
RESEARCH ARTICLE
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Franz P. W. Radner3 , and Kateřina Vávrová1,*
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Abstract Epidermal omega-O-acylceramides (ω-O-
acylCers) are essential components of a competent
skin barrier. These unusual sphingolipids with
ultralong N-acyl chains contain linoleic acid esterified
to the terminal hydroxyl of the N-acyl, the formation
of which requires the transacylase activity of patatin-
like phospholipase domain containing 1 (PNPLA1). In
ichthyosis with dysfunctional PNPLA1, ω-O-acylCer
levels are significantly decreased, and ω-hydroxylat-
ed Cers (ω-OHCers) accumulate. Here, we explore the
role of the linoleate moiety in ω-O-acylCers in the
assembly of the skin lipid barrier. Ultrastructural
studies of skin samples from neonatal Pnpla1þ/þ and
Pnpla1-/- mice showed that the linoleate moiety in ω-O-
acylCers is essential for lamellar pairing in lamellar
bodies, as well as for stratum corneum lipid assembly
into the long periodicity lamellar phase. To further
study the molecular details of ω-O-acylCer deficiency
on skin barrier lipid assembly, we built in vitro lipid
models composed of major stratum corneum lipid
subclasses containing either ω-O-acylCer (healthy skin
model), ω-OHCer (Pnpla1-/- model), or combination of
the two. X-ray diffraction, infrared spectroscopy, and
permeability studies indicated that ω-OHCers could
not substitute for ω-O-acylCers, although in favorable
conditions, they form a medium lamellar phase with a
10.8 nm-repeat distance and permeability barrier
properties similar to long periodicity lamellar phase.
In the absence of ω-O-acylCers, skin lipids were prone
to separation into two phases with diminished barrier
properties. The models combining ω-OHCers with
ω-O-acylCers indicated that accumulation of ω-OHC-
ers does not prevent ω-O-acylCer-driven lamellar
stacking. These data suggest that ω-O-acylCer
supplementation may be a viable therapeutic option
in patients with PNPLA1 deficiency.
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The outermost skin layer, the stratum corneum,
protects the mammalian body from potentially
harmful environmental substances and excessive water
loss (1). The stratum corneum comprises terminally
differentiated cells, known as corneocytes, surrounded
by extracellular lipid lamellae, which are critical for the
permeability barrier homeostasis. The stratum
corneum lipids consist of an approximately 1:1:1 molar
mixture of ceramides (Cers), free fatty acids (FFAs), and
cholesterol (Chol), with minor components such as
cholesteryl sulfate (CholS) (2). Skin Cers are an
extremely heterogeneous group comprising at least 16
subclasses (supplemental Fig. S1) (3), including non-
hydroxylated and α-hydroxylated very long chain Cers
and epidermal-specific ω-O-acylceramides (ω-O-acylC-
ers, Fig. 1).

The ω-O-acylCers (such as N-(ω-O-linoleoyloxy)acyl
sphingosine, Cer EOS according to the nomenclature
systembyMotta et al. (4)) have linoleic acid ester-bound at
theω-end of theirN-acyl chains, typically ultralong (up to
36 carbon atoms) (5–8), and their synthesis requires
several specific steps (9). These lipids comprise around 10
weight % (7 mol%) of the extractable stratum corneum
Cers (3, 6, 10, 11). The ω-O-acylCers are essential for the
typical stratum corneum multilamellar lipid assemblies
with approximately 11–13 nm repeat distance, the long
periodicity lamellar phase (LPP) (12–14). Due to its two cis-
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Fig. 1. Molecular structures of the studied ω-OHCers and ω-O-acylCers (A), the model compositions in mol% (B; donut chart), and
the compositions of the ceramide fractions in the models in mol% (B; table). ω-O-acylCers, omega-O-acylceramides; ω-OHCers,
ω-hydroxylated Cers.
double bonds, ω-esterified linoleate is fluid at skin tem-
perature (15) in contrast to the N-acyl chains, which are
primarily rigid and tightly packed (16). The linoleate
moiety in ω-O-acyl(glucosyl)Cers is fundamental for
attaching to corneocyte proteins to form the corneocyte
lipid envelope (CLE) (17–19).

The CLE and the LPP arrangement of the stratum
corneum lipids are vital for permeability barrier
function (20, 21). The complete ω-O-acylCer deficit is
lethal to neonatal mice (22), while diminished ω-O-
acylCer levels in humans contribute to disturbed
epidermal homeostasis in skin disorders (23) such as
atopic dermatitis (10, 21, 24, 25), psoriasis (4), or
ichthyoses (26). In particular, several autosomal reces-
sive congenital ichthyoses have altered ω-O-acylCer
metabolism (27, 28). For example, the linoleate attach-
ment to the ω-hydroxyl group on the Cer ultra-long
acyl chain requires transacylase activity of patatin-like
phospholipase domain containing 1 (PNPLA1) (29).
Dysfunctional Pnpla1 gene in mice led to significantly
decreased ω-O-acylCer levels and an accumulation of
ω-hydroxylated Cers (ω-OHCers), diminished CLE, and
impaired lamellar organization of the stratum corneum
extracellular lipids (30–33). Such ω-OHCers, which lack
the linoleate moiety are present only in small amounts
in healthy skin (6).

Here, we explore the role of the linoleatemoiety in ω-O-
acylCers in the skin barrier lipid assembly. First, electron
microscopy was used to examine the effect of Pnpla1
expressiononepidermal lamellar lipidorganization invivo.
Next,webuilt invitromultilamellar lipidmodels composed
ofmajor stratumcorneum lipid subclasses, eitherwithω-O-
acylCer (healthy skin model) or with ω-OHCer (Pnpla1-/-

model) or their combinations (model of partial PNPLA1
dysfunction and models of PNPLA1-deficient skin treated
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with ω-O-acylCer; Fig. 1). The ω-O-acylCers and ω-OHCers
comprised sphingosine, dihydrosphingosine, and phytos-
phingosine as their sphingoid backbones, that is, they were
mixtures of EOS/EOdS/EOP and OS/OdS/OP, respec-
tively. Selected lipid models were stressed by assembling
them at a higher temperature and reduced hydration. The
lamellar organization of these models using various ω-O-
acylCer/ω-OHCer concentrations was assessed by X-ray
diffraction (XRD). Selectedmodelswere further examined
by Fourier-transform infrared spectroscopy (FTIR) for
their lipid chain order, packing, and transitions. Perme-
abilities of the lipidmodels, sandwiched inFranz cells, were
probed by water loss measurements and two permeants.
MATERIALS AND METHODS

Chemicals
ω-O-acylCers [CerEOS (d18:1/h32:0/18:2), CerEOP (t18:0/h32:0/

18:2), andCerEOdS (d18:0/h32:0/18:2)] were prepared as described
previously (34). ω-OHCers [Cer OS (d18:1/h32:0), Cer OP (t18:0/
h32:0), and Cer OdS (d18:0/h32:0)] were prepared by a modified
procedure described in Opálka et al. (34) that will be published
elsewhere. Cer AdS (d18:0/h24:0) was prepared according to
Kováčik et al. (35) Cer NS (d18:1/24:0), Cer NP (t18:0/24:0), Cer AS
(d18:1/h24:0), Cer AP (t18:0/h24:0), and Cer NdS (d18:0/24:0) were
purchased from Avanti Polar Lipids. FFAs (lignoceric, behenic,
arachidic, stearic, and palmitic acids), Chol, CholS, theophylline
(TH), indomethacin (IND), gentamicin sulfate, propylene glycol,
buffer components, and solventswere purchased fromMerck.All
solvents used were of analytical or HPLC grade. Water was puri-
fied using a Milli-Q system (Merck Millipore).
Mice and electron microscopy
Pnpla1+/+ and Pnpla1-/- skin samples were acquired during a

previously published study from neonatal mice, in which loss



of Pnpla1 expression was confirmed (31). All mouse proced-
ures were approved by medical ethics committees at the
University of Graz and the Austrian Federal Ministry of
Science, Research and Economy. No new mouse procedures
were performed as part of the present study. Skin samples
were minced into fragments < 0.5 mm3, prefixed in half-
strength Karnovsky’s fixative, rinsed three times in 0.1 mol/
L cacodylate buffer, followed by postfixation in ruthenium
tetroxide (Polysciences). Samples were then embedded in
epoxy-Epon (Hexion) and processed for electron microscopy
(36). Imaging was done on thin sections using a JEOL 100CX
electron microscope at 60 V with a Gatan Bioscan camera
(model 792). Images presented in Fig. 2 represent the entire
samples from all three mice within the respective group. The
LPP was identified in electron microscope images using the
DigitalMicrograph version 3.10.0 (Gatan Inc.) and its length
was determined using the density profile tool, while LPP
abundance was quantified as percentage of lamellae that
were part of an LPP out of the total number of lamellae
captured in each image slice.
Preparation of stratum corneum lipid models
The lipid models were prepared from Cers, FFAs, Chol, and

CholS as follows (Fig. 1). The Cer fraction consisted of very
long Cers NS, NP, NdS, AS, AP, and AdS (in an
8.3:25.3:9.1:26.0:29.8:1.4 M ratio) mixed in different ratios with
ω-O-acylCers or ω-OHCers (composed of Cers EOS/EOP/
EOdS or OS/OP/OdS, respectively, in 78.0:16.4:5.6 M ratios,
Fig. 1 and supplemental Table S1). Due to the unavailability of
Cers based on 6-hydroxysphingosine, these Cers were (pro-
portionally) substituted with the available Cer subclasses to
maintain the same level of hydroxylation as follows: Cer AS
was used in place of Cer NH, and Cer AP was used in place of
Cer AH. Cer EOH (and Cer OH) were proportionally
substituted with Cers EOS (OS), EOdS (OdS), and EOP (OP) in
the mixtures. FFAs of even chain lengths (1.3 mol% palmitic,
3.3% stearic, 6.9% arachidic, 47.1% behenic, and 41.4% ligno-
ceric acid) were mixed to approximate their proportions in
the healthy human stratum corneum (37, 38).
Fig. 2. Ultrastructure of lamellar lipids in Pnpla1+/+ and Pnpla1-/

stratum granulosum and mature lipid lamellae in the stratum corneu
been reused in the Graphical abstract.
The lipids were dissolved in CHCl3/MeOH 2:1 (v/v), mixed
as shown in Fig. 1, and dried in a vacuum. Then, 1.35 mg of the
lipid mixture (per sample) was dissolved in 400 μl of hexane/
96% ethanol 2:1 (v/v) and sprayed using a stream of nitrogen
as a carrier gas and a Linomat V (Camag) with additional
y-axis movement (37) on either a cover glass (22 × 22 mm) for
XRD or Nuclepore polycarbonate filters (15 nm pore size,
Whatman) for the permeability experiments. The sprayed
area was 1 cm2, and the lipid solution flow rate was 10.2
μl/min. Thus, the films contained 1.35 mg/cm2 lipid, roughly
10-fold more than in the stratum corneum, partly compen-
sating for the lack of tortuosity in such models. The prepared
lipid films were heated above their phase transition temper-
atures, either at 90◦C (at ambient humidity) or 70◦C (at 100%
relative humidity) for 10 min, and then slowly (overnight)
cooled to 32◦C. The membrane thickness was approximately
11 μm (39). Before the experiments, the lipids were equili-
brated at 32◦C and 40%–50% humidity for 24 h (39, 40). The
homogeneous lipid distribution was determined by high-
performance thin-layer chromatography after the
CHCl3/MeOH (2:1 v/v) extraction of the membrane center
and periphery (41).

X-ray diffraction
The XRD of the studied lipid membranes was performed

using an X’Pert PRO θ – θ powder diffractometer (PAN-
alytical B.V., Almelo) with parafocusing Bragg-Brentano
geometry using CoKα radiation (λ = 1.7903 Å, U = 35 kV,
I = 40 mA). X-ray focus, type: line, length: 12 mm, width:
0.4 mm, take-off angle: 6◦ . Incident beam path, soller slit
opening: 0.04 rad, beam mask width: 15 mm, automatic
programmable divergence slit, irradiated length: 20 mm.
Diffracted beam path, fixed anti-scatter slit height: 6.6 mm,
soller slit opening: 0.04 rad, and nickel filter thickness:
0.02 mm. Beam knife is used at a fixed height. The samples
were mounted in modified sample holders (with an inner
diameter of 32 mm, for filters or solid samples with a diam-
eter of 30–32 mm, a maximum thickness of 5.8 mm) over the
angular range of 0.6–30◦ (2 θ). The data were scanned with the
ultrafast linear position-sensitive (1D) detector X’Celerator
- epidermis. Images show representative lamellar bodies in the
m of the indicated mice. Scale bar = 100 nm. These images have
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with a step size of 0.0167◦ (2 θ) and counting time of 20.32 s/
step at room temperature. The data were evaluated using
X’Pert Data Viewer (PANalytical B.V., Almelo). The XRD
diffractograms show the scattered intensity as a function of
the scattering vector q [nm-1], which is proportional to the
scattering angle 2 θ according to the following equation: q =
4π sinθ/λ (λ = 0.17903 nm is the wavelength of the X-rays). No
correction factors were applied to the diffraction patterns.
The repeat distance d [nm] characterized the regular spacing
of parallel lipid layers arranged on a one-dimensional lattice
and was obtained from a slope “a” of a linear regression fit of
the dependence qn = a × n + k according to the equation d =
2π/a. The peaks were assigned to a specific lamellar phase
only when R2 ≥ 0.9998. This lipid arrangement is called a
lamellar phase (L). The diffractograms of the lamellar phases
exhibit a set of Bragg reflections, whose reciprocal spacings
are in the characteristic ratios of Qn = 2πn/d (reflection’s
order number n = 1, 2, 3…).
Water loss and permeability of the lipid models
Lipid membranes on polycarbonate filters (n = 7 for each

sample type) were fixed in homemade Teflon holders with a
0.5 cm2 circular opening. The holders were mounted in Franz
diffusion cells (glass, custom-made, supplemental Fig. S2) with
the lipid layer facing the donor compartment. The volume of
the individual acceptor parts was 6.8 ± 0.2 ml (the precise
volume was measured per cell and included in the calcula-
tions). Acceptor compartment of each Franz diffusion cell
was filled with PBS buffer at pH 7.4 with 50 mg/ml of
gentamicin sulfate and equilibrated at 32◦C for 12 h. The lipid
film integrity was checked by electrical impedance (all values
were higher than 80 kΩ × cm2) (14, 40, 42).

For the water loss measurement, the donor part of the cell
was temporarily removed, and the probe of the Aquaflux
AF200 instrument (Biox) was tightly placed on top of the
Teflon membrane holder to avoid vapor leakage. The effec-
tive measured area was 0.5 cm2, the measurement time was set
to 90 s (or until the steady-state was reached), and the value
was recorded in grams per hour per meter squared. The
measurements were carried out at 24 ± 1◦C ambient tem-
perature and 40%–50% air humidity (conditions for the
Aquaflux probe), whereas the temperature of the acceptor
phase remained at 32 ± 0.5◦C.

Next, 100 μl of a model permeant suspension (5% TH or 2%
IND in 60% propylene glycol) was applied directly on top of
the lipid membrane in the Franz cell donor compartment.
The acceptor phase samples (300 μl) were collected every 2 h
for 10 h and replaced with fresh PBS. The cumulative
amounts of TH and IND permeated through the lipid models
corrected for the PBS replacement were plotted against time.
The typical lag times were below 2 h; thus, a 10 h experiment
duration was sufficient to reach the steady state. The flux
values were calculated as the slopes of the linear part of the
permeation profile. The polycarbonate membrane did not
affect the permeability, and propylene glycol did not extract
any lipids from the membrane, which was demonstrated us-
ing high-performance thin-layer chromatography (41).
HPLC
TH or IND in the acceptor phase samples were analyzed

using isocratic reverse-phase HPLC on a Shimadzu Promi-
nence instrument (Shimadzu) with “Shimadzu LCsolution
Version 1.22” software using a LiChroCART 250-4 column
(LiChrospher 100 RP-18, 5 μm particle size, Merck) using
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validated methods (14, 40, 43). TH separation was achieved
using 4:6 MeOH/0.1 M NaH2PO4 (v/v) at a 1.2 ml/min flow
rate. The column was maintained at 35◦C. TH was detected at
272 nm; its retention time was 3.2 ± 0.1 min. For IND, 90:60:5
acetonitrile/water/acetic acid mobile phase was used at
2 ml/min flow rate, and the column was maintained at 40◦C.
IND was detected at 260 nm and its retention time was 3.1 ±
0.1 min.

Fourier-transform infrared spectroscopy
Selected lipid membranes were measured on a Nicolet 6700

spectrometer (Thermo Scientific) equipped with a single
reflection MIRacle ATR ZnSe crystal (PIKE Technologies).
The spectra were generated by the coaddition of 256 scans
recorded at a 2 cm−1 resolution, with a clamping mechanism
ensuring constant pressure. Using a temperature control
module (PIKE Technologies), the spectra were recorded
between 28 and 100◦C in 2◦C steps (the stabilization time
between steps was 6 min). The analysis was performed using
Bruker OPUS software. The exact peak positions were
determined from the second derivative spectra.

Data treatment
Two samples were compared using Student’s t test, three or

more samples using one-way ANOVA with Dunnett’s post
hoc test; P < 0.05 was considered significant.

RESULTS

Loss of ω-O-acylCer linoleate moiety in Pnpla1-/- mice
disturbs the lipid lamellae pairing in lamellar bodies
and the LPP pattern of the stratum corneum lipids

Lamellar lipid organization in Pnpla1+/+ epidermis
(Fig. 2) was characterized by paired lamellae in lamellar
bodies and triplet-grouped lamellae (LPP, with repeat
distance 11.5 ± 1.0 nm, mean ± SD, n = 73
determinations) in the stratum corneum, as previously
reported (44). In contrast, no lamella pairing was
observed in Pnpla1-/- lamellar bodies, and the percent-
age of stratum corneum lamellae that were contained
within triplet groupings (LPP with repeat distance 10.1 ±
1.1 nm, mean ± SD, n = 8 determinations) was signifi-
cantly reduced from 85 ± 26% to 15 ± 35% (P<0.001) so
that most lamellae were not part of any higher-order
lamellar organization.

Loss of ω-O-acylCer linoleate moiety in the in vitro
stratum corneum lipid models disturbs the LPP
arrangement rendering the lipids sensitive to
external conditions

Next, several in vitro lipid models were constructed
to capture the stratum corneum lipid arrangement
changes upon the loss of the linoleate moiety in ω-O-
acylCers. Synthetic lipids instead of natural extracts
were used for these models to precisely control their
composition, particularly replacing the ω-O-acylCers
with ω-OHCers while maintaining the other lipids un-
affected. The lipids were annealed at 70◦C and 100%
relative humidity unless indicated otherwise. The major



limitation of this approach is the lack of in vitro CLE
models, which restricts our methods to mimicking the
free stratum corneum lipids. As the CLE is virtually
absent in Pnpla1-/- mice, this drawback disappears, and
the ω-OHCer model reasonably mimics the bulk stra-
tum corneum lipids in those mice.

This point of absent CLE in the in vitro lipid models
must also be considered when selecting the ω-O-acylCer
concentration. An ω-O-acylCer concentration of
approximately 7 mol% was reported in extracted
human stratum corneum lipids (3, 6, 10, 11). However,
the amount of ultralong chain Cers contributing to the
LPP in vivo is higher because the broad electron-lucent
band from the CLE is rich in such lipids (despite being
immobilized on the cell surface). We addressed this
problem by using two sets of models: one with ≤10 and
another with 20 mol% ω-O-acylCers within the Cer
fraction.

First, we examined the lipid mixtures with ω-O-
acylCers, which approximate the healthy skin lipids,
using XRD to establish their lamellar arrangement
(Fig. 3). The repeat distance, d, values (SEM were
smaller than 0.02 nm unless indicated otherwise) for all
Fig. 3. X-ray diffractograms of the studied lipid films. Models ap
humidity (A), models with increased ω-O-acylCer and ω-OHCer conc
and ambient humidity (C). Individual reflections of the particular
headings for assignments), dashed line (SPP), or in each diffractogr
and asterisks for separated Chol). Representative diffractograms an
supplemental Table S2. ω-O-acylCers, omega-O-acylceramides; ω-OH
SPP, short periodicity phase; MLP, medium lamellar phase; Chol, ch
lamellar phases are shown in supplemental Table S2. At
7.5 mol% and 10 mol% ω-O-acylCers, LPP with a 12.1 nm
repeat period was detected, accompanied by a short
periodicity phase (SPP) of d = 5.3–5.4 nm (Fig. 3A, black
diffractograms, supplemental Table S2). At 20 mol%
ω-O-acylCers, only LPP was detected (d = 12.4 nm;
Fig. 3B, black pattern). To challenge the lipid system, the
same model with 20 mol% ω-O-acylCers was also pre-
pared at a higher temperature (90◦C) and ambient
relative humidity. This treatment resulted in the for-
mation of both the LPP (d = 12.5 nm) and SPP (5.3 nm;
Fig. 3C, black graph). All lipid mixtures also had
reflections of separated Chol, consistent with previous
results (14, 35, 40).

Next, we replaced all ω-O-acylCers with ω-OHCers,
thus effectively removing the linoleate moiety from
ω-O-acylCers simulating the stratum corneum lipids in
PNPLA1 deficiency. In the model with ≤10 mol%
ω-OHCers, only an SPP with d = 5.4 nm was found
(Fig. 3A, dark blue diffractogram). The lipid model with
20 mol% ω-OHCer in the Cer fraction assembled into a
lamellar phase with 10.8 nm periodicity, the medium
lamellar phase, MLP (this assignment was based on 13
proximating healthy skin condition prepared at 70◦C and 100%
entration prepared at 70◦C and 100% humidity (B), and at 90◦C
lamellar phases are shown using a dotted line (LPP, see figure
am (letters for MLP, numbers for the unidentified short phase,
d repeat distance values of all analyzed samples are shown in
Cers, ω-hydroxylated Cers; LPP, long periodicity lamellar phase;
olesterol.
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reflections, R2 = 0.9999; Fig. 3B, dark blue graph) (45).
Subjecting this lipid model to higher temperature
resulted in a loss of the MLP and formation of the SPP
(5.4 nm) and an unknown phase with d = 4.1 nm
(5 reflections; Fig. 3C, dark blue). The 4.1 nm phase may
be rich in ω-OHCer as the calculated length of the
32-carbon atom N-acyl chain is 4 nm.

To mimic a partial ω-O-acylCer deficiency, two sets of
lipid models were constructed containing 5 mol% ω-O-
acylCers + 5 mol% ω-OHCers (Fig. 3A, light blue graph)
and 3.75 mol% ω-O-acylCers + 3.75 mol% ω-OHCers
(supplemental Table S2). No LPP was detected in either
model, confirming that a certain ω-O-acylCer concen-
tration threshold (14, 43, 46) is essential for the LPP
formation, and no synergy exists between the ω-O-
acylCers and ω-OHCers.

In another set of models, ω-OHCers (10 and 20 mol%
of the Cer fraction) were added to ω-O-acylCers (20 mol
%) rather than replacing them, roughly mimicking the
situation when Pnpla1-/- epidermis would be treated
with topical ω-O-acylCers (Fig. 3B, C, light blue graphs
and supplemental Table S2). These lipids had the same
lamellar phases as those with 20 mol% ω-O-acylCers,
indicating that the ω-OHCers did not prevent the LPP
formation, given that a sufficient amount of ω-O-
acylCers was present.

Loss of ω-O-acylCer linoleate moiety in the stratum
corneum lipid models shifts the orthorhombic-to-
hexagonal transition to higher temperatures

The lipid models with 20 mol% ω-O-acylCers and
20 mol% ω-OHCers, that is, those forming the LPP and
MLP, respectively, were further examined by FTIR
(Fig. 4). FTIR is a sensitive tool for assessing the lipid
chain order and packing. For example, changes in the
methylene symmetric stretching bands were found in
Fig. 4. FTIR spectroscopy of the selected lipid mixtures (20 mol%
phase transitions indicated by the thermal evolution of the methyle
methylene rocking doublet characteristic of the orthorhombic cha
ω-O-acylCers, omega-O-acylceramides; ω-OHCers, ω-hydroxylated C
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atopic dermatitis patients compared to healthy volun-
teers, and such changes correlated with transepidermal
water loss (47). Here, mostly well-ordered all-trans chains
were found in both models at room temperature as
indicated by methylene symmetric stretching wave-
numbers of 2848.6 cm−1. The lipid chains in both
models were tightly packed in orthorhombic subcells as
the methylene rocking and scissoring bands were split
into doublets (47). Such similarities were rather unex-
pected given the lack of fluid linoleate in the ω-OHCer
model. The major difference between the two models
was higher thermal stability of orthorhombic lipid
packing in the absence of ω-O-acylCer; the vibrational
coupling characteristic of orthorhombic packing dis-
appeared at approximately 40◦C and at 50◦C in the
model with ω-O-acylCers and ω-OHCers, respectively.
With further heating, the lipids in the model with
ω-OHCers disordered at slightly higher temperature (by
3◦C) than those in the ω-O-acylCer model.

The lamellar arrangement of the in vitro lipid
models strongly affects their barrier properties; the
10.8 nm lamellar phase, MLP, has similar
permeabilities as the LPP

Next, the barrier function of selected lipid films to
water loss and two model permeants with various
physicochemical properties preferring different
permeation routes (48), TH and IND (39, 40, 42), were
assessed (Figs. 5, S3, and supplemental Table S3). TH
was previously used to distinguish the diseased (atopic
dermatitis) and healthy permeability barrier (49). The
electrical impedance of all tested lipid films was higher
than 80 kΩ × cm2 (data not shown), indicating the
absence of macroscopic membrane defects.

The replacement of 10 mol% ω-O-acylCers with
10 mol% ω-OHCers increased the water loss by
ω-O-acylCers in black and 20 mol% ω-OHCers in blue) shows the
ne symmetric stretching vibration (A) and disappearance of the
in packing (B). FTIR, Fourier-transform infrared spectroscopy;
ers.



Fig. 5. Permeability properties of the selected lipid mixtures (containing ω-O-acylCers in black and ω-OHCers in blue) probed by
transmembrane water loss (A–C) and permeation profiles for TH (D, E, F) and IND (G, H, I). Lipid films were annealed at 70◦C, 100%
humidity (A, B, D, E, G, H) or 90◦C, ambient humidity (C, F, I). Values are presented as means ± SEM, n = 5–7. Asterisks indicate
statistically significant differences at P < 0.05 (t test). All water loss and flux values are shown in Supplementary table. ω-O-acylCers,
omega-O-acylceramides; ω-OHCers, ω-hydroxylated Cers; TH, theophylline; IND, indomethacin.
approximately 50%, the TH flux by 40%, and the IND
flux two-fold (Fig. 5A, D, G), which is consistent with the
LPP disappearance. In contrast, no significant differ-
ences were found in the models with 20 mol% ω-O-
acylCers/ω-OHCers, indicating that the MLP formed in
the absence of linoleate in the ultralong chain Cer has
similar barrier properties to the LPP (Fig. 5B, E, H). The
models with a mixture of ω-O-acylCer and ω-OHCer
had similar permeability properties as models with ω-O-
acylCers (supplemental Fig. S3). No significant changes
in permeability were found between the 10 and 20 mol
% ω-O-acylCer models, which is consistent with previous
studies (14).
Next, we analyzed the permeabilities of the models
with the same lipid composition but exposed them to a
higher temperature during assembly (Fig. 5C, F, I). The
barrier properties of the samples containing 20 mol%
ω-O-acylCers (either without or with ω-OHCers)
prepared at 90◦C slightly decreased compared to the
model with the same lipid composition annealed at
70◦C, likely reflecting the SPP and LPP coexistence in
the former. In sharp contrast, the ω-OHCer models
prepared at 90◦C, had eight- and three-fold higher
permeabilities to TH and IND, respectively, than those
assembled at 70◦C. The water barrier was relatively less
sensitive to such change.
Linoleate loss in skin barrier ceramides 7



DISCUSSION
The linoleate moiety of ω-O-acylCers is essential for

binding to corneocyte proteins and forming the CLE
(17–19). Our results revealed that apart from CLE
formation, the linoleate chain in ω-O-acylCers is essen-
tial for assembling the barrier lipid precursors in the
lamellar bodies and the free stratum corneum lipids
into the LPP. In the absence of ω-O-acylCer, single
bands rather than paired bands were observed in the
lamellar bodies of Pnpla1-/- mice, suggesting that the
ω-O-acylCer linoleate tails are present in the electron-
dense layer in the center of the paired lamella in wt
mice resembling lipid droplet lens. In Pnpla1-/- mice,
these single bands were transferred from the lamellar
bodies to the intercellular spaces of the stratum cor-
neum. This behavior is consistent with the proposed
hierarchical two-step assembly of healthy skin barrier
lipids; the lipid precursors assemble at the molecular
level in the lamellar bodies, and the final stratum
corneum lamellae develop from these prefabricated
nano-sized lipid stacks (50). Putatively, postsecretory
lipid processing destabilizes the paired bilayer-like
arrangement, and this stress may be relieved by flip-
ping the sphingoid base chain to an extended Cer
conformation (51–53). Thus, the broad lucent bands in
the triplets could be enriched in rigid and tightly
packed acyl chains, while the narrow lucent band might
be rich in the sphingoid base chains and Chol.

To gain further insight into the behavior of stratum
corneum lipids in Pnpla1-/- mice, we attempted to
reproduce some of the prominent features of the lipid
lamellae in the absence of the ω-O-acylCer linoleate tails
using in vitro lipid models. The models in which ω-O-
acylCers were replaced by ω-OHCers lost the LPP
architecture, consistent with the TEM images of
Pnpla1-/- mice. At 10 mol% ω-OHCer concentration, the
lipids formed the SPP and their weaker barrier agreed
with the LPP loss (14). Lipids in the 20 mol% ω-OHCer
model arranged themselves in a phase with 10.8 nm
periodicity, the MLP, with similar barrier properties to
the LPP in the 20 mol% ω-O-acylCer model. A conceiv-
able explanation of the MLP structure is that it com-
prises two SPP units (if we assume that SPP is
asymmetrical) or SPP-like units (45). Such a unit would
very likely contain Cers in the extended (splayed-chain)
conformation with acyl chains pointing to opposite
directions (51–53). Arranging such two units face-to-
face would lead to a doubled periodicity, as observed
for the MLP (45, 54). Lipid arrangement with approxi-
mately 10 nm periodicity was observed in the stratum
corneum of Pnpla1-/- mice, although without detailed
data about the inner structures of these phases no link
can be drawn to the MLP found in the lipid model.

Notably, previous in vitro lipid models showed that
LPP is assembled when linoleate in ω-O-acylCer is
replaced by oleate but not stearate, albeit the SPP/LPP
ratio increased upon replacement of linoleate by oleate
8 J. Lipid Res. (2022) 63(6) 100226
(55). Thus, the ultralong N-acyl chain in ω-O-acylCer,
which is approximately 4 nm long and therefore can
span a bilayer, does not per se induce the LPP assembly,
which explicitly requires an unsaturated ω-O-acyl
moiety.

The loss of the linoleate moiety in our model shifted
the orthorhombic-hexagonal lipid transition, which
involves loosening the tightly packed lipid chains, to
higher temperatures. This higher stability of ortho-
rhombic packing may be beneficial in reducing water
permeability but shifting the transition out of the
physiological range of 35–40◦C (56) may have as yet
unknown implications on epidermal homeostasis.

To study the robustness of the LPP and MLP
arrangements, the lipid models with 20 mol% ω-O-
acylCer/ω-OHCers were assembled at 90◦C. The LPP
was still present in the ω-O-acylCer model (similar to
isolated human stratum corneum lipids (57)), but in the
ω-OHCer model, the MLP dissolved into the SPP and a
4.1 nm phase, rendering lipid films 3 and 8-fold more
permeable.

The observed lamellar rearrangement was caused by
the absence of ω-O-acylCers and not the presence of
ω-OHCers, since the lipid models combining ω-O-
acylCers with ω-OHCers retained the LPP when they
had sufficient ω-O-acylCers. Thus, the free hydroxyl
group of ω-OHCers does not have any significant
adverse effects on the lipid organization and perme-
ability barrier function of the stratum corneum, and
replacement of the missing ω-O-acylCers appears to be a
viable therapeutic strategy in ichthyosis patients with
PNPLA1 deficiency (provided that the ω-O-acylCers can
be delivered to deeper stratum corneum in sufficient
quantities). The potential of such lipid replacement was
shown by applying epidermal lipid extracts from WT
mice onto the skin of Pnpla1 -/- mice, which resulted in
the synthesis of protein-bound ω-OHCers, indicating
the rebuilding of the CLE in PNPLA1-deficient skin
(31). Mauldin et al. treated NIPAL4-deficient dogs
(another lipid-synthetic ARCI that converges on the
CLE) with ω-O-acylCers, rescuing both the CLE and also
the underlying protein corneocyte envelope (although
the clinical phenotype only partially improved due to
an accumulation of proximal toxic metabolites) (58). In
addition, ω-O-acylCer EOS partially reversed the
expression of Flg, Ppard, and Hbegf in Pnpla1-/- kerati-
nocytes (32).

Considering the relatively small effects of the lipid
organization on water loss in our lipid models, it
appears that the lack of the LPP only partly contributes
to the diminished water permeability barrier in Pnpla1-/-

mice. These mice show an approximately three- to
four-fold increased water loss than their wt littermates
(30, 31). Although direct comparison of our lipid models
with in vivo data is not possible since the diminished
levels of filaggrin and loricrin as well as hyper-
activation of PPARδ in Pnpla1-/- mice may also



contribute to the altered barrier function (32), the lack
of the CLE may be a conceivable explanation for the
impaired water permeability barrier in Pnpla1-/- mice.
The absence of this covalent hydrophobic cell coat
likely renders the corneocytes leakier to hydrophilic
substances and leaves the hydrophobic lipids without
their tether to the hydrophilic cell surface, thus
creating a permeable boundary or making the lipid
arrangement weaker to external stressors.
CONCLUSIONS

Our results show that ω-O-acylCers are essential for
lamellae pairing in lamellar bodies and stratum cor-
neum lipid assembly into the LPP, apart from its role in
CLE formation. ω-OHCers lack the linoleate moiety and
cannot substitute for ω-O-acylCers, although at favor-
able conditions, they form almost 11 nm lamellae, the
MLP, with permeability characteristics similar to the
LPP. Unlike the LPP, the MLP is sensitive to conditions
during assembly and may dissolve into two phases with
diminished barrier properties. The lipid models
combining ω-OHCers with ω-O-acylCers suggest that
ω-OHCers do not perturb the lipid organization per se
and that ω-O-acylCer replacement may be a viable
therapeutic option in patients with PNPLA1 deficiency.
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42. Kovacik, A., Pullmannová, P., Maixner, J., and Vavrova, K. (2018)
Effects of ceramide and dihydroceramide stereochemistry at C-
3 on the phase behavior and permeability of skin lipid mem-
branes. Langmuir. 34, 521–529
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