltransferase expression did not change
after permeability barrier disruption (103).

JLR: ARE THERE OTHER PATHWAYS OF FATTY
ACID METABOLISM THAT PLAY A ROLE IN
PERMEABILITY BARRIER FUNCTION?

KRF: The LOX (for lipoxygenase) pathway in the epi-
dermis plays a role in epidermal differentiation and hence
permeability barrier function (104). Mutations in either
12RLOX or eLOX-3 are associated with autosomal reces-
sive congenital ichthyosis (these disorders will be discussed
in detail in the review by Peter Elias) (105-107). Both
12RLOX and eLOX-3 are localized to the differentiated
stratum granulosum layer of the epidermis and convert
arachidonic acid to hepoxilin- and trioxilin-like compounds
that are believed to play a role in regulating keratinocyte
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differentiation (105, 108-111). Moreover, very recent
studies have shown that the creation of 12 RLOX-deficient
mice results in a severe impairment in barrier function,
with the mice dying soon after birth from a defective
barrier (108). Abnormalities were not observed in the ex-
tracellular lipid lamellar membranes that mediate barrier
function, and the levels of total fatty acids, cholesterol, and
ceramides were not different from those in wild-type mice
(108). However, in the protein-bound ceramide fraction
that is covalently bound to the cornified envelope, there
were alterations in the distribution of ceramide species,
which might account for the permeability barrier abnor-
mality (108). How metabolites of the LOX pathway are
linked with epidermal differentiation and permeability
barrier formation remains to be elucidated.

JLR: WHAT IS KNOWN ABOUT THE ROLE OF
PERMEABILITY BARRIER FUNCTION IN
REGULATING CERAMIDE SYNTHESIS
IN THE EPIDERMIS?

KRF: Acute barrier disruption stimulates sphingolipid
synthesis in the epidermis, and this increase in synthesis
occurs in both the lower and upper epidermal layers (112,
113). However, in contrast to cholesterol and fatty acid
synthesis, the increase in sphingolipid synthesis is delayed,
first occurring at 6 h after barrier disruption (112). Addi-
tionally, the activity and mRNA levels of serine palmitoyl
transferase, the first enzyme in the sphingolipid pathway,
increase after barrier disruption (80, 112, 113). Occlusion
with an impermeable membrane can inhibit the increase in
sphingolipid synthesis and the increased expression of se-
rine palmitoyl transferase, demonstrating the link with per-
meability barrier function (112, 113). Most importantly, the
topical application of B-chloro--alanine, an inhibitor of
serine-palmitoyl transferase activity, slowed permeability
barrier recovery at the late time points and reduced the
number of lamellar bodies in stratum granulosum cells and
sphingolipids in the stratum corneum (114). This inhibi-
tion was overridden by coapplications of ceramides,
indicating that the delay in repair was not attributable to
the nonspecific toxicity of B-chloro-r-alanine (114). These
studies demonstrate a key role for epidermal ceramide
synthesis in the latter phase of permeability barrier repair.

JLR: ARE THESE CERAMIDES MODIFIED?

KRF: As noted above, glucosylceramides are the key cer-
amide constituent of lamellar bodies. Glucosylceramides are
synthesized from ceramides by the enzyme, glucosylcera-
mide synthase (UDP-glucose:ceramide glucosyltransferase).
Under basal conditions, glucosylceramide synthase activity is
localized predominantly in the outer epidermis (115, 116).
Surprisingly, disruption of the permeability does not alter
glucosylceramide synthase activity (115). However, topical
treatment with an inhibitor of glucosylceramide synthase
activity, P4 (p-1-threo-1-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol), delays barrier recovery after acute
disruption (115). These results demonstrate that glucosyl-
ceramides are essential for permeability barrier homeostasis
but that baseline epidermal glucosylceramide synthase
activity appears sufficient to accommodate acute challenges
to the barrier. Recent studies have confirmed the impor-
tance of glucosylceramide synthase for permeability barrier
homeostasis. Mice with an epidermis-specific deficiency of
glucosylceramide synthase have marked abnormalities in
permeability barrier function and die soon after birth (117).
Not unexpectedly, they have abnormalities in both lamellar
body and stratum corneum structure (117).

JLR: IS TRIGLYCERIDE SYNTHESIS IMPORTANT FOR
PERMEABILITY BARRIER FUNCTION?

KRF: Triglycerides are synthesized in the epidermis, but
their role in permeability barrier homeostasis is poorly de-
fined. Diacylglycerol acyltransferase (DGATZ2) is expressed
in the epidermis, whereas the expression of DGAT1 is barely
detectable (118). DGAT2 knockout mice have abnormalities
in permeability barrier function, which contribute to their
demise soon after birth (118). The number of lamellar
bodies is normal, but the internal content of the lamellar
bodies and the quantity of lamellar membranes in the
extracellular space of the stratum corneum are greatly re-
duced (118). However, it is unclear whether these abnor-
malities in cutaneous function are attributable to the
absence of DGAT?2 in the epidermis. When the skin of
DGAT?2 mice was transplanted to normal mice, epidermal
permeability barrier function normalized, suggesting that
the defects in permeability barrier function were not simply
the result of the absence of DGATZ2 in the epidermis (118).

JLR: ARE THERE ANY CLINICAL ABNORMALITIES
THAT OCCUR SECONDARY TO DECREASED LIPID
SYNTHESIS IN THE EPIDERMIS?

KRF: In the elderly, permeability barrier function, mea-
sured by transepidermal water loss, is normal or even
better than normal at baseline (5). However, after acute
permeability barrier disruption, both aged mice and
humans (>75 years of age) have a delay in permeability
barrier recovery associated with a decrease in lamellar
body secretion and extracellular lipids in the stratum
corneum (5). A decrease in both cholesterol synthesis and
the activity of HMG-CoA reductase was seen in the aged
animals in the basal state, and the usual stimulation of
cholesterol synthesis and HMG-CoA reductase activity that
is induced by acute permeability barrier disruption was
blunted (119). Moreover, topical treatment with either
cholesterol or mevalonate markedly improved permeabil-
ity barrier homeostasis in aged animals (119, 120). These
results demonstrate that aging results in a decrease in
epidermal cholesterol synthesis, which negatively affects
permeability barrier homeostasis.
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Additionally, treatment with either topical or systemic
glucocorticoids decreases epidermal lipid synthesis, result-
ing in abnormalities is permeability barrier homeostasis
(121). Decreases in cholesterol, fatty acid, and ceramide
synthesis were seen in the epidermis of animals treated
with glucocorticoids and in human keratinocyte cultures
incubated with glucocorticoids (121). The abnormality in
permeability barrier homeostasis induced by glucocorti-
coids was corrected by topical treatment with a mixture of
stratum corneum lipids (121). It should be recognized
that glucocorticoid levels may be increased by a variety
of different circumstances; hence, many different and di-
verse clinical conditions could result in decreases in epi-
dermal lipid synthesis and abnormalities in permeability
barrier homeostasis. For example, it has been shown that
psychological stress in both mice and humans results in
impaired permeability barrier homeostasis (122-125).
Studies have further shown that in psychologically stressed
animals, epidermal lipid synthesis is decreased, leading to
decreased lamellar body formation (126). These abnor-
malities could be prevented by inhibiting either glucocor-
ticoid action with RU-486 or glucocorticoid production
with antalarmin, a corticotropin-releasing hormone re-
ceptor antagonist (127). Additionally, the abnormalities
in permeability barrier homeostasis in psychologically
stressed animals could be improved by treatment with
topical lipids (126).

JLR: ARE THE RELATIVE QUANTITIES OF THE
KEY LIPIDS IMPORTANT?

KRF: It is clear that cholesterol, ceramides, and fatty
acids are required for the formation of lamellar bodies
in keratinocytes. When one topically applies a lipid mix-
ture containing equimolar concentrations of all three
essential lipids, permeability barrier recovery after acute
disruption is normal (128-130). In contrast, topical appli-
cation of any one or two of the three key lipids to acutely
perturbed skin actually results in a delay in permeability
barrier repair associated with abnormal-appearing lamel-
lar bodies (128-130). Both complete and incomplete
mixtures of the three key lipids rapidly traverse the
stratum corneum and are taken up by stratum granulo-
sum cells, thereby markedly altering the molar distribu-
tion of lipids, leading to abnormalities in the formation
of lamellar bodies (128-130). Along similar lines, chronic
topical treatment with statins also results in abnormali-
ties in lamellar body structure and permeability barrier
homeostasis (57, 131). However, this is not attributable
to a deficiency in cholesterol content, as cholesterol syn-
thesis is normal as a result of the marked upregulation of
HMG-CoA reductase (131). Rather, fatty acid synthesis is
also markedly stimulated, which leads to an excess of
fatty acids that alters the structure of lamellar bodies (57,
131). Thus, to synthesize lamellar bodies, the key lipids
must be present in appropriate distributions, and an
excess or deficiency of a particular lipid can disturb la-
mellar body formation.
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JLR: ARE EXTRACUTANEOUSLY DERIVED
LIPIDS IMPORTANT FOR PERMEABILITY
BARRIER HOMEOSTASIS?

KRF: A number of lines of evidence suggest that extra-
cutaneous lipids make a significant contribution to main-
taining permeability barrier homeostasis. First, in the
inhibitor experiments described above, despite a marked
inhibition of lipid synthesis (e.g., topical statin treatment
acutely inhibited cholesterol synthesis by >90%), the in-
hibition of permeability barrier recovery is relatively
modest (81, 85, 114). This discrepancy suggests that alter-
native sources of lipid are available for the formation of
lamellar bodies and the regeneration of stratum corneum
lipid membranes. Second, studies in humans and animals
have shown that systemically administered labeled choles-
terol and fatty acids are delivered to the epidermis (75, 83,
132, 133). Third, essential fatty acids are present in the
stratum corneum in large quantities and are required for
the maintenance of a competent barrier (8-11). By de-
finition, these essential fatty acids are obtained only from
dietary sources. Fourth, plant sterols, which are of dietary
origin, are present on the skin surface (132, 134, 135).
Fifth, the epidermis lacks A6 and A5 desaturase activity
and therefore must obtain arachidonic acid from extra-
epidermal sites (136, 137). Sixth, plant-derived fatty acids
accumulate in the epidermis in certain disease states, such
as Refsum’s disease (138). Lastly, studies have shown that
adding glucosylceramides to the diet can improve perme-
ability barrier function (139). Together, these observa-
tions indicate that extracutaneous sources contribute to
the epidermal lipid pool, but the precise contribution has
not been determined.

JLR: ARE LIPOPROTEIN RECEPTORS PRESENT
ON KERATINOCYTES?

KRF: Undifferentiated keratinocytes in culture have
LDL receptors, but with differentiation the LDL receptors
are no longer present on the plasma membranes of kera-
tinocytes (140-142). In agreement with the in vitro
studies, in vivo studies have demonstrated that LDL re-
ceptors are present only on the basal cells of normal
murine and human epidermis (i.e., undifferentiated cells)
(143, 144). However, in hyperplastic disorders with asso-
ciated permeability barrier abnormalities, such as essential
fatty acid deficiency or psoriasis, LDL receptors are ex-
pressed in the more differentiated stratum spinosum and
stratum granulosum (144). Moreover, acute permeability
barrier disruption induces an increase in LDL receptor
mRNA and protein levels in the epidermis, and this in-
crease can be inhibited by occlusion with an impermeable
membrane that restores permeability barrier function
(76). In unpublished studies, we have not observed a de-
fect in permeability barrier homeostasis in LDL receptor
knockout mice, indicating that the LDL receptor is not
essential for the formation and maintenance of a normal
permeability barrier. The other lipoprotein receptor ex-
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pressed in keratinocytes is scavenger receptor class B type I
(SR-BI). SR-Bl is present in cultured human keratinocytes,
and calcium-induced differentiation markedly decreases
SR-BI levels (145). SR-BI mRNA is also expressed in mu-
rine epidermis, and SR-BI mRNA levels increase by 50%
after acute barrier disruption (145). Additionally, using
immunofluorescence, we demonstrated that SR-BI is pres-
ent in human epidermis, predominantly in the basal layer,
and increases after barrier disruption (145). The increase
is completely blocked by occlusion with an imperme-
able membrane, indicating that the increase in epidermal
SR-BI expression is regulated by permeability barrier
requirements (145). The precise role of SR-BI in per-
meability barrier homeostasis remains to be determined.
SR-BI could facilitate the uptake of cholesterol from
HDL particles.

JLR: ARE THE APOLIPOPROTEINS THAT INTERACT
WITH LIPOPROTEIN RECEPTORS PRODUCED
IN THE EPIDERMIS?

KRF: The best studied is apolipoprotein E. Studies have
shown that apolipoprotein E is synthesized by keratino-
cytes in culture and in vivo in the epidermis (76, 146, 147).
In fact, human epidermal skin grafts transplanted onto
mice result in the appearance of human apolipoprotein E
in the serum, demonstrating that the production of apo-
lipoprotein E in the skin may result in the systemic delivery
of apolipoprotein E (148). The expression of apolipo-
protein E in the epidermis is specified by a unique 1.0 kb
enhancer domain located 1.7 kb downstream of the apo-
lipoprotein E gene (149). Deletion of this enhancer re-
sulted in the lack of expression of apolipoprotein E in
the epidermis. Epidermal apolipoprotein E mRNA levels
are increased by ~2-fold after acute disruption of the
permeability barrier (76). In unpublished studies, we have
not noted any alteration in permeability barrier homeo-
stasis in apolipoprotein E knockout mice. In addition to
apolipoprotein E, studies have shown that apolipoprotein
A-IT and serum amyloid A, a protein that can associate with
HDL, are made by epidermal cells (150, 151). Of note is
the fact that apolipoprotein A-I is made by chicken and
carp epidermis but does not appear to be made in mam-
malian epidermis (152, 153).

The role of these apolipoproteins in epidermal biology
remains to be determined. One can speculate that they
could play a role in the movement of lipids between cells
in the epidermis. The outer epidermal stratum granulo-
sum cells require large quantities of lipids for lamellar
body formation, and the lower epidermal basal cells syn-
thesize and take up lipids from the circulation. The apo-
lipoproteins and lipoprotein receptors could facilitate the
movement of lipid between epidermal cells. In support of
this concept are studies demonstrating that LCAT is made
by the basal cells of the epidermis (154). LCAT mediates
the conversion of cholesterol to cholesteryl esters in lipo-
protein particles, which allows for the efficient removal of
cholesterol from cells. In addition, recent studies by our

laboratory have shown that ABCAI is made in both the
upper and lower epidermis, and acute disruption of the
permeability barrier results in the downregulation of
ABCALI expression in both the upper and lower epidermis
(155). This decrease in ABCA1 may reflect a reduction in
free cellular cholesterol and a decrease in the conversion
of cholesterol to oxysterols, activators of liver X receptor
(LXR). Similar to other cells, ABCAl expression is
stimulated by LXR activators in keratinocytes, and an
increase in cellular cholesterol activates LXR but a
decrease in cellular cholesterol decreases the activation
of LXR (155).

JLR: ARE TRANSPORTERS FOR THE UPTAKE OF
FATTY ACIDS PRESENT IN THE EPIDERMIS?

KRF: In cultured keratinocytes, studies have shown that
fatty acid uptake is mediated by a transport system that is
temperature-sensitive, has saturable kinetics, and is de-
creased by trypsin treatment (156, 157). Additionally, fatty
acid uptake in Kkeratinocytes demonstrated a higher
specificity for linoleic acid and arachidonic acid than for
oleic acid, indicating a preference for fatty acids that must
be obtained from extraepidermal sources (157). Recent
studies in our and other laboratories have shown that
FATP1 (for fatty acid transport protein 1), -3, -4, and -6
along with CD36 (a fatty acid transporter) are expressed in
murine epidermis (158-160). After permeability barrier
disruption, there was an increase in FATP1 and -6 and
CD36 (158, 160). Additionally, studies have shown that
permeability barrier disruption increases CD36 mRNA
levels and that this increase can be blocked by occlusion
with an impermeable membrane (158). Of note is that
mice with spontaneous mutations in FATP4 or certain
targeted disruptions of FATP4 display a restrictive der-
mopathy and a markedly defective permeability barrier
function, which leads to death soon after birth (161, 162).
Notably, transgenic mice that overexpress FATP4 only
in the epidermis can rescue mice with a spontaneous
mutation in FATP4 (163).

This result, together with the results seen with a targeted
disruption of FATP4, indicates that it is the absence
of FATP4 in the epidermis that causes the phenotypic
changes, not the alterations in fatty acid metabolism in
other tissues. Additionally, studies in mice with a tem-
porally controlled disruption of FATP4 in the epidermis
have demonstrated a cutaneous phenotype with defective
permeability barrier function, but the phenotype was not
nearly as severe as that seen in neonates (164). The ex-
planation for the milder phenotype in adult animals could
be compensation by other FATPs. As noted above, studies
in adult mice have shown that several FATPs are present in
the epidermis, including FATPI, -3, -4, and -6 (160). How-
ever, studies of embryonic expression at day 18.5 revealed
that FATP1 was not expressed in epidermis, whereas the
expression of FATP4 was relatively increased compared
with the expression in adult epidermis (160). Thus, it is
possible that newborn animals are more susceptible to the
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absence of FATP4, whereas in adult mice the other FATPs
can partially compensate for the deficiency of FATP4. In
contrast, CD36 knockout mice and humans with a defi-
ciency of CD36 do not have an apparent skin phenotype
(165, 166). These studies demonstrate the potentially
important role of fatty acid transporters in the epidermis.

JLR: EARLIER, YOU POINTED OUT THAT THE
STRATUM CORNEUM IS COMPOSED OF
CORNEOCYTES AND EXTRACELLULAR LIPIDS.
IS THE FORMATION OF THESE TWO
COMPARTMENTS COORDINATED?

KRF: As readers of this journal know very well, there
are a variety of cellular sensors that monitor intracellular
lipid levels and regulate the expression of genes. Several
nuclear hormone liposensors, including peroxisome pro-
liferator-activated receptor a (PPARa), PPARB/A, PPARY,
and LXR-a and -B, are expressed in keratinocytes (167—
169). Studies by our laboratory and others have shown
that activation of PPARs and LXRs has major effects on
epidermal/keratinocyte function. First, the addition of
PPAR/LXR ligands to cultured human keratinocytes and
the topical application of PPAR/LXR ligands to murine
skin results in the increased expression of keratinocyte
differentiation-related proteins, such as involucrin, lori-
crin, profilaggrin, and transglutaminase 1, which would
stimulate cornified envelope formation (167, 170-177).
Second, PPAR/LXR ligands are anti-inflammatory, de-
creasing the inflammation seen in response to phorbol 12-
myristate-13-acetate treatment, a model of irritant contact
dermatitis (176-179). Third, PPAR/LXR ligands increase
cholesterol sulfotransferase activity, which would increase
the synthesis of cholesterol sulfate (180). Finally, topical
treatment of murine skin with PPAR/LXR ligands im-
proves permeability barrier homeostasis, resulting in an
acceleration of barrier recovery after acute disruption
(174-177).

Associated with this improvement in permeability
barrier homeostasis are increases in a) epidermal choles-
terol, fatty acid, and sphingolipid synthesis, b) lamellar
body number and secretion, and ¢) B-glucocerebrosidase
activity, all of which could contribute to the enhanced
barrier homeostasis (181, 182). Furthermore, recent stud-
ies have shown that PPAR/LXR activation increases the
expression of ABCA12, a transporter required for the trans-
port of lipids into lamellar bodies (183). Thus, we pos-
tulate that as the lipids that are required for the formation
of lamellar bodies accumulate in keratinocytes, the
increase in fatty acids and their metabolites would activate
PPARs and the increase in oxidized cholesterol would
activate LXRs. The activation of these nuclear hormone
receptors would in turn stimulate the expression of genes
required for corneocyte formation (e.g., involucrin, lori-
crin, filaggrin, and transglutaminase 1). In addition, ac-
tivation of these nuclear hormone receptors would also
stimulate the formation and packaging of lipids required
for the formation of the extracellular lipid membranes.
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Thus, activation of PPARs and LXRs could provide a
mechanism to coordinate the formation of the corneo-
cytes and extracellular lipid membranes that constitute
the stratum corneum.

JLR: CAN ONE USE TOPICAL LIPIDS TO IMPROVE
PERMEABILITY BARRIER HOMEOSTASIS IN
DAMAGED OR DISEASED SKIN?

KRF: Yes. Treatment with topical lipids can be divided
into two approaches. First, one can use nonphysiological
lipids such as petrolatum (i.e., Vaseline), lanolin, beeswax,
etc. These lipids do not enter the lamellar body secretory
pathway but rather fill the extracellular spaces of the
stratum corneum with hydrophobic nonlamellar lipid that
inhibits the movement of water and electrolytes (184).
Treatment with these nonphysiological lipids can very
rapidly, but only partially, restore permeability barrier
function toward normal (185). A disadvantage of non-
physiological lipids is that they also can inhibit the normal
permeability barrier repair mechanisms; thus, the under-
lying abnormality is not corrected (185). The second
approach is to use lipids or precursors of the lipids that are
normally present in lamellar bodies. Studies have shown
that appropriate molar mixes of lipids that contain cho-
lesterol, ceramides, and fatty acids can improve perme-
ability barrier homeostasis (128-130). In contrast to
nonphysiological lipids, these lipids are transported across
the stratum corneum into the stratum granulosum cells,
where they mix with the endogenous pool of lipids (128-
130). Hence, it is important that the appropriate mixture
of lipids be used, because as noted above, if incomplete or
misbalanced mixtures of lipids are used, lamellar body
contents are altered and permeability barrier homeostasis
can be affected negatively (128-130, 185).

In certain disease or developmental states, in which a
particular lipid class is decreased, a mixture of physiolog-
ical lipids in which the missing lipid is dominant is most
beneficial. For example, in aged animals, in which cho-
lesterol synthesis is decreased to a greater degree than
other lipid classes, studies have shown that topical treat-
ment with cholesterol alone or cholesterol-dominant lipid
mixtures improves permeability homeostasis, whereas fatty
acid-dominant mixtures actually impede permeability
barrier homeostasis (120). Similarly, in atopic dermatitis,
a ceramide-dominant mixture is beneficial (186). One
disadvantage of the use of physiological lipid mixtures is
that in clinical conditions in which the lamellar body se-
cretory system is malfunctioning (e.g., after ultraviolet or
X irradiation or in very premature infants), physiological
lipids cannot be incorporated into lamellar bodies;
therefore, they cannot accelerate the movement of lipids
to the extracellular spaces of the stratum corneum (26,
187-190). In some circumstances, a mixture of physio-
logical and nonphysiological lipids may be ideal, because
the action of physiological lipids is delayed, whereas
nonphysiological lipids, such as petrolatum, provide an
immediate partial restoration of the barrier.
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JLR: DR. FEINGOLD, ANY CLOSING THOUGHTS?

KRF: So often in biology and medicine, we focus on the
harmful effects of lipids, such as atherosclerosis and
obesity. However, with regard to the epidermis, they pro-
vide the crucial ingredients that allow us to form a
permeability barrier to the movement of water and
electrolytes through the stratum corneum. While I have
tried to discuss some of what is known about the role of
lipids in the formation of this complex stratum corneum
lamellar membrane that mediates permeability barrier
function, it should be obvious to the reader that much
work remains to be done to fully understand the formation
and regulation of the epidermal permeability barrier.filf

These studies were supported by National Institutes of Health
Grants AR-39448 , AR-050629, AR-049932, and HD-29706 and by
the Medical Research Service, Department of Veterans Affairs.
The author greatly appreciates the suggestions and help pro-
vided by Dr. Joachim Fluhr, Arthur Moser, and Judy Shigenaga.

REFERENCES

1. Elias, P., K. Feingold, and J. Fluhr. 2003. The skin as an organ of
protection. /n Dermatology in General Medicine. I. M. Friedberg,
A. Z. Eisen, K. Wolff, K. F. Austen, L. A. Goldsmith, and S. I. Katz,
editors. McGraw-Hill, New York. 107-118.

2. Nachman, R. L., and N. B. Esterly. 1971. Increased skin per-
meability in preterm infants. J. Pediatr. 79: 628-632.

3. Rutter, N., and D. Hull. 1979. Water loss from the skin of term
and preterm babies. Arch. Dis. Child. 54: 858-868.

4. Fluhr, J. W., M. Mao-Qiang, B. E. Brown, J. P. Hachem, D. G.
Moskowitz, M. Demerjian, M. Haftek, G. Serre, D. Crumrine, T. M.
Mauro, et al. 2004. Functional consequences of a neutral pH in
neonatal rat stratum corneum. J. Invest. Dermatol. 123: 140-151.

5. Ghadially, R., B. E. Brown, S. M. Sequeira-Martin, K. R. Feingold,
and P. M. Elias. 1995. The aged epidermal permeability barrier.
Structural, functional, and lipid biochemical abnormalities
in humans and a senescent murine model. J. Clin. Invest. 95:
2281-2290.

6. Tagami, H., and K. Kikuchi, editors. 2006. Diseases That Effect
Barrier Function. Taylor & Francis, New York.

7. Wertz, P. W. 2006. Biochemistry of human stratum corneum
lipids. /n Skin Barrier. P. Elias and K. Feingold, editors. Taylor &
Francis, New York. 33-42.

8. Elias, P. M., and B. E. Brown. 1978. The mammalian cutaneous
permeability barrier: defective barrier function is essential fatty
acid deficiency correlates with abnormal intercellular lipid de-
position. Lab. Invest. 39: 574-583.

9. Hansen, H. S., and B. Jensen. 1985. Essential function of lino-
leic acid esterified in acylglucosylceramide and acylceramide
in maintaining the epidermal water permeability barrier. Evi-
dence from feeding studies with oleate, linoleate, arachidonate,
columbinate and alpha-linolenate. Biochim. Biophys. Acta. 834:
357-363.

10. Melton, J. L., P. W. Wertz, D. C. Swartzendruber, and D. T.
Downing. 1987. Effects of essential fatty acid deficiency on
epidermal O-acylsphingolipids and transepidermal water loss in
young pigs. Biochim. Biophys. Acta. 921: 191-197.

11. Wertz, P. W,, E. S. Cho, and D. T. Downing. 1983. Effect of
essential fatty acid deficiency on the epidermal sphingolipids of
the rat. Biochim. Biophys. Acta. 753: 350-355.

12. Elias, P. M., M. L. Williams, M. E. Maloney, J. A. Bonifas, B. E.
Brown, S. Grayson, and E. H. Epstein, Jr. 1984. Stratum corneum
lipids in disorders of cornification. Steroid sulfatase and choles-
terol sulfate in normal desquamation and the pathogenesis of
recessive X-linked ichthyosis. J. Clin. Invest. 74: 1414-1421.

13. Williams, M. L., and P. M. Elias. 1981. Stratum corneum lipids in

disorders of cornification: increased cholesterol sulfate content of
stratum corneum in recessive X-linked ichthyosis. J. Clin. Invest.
68: 1404-1410.

14. Higashi, Y., H. Fuda, H. Yanai, Y. Lee, T. Fukushige, T. Kanzaki,
and C. A. Strott. 2004. Expression of cholesterol sulfotransferase
(SULT2B1b) in human skin and primary cultures of human
epidermal keratinocytes. J. Invest. Dermatol. 122: 1207-1213.

15. Jetten, A. M., M. A. George, C. Nervi, L. R. Boone, and J. I.
Rearick. 1989. Increased cholesterol sulfate and cholesterol sulfo-
transferase activity in relation to the multi-step process of dif-
ferentiation in human epidermal keratinocytes. J. Invest. Dermatol.
92: 203-209.

16. Johnson, G. A, C. A. Baker, and K. A. Knight. 1992. Minoxidil
sulfotransferase, a marker of human keratinocyte differentiation.
J. Invest. Dermatol. 98: 730-733.

17. Bouwstra, J. A., and M. Ponec. 2006. The skin barrier in healthy
and diseased state. Biochim. Biophys. Acta. 1758: 2080-2095.

18. Elias, P., K. Feingold, and M. Fartasch. 2006. Epidermal lamellar
body as a multifunctional secretory organelle. /n Skin Barrier.
P. Elias and K. Feingold, editors. Taylor & Francis, New York.
261-272.

19. Freinkel, R. K., and T. N. Traczyk. 1985. Lipid composition and
acid hydrolase content of lamellar granules of fetal rat epidermis.
J. Invest. Dermatol. 85: 295-298.

20. Grayson, S., A. G. Johnson-Winegar, B. U. Wintroub, R. R. Isseroff,
E. H. Epstein, Jr., and P. M. Elias. 1985. Lamellar body-enriched
fractions from neonatal mice: preparative techniques and partial
characterization. J. Invest. Dermatol. 85: 289-294.

21. Wertz, P. W. 1992. Epidermal lipids. Semin. Dermatol. 11: 106-113.

22. Wertz, P. W., D. T. Downing, R. K. Freinkel, and T. N. Traczyk.
1984. Sphingolipids of the stratum corneum and lamellar gran-
ules of fetal rat epidermis. J. Invest. Dermatol. 83: 193—195.

23. Holleran, W. M., E. I. Ginns, G. K. Menon, J. U. Grundmann, M.
Fartasch, C. E. McKinney, P. M. Elias, and E. Sidransky. 1994.
Consequences of beta-glucocerebrosidase deficiency in epidermis.
Ultrastructure and permeability barrier alterations in Gaucher
disease. J. Clin. Invest. 93: 1756-1764.

24. Holleran, W. M., Y. Takagi, G. K. Menon, G. Legler, K. R.
Feingold, and P. M. Elias. 1993. Processing of epidermal glu-
cosylceramides is required for optimal mammalian cutaneous
permeability barrier function. J. Clin. Invest. 91: 1656-1664.

25. Jensen, J. M., S. Schutze, M. Forl, M. Kronke, and E. Proksch.
1999. Roles for tumor necrosis factor receptor p55 and sphin-
gomyelinase in repairing the cutaneous permeability barrier. J.
Clin. Invest. 104: 1761-1770.

26. Schmuth, M., M. Q. Man, F. Weber, W. Gao, K. R. Feingold,
P. Fritsch, P. M. Elias, and W. M. Holleran. 2000. Permeability
barrier disorder in Niemann-Pick disease: sphingomyelin-ceramide
processing required for normal barrier homeostasis. J. Invest.
Dermatol. 115: 459-466.

27. Mao-Qiang, M., K. R. Feingold, M. Jain, and P. M. Elias. 1995.
Extracellular processing of phospholipids is required for perme-
ability barrier homeostasis. J. Lipid Res. 36: 1925-1935.

28. Mao-Qiang, M., M. Jain, K. R. Feingold, and P. M. Elias. 1996.
Secretory phospholipase A2 activity is required for permeability
barrier homeostasis. J. Invest. Dermatol. 106: 57-63.

29. Holleran, W. M., Y. Takagi, G. K. Menon, S. M. Jackson, J. M. Lee,
K. R. Feingold, and P. M. Elias. 1994. Permeability barrier re-
quirements regulate epidermal beta-glucocerebrosidase. J. Lipid
Res. 35: 905-912.

30. Gurrieri, S., G. Furstenberger, A. Schadow, U. Haas, A. G. Singer,
F. Ghomashchi, J. Pfeilschifter, G. Lambeau, M. H. Gelb, and
M. Kaszkin. 2003. Differentiation-dependent regulation of se-
creted phospholipases A2 in murine epidermis. /. Invest. Dermatol.
121: 156-164.

31. Haas, U., M. Podda, M. Behne, S. Gurrieri, A. Alonso,
G. Furstenberger, J. Pfeilschifter, G. Lambeau, M. H. Gelb,
and M. Kaszkin. 2005. Characterization and differentiation-
dependent regulation of secreted phospholipases A in human
keratinocytes and in healthy and psoriatic human skin. /. Invest.
Dermatol. 124: 204-211.

32. Elias, P. M., D. Crumrine, U. Rassner, J. P. Hachem, G. K. Menon,
W. Man, M. H. Choy, L. Leypoldt, K. R. Feingold, and M. L.
Williams. 2004. Basis for abnormal desquamation and permeability
barrier dysfunction in RXLI. J. Invest. Dermatol. 122: 314-319.

33. Denda, M., J. Sato, Y. Masuda, T. Tsuchiya, ]J. Koyama, M.
Kuramoto, P. M. Elias, and K. R. Feingold. 1998. Exposure to a dry

Epidermal lipids in cutaneous permeability barrier homeostasis 2541

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

2542

environment enhances epidermal permeability barrier function.
J- Invest. Dermatol. 111: 858-863.

Denda, M., J. Sato, T. Tsuchiya, P. M. Elias, and K. R. Feingold.
1998. Low humidity stimulates epidermal DNA synthesis and
amplifies the hyperproliferative response to barrier disruption:
implication for seasonal exacerbations of inflammatory dermato-
ses. J. Invest. Dermatol. 111: 873-878.

Katagiri, C., J. Sato, J. Nomura, and M. Denda. 2003. Changes in
environmental humidity affect the water-holding property of the
stratum corneum and its free amino acid content, and the ex-
pression of filaggrin in the epidermis of hairless mice. J. Dermatol.
Sci. 31: 29-35.

Sato, J., M. Denda, S. Chang, P. M. Elias, and K. R. Feingold. 2002.
Abrupt decreases in environmental humidity induce abnormali-
ties in permeability barrier homeostasis. J. Invest. Dermatol. 119:
900-904.

Scott, I. R., and C. R. Harding. 1986. Filaggrin breakdown to water
binding compounds during development of the rat stratum cor-
neum is controlled by the water activity of the environment. Dev.
Biol. 115: 84-92.

Fluhr, J. W, M. J. Behne, B. E. Brown, D. G. Moskowitz, C. Selden,
M. Mao-Qiang, T. M. Mauro, P. M. Elias, and K. R. Feingold. 2004.
Stratum corneum acidification in neonatal skin: secretory
phospholipase A2 and the sodium/hydrogen antiporter-1 acidify
neonatal rat stratum corneum. J. Invest. Dermatol. 122: 320-329.
Fluhr, J. W., J. Kao, M. Jain, S. K. Ahn, K. R. Feingold, and P. M.
Elias. 2001. Generation of free fatty acids from phospholipids
regulates stratum corneum acidification and integrity. /. Invest.
Dermatol. 117: 44-51.

Mauro, T. 2006. SC pH: measurement, origins, and functions.
In Skin Barrier. P. Elias and K. Feingold, editors. Taylor & Francis,
New York. 223-229.

Hachem, J. P., D. Crumrine, J. Fluhr, B. E. Brown, K. R. Feingold,
and P. M. Elias. 2003. pH directly regulates epidermal permeabil-
ity barrier homeostasis, and stratum corneum integrity/cohesion.
J- Invest. Dermatol. 121: 345-353.

Hachem, J. P., M. Q. Man, D. Crumrine, Y. Uchida, B. E. Brown,
V. Rogiers, D. Roseeuw, K. R. Feingold, and P. M. Elias. 2005.
Sustained serine proteases activity by prolonged increase in pH
leads to degradation of lipid processing enzymes and profound
alterations of barrier function and stratum corneum integrity.
J- Invest. Dermatol. 125: 510-520.

Mauro, T., W. M. Holleran, S. Grayson, W. N. Gao, M. Q. Man,
E. Kriehuber, M. Behne, K. R. Feingold, and P. M. Elias. 1998.
Barrier recovery is impeded at neutral pH, independent of ionic
effects: implications for extracellular lipid processing. Arch.
Dermatol. Res. 290: 215-222.

Denning, M. F., M. G. Kazanietz, P. M. Blumberg, and S. H. Yuspa.
1995. Cholesterol sulfate activates multiple protein kinase C
isoenzymes and induces granular cell differentiation in cultured
murine keratinocytes. Cell Growth Differ. 6: 1619-1626.

Hanley, K., L. Wood, D. C. Ng, S. S. He, P. Lau, A. Moser, P. M.
Elias, D. D. Bikle, M. L. Williams, and K. R. Feingold. 2001.
Cholesterol sulfate stimulates involucrin transcription in kera-
tinocytes by increasing Fra-1, Fra-2, and Jun D. J. Lipid Res. 42:
390-398.

Kawabe, S., T. Ikuta, M. Ohba, K. Chida, E. Ueda, K. Yamanishi,
and T. Kuroki. 1998. Cholesterol sulfate activates transcription of
transglutaminase 1 gene in normal human keratinocytes. J. Invest.
Dermatol. 111: 1098-1102.

Williams, M. L., S. L. Rutherford, and K. R. Feingold. 1987. Effects
of cholesterol sulfate on lipid metabolism in cultured human
keratinocytes and fibroblasts. J. Lipid Res. 28: 955-967.
Zettersten, E., M. Q. Man, J. Sato, M. Denda, A. Farrell, R.
Ghadially, M. L. Williams, K. R. Feingold, and P. M. Elias. 1998.
Recessive X-linked ichthyosis: role of cholesterol-sulfate accumu-
lation in the barrier abnormality. J. Invest. Dermatol. 111: 784-790.
Rassner, U., K. R. Feingold, D. A. Crumrine, and P. M. Elias. 1999.
Coordinate assembly of lipids and enzyme proteins into epider-
mal lamellar bodies. Tissue Cell. 31: 489-498.

Akiyama, M., Y. Sugiyama-Nakagiri, K. Sakai, J. R. McMillan,
M. Goto, K. Arita, Y. Tsuji-Abe, N. Tabata, K. Matsuoka, R. Sasaki,
et al. 2005. Mutations in lipid transporter ABCA12 in harlequin
ichthyosis and functional recovery by corrective gene transfer.
J- Clin. Invest. 115: 1777-1784.

. Hovnanian, A. 2005. Harlequin ichthyosis unmasked: a defect of

lipid transport. J. Clin. Invest. 115: 1708-1710.

Journal of Lipid Research Volume 48, 2007

52.

Ct
o

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kelsell, D. P., E. E. Norgett, H. Unsworth, M. T. Teh, T. Cullup,
C. A. Mein, P. ]J. Dopping-Hepenstal, B. A. Dale, G. Tadini, P.
Fleckman, et al. 2005. Mutations in ABCA12 underlie the severe
congenital skin disease harlequin ichthyosis. Am. J. Hum. Genet. 76:
794-803.

. Lefevre, C., S. Audebert, F. Jobard, B. Bouadjar, H. Lakhdar, O.

Boughdene-Stambouli, C. Blanchet-Bardon, R. Heilig, M. Foglio,
J. Weissenbach, et al. 2003. Mutations in the transporter ABCA12
are associated with lamellar ichthyosis type 2. Hum. Mol. Genet. 12:
2369-2378.

Thomas, A. C., T. Cullup, E. E. Norgett, T. Hill, S. Barton, B. A.
Dale, E. Sprecher, E. Sheridan, A. E. Taylor, R. S. Wilroy, et al.
2006. ABCAI2 is the major harlequin ichthyosis gene. J. Invest.
Dermatol. 126: 2408-2413.

Proksch, E., W. M. Holleran, G. K. Menon, P. M. Elias, and K. R.
Feingold. 1993. Barrier function regulates epidermal lipid and
DNA synthesis. Br. J. Dermatol. 128: 473-482.

Grubauer, G., P. M. Elias, and K. R. Feingold. 1989. Transepider-
mal water loss: the signal for recovery of barrier structure and
function. J. Lipid Res. 30: 323-333.

Menon, G. K., K. R. Feingold, M. Mao-Qiang, M. Schaude, and
P. M. Elias. 1992. Structural basis for the barrier abnormality
following inhibition of HMG CoA reductase in murine epidermis.
J. Invest. Dermatol. 98: 209-219.

Menon, G. K., and P. M. Elias. 1991. Ultrastructural localization of
calcium in psoriatic and normal human epidermis. Arch. Dermatol.
127: 57-63.

Menon, G. K., S. Grayson, and P. M. Elias. 1985. Ionic calcium
reservoirs in mammalian epidermis: ultrastructural localization by
ion-capture cytochemistry. J. Invest. Dermatol. 84: 508-512.

Lee, S. H., P. M. Elias, E. Proksch, G. K. Menon, M. Mao-Quiang,
and K. R. Feingold. 1992. Calcium and potassium are important
regulators of barrier homeostasis in murine epidermis. J. Clin.
Invest. 89: 530-538.

Menon, G. K., P. M. Elias, and K. R. Feingold. 1994. Integrity of
the permeability barrier is crucial for maintenance of the
epidermal calcium gradient. Br. J. Dermatol. 130: 139-147.
Menon, G. K,, P. M. Elias, S. H. Lee, and K. R. Feingold. 1992.
Localization of calcium in murine epidermis following disrup-
tion and repair of the permeability barrier. Cell Tissue Res. 270:
503-512.

Lee, S. H., E. H. Choi, K. R. Feingold, S. Jiang, and S. K. Ahn. 1998.
Iontophoresis itself on hairless mouse skin induces the loss of
the epidermal calcium gradient without skin barrier impairment.
J- Invest. Dermatol. 111: 39-43.

Menon, G. K., L. F. Price, B. Bommannan, P. M. Elias, and K. R.
Feingold. 1994. Selective obliteration of the epidermal calcium
gradient leads to enhanced lamellar body secretion. J. Invest.
Dermatol. 102: 789-795.

Lee, S. H., P. M. Elias, K. R. Feingold, and T. Mauro. 1994. A role
for ions in barrier recovery after acute perturbation. J. Invest.
Dermatol. 102: 976-979.

Mauro, T., G. Bench, E. Sidderas-Haddad, K. Feingold, P. Elias,
and C. Cullander. 1998. Acute barrier perturbation abolishes the
Ca®" and K" gradients in murine epidermis: quantitative mea-
surement using PIXE. J. Invest. Dermatol. 111: 1198-1201.
Mao-Qiang, M., T. Mauro, G. Bench, R. Warren, P. M. Elias, and
K. R. Feingold. 1997. Calcium and potassium inhibit barrier
recovery after disruption, independent of the type of insult in
hairless mice. Exp. Dermatol. 6: 36—-40.

Feingold, K. R., M. Schmuth, and P. M. Elias. 2007. The regula-
tion of permeability barrier homeostasis. J. Invest. Dermatol. 127:
1574-1576.

Wood, L. C., P. M. Elias, C. Calhoun, J. C. Tsai, C. Grunfeld, and
K. R. Feingold. 1996. Barrier disruption stimulates interleukin-1
alpha expression and release from a pre-formed pool in murine
epidermis. J. Invest. Dermatol. 106: 397—403.

Wood, L. C,, K. R. Feingold, S. M. Sequeira-Martin, P. M. Elias, and
C. Grunfeld. 1994. Barrier function coordinately regulates
epidermal IL-1 and IL-1 receptor antagonist mRNA levels. Exp.
Dermatol. 3: 56-60.

Wood, L. C., S. M. Jackson, P. M. Elias, C. Grunfeld, and K. R.
Feingold. 1992. Cutaneous barrier perturbation stimulates cyto-
kine production in the epidermis of mice. J. Clin. Invest. 90:
482-487.

Man, M. Q., L. Wood, P. M. Elias, and K. R. Feingold. 1999.
Cutaneous barrier repair and pathophysiology following barrier

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

disruption in IL-1 and TNF type I receptor deficient mice. Exp.
Dermatol. 8: 261-266.

Wang, X. P., M. Schunck, K. J. Kallen, C. Neumann, C. Trautwein,
S. Rose-John, and E. Proksch. 2004. The interleukin-6 cytokine
system regulates epidermal permeability barrier homeostasis.
J- Invest. Dermatol. 123: 124-131.

Feingold, K. R. 1991. The regulation and role of epidermal lipid
synthesis. Adv. Lipid Res. 24: 57-82.

Menon, G. K., K. R. Feingold, A. H. Moser, B. E. Brown, and P. M.
Elias. 1985. De novo sterologenesis in the skin. II. Regulation by
cutaneous barrier requirements. J. Lipid Res. 26: 418-427.
Jackson, S. M., L. C. Wood, S. Lauer, J. M. Taylor, A. D. Cooper,
P. M. Elias, and K. R. Feingold. 1992. Effect of cutaneous per-
meability barrier disruption on HMG-CoA reductase, LDL re-
ceptor, and apolipoprotein E mRNA levels in the epidermis of
hairless mice. J. Lipid Res. 33: 1307-1314.

Proksch, E., P. M. Elias, and K. R. Feingold. 1990. Regulation of
3-hydroxy-3-methylglutaryl-coenzyme A reductase activity in mu-
rine epidermis. Modulation of enzyme content and activation state
by barrier requirements. J. Clin. Invest. 85: 874-882.

Proksch, E., K. R. Feingold, and P. M. Elias. 1992. Epidermal HMG
CoA reductase activity in essential fatty acid deficiency: barrier
requirements rather than eicosanoid generation regulate choles-
terol synthesis. J. Invest. Dermatol. 99: 216-220.

Proksch, E., P. M. Elias, and K. R. Feingold. 1991. Localization and
regulation of epidermal 3-hydroxy-3-methylglutaryl-coenzyme A
reductase activity by barrier requirements. Biochim. Biophys. Acta.
1083: 71-79.

Harris, 1. R., A. M. Farrell, C. Grunfeld, W. M. Holleran, P. M.
Elias, and K. R. Feingold. 1997. Permeability barrier disruption
coordinately regulates mRNA levels for key enzymes of choles-
terol, fatty acid, and ceramide synthesis in the epidermis. /. Invest.
Dermatol. 109: 783-787.

Feingold, K. R., M. Q. Man, G. K. Menon, S. S. Cho, B. E. Brown,
and P. M. Elias. 1990. Cholesterol synthesis is required for cuta-
neous barrier function in mice. J. Clin. Invest. 86: 1738-1745.
Mirza, R., S. Hayasaka, Y. Takagishi, F. Kambe, S. Ohmori, K. Maki,
M. Yamamoto, K. Murakami, T. Kaji, D. Zadworny, et al. 2006.
DHCR24 gene knockout mice demonstrate lethal dermopathy
with differentiation and maturation defects in the epidermis. J.
Invest. Dermatol. 126: 638—647.

Grubauer, G., K. R. Feingold, and P. M. Elias. 1987. Relationship
of epidermal lipogenesis to cutaneous barrier function. J. Lipid
Res. 28: 746-752.

Ottey, K. A, L. C. Wood, C. Grunfeld, P. M. Elias, and K. R.
Feingold. 1995. Cutaneous permeability barrier disruption in-
creases fatty acid synthetic enzyme activity in the epidermis of
hairless mice. J. Invest. Dermatol. 104: 401-404.

Mao-Qiang, M., P. M. Elias, and K. R. Feingold. 1993. Fatty acids
are required for epidermal permeability barrier function. J. Clin.
Invest. 92: 791-798.

Cameron, D. J., Z. Tong, Z. Yang, J. Kaminoh, S. Kamiyah, H.
Chen, J. Zeng, Y. Chen, L. Luo, and K. Zhang. 2007. Essential role
of Elovl4 in very long chain fatty acid synthesis, skin permeability
barrier function, and neonatal survival. Int. J. Biol. Sci. 3: 111-119.
Li, W., R. Sandhoff, M. Kono, P. Zerfas, V. Hoffmann, B. C. Ding,
R. L. Proia, and C. X. Deng. 2007. Depletion of ceramides with
very long chain fatty acids causes defective skin permeability
barrier function, and neonatal lethality in ELOVL4 deficient
mice. Int. J. Biol. Sci. 3: 120-128.

McMahon, A., I. A. Butovich, N. L. Mata, M. Klein, R. Ritter, 3rd,
J. Richardson, D. G. Birch, A. O. Edwards, and W. Kedzierski.
2007. Retinal pathology and skin barrier defect in mice carrying
a Stargardt disease-3 mutation in elongase of very long chain fatty
acids-4. Mol. Vis. 13: 258-272.

Vasireddy, V., Y. Uchida, N. Salem, Jr., S. Y. Kim, M. N. Mandal,
G. B. Reddy, R. Bodepudi, N. L. Alderson, J. C. Brown, H. Hama,
et al. 2007. Loss of functional ELOVL4 depletes very long-chain
fatty acids (> or =C28) and the unique omega-O-acylceramides
in skin leading to neonatal death. Hum. Mol. Genet. 16: 471-482.
Westerberg, R., P. Tvrdik, A. B. Unden, J. E. Mansson, L. Norlen,
A. Jakobsson, W. H. Holleran, P. M. Elias, A. Asadi, P. Flodby,
et al. 2004. Role for ELOVL3 and fatty acid chain length
in development of hair and skin function. J. Biol. Chem. 279:
5621-5629.

Miyazaki, M., A. Dobrzyn, P. M. Elias, and J. M. Ntambi. 2005.
Stearoyl-CoA desaturase-2 gene expression is required for lipid

Epidermal lipids in cutaneous permeability barrier homeostasis

92.

94.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

synthesis during early skin and liver development. Proc. Natl. Acad.
Sei. USA. 102: 12501-12506.

Fluhr, J. W., M. Mao-Qiang, B. E. Brown, P. W. Wertz,
D. Crumrine, J. P. Sundberg, K. R. Feingold, and P. M. Elias.
2003. Glycerol regulates stratum corneum hydration in sebaceous
gland deficient (asebia) mice. J. Invest. Dermatol. 120: 728-737.

. Choi, E. H., M. Q. Man, F. Wang, X. Zhang, B. E. Brown, K. R.

Feingold, and P. M. Elias. 2005. Is endogenous glycerol a de-
terminant of stratum corneum hydration in humans? J. Invest.
Dermatol. 125: 288-293.

Bleck, B., C. Hohoff, B. Binas, B. Rustow, C. Dixkens, H.
Hameister, T. Borchers, and F. Spener. 1998. Cloning and chro-
mosomal localisation of the murine epidermal-type fatty acid
binding protein gene (Fabpe). Gene. 215: 123-130.

. Madsen, P., H. H. Rasmussen, H. Leffers, B. Honore, and J. E.

Celis. 1992. Molecular cloning and expression of a novel ker-
atinocyte protein (psoriasis-associated fatty acid-binding protein
[PA-FABP]) that is highly up-regulated in psoriatic skin and that
shares similarity to fatty acid-binding proteins. J. Invest. Dermatol.
99: 299-305.

Siegenthaler, G., R. Hotz, D. Chatellard-Gruaz, L. Didierjean,
U. Hellman, and J. H. Saurat. 1994. Purification and character-
ization of the human epidermal fatty acid-binding protein: lo-
calization during epidermal cell differentiation in vivo and
in vitro. Biochem. J. 302: 363-371.

Siegenthaler, G., R. Hotz, D. Chatellard-Gruaz, S. Jaconi, and
J. H. Saurat. 1993. Characterization and expression of a novel
human fatty acid-binding protein: the epidermal type (E-FABP).
Biochem. Biophys. Res. Commun. 190: 482—487.

Masouye, 1., J. H. Saurat, and G. Siegenthaler. 1996. Epidermal
fatty-acid-binding protein in psoriasis, basal and squamous
cell carcinomas: an immunohistological study. Dermatology. 192:
208-213.

Watanabe, R., H. Fujii, A. Yamamoto, H. Yamaguchi, T.
Takenouchi, K. Kameda, M. Ito, and T. Ono. 1996. Expression
of cutaneous fatty acid-binding protein and its mRNA in rat skin.
Arch. Dermatol. Res. 288: 481-483.

Owada, Y., I. Suzuki, T. Noda, and H. Kondo. 2002. Analysis on the
phenotype of E-FABP-gene knockout mice. Mol. Cell. Biochem. 239:
83-86.

Owada, Y., H. Takano, H. Yamanaka, H. Kobayashi, Y. Sugitani,
Y. Tomioka, I. Suzuki, R. Suzuki, T. Terui, M. Mizugaki, et al. 2002.
Altered water barrier function in epidermal-type fatty acid bind-
ing protein-deficient mice. J. Invest. Dermatol. 118: 430-435.
Yamaguchi, H., A. Yamamoto, R. Watanabe, N. Uchiyama, H. Fujii,
T. Ono, and M. Ito. 1998. High transepidermal water loss induces
fatty acid synthesis and cutaneous fatty acid-binding protein
expression in rat skin. J. Dermatol. Sci. 17: 205-213.

Lu, B., Y. J. Jiang, M. Q. Man, B. Brown, P. M. Elias, and K. R.
Feingold. 2005. Expression and regulation of 1-acyl-sn-glycerol-
3-phosphate acyltransferases in the epidermis. J. Lipid Res. 46:
2448-2457.

Brash, A. R, Z. Yu, W. E. Boeglin, and C. Schneider. 2007. The
hepoxilin connection in the epidermis. FEBS J. 274: 3494-3502.
Eckl, K. M., P. Krieg, W. Kuster, H. Traupe, F. Andre, N.
Wittstruck, G. Furstenberger, and H. C. Hennies. 2005. Mutation
spectrum and functional analysis of epidermis-type lipoxygenases
in patients with autosomal recessive congenital ichthyosis. Hum.
Mutat. 26: 351-361.

Jobard, F., C. Lefevre, A. Karaduman, C. Blanchet-Bardon, S. Emre,
J. Weissenbach, M. Ozguc, M. Lathrop, J. F. Prud’homme, and J.
Fischer. 2002. Lipoxygenase-3 (ALOXE3) and 12(R)-lipoxygenase
(ALOX12B) are mutated in non-bullous congenital ichthyosiform
erythroderma (NCIE) linked to chromosome 17p13.1. Hum. Mol.
Genet. 11: 107-113.

Yu, Z., C. Schneider, W. E. Boeglin, and A. R. Brash. 2005.
Mutations associated with a congenital form of ichthyosis (NCIE)
inactivate the epidermal lipoxygenases 12R-LOX and eLOXS3.
Biochim. Biophys. Acta. 1686: 238-247.

Epp, N., G. Furstenberger, K. Muller, S. de Juanes, M. Leitges,
I. Hausser, F. Thieme, G. Liebisch, G. Schmitz, and P. Krieg. 2007.
12R-lipoxygenase deficiency disrupts epidermal barrier function.
J. Cell Biol. 177: 173-182.

Heidt, M., G. Furstenberger, S. Vogel, F. Marks, and P. Krieg. 2000.
Diversity of mouse lipoxygenases: identification of a subfamily of
epidermal isozymes exhibiting a differentiation-dependent mRNA
expression pattern. Lipids. 35: 701-707.

2543

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

2544

Sun, D., M. McDonnell, X. S. Chen, M. M. Lakkis, H. Li, S. N.
Isaacs, S. H. Elsea, P. I. Patel, and C. D. Funk. 1998. Human 12(R)-
lipoxygenase and the mouse ortholog. Molecular cloning, ex-
pression, and gene chromosomal assignment. J. Biol. Chem. 273:
33540-33547.

Brash, A. R. 1999. Lipoxygenases: occurrence, functions, catalysis,
and acquisition of substrate. J. Biol. Chem. 274: 23679-23682.
Holleran, W. M., K. R. Feingold, M. Q. Man, W. N. Gao, J. M. Lee,
and P. M. Elias. 1991. Regulation of epidermal sphingolipid syn-
thesis by permeability barrier function. J. Lipid Res. 32: 1151-1158.
Holleran, W. M., W. N. Gao, K. R. Feingold, and P. M. Elias. 1995.
Localization of epidermal sphingolipid synthesis and serine
palmitoyl transferase activity: alterations imposed by permeability
barrier requirements. Arch. Dermatol. Res. 287: 254-258.
Holleran, W. M., M. Q. Man, W. N. Gao, G. K. Menon, P. M. Elias,
and K. R. Feingold. 1991. Sphingolipids are required for
mammalian epidermal barrier function. Inhibition of sphingo-
lipid synthesis delays barrier recovery after acute perturbation.
J- Clin. Invest. 88: 1338-1345.

Chujor, C. S., K. R. Feingold, P. M. Elias, and W. M. Holleran.
1998. Glucosylceramide synthase activity in murine epidermis:
quantitation, localization, regulation, and requirement for barrier
homeostasis. J. Lipid Res. 39: 277-285.

Sando, G. N., E. J. Howard, and K. C. Madison. 1996. Induction of
ceramide glucosyltransferase activity in cultured human keratino-
cytes. Correlation with culture differentiation. J. Biol. Chem. 271:
22044-22051.

Jennemann, R., R. Sandhoff, L. Langbein, S. Kaden, U.
Rothermel, H. Gallala, K. Sandhoff, H. Wiegandt, and H. J.
Grone. 2007. Integrity and barrier function of the epidermis
critically depend on glucosylceramide synthesis. J. Biol. Chem. 282:
3083-3094.

Stone, S. J., H. M. Myers, S. M. Watkins, B. E. Brown, K. R.
Feingold, P. M. Elias, and R. V. Farese, Jr. 2004. Lipopenia and
skin barrier abnormalities in DGAT2-deficient mice. J. Biol. Chem.
279: 11767-11776.

Ghadially, R., B. E. Brown, K. Hanley, J. T. Reed, K. R. Feingold,
and P. M. Elias. 1996. Decreased epidermal lipid synthesis ac-
counts for altered barrier function in aged mice. J. Invest. Dermatol.
106: 1064-1069.

Zettersten, E. M., R. Ghadially, K. R. Feingold, D. Crumrine, and
P. M. Elias. 1997. Optimal ratios of topical stratum corneum lipids
improve barrier recovery in chronologically aged skin. J. Am. Acad.
Dermatol. 37: 403—-408.

Kao, J. S., J. W. Fluhr, M. Q. Man, A. ]J. Fowler, ]J. P. Hachem,
D. Crumrine, S. K. Ahn, B. E. Brown, P. M. Elias, and K. R.
Feingold. 2003. Short-term glucocorticoid treatment compro-
mises both permeability barrier homeostasis and stratum cor-
neum integrity: inhibition of epidermal lipid synthesis accounts
for functional abnormalities. J. Invest. Dermatol. 120: 456-464.
Denda, M., T. Tsuchiya, P. M. Elias, and K. R. Feingold. 2000.
Stress alters cutaneous permeability barrier homeostasis. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 278: R367-R372.

Garg, A., M. M. Chren, L. P. Sands, M. S. Matsui, K. D. Marenus,
K. R. Feingold, and P. M. Elias. 2001. Psychological stress perturbs
epidermal permeability barrier homeostasis: implications for the
pathogenesis of stress-associated skin disorders. Arch. Dermatol.
137: 53-59.

Altemus, M., B. Rao, F. S. Dhabhar, W. Ding, and R. D. Granstein.
2001. Stress-induced changes in skin barrier function in healthy
women. J. Invest. Dermatol. 117: 309-317.

Muizzuddin, N., M. S. Matsui, K. D. Marenus, and D. H. Maes.
2003. Impact of stress of marital dissolution on skin barrier
recovery: tape stripping and measurement of trans-epidermal
water loss (TEWL). Skin Res. Technol. 9: 34-38.

Choi, E. H., B. E. Brown, D. Crumrine, S. Chang, M. Q. Man, P. M.
Elias, and K. R. Feingold. 2005. Mechanisms by which psychologic
stress alters cutaneous permeability barrier homeostasis and
stratum corneum integrity. J. Invest. Dermatol. 124: 587-595.
Choi, E. H., M. Demerjian, D. Crumrine, B. E. Brown, T. Mauro,
P. M. Elias, and K. R. Feingold. 2006. Glucocorticoid blockade
reverses psychological stress-induced abnormalities in epidermal
structure and function. Am. J. Physiol. Regul. Integr. Comp. Physiol.
291: R1657-R1662.

Man, M. M., K. R. Feingold, C. R. Thornfeldt, and P. M. Elias.
1996. Optimization of physiological lipid mixtures for barrier
repair. J. Invest. Dermatol. 106: 1096-1101.

Journal of Lipid Research Volume 48, 2007

129.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Man, M. Q,, K. R. Feingold, and P. M. Elias. 1993. Exogenous
lipids influence permeability barrier recovery in acetone-treated
murine skin. Arch. Dermatol. 129: 728-738.

. Yang, L., M. Mao-Qiang, M. Taljebini, P. M. Elias, and K. R.

Feingold. 1995. Topical stratum corneum lipids accelerate barrier
repair after tape stripping, solvent treatment and some but not all
types of detergent treatment. Br. J. Dermatol. 133: 679-685.
Feingold, K. R., M. Q. Man, E. Proksch, G. K. Menon, B. E. Brown,
and P. M. Elias. 1991. The lovastatin-treated rodent: a new model
of barrier disruption and epidermal hyperplasia. J. Invest. Dermatol.
96: 201-209.

Bhattacharyya, A. K., W. E. Connor, and A. A. Spector. 1972.
Excretion of sterols from the skin of normal and hypercholester-
olemic humans. Implications for sterol balance studies. J. Clin.
Invest. 51: 2060-2070.

Nikkari, T., P. H. Schreibman, and E. H. Ahrens, Jr. 1975. Isotope
kinetics of human skin cholesterol secretion. J. Exp. Med. 141:
620-634.

Bhattacharyya, A. K., W. E. Connor, and D. S. Lin. 1983. The
origin of plant sterols in the skin surface lipids in humans: from
diet to plasma to skin. J. Invest. Dermatol. 80: 294-296.

Nikkari, T., P. H. Schreibman, and E. H. Ahrens, Jr. 1974. In vivo
studies of sterol and squalene secretion by human skin. J. Lipid
Res. 15: 563-573.

Chapkin, R. S., and V. A. Ziboh. 1984. Inability of skin enzyme
preparations to biosynthesize arachidonic acid from linoleic acid.
Biochem. Biophys. Res. Commun. 124: 784-792.

Chapkin, R. S., V. A. Ziboh, C. L. Marcelo, and J. J. Voorhees.
1986. Metabolism of essential fatty acids by human epidermal
enzyme preparations: evidence of chain elongation. J. Lipid Res.
27: 945-954.

Reynolds, D. J., R. Marks, M. G. Davies, and P. J. Dykes. 1978. The
fatty acid composition of skin and plasma lipids in Refsum’s
disease. Clin. Chim. Acta. 90: 171-177.

Tsuji, K., S. Mitsutake, J. Ishikawa, Y. Takagi, M. Akiyama, H.
Shimizu, T. Tomiyama, and Y. Igarashi. 2006. Dietary glucosyl-
ceramide improves skin barrier function in hairless mice.
J- Dermatol. Sci. 44: 101-107.

Ponec, M., L. Havekes, J. Kempenaar, S. Lavrijsen, M. Wijsman,
J- Boonstra, and B. J. Vermeer. 1985. Calcium-mediated regulation
of the low density lipoprotein receptor and intracellular choles-
terol synthesis in human epidermal keratinocytes. J. Cell. Physiol.
125: 98-106.

te Pas, M. F., P. Lombardi, L. M. Havekes, J. Boonstra, and
M. Ponec. 1991. Regulation of low-density lipoprotein receptor
expression during keratinocyte differentiation. J. Invest. Dermatol.
97: 334-339.

Williams, M. L., A. M. Mommaas-Kienhuis, S. L. Rutherford,
S. Grayson, B. J. Vermeer, and P. M. Elias. 1987. Free sterol
metabolism and low density lipoprotein receptor expression as
differentiation markers of cultured human keratinocytes. J. Cell.
Physiol. 132: 428-440.

Mommaas, M., J. Tada, and M. Ponec. 1991. Distribution of low-
density lipoprotein receptors and apolipoprotein B on nor-
mal and on reconstructed human epidermis. J. Dermatol. Sci. 2:
97-105.

Mommaas-Kienhuis, A. M., S. Grayson, M. C. Wijsman, B. J.
Vermeer, and P. M. Elias. 1987. Low density lipoprotein receptor
expression on keratinocytes in normal and psoriatic epidermis.
J- Invest. Dermatol. 89: 513-517.

Tsuruoka, H., W. Khovidhunkit, B. E. Brown, J. W. Fluhr, P. M.
Elias, and K. R. Feingold. 2002. Scavenger receptor class B type I
is expressed in cultured keratinocytes and epidermis. Regulation
in response to changes in cholesterol homeostasis and barrier
requirements. J. Biol. Chem. 277: 2916-2922.

Barra, R. M., E. S. Fenjves, and L. B. Taichman. 1994. Secretion
of apolipoprotein E by basal cells in cultures of epidermal
keratinocytes. J. Invest. Dermatol. 102: 61-66.

Gordon, D. A, E. S. Fenjves, D. L. Williams, and L. B. Taichman.
1989. Synthesis and secretion of apolipoprotein E by cultured
human keratinocytes. J. Invest. Dermatol. 92: 96-99.

Fenjves, E. S., D. A. Gordon, L. K. Pershing, D. L. Williams, and
L. B. Taichman. 1989. Systemic distribution of apolipoprotein E
secreted by grafts of epidermal keratinocytes: implications for
epidermal function and gene therapy. Proc. Natl. Acad. Sci. USA.
86: 8803-8807.

Grehan, S., C. Allan, E. Tse, D. Walker, and ]J. M. Taylor.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

150.

151.

152.

153.

155.

156.

157.

158.

159.

160.

161.

162.

164.

165.

166.

167.

2001. Expression of the apolipoprotein E gene in the skin is
controlled by a unique downstream enhancer. J. Invest. Dermatol.
116: 77-84.

Fu, L., I. Matsuyama, T. Chiba, Y. Xing, T. Korenaga, Z. Guo,
X. Fu, J. Nakayama, M. Mori, and K. Higuchi. 2001. Extrahepatic
expression of apolipoprotein A-II in mouse tissues: possible con-
tribution to mouse senile amyloidosis. . Histochem. Cytochem. 49:
739-748.

Urieli-Shoval, S., P. Cohen, S. Eisenberg, and Y. Matzner. 1998.
Widespread expression of serum amyloid A in histologically
normal human tissues. Predominant localization to the epitheli-
um. J. Histochem. Cytochem. 46: 1377-1384.

Concha, M. 1., S. Molina, C. Oyarzun, ]. Villanueva, and
R. Amthauer. 2003. Local expression of apolipoprotein A-I gene
and a possible role for HDL in primary defence in the carp skin.
Fish Shellfish Immunol. 14: 259-273.

Tarugi, P., L. Albertazzi, S. Nicolini, E. Ottaviani, and S. Calandra.
1991. Synthesis and secretion of apolipoprotein A-I by chick skin.
J- Biol. Chem. 266: 7714-7720.

. Smith, K. M., R. M. Lawn, and J. N. Wilcox. 1990. Cellular

localization of apolipoprotein D and lecithin:cholesterol acyl-
transferase mRNA in rhesus monkey tissues by in situ hybridiza-
tion. J. Lipid Res. 31: 995-1004.

Jiang, Y. J., B. Lu, P. Kim, P. M. Elias, and K. R. Feingold. 2006.
Regulation of ABCAI expression in human keratinocytes and
murine epidermis. J. Lipid Res. 47: 2248-2258.

Schurer, N., V. Schliep, and M. L. Williams. 1995. Differential
utilization of linoleic and arachidonic acid by cultured human
keratinocytes. Skin Pharmacol. 8: 30—-40.

Schurer, N. Y., W. Stremmel, ]J. U. Grundmann, V. Schliep,
H. Kleinert, N. M. Bass, and M. L. Williams. 1994. Evidence for a
novel keratinocyte fatty acid uptake mechanism with preference
for linoleic acid: comparison of oleic and linoleic acid uptake by
cultured human keratinocytes, fibroblasts and a human hepatoma
cell line. Biochim. Biophys. Acta. 1211: 51-60.

Harris, 1. R., A. M. Farrell, R. A. Memon, C. Grunfeld, P. M. Elias,
and K. R. Feingold. 1998. Expression and regulation of mRNA for
putative fatty acid transport related proteins and fatty acyl CoA
synthase in murine epidermis and cultured human keratinocytes.
J- Invest. Dermatol. 111: 722-726.

Juhlin, L. 1989. Expression of CD36 (OKM5) antigen on epi-
dermal cells in normal and diseased skin. Acta Derm. Venereol. 69:
403-406.

Schmuth, M., A. M. Ortegon, M. Mao-Qiang, P. M. Elias, K. R.
Feingold, and A. Stahl. 2005. Differential expression of fatty acid
transport proteins in epidermis and skin appendages. J. Invest.
Dermatol. 125: 1174-1181.

Herrmann, T., F. van der Hoeven, H. J. Grone, A. F. Stewart,
L. Langbein, I. Kaiser, G. Liebisch, I. Gosch, F. Buchkremer,
W. Drobnik, et al. 2003. Mice with targeted disruption of
the fatty acid transport protein 4 (Fatp 4, Slc27a4) gene
show features of lethal restrictive dermopathy. J. Cell Biol. 161:
1105-1115.

Moulson, C. L., D. R. Martin, J. J. Lugus, J. E. Schaffer, A. C. Lind,
and J. H. Miner. 2003. Cloning of wrinklefree, a previously
uncharacterized mouse mutation, reveals crucial roles for fatty
acid transport protein 4 in skin and hair development. Proc. Nall.
Acad. Sci. USA. 100: 5274-5279.

3. Moulson, C. L., M. H. Lin, J. M. White, E. P. Newberry, N. O.

Davidson, and J. H. Miner. 2007. Keratinocyte-specific expres-
sion of fatty acid transport protein 4 rescues the wrinkle-free
phenotype in Slc27a4/Fatp4 mutant mice. J. Biol. Chem. 282:
15912-15920.

Herrmann, T., H. J. Grone, L. Langbein, I. Kaiser, I. Gosch,
U. Bennemann, D. Metzger, P. Chambon, A. F. Stewart, and
W. Stremmel. 2005. Disturbed epidermal structure in mice with
temporally controlled fatp4 deficiency. J. Invest. Dermatol. 125:
1228-1235.

Febbraio, M., N. A. Abumrad, D. P. Hajjar, K. Sharma, W. Cheng,
S. F. Pearce, and R. L. Silverstein. 1999. A null mutation in murine
CD36 reveals an important role in fatty acid and lipoprotein
metabolism. J. Biol. Chem. 274: 19055-19062.

Hirano, K., T. Kuwasako, Y. Nakagawa-Toyama, M. Janabi, S.
Yamashita, and Y. Matsuzawa. 2003. Pathophysiology of human
genetic CD36 deficiency. Trends Cardiovasc. Med. 13: 136-141.
Hanley, K., D. C. Ng, S. S. He, P. Lau, K. Min, P. M. Elias, D. D.
Bikle, D. J. Mangelsdorf, M. L. Williams, and K. R. Feingold. 2000.

Epidermal lipids in cutaneous permeability barrier homeostasis

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Oxysterols induce differentiation in human keratinocytes and
increase Ap-l-dependent involucrin transcription. J. Invest.
Dermatol. 114: 545-553.

Rivier, M., I. Safonova, P. Lebrun, C. E. Griffiths, G. Ailhaud, and
S. Michel. 1998. Differential expression of peroxisome proliferator-
activated receptor subtypes during the differentiation of human
keratinocytes. J. Invest. Dermatol. 111: 1116-1121.

Westergaard, M., J. Henningsen, C. Johansen, S. Rasmussen,
M. L. Svendsen, U. B. Jensen, H. D. Schroder, B. Staels, L.
Iversen, L. Bolund, et al. 2003. Expression and localization of
peroxisome proliferator-activated receptors and nuclear factor
kappaB in normal and lesional psoriatic skin. J. Invest. Dermatol.
121: 1104-1117.

Kim, D. J., M. T. Bility, A. N. Billin, T. M. Willson, F. J. Gonzalez,
and ]J. M. Peters. 2006. PPARbeta/delta selectively induces
differentiation and inhibits cell proliferation. Cell Death Differ.
13: 53-60.

Westergaard, M., J. Henningsen, M. L. Svendsen, C. Johansen,
U. B. Jensen, H. D. Schroder, I. Kratchmarova, R. K. Berge,
L. Iversen, L. Bolund, et al. 2001. Modulation of keratinocyte
gene expression and differentiation by PPAR-selective ligands and
tetradecylthioacetic acid. J. Invest. Dermatol. 116: 702-712.

Muga, S. J., P. Thuillier, A. Pavone, J. E. Rundhaug, W. E. Boeglin,
M. Jisaka, A. R. Brash, and S. M. Fischer. 2000. 8S-lipoxygenase
products activate peroxisome proliferator-activated receptor alpha
and induce differentiation in murine keratinocytes. Cell Growth
Differ. 11: 447-454.

Hanley, K., Y. Jiang, S. S. He, M. Friedman, P. M. Elias, D. D. Bikle,
M. L. Williams, and K. R. Feingold. 1998. Keratinocyte differen-
tiation is stimulated by activators of the nuclear hormone receptor
PPARalpha. J. Invest. Dermatol. 110: 368-375.

Komuves, L. G., K. Hanley, A. M. Lefebvre, M. Q. Man, D. C. Ng,
D. D. Bikle, M. L. Williams, P. M. Elias, ]J. Auwerx, and K. R.
Feingold. 2000. Stimulation of PPARalpha promotes epidermal
keratinocyte differentiation in vivo. J. Invest. Dermatol. 115: 353-360.
Komuves, L. G., M. Schmuth, A. J. Fowler, P. M. Elias, K. Hanley,
M. Q. Man, A. H. Moser, ]J. M. Lobaccaro, M. L. Williams, D. J.
Mangelsdorf, et al. 2002. Oxysterol stimulation of epidermal
differentiation is mediated by liver X receptor-beta in murine
epidermis. J. Invest. Dermatol. 118: 25-34.

Mao-Qiang, M., A. J. Fowler, M. Schmuth, P. Lau, S. Chang, B. E.
Brown, A. H. Moser, L. Michalik, B. Desvergne, W. Wahli, et al.
2004. Peroxisome-proliferator-activated receptor (PPAR)-gamma
activation stimulates keratinocyte differentiation. J. Invest. Derma-
tol. 123: 305-312.

Schmuth, M., C. M. Haqq, W. ]J. Cairns, J. C. Holder, S. Dorsam,
S. Chang, P. Lau, A. J. Fowler, G. Chuang, A. H. Moser, et al. 2004.
Peroxisome proliferator-activated receptor (PPAR)-beta/delta
stimulates differentiation and lipid accumulation in keratino-
cytes. J. Invest. Dermatol. 122: 971-983.

Fowler, A.J., M. Y. Sheu, M. Schmuth, J. Kao, J. W. Fluhr, L. Rhein,
J. L. Collins, T. M. Willson, D. J. Mangelsdorf, P. M. Elias, et al.
2003. Liver X receptor activators display anti-inflammatory activity
in irritant and allergic contact dermatitis models: liver-X-receptor-
specific inhibition of inflammation and primary cytokine produc-
tion. J. Invest. Dermatol. 120: 246-255.

Sheu, M. Y., A. J. Fowler, J. Kao, M. Schmuth, K. Schoonjans, ].
Auwerx, J. W. Fluhr, M. Q. Man, P. M. Elias, and K. R. Feingold.
2002. Topical peroxisome proliferator activated receptor-alpha
activators reduce inflammation in irritant and allergic contact
dermatitis models. . Invest. Dermatol. 118: 94-101.

Jiang, Y. ]J., P. Kim, P. M. Elias, and K. R. Feingold. 2005. LXR and
PPAR activators stimulate cholesterol sulfotransferase type 2 iso-
form 1b in human keratinocytes. J. Lipid Res. 46: 2657-2666.
Man, M. Q., E. H. Choi, M. Schmuth, D. Crumrine, Y. Uchida,
P. M. Elias, W. M. Holleran, and K. R. Feingold. 2006. Basis for
improved permeability barrier homeostasis induced by PPAR and
LXR activators: liposensors stimulate lipid synthesis, lamellar body
secretion, and post-secretory lipid processing. [. Invest. Dermatol.
126: 386-392.

Rivier, M., I. Castiel, 1. Safonova, G. Ailhaud, and S. Michel. 2000.
Peroxisome proliferator-activated receptor-alpha enhances lipid
metabolism in a skin equivalent model. J. Invest. Dermatol. 114:
681-687.

Jiang, Y. J., B. Lu, P. Kim, G. Paragh, G. Schmitz, P. M. Elias, and
K. R. Feingold. 2007. PPAR and LXR activators regulate ABCA12
expression in human keratinocytes. J. Invest. Dermatol. In press.

2545

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBVB

D

R

JOURNAL OF LIPID RESEARCH

I

184.

185.

186.

187.

2546

Ghadially, R., L. Halkier-Sorensen, and P. M. Elias. 1992. Effects
of petrolatum on stratum corneum structure and function. J. Am.
Acad. Dermatol. 26: 387-396.

Elias, P. 2006. Fixing the barrier—theory and rational deploy-
ment. In Skin Barrier. P. Elias and K. Feingold, editors. Taylor &
Francis, New York. 591-599.

Chamlin, S. L., J. Kao, I. J. Frieden, M. Y. Sheu, A. J. Fowler, J. W.
Fluhr, M. L. Williams, and P. M. Elias. 2002. Ceramide-dominant
barrier repair lipids alleviate childhood atopic dermatitis: changes
in barrier function provide a sensitive indicator of disease activity.
J- Am. Acad. Dermatol. 47: 198-208.

Holleran, W. M., Y. Uchida, L. Halkier-Sorensen, A. Haratake,
M. Hara, ]J. H. Epstein, and P. M. Elias. 1997. Structural
and biochemical basis for the UVB-induced alterations in epi-

Journal of Lipid Research Volume 48, 2007

188.

189.

190.

dermal barrier function. Photodermatol. Photoimmunol. Photomed.
13: 117-128.

Williams, M. L., K. Hanley, P. M. Elias, and K. R. Feingold. 1998.
Ontogeny of the epidermal permeability barrier. J. Investig.
Dermatol. Symp. Proc. 3: 75-79.

Schmuth, M., A. Sztankay, G. Weinlich, D. M. Linder, M. A.
Wimmer, P. O. Fritsch, and E. Fritsch. 2001. Permeability barrier
function of skin exposed to ionizing radiation. Arch. Dermatol. 137:
1019-1023.

Haratake, A., Y. Uchida, M. Schmuth, O. Tanno, R. Yasuda,
J. H. Epstein, P. M. Elias, and W. M. Holleran. 1997. UVB-induced
alterations in permeability barrier function: roles for epidermal
hyperproliferation and thymocyte-mediated response. J. Invest.
Dermatol. 108: 769-775.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

