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Previously, we demonstrated that there is a marked 
'reduction in the amount of cerami de in the stratum 
corneum of both lesional and nonlesional forearms in 
atopic dermatitis (AD), suggesting that an insuffi­
ciency of ceramides in the stratum corneum is an 
etiologic factor in atopic dry and barrier-disrupted 
skin. In this study, we investigated, as a possible 
mechanism involved in the ceramide deficiency, 
whether sphingomyelin (SM) metabolism is altered in 
AD as compared to normal controls. In stripped 
stratum corneum and biopsied whole epidermis of 
patients with AD, SM hydrolysis as measured at pH 
4.7 using [c1wline-methyl-14C)sphingomyelin as a sub­
strate were markedly increased by 27- and 7-fold, 
respectively. Radio-thin-Iayer chromatography of 
the reaction products revealed that, whereas the SM 
hydrolysis in age-matched normal controls were as­
sociated with sphingomyelinase (SMase) that de­
grades SM to yield cerami des and phosphorylcholine 
(PC), most of the SM hydrolysis detected in AD were 
attributable not to the SMase but to a hitherto undis­
covered epidermal enzyme, SM acylase, which re-

P
revious ly, w e dem onstrated that the re is a m arked 
decrease in ceramide level within the st.ratum corneum 
of both uninvo lved and involved skin of patients with 
atopic derm atitis (lmokawa c/ nl, 199 1a) . A different 
gro up of in vestigators also de m o nstrated a simiJar cer­

amide abnorm alj ty in atopic dermatitis (Yamamoto e/ nl, 1991). As 
ceramides are an importan t determinant involved in water-holding 
properties (Imokawa and Hattori, 1985; Im o kawa e/ nl, 1986; 
Imokawa et nl, 199 1 b) and stratum corneum barrier function 
(Lam pe ct nl, 1.983; Grubau e r c ( nl, 1989; Holleran c/ nl, 1991 a; 

Manuscript received October 5, 1995; revised January 26, 1996: accepted 
for publica tion February 7, 1996. 

Reprint requests to : Dr. Genj i Imokawa , Institute for Fundamental 
Resea rch, Kao Corpora tion, 2606 Akabane, Jchikai-l11achi , Haga, Tochigi 
321 -34, Japan. 

Abbreviations : SM, sphingomyelin: SMase, sphingomyelinasc; Sph-PC, 
sphingosyl-phosphorylcholine: CDase, ce ral11idase: TLC, thin-layer chro­
matography: GCase, f3-glll coccrebrosidase; PMSF, phenyll11ethylsll lfonyl 
Auoride. 

leases free fatty acid and sphingosyl-PC (Sph-PC) 
instead of ceramides. The potential of this acylase­
like enzyme to generate Sph-PC through SM hydro­
lysis was corroborated by thin-layer chromatographic 
analysis of the reaction products obtained using por­
cine kidney acylase, followed by high-performance 
liquid chromatography-mass spectrometry. Further­
more, Sph-PC was also detected by high-perfor­
mance liquid chromatography-mass spectrometry af­
ter incubation of SM with atopic stratum corneUUl 
salnples. On the other hand, the stratum corneum of 
patients with contact dermatitis or chronic eczema 
exhibited neither increased SM hydrolysis nor the 
generation of Sph-PC upon radio-thin-Iayer chro­
matographic analysis. These findings sugges~ that SM 
metabolism is altered in AD, resulting in a decrease 
in levels of cerau-tides, which could be an etiologic 
factor in the continuous generation of atopic dry and 
barrier disrupted skin observed in AD. Key IVOl'ds: 
Mopic del'ma.titis/cemmide/sphillgomyelill/spldllgomyelillase/ 
sphingomyelill acylase. ] llwest Del'lIIatol 106:1242-1249, 
1996 

Im okawa et nl, 1994), the insuffi cie ncy of ccramides may provide an 
etio logica l basis fo r atopic dry and barrier-disrupted skin. The 
impaired function of th e stratu m corn eum may trigger subsequenr 
inAamm ato J'y reactio ns evoked by mites o r foreign substances in 
atopic dermati ti s, and therefore, clarifi catio n of the biological 
mechanisms involved in the cera mide defic iency would provide 
substantial insight into the pathogenesis of atopic dermatitis. 

Because the am o unt of ceramide in the stratum corneum is 
regulated by th e balance among the rate-limiting enzymes of 
sphin golipid base synthesis se rine-palmitoyl transferase (Holleran et 
ai, 1991b), ceram ide-generating enzym e sphingom yelinase (SMase) 
(Menon et nl, 1986; Y am amura and Tezuka, 1990), and J3-g1uco­
cerebros idase (GCase) (Holleran et nl, 1993), and the degradative 
e nzym e ceramidase (CDase) (Yada e ( nl, 1995), it is of conside rab le 
inte rest to determin e whether the e nzym e balan ce m ay be alte red in 
the skjn of patients with atopic de rm atiti s. In aged skjn, in which a 
similar deficiency in the mass of ceramides in the stra tum conleum 
was ide n tified with the appearance of dry, itchy skjn (Akjmoto et nl, 
1993), th ere was a sig nificant increase in the activ ity of CDase, 
w hich hydro lyzes ceramides to yie ld sphingosine and free fa try acid, 
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probably contributing to the d ecreased quantity of ceramides in the 
stratum comeum of aged skin Gin et nl, 1994). 

In o ur previous study, in which we assessed enzym e b alance, 
there were no significan t dilferen ces in the ac tivities of eith e r GCase 
or CDase in stra tum corneum extracts from p ati ents with atopic 
dermatitis in comparison with those of age-match e d normal con ­
rrols (Jin et nl, 1994) . Beca u se their ac tiviti es in the stratum 
comeun, may reflect the epid e rmal level of the same en zym es 
(Holleran et ai, 1992), the absen ce of an y abnormali ty in e ith e r 
enzyme activity in the stratum corneum of atopic p atie nts sugges ts 
[he alternative possibili ty that upstream m etabolism of sphingolip­
ids, namely sphingomyelin (SM) hydro lysis, is a ltered, resulting in 
[he cerarnide d eficie n cy observed in a topic d ermatitis. In the 
current study, we d e te rmined whether SM m e taboli sm is altered in 
atopic dermatitis in comparison with n ormal contro ls and patients 
with other types of eczem a. 

MATERIALS AND METHODS 

Materials [c/tolille-lIId/tyl-1 4C]Sphingom yelin (52 mCi/ mmol) was pur­
chased fro m N ew England Nuclea r (Boston, MA). Cer;lmide (type Ill), 

I lphingosine, and sphingosylphosphorylcholine (Sph-PC) were obtained 
from Sigma Chemical Co. (Saint Louis, MO). Porcine kidney acylase ) and 

I IT was purchased fro m Seikagaku Co Ltd (Tokyo, J apan) . All other 
chemicals were of reagent grade. 

Preparation of Stratum Corneum and Epidermis Extracts Diag-

I 
nosis of atopic dermatitis was made according to Hanifi n and Rajka (1989). 
Specimens of the stratum corneum were obtained from the normal fo rearm 
Jkin of healthy individuals and from atopic uninvolved and involved Or 
cured skin by tape-stripping three times (Protect-labeIlB type, 40-60 mm; 
luchiseieidou Corporation, Japan) in the same region. Uninvolved skin was 
normal skin without cl inically eczematous changes aud had no current 
wpical medicaments including corticosteroid ointments. C ured skin was 
normal skin of atopic patients that was fi'ee of current skin lesions for at least 

, 1 year. T h ese tapes were stored frozen at - 20°C until use. For measure­
ment of SM hydro lysis, the three tapes were immersed in 40 ml of 50 111M 
acetate buffer, pH 4.7, or 50 mM Tris-HCI buffer, pH 7.4, containing 0.5 
mM phenylmethylsulfonyl fluoride (PMSF) and 0.1% Triton X100 for 30 
min at 4 ° C and then sonicated on ice fo r a total of 3 min with 30- s bursts 
in a Bioru p tor sonicator (Olympus Corporation , Japan) . Mixtures contain­
ing th e three tapes were further incubated in extraction bufFer overnight at 
4°C to obtain a Triton X100 extract for the subsequent assay. After 
removing the ta pes, extracted solu tion was concentrated to about 0.5 ml 

, using con centrators (Cenu'iprep 10 and Centricon 10. Amicon, Millipore 

I 
Corporation, Milford, MA). The concentrated solution was used for SM 
hydrolysi s assay. For SM hydrolysis assay of epidermis, specim ens of 
biopsied skin (4-mm punch) were treated with 1000 uuits/ ml Dispase 
(Godoshusei Co. Ltd., Tokyo, Japan) at 4°C fo r 4 h to separate epidermis. I The isolated epidermal sheet was homogenized with a glass homogenizer in 

1

300 /-Ll of 50 mM ace tate buffer, pH 4.7, containing 0.5 mM PMSF. The 
~omogenate was centrifuged at 10,000 X g for 30 min to obtain supernatant 

, and particulate fractions. T he form er was subjected to SM hydrolysis assay, 

I while the l atter was further incubated for 2 ." in 300 ILl of 50 mM acetate 
buffer, pH 4.7, containing 0.5 mM PMSF and 0.1 % Triton XIOO, and the 
mixtu.re 'Was centrifuged at 10,000 X g for 30 min to obtain the extracted 
fraction as the supernatant which was subjected to SM hydrolysis assay. 

I Assay of SM Hydrolysis SM hydro lysis was assessed by the method of 
Bowser and Gray (1978). T he incuba tion mixtures contained 50 mM acetate 
buffer, pH 4.7, or 50 111M Tris-HCI buffer, pH 7.4, 0.1% Triton Xl00, 20 I mM CaCl z, 10 nmol of [c1wfil/ c-'lIet"Jd- I·'Clsph.ingon.,yelin (52 mCi/ mmol) 
and the extracts (250 fLl) of the stratum corneum , epIdermIS, and our stocks 
of Stap" Y!ococCIIs al/rellS or enzymes in a total volume of 0.5 ml. Incubations 
were carried out at 37°C for 1. 5-16 h and stopped by addition of 0.5 ml of 
water and 2 ml of chlorofo rm :methanol (2:1, v/v). T he mixtures were 

, vortex- mixed and centrifuged for 10 min at 2000 X g. T he upper phase was 
tounted in a liquid scintillation coun ter, and the SM hydrolysis was 
expressed as dpm/ml of the aqueous phase when protein content was not 
measured . T he aq ueous phase (1.2 ml) was dried at - 80°C and dissolved in 

, 100 /-Ll of water:methanol (1 :1., v/v) . T he sample so lution (5-25 fLl) was 
subjec te d to thin-layer chromatography (TLC) (HPTLC plate silica gel 60; 
Merck, Darmstad , Germany), and deve loped twice with methanol:0.5'X, 
NaCI:13 N ammonia solu tion (50:50:1, v/v) . T he radioactive compounds 
were quan tifted using a TLC scamIer (System 200 Imaging Scanner; Bioscan 
Corporation , Washington, DC). 

High-Performance Liquid Chromatography-Mass Spectrometry 
Nonradiolabelcd sphingomyelin was incubated for 6 h at 37°C with porcine 
kidney acylase (Type II) or atopic stratum corneum samples in Tris-HCI 
buffer, pH 7.4, containing 0. 1 % Triton XIOO and 20 mM Cael, and stopped 
by addition of 0.5 ml of water and 2 ml ofchloroform:methanol (2:1, v / v). 
The mixtures were vortex-mixed and centrifuged for 10 min at 2000 X g to 
obtain the upper phase according to the procedure for the assay of 
sphingomyelinase. T he upper phase was d ried at - 80°C, dissolved in 100 fLl 
of water, and subjected to high-performance liquid chromatography-mass 
spectromcrry according to the method of Suzllki et rt f (1989). A JMN­
HX110 double focusing mass spectrometer equipped with a fast atom 
bombardment ion source and a JMA-DA5000 data system (TEOL, Tokyo) 
was used. T he accelerating voltage was 6.0 kV, and the primary beam for 
bombardment was 6.0 kV Xe. The ion source temperature was maintained 
at 40°C . Liquid nitrogen was introduced into the trap of the oil diffusio n 
pump. Mass chromatography was perfo rmed to repeat the detection of the 
ions from m /z 300 to 2200 at an interval of 5 s. High-performan ce liquid 
chromatography was performed with a mode 120A (App lied Biosystems, 
Foster City, CAl on a reversed-phase column ofSPHEIU-5 (RP-1 8; 250- X 
I-mm i.d. , Applied Biosystems). with methano l containing 0.1 % trifluoro­
acetic acid and 1 % glycerol as th e elution solvent at a flow rate of 100 
ml/min. T he column oven temperature was kept at 40°C. A £i'it interface 
with a spli tter (TEOL) was set up between the high-performance liquid 
chromatography and the MS. T he split ratio was 1:19; therefore, one­
twentieth of the injected samples was in troduced into the fas t atom 
bombardment/ MS , and the rest was discarded via a drainage tube. 

Preparation of I'C-Labeled Sph-PC To prepare I·C-Iabeled Sph-PC 
as standard for radiochromatography, ['· C lsphingomyelin was incubated fo r 
1.5 h at 37°C with porcine kid ney acylase (Type II) in 50 mM T ri s-HC I 
buffer, pH 7.4, conta ining 0. 1 % Triton Xl 00 and 20 mM CaC), and stopped 
by addition of 0 .5 1111 of water and 2 ml of chloroform:l11ethanol (2:1 , v /v). 
T he mixtures were vortex-mixed and centrifuged for 10 min at 2000 X ~ to 
obtain the upper phase according to the procedure for the assayC of 
sphingomyel.inase. T he upper phase was dried at - 80°C to prepar e 
I·C-Iabeled Sph-PC. T he I·C-Iabeled Sph-PC was dissolved in 100 /-LI of 
watcr:methanol (1:1 , v/v) , and 10 ILl of the solu tion was subjected as a 
standard to T LC analysis. 

Column Chromatography To separately determine the generation of 
phosphorylcholinc and choline, we dried the reaction products in the 
aqueous phase (1.2 ml) at - 80°C, dissolvcd in 100 ILl of water and subjected 
to cation exchange column chromatography using AG50W -X8 resin. 
according to the method of Cook and , Vakelam (1989). After application of 
the sample , the column was washed three times with distilled wa ter (5 ml) 
to elute the radiolabeled phosphorylcholinc; the radiolabeled cho linc was 
then eluted by addition of I M KC I. T he radioactivity of fi'actions was 
Ineasured \vith a liquid scin tillation counter. 

RESULTS 

SM Hydrolysis Is Extremely Elevated in Atopic Dermatitis 
T h e stratum corne um fr0 111 les io nal forearm skin (volar side) of 
p atients w ith atopic dermatitis sh owed extrem ely high SM h ydro­
lysis when assayed at pH 4.7 and was expressed as an amount of 
dpm liberated over a 1.5-h pe riod into the aqueou s phase / mg 
protein , with a m agnitude 27 times hig h e r th an tha t found in 
age-match ed n ormal controls (Fig 1) . In th e nonles ional skin of 
p atie n ts o r normal skin of patients without current skin lesion s, SM 
h ydro lysis was sti ll 6 - 11 times higher than that found in age­
m atch e d controls. In contrast, the stratum corne um from contact 
dermatitis o r chro nic eczema p atients sh owed levels simil ar in SM 
hydrolysis to normal controls. T h e re was a gen e ra l tende ncy for th e 
en zyme activity to inc rease with increasing d epth of the stra tum 
corneum layer (Fig 2). To determine whe ther the SM h ydrolysis 
represents epidermal en zym e ac tivity, we assayed punch-bio p sied 
epidermis from atopic dermatitis patients (Fig 3). W h e reas there 
was no significant differen ce in SM hydro lysis in the supernatan t 
fraction b etween control and a to pic dermatitis, similar e levated 
levels were o bserved in a topic nonlesional and lesiol1<11 skin in the 
particulate fra c tion of e pidermal ho m ogen ates containing the m a­
j ority of the activity. To rule o ut a possibility tha t the high SM 
h ydrolysis in the stratum corneum fro m atopic d ermati ti s is d e rived 
from bacteri al contamination, w e assessed the SM hydrolys is in o ur 
stocks of S. allrellS and in th e stratum corne um of patients with 
impetigo con tagiosa. W e found that our stock s of S. allrells and the 
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stratum corneum from patients with impetigo contagiosa showed 
very low SM hydrolysis under our experimental conditions (Table 
I). 

High SM Hydrolysis Is Attributable to Acylase-Like En­
zyme Chromatographic separation of reaction products after 
incubation at pH 4.7 with [choLillc-lIIcthyl-' 4C]sphingomyelin 
showed an unknown radiolabeled spot distinct from the authentic 
SMase reaction product, i.e ., radiolabeled phosphorylcholine, 
which became marked with increasing incubation time (Fig 4A). 
There are three possible ways that radiolabeled materials could be 
released enzymatically from [c!w!ill.e-lllcthyl-'4C]SM: 1) the forma­
tion of ["'C]PC by SMase; 2) the formation of ['4C]Sph-PC by 
acylase-Like enzyme; and 3) the formation of ['4C]choline by a 
phospholipase D-like enzyme. Based on its TLC mobility, the 
unknown spot was thought most likely to be Sph-PC. Therefore, to 

'assess the potential of acylase-like enzyme to generate the unknown 
spot, we determined whether acylase derived from porcine kidney 
acts on SM to yield Sph-PC (Fig 4B). Porcine kidney acylase was 
found to have the potential to degrade SM at pH 4.7 to produce 
materials identi cal in TLC mobility to the unknown spot observed 
for atopic stratum corneum samp les. There was no definite degra­
dative activity at pH 7.4. 

To confirm that the reaction product with porcine kidney acylase 
was Sph-PC, high-performan ce liquid chromatography-mass 
(LC-MS) spectrometry was carried out using the reaction products 
extracted into the aqueous phase according to the assay for SM 
hydrolysis. Figure SA shows mass chromatograms of purified 
Sph-PC in which pseudo-molecular ions of the molecular species of 
targeted chemicals are detected after chromatographic separation. 
Sph-PC (20 ng) was injected into the LC-MS, and the peaks 
selected as to the pseudo-molecular ions ([M-H] - ) of the molecular 
species of Sph-PC at m /z 184 and 465 were observed clearly. As 
shown in Fig SB, the mass spectrum of each of these molecular 
species was obtained, and pseudo-molecular ions were detected 
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Figure 1. SM hydrolysis is extremely elevated in the stratum 
corneum from patients with atopic dermatitis in comparison with 
those from contact dermatitis, chronic eczelna, and age-matched 
normal control subjects. SM hydrolysis are expressed as liberated dpm 
in to the aqueous phase per milligram of protein after 1.5-h incubation at pH 
4.7 with 0.5 p.Ci of [cJlOfill c-lIIctli)'f-' 4C] sprungomyciin. aile. , average; ),0, 
years old. 

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 

Patient A (involved) 
~ 40~------------~ 

E 
E 
a. 

~ 
o 

X 20 

o L.....I;=::.l.-",----I.....I: 

Upper Middle Lower 
SC SC SC 

Patient C (involved) 
0; 40 r----------, 
E 
E 
a. 

" ., 
o 

~ 20 .. .. 
'" "0 
~ 
'" I 

::Ii 
Vl o Upper Middle Lower 

SC SC SC 

Patient E (involved) 
:;: 

0; 40 ,------­
E 
E 
a. 

" 

OL...L:.:=.1....L-....I.­
Upper Middle Lower 

SC SC SC 

Patient B (involved) 
'" 40...---------..... 
E 
E 
a. 

" a 
~ 20 .. ... 
'" "0 
~ 
I 
::;: 
Vl 

o L..I::=:::L....JI----L.. 
Upper Middle Lower 

r 40 
E 
a. 
"0 

; 20 
~ 
"0 

~ 
I 

SC SC SC 

Patient 0 (involved) 
'* 

~ OL.J== J...JL.--.L...:-

r 40 
E 
a. 
~ 
a 

~ 20 .. 
~ 
"0 

~ 
I 

Patient E (uninvolved) 

::Ii 
Vl o Upper Middle Lower 

SC SC SC 

Figure 2. SM hydrolysis is localized through whole stratum cor­
neum layers in atopic dermatitis. The stratum corneum [rom atopic 
dermatitis was stripped three times with adhesive tape to obtain the upper 
stratum corneum . The stratum corneum was further stripped ten times with 
adhesive tape, followed by another three strips to obtain the middle stratum 
corneum. Following applkation of another ten strips, the lower stratum 
corneum was obtained on three subsequent strips. SM hydrolysis are 
expressed as dpm liberated into the aqueous phase/mg protein after 1.5-h 
incubation at pH 4.7 with 0.5 p.Ci of [cliofilie-lIIetliyf-'4C] sphingomyelin . * 
experimental values exceed 4 X 10' dpm/mg protein; SC, stratum cor­
neum. The data are expressed as means :!:: SO of triplicate detenninations. 

with strong intensity at m/z 180 and 456. Furthermore, ions due to 
the elimination of sphingosine from the molecules were also 
detected at m/z 184, although the intensity of the ions was rather 
weak. Figure SC shows mass chromatograms of the reaction 
product extracted into the aqueous phase after incubation of SM for 
6 h at 37aC with porcine kidney acylase . The peaks at m/z 184 and 
465 were observed clearly in the mass chromatograms. As shown in 
Fig SD, the mass spectrum of each of these molecular species was 
obtained, and pseudo-molecular ions were detected with a definite 
intensity at mlz 180 and 456. This mass spectrometric comparison 
between purified Sph-PC and the reaction product confinned that 
the material generated from SM by the enzymic action of porcine 
kidney acylase was identical to Sph-PC. Therefore, we used the 
radiolabeled reaction product extracted into the aqueous phase 
after 6 h incubation of [ 14 C]sphingomyelin with porcine kidney 
acylase as a radiolabeled Sph-PC standard for subsequent TLC 
experiments. 

To further confirm that the atopic stratum comeum acts on SM 
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Figure 3. SM hydrolysis is highly elevated in biopsied epidermis 
from patients with atopic dermatitis in comparison with those 
from normal controls. A, 1.0" X g supernatant fraction of epidermis 

I homogenate . B, 10' X g particulate fraction. SM hydrolysis arc expressed as 
dpm liberated into 1. ml o f the aqueous phase after l.S-h in~ubati~l1 of 

I 
epidennis samples (250 ILl) prepa red fro m 4-mm, punch-b,opsled skin , at 
pH 4. 7 vvith 0.5 ILC i of (c1lOlille-IIIetilyl-'4C]sphingomydin. 

w yield Sph-PC, LC-MS spectrometry was also can;ed out using 
the reaction products after 1.5-h incubation of SM with atopic 
lttatulTI c orneum samples. Figure 6 shows mass chromatograms of 
the reaction products extracted into the aqueous phase after 
incubation of SM for 1.5 h at 37°C with atopic stratum corneum 
samples. T he peaks at mlz 465 and 184 were observed clearly with 

I the sam e retention times . in the mass chro~na togram s; This mass 
chromatographic compartson between pUrIfied Sph-I C and the 
reaction product confirmed that Sph-PC was generated from SM by 
the enzy nlic action of atopic stratum corneum . 

Ahnost: All Atopic Individuals Exhibit Acylase Reaction 
Product:, Sph-PC Comparison of the reaction products on TLC 

) separation among atopic dermatitis, contact dermatitis, and normal 
I cootrol subjects indica ted that atopic-involved stratum corneum 

samples definitely generated a material identical to Sph-PC, 
whereas the stratum corneum samples of patients with contact 
dermatitis and of normal control subjects yielded onl y small 
amounts of materials identical to PC without the emergence of a 
spot identical to Sph-PC (Fig 7A) , suggesting that the stratum 
corneum in atopic dermatitis contains SM acylase-like activiry. 
Becau se the site of SM hydrolysis by SM acylase is the same as that 
by C Dase, which is also available in the stratum corneum in atopic 
dermatitis (Yamamura and Tezuka, 1990; Holleran et ai, 1993), we 
detennined whether SM can be utilized as the substrate for CDase 
at acidic pH to yield Sph-PC. We found that purified CDase 

I 
derived from guinea pig epideonis (Yada .et ai, 1995) possessed no 
SM hydrolysis at both acidic and alkaline pH levels (data not 
lhown) . Furthertnore, ceramidase activity in stratum corneum 
samples from atopic dermatitis patients, as measured at pH 4.7 using 

Table I. SM Hydrolysis Is Very Low in Stocks of 
Staphylococcus allvells and in the Stratum. Corneum. from 

Patients with Im.petigo Contagiosa 

StapltylococClls all/·ells 
Impetigo contagiosa (n = 2) 

Activiry 
(dpm) 

6.2 
23 .5 

Protein 
(ILg / ml) 

17.5 
73.3 

SM Hydrolysis" 
(dpm/ mg) 

1.42 X 10' 
1.28 X 10' 

" SM h y drolysis is expressed as liberated dpm into the aqueo us phase per milligrnm 
of protein after 1.5-11 in cubatioll at pH 4.7 with 0.5 /Lei Or rChtllilH~-IIIL'/")'J-14C] s phil1-
gomyelin . 
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Figure 4 . SM hydrolysis after incubation with atopic stra tum 
corneum sample (A) and porcine kidney acylase (B) and their 
radio-TLC of the reaction products. A, SM hydrolysis are expressed as 

dpm liberated into the aqueous phase after the indica ted pel'iods of 
incubation of stratum corneum samples (250 ILl) at pH 4.7 with 0 .5 ILC i of 
[c1",/ille-lIIcrhyl- ' ·'C lsphingom ye lin . For TLC preparation , reaction products 
in the aqueous phase were dri ed at -80°C and di ssolved in 100 ILl of 
water:methanol (1.:1. v/v). The sample solutions (5-25 ILl) with the same 
dpm counts (approximately ·' 0' dp111) were subjected to TLC analysis. B. 
0.01-1.0 mg (0. 65-65 unit) of acylase Il (derived frol11 porcine kidney) was 
incubated with 0.5 ILC i o f (c11Olill c- lII ethyl-'4 Clsphing0111)'elin in 0.5 ml of 50 
111M Tris-HCI buffer . pH 7.4. or 50 111M acetate buffer. pH 4.7, bo th 
containing 0.5 111M PMSF and 0 .1 % Triton X100. SM hydrolys is are 
expressed as dpm liberated into 1 ml of the aqueous phase after the indica ted 
pe riods of incubation. The reac tion products in the aqueous phase (1.2 1111) 
were dried at - 80°C and dissolved in 100 ILl of water:methanol (1 :1. v / v), 
5 [.LI of which was subjected to TLC ana lysis . The radioactivities on TLC 
plates were quantified using a TLC scanner and expressed as co lo r density 
responsible for dp111 intensiry . 

[, 4Clpalmitoyl sphingosine, was not accentuated relative to that 
found with normal control subjects (data not shown). Taken 
together, these findings sugges t that there is no involvem ent of 
ceramidases in the increased SM acylase-like activiry in atopic 
derma titis. 

To see clearly the variation of Sph-PC generation among atopic 
individuals, their reaction products obtained using stratum corneum 
samples from several patients with atopic dernlatitis after 1.5-h 
incubation w ere subjected to radio-TLC analysis. The radiolabeled 
unknown spot was detected in almost all stratum corneum sampl es 
from atopic-involved skin with a mobiliry on TLC plates identica l 
to that of radiolabeled Sph-PC prepared from the enzym atic 
reaction of radiolableled SM with porcine kidney acylase (Fig 7 B) . 
There were a few cases in which the authentic SMase reaction 
product, i.e., radiolabeled phosphorylcholine, was generated with­
out the Sph-PC spots after 1.5-h incubation with atopic stratum 
corneum samples . Among 21 atopic stratum corneum samples 
assayed for 1.5-h incubation, 16 samples showed only spots iden­
tical in mobiliry to Sph-PC, whereas 5 samples produced the spots 
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Figure 5. The reaction product gener­
ated by porcine kidney acylase is iden­
tified as sphingosylphosphorylcholine 
upon high-performance liquid chroma­
tography-mass spectrOJnetry. A, mass 
chromatograms of the molecular species of 
Sph- PC. B, mass spectra of the mo lecular 
species of Sph-PC. Sph-PC was di ssolved in 
100 ILl ofwater:methanol (2:8, v/v ), and 0.2 
ILl of the solution was injected into LC-M S. 
C, mass chromatograms of the molecu lar 
spec ies of the reaction product extracted into 
the aqueous phase after 6-h incubation of 
sphingomyelin (100 nM) with porcine kid­
ncy acylase (325 unjt) . D , mass spectra o f the 
m olecular species of the samc reaction prod­
uct. 

~~~~~~~.~.~~~M~a~~~_:~:~~_~~~~ra_m~._~_. ~\=?:7J' . 
Mass Chromatogram 

Mass: 184 

~~~~~~f\~~. ~~~M~ass~M~~~~~r~~~_~~~~r_am~_ ~\I=-;",,;,,~Jt..:;.::.~. '=;-. ":'.~. ~.~. M...,~,...~..".~_:~".~r-:~.m_4~"..~og-:._ra".m:::_=_. 

III 
Mass Spectrum Mass Spectrum 

-Y'o.~.,N-
~OHo· 

Sphingosylphosphorylcholine I "' w M u.s ) 

identical to PC w ithout the emergence of Sph-PC spots (data not 
shown) . The radiolabeled Sph-PC spot appeared dependent on low 
SM hydrolysis (Fig 7C) . To determine the cause of the generation 
of PC spots in a few atopic samples, radio-TLC analysis of the 
reaction products obtained after different incubation periods was 
carried out using atopic stratum corneum samples that had shown 
the production of a PC spot after 6-h incubation. Time cOl1l'se 
analysis on radio-TLC of the reaction products from the atopic 
sa mpl es (Fig 8) revealed that, before the emergence of radiolabe1ed 
PC at 6 h, the spots identical to Sph-PC appeared and became 
intense with' incrcasing incubation time until 3 h later, when the PC 
spot began to appea r. Tlus result suggests that the generation of PC 
is m ediated through the degradation of Sph-PC produced, and not 
by the ac tion of SMase. To furth er confirm the contribution of 
truncated Sph-PC to the generation of PC, we examined the 
inhibitory effect of nonradiolabeled Sph-PC on the generation of 
PC during enzymati c reaction by co lumn chromatography. When 
Sph-PC, the SM acylase reaction product, was added to the reaction 
mixture ofSM and stratum corneum samples from atopic dermatitis 
patients, the synthesis of PC as detected by column chl'omatogra-

,un 
• Mass Chromatogram 

Mass: 465 

,,,,. Mass Chromatogram 

Mass: 184 

II I 4 I I 11 II I 

I 
I l J 4 , , 1 , , I, II Il Il " 11 II " ,. II II II l4 

Figure 6. The reaction product by atopic stratum corneum sample 
is identified as sphingosylphosphorylcholine upon high- perfor­
mance liquid chromatography-mass spectrometry. Mass chromato­
gram s of dle molecular species o f the reaction produce ex tracted into the 
aqueous phase after 1.5-h incubation of sphingomyelin (10 nM) with atopic 
stratum corneum sample (250 ILl ) . 

'- '.. - - - - - - - - - -

phy separation was reduced by 50%, wh ereas the addition ofSMase 
reaction product, ceramide, did not affect the production of PC 
(Fig 9A) , suggesting that the reaction product had an inlubiting or 
diluting effect on radio labeled Sph- PC during the enzymatic reac­
tion . Figure 9B shows average percentages of the inhibitory effect 
by the addition of Sph-PC in a series of experiments, indicating that 
the generation of PC dur ing enzymatic reaction of the mixture of 
SM and atopic stratum corneum samples was mediated through the 
decomposition of Sph- PC. 

DISCUSSION 

This study demonstrated that apparent SM hydrolysis is enhanced 
by more than 25-fold in involved skin and more than 5-fold in 
uninvolved skin in patients with atopic dermatitis as compared to 
age-matched nonllal controls. [n contra st, the stratum corneilln of 
patients with contact dennatitis or chronic eczema showed no 
increases in SM hydrolysis as compared to that of normal controls, 
suggesting that changes in SM hydrolysis are unlikely to be 
involved in the etiology of cutaneous inflammation. To exclude the 
possibility that the observed high SM hydrolysis was due to 
contamination by bacteria such as S. allfellS for which patients with 
atopic dermatitis have a lugh carriage rate on the surface of the 
stratum corneum (Leyden e/ ai, 1974; Dahl, 1983), we examined 
whether the high SM hydrolysis was present only in the upper layer 
of the stratum corneum. The enzyme activ ity showed, rather, an 
increase depending on the depth of the stratum COl'neum layer. 
suggesting that the high SM hydrolysis in the stratum corneum 
from atopic dermatitis is not derived from bacterial contamination. 
Consistent with tlus observation, we found that our stocks of S. 
allfellS and the stratum corneum from patients with impetigo 
contagiosa showed no substantial SM hydrolysis activity under our 
experimental conditions. 

Although the SM hydrolysis was consistent with SMase activity, 
wluch converts SM to ceramide and PC in nonnal control subjects, 
TLC analysis of enzymatically decomposed materials revealed that 
most of the high SM hydrolysis in atopi c dermatitis was attributed 
not to the SMase but to SM acylase-like enzyme which releases 
Sph-PC and free fatty acid . The suggestion that SM can be 
hydrolyzed by acylase-like enzymes to yield Sph-PC was corrobo­
rated by another experiment in which porcine kidney acylase 
showed the potential to hydrolyze SM to yield materials identical ill 
TLC mobility to the spot generated by the stratum corneum sample 
£i'om atopic dermatitis. LC-MS spectrometric analysis of the reac-
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Figure 7. Radio-TLC comparison of ~le reacti.o~ products by 
strattun corneum saJuples between atopIc dermatitIS, contact der­
matitis. and normal control subjects (A) and among individuals 
with atopic dermatitis (B) and thcir SM hydrolysis (C). A and B, 
incuba tio n of the stratum corneum samples (250 /-LI) at pH 4.7 with 

1 IdlOli /1e-1'II el"l'l-' "C jsphjngomyclin was carried out [or 1.5 h in 0.5 ml o~' 50 
mM ace tate buffer, pH 4.7, containjng 0.5 mM PMSF and 0,1 % T nton 
Xl00. T h e reaction products in the aqueous phase (1 .2 ml) were dried at 
-80°C and dissolved in 100 /-LI of water:methanol (1:1 , v / v ). T he sample 
wlution s (5- 25 /-LI) wi th the same dpm counts (approx imately 103 dpm) 
were subj ected to TLC analysis. T he radioactivities on T LC plates were 

I quantiEed using a TLC scanner and expressed as color density responsible 
for dpm intensity. C, SM hydrolysis activjties are expressed as dpm liberated 

, ineo 1 n'll o f the aqueous phase after J .5-h incubation of stratum cornellm 
samples (250 /-LI ) at pH 4. 7 with 0.5 /-LC i of [ci /Oli/le-lIIelh yl- "C]sphin?omy­

I elin. T h e data arc expressed as means ~ SD of triplicate dctermll1atlons. 

cion products obtaine d using porcin e kidne y acylase and ato pic 
j \lratun'1 c orne um samples re veale d th at both tbe reaction produ cts 

containe d m ate rials ide ntical to Sph-PC, strongly suggesting th at 

I me activi ty of S~ acyl~se is l~ghly ex~~essed in th e stratum 
comeUITl from patIents wIth atopIc d e rma tJt1s. 

I O uI' p revio us ~ tudy o f the epide rmal .loc.alizatio n o f C Dase and 
GCase, h ydro lytIC e n zymes that w o rk III I11te rce\lular spa ces be­
tween the stratum corne um and granular layer , sugg este d that the 

• activity o f ceral11ide m e tabolism-re late d e nzym es within the stra ­
curn c orne um approJ..-imate ly re presents the e pide rm al ac tivi ty of 
me saITle en zymes (Holle ran el ai , 199 2; Yad a el ai, 1995) . 
Con si s t e nt with this relationship, a similar high le ve l of SM ac ylase 
activity was detecte d in tbe epidermis from atopic dermatitis 
patients, sugges ting that e pidermal cells from these patie nts sh o w 
abnonnal pro duction o f a hitherto undiscove re d epidermal e nzym e , 
SM acylase. 

As the r e w ere a fe w cases wh ere the authe ntic SMase reac tio n 
produc t , i.e ., radio labe le d PC, appeare d upo n radio - T LC pla tes 
after 1.5-h inc ubation with atopic stratum corncum samples , w e 
determine d whe ther the produc tion o f PC is directly mediate d b y 
SMase or throug h decompositio n o f pro duced Sph-P C. Time 
course a n alysis by radio-TLC of the reaction produc ts frol11 thc 
atopic samples, w hich h ad shown the gen e ration of P C at 6-h 
incubation, re veale d that the spots identical to Sph-PC first ap-
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Figure 8. Timc course study on radio-TLC of the reaction products 
aftcr incubation with atopic stratum corncum saJ11ple and SM 
h ydrolysis. SM hydrolysis are expressed as dplll liberated into the aqueous 
phase after indica ted period of incubation of stratum corneum samples (250 
/-LI) at pH 4.7 with 0.5 /-LC i [cl/()/i/le-l/Ielhyl-' 4C]sphingomyelin. For TLC 
preparation , reaction products in the aqueous phase were dried at - BO°C 
and dissolved ill 100 /-LI ofwater:methanol (1 :1, v / v) . T he sample solutions 
(5- 25 /-LI) with the same dpm COllnts (approximately 103 dpm) were 
subjected to T LC analysis. T he I'adioacti vitics on TLC plates were quanti­
fi ed using a TLC scanner and expressed as color density responsible fo r dpm 
intensity. 

p ea re d and b ecam e inte n se with increasing in c ubatio n time until 3 h 
la te r , when the P C spo t b egan to appea r. T his implies that t he 
gene ratio n of P C is m e diate d thro ug h the d egradatio n o f Sph-PC 
pro du ced, w ith n o contribution of th e action o f SMase . T o furthe r 
confirm the contribution o f trunca ted Sph-PC to the gen e ratio n of 
PC, we examine d the inhibitory e ffect o f n o nradiolabe led Sph-PC 
on the gen eration of P C during en zymatic reaction b y column 
chro matog raphy. Upon column chromatography to sep arate radio ­
labe le d PC and choline , the exo gen o us additio n o f n o nradi oactive 
Sph-PC dW'ing e nzymatic reactio n significantly abrogated th e 
gen e ra tion of radio labe le d PC. T his inhibito ry e ffect w as n ot 
induced b y e x ogen o u sly adde d cc ramidcs, again indicating th at th e 
gene ra tio n of radio lab e le d phospho rylcholine was m ediate d 
tlu'o ug h th e production by SM acylase and the subsequent decom-
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Figurc 9 . Column chrolnatography of thc reaction products for 
scparating phosphorylcholinc and cholinc, and inhibitory cffccts 
of the addition of Sph-PC or cerantidc on the formation of 
radiolabcled phosphorylcholiJ1e during the incubation with [c1/O­
lillc-IIIctllJ' I-'·C]sphingomyclin (A) and percent inhibition of phos­
phorylchoJiJ1c formation (B). Incubation of the stratum com eum sample 
(250 /-LI) at pH 4.7 with 0.5 /-LC i of [cltoli/le-lIIclltl'I-' 4C)sphingomyelin was 
ca rried out in the presence of Sph-PC (5 mM) or ceramide (5 mM). T he 
reaction products in the aqueous phase (1.2 ml) were dried at - BO°C. 
dissolved in 100 /-LI of water, and appljed to cation exchange column 
chromatography using AG 50W-X8 resin . After application of the sample, 
the column was washed three times with distilled water (5 ml) to elute the 
radiolabeled phosphorylcholine, then the radiolabeled choline was eluted by 
l M KC I. T he radioacti,' ity of each fraction (1 ml) w as measured using a 
liquid scin ti ll ation counter. Sph-PC , sphingosylphosphorylcbolin e. 
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poslbon of Sph-PC. This suggests that th e stratum corn eum in 
atopic dermatiti s contains high SM acylase activity, attributed to th e 
abnormally high level of SM hydrolysis, although the partial 
involvement of SMase in the hig h SM hydrolys is observed for the 
stratum corneum from patients with atopic denmltitis could not 
complete ly excluded . 

To clarify the mechanisms involved in th e ceramide de fi ciency in 
atopic dermatitis, our previous study demonstrated that there are no 
abnormalities in the activities of the ceramide-degrading enzyme 
CDase or the cerami de-producing enzyme GCase in the stratum 
corne um in atopic dermatitis as compared with those in age­
matched no rmal controls Gin ef aI, 1994). The enzymatic profi le 
seen in the stratum corneum may provide a convenient model for 
understand ing the sta tus of enzyme function in epidermal tissues 
w ith special reference to enzymes acting in the subcorneal layers, 
because th ey can remain in the stratum corneum witho ut under­
going further processing fo llowing the accomplishment of their 
fun ction in interce ll ular spaces be tween the stratum corneum and 
granular layers. In fo cusing on SM m etabolism other th3Jl that 
mediated by C Dase and GCase enzymes as an unreso lved mecha­
nism underlyin g ceramide de fi ciency, w e noted a novel abnormall y 
expressed epidermal enzyme related to SM metabolism in atopic 
dermatitis. As a result of this abnorma l expression of SM acylase 
with the de fi cient fun ction of SMase, because the normal level of 
acid SMase activity was very low in the stratum corneum, quanti­
tative measurement of the reduced level of the enzyme ac tivity in 
atopic dermatitis was difficu lt . The abnormal expression of SM 
acylase in the epidermis from atopic dermatitis patients, however, 
led us to speculate that the action of acid SMase becomes deficient 
at leas t in terms of subs trate utility in that almost all SM is degraded 
in the intercell ular spaces by the normal level of SMase, and thus 
there is no residual amount in th e stratulll corn eum. In connection 
to this, Kusuda et ai' reported recently that there was a defi cien cy 
of acid SMase in atopic dermatitis w hen an antibody to acid SMase 
was used to detect the enzyme localization in the epidermis. 
Consistent with the de fi ciency of SMase, which is originally 
conta ined in . lamellar bodies, an impairment in exocytosis of 
lame ll ar bodies fi~om granu lar cells h as been demonstrated in the 
epidermis of atopi c dermatitis patients (Fartasch ct aI, 1992) , 
although how the defi cien cy of SMase activity is involved in the 
impairment of exo cytosis rema ins unclear. 

The reaction product of SM acylase, Sph-PC, has been reported 
to be a wide-spectrum, growth-promoting agent for a variety of cell 
types (Desa i and Spiegel, 1991; D esai et aI, 1993). In fibroblasts, 
Sph-PC acts as a modu lator of cell u.lar proliferation via distinc t 
signaling pathways, w here it stimulates the re lease of arachidonic 
acid or e icosanoids, both strong proinflammatory mediators and 
pruritic agents. In our studies ,2 the addition of this m etabolite to 
hum an keratinocyte cultures induced mobili zation of intracell ular 
calcium, an increase in PGE2 synthesis, and enhanced expression of 
ICAM-1 on their p lasm a membrane . In agreement with these 
biological effects, marked accumulation of the arachidonate metab­
olites such as prostaglandin E2 and leukott;ene B4 has been reported 
ill the skin from patients w ith atopic dermatitis (Ruzicka e/ ai , 1986; 
Fogh e/ ai, 1989). In some cases intercell u lar adh esion molecu le-l 
can be visua lized on epidermal keratinocytes in atopic dermatitis 
(Griffiths ef ai, 1989; Singer et nl, 1989) . It is, therefore, likely that 
the high level of expression of SM acylase in atopic dermatitis 
provides a basis not only to explain the cet·amide deficiency, b ut 
also more importantly to clarify the marked vulnerability of the 
atopic skin to irritants or aUergens, implying that Sph-PC acts as a 

I Kusuda S, Takahashi M. Akitsu K, Tezuka T: Human epidermal 
sphingomyelinase is decreased in the skill of the aged and atopic dermatitis 
patients.] iI",eSI Dcrlllaloll0l:431a, 1993 (abstr.). 

2 Yad. Y, Higuchj K, Takagi Y, Imokawa G, Murata Y. Higaki Y. 
Kawashima M: The role of sphingosylphosphorylcholinc generated due to 
the abnormal express ion of sphingomyelin acylase in atopic dermatitis. 

] oerlllalol Sci 8:56a, 1994 (abstr.). 

THE JOU I~AL OF INVESTIGATIVE DERMATOLOGY 

potent modul ato r of epiderm al ce ll fUllctio n and is, to some extent, 
involved in inflammation in atopic dermatiti s. 

In norma l skin, di sruption of barrie r function elicits a quick 
activation of epidermal lipid metabolisms including SMase, which 
acts as a driving force to repair deficiency of intercellul ar lipids 
including ceram ides in the stratum corneum, leading to the pro ­
grammed barrie r recovery (Holl eran el aI, 1991b). Based on the 
no rmal banier repair system, it is likel y th at the abnormal expres­
sion of SM acylase triggers the m etaboli sm of SM in an unfavored 
way to the res toration of ceramide synthesis, leading to an u.nre­
cove l")' fi·om barrie r perturbation. Although it remains unclear 
whether the barri er disruption observed in atopic dermati ti s is a 
cause o r a resu lt, our findings suggest that the alte red SM m etab­
o lism could be an e tiologic factor in the continuous generation of 
atopic dry and barrie r-disrupted skin observed in atopic dermatitis. 
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