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A marked decrease in the content of ceramide has been reported in the horny layer of the epidermis in atopic
dermatitis (AD). This decrease impairs the permeability barrier of the epidermis, resulting in the character-
istic dry and easily antigen-permeable skin of AD, since ceramide serves as the major water-holding molecule
in the extracellular space of the horny layer. On the other hand, the skin of such patients is frequently
colonized by bacteria, most typically by Staphylococcus aureus, possessing genes such as those for sphingomy-
elinase, which are related to sphingolipid metabolism. We therefore tried to identify a possible correlation
between the ceramide content and the bacterial flora obtained from the skin of 25 patients with AD versus that
of 24 healthy subjects, using a thin-layer chromatographic assay of the sphingomyelin-associated enzyme
activities secreted from the bacteria. The findings of the assay demonstrated that ceramidase, which breaks
ceramide down into sphingosine and fatty acid, was secreted significantly more from the bacterial flora
obtained from both the lesional and the nonlesional skin of patients with AD than from the skin of healthy
subjects; sphingomyelinase, which breaks sphingomyelin down into ceramide and phosphorylcholine, was
secreted from the bacterial flora obtained from all types of skin at similar levels for the patients with AD and
the healthy controls. The finding that the skin of patients with AD is colonized by ceramidase-secreting bacteria
thus suggests that microorganisms are related to the deficiency of ceramide in the horny layer of the epidermis,
which increases the hypersensitivity of skin in AD patients by impairing the permeability barrier.

In the mammalian epidermis, ceramide is a major end prod-
uct of differentiation, namely the keratinization process, and is
secreted in the extracellular space to form a mantle surround-
ing individual horny (keratinized) cells (19, 26). Such extracel-
lular ceramide, which is arranged in a lamellar structure (11),
is a major determinant of the permeability barrier and the
water reservoir of the skin (18). In addition, it is well known
that ceramide functions as a modulator of cell kinetics in the
cytoplasm and thus is related to proliferation, differentiation,
and apoptosis (6, 11, 25). Ceramidase (CDase), which catalyzes
the cleavage of ceramide to fatty acids and sphingosine, is a
known inhibitor of the protein kinase C. In addition, dendritic
cells reduce their antigen-presenting capacity when the cer-
amide concentration level is high (24). Based on such findings
regarding the roles of ceramide (2), the content of both cer-
amide and sphingosine may play a role in modifying the fea-
tures of the epidermis, including the permeability barrier, im-
mune reaction, and other physical features determined by the
proliferation and differentiation of epidermal keratinocytes.

A ceramide deficiency in the stratum corneum is considered
to be responsible for the characteristic dry skin of patients with
atopic dermatitis (AD) (12, 17, 27). Such dry skin helps ease
the penetration of allergens into the skin through numerous
fissures in the horny layer, giving rise to frequent and potent
allergic responses and resulting in the chronic and recurrent
eczematous skin lesions of AD (5). However, the cause of such
ceramide deficiency has yet to be elucidated.

In a clinical study (14–16), we found the secretory form of
immunoglobulin A to be deficient on the surface of the skin of
patients with AD (16). This finding provides a basis for the

adhesion and proliferation of bacteria on the skin in AD.
Actually, the bacterial count on the skin of AD patients is
about 100- to 1,000-fold higher than that on the skin of healthy
individuals. On the other hand, nearly 90% of patients with
AD are either colonized or infected by Staphylococcus aureus,
a bacterium which is found in only approximately 5% of
healthy subjects (10, 20).

Although S. aureus possesses the sphingomyelinase gene
(SMase) (7), which catalyzes the cleavage of sphingomyelin to
ceramide and phosphorylcholine (21, 28), the SMase activity of
the bacterial flora of the skin of patients with AD has yet to be
investigated. We recently identified a bacterium other than
mammalian cells that is able to produce CDase—the first of its
type reported in a microorganism; this bacterial enzyme hy-
drolyzes various species of ceramides, including those from
human skin (22). In the present study, we thus investigated the
CDase and SMase activities in the bacterial flora obtained
from the skin of patients with AD and compared our findings
with those for the skin of healthy controls. We also performed
the same investigation with the bacterial flora obtained from
the erythematous skin lesions of patients with psoriasis.

MATERIALS AND METHODS

Subjects. We studied 25 Japanese outpatients with AD (13 males and 12
females; mean age, 17.6 years; range, 1 to 33 years) and 24 nonallergic university
students (16 males and 7 females; mean age, 22.0 years). An additional control
group consisted of eight subjects with psoriasis who were inpatients at our
university hospital (males; mean age, 35.4 years; range, 18 to 45). The severity of
AD skin lesions was graded from 1 to 4 (Table 1) based on a modification of the
severity index established by Rajka and Langeland (23). The laboratory findings
for patients with AD showed the following mean values: total immunoglobulin E,
5,917.6 U/ml; leukocytes, 8,164.2/ml; eosinophil, 14.9%.

Sampling of the skin flora. Bacteria were collected from the skin surface by
using cotton-tipped swabs moistened with saline. We rubbed such swabs about 10
to 15 times over the eczematous and the normal-appearing skin of patients with
AD, the erythematous skin lesions of patients with psoriasis, and the normal skin
of healthy controls. The bacteria thus obtained were then multiplied by incubat-
ing each swab in the media described below with suitable substrates.
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Selective culture of bacteria in SM-Cer-PY culture media. The tip of each
swab was incubated at 25°C for 5 days in 500 ml of synthetic medium A (0.5%
peptone yeast, 0.1% extract, 0.5% NaCl, and 0.05% taurodeoxycholic acid [pH
7.2]) (22), which contained 0.045% sphingomyelin and 0.005% ceramide. We
used this medium in an attempt to selectively culture CDase-producing and
SMase-producing bacteria by providing essential substrates (ceramide and sphin-
gomyelin) for the bacteria to degrade.

Ceramide is generated through three metabolic pathways which are regulated
by rate-limiting enzymes: (i) sphingolipid base synthesis serine-palmitoyl trans-
ferase (12); (ii) SMase, which catalyzes the cleavage of sphingomyelin to cer-
amide and phosphorylcholine (21, 28); and (iii) b-glucocerebrosidase, which
breaks glucosylceramide down into ceramide and glucose (13).

Preparation of [14C]ceramide. [14C]ceramide was synthesized by the reverse
hydrolysis reaction of sphingolipid ceramide N-deacylase. In brief, 100 nmol of
[14C]fatty acid was incubated with 200 nmol of sphingosine in the presence of 500
mU of the enzyme in 1 ml of 25 mM phosphate buffer, pH 7.0, containing 0.3%
(wt/vol) Triton X-100. After being incubated at 37°C for 20 h, the reaction
mixture was dried with a Speed Vac concentrator. The unreacted fatty acid or
sphingosine was separated from [14C]ceramide by using the combination of
Sep-Pak Plus Silica, Sep-Pak C18, and Sep-Pak CM cartridges (22).

Assay of CDase and SMase activity. The activity of CDase was measured by
using [14C]ceramide (C16:0, d18:1) as a substrate as follows. First, 100 ml of
culture fluid that had been incubated for 5 days was centrifuged at 15,000 3 g for
5 min. The rest of each culture medium was frozen at 280°C and later was used
to count the bacteria. Thirty-five microliters of the supernatant was recentri-
fuged. Next, 10 ml of the recentrifuged fluid was mixed with 10 ml of 50 mM
NaAacOH, 0.5% Triton X-100 (pH 6.0), and 1 ml of 25 pmol of [14C]ceramide
as the substrate. This mixture was incubated at 37°C for 16 h. Thereafter, the
samples were evaporated, dissolved in 10 ml of chloroform-methanol (2:1 [vol/
vol]), centrifuged at 15,000 3 g for 5 min, and applied to a thin-layer chroma-
tography (TLC) plate that was developed with solvent A (chloroform-methanol-
ammonia, 90:25:0.5 [vol/vol]). The [14C]palmitic acid released by the action of
the enzyme and the remaining [14C]ceramide were separated by TLC and then
analyzed and quantified with an imaging analyzer (BAS Model 1000; Fuji Film,
Tokyo, Japan). The activity of SMase was measured under the same conditions
as those described above, except that choline-radiolabeled [14C]sphingomyelin
was used as the substrate, and TLC was developed with solvent B (chloroform-
methanol-H2O, 2.5:1:1 [vol/vol]) (22).

The numbers of bacteria in each medium were quite similar among the four
groups, and the findings (means 6 standard deviations) were as follows: for
involved skin with AD, (2.51 6 0.64) 3 106/ml; for uninvolved skin with AD,
(2.32 6 0.88) 3 106/ml; for erythematous skin lesions of psoriasis, (2.22 6
0.63) 3 106/ml; for the normal skin of healthy controls, (2.80 6 0.70) 3 106/ml.
The activities of CDase and SMase thus obtained were compared by calculating
the absolute values of degraded substrates according to the number of bacteria
in each sample. The absolute values of the degraded substrates were calculated
in advance by subtracting the values of the naturally degradating substrates when
there were no bacteria in the medium from the values of total radiolabeled
degrading products.

Statistical analysis. The data for the degrading activity were statistically ana-
lyzed by both Dunnett’s method and Spearman’s rank correlation.

Materials. [14C]sphingomyelin and [14C]fatty acids (stearic acid, palmitic acid,
and lauric acid) were purchased from American Radiolabeled Chemicals Inc.
Ceramide, sphingomyelin, and Triton X-100 were purchased from Sigma. Pre-
coated silica gel 60 TLC plates were obtained from Merck. The agar media for
bacterial counts were obtained from Wako. All other reagents were of the
highest purity available.

RESULTS

The activity of bacterial CDase or SMase present in each
culture supernatant made from cotton swabs was determined
by quantifying the reaction product on TLC following incuba-
tion with the medium containing [14C]ceramide or [14C]sphin-
gomyelin. CDase catalyzed the cleavage of [14C]ceramide to

nonradiolabeled sphingosine and 14C-radiolabeled palmitic
acid. We detected clear, relatively thin bands of the reaction
product, which corresponded to palmitic acid, in the lanes of
bacterial enzymes isolated from the lesional and the normal-
appearing skin of patients with AD. However, only a slight
amount of reaction product was seen in the lane representing
the normal skin of healthy subjects and in the lane representing
the erythematous skin lesions of psoriasis (Fig. 1A).

SMase catalyzed the cleavage of [14C]choline-radiolabeled
sphingomyelin to [14C]choline-radiolabeled phosphorylcholine
and ceramide whose composition was not radiolabeled. The
bacterial enzymes isolated from both the lesional and nonle-
sional skin of patients with AD produced a relatively large
amount of phosphorylcholine. Nevertheless, the bands of phos-
phorylcholine were less dense in the lanes of the controls
consisting of normal skin and psoriasis (Fig. 1B).

A statistical analysis of the degrading activity among the
individual groups revealed that both the lesional ([3.51 6
0.12] 3 10221 M/bacterial amount) and nonlesional ([3.59 6
0.15] 3 10221 M/bacterial amount) skin of patients with AD
showed a significantly higher activity of bacterial CDase than
that of the healthy controls ([3.03 6 0.09] 3 10221 M/bacterial

TABLE 1. Grading of the severity of eczema in patients with AD

Grade Type of eczema No. of
patients

1 Dry skin with minimal inflammation 0
2 Localized areas of more extensive inflammation

(four or fewer sites)
9

3 Widespread areas of inflammation with excoriations
and erosions

11

4 Erythroderma (affecting most areas of the body) 5

FIG. 1. Activities of SMase and CDase secreted from bacterial flora. (A)
Degradation of ceramide by CDase is shown as bands of 14C-radiolabeled
palmitic acid on TLC after incubation with a mixture of [14C]palmitic acid-
radiolabeled ceramide and a solution of skin bacteria. (B) Degradation of sphin-
gomyelin by SMase is shown as bands of [14C]choline-radiolabeled phosphoryl-
choline on TLC after incubation with a mixture of [14C]choline-radiolabeled
sphingomyelin and a solution of bacteria. Shown are actuarial enzymes isolated
from skin lesion specimens in patients with AD (lanes 1 and 2), normal-appear-
ing skin of patients with AD (lanes 3 and 4), erythematous skin of patients with
psoriasis (lane 5), and normal skin of healthy control subjects (lane 6). Cer,
ceramide; PA, palmitic acid; SM, sphingomyelin; PC, phosphorylcholine.
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amount, P , 0.05, Dunnett’s method). As for the bacterial
SMase activity, however, no significant difference was found
among the groups studied (involved skin of AD, 3.65 6 0.28;
uninvolved skin of AD, 3.17 6 0.29; control, 3.74 6 0.16; unit,
310221 M/bacterial amount) (Fig. 2). In addition, no signifi-
cant correlation was found between the activity of bacterial
SMase and that of CDase (P 5 0.277, Spearman’s rank corre-
lation method).

We further analyzed the possible correlation between the

enzyme activity and the clinical features of AD. However, no
significant relationship was observed between the severity of
AD and the activity of bacterial SMase or CDase (P values 5
0.8313 and 0.7226, Spearman’s rank correlation method).

DISCUSSION

The present study showed three key finding. (i) CDase-
secreting bacteria were present in the skin of patients with AD,
regardless of the condition of their skin condition. The enzyme
activity was present at similar levels on the skin lesions and the
normal-appearing, nonlesional skin of the patients. (ii) SMase
was secreted relatively strongly from the bacterial flora of both
the AD and healthy skin. (iii) No correlation was found be-
tween the activity of bacterial CDase and that of SMase, sug-
gesting that the enzymes were secreted from different bacteria.
In addition, such enzyme activities appeared to be unrelated to
the severity of AD in the patients in the present study.

The presence of bacterial CDase may thus be one possible
mechanism for the deficiency of ceramides in the stratum cor-
neum of AD skin. Ceramide deficiency is responsible for the
dry skin of patients with AD (12, 17, 27). We also suspected
that the source of the CDase might be Pseudomonas aeruginosa
and/or a related strain, because the gram-negative bacterium
AN17, which was formerly isolated as CDase-secreting bacte-
ria from atopic skin, was P. aeruginosa (22), and some type
strains such as IFO 12689 retained the ability to produce
CDase (data not shown). On the other hand, neither the S.
aureus type strain, which represents the majority of the skin
flora in the patients with AD, nor Staphylococcus epidermis has
CDase activity (data not shown). P. aeruginosa is well known to
be an opportunistic pathogen (4) but represents a minority of
the microbial flora in AD (1, 10). We thus counted P. aerugi-
nosa colonies in all of the samples by using an NAC agar
medium, which is a selective culture medium for P. aeruginosa.
While we were unable to find P. aeruginosa colonies in either
the healthy controls or the psoriasis samples, we did find them
in the AD samples, but the amount was very low; five samples
of AD had P. aeruginosa strains, and the CDase activity of the
five samples was (3.90 6 0.50) 3 10221 M/bacterial amount,
while the other samples of AD had unknown related strains;
the maximum content of P. aeruginosa was 2.90 3 1010/ml.
These findings suggest that other kinds of bacteria may also
secrete CDase but that the dry skin of AD patients is induced
only by P. aeruginosa because of the bacterial secretion of
CDase.

The ceramide deficiency thus produced may also lead to the
proliferation of S. aureus in the skin of patients with AD (10,
20). S. aureus may be predominant because it is resistant to dry
environments such as the dry skin of AD patients and to the
high-potassium environment produced by sweat concentration
on the surface of skin where the water-holding capacity is
considerably reduced. In addition, S. aureus adheres more eas-
ily to the keratinocytes of AD skin than to those of normal skin
or to those of lesions of psoriasis (3, 8).

Sphingolipids are now thought to be secondary messengers
that are involved in the differentiation, proliferation, and ap-
optosis of cells (6). In cultured human keratinocytes, the ex-
ogenously added, short-chained, cell-permeated analogues of
ceramides significantly promote cellular differentiation, while
sphingosine, at an appropriate concentration, modestly stimu-
lates cellular proliferation (25). Mature dendritic cells, which
are antigen-presenting cells that are involved in the immune
response, reduce their capacity to take up soluble antigens and
their antigen-presenting ability in response to the addition of
ceramides (24). If this is the case with Langerhans cells, which

FIG. 2. The degrading activities of CDase and SMase of the culture super-
natant obtained from the skin lesions and in the normal-appearing skin of
patients with AD, lesions of psoriasis, and the skin of healthy subjects. The
degrading activity of ceramide is expressed as the ratio of 14C-radiolabeled
palmitic acid/total radiolabeled substrates, and that of sphingomyelin is ex-
pressed as the [14C]choline-radiolabeled phosphorylcholine/total radiolabeled
substrates. The horizontal dotted line represents the mean response for all
samples. The line across each diamond represents the mean for each group. The
height of each diamond represents the 95% confidence interval for each group,
and the width of the diamond represents the size of the sample.
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are dendritic antigen-presenting cells in the epidermis, the
reduced amount of ceramide may accelerate the antigen-pre-
senting ability against the penetrating antigens to induce an
excessive reaction in the immune response, which is another
major characteristic of AD.

It was also interesting that CDase-secreting bacteria were
present everywhere on the skin of patients with AD, regardless
of its severity. The present findings support the clinical feature
of AD that most patients with AD had dry skin even if they are
free of eczematous changes.

In human promyelocytic HL-60 cells and U937 monoblastic
leukemia cells, treatment with SMase induced apoptosis (9),
suggesting that extracellular SMase may alter the intracellular
transduction of various functional signals. It can be said con-
cerning exogenous SMase that human skin appears to suffer
from relatively strong SMase irrespective of skin condition or
disease, suggesting that bacterial SMase is not likely involved
in the etiology of AD.

Although the bacterial flora of the psoriasis patients exhib-
ited scaly erythema similar to that seen in the patients with
AD, little CDase or SMase activity was observed. These find-
ings suggest that bacterial enzymes concerning sphingolipids
are less related to the development of the skin lesions in
psoriasis than in AD.

In the present study, we provide evidence that CDase is
present in the skin of patients with AD, secreted from P.
aeruginosa and/or related strains, suggesting that such exoge-
nous enzymes may be involved in the pathogenesis of AD. The
enzyme activities may result in ceramide deficiency, thus dis-
turbing the permeability barrier function of the stratum cor-
neum while accelerating the immune reaction and eventually
resulting in the predominance of S. aureus in the skin of pa-
tients with AD.
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