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Although ultraviolet B (UVB) irradiation perturbs the skin barrier, little is known about the mechanism(s) with

respect to the metabolism of ceramide (Cer). We examined changes in intercellular lipids in murine stratum corn-

eum following UVB irradiation. A single UVB (75 mJ per cm2) irradiation caused a significant increase in trans-

epidermal water loss, which plateaued at day 4. In parallel, covalently bound Cer was significantly decreased with

the greatest decrease at days 3–4. In contrast, the levels of other free, non-bound lipids (including Cer or acylce-

ramides) were significantly increased for Cer, or remained unchanged at day 4 compared with non-irradiated

controls. RT-PCR analysis demonstrated a significant decrease in mRNA encoding transglutaminase-1 (TGase1).

The peak occurred 2–4 d after a single UVB irradiation, a time when covalently bound Cer was significantly

downregulated in concert with the disruption of the skin barrier. Furthermore, UVB-induced epidermal hyperplasia

occurred to the greatest extent between 2 and 4 d following UVB irradiation. These results suggest that decreases

in covalently bound Cer in the stratum corneum are mediated via the downregulation of TGase-1 as well as by the

rapid induction of epidermal hyperplasia, which is attributable to the perturbation of the skin barrier induced by

UVB irradiation.
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Exposure of the skin to ultraviolet (UV) radiation induces
various harmful effects in that tissue, such as hyperplasia,
increases in roughness, wrinkle formation, pigmentation
and inflammation (Seidl, 1963; Makki et al, 1979; Bissett
et al, 1987; Imokawa et al, 1995), and disruption of the ep-
idermal barrier (Abe and Mayuzumi, 1979; Solomon and
Lowe, 1979; Lamaud and Schalla, 1984; McAuliffe and
Blank, 1991). Epidermal ceramides (Cer) and their met-
abolites play critical roles in maintaining cutaneous barrier
homeostasis (Elias and Friend, 1975; Gray et al, 1982; Elias,
1983; Landmann, 1986) and decreased levels of Cer in the
stratum corneum perturb the barrier (Holleran et al, 1991;
Imokawa et al, 1991). In this connection, Elias’s group re-
ported the upregulation of de novo Cer synthesis in murine
epidermis (Holleran et al, 1997) and in cultured human ker-
atinocytes (Farrell et al, 1998) following UVB irradiation,
suggesting the possibility that the UVB-induced disruption
of the skin barrier is not associated with decreased levels of
Cer in the stratum corneum. Recently, Meguro et al (1999,
2000) demonstrated decreases in covalently bound Cer in
the stratum corneum following UVB irradiation with the
concomitant disintegration of lipid lamellae. Although it
seems likely that covalently bound Cer rather than unbound

Cer plays a role in the UVB-induced disruption of the skin
barrier, no data on concentration dependence were report-
ed and only a single time point was examined, which was
not sufficient to clarify the role of covalently bound Cer in
the UVB-induced barrier disruption.

Lipids in the stratum corneum comprise a distinctive
mixture that is present in the intercellular domain. Most of
them are easily removed by extraction with polar organic
solvents (Wertz and Downing, 1986). Following such ex-
traction, however, subsequent alkaline hydrolysis liberates
additional lipids, which are bound covalently to the cornified
envelope. More than half of those are hydroxyceramides
that are thought to be critical for epidermal barrier function
as well as corneocyte cohesion (Swartzendruber et al, 1987;
Meguro et al, 1999; Behne et al, 2000). To clarify the rela-
tionship between the UVB irradiation-induced disruption of
the cutaneous barrier and levels of covalently bound Cer in
the stratum corneum, we examined sequential changes in
levels of covalently bound Cer within the stratum corneum
following UVB irradiation in relation to levels of other intercel-
lular lipids, barrier disruption, and transglutaminase-1 (TGase
1) mRNA expression as well as epidermal hyperplasia.

Results

A single UVB irradiation disrupts the barrier function of
the epidermis UVB irradiation at a dose of 75 mJ per cm2

perturbed the skin barrier expressed as an increase in

Abbreviations: Cer, ceramide; CLE, cornified lipid envelope; FFA,
free fatty acid; HPTLC, high-performance thin-layer chromatogra-
phy; SDS, sodium dodecyl sulfate; TEWL, transepidermal water
loss; Tgase, transglutaminase-1; UV, ultraviolet
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transepidermal water loss (TEWL) (Fig 1A). Within 12 h, the
TEWL began to increase significantly and reached a plateau
around day 4, which was followed by a gradual return to the
unirradiated level at day 10. Significant disruption of the
barrier was elicited at a dose of 37 mJ per cm2 and in-
creased in a concentration-dependent manner (Fig 1B).

Intercellular lipids in the stratum corneum It is well
known that intercellular lipids play a crucial role in main-
taining the barrier function of the skin. Despite the fact that
the cutaneous barrier function (as evaluated by TEWL) was
significantly perturbed by UVB irradiation at 75 mJ per cm2,
intercellular lipids extracted by the Bligh/Dyer method with-
out alkali treatment were not significantly decreased in the
stratum corneum at day 4 even though the TEWL had sig-
nificantly increased and reached a plateau at that time
(Fig 2). Although an upregulation of sphingolipid synthesis
was reported following UVB irradiation (Holleran et al, 1997;

Farrell et al, 1998), the UVB-induced disruption of the barrier
was accompanied by significant increases in levels of free
Cer and free fatty acids (FFA) in the stratum corneum, the
former of which occurred in a UVB concentration-depend-
ent manner at day 4 following UVB irradiation (Fig 3). Among
those Cer, the levels of acylceramides (Cer(EOS) and
Cer(EOH)), Cer(AS), and Cer(AP) were significantly in-
creased (Fig 4 and Table I). These results support the hy-
pothesis that among the UVB-induced alterations of lipids
present in the stratum corneum, only the decrease in co-
valently bound Cer correlates with the increase in TEWL
during UVB-induced barrier disruption.

Covalently bound Cer in the stratum corneum As for free
Cer, covalently bound Cer may play a role in barrier home-
ostasis (Meguro et al, 2000). The level of covalently bound
Cer isolated by alkaline treatment after the extraction of
free Cer by the Bligh/Dyer method was significantly down-

Figure 1
Changes in the cutaneous barrier function following ultraviolet B
(UVB) irradiation. (A) Transepidermal water loss (TEWL) is increased
after ultraviolet B (UVB) irradiation. Following a single dose of UVB
irradiation (75 mJ per cm2), TEWL increased with time with a peak at
day 4. Mean � SEM, n¼6, �po0.05; ��po0.01 versus day 0. (B)
TEWL is increased after UVB irradiation in a concentration-dependent
manner. TEWL increased in a concentration-dependent manner 4 d
after a single UVB irradiation. Mean � SD, n¼4, ��po0.01, ���po0.001
vs 0 mJ per cm2.

Figure2
Unbound intercellular lipids level in the stratum corneum following
ultraviolet B (UVB) irradiation. Unbound ceramide (Cer) and free fatty
acid (FFA) increased significantly 4 d after a single UVB irradiation. Lipid
levels were calculated by dried stratum corneum weight. Closed bar: 0
mJ per cm2; open bar: 75 mJ per cm2. Mean � SD, n¼ 3, �po0.05,
���po0.001.

Figure3
Unbound ceramide (Cer) levels in the stratum corneum after ul-
traviolet B (UVB) irradiation. UVB irradiation increased unbound Cer
levels in the stratum corneum in a concentration-dependent manner on
day 4. Lipid levels were calculated by dried stratum corneum weight.
Mean � SD, n¼ 3—8, �po0.05, ���po0.001 vs 0 mJ per cm2.
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regulated in a concentration-dependent manner, almost to
55% of the unirradiated level at day 4 after UVB exposure at
a dose of 75 mJ per cm2 (Fig 5). Further, sphingolipids re-
leased by alkaline treatment of cornified envelopes at day 4
following a single UVB exposure included only o-hydro-
xyceramide, but not o-hydroxyglucosylceramide (Fig 6). In
the UVB-exposed skin (75 mJ per cm2), the level of co-
valently bound Cer in the stratum corneum was significantly
decreased at days 3 and 4 following the single UVB irra-
diation and gradually returned to the unirradiated level by
day 10 (Fig 7), a pattern that was very consistent with the
increased TEWL (Fig 1A).

Expression of mRNA encoding TGase 1 in UVB-irradi-
ated epidermis Since TGase 1 is thought to be associated
with the attachment of o-hydroxyceramides to involucrin by
ester bond formation (Nemes et al, 1999), we determined
the expression of TGase 1 mRNA in UVB-irradiated epider-
mis. Exposure of murine (BALB/c) skin to UVB at 37 mJ per
cm2 induced a significant decrease in the expression of
TGase 1 mRNA transcripts at 2–4 d post-irradiation (Fig 8).

Epidermal hyperplasia following UVB irradiation It is
well known that UVB irradiation induces epidermal hype-

rplasia (Haratake et al, 1997a, b). In UVB (75 mJ per cm2)-
irradiated skin, the thickness of the epidermis was signif-
icantly increased and reached a plateau at day 4 (Fig 9).
This increase became quite drastic from day 2 to day 4, a
time when the decrease in covalently bound Cer occurred
(Fig 7).

Tape stripping or sodium dodecyl sulfate (SDS) treat-
ment of skin also reduces the level of covalently bound
Cer To clarify the contribution of epidermal hyperplasia to
the decreased level of covalently bound Cer in the stratum
corneum, we determined if treatments known to induce
epidermal hyperplasia (such as tape stripping or SDS
washing) affect the levels of covalently bound Cer or non-
bound Cer in the stratum corneum. Levels of covalently
bound Cer were significantly decreased 2 d after tape
stripping or SDS treatment (Fig 10), whereas the levels of
non-bound Cer remained unchanged (Fig 11). These results
suggest that the decreased level of bound Cer is highly
associated with epidermal hyperplasia.

Discussion

In this study, a single UVB irradiation at a dose of 75 mJ per
cm2 caused a significant increase in TEWL, an indicator of
the barrier function of the skin. This increase occurred in a
concentration-dependent manner with a plateau at day 4
and a return to the control level by day 10. In parallel, co-
valently bound Cer was significantly decreased in a con-
centration-dependent manner with the maximum effect at
days 3–4 and a return to the control level by day 7. The
observed decrease in covalently bound Cer at 4 days post-

Figure 4
Acylceramide level in the stratum corneum after ultraviolet B (UVB)
irradiation. Following UVB irradiation (75 mJ per cm2), unbound cer-
amide (Cer) levels in the stratum corneum were analyzed at day 4. Lipid
levels were calculated by dried stratum corneum weight. Mean � SD,
n¼5, �po0.05 vs 0 mJ per cm2. The Cer nomenclatures used in this
figure are described in Table I.

Table I. Ceramide (Cer) nomenclatures used in this study

Aminobond
fatty acid Sphingoid base

Cer(EOS) o-hydroxy fatty acid
ester-linked to linoleic acid

Sphingosine

Cer(NS) Non-hydroxy fatty acid Sphingosine

Cer(NP) Non-hydroxy fatty acid Phytosphingosine

Cer(EOH) o-hydroxy fatty acid
ester-linked to linoleic acid

6-hydroxy-4-
sphingosine

Cer(AS) a-hydroxy fatty acid Sphingosine

Cer(AP) a-hydroxy fatty acid Phytosphingosine

Cer(AH) a-hydroxy fatty acid 6-hydroxy-4-
sphingosine

Figure5
Covalently bound ceramide (Cer) in the stratum corneum after ul-
traviolet B (UVB) irradiation. The concentration-dependent effect of
ultraviolet B (UVB) irradiation was examined for covalently bound Cer in
the stratum corneum at day 3. UVB irradiation reduced covalently
bound Cer levels in a concentration-dependent manner. Lipid levels
were calculated by dried stratum corneum weight. o-hydroxyceramide
used as a standard was obtained by deacylation of acylceramide,
which was purified by scraping a corresponding spot on high-perform-
ance thin-layer chromatography. Mean � SD, n¼3, ��po0.01 vs 0 mJ
per cm2.
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irradiation was not associated with decreases in other un-
bound, free sphingolipids, but rather with significant in-
creases in unbound, free Cer and FFA. Thus, based upon
recent notions that the decreased level of intercellular lipids
in the stratum corneum is primarily responsible for the ab-
errant barrier function of the skin (Grubauer et al, 1989), it
seems likely that among changes in a variety of intercellular
lipids, only the decrease in covalently bound Cer is paral-

leled by the increase in TEWL, suggesting a close associ-
ation between the alteration of covalently bound Cer and
the UVB-induced perturbation of the skin barrier.

Recently, Macheleidt et al (2002) reported that decreases
in covalently bound Cer and in free Cer occur in atopic
dermatitis as a result of downregulation of the de novo
synthesis of Cer. But Elias’s group demonstrated the up-
regulation of serine palmitoyltransferase (SPT) mRNA tran-
scripts and activity in cultured human keratinocytes and the
de novo synthesis of Cer in mouse epidermis following UVB
irradiation (Holleran et al, 1997; Farrell et al, 1998). Thus, it
seems reasonable to assume that the observed significant
decrease in covalently bound Cer induced by UVB irradi-
ation is mediated via biochemical mechanism(s) that are
completely distinct from atopic dermatitis, where all Cer
species (including covalently bound Cer) are significantly
downregulated possibly due to the decreased expression of
SPT.

As for the potential mechanism(s) that leads to the de-
ficiency in covalently bound Cer in UVB-exposed skin, since
UVB radiation affects the gene expression of cytochrome P-
450 in keratinocytes (Wei et al, 1999), o-hydroxylation via
cytochrome P-450 could be inhibited directly or indirectly
by UVB; this would result in decreased levels of o-hydro-
xyceramides, which would in turn lead to the deficiency in
covalently bound Cer. But because levels of o-hydroxycer-
amide also contribute to the synthesis of acylceramide
(Holleran et al, 1997), our results that the concomitant and
significant increase in levels of acylceramide occurs in the
stratum corneum of UVB-exposed skin seem to argue
against the involvement of cytochrome P-450. Recent stud-
ies have revealed that o-hydroxyceramides are ester-linked

Figure 6
High-performance thin-layer liquid chro-
matography (HPTLC) of intercellular
lipids extracted from murine stratum
corneum on day 4 following UVB ir-
radiation. Sphingolipids released by al-
kaline treatment from cornified envelopes
following a single UVB exposure were
analyzed by HPTLC. Only o-hydroxycer-
amide, not o-hydroxyglucosylceramide,
covalently bound to Cer in the stratum
corneum is decreased after UVB irradia-
tion. The Cer nomenclatures used in this
figure are described in Table I. (A) Co-
valently bound lipids extracted following
alkali treatment. (B) Unbound lipids ex-
tracted by Bligh/Dyer extraction: (1)
Standard, (2) 0 mJ per cm2, (3) 75 mJ
per cm2. (a) o-hydroxyceramide A, (b)
o-hydroxyceramide B, (c) Cer(EOS),
(d) Cer(NS), (e) Cer(NP), (f) Cer(EOH), (g)
Cer(AS), (h) Cer(AP), (i) Cer(AH).

Figure 7
Covalently bound ceramide (Cer) in the stratum corneum after ul-
traviolet B (UVB) irradiation. Following a single dose of UVB irradi-
ation (75 mJ per cm2), the levels of covalently bound Cer were
decreased to a maximum extent on day 3, which was consistent with
the increase in transepidermal water loss. Lipid levels were calculated
by dried stratum corneum weight. Mean � SD, n¼ 3–5, �po0.05,
��po0.01 versus day 0.
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by the action of TGase 1 to glutamine and to glutamate
residues of a number of cell envelope structural proteins,
most notably involucrin, which serve as cornified cell enve-
lope proteins bound to Cer and thus contribute to the bar-
rier function of the epidermis (Marekov and Steinert, 1998;
Nemes et al, 1999). Kuramoto et al (2002) have consistently
reported that TGase 1 (�/�) knockout mice have perturbed
skin barrier function. It has been demonstrated that TGase 1
mRNA expression is decreased after UVB-irradiation using
human skin reconstituted in vitro (Bernerd and Asselineau,
1997). In our study, expression of TGase 1 mRNA was sig-
nificantly downregulated 2–4 d after UVB-irradiation. This
suggests that UVB-induced downregulation of TGase 1 may
be responsible for the observed decrease in covalently
bound Cer, although measurement of TGase 1 activity
(which cannot be distinguished from TGase 3 activity using
the standard enzymatic assay) will be required for a more
precise evaluation.

Haratake et al (1997a, b) have already reported that
hyperproliferation induced by UVB irradiation is associated
with barrier disturbance. In our study, a similar marked ep-
idermal hyperplasia was observed especially between days
2 and 4 following UVB irradiation in concert with a decrease
in covalently bound Cer. Therefore, we attempted to deter-
mine the effects of hyperproliferation elicited by SDS treat-
ment or by tape stripping on the level of covalently bound
Cer in the stratum corneum. We found that treatments
that induce hyperproliferation significantly diminished the
level of covalently bound Cer, despite the lack of effect on
non-bound Cer levels, suggesting the possibility that a
definite relationship exists between hyperproliferation and
decreased levels of covalently bound Cer. The precise
mechanism(s) involved in the interrelationships among
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Figure 8
Analysis of transglutaminase-1 (TGase 1) expression at different
times after ultraviolet B (UVB) exposure of murine skin. Shaved
dorsal skin was irradiated with UVB (37 mJ per cm2). TGase 1 mRNA
expression in the epidermis was analyzed by RT-PCR at 2, 4, 6, 8, or
10 days after the irradiation. Fluorograms are shown at 30 cycles
for TGase 1 and at 20 cycles for glyceraldehyde-3-phosphate de-
hydrogenase (G3PDH). (A) M, molecular weight marker ‘‘EcoT14I-di-
gested lDNA’’; closed arrowhead, 421 bp; open arrowhead, 925 bp.
The intensity of signals for PCR products was measured using fluoro-
densitometer. (B) Open circles represent the intensity for TGase 1 rel-
ative to that for G3PDH. Mean � SD, n¼ 3, �po0.05.

Figure9
Epidermal hyperplasia following ultraviolet B (UVB) irradiation.
Following a single dose of UVB irradiation (75 mJ per cm2), the thick-
ness of the epidermis was significantly increased and reached a pla-
teau at day 4. Mean � SD, n¼5, �po0.05, ��po0.01 vs day 0.

Figure10
Decrease in covalently bound ceramide (Cer) in the stratum
corneum of hyperproliferating epidermis. Covalently bound Cer
decreased in the stratum corneum of hyperproliferating epidermis
induced by tape stripping or by sodium dodecyl sulfate (SDS) treat-
ment. SDS, continuous SDS treatment; TS, tape stripping. Mean � SD,
n¼ 3, �po0.05 versus normal level.
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hyperproliferation, decreased expression of TGase 1, and
decreased levels of covalently bound Cer remain to be
clarified.

As covalently bound Cer is bound to cornified envelope
proteins (mainly involucrin), it is possible that UVB irradia-
tion affects involucrin biosynthesis, resulting in the decrease
in covalently bound Cer. It has, however, been reported that
there is no alteration in levels of involucrin following UVB
irradiation (Bernerd and Asselineau, 1997). Hirao et al (2001)
recently studied the hydrophobicity and immunoreactivity
of these components and reported that a decrease in the
binding of o-hydroxyceramides to involucrin (possibly by
TGase) is elicited by UVB irradiation. These results strongly
suggest that levels of covalently bound Cer could be down-
regulated independent of involucrin levels.

There may be yet another mechanism that leads to the
UVB-induced decrease in covalently bound Cer as follows:
if ceramidase activity within the stratum corneum is stim-
ulated by UVB irradiation and degrades covalently bound
Cer, it is plausible that covalently bound Cer is also de-
creased in concert with an increase in covalently bound
fatty acid. In our preliminary experiment, however, there was
no increase in covalently bound fatty acids in the stratum
corneum of UVB-exposed skin at 4 d post-irradiation, which
seems to rule out a mechanism involving ceramidase.

It remains unclear whether the covalent attachment of o-
hydroxyceramide to cornified envelope proteins to form the
cornified lipid envelope (CLE) occur with free o-hydroxycer-
amide (the acylceramide species) and/or with o-hydro-
xyglucosylceramide (Doering et al, 1999a, b; Behne et al,
2000). Since protein-bound epidermal glucosylceramides
accumulate in b-glucocerebrosidase-deficient type 2 Gau-
cher mice (Doering et al, 1999b), it has been speculated that
deglucosylation may normally occur following the forma-
tion of the CLE. In support of this, in the absence of
b-glucocerebrosidase activity, o-hydroxyglucosylceramide
can be covalently linked to the CLE (Behne et al, 2000). In
our study, however, we found that Cer released from
the CLE by alkaline treatment following a single UVB expo-
sure includes only o-hydroxyceramide, not o-hydro-

xyglucosylceramide. Since b-glucocerebrosidase activity
is significantly diminished in the epidermis following UVB
irradiation,1 the interrupted deglucosylation of o-hydro-
xyglucosylceramide or acylglucosylceramide may affect the
synthesis of covalently bound Cer, although the precise
roles of glucosylation and deglucosylation in the formation
of the CLE remain unclear. This contrasts with the important
role of glucosylation and deglucosylation in the formation of
acylceramide (Takagi et al, 2004).

There has been speculation that acylglucosylceramide
exists as a common precursor within lamellar granules (in
which it serves as an assembly molecule (Landmann et al,
1984)) for both covalently bound Cer and acylceramide
(Hamanaka et al, 2002). The fact that significant decreases
in covalently bound Cer occur in concert with significant
increases in acylceramides following UVB irradiation may
be accounted for by the following mechanism: (1) the con-
version of acylglucosylceramides to covalently bound Cer
may be mediated via a putative pathway where a non-spe-
cific esterase is required to produce o-hydroxyglucosylcer-
amide, which is a substrate for TGase. (2) UVB irradiation
might affect the activity of TGase to interrupt the conversion
of acylglucosylceramide through o-hydroxyglucosylcer-
amide to covalently bound Cer. (3) This interruption may
then result in the accumulation of acylglucosylceramide as
well as in a preferential switch toward the biosynthesis of
acylceramide, which leads to the increase in acylceramide
level. Even if the pool of o-hydroxyglucosylceramide was
increased by the diminished conversion to covalently bound
Cer, it is plausible that o-hydroxyglucosylceramide gener-
ated from acylglucosylceramide by a non-specific esterase
is easily converted again to acylglucosylceramide by acyl-
transferase.

It seems reasonable to assume that several factors other
than the decreased levels of covalently bound Cer can
contribute to the UVB-induced barrier perturbation. Thus,
we have recently found that the decrease in b-glucocer-
ebrosidase enzymatic activity in the epidermis was also
significantly reduced by UVB irradiation, which correspond-
ed to a significant increase in TEWL at days 1–2 post-irra-
diation.1 Nevertheless, our results collectively suggest the
possibility that the decreased levels of covalently bound Cer
in the stratum corneum are mediated via epidermal hype-
rplasia and decreased expression of TGase 1, and are at-
tributable to the perturbation of the skin barrier induced by
UVB irradiation.

Materials and Methods

Animals Hairless male mice (Hr/Hr) or female BALB/c mice were
purchased from Charles River Japan, Inc. (Kanagawa, Japan). All
animals were 8–12-wk old at the time of study. A single dose of
UVB (290–320 nm) was administered using a Toshiba FL20S �E
sunlamp (Toshiba, Tokyo, Japan) to shaved or unshaved dorsal
skin. Transepidermal water loss (TEWL) was measured with an
electrolytic water analyzer (Meeco, Warrington, Pennsylvania) to
characterize epidermal barrier function.

Figure 11
Ceramide (Cer) levels in hyperproliferating epidermis. Unbound Cer
levels did not change in the stratum corneum of hyperproliferating
epidermis induced by tape stripping or by sodium dodecyl sulfate
(SDS) treatment. SDS, continuous SDS treatment; TS, tape stripping.
Mean � SD, n¼3.

1Takagi Y, Nakagawa H, Yaginuma T, Takema Y, Imokawa G.
UVB irradiation decrease b-glucocerebrosidase activity in murine
epidermis. 2004, In preparation.
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Extraction of lipids from the stratum corneum Unbound lipids
were extracted by a modification of the Bligh/Dyer method (Bligh
and Dyer, 1959) as follows. Skin samples were excised from the
back of euthanized mice (Hr/Hr) and the subcutaneous tissue was
removed by scraping with a scalpel blade, as described previously
(Holleran et al, 1992). Epidermal sheets were obtained from the
skin samples by exposure to dry heat (601C for 60 s) and gentle
scraping with a scalpel blade. Stratum corneum sheets were ob-
tained from epidermal sheets by trypsinization (0.5% in phosphate-
buffered saline (PBS) without calcium or magnesium, pH 7.4) at
371C for 1 h. Following freeze drying and weighing, tissues were
soaked in Bligh/Dyer solution (chloroform:methanol:H2O¼ 2:4:1.6
mL) for 16 h at room temperature and then homogenized using
a glass homogenizer. After removal of residue by centrifugation,
2 mL chloroform and 2 mL H2O were added, and the lower phase
was concentrated by nitrogen gas and served as the unbound
lipid sample. The removed residue of stratum corneum was sub-
sequently saponified in 500 mL 1 N NaOH in 90% methanol at
801C for 2 h to release the lipids covalently bound to the stratum
corneum by ester-like bonds (Serizawa et al, 1993). Following
removal of the residue by centrifugation and neutralization
with HCl, 2.5 mL chloroform and 2.5 mL H2O were added and
the mixture was shaken vigorously. The lower phase was con-
centrated by nitrogen gas and served as the ester-bound lipid
sample.

High-performance thin-layer chromatography (HPTLC) analy-
sis The dried samples were re-dissolved in chloroform/methanol
(2/1) solvent and fractionated by HPTLC on 20 � 10 cm plates
(Silica gel 60, Merck, Darmstadt, Germany). Cers were developed
twice over 9 cm with chloroform/methanol/acetic acid (190:9:1 vol)
followed over 2.5 cm with chloroform/methanol/acetone (76:20:4
vol) (Ponec et al, 1988; Holleran et al, 1993). Cholesterol and FFA
were separated with hexane/ether/acetic acid (80:20:2 vol). After
the final solvent run, the dried plates were dipped in acetic acid/
sulfuric acid/H2O (50:10:95 vol) and were charred at 1801C for 15
min. The plates were scanned and analyzed using a Densitometer
(Lane Spot Analyzer, Atto, Japan). Cer (NS) and Cer (AS) was used
as standard Cer, and palmitic acid was used as the standard FFA.

RT-PCR analysis of mRNA transcripts for TGase 1 Murine
(BALB/c) skin was excised and incubated in PBS containing 2 M
NaBr at room temperature for 30 min, after which the epidermis
was peeled away from the dermis. Total cellular RNAs were pre-
pared from the epidermis by the standard acid guanidium phenol–
chloroform method (Chomczynski and Sacci, 1987). The epidermis
was homogenized with a manual plastic homogenizer. The RNAs
were analyzed for specific gene expression by RT-PCR using an
RNA PCR Kit (Takara Shuzo Co., Osaka, Japan) and oligo d(T)18

(New England Biolabs, Inc., Beverley, Massachusetts). For PCR, a
total of 20–35 cycles was used; each cycle included denaturation
for 1 min at 941C, re-annealing for 2 min at 651C and extension for
1.5 min at 721C. PCR primers used in this study are summarized in
Table II. PCR products were analyzed with a digital fluorodensito-
meter (FM-BIO100, Hitachi Software Engineering Co., Kanagawa,
Japan) after agarose gel electrophoresis and ethidium bromide

staining. All RNA samples were tested for integrity and quantity
by RT-PCR using glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) primers (Table II). For quantitative precision, 40 ng of
total RNA was consistently used for each expression analysis, and
its amplification kinetics were monitored for PCR by examining
aliquots of the products on gels. Amounts of the PCR products
were compared during the cycle where the logarithmic amplifica-
tion was attained before reaching saturation (Kondo et al, 1994). In
each electrophoresis run, intra- and inter-gel staining homogeneity
was confirmed by staining intensity of molecular weight markers at
both ends of the gels.

Epidermal hyperplasia The effects of UVB irradiation on epider-
mal hyperplasia were evaluated by measuring the thickness of the
epidermis, excluding the stratum corneum. Murine dorsal skin was
biopsied, fixed in 10% formaldehyde, and stained with hematoxylin
and eosin to measure the epidermal thickness. The thickness of
the Malpighian layer of the epidermis, namely the distance from the
dermis/epidermis interface to the junction between the granular
and the keratin layers, was measured microscopically at more than
200 sites per section using a Leica Q500 microscope (Leica Mi-
crosystems AG, Wetzlar, Germany).

Other treatments

Cumulative SDS treatment Murine (Hr/Hr) dorsal skin was gently
rubbed once a minute with a cotton ball soaked in 2% SDS so-
lution for 5 min, and then rinsed off with distilled water. Following 4
continuous days of treatment, intercellular lipids in the stratum
corneum were analyzed as described above.

Tape stripping The stratum corneum was removed from murine
(Hr/Hr) dorsal skin by repeated application of adhesive tape (CP-
10, Nichiban Co. Ltd, Tokyo, Japan). Four days later, intercellular
lipids level was analyzed as described above.

Statistical analysis A non-parametric one-way ANOVA (Kruskal–
Wallis) test was used to evaluate differences between groups.
Where appropriate, a non-parametric post hoc multiple compar-
ison test (Steel–Dwass test) was performed to evaluate differences
between the groups. A p value o0.05 was considered statistically
significant.

DOI: 10.1111/j.0022-202X.2004.23491.x

Manuscript received March 24, 2004; revised June 17, 2004; accepted
for publication July 3, 2004

Address correspondence to: Genji Imokawa, PhD, Kao Biological Sci-
ence Laboratories, 2606 Akabane, Ichikai-machi, Haga, Tochigi 321-
34, Japan. Email: imokawag@dream.ocn.ne.jp

References

Abe T, Mayuzumi J: The change and recovery of human skin barrier functions

after ultraviolet light irradiation. Chem Pharm Bull (Tokyo) 27:458–462,

1979

Table II. Oligonucleotides used for PCR analysis in this study

Molecule Primer Sequence (50–30) Product size (bp) Reference

TGase1 50 TGAATAGTGACAAGGTGTACTGGCA 524 Phillips et al (1990)

30 GTGGCCTGAGACATTGAGCAGCAT

G3PDH 50 TGAAGGTCGGTGTGAACGGATTTGGC 983 Sabath et al (1990)

30 CATGTAGGCCATGAGGTCCACCAC

TGase1, transglutaminase; G3PDH, glyceraldehyde-3-phosphate dehydrogenase.

1108 TAKAGI ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY



Behne M, Uchida Y, Seki T, de Montellano PO, Elias PM, Holleran WM: Omega-

hydroxyceramides are required for corneocyte lipid envelope (CLE) for-

mation and normal epidermal permeability barrier function. J Invest

Dermatol 114:185–192, 2000

Bernerd F, Asselineau D: Successive alteration and recovery of epidermal dif-

ferentiation and morphogenesis after specific UVB-damages in skin re-

constructed in vitro. Dev Biol 183:123–138, 1997

Bissett DL, Hannon DP, Orr TV: An animal model of solar-aged skin: Histological,

physical, and visible changes in UV-irradiated hairless mouse skin. Pho-

tochem Photobiol 46:367–378, 1987

Bligh EG, Dyer WJ: A rapid method of total lipid extraction and purification. Can J

Med Sci 37:911–917, 1959

Chomczynski P, Sacci N: Single-step method of RNA isolation by acid

guanidinium thiocyanate–phenol–chloroform extraction. Anal Biochem

162:156–159, 1987

Doering T, Holleran WM, Potratz A, Vielhaber G, Elias PM, Suzuki K, Sandhoff K:

Sphingolipid activator proteins are required for epidermal permeability

barrier formation. J Biol Chem 274:11038–11045, 1999a

Doering T, Proia RL, Sandhoff K: Accumulation of protein-bound epidermal

glucosylceramides in beta-glucocerebrosidase deficient type 2 Gaucher

mice. FEBS Lett 447:167–170, 1999b

Elias PM: Epidermal lipids, barrier function, and desquamation. J Invest Dermatol

80 (Suppl.):44s–49s, 1983

Elias PM, Friend DS: The permeability barrier in mammalian epidermis. J Cell Biol

65:180–191, 1975

Farrell AM, Uchida Y, Nagiec MM, Harris IR, Dickson RC, Elias PM, Holleran WM:

UVB irradiation up-regulates serine palmitoyltransferase in cultured hu-

man keratinocytes. J Lipid Res 39:2031–2038, 1998

Gray GM, White RJ, Williams RH, Yardley HJ: Lipid composition of the superficial

stratum corneum cells of pig epidermis. Br J Dermatol 106:59–63, 1982

Grubauer G, Feingold KR, Harris RM, Elias PM: Lipid content and lipid type as

determinants of the epidermal permeability barrier. J Lipid Res 30:89–96,

1989

Hamanaka S, Hara M, Nishio H, Otsuka F, Suzuki A, Uchida Y: Human epidermal

glucosylceramides are major precursors of stratum corneum ceramides.

J Invest Dermatol 119:416–423, 2002

Haratake A, Uchida Y, Mimura K, Elias PM, Holleran WM: Intrinsically aged ep-

idermis displays diminished UVB-induced alterations in barrier function

associated with decreased proliferation. J Invest Dermatol 108:319–323,

1997a

Haratake A, Uchida Y, Schmuth M, et al: UVB-induced alterations in permeability

barrier function: Roles for epidermal hyperproliferation and thymocyte-

mediated response. J Invest Dermatol 108:769–775, 1997b

Hirao T, Denda M, Takahashi M: Identification of immature cornified envelopes in

the barrier-impaired epidermis by characterization of their hydrophobicity

and antigenicities of the components. Exp Dermatol 10:35–44, 2001

Holleran WM, Man MQ, Gao WN, Menon GK, Elias PM, Feingold KR:

Sphingolipids are required for mammalian epidermal barrier function. In-

hibition of sphingolipid synthesis delays barrier recovery after acute per-

turbation. J Clin Invest 88:1338–1345, 1991

Holleran WM, Takagi Y, Imokawa G, Jackson S, Feingold KR, Elias PM:

b-Glucocerebrosidase activity in murine epidermis: Characterization and

localization in relationship to differentiation. J Lipid Res 33:1201–1209, 1992

Holleran WM, Takagi Y, Menon GK, Legler G, Feingold KR, Elias PM: Processing

of epidermal glucosylceramide is required for optimal mammalian cuta-

neous permeability barrier function. J Clin Invest 91:1656–1664, 1993

Holleran WM, Uchida Y, Halkier-Sorensen L, Haratake A, Hara M, Epstein JH,

Elias PM: Structural and biochemical basis for the UVB-induced altera-

tions in epidermal barrier function. Photodermatol Photoimmunol Photo-

med 13:117–128, 1997

Imokawa G, Abe A, Jin K, Higaki Y, Kawashima M, Hidano A: Decreased level of

ceramides in stratum corneum of atopic dermatitis: An etiologic factor in

atopic dry skin? J Invest Dermatol 96:523–526, 1991

Imokawa G, Takema Y, Yorimoto Y, Tsukahara K, Kawai M, Imayama S: Degree of

ultraviolet-induced tortuosity of elastic fibers in rat skin is age dependent.

J Invest Dermatol 105:254–258, 1995

Kondo H, Ichikawa Y, Nakamura K, Tsuchiya S: Cloning of cDNA for new sub-

types of murine low-affinity Fc receptor for IgE (FcRII/CD23). Int Arch

Allergy Immunol 105:38–48, 1994

Kuramoto N, Takizawa T, Takizawa T, Matsuki M, Morioka H, Robinson JM,

Yamanishi K: Development of ichthyosiform skin compensates for de-

fective permeability barrier function in mice lacking transglutaminase 1.

J Clin Invest 109:243–250, 2002

Lamaud E, Schalla W: Influence of irradiation on penetration of hydrocortisone.

In vivo study in hairless rat skin. Br J Dermatol 111:152–157, 1984

Landmann L: Epidermal permeability barrier: Transformation of lamellar granule-

disks into intercellular sheets by a membrane-fusion process, a freeze-

fracture study. J Invest Dermatol 87:202–209, 1986

Landmann L, Wertz PW, Downing DT: Acylglucosylceramide causes flattening

and stacking of liposomes. An analogy for assembly of the epidermal

permeability barrier. Biochim Biophys Acta 778:412–418, 1984

Macheleidt O, Kaiser HW, Sandhoff K: Deficiency of epidermal protein-bound

omega-hydroxyceramides in atopic dermatitis. J Invest Dermatol 119:

166–173, 2002

Makki S, Barbenel JC, Agache P: A quantitative method for the assessment of

the microtopography of human skin. Acta Derm Venereol 59:285–291,

1979

Marekov LN, Steinert PM: Ceramides are bound to structural proteins of

the human foreskin epidermal cornified cell envelope. J Biol Chem

273:17763–17770, 1998

McAuliffe DJ, Blank IH: Effects of UVA (320–400 nm) on the barrier characteristics

of the skin. J Invest Dermatol 96:758–762, 1991

Meguro S, Arai Y, Masukawa K, Uie K, Tokimitsu I: Stratum corneum lipid ab-

normalities in UVB-irradiated skin. Photochem Photobiol 69:317–321,

1999

Meguro S, Arai Y, Masukawa Y, Uie K, Tokimitsu I: Relationship between co-

valently bound ceramides and transepidermal water loss (TEWL). Arch

Dermatol Res 292:463–468, 2000

Nemes Z, Marekov LN, Fesus L, Steinert PM: A novel function for transgluta-

minase 1: Attachment of long-chain omega-hydroxyceramides to in-

volucrin by ester bond formation. Proc Natl Acad Sci USA 96:8402–8407,

1999

Phillips MA, Stewart BE, Qin Q, Chakravarty R, Floyd EE, Jetten AM, Rice RH:

Primary structure of keratinocyte transglutaminase. Proc Natl Acad Sci

USA 87:9333–9337, 1990

Ponec MA, Weerheim A, Kempenaar J, Mommass A-M, Nugteren DA: Lipid

composition of cultured human keratinocytes in relation to their differen-

tiation. J Lipid Res 29:949–961, 1988

Sabath DE, Broome HE, Prystowsky MB: Glyceraldehyde-3-phosphate de-

hydrogenase mRNA is a major interleukin 2-induced transcript in a cloned

T-helper lymphocyte. Gene 91:185–191, 1990

Seidl E: On the effectiveness of different UV rays on erythema and pigmentation.

Strahlentherapie 121:450–463, 1963

Serizawa S, Ito M, Hamanaka S, Otsuka F: Bound lipids liberated by alkaline

hydrolysis after exhaustive extraction of pulverized clavus. Arch Dermatol

Res 284:472–475, 1993

Solomon AE, Lowe NJ: Percutaneous absorption in experimental epidermal dis-

ease. Br J Dermatol 100:717–722, 1979

Swartzendruber DC, Wertz PW, Madison KC, Downing DT: Evidence that the

corneocyte has a chemically bound lipid envelope. J Invest Dermatol

88:709–713, 1987

Takagi Y, Nakagawa H, Matsuo N, Nomura T, Takizawa M, Imokawa G: Biosyn-

thesis of acylceramide in murine epidermis: Characterization by inhibition

of glucosylation and deglucosylation, and by substrate specificity. J In-

vest Dermatol 122:722–729, 2004

Wei YD, Rannug U, Rannug A: UV-induced CYP1A1 gene expression in human

cells is mediated by tryptophan. Chem Biol Interact 118:127–140,

1999

Wertz PW, Downing DT: Covalent attachment of omega-hydroxyacid derivatives

to epidermal macromolecules: A preliminary characterization. Biochem

Biophys Res Commun 137:992–927, 1986

DECREASE IN COVALENTLY BOUND CERAMIDE INDUCED BY UVB 1109123 : 6 DECEMBER 2004


