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Abstract Three key lipid types, cholesterol, ceramides
(CER), and free fatty acids (FA), form the stratum corneum
(SC) lamellar bilayers that mediate barrier function. Prior
studies have shown that barrier requirements regulate CER
generation from glucosylCER, and that this catabolic step
takes place within the SC interstices. Here, we addressed
whether extracellular processing of phospholipids (PL), the
FA precursor delivered to the SC interstices with glucosylCER
and cholesterol during exocytosis of lamellar body contents,
is also required for barrier homeostasis. We applied two
chemically unrelated inhibitors of phospholipase A (PLA2T),
BPB (irreversible) and MJ33 (reversible), topically to hairless
mice after barrier perturbation with acetone. Both inhibitors
delayed barrier recovery at non-cytotoxic doses, while MJ45,
an analogue known to inhibit PLAz-IT but not PLAy-I, had no
effect. Moreover, the delays in barrier recovery induced by
BPB and M]33 could be overridden by co-applications of
palmitic acid, but not linoleic acid or lysolecithin. Further-
more, inhibitor-treatment resulted in accumulation of PL and
depletion of FA in the SC by 4 h, as well as the persistence of
“immature” lamellar body-derived membrane structures in
the SC interstices. Finally, these changes in membrane struc-
ture were reversed when inhibitor-treated SC was incubated
in vitro with palmitic acid. B8 These studies show that: 1)
inhibition of PLA» results in abnormalities in lipid composi-
tion and SC structure that alter barrier homeostasis; and 2)
the functional defect can be attributed to a deficiency of
nonessential FA within the SC. Thus, extracellular processing
of PL into FA is required for normal barrier function.—Mao-
Qiang, M., K. R. Feingold, M. Jain, and P. M. Elias. Extracel-
lular processing of phospholipids is required for permeability
barrier homeostasis. J. Lipid Res. 1995. 36: 1925-1935.
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The central role of the three key stratum corneum
lipids, cholesterol, fatty acid, and ceramides, in mediat-
ing mammalian permeability barrier function is now
well established (1, 2). By either tape stripping or by
selectively depleting the stratum corneum of lipids with
topical acetone, we demonstrated previously that epi-
dermal cholesterol, fatty acid, and sphingolipid synthe-

sis are all regulated in response to barrier perturbation
(2-4). Moreover, topical applications of inhibitors of
epidermal HMG-CoA reductase and serine palmitoyl
transferase, the rate-limiting enzymes in the cholesterol
and sphingolipid biosynthetic pathways, respectively,
delay barrier recovery after acute barrier abrogation (5,
6). Furthermore, selective inhibition of epidermal fatty
acid synthesis also results in abnormal barrier recovery
after barrier disruption (7). Finally, perturbations in
barrier function also regulate other metabolic processes
in the epidermis, including DNA synthesis (8), as well as
the formation and secretion of epidermal lamellar body
contents {(9).

The epidermal lamellar body is enriched in glucosyl-
sphingolipids, phospholipids, and cholesterol, which are
secreted into the intercellular spaces at the stratum
granulosum-stratum corneum junction (10). Biochemi-
cal studies have demonstrated that a decrease in both
glucosylceramide and phospholipid contents is accom-
panied by an increase in ceramide and free fatty acid
content during cornification (11-14). These changes
suggest that extracellular processing of secreted lamellar
body lipid precursors into more hydrophobiclipid prod-
ucts occurs during barrier formation. Moreover, the
enzymes required for extracellular processing appear to
derive, in large part, from secreted lamellar body con-
tents, which are enriched in a number of hydrolytic
enzymes, including proteases, glycosidases, acid phos-
phatase, and a family of lipases (phospholipase A, triacyl-
glycerol hydrolase, and sphingomyelinase) (15, 16).
These enzymes, including phospholipase A (type un-
specified) have been shown biochemically to be concen-

Abbreviations: CER, ceramides; FA, fatty acids; SC, stratum
corneum; PL, phospholipids; PLAg, phospholipase Ag; BPD, brom-
phenacyl bromide; M]J33, 1-hexadecyl-3-trifluoro-ethylglycero-sn-2-
phosphomethanol; MJ45, l-hexadecyl-3-allyl-glycero-sn-2-phospho-
methanol; TEWL, transepidermal water loss; PBS-CMF, phosphate-
buffered saline, calcium- and magnesium-free.
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trated in the outer epidermis (10, 17-19), where they
have been localized to the intercellular domains of the
stratum corneum (17, 19, 20). Thus, it appears that one
or more phospholipases are delivered to the stratum
corneum by lamellar body exocytosis. We have hypothe-
sized further that activity of these enzymes is required
for the lipid modifications that result in the sequential
membrane structural modifications accompanying bar-
rier formation (10). To address this hypothesis, we
showed first that acute barrier disruption with topical
acetone treatment increases the activity of B-glucocere-
brosidase, the enzyme that hydrolyzes glucosyl-
ceramides to ceramides (21). In addition, either genetic
deletion (22) or chemical inhibition (23) of epidermal
B-glucocerebrosidase produces a barrier abnormality in
intact skin in association with accumulation of glucosyl-
ceramides and structural evidence of impaired extracel-
lular processing of secreted lamellar body contents into
mature lamellar bilayer unit structures.

Phospholipase Az (EC3.1.1.4) is one of a group of
phospholipid-hydrolyzing enzymes located in both cy-
tosolic and extracellular sites that generate free fatty
acids from phospholipids (24-28). As extracellular phos-
pholipases appear to derive from the secretion of the
contents of epidermal lamellar bodies (16, 17, 20), we
hypothesized that inhibitors of extracellular phospholi-
pase Ag activity, such as either BPB (bromphenacyl bro-
mide), MJ33 (1-hexadecyl-3-trifluoro-ethylglycero-sn-2-
phosphomethanol), or MJ45 (1-hexadecyl-3-allyl-glycero-
sn-2-phosphomethanol) should alter permeability bar-
rier recovery after acetone treatment. Moreover, such
inhibition should be attributable to either accumulated
phospholipid and/or a failure to generate free fatty
acids.

MATERIALS AND METHODS

Materials

Male hairless mice (Hr/Hr), 8-12 weeks old, were
purchased from Simonsen Laboratories (Gilroy, CA),
and fed Purina mouse diet and water ad libitum. Ace-
tone and propylene glycol were from Fisher Scientific
(Fairlane, NJ), and BPB, trypsin Type III, lysolecithin
(sn-1), cholesterol, linoleic acid, and palmitic acid were
from Sigma Chemical Co. (St. Louis, MO). MJ33 and
MJ45 were synthesized as described previously (29).
[14Clacetate (60 mCi/mmol) was obtained from New
England Nuclear (Boston, MA). High performance, sil-
ica-gel pre-coated, thinlayer chromatography plates
were purchased from Brinkmann Instruments (West-
bury, NY). Ruthenium tetroxide and osmium tetroxide
were from Polysciences, Inc. (Warrington, PA).
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Experimental protocols

Epidermal barrier function was disrupted by repeated
gentle applications of absolute acetone, applied with
cotton swabs, as described previously (30-32). This
method removes stratum corneum intercellular lipids
without producing morphological or biochemical evi-
dence of toxicity in the underlying nucleated cell layers
(9, 30, 32), and without altering the wet weight of the
epidermis (30, 31, 33, 34). Barrier function was deter-
mined prior to and immediately after disruption by
measurement of transepidermal water loss (TEWL),
using an electrolytic water analyzer (MEECO, War-
rington, PA). Either BPB (8 ug), MJ33, MJ45 (20 pg
each), or either BPB or M]33 with palmitic acid, linoleic
acid, or lysolecithin (20 pg) was applied immediately
after barrier perturbation in a propylene glycol-ethanol
vehicle 7:3 (by vol) to a 5-6 cm? area (total volume
applied: 8 or 20 pL). TEWL readings then were taken at
different time points after drug (* lipid) or vehicle
applications. The functional data are expressed as
mean 1 SEM of the percent change from initial reading.

Lipid synthesis

One hour after barrier disruption, skin samples were
incubated at 37°C in 2 ml of 10 mM EDTA in Dulbecco’s
phosphate-buffered saline, calcium- and magnesium-
free (PBS-CMF), containing 40 pCi [!C]Jacetate for 2 h,
as described previously (33-35). After stopping the re-
action by placing samples on ice, the epidermis was
separated manually as an intact sheet from the dermis.
The incorporation of [1*Clacetate into both cholesterol
and fatty acids was determined after saponification,
extraction of lipids with petroleum ether, and thin-layer
chromatography, as described in detail previously
(33-35). Results are expressed as nanomoles of acetate
incorporated into lipid species per hour per gram initial
wet weight of epidermis.

Stratum corneum isolation and lipid incubations

Four hours after acetone treatment with or without
BPB, M]33, or vehicle alone, epidermal sheets were
separated from the dermis by heat separation (60°C, 60
sec), as described previously (30-32, 34, 35). The epider-
mal sheets then were incubated for 2 h at 37°C in 0.5%
trypsin solution in PBS-CMF. Trypsin from this source
was shown to have very low levels of PLA21 activity
(<2 ng/100 pg trypsin). After incubations, the samples
were vortexed gently to remove residual nucleated cells
and the remaining intact stratum corneum sheets were
washed with distilled water four times. Sample weights
were obtained after the stratum corneum sheets were
blotted dry with absorbent tissue.

In some studies, BPB was applied to acetone-treated
sites for 2 h, followed by heat separation and trypsiniza-
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tion to remove the nucleated layers, as described above.
The isolated stratum corneum sheets then were spread
and 200 ug of either palmitic acid, cholesterol, or vehicle
was applied to the outer surface (original area: 5-6 cm?),
and the sheets were incubated in PBS for 2 h at 37°C.
All samples then were fixed and processed for electron
microscopy, as described below.

Lipid extraction and chromatography

Total lipids were extracted from the stratum cor-
neum, and then fractionated and quantitated by high-
performance thinlayer chromatography (HPTLC) fol-
lowed by scanning densitometry, as described previously
(23). Briefly, 2 pg of lipid was applied to plates for
neutral lipid analysis, while either 20 or 100 pg was
utilized for polar lipid analysis. To generate standard
curves, and to identify the major species, 0.2-1.0 ugofa
polar lipid standard and 0.12-1.0 pug of a neutral lipid
standard were applied to each side of the plates. Neutral
lipids were fractionated by developing the plates in
petroleum ether-diethyl ether-acetic acid 80:20:1 (by
vol), as described previously. Polar lipids were developed to
35 and 55 mm in chloroform-ethyl acetate-ethyl
methylketone-2-propanol-ethanol~methanol-glacial ace-
tic acid-hexyl acetate 34:4:4:6:20:28:4:1 (by vol), and
then to 70 mm in chloroform-ethyl acetate-2-
propanol-ethanol-methanol-HoO 46:4:4:6:6:28:6 (by
vol), and then to the top of the plate in chloro-
form-methanol-acetone 80:10:10 (by vol). The plates

were painted with a charring solution, charred, scanned

densitometrically, and the lipid fractions then were
quantitated by using CATS II software, as described in
detail previously (23).

Electron microscopy

Two hours after applications of either vehicle or one
of the phospholipase inhibitors (+ lipid), samples were

taken from treated areas, minced to 0.5 mm3, fixed in
modified Karnovsky’s fixative overnight, washed in 0.1
M cacodylate buffer, and post-fixed in 0.2% ruthenium
tetroxide (RuO4) or 1% osmium tetroxide, containing
0.5% potassium ferrocyanide (36). Ultrathin sections
were examined in a Zeiss 10A electron microscope.

Statistical significance was determined using a two-
tailed Student’s ¢ test.

RESULTS

Effect of phospholipase A; inhibitors on barrier
homeostasis

Although numerous agents have been shown to alter
phospholipase As activity, BPB, MJ33, and MJ45 appear
to have certain desirable features, i.e., putative activity
against specific isoforms (24, 25, 28, 37, 38). Therefore,
we first determined whether a single topical application
of either of the PLAy-I inhibitors would interfere with
barrier recovery in the acetone-treated, acute barrier
recovery model. Normal rates of barrier recovery, simi-
lar to those previously reported for air exposure, occur
2 and 4 h after vehicle treatment (20% and 30-35%,
respectively) (Table 1, line 1). In contrast, a single
application of BPB, an irreversible alkylator of PLAs-,
delays barrier recovery at both 2 and 4 h (by 50% and
66%, respectively) (Table 1, line 2). Likewise, M]33, a
reversible, competitive inhibitor of PLAgI, also signifi-
cantly delays barrier recovery at 2 and 4 h (by 100% and
66%, respectively) (Table 1, line 6).

To determine whether the delay in barrier recovery
can be ascribed to a specific class of secretory PLA,
namely the type I form (24, 25), we next applied MJ45,
a chemically related inhibitor to MJ33, that affects the
Type 11, rather than the Type I isoform of PLAy (28, 29).
As seen in Table 1 (line 10), in contrast to MJ33, MJ45

TABLE 1. Transepidermal water loss in inhibitor-treated mice (mean + SEM)

2 Hours 4 Hours
Treatment (% of time 0) P Value* (% of time 0) P Value®
1. Acetone (A) + vehicle (n = 22) 80.7+3.4 68.6 +5.2
2. A+ BPB (n=20) 90.6 £ 4.6 <0.01 91.6+£5.6 <0.01
3.A+PA(n=10) 1051+ 7.2 <0.02 673+5.8 NS
4. A+ BPB + PA (n=10) 77.1£6.1 NS 64.0£6.9 NS
5.A+BPB+ LA (n=10) 109.3 £9.6 <0.01 88.8+8.0 <0.05
6. A+ MJ33 (n=10) 101.9+85 <0.05 91.3£6.6 <0.02
7. A+M]J33+PA(n=11) 93.2+7.3 NS 61.1+5.8 NS
B.A+MJ33 + LA (n=12) 106.4 + 8.8 <0.02 83.8+5.2 <0.05
9. A+ M]J33 + LPC (n = 10) 134.6 + 10.8 < 0.005 514+ 10.9 <0.01
10. A + MJ45 (n = 15) 85.6 +4.7 NS 55.4+4.0 <0.1

Groups of hairless mice (n) were treated with acetone until transepidermal water loss levels reached > 4.0
mg/cm? per h. The various inhibitors (£ lipid) or the vehicle alone were added immediately in a propylene
glycol-ethanol vehicle to a 5-6 cm? area, and barrier recovery was assessed at 2 and 4 h. BPB, bromophenacyl
bromide; PA, palmitic acid; LA, linoleic acid; LPC, lysolecithin (see Methods for amounts, volume, and

concentration applied). Data in line 3 are from ref. 39.

“Statistical significance versus vehicle.
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does not significantly delay barrier recovery at either 2
or 4 h. As two chemically unrelated PLA» inhibitors
produced similar functional alterations, these results
show that the likely target for the reversible inhibitors is
the type 1 PLAy. Moreover, as MJ45, a chemically related
inhibitor of another PLAjy isoform, had no effect, this
suggests that the MJ33-induced delay in barrier recovery
is not due to nonspecific or toxic effects.

Todetermine further whether the effects of either BPB
or MJ]33 on barrier recovery can be attributed either to a
failure to generate free fatty acids or to nonspecific
toxicity, we next co-applied either palmitic or linoleic
acids, or lysolecithin, distal products of phospholipid
breakdown, with either BPB or MJ33. As described
previously, applications of palmitate alone to acetone-
treated skin aggravated barrier recovery at 2 h (Table 1,
line 3), (39). In contrast, the delay in barrier recovery
induced by BPB was normalized by co-applications of
palmitic acid with BPB at both 2 and 4 h after treatment
{line 4). Likewise, when palmiticacid was applied simulta-
neously with M]33, barrier recoveryrates became compa-
rable to those for vehicle treatment by 4 h after treatment
(line 7). In contrast to palmitic acid, coapplications of
linoleic acid with either BPB or MJ33 did not normalize
barrier recovery (Table 1, lines 5 and 8). Finally, co-appli-
cations of lysolecithin also did not override inhibitor
blockade (line 9). These data show, first, the requirement
for nonessential free fatty acids for barrier recovery.
Second, despite the fact that both BPB and MJ33 can have
unrelated effects on other cell surface-associated en-
zymes, these studies demonstrate again that the barrier
abnormalities induced by both BPB and M]33 cannot be
attributed to such nonspecificeffects.

Effects of phospholipase A; inhibitors on stratum
corneum lipid content

Several prior studies have shown that both BPB and
M]33 inhibit phospholipase As activity, and that they

decrease the generation of free fatty acids from phos-
pholipids in vivo (24, 25, 37). We next assessed whether
the topical applications of these inhibitors would either
inhibit the production of free fatty acids and/or induce
phospholipid accumulation in the stratum corneum. By
4 h after acetone plus M]33 treatment, the free fatty acid
content of stratum corneum was significantly decreased
(26%; P < 0.05), and the total phospholipid content of
stratum corneum was increased in comparison to vehi-
cle-treated stratum corneum (37%; P < 0.01) (Table 2).
The increase in total phospholipids can be attributed
primarily to elevated phosphatidylcholine content, but
other phospholipids, including lysolecithin, increased to
a lesser extent. In contrast, the free sterol content of
M]33-treated stratum corneum remained comparable to
that observed in vehicle-treated stratum corneum.

In order to confirm the above results with a chemically
unrelated phospholipase Ag inhibitor, we next applied
BPB to acetone-treated skin. As with MJ33, both total
phospholipid and phosphatidylcholine content in-
creased and free fatty acid content decreased in BPB-
treated stratum corneum by 4 h after treatment in
comparison to vehicle-treated stratum corneum (data
not shown). These results in epidermis are consistent
with prior studies in lung that have shown that M]33-in-
duced inhibition of phospholipase Ag activity leads to a
reduction in free fatty acid production (38). Together,
these results show that topical application of either of
two chemically unrelated phospholipase Ag inhibitors
results in an accumulation of phospholipids and a reduc-
tion in the free fatty acid content of stratum corneum.

Effect of phospholipase Az inhibitors on epidermal
lipid synthesis

As the abnormal barrier function induced by phos-
pholipase Ag inhibitors can be normalized by palmitic
acid, and these inhibitors reduce the free fatty acid
content in stratum corneum, we next determined

TABLE 2. Changes in lipid content in MJ33-treated stratum corneum (ug/mg wet weight of stratum

corneum)
Vehicle (n = 9) M]33 (n=8) % Change”

Neutral lipids

FS 5.99 £ 0.62 NS 5.41+0.49

FFA 1598 £ 1.22 <0.05 11.81 £ 0.80 -26
Polar lipids

LysoPC 0.33+£0.07 <0.01 0.56 £ 0.09 +66

PC 1.61£0.15 <0.05 2.11+0.14 +31

Pl 0.31£0.07 NS 0.40 + 0.06

PS 0.48 £ 0.09 NS 0.69 £ 0.09

Total polar lipids 2.74 £ 0.29 <0.01 3.76 £0.19 +37

Four hours after a single application of the inhibitor versus vehicle, the stratum corneum was isolated by
heat treatment and trypsinization (see Methods). Total lipids were extracted by the Bligh-Dyer method, and
both polar and neutral lipids were fractionated and quantitated by TLC-densitometry (see Methods). Data
represent mean * SEM. FS, free sterols; FFA, free fatty acids; LysoPC, lysolecithin; PC, phosphatidylcholine; PI,

phosphatidylinositol; PS, phosphatidylserine.
%% Change, change in content versus vehicle.
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whether the inhibitors of phospholipase Az inhibit fatty
acid synthesis. As reported previously (31), barrier dis-
ruption followed by either vehicle-treatment or air ex-
posure is accompanied by a significant increase in both
epidermal fatty acid and cholesterol synthesis in com-
parison to normal untreated epidermis (Fig. 1). More-
over, a comparable increase in both cholesterol and fatty
acid synthesis occurs after barrier disruption in mice
treated with BPB (Fig. 1). Thus, at the doses used here,
the BPB-induced decrease in fatty acid content of the
stratum corneum can be attributed to inhibition of
phospholipid hydrolysis rather than to inhibition of
fatty acid synthesis.

Ultrastructural alterations in phospholipase Ay
inhibitor-treated epidermis (Figs. 2A-E)

To determine the structural basis for the abnormal
barrier function caused by topical phospholipase As
inhibitors, we next examined the ultrastructure of inhibi-
tor-treated epidermis. As reported previously (5-7,
30-32), acetone treatment removes all stainable lipids
and ultrastructurally demonstrable lamellar bilayers
from the stratum corneum without inducing cytotoxic
effects on the nucleated layers of the epidermis. In
acetone-and vehicle-treated animals, increased numbers
of nascent lamellar bodies are present in the cytosol of
outer stratum granulosum cells (Fig. 2B) and at the
stratum granulosum-stratum corneum interface (not
shown; see ref. 9) 2 h after acetone treatment. Moreover,
by 2 h after vehicle treatment, normal-appearing mem-
branebilayer structures reappearin the lower to mid-stra-
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Fig. 1. Lipid synthesis in acetone plus inhibitor versus control epi-
dermis. One hour after acetone * inhibitor treatment, skin was
isolated and incubated with ["*C]acetate. Two h later the epidermis
was separated from the dermis, saponified, and the quantities of
labeled fatty acids and cholesterol were determined as described in
Methods. Results are expressed as nanomoles acetate incorporated/h
per g wet weight. Data represent mean + SEM; n =5 from each group.

tum corneum (Fig. 2A and ref. 9). These membranes
display a typical basic lamellar unit structure, and they
appear in the first and/or second interspace above the
stratum granulosum-stratum corneum interface both in
untreatedsamplesandinvehicle-treated controls(Fig. 2A).

In both BPB- and M]33-treated epidermis, lamellar
body structure appears comparable to vehicle-treated
epidermis (Fig. 2D). However, in contrast to vehicle-
treated samples, unprocessed, secreted lamellar body-
derived membranes persist within the interstices for
several layers above the stratum granulosum-stratum
corneum interface in inhibitor-treated stratum corneum
(Fig. 2C). Moreover, the initially secreted lamellar body
sheets in inhibitor-treated samples do not form elon-
gated membrane structures, an abnormality also seen in
B-glucocerebrosidase-deficient stratum corneum (Fig.
2C, insert; Fig. 3 Aand B; c.f., 22, 23). Asaresult, neither
elongated sheets nor basic lamellar unit structures ap-
pear until corneocytes reach the mid- to outer stratum
corneum. In addition, the absence of lamellar unit
structures in BPB-treated samples results in a loose,
irregular arrangement of “immature”, unprocessed
membrane material throughout the stratum corneum
interstices (Figs. 2C, 3 A and B). Finally, co-applications
of palmitic acid, but not linoleic acid, with BPB, normal-
ize the appearance of lamellar bilayer unit structures in
the stratum corneum interstices (Fig. 2E; linoleic acid
data not shown). These results show that inhibition of
phospholipase Ag, with increased phospholipids and
decreased free fatty acids, results in abnormal extracel-
lular processing of secreted lamellar body contents
within the stratum corneum interstices.

Ultrastructural changes induced by lipid
applications to isolated stratum corneum

To ascertain whether the defect in membrane struc-
ture in inhibitor-treated skin could be reversed by a
direct effect of free fatty acids within the stratum cor-
neum, we next treated BPB-treated stratum corneum
with free fatty acids in vitro. As seen in Fig. 3A and B,
BPB plus vehicle-treated sheets display abnormal-ap-
pearing, foreshortened intercellular lamellar structures,
and extensive cleft formation, identical to those seen
after in vivo application (c.f., Fig. 2C). In contrast,
palmitic acid but not linoleic acid treatment restores
normal-appearing lamellar structures to extensive do-
mains within the intercellular spaces (Fig. 3C and insert;
linoleic acid data not shown). Such normal structures do
not reappear in stratum corneum sheets treated with
equivalent concentrations of cholesterol (Fig. 3D).
These studies provide further evidence that a deficiency
of nonessential fatty acids accounts for the abnormal
membrane structures in inhibitor-treated animals.
Moreover, they show that applications of exogenous
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nonessential fatty acids lead to the formation of normal-
appearing lamellar structures, without a prerequisite for
intracellular processing through the lamellar body secre-
tory system.

DISCUSSION

As its most important function, the epidermis gener-
ates a permeability barrier that prevents excessive
transcutaneous water loss, allowing mammals to reside
in a desiccating environment (2, 3, 10). A mixture of
cholesterol, ceramides, and free fatty acids forms the
mature membrane bilayers in the stratum corneum
responsible for this permeability barrier function (1, 2).
The epidermal lamellar body is believed to be the pri-
mary source of these lipids in the stratum corneum (10).
But the majority of the lipids in both lamellar bodies and
within the nucleated layers of epidermis consists of
cholesterol, glycosphingolipids, and phospholipids; lit-
tle ceramide and free fatty acids are present (11-14).
Evidence from this and other laboratories suggests that
the changes in lipid composition in the stratum cor-
neum can be attributed to hydrolytic enzymes, co-local-
ized with lipids within the lamellar body and the stratum
corneum interstices (reviewed in ref. 10). To address the
issue of post-secretion, extracellular processing within
the stratum corneum, we initially studied B-glucocere-
brosidase, which has been localized predominately to
the outer epidermis and stratum corneum (19, 23). We
used three approaches to demonstrate the extracellular
processing of glucosylceramide precursors by co-local-
ized B-glucocerebrosidase. First, we showed that inhibi-
tion of epidermal B-glucocerebrosidase by topical appli-
cations of a specific, irreversible inhibitor, bromo-
conduritol-B-epoxide, increased glucosylceramides in

Fig. 2. Ultrastructure of control versus inhibitor-treated epidermis.
A: Two hours after acetone treatment + vehicle, normal lamellar unit
structures (solid arrows) appear in the stratum corneum, between the
first (SC1), second (SC2), and third (SC 3) cell layers. Above the third
SC layer, the interstices appear filled with lamellar unit structures
(arrowhead). B: Acetone treatment results in immediate secretion of
lamellar body contents (not shown; 9), but by 2 h abundant nascent
lamellar bodies (open arrows) appear again in the granular layer (SG)
cytosol. C and insert: After acetone plus BPB treatment, the SC
interstices contain lamellar body-derived membrane structures (ar-
rowheads) that are only partially processed to mature lamellar unit
structures. Moreover, these unprocessed structures persist several
levels up into the SC, and are interspersed with non-lamellar domains
(asterisks). D: Lamellar body structure is normal in BPB-treated epi-
dermis (dark arrows). E: Two h after acetone + BPB + palmitate
co-treatment, the maturation of secreted lamellar body contents into
lamellar unit structures (white arrows) appear to be normal. A, x
72,000; B, x 112,500; C, x 65,000; C (insert), x 110,000; D, x 115,000;
E, x 75,000.

the stratum corneum, altered lamellar bilayer structure,
and produced abnormal barrier function (23). Second,
comparable changes in lipid content, structure, and
function occurred in transgenic mice lacking the gene
for B-glucocerebrosidase (22). Third, patients with neo-
natal Type II Gaucher’s disease, who also display pro-
found enzyme deficits, also demonstrate a similar abnor-
mality in membrane structure (22).

Like B-glucocerebrosidase, phospholipase Ag activity
(type unspecified) has been localized to lamellar bodies
(15, 16), the outer epidermis (17, 18), and more specifi-
cally to stratum corneum intercellular domains (17, 20).
The intercellular pool of this enzyme(s) derives from
lamellar body secretion, and both the formation and
exocytosis of these organelles are accelerated by acetone
treatment (9). Moreover, synthesis and delivery of lamel-
lar body hydrolases appear to be augmented after ace-
tone treatment, as shown specifically for f-glucocere-
brosidase (21). Thus, it is likely that acetone treatment
augments delivery of PLAg to the stratum corneum
interstices. In this setting, we provide direct evidence
that selective inhibition of type I phospholipase Ag
activity results in an abnormality in permeability barrier
homeostasis, and that this functional alteration is asso-
ciated with a reduction of free fatty acid content, with
concurrent increases in the phospholipid content of
treated stratum corneum. We showed first that topical
applications of either of two chemically unrelated, type
I phospholipase Ag inhibitors delayed barrier recovery,
while applications of a chemically related inhibitor of
the type II isoform of secretory phospholipase Az had
no effect. Moreover, the functional abnormalities pro-
duced by both BPB and M]33 could be overridden with
co-applications of palmitic acid, but not linoleic acid.
Furthermore, this delay was associated with specific
alterations in stratum corneum lipid content, i.e., in-
creased phospholipids and decreased free fatty acids.
Interestingly, the lysolecithin content of inhibitor-
treated samples increased in parallel with other phos-
pholipids. This finding could be explained if the inhibi-
tors affected not only PLAs-I, but also to a lesser extent,
lysolecithinase. Finally, lamellar body-derived phos-
pholipids could be degraded by an alternate pathway,
i.e., PLA,, followed by PLB, which, depending on rates,
could explain monoacylglycerophospholipid accumula-
tion in inhibitor-treated stratum corneum.

The biochemical alterations produced by the inhibi-
tors are associated further with changes in stratum
corneum lamellar bilayer structure, specifically, an ap-
parent blockade in the end-to-end fusion of secreted
lamellar body-derived membranes. Pertinently, these
structural alterations could be overridden by co-applica-
tions of palmitic acid, but not linoleic acid, with either
of the inhibitors, and reversed by incubations of iso-
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Fig. 3. Membrane structural alterations induced by incubation of stratum corneum (SC) with lipids. A + B: SC sheets isolated from acetone
plus inhibitor (I, BPB)-treated skin, then incubated with vehicle (V) for 2 h. Note paucity of lamellar bilayers with formation of intercellular
lacunae (A, asterisks). Those bilayers that are present are abnormal in substructure (B; c.f., C and insert, below), and greatly foreshortened (B,
arrows). C and insert: SC sheets isolated from acetone plus inhibitor-treated skin, then incubated with a free fatty acid (FA, palmitic acid). Note
reappearance of extensive domains with multilayered lamellar bilayers (C, arrows). D: SC sheets isolated from acetone plus inhibitor-treated skin,
then incubated with cholesterol (C) for 2 h. In contrast to palmitate-treated samples, cholesterol-treated samples display abnormal, foreshortened
lamellar bilayers (arrows) that are interspersed between or around numerous lacunar clefts (asterisks). A, x 70,000; B, x 95,000; C, x 75,000; C,

insert, x 130,000; D, x 70,000.

lated, inhibitor-treated stratum corneum with palmitic
acid, but again not with linoleic acid. The morphologic
data are consistent with a site of maturational blockade
proximal to the primary site affected in B-glucocere-
brosidase-deficient epidermis (Fig. 4; 22, 23). An alter-

1932  Journal of Lipid Research Volume 36, 1995

nate explanation would be a direct effect of the inhibi-
tors on stratum corneum intercellular membrane struc-
tures, which is less likely in light of the lipid override
studies. Together, these results provide a biochemical
and structural basis for the alterations in permeability
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Fig. 4. Diagram of putative sites of extracellular processing of lamellar body-derived lipids. The studies
described in this paper suggest that the phospholipase A family of enzymes may act at a more proximal site than
B-glucocerebrosidase during the extracellular processing of lamellar body-derived lipid precursors.

barrier homeostasis in this model, which can be attrib-
uted to defective extracellular processing of one of the
three key lipids required for barrier function, i.e., phos-
pholipids to free fatty acids.

Oursstudies also address whether the biochemical basis
for the barrier abnormality is attributable primarily to
phospholipid accumulation or to free fatty acid deple-
tion. Previous studies from this laboratory have demon-
strated arequirement for free fatty acids for permeability
barrier function (7). First, abrogations in barrier function
result both in a burst in epidermal fatty acid synthesis
(31), as well as increased activity of the ratelimiting
enzymes for fatty acid synthesis, acetyl-CoA carboxylase
and fatty acid synthase (40). Second, we demonstrated
that topical applications of an incomplete lipid mixture
of cholesterol and ceramides, which lack either essential
or nonessential fatty acids, delay barrier recovery (39).
Third, inhibition of epidermal fatty acid synthesis by
applications of the acetyl-CoA carboxylase inhibitor,
S-tetradecyloxyl-2-furancarboxylic acid (TOFA), induces
abnormal lamellar body and membrane bilayer struc-
ture, as well as abnormal barrier function, which in turn
could be normalized by topical coapplications of nones-
sential free fatty acids (7). In the studies described here,
we have provided evidence that the abnormalities in both
stratum corneum intercellular bilayer structure/matura-
tion and barrier function, induced by either MJ33 or
BPB, are due to a reduction of phospholipid-derived,
nonessential free fatty acids, rather than to an accumula-
tion of phospholipids because co-applications of palmitic
acid, but not linoleic acid: a) override the inhibitory
effects of the phospholipase inhibitors; and b) normalize
stratum corneum membrane structure both in vivo and
inisolated stratum corneum. Additionally, these findings
show that nonessential free fatty acids are not only
processed through the granular cellinto nascent lamellar
bodies, as shown previously (39), but also that they can
correct the membrane structural abnormality directly
within the stratum corneum interstices, i.e., prior proc-
essing through the lamellar body secretory system is not
required. This result is consistent with X-ray diffraction
data demonstrating the capacity of nonessential free fatty

acids to form intercellular membrane structures in de-
lipidized stratum corneum (41). This model, then, differs
from the analogous prior studies using inhibitors of
B-glucocerebrosidase, where the defect was not reversed
by co-application of ceramides, suggesting that in that
model, accumulation of glucosylceramides rather than a
deficiency of ceramides, accounts for the barrier defect.

The ability of palmitic acid, but not linoleic acid, to
override both BPB and MJ33 inhibition of PLAg suggests
that a substantial portion of the phospholipids in epider-
mal lamellar bodies may possess saturated acyl groups
not only in the s»-1, but also in the sn-2 position. Indeed,
phospholipids in the outer epidermis become progres-
sively enriched in saturated fatty acids (1). However, the
specific fatty acid composition of phospholipids residing
within lamellar bodies is not known. Nevertheless, it
seems plausible to speculate that the epidermal lamellar
body, like the lamellar body of the lung type 2 cell, may
also be enriched in nonessential fatty acids. Certainly,
the free fatty acids resulting from phospholipid hydroly-
sis, which accumulate in the stratum corneum intersti-
ces, are enriched in very long-chain, saturated species,
with reduced levels of linoleic acid (1, 11, 13). Linoleic
acid, instead, is found almost exclusively @-esterified to
the N-acyl group of one type of ceramide (1, 11, 42).
Whether lamellar body-derived phospholipids provide
both nonessential and essential fatty acids for mem-
brane assembly, or whether the essential fatty acid,
linoleic acid, derives from a separate pool (? plasma
membrane), remains to be determined. Both essential
and nonessential fatty acids also could result from the
hydrolysis of other esterified lipids, e.g., triglycerides or
cholesteryl esters. However, neither of these lipids is
present in lamellar bodies (15, 16). Moreover, though
sebaceous lipids could deliver these two lipids to the skin
surface, barrier function is not impacted by differences
in sebaceous gland function (1). Thus, despite the theo-
retical possibility that some of the free fatty acids in the
stratum corneum could arise from the hydrolysis of
other esterified lipids, phospholipids provide the prin-
cipal reservoir for a critical component of the free fatty
acid pool.
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Phospholipase Az hydrolyzes fatty acids esterified at
the sn-2 position of glycerophospholipids. Much atten-
tion has focused on PLA because of its central role in
controlling the generation of arachidonic acid leading
to eicosanoid generation and modulation of signal
transduction (24-27). Two major types of PLAg (se-
creted and cytosolic) have been described in mammalian
tissues (24-27), and the secreted PLA2 have been
grouped into at least three separate isoforms. The se-
creted and cytosolic PLAg vary according to molecular
weight, preferential substrate, Ca* requirements, sus-
ceptibility to various inhibitors, and putative biological
function (24-27). Whereas the type I secreted PLAg
(PLA2-I; pancreatic PLAy) classically is associated with
exocrine pancreatic secretions, it also appears to be
generated by a variety of non-pancreatic cell types (24,
27). Because PLA2 is inhibited by both BPB and M]33
(op. cit.), it is tempting to assume that PLAz1 is the
principal epidermal isoform responsible for the phe-
nomena described in these studies. In contrast, the type
II isoform of secreted PLAg also is a known target of
BPB, but not of M]33, and additionally it is inhibited by
MJ45 (29, 43). Finally, while the type III isoform is
sensitive to both BPB and MJ33, it is not known to be
present in mammalian tissues. Although the sensitivity
of the epidermal enzyme to MJ33 suggests a similarity
to a newly described, acidic phospholipase Ag in rat lung
(38, 44-46), this isoform is not inhibited by BPB.
Whether the interstices of the lower stratum corneum,
where the relevant membrane transformations occur, is
acidified remains to be determined. If the epidermal
extracellular target enzyme exhibits an acidic pH opti-
mum, as does the lung isoform (38), the epidermis could
contain a unique form of secreted PLAg. Although some
types of phospholipase As activity present in epidermis
have been partially characterized and localized (18,
47-49), the inhibitor profile of these and other epider-
mal phospholipases has not been evaluated.

In summary, inhibition of epidermal phospholipase
Ay activity decreases free fatty acid content and increases
phospholipid content in stratum corneum, resulting in
abnormalities in both membrane bilayer structure and
barrier function, changes that could be normalized by
coapplications of free fatty acids. These results indicate
that the extracellular processing of phospholipids into
free fatty acids is required for barrier homeostasis. &8
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