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Atopic dermatitis in dogs is associated with a high heterogeneity
in the distribution of protein-bound lipids within the stratum
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Abstract The stratum corneum (SC) was taken from five
atopic dogs by tape stripping (12 strips) of non-lesional
areas of the abdomen. The free and protein-bound lipids
were extracted and analyzed by thin-layer chromatography
after fractionation on aminopropyl-bonded silica gel col-
umns. A very frequent feature was the heterogeneity in the
lipid content of consecutive layers. This was even more
accentuated for the covalently bound lipids, with variations
from one layer to another in the concentrations of choles-
terol, omega hydroxylated ceramides and omega hydrox-
ylated long-chain fatty acids. Among the free lipids, large
amounts of glucosylceramides were present in canine ato-
pic SC although they are nearly absent from the SC of
normal dogs. A heterogeneous distribution of lipids was
seen in canine atopic SC. These results suggest that strik-
ingly deep variations occur in the lipid metabolism of
keratinocytes in the skin of atopic dogs. In order to gain
insight into this phenomenon, further studies should be
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focused on the activity of enzymes involved in both bio-
synthetic and catabolic processes.
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Introduction

The stratum corneum, the outermost layer of the epidermis,
plays a key role in the skin barrier protecting from envi-
ronmental damage and transepidermal water loss. In
patients with atopic dermatitis (AD), the stratum corneum
becomes susceptible to allergen penetration, and hydration
is reduced because of water loss through the epidermis. The
skin barrier dysfunction is also associated with an impaired
differentiation of keratinocytes and with immune abnor-
malities, leading to local inflammatory responses. The
onset of AD has been linked to different inherited genetic
alterations mechanisms such as loss-of-function mutations
in the filaggrin gene [18] resulting in lowered levels of the
cornified envelope protein. Another putative mutation
concerns a gene that encodes a serine protease inhibitor [5],
leading to the proteolysis of enzymes involved in the bio-
synthesis of epidermal lipids [1].

Lipid abnormalities in human atopic skin have been well
documented with several papers reporting that atopic SC
(stratum corneum) has a lowered content of free ceramides [3,
8, 9, 13, 29]. A markedly reduced level in protein-bound
omega-hydroxyceramides has also been shown in atopic
human epidermis [11]. These covalently bound ceramides that
were first described in 1989 by Wertz et al. [29] are believed to
be of major importance for an efficient barrier function of skin
[13], and their deficiency is likely to account for the aberrant
lipid organization of atopic stratum corneum [18].
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We have recently reported that canine SC has a cera-
mide profile qualitatively very close to the human one for
both free ceramides and covalently bound species [20], and
we have also shown that the three protein-bound ceramide
species containing long-chain omega hydroxy fatty acids
(CerOS, CerOH and CerOP) are present in dog skin
although their relative concentrations differ somewhat
from those found in humans [7].

The clinical features of atopic dermatitis in dogs share
many similarities with the human disease [4]. It was thus of
interest to perform a detailed study of the lipid composition
of the SC of atopic dogs. Although two recent studies
showed a decreased content of free ceramides in the SC of
atopic dogs [22, 25], the cyanoacrylate method used by the
authors to take the SC was not suitable to extend their
investigations to the covalently bound ceramides. We
report here the complete analysis of free and protein-bound
lipids of non-lesional SC of atopic dogs, using tape strip-
ping as in our previous study to take SC samples.

Materials and methods
Dog population

The clinical criteria for diagnosis of atopic dermatitis on
dogs and the assessment of the clinical severity have been
detailed in a previous publication [17]. Dogs were patients
at the Dermatology Clinic of the National Veterinary
School of Lyon. Five dogs were selected for the study. The
five healthy dogs that were used as controls were breed-
and age-matched. Dogs were neither washed with shampoo
nor treated with creams for 2 weeks before tape stripping.

Materials

All solvents were of analytical grade and were purchased
from Carlo-Erba (Peypin, France). Solid phase extraction
aminopropyl-bonded silica gel columns (Supelclean LC-
NH2 columns containing 500 mg bed weight in 3 ml vol-
ume) were from Supelco (L’Isle d’Abeau, France). Alu-
minum-backed HPTLC plates were from Merck
(Darmstadt, Germany). Standard ceramides Cer NS and
Cer AS (nomenclature according to Motta et al. [15]) were
from Matreya (Pleasant Gap, PA, USA). All other standard
lipids were from Sigma (L’Isle d’Abeau, France).

Tape stripping
Tape stripping using 3 M Magic Tape (Dominique Dut-
scher, Strasbourg, France) was carried out in non-lesional

areas on the abdomen of the five dogs after cutting out the
hair with scissors. Precut strips (5 cm x 1.8 cm) were
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applied on the skin with pressure and removed with
tweezers. After 12 consecutive strips were taken, the
stripped areas became shiny. Wherever possible, moder-
ately inflammatory lesional areas were also stripped.

Lipid extraction

As previously described [20], each tape was placed in a
glass tube containing 10 ml of n-hexane—isopropanol 4:1
(v/v), and the tubes were sonicated on ice for 5 min in a
Bransonic 220 bath sonicator (Branson, Paris, France).
After sonication, the tapes were removed, and the tubes
were centrifuged for 10 min at 1,500xg to recover the
corneocytes. Following centrifugation, the supernatants
were discarded, and the corneocytes were extracted at room
temperature for 1 h in 6 ml of chloroform—methanol 2:1 (v/
v) with shaking. After centrifugation for 10 min at
1,500 x g, the supernatants were transferred to 25 ml flasks,
and the pellets were extracted a second time with chloro-
form—methanol, then a third time with methanol only. The
extracts were pooled and evaporated under reduced pres-
sure at 50°C with a rotary evaporator Rotavapor R111
(Biichi, Paris, France). The lipid residues were taken up
with 0.5 ml of diethylether.

Following extensive solvent extraction of the free lipids,
protein-bound lipids were released from the cell pellet
residues left in the glass tubes by mild saponification with
3 ml of KOH 0.1 N in methanol-water 10:1 (v/v) for 2 h at
50°C [27]. After neutralization with HCI 1 N, the protein
residue was collected by centrifugation for 10 min at
2,000x g and assayed by the Coomassie blue method [31].
The supernatants were partitioned to remove the salts after
addition of 2 ml of distilled water, then 3 ml of chloroform
to the neutralized solution. After thorough shaking, the
tubes were centrifuged for 5 min at 2,000xg. The upper
(aqueous) phases containing the salts were discarded, and
the lower (organic) phases containing the lipids recovered
by saponification were dried off under nitrogen. The lipid
residues were taken up in 0.5 ml of diethylether.

Lipid analysis

The lipids were applied in 0.5 ml diethylether onto a LC-
NH2 silica gel column, and the different classes were
eluted as previously described [19]. Accordingly, the
sequence of elution was as follows: fraction 1 (neutral
lipids) with 3 ml of diethylether, fraction 2 (ceramides)
with 3 ml of chloroform—methanol 23:1 (v/v), fraction 3
(fatty acids) with 5 ml of diisopropyl ether—acetic acid 98:4
(v/v), fraction 4 (neutral glycolipids) with 3 ml of acetone—
methanol 9:1.2 (v/v), fraction 5 (neutral phospholipids)
with 5 ml of chloroform—methanol 2:1 and fraction 6
(anionic lipids) with 5 ml of ammonium acetate 0.2 M in
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methanol. All fractions were evaporated to dryness under
nitrogen and taken up in chloroform—methanol 2:1 (v/v).
Aliquots of fractions 2 and 4 containing, respectively,
ceramides and glucosylceramides from each strip were
pooled and dried. Then acid hydrolysis was used to release
the long-chain bases that were assayed by the fluoresca-
mine method [16] to allow quantification of sphingolipids.
Aliquots of fractions 1 (cholesterol) and 3 (fatty acids)
were pooled and quantified by scanning densitometry after
thin-layer chromatography along with known amounts of
standards to establish calibration curves. Lipid samples
were applied on aluminum-backed HPTLC silica gel plates
using a Linomat IV (Camag, Muttenz, Switzerland) under a
flow of nitrogen. The plates were migrated in the following
solvent systems suitable for each lipid class: hexane—
diethylether—acetic acid 70:30:1 (by volume) for neutral
lipids and fatty acids; chloroform—methanol 50:3 (v/v) for
ceramides; chloroform—methanol-water 65:25:4 (by vol-
ume) for neutral glycolipids and phospholipids. Neutral
glycolipids were visualized at 150°C for 30 s after spraying
the plates with an orcinol-sulfuric acid reagent. Phospho-
lipids were visualized at room temperature with a phos-
phorus-specific spray reagent [21]. All other lipids were
visualized by charring for 5 min at 150°C after spraying
with a reagent made of cupric acetate 3% in 8% phosphoric
acid. The distribution of components was determined by
scanning densitometry with a CS-930 Chromatoscan
(Shimadzu, Kyoto, Japan). Quantitative results obtained on
normal and atopic canine SC were compared using Stu-
dent’s ¢ test, P = 0.05 being accepted as significant.

Results

As shown in Table 1, the amounts of proteins taken by tape
stripping in non-lesional areas of atopic dogs SC were not
significantly different from that of normal dogs. The free
lipid contents of normal and atopic dog SC are given in
Table 2. As compared to their respective content in normal
dog SC, cholesterol and fatty acids showed a moderate
(10-15%) decrease in atopic dog SC. Free ceramides were
reduced by 30—40%. However, for glucosylceramides that
were nearly absent in normal dog SC, large amounts were
detected in non-lesional SC of atopic dogs, suggesting a
deficient glucocerebrosidase activity in the skin of atopic
dogs.

The SC content in protein-bound lipids can be seen in
Table 3. Cholesterol, fatty acids and omega hydroxy
ceramides were lowered in atopic dog SC, but the decrease
in the SC of atopic dogs was somewhat higher than that of
free lipids. Cholesterol was reduced by 30%, the fatty acids
decreased by 50%, but only 20% of the normal amount of
omega hydroxyceramides could be found in atopic dog SC.

Table 1 Protein content of strips

Strip number Healthy dogs Atopic dogs
142 96 £ 11 92 £ 12
3+4 105 +£ 12 93+ 12
5+6 96 £+ 10 95 £ 10
7+8 97 £ 13 94 £+ 11
9+ 10 103 £ 15 96 + 12
11+ 12 105 + 14 96 + 13

Values expressed as pg proteins = SD (n = 5) per two strips

Table 2 Free lipids of stratum corneum from normal and atopic dogs

Lipid class Normal dogs Atopic dogs P value
Cholesterol 96 + 28 87 + 31 NS
Fatty acids 115 £ 32 101 + 36 NS
Ceramides 141 £+ 37 112 &+ 43 NS
Glucosylceramides Traces 31 £ 17 <0.01

Cholesterol and fatty acids were assayed by scanning densitometry.
Ceramides and glucosylceramides were assayed with a sphingoid base
assay. Values expressed as g = SD (n = 5) per milligram protein

NS no significant difference

Table 3 Protein-bound lipids of stratum corneum from normal and
atopic dogs

Lipid class Normal dogs Atopic dogs P value
Cholesterol 12+ 8 9+5 NS
Fatty acids 23 £ 12 11+9 <0.05
Ceramides 36 + 10 8§+7 <0.01
Glucosylceramides Traces 8§£8 <0.01

Values expressed as pg + SD (n = 5) per milligram protein. Assays
as in Table 2

NS no significant difference

Interestingly, whereas normal dog SC contained almost no
covalently bound glucosylceramides, significant amounts
were found in atopic dog SC.

The free and covalently bound lipids of SC were ana-
lyzed in depth by thin-layer chromatography. In order to fit
all extracts of each lipid class on a single thin-layer plate,
two consecutive strips were pooled each time before
extraction. Representative analyses are shown in Fig. 1 for
free cholesterol, Fig. 2 for free fatty acids, Fig. 3 for free
ceramides, Fig. 4 for free glucosylceramides, Fig. 5 for
covalently bound cholesterol, Fig. 6 for covalently bound
fatty acids, Fig. 7 for covalently bound ceramides and
Fig. 8 for covalently bound glucosylceramides.

In normal dog SC, as well as in atopic dog SC, the
amounts of free cholesterol in the sequence of strips were
nearly similar (Fig. 1).
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Strip number

142

Fig. 1 High-performance thin-layer chromatography (HPTLC) of
free cholesterol from atopic dog SC taken by tape stripping (tapes
pooled by two before extraction). Solvent system: hexane—diethyl-
ether—acetic acid 70:30:1 (by volume). Visualization with 3% cupric

- -aawm-

5¢+6 748 9410 11+12 Std
Strip number

142 3+4

acetate in 8% phosphoric acid 10 min at 150°C. a Normal dog; b non-
lesional area of atopic dog. Chol cholesterol, Std standard mixture of
neutral lipids

Fig. 2 HPTLC of free fatty A
acids from atopic dog SC taken '
by tape stripping (tapes pooled Normal FA % Q & . ’ ’
by two before extraction). . g a ‘ . .
Solvent system and
visualization as in Fig. 1.
a Normal dog; b non-lesional -
area of atopic dog. Normal FA - |
normal fatty acids, Std standard
mixture of cholesterol and
normal fatty acids Std 142 3+4 5+6 T+8 9+10 11+12 Std 142 3+4 5+6 T+8 9+10 11+12
Strip number Strip number
Fig. 3. HPTLC of frf:e CerEOS A‘ = - E B - & = a # CerEOS
ceramides from atopic dog SC CerNS o o
taken by tape stripping (tapes = & e CerNS
pooled by two before ‘ ‘,l ! ‘ -
extraction). Solvent system: CerNP -
chloroform—methanol 50:3 (v/ .
v). Visualization as in Fig. 1. Cer AS - a . - - CerNP
a Normal dog; b non-lesional . = ’ - . ’ ! '
area of atopic dog. Std standard CerAS
Cer NS (upper spot) and Cer AS 'R B
(lower spot), Stdl Cer AS, Std2 142 344 5+¢6 T7+8 9410 11+12Std  Std1 1+2 3+4 5+6 T7+8 9+10 11+12 Std2
Cer NS Strip number Strip number
A BYY AcylGlcCer
GlcCer
- e gy e
. LacCer

-
-

142 3+4 5+6 7+8 9+10 11+12 Std 142

Strip number

Fig. 4 HPTLC of free glucosylceramides from atopic dog SC taken
by tape stripping (tapes pooled by two before extraction). Solvent
system: chloroform—methanol-water 65:25:4 (by volume). Visuali-
zation with orcinol-sulfuric acid for 1 min at 120°C. a Normal dog;
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3+4 5+6 T+8 9+10 11+12 Std
Strip number

b non-lesional area of atopic dog. GlcCer glucosylceramides, LacCer
lactosylceramides, Std standard mixture of glucosylceramides and
lactosylceramides
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Fig. 5 HPTLC of protein- A
bound cholesterol from normal

and atopic dog SC taken by tape

stripping (tapes pooled by two

-
-

before extraction). Solvent Chol
system and visualization as in - - .
Fig. 1. a Normal dog; b non-
lesional area of atopic dog. Chol
cholesterol, Std standard .
mixture of neutral lipids Std 142 3+4 546 T7+8 9+10  Std 142 3+4 5¢6 7+8 9+10 11+12
Strip number Strip number
A B
FA
-—
- -
wOH FA ———

Std 1+2 3+4 5+6 7+8 9+10 11+12 St;1+2 3+4 5+6 7+8 9+10 11+12

Strip number

Fig. 6 HPTLC of protein-bound fatty acids from normal and atopic
dog SC taken by tape stripping (tapes pooled by two before
extraction). Solvent system and visualization as in Fig. 1. a Normal

Fig. 7 HPTLC of protein- A
bound ceramides from atopic
dog SC taken by tape stripping Cer 03 . ol
(tapes pooled by two before
extraction). Solvent system and
visualization as in Fig. 3.

a Normal dog; b atopic dog
non-lesional area. Std standard
ceramide AS

Fig. 8 HPTLC of protein- A
bound glucosylceramides from
atopic dog non-lesional SC
taken by tape stripping (tapes
pooled by two before
extraction). Solvent system and
visualization as in Fig. 4.

a Normal dog; b atopic dog
non-lesional area. GlcCer
glucosylceramides, LacCer
lactosylceramides, Std standard
mixture of glucosylceramides

and lactosylceramides strip number

The free fatty acids were not homogeneously distributed
in the consecutive layers of atopic dog SC (Fig. 2b),
whereas fatty acids were found in equal amounts in all
layers of normal dog SC (Fig. 2a).

As previously published [20], the pattern of free
ceramides in dog SC is close to the well-documented one
of humans. Figure 3 shows that the ceramide profile in

Std 1+2 3+4 546 7+8 9+10 11+12
Strip number

142 3+4 5+6 7+8 9+10 11+12 Std

Strip number

dog; b non-lesional area of atopic dog. FA normal fatty acids,
wOH FA omega-hydroxy long-chain fatty acids, Std standard mixture
of cholesterol and normal fatty acids

B
‘ Cer OS

1+2 3+4 5+6 T7+8 9+10 11+12 Std
Strip number

GlcCer

- W= LacCer
-

1+2 3+4 5+6 7+8 9+10 11+12 Std
strip number

atopic canine SC is slightly different from the normal dog
SC that has more Cer AS in the upper layers. Moreover,
Cer EOP and Cer AH were barely detectable in atopic
dogs.

Free glucosylceramides are almost absent from normal
dog SC (Fig. 4). However, large amounts of glucosyl-
ceramides were found in all layers of atopic dog SC
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(Fig. 4b), and some acylglucosylceramides could be seen,
migrating above glucosylceramides.

Protein-bound cholesterol has been already reported in
human skin [24]. Even after repeated extraction of the free
lipids, some covalently bound cholesterol was constantly
found in this study of dog SC. In normal dog SC, the
amount was evenly distributed in the consecutive layers
(Fig. 5a), but in atopic dogs, there was a striking hetero-
geneity. In non-lesional areas, 5 + 6 layers were much
more enriched (Fig. 5b). A similar phenomenon could be
seen for protein-bound fatty acids that were evenly present
in normal dog SC (Fig. 6a), whereas their concentration in
atopic dog SC was lowered in one sample out of two
(Fig. 6b). An additional interesting feature was the very
low proportion of omega hydroxy fatty acids in atopic SC.

Whereas human SC contain mostly Cer OS and Cer OH
as protein-bound ceramides, with Cer OP as a minor
component, we recently identified Cer OS and Cer OP as
protein-bound omega hydroxy ceramides that are evenly
distributed in all layers of normal dog SC [20]. Their
content in atopic dog SC is strongly reduced (Table 3), and
it can be seen in Fig. 7 that Cer OS, which accounts for
about 75% of the total omega hydroxy ceramides in normal
dog SC [20], is the only species of omega hydroxy cera-
mides present in atopic dog SC. Moreover, the distribution
of these ceramides in the layers of SC shows the same
marked heterogeneity than protein-bound fatty acids. In the
consecutive layers of atopic SC, the omega hydroxy cera-
mides are absent in one sample out of two (Fig. 7b).

As well as cholesterol, glucosylceramides were not
expected in the lipids released by alkaline treatment of SC
following extensive solvent extraction of free lipids, and
they were indeed barely detectable in normal dog skin.
However, these sphingolipids were present in significant
amounts in all layers of atopic dog SC (Fig. 8b). Omega-
hydroxy glucosylceramides were never seen in any of our
lipid analyses of canine atopic SC.

Discussion

Several different methods have been used to extract and to
assay the free lipids of normal and atopic human SC,
making uneasy any comparison of data regarding the actual
concentration of each lipid class in this tissue [1, 9, 12, 23].
In the few studies investigating the lipids of atopic dog SC
[22, 25], data were given as percentages of lipids visualized
on thin-layer plates.

The total amount of lipids in canine SC was slightly
reduced in atopic dogs, with a marked decrease in the
proportion of ceramides, as already described in recently
published studies [22, 25]. Moreover, as also shown by
Reiter et al. [22], the cholesterol:ceramide ratio was higher
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in atopic dog SC (0.78 in uninvolved areas vs. 0.82 in
lesional areas) with respect to normal dogs (0.68). In
human atopic SC, a similar increase of cholesterol:cera-
mides ratio was reported [3]. The alterations in the patterns
of ceramides in atopic dog skin showing a near absence of
Cer EOP (Fig. 2a, b) are consistent with the data of Reiter
et al. [22] reporting a significant decrease of Cer EOS and
Cer EOP in non-lesional atopic dog skin. In human atopic
skin, a lower amount of Cer EOS was described [9, 30].
Very recently, a strong decrease in both Cer EOS and Cer
EOH was shown in human atopic SC [10].

Although no correlation has been established so far in
human atopic dermatitis, a ceramide decrease in atopic skin
was reported in several other studies on human patients [9,
10, 14, 30]. This could well be related to the concomitant
increase of glucosylceramides shown in our study of atopic
dog SC. The presence of large amounts of glucosylcera-
mides in atopic dog SC is a feature that was never reported
in dogs although unidentified peaks near the origin in
chromatograms published by Shimada et al. [25] on atopic
dog SC could be accounted for by such glycosphingolipid
species. In humans suffering of atopic dermatitis, gluco-
sylceramides have never been shown in the SC. The
presence of glucosylceramides suggests an abnormal lipid
processing in atopic dog SC resulting from a deficiency in
the activity of beta-glucocerebrosidase that was already
shown in human atopic skin [2].

The amount of glucosylceramides appearing in atopic
dog SC is roughly equal to the decrease in ceramides. It is
therefore likely that in dog skin, glucosylceramides are
precursors of stratum corneum ceramides, as demonstrated
in human epidermis [6], and that the drop in ceramides
seen in our study results from a deficient beta-glucocere-
brosidase activity leading to a storage of unprocessed
glucosylceramides. This enzyme has been shown to be
essential for the formation of an optimal permeability
barrier function of the skin [8]. One possible explanation
for the low activity of beta-glucocerebrosidase suggested
by our findings would be a pH shift of the SC toward
higher values. It is known that in atopic children, the
cutaneous pH is higher than in controls [26], and an
increased pH has been demonstrated to induce the degra-
dation by serine proteases of lipid-processing enzymes
such as beta-glucocerebrosidase in mouse skin [5]. Serine
proteases activated by higher pH are also responsible for
the degradation of corneodesmosomes [5].

Despite their essential contribution to the permeability
barrier function [13], protein-bound lipids of atopic SC
have not received a great deal of attention. In a report by
Macheleidt et al. [11], the authors clearly showed that the
proportion of omega-hydroxyceramides dropped dramati-
cally in human atopic epidermis as compared to the healthy
controls, and these ceramides were almost absent from
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lesional areas. Human skin contains Cer OS and Cer OH as
major species of omega-hydroxyceramides, whereas we
have recently identified Cer OS and Cer OP in canine skin
[20]. The content of omega-hydroxyceramides was dra-
matically lowered in atopic dog SC, and only Cer OS could
be detected (Fig. 7b). The low concentration of bound
omega-hydroxy ceramides Cer OS and Cer OP matched the
drop seen in the corresponding esterified free species Cer
EOS and Cer EOP from which they derive [28]. A decrease
in the total protein-bound fatty acids of atopic dog SC was
noticeable that was mostly accounted for by a strong
reduction in omega-hydroxy long-chain fatty acids
(Fig. 6b), with less changes from the controls in the content
of unhydroxylated fatty acids, as already observed un
human atopic SC [11].

The most striking new finding of the present study is the
peculiar heterogeneity of the distribution of protein-bound
lipids in the consecutive layers of atopic dog SC. Figures 6
and 7 clearly show variations from one layer to another in
the amounts of protein-bound lipids extracted from strips.
Such cycles could reflect inflammatory outbursts that result
in alterations of lipid biosynthesis, leading to barrier dis-
ruptions. In any case, the reduced amount of omega-hy-
droxyceramides in two layers out of four (Fig. 7b) reflects
a profound alteration of stratum corneum integrity. More-
over, it must certainly lead to the disturbed lipid organi-
zation of atopic stratum corneum described by Pilgram
et al. [18].

In order to bring some insight into the relationship
between alterations of lipid patterns and occurrence of
lesions in atopic dog SC, studies are in progress in our
laboratory to assess the modifications of SC lipids induced
through oral and/or topical treatment of atopic dermatitis in
dogs with ceramides and fatty acids. The therapeutical
implications of our findings are the development of new
strategies for barrier repair by lipid replacement. The
efficacy of treatments of atopic dogs with topical applica-
tions of ceramide-based creams and with oral intake of
essential fatty acids is currently evaluated. Similar treat-
ments aimed at human atopic dermatitis are already tested
on patients [27].
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