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Abstract A complex assembly of lipids including
fatty acids, cholesterol, and ceramides is vital to the
integrity of the mammalian epidermal barrier. The
formation of this barrier requires oxidation of the
substrate fatty acid, linoleic acid (LA), which is initi-
ated by the enzyme 12R-lipoxygenase (LOX). In the
epidermis, unoxidized LA is primarily found in long-
chain acylceramides termed esterified omega-
hydroxy sphingosine (EOS)/phytosphingosine/
hydroxysphingosine (collectively EOx). The precise
structure and localization of LOX-oxidized EOx in the
human epidermis is unknown, as is their regulation in
diseases such as psoriasis, one of the most common
inflammatory diseases affecting the skin. Here, using
precursor LC/MS/MS, we characterized multiple in-
termediates of EOx, including 9-HODE, 9,10-epoxy-13-
HOME, and 9,10,13-TriHOME, in healthy human
epidermis likely to be formed via the epidermal LOX
pathways. The top layers of the skin contained more
LA, 9-HODE, and 9,10,13-TriHOMEEOSs,whereas 9,10-
epoxy-13-HOME EOS was more prevalent deeper in
the stratum corneum. In psoriatic lesions, levels of
native EOx and free HODEs and HOMEs were signif-
icantly elevated, whereas oxidized species were
generally reduced. A transcriptional network analysis
of human psoriatic lesions identified significantly
elevated expression of the entire biosynthetic/meta-
bolic pathway for oxygenated ceramides, suggesting a
regulatory function for EOx lipids in reconstituting
epidermal integrity. The role of these new lipids in
progression or resolution of psoriasis is currently un-
known. We also discovered the central coordinated
role of the zinc finger protein transcription factor,
ZIC1, in driving the phenotype of this disease. In
summary, long-chain oxygenated ceramide meta-
bolism is dysregulated at the lipidomic level in psori-
asis, likely driven by the transcriptional differences
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also observed, and we identified ZIC1 as a potential
regulatory target for future therapeutic interventions.
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A complex assembly of lipids including fatty acids,
cholesterol, and ceramides is vital to the integrity of
the mammalian epidermal barrier. These provide a
hydrophobic environment to limit transepidermal
water loss and ingress, prevent pathogen invasion, and
support a stable microbiome. Correct processing of
lipids in keratinocytes deeper in the skin requires
several enzymes that include the gene products of
ABCA12, transglutaminases (TGM1, TGM3), PLNPLA1,
CYP4F22, SDR9C7, and the lipoxygenases ALOX12B
(12R-lipoxygenase [LOX]) and ALOXE3 (eLOX3) (1–3).
The importance of the two LOXs is underscored by
inactivating mutations in either genes leading to
nonbullous ichthyosiform erythroderma, a form of
ichthyosis characterized by an increase in trans-
epidermal water loss, compensatory hyperkeratosis,
and a general dry, scaly skin (4). Furthermore, 12R-
LOX- and eLOX3-deficient mice display a profound
skin phenotype, characterized by severe trans-
epidermal water loss leading to death within hours of
birth (5–7). As a corollary to the human phenotype,
grafting of 12R-LOX-deficient skin onto nude mice
leads to an ichthyosiform phenotype consistent with
nonbullous ichthyosiform erythroderma in humans
(8). These structural disruptions caused by inactiva-
tion of the LOX enzymes highlight the importance of
the 12R-LOX pathway and the LOX-derived lipids,
but there is still little information on either the
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products involved or the regulatory role they play in
epidermal homeostasis.

The unsaturated fatty acid substrate of the LOX
pathway in the skin is well established as linoleic acid
(LA) (18:2), which is esterified to the skin-specific ω-O-
acylceramide, Cer-esterified omega-hydroxy sphin-
gosine (EOS) (9). The structure of Cer-EOS comprises
an ultra-long N-linked fatty acid (C28 – 36) omega-
hydroxylated and ester-linked mainly with LA
(Scheme 1A). 12R-LOX and eLOX3 act sequentially on
the esterified LA ester in EOS-type ceramides, which
comprise both EOS itself and its two common vari-
ants, hydroxysphingosine (EOH) and phytosphingo-
sine (EOP), grouped together in this article as EOx
(Scheme 1A). Formation of the 9R-hydroperoxide of
the LA ester by 12R-LOX is followed by eLOX3-
catalyzed isomerization to a 9,10-epoxy-13-hydroxy
derivative, the hydrolysis of which yields several
trihydroxy products, as demonstrated previously
(Scheme 1B) (10). After hydrolysis from the parent
ceramides, oxidized LA products have been identified
Scheme 1. Representative structures of EOx ceramides including
pathway (B). EOH, hydroxysphingosine; EOP, phytosphingosine; EO
sphingosine/phytosphingosine/hydroxysphingosine.
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as 9,10,13- and 9,12,13-triHOMEs and biochemical
studies using epoxide hydrolases identified the pre-
dominance of the 9R,10S,13R-triHOME in human
epidermis (11, 12). A recent study showed that tri-
HOME is formed in atopic dermatitis (13). Recently,
free acid triHOMEs from eosinophils have also been
described. These are generated via 15-LOX, yielding
many isomeric species (14). Up to now, triHOMEs have
only been characterized as free fatty acids after hy-
drolysis of epidermal extracts, and the full-length
oxidized ceramides were not determined.

The molecular structures and functions of oxygen-
ated ceramides generated by skin LOXs, from any
forms of EOx are not yet known. Indeed, information
on the full range of oxidized and substrate ceramide
molecular species in human epidermis, their location
within the epidermal strata, and their amounts in health
and disease is lacking. To address this, we developed
new LC/MS/MS methods to enable preliminary iden-
tification of large groups of LOX-oxidized EOx
ceramides in human epidermis. Over 80 different EOx
EOS, EOH, and EOP (A) and epidermal lipoxygenase oxidation
S, esterified omega-hydroxy sphingosine; EOx, omega-hydroxy



molecular species were first identified using precursor
LC/MS/MS. EOx ceramides were quantified in human
epidermis and their localization in human skin in
health and disease investigated. A transcriptional anal-
ysis of psoriatic skin was then undertaken to examine
expression of the genes regulating these lipids.
MATERIALS AND METHODS

Human epidermis isolation and lipid extraction
Full-thickness human breast skin was obtained with

informed consent and ethical approval (South East Wales
Research Ethics Committee Ref. 08/WSE03/55). Subcutane-
ous fat was removed by dissection and epidermis isolated via
heat separation in a water bath at 60◦C for 30 s. The skin was
dried, and the epidermis peeled from the underlying tissue.
Epidermis was weighed before being homogenized on ice in
chloroform:methanol (2:1) until a smooth milky solution was
obtained. This was sonicated using a Virsonic sonic probe.
After centrifugation (1,500 rpm, 15 min), the organic phase
was removed. Chloroform:methanol (2:1) was added to the
pellet, followed by a second round of sonication and centri-
fugation. This was repeated four times and the lipid fractions
combined. Internal standards D31-ceramide(N-palmitoyl-d31-
D-erythro-sphingosine) (Avanti Polar Lipids) (25 ng) and 12-
HETE-d8, 13-HODE-d4, and PGE2-d4 (Cayman Chemical)
(10 ng) were added, and the lipids were extracted from the
homogenization solution using the Bligh and Dyer method
(15). The lipid extract was dried before being loaded onto a
pre-equilibrated solid phase silica column in chloroform/
hexane (1:1, v/v) (HF Bond Elut SI, Agilent), washed with
chloroform/hexane (1:1, v/v), and eluted with chloroform and
chloroform/methanol (9:1, v/v). Samples were then taken to
dryness, then resuspended in methanol:THF (3:2), and then
stored at −80◦C before LC/MS/MS analysis as outlined below.
Tape stripping of healthy human volunteer skin and
lipid extraction for depth profiling

Tape strip samples were acquired from the volar forearm
of healthy volunteers (n = 5) under Cardiff University, School
of Medicine, ethical approval (Characterising oxidised lipids
in human epidermis–Response REF 13.38). Briefly, tape strips
(D-Squame™, 1 cm diameter) were applied to the left volar
forearm with gentle pressure and then swiftly removed with
sterile tweezers and placed into 3 ml CHCl3: methanol (2:1). In
total, 30 strips were taken (sequentially from the same site)
and pooled into groups of three, in the same solution. The
samples were vortexed thoroughly and placed at −20◦C
overnight followed by centrifugation at 2000 rpm at 4◦C for
10 min. Internal standards were added as above and mixed
before the lipid extract was removed from the remaining
glue matrix (which remained on surface of liquid) and plastic
strip, dried under N2 and resuspended in 1 ml THF:methanol
(3:2) for MS analysis as outlined below.
Epidermal analysis of psoriatic patients and healthy
controls

Patients with psoriasis were recruited via the Department
of Dermatology, University Hospital of Wales, under
informed consent and ethical approval from Cardiff and
Vale University Health Board and the Wales Research Ethics
Committee 1 (reference 15/WA/0285) (n = 9; 5 male and 4
female patients, aged 34–83 years). Healthy controls (differing
from those detailed above) were recruited via advert and had
no history of psoriasis (n = 5; 3 male and 2 female patients,
aged 50–62 years) (supplemental Table S1). Racial composition
was predominantly Caucasian, which reflects the de-
mographics of our local area; thus, there was no significant
difference in ethnicity between the groups. Data on smoking
and comorbidities were not collected, so we are unable to
compare specifically between groups, although we note that
patients tended to be on a large number of medications
including for cardiovascular prevention as well as psoriasis.
Gender was evenly spread (55% or 60% male for patients and
control groups, respectively), although the patient group had
a wider age range. At the time of sampling, patients' lesions
had no topical medication applied. We note that our groups
are rather small and thus we cannot analyze for confounding
factors. Tape strip samples were acquired from both the volar
forearm (uninvolved skin in psoriatic patients) and elbow
(skin exhibiting psoriatic phenotype in patients). In total,
9 strips were taken and pooled into groups of 3. Samples were
taken from healthy participants at the same sites, forearm/
elbow (left or right) as controls for psoriatic patients. Internal
standards D31-ceramide (25 ng) and 12-HETE-d8, 13-HODE-
d4, and PGE2-d4 (10 ng) were added and lipids extracted as
described for healthy volunteers above. All human studies
abide by the Declaration of Helsinki principles.
Oxylipin quantitation using LC/MS/MS
Lipids were separated on a C18 Spherisorb ODS2, 5 μm,

150 × 4.6 mm column (Waters, Hertfordshire, UK) using a
gradient of 50%–90% B over 10 min (A, water:acetonitrile:-
acetic acid, 75:25:0.1; B, methanol:acetonitrile:acetic acid,
60:40:0.1) with a flow rate of 1 ml min−1. Products were
quantified by LC/MS/MS ESI on an ABSciex 6500 Q-Trap
using precursor-to-product transitions as in supplemental
Table S2. Source parameters were declustering
potential −20V, collision energy −42V, collision cell exit po-
tential 13V, curtain gas 35, ionSpray voltage −4,500, source
temperature 350◦C, nebuliser gas 40, and heating gas 30.
Lipids were identified and quantified using standard curves
for specific positional isomers and appropriate deuterated
standards run in parallel under the same conditions (10 ng of
12-HETE-d8, 13-HODE-d4, PGE2-d4). Limit of detection/limit
of quantitation was based on signal:noise of at least 5:1 with at
least 6 points across a peak.
LC/MS/MS of ceramides
Lipid extracts were separated by reverse-phase HPLC using

a Waters Spherisorb ODS2 3 μm C18 (2) 150 × 2-mm column
(Waters, Hertfordshire, UK) with a gradient of 20%–0% A
over 5 min followed by 50 min at 100% B (A: water, 5 mM
ammonium acetate; B: methanol:THF, 80:20, 5 mM ammo-
nium acetate) using a flow rate of 200 μl min−1. Lipids were
analyzed using an ABSciex 6500 Q-Trap with a Shimadzu
UPLC and ESI. Settings were declustering potential −20 V,
collision energy −42 V, collision cell exit potential 13 V, cur-
tain gas 35, ionSpray voltage −4,500, source temperature
350◦C, nebuliser gas 40, and heating gas 30. For precursor
scanning, spectra were acquired scanning Q1 from m/z
1,000–1,350 over 1.75 s with Q3 set to product ion of interest.
Supplemental Table S3 shows all multiple reaction moni-
toring (MRM) transitions with individual parameters with a
scan time of 75 ms per transition. Product ion spectra were
Lipoxygenase oxidized ceramides in the epidermis 3



obtained at the apex of MRM transitions with the MS oper-
ating in the ion trap mode. Scans were acquired at 10,000 Da/s,
with a dynamic ion trap fill time. The precursor to product
MRM transitions was monitored as in supplemental Table S2.

Native EOS, EOP, and EOH ceramide semi-
quantitation. Molecular ions corresponding to individual
ceramides, differing in the carbon number (C30, C32, or
C34) and ceramide species, EOS, EOP, and EOH, were
detected as acetate adducts ([M-H+60]−). A C30 EOS stan-
dard (N-(30-(9Z,12Z-octadecadienoyloxy)-octacosanoyl)-
octasphing-4E-enine), a kind gift from Evonik Industries,
was used as a reference standard to quantify all native
ceramides. N-palmitoyl-d31-D-erythro-sphingosine (25 ng)
was added to each sample as the internal standard, to enable
an estimate of nanogram ceramide/milligram epidermis
(wet weight) or per tape strip number (16).

Oxidized ceramide semiquantitation and quantification of esterified
HODEs and triHOMEs. No oxidized ceramide standards are
available. Thus, retention times corresponding to individual
C30, C32, and C34 HODE/triHOME-containing ceramides
were predicted based on the impact of increasing lip-
ophilicity with increasing chain length, and C30 and C32
structures were subsequently analyzed using MS/MS,
generating expected product ions for the oxylipin product.
N-palmitoyl-d31-D-erythro-sphingosine (25 ng) was added to
each sample as the internal standard, and the amount of
oxidized ceramides is displayed as a ratio of analyte area:-
internal standard area. Next, to directly quantify ceramide-
esterified HODEs and triHOMEs, fractions were collected
from the LC separation between 16 - 19 min (HODE-
ceramides) and 12–17 min (triHOME-ceramides). These were
subject to base hydrolysis by solubilizing in 1.5 ml iso-
propanol and 1.5 ml 1 M NaOH overnight at room temper-
ature. The samples were acidified to pH 5, oxylipin
deuterated standards added as above followed by extraction
from the isopropanol by 3 ml hexane followed by vortex,
centrifugation, and recovery of hexane layer. This process
was repeated, and the hexane layers combined. Extracts
were dried under N2 and resuspended in methanol before
quantitation of free HODEs or triHOMEs using LC/MS/MS
as described above. The actual amount of total C30-C34
EOx HODE-or triHOME-ceramide was then estimated using
the average MW for these species (average MW C30-C34,
EOS, EOH, and EOP = 1,125 (HODE EOx ceramides) and
1,159 (triHOME EOx ceramides)). A molar ratio of 1:1 for
EOx to free acid oxylipin was applied. Limit of detection/
limit of quantitation was based on signal:noise of at least 5:1
with at least 6 points across a peak.
Expression analysis of gene regulation in psoriatic
skin

Affymetrix CEL files were downloaded from GEO
Database study GSE54456 (17). Study subjects were from the
greater Detroit area, and all were Caucasian background. In
that study, a set of two biopsies were taken under local
anesthesia from each patient as follows; one 6 mm punch
biopsy from psoriasis plaque (PP) skin and the other from
psoriasis normal (PN) (unaffected) skin, at least 10 cm away
from active plaque. Up to 2 biopsies were obtained from
separate healthy control normal (NN) skin. The PN and NN
skin biopsies were obtained from buttocks or upper thighs
in all cases. The full dataset was analyzed in R, using the
4 J. Lipid Res. (2021) 62 100094
limma and oligo packages in Bioconductor (18, 19). Genes
were corrected using multiple comparison testing (Benja-
mini-Hochberg). Subsequently, expression data for genes
encoding proteins known to be involved in either formation
or oxidation of skin ceramides were compared within the
patient groups. Pathway analysis was performed in In-
genuity Pathway Analysis (IPA) (Ingenuity Systems, www.
ingenuity.com, Redwood City, CA). For network genera-
tion, a dataset containing gene identifiers and correspond-
ing expression values was uploaded for significant genes
from the ceramide pathway (Scheme 2).
Statistical analysis
Data are shown as combined experiments, where n rep-

resents repeat experiments with combined technical repli-
cates. Human donor skin was cut into 3 sections and each
extracted separately. Three separate donors were utilized,
resulting in 9 samples; the results from these were averaged
and the error reported as ± SEM. For psoriasis tape strips,
there were 9 patients and 5 healthy controls. Statistical
analysis was performed in GraphPad Prism using a two-
tailed Mann-Whitney U test.
RESULTS

Precursor scanning of human epidermal extracts
identifies a series of ceramides that contain LA

Human epidermal extracts were analyzed using
precursor-LC/MS/MS for the LA carboxylate anion
(m/z 279.2 [M-H]−). Figure 1A shows a series of ions
eluting between 22 and 55 min. MS spectra acquired at
the apex of each peak show precursor ions that corre-
spond to putative LA-containing ceramides. This rep-
resents multiple species in the range of C28-C36 EOS,
EOP, and EOH, with the order of elution corresponding
to lipophilicity of the ceramide functional groups and
the length of the N-linked fatty acyl (Scheme 1,
supplemental Fig. S1). Peak 1 has been putatively
assigned (based on parent mass) as C30 EOH at m/z
1086.9 [M-H+CH3CO2H]− (also detected as m/z 1026.9
[M-H]−) (see peak 1 in supplemental Fig. S1). Peak 2
indicates the less polar (more lipophilic) C31 EOH cer-
amide (m/z 1100.9 [M-H+CH3CO2H]−, m/z 1040.9
[M-H]−). This pattern continues with increasing reten-
tion time through Peaks 3–13 (supplemental Fig. S1).
Next, lipid extracts were analyzed in the MRM mode
for EOS, EOH, and EOP C30, C32, and C34 species, us-
ing the product ion for LA [M-H]− at m/z 279.2 and the
[M-H+CH3CO2H]− precursor ion. C32 EOS, EOH, and
EOP species are shown in Fig. 1B–D, respectively. Here,
peaks are seen for each lipid and a representative MS/
MS spectrum for each demonstrates the expected
product ions including the [M-H+CH3CO2H]− acetate
adduct (marked with *) and also [M-H]− (marked
with +), m/z 279.2 (fatty acyl carboxylate from cleavage
of the ω-hydroxylated LA) (Fig. 1B–D). Supplemental
Figure S2 illustrates the MS/MS of C30 EOS (panel
A), EOH (panel B), and EOP (panel C) ceramides. MRM
chromatograms for C34 EOS (panel A), EOH (panel B),

http://www.ingenuity.com
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Scheme 2. Pathway diagram showing the formation and oxidation of long-chain EOS species in human skin. The same enzymes
will be responsible for metabolizing EOH and EOP isomers. Gene names in red are all significantly elevated in human psoriatic
lesions. EOH, hydroxysphingosine; EOP, phytosphingosine; EOS, esterified omega-hydroxy sphingosine.
and EOP (panel C) are shown in supplemental Fig. S3,
with relative retention times inferring the correspond-
ing structures as indicated. Consistent throughout all
spectra are product ions corresponding to neutral loss
(NL) 262 amu, representing loss of the LA ketene
moiety on collision-induced dissociation (CID). Up to
now, most studies on skin ceramides have used the
positive-ion mode; however, because we focused mainly
on oxidized forms, we needed to use the negative-ion
mode to detect and characterize the esterified oxy-
lipin groups, especially during precursor scanning
which is required for this purpose. However, there is an
absence of commercially available standards for these
long-chain acyl-esterified ceramides, so we were only
able to obtain synthetic LA-C30 EOS for comparison.
As expected, this showed an identical retention time
and MS/MS spectrum to the putative LA-C30 EOS
detected in the skin (supplemental Fig. S4). High-
resolution MS/MS for the standard is also shown in
the negative-ion mode (supplemental Fig. S4B, C). As
already seen for positive MS of skin ceramides, diag-
nostic ions were seen for loss of fatty acyl (NL 280 amu
at m/z 748.7) and its respective ketene (NL 262 amu at
m/z 718) (20).

Precursor scanning identifies a series of ceramide
lipids that contain oxidized LA in human epidermal
extracts

Precursor LC/MS/MS was next used to screen for
oxidized EOx putatively generated by 12R-LOX/
eLOX3. The product ions used were m/z 311.2 (epoxy-
HOME), 295.2 (HODE), and 329.2 (triHOME), [M-H]−.
We note that these ions do not specify the position of
oxygenation on LA and furthermore do not distinguish
the precise oxygenated functional groups at this stage
of the analysis.
Lipoxygenase oxidized ceramides in the epidermis 5



Fig. 1. Precursor LC/MS/MS identification of native C32-EOx in the healthy human skin. Human epidermal breast tissuewas prepared
and analyzed using LC/MS/MS as described inMaterials andmethods. A: Precursor scan for m/z 279.2 ([M-H]− LA) shows a series of ions
eluting between 20 and 55 min run, labeled 1–13. These are identified EOS, EOH, and EOP ceramides with varying very-long-chain fatty
acid carbon numbers. B–D: Representative chromatograms andMS/MS spectra of C32 EOS, EOH, andEOPdetected as the precursor ([M-
H+CH3CO2H]−) → m/z 279.2. MS/MS spectra were acquired in the ion trap mode at the apex of elution for each lipid as described in
Materials and methods. EOH, hydroxysphingosine; EOP, phytosphingosine; EOS, esterified omega-hydroxy sphingosine; EOx, omega-
hydroxy sphingosine/phytosphingosine/hydroxysphingosine.
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Fig. 2. Precursor LC/MS/MS identification of epoxy-HOME EOx in the human skin. Human epidermal breast tissue was prepared
and analyzed as described in Materials and methods. A: Precursor scan for m/z 311.2 ([M-H]− for epoxy-HOME) shows a series of ions
eluting between 14 and 22 min, labeled 1–9. These are identified as EOS, EOH, and EOP epoxy-HOME ceramides with varying very-
long-chain fatty acid carbon numbers. B–D: Representative chromatograms and MS/MS spectra of C32 EOS, EOH, and EOP epoxy-
HOME ceramides detected as the precursor ([M-H+CH3CO2H]−) → 311.2. MS/MS spectra were acquired in the ion trap mode at the
apex of elution for each lipid as described. EOH, hydroxysphingosine; EOP, phytosphingosine; EOS, esterified omega-hydroxy
sphingosine; EOx, omega-hydroxy sphingosine/phytosphingosine/hydroxysphingosine.
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Putative epoxy-HOME-EOS, EOP, and -EOH lipids
eluted earlier than native precursors because of
reduced lipophilicity from the epoxy-hydroxy func-
tional group, around 14–22 min with nine major peaks
(peaks 1–9, Fig. 2A, supplemental Fig. S5). Peak 1 with
m/z 1118.9 [M-H+CH3CO2H]− was putatively assigned to
the acetate adduct of epoxy-HOME EOH C30 (also seen
as m/z 1058.9 [M-H]−) (supplemental Fig. S5). Peak 2, m/z
1132.9 [M-H+CH3CO2H]− was putatively assigned as
epoxy-HOME EOH C31 ceramide (supplemental
Fig. S5). Peaks 3–9 were then assigned based on parent
mass. The chromatograms and product ion spectra for
the epoxy-HOME-EOS, EOH, and EOP C32 are shown
(Fig. 2B–D, respectively). Similar to the EOx LA sub-
strates, each ceramide species was detected as an [M-
H+CH3CO2H]− acetate adduct and also an [M-H]− ion
(Fig. 2B–D). The fatty acyl product ion (the ω-hydrox-
ylated esterified epoxy-HOME) is also consistently
detected (m/z 311.2 [M-H]−). A m/z 171.2 [M-H]− product
ion is also detected for all three indicating the 9,10
epoxide,13 hydroxy positional isomer. Unfortunately,
there are currently no available epoxy-HOME stan-
dards with which to conduct an MS comparison. How-
ever, this finding is consistent with the positional
specific oxidation reaction of the 12R-LOX enzyme
which ultimately yields the 9,10,13-triHOME (10, 12).
Supplemental Figure S6A–C illustrates MS/MS analysis
of the epoxy-HOME-EOS (panel A), EOH (panel B), and
EOP (panel C) C30 species, and again, these show similar
fragmentation. MRM chromatograms for the
epoxyHOME-EOS (panel A), EOH (panel B), and EOP
(panel C) C34 species are shown in supplemental Fig. S7,
with relative retention times inferring the correspond-
ing structures as indicated. For EOH and EOP, the ions
were in lower abundance as indicated by the chro-
matograms. As expected, several epoxyHOME EOx
species showed products ions corresponding to NL 294,
representing loss of the epoxyHOME ketene moiety on
CID.

Precursor scanning LC/MS/MS for m/z 295.2, corre-
sponding to HODE-EOx, was undertaken and identi-
fied a series of EOS, EOP, and EOH species (Fig. 3A,
supplemental Fig. S8). As before, a consistent pattern in
putative assignments is seen in peaks 1–9. The LC/MS/
MS and product ion spectra for HODE-EOS, EOH, and
EOP C32 are shown (Fig. 3 B–D). A m/z 171.2 [M-H]−

daughter ion corresponding to fragmentation of the
oxidized LA between C9-C10 is seen (consistent with 9-
HODE), supporting C9 oxidation of linoleate via 12R-
LOX. Supplemental Fig. S9A–C illustrates MS/MS
analysis of the HODE-EOS (panel A), EOH (panel B),
and EOP (panel C) C30 species and again, these show
daughter ion fragments corresponding to 9-HODE. The
MRM chromatograms for the HODE-EOS (panel A),
EOH (panel B), and EOP (panel C) C34 species are
shown in supplemental Fig. S10, with relative retention
times inferring the corresponding structures as indi-
cated. As expected, several HODE EOx species showed
8 J. Lipid Res. (2021) 62 100094
product ions corresponding to NL 278 (loss of HODE
ketene) and sometimes NL 296 (loss of HODE) on CID.

Putative triHOME-EOx lipids eluted earlier than the
other oxidized EOx, because of a further reduction in
lipophilicity from the triol functional group, around
12–17 min (Fig. 4, supplemental Fig. S11). Peak 1 with m/z
1136.9 [M-H+CH3CO2H]− corresponded to the acetate
adduct of triHOME EOH C30 (also seen as m/z 1076.9
[M-H]−) (supplemental Fig. S11). Peak 2 at m/z 1150.9 [M-
H+CH3CO2H]− corresponds to the trihydroxy-LA C31
EOH ceramide (supplemental Fig. S11). Overall, the
pattern of elution mirrors the ceramides described in
Figs. 1–3. LC/MS/MS, monitoring precursor [M-
H+CH3CO2H]− to triHOME carboxylate anion corre-
sponding to EOS, EOH, and EOP C32, is shown
(Fig. 4B–D). Similar to the EOx LA substrates, each
ceramide species was detected as an [M-H+CH3CO2H]−

acetate adduct and also an [M-H]− ion (Fig. 4B–D). The
fatty acyl product ion (the ω-hydroxylated esterified
trihydroxy-LA) is also consistently detected (m/z 329.2
[M-H]−). A m/z 171.2 [M-H]− product ion is seen, sug-
gesting the 9,10,13-triHOME isomer. To further confirm
this, MS/MS of 9,10,13- and 9,12,13-triHOME free acids
was undertaken for comparison (supplemental
Fig. S11A, B). Here, m/z 171 is seen for both positional
isomers; however, it is in very low abundance in the
9,12,13-isomer, where instead two ions at m/z 211 and
229 predominate. These ions were not detected in tri-
HOME EOx lipids, which only contained the m/z 171
fragment. This confirms the isomer in the ceramides as
the 9,10,13-form (supplemental Fig. S12) and is consis-
tent with the positional specific oxidation reaction of
the epidermal 12R-LOX enzyme that has been previ-
ously found to yield the 9,10,13 triHOME (10, 12). Finally,
many of the triHOME-EOx species yielded character-
istic daughter ions for the NL of the ketene (loss of 312
amu). The presence of multiple triHOME-EOx lipids
suggests that 12R-LOX and eLOX3 utilize many
different epidermal ceramides to yield a large number
of oxidized, highly polar products. Supplemental
Fig. S13A–C illustrates MS/MS analysis of the
triHOME-EOS (panel A), EOH (panel B), and EOP
(panel C) C30 species, and again, these show daughter
ion fragments (171.2) corresponding to 9,10,13 triHOME.
The MRM chromatograms for the triHOME-EOS
(panel A), EOH (panel B), and EOP (panel C) C34 spe-
cies are shown in supplemental Fig. S14.

Semiquantitation of triHOME, HODE fatty acids
esterified in EOx ceramides, and free oxylipins

LA-EOS, EOH, and EOP molecular species contain-
ing an ultra-long N-linked fatty acid of C30-C34 car-
bons were semiquantified in healthy human epidermal
tissue using LC/MS/MS. Standards for EOP and EOH
are not available, and we could only obtain one C32
EOS. Thus, to allow semiquantitation, this lipid was used
as the primary standard. We acknowledge some limi-
tations with this approach which include (i) longer and
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Fig. 3. Precursor LC/MS/MS identification of HODE EOx in the human skin. Human epidermal breast tissue was prepared and
analyzed as described in Materials and methods. A: Precursor scan for m/z 295.2 ([M-H]− for HODE) shows a series of ions eluting
between 15 and 30 min, labeled 1–9. These are identified as EOS, EOH, and EOP epoxy-HODE ceramides with varying very-long-
chain fatty acid carbon numbers. B–D: Representative chromatograms and MS/MS spectra of C32 EOS, EOH, and EOP HODE
ceramides detected as precursor ([M-H+CH3CO2H]−) → 295.2. MS/MS spectra were acquired in the ion trap mode at the apex of
elution for each lipid as described. EOH, hydroxysphingosine; EOP, phytosphingosine; EOS, esterified omega-hydroxy sphingosine;
EOx, omega-hydroxy sphingosine/phytosphingosine/hydroxysphingosine.
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Fig. 4. Precursor LC/MS/MS identification of triHOME EOx in the human skin. Human epidermal breast tissue was prepared and
analyzed as described in Materials and methods. A: Precursor scan for m/z 329.2 ([M-H]− for triHOME) shows a series of ions eluting
between 12 and 18 min, labeled 1–9. These are identified as EOS, EOH, and EOP triHOME ceramides with varying very-long-chain
fatty acid carbon numbers. B–D: Representative chromatograms and MS/MS spectra of C32 EOS, EOH, and EOP triHOME
ceramides detected as the precursor ([M-H+CH3CO2H]−) → 329.2. MS/MS spectra were acquired in the ion trap mode at the apex of
elution for each lipid as described. EOH, hydroxysphingosine; EOP, phytosphingosine; EOS, esterified omega-hydroxy sphingosine;
EOx, omega-hydroxy sphingosine/phytosphingosine/hydroxysphingosine.
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shorter ceramide chains may show differing ionization
efficiency and (ii) EOS may ionize differently to EOP
and EOH. We note that for all EOx analyzed, the LA
carboxylate anion was used as the product ion because
we expect fragmentation to generate this to be similar
for all lipids analyzed. Of the three ceramide families,
EOH appeared the most abundant followed by EOS
and then EOP (Fig. 5A). EOS and EOH species showed a
similar relative abundance of molecular species in
relation to the length of the very long N-linked carbon
chain of the ceramide. Generally, the C32 was most
abundant, with lower levels of C30 and C34. EOP
ceramides showed similar levels of C30, C32, and C34.
Because no purified triHOME-containing, HODE-con-
taining, or epoxy-HOME–containing ceramides are
available, these are shown as relative to internal stan-
dard, normalized per milligram tissue (Fig. 5B–D). The
same relative distribution of subspecies based on the
carbon chain length is seen for these as for native LA-
containing ceramides (Fig. 5A–D). This indicates that
the LOX pathway likely metabolizes ceramide sub-
strates based on their availability with no preference
for any specific ceramide chain length. As a second
approach to quantitation, levels of triHOME and
HODEs in EOx ceramides were determined after hy-
drolysis of HPLC-purified EOx generated from
epidermal lipid extracts. These values were next used to
generate an estimate of total EOx amounts in the skin
containing these oxylipins. Here, we estimate ~118 ± 18.1
and 104 ± 2.1 ng/mg epidermis for total 9,10-13-
triHOME- and 9-HODE-EOx, respectively (n = 3 ±
SEM). These high levels relative to total LA-EOx
detected (173 ng/mg epidermis) (quantified as per
Fig. 5) suggest that metabolism of LA-EOx substrate to
oxygenated products is highly favored in healthy hu-
man skin.

Free acid oxylipins were next quantified using LC/
MS/MS, so that quantitative comparisons with EOx
forms could be made. Only a few eicosanoids and
prostaglandins were detected (Fig. 5E–H). 12-HETE
(19.7 ng/mg) and 13-HODE (4.6 ng/mg) are likely
originating from 12R-LOX and/or 15-LOX-2 in the
epidermis (21). Levels of 9-HODE and 13-HODE are
equivalent (4.6 ng/mg); however, 9-HODE would be
expected to be generated from hydrolysis from
ceramides as human epidermal 12R-LOX prefers
esterified linoleate as the substrate (22). Standards
used for analysis were all R enantiomers as the
products were expected to be derived from the 12R-
LOX pathway. However, the oxylipins quantified
here could be a combination of S/R enantiomers as
there would be no discernible difference in the
retention time during the HPLC analysis. Indeed, it
has been shown that 12S-HETE is also present in the
epidermal tissue (23). 9,12,13-triHOME (4.4 ng/mg)
and 9,10,13-triHOME (5.6 ng/mg) were detected in far
lower amounts than their corresponding ceramide
esters (calculated as 118 ng/mg tissue). Free 9,10-
epoxy-13-hydroxy linoleate was not analyzed as
there is no internal standard available. The cyclo-
oxygenase pathway products PGE2 and PGD2 were
also detected at low levels, as previously reported
(24). Overall, this indicates that triHOMEs and
HODEs predominate in the skin as esterified forms
in EOx.

TriHOME-EOx are concentrated in the upper
epidermis, whereas all other EOx show enrichment
in deeper layers

12R-LOX is primarily found in the lowest layers of
the epidermis, including the stratum basale, stratum
spinosum (SS), and lower stratum granulosum (SG),
with the stratum basale being the lowest followed by
the SS and so forth. eLOX3 is expressed throughout the
epidermis (25). The location of oxidized EOx genera-
tion in the skin, however, is currently unknown (6, 9, 25).
To determine this, we applied 30 tape strips to the same
area of the forearm to repeatedly remove one layer of
skin cells at a time. Because the uppermost layer of the
skin, the stratum corneum (SC), is approximately 15
layers thick, the use of 30 strips should achieve pene-
tration into the deeper SG and possibly the SS of the
epidermis. We first determined that native LA-EOx
ceramides are fairly evenly localized throughout the
epidermal depth (Fig. 6A, supplemental Figs. S15A,
S16A). In contrast, epoxy-HOME-ceramides (generated
by 12R-LOX/eLOX3, Scheme 1) increase in abundance
deeper into the skin (strips 22–30) (Fig. 6B, supplemental
Fig. S16B). Of note, epoxy-HOME EOP products were
below the limit of detection. Conversely, HODE-EOx
and triHOME-EOx were more abundant closer to the
skin surface, strips 1–18, and therefore likely to be in the
upper SG and the SC (Fig. 6C, D, supplemental
Figs. S15B, C, S16C, D). This is consistent with the loca-
tion of the 12R-LOX being in the lower layers of the
epidermis as the initial product is generated before
rapid eLOX3 generation of the epoxy-HOME and im-
plies that the enzyme responsible for the hydrolysis of
the epoxide (recently identified as EH3) to yield the
triHOME is expressed higher in the epidermis (likely
the upper SG and SC) (26). Of relevance, this coincides
with keratinocyte differentiation and markers associ-
ated with CLE formation, including involucrin, trans-
glutaminase, loricrin, and filaggrin supporting a role
for these ceramides in these events (27).
Human psoriatic patients have altered levels of
oxidized and native ceramides both in lesions and
nonlesion healthy skin

Elevated levels of free and esterified 9-HODE and 13-
HODE have been previously detected in psoriatic le-
sions with 9R and 13S enantiomers predominating (28).
To extend this to the study of specific ceramides, we
determined the relative abundance of oxidized EOx
identified herein. Two different comparisons were
Lipoxygenase oxidized ceramides in the epidermis 11
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Fig. 6. Human epidermis shows higher levels of triHOME and HODE-EOS and reduced levels of epoxyHOME-EOS in upper layers.
Tape strips were acquired from the volar forearm of healthy volunteers (n = 5 subjects, 30 strips per person, mean ± SEM). Strips
were combined into groups of 3 and lipids extracted and analyzed using LC/MS/MS as described in Materials and methods for total
levels of lipid present. A: LA-EOS is evenly distributed throughout the skin layers. B: Epoxy-HOME EOS increases with greater
epidermal depth and is the highest in the stratum granulosum (SG)/stratum spinosum (SS) layers. C and D: TriHOME EOS and
HODE EOS are increased in the upper layers of the epidermis and appear the highest in the stratum corneum (SC). EOS, esterified
omega-hydroxy sphingosine; LA, linoleic acid.
used. First, psoriatic plaques (left or right outer elbow)
and uninvolved lesion-free skin (volar forearm) were
tape stripped from the same patients. This allowed
comparison within the same person for diseased versus
nonlesion skin. Next, outer elbows (left or right) from
healthy volunteers were tape stripped. These were then
compared directly with psoriatic lesions that come from
the same site in patients because it is recognized that
the skin at different sites may show a distinct lipid
profile. Data for LA, TriHOME, epoxyHOME, and
HODE isomers of C30, C32, and C34-EOX (EOS, EOP,
and EOH) are shown (Fig. 7, Supplemental
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C

B

Fig. 7. Lipidomics analysis of psoriasis lesions shows elevated native EOS species and significantly altered levels of oxidized species.
Tape strips were acquired from the volar forearm (uninvolved skin) and elbow (location of psoriatic lesion), from patients with
psoriasis (n = 9) and from healthy controls (n = 5). From each site, 9 tape strips were obtained and pooled into groups of 3. Lipids
were extracted and analyzed as described in Materials and methods. Increasing the tape strip number corresponds to increasing
epidermal depth. Psoriatic patients (empty bars), healthy controls (gray bars), mean ± SEM.*P<0.05, **P<0.01, ***P<0.001. The bold
down arrow (↓) corresponds to skin lesion samples. Geometric shapes show outliers. A: Epidermal tape strip profile of C30 and C32
EOS. B: Epidermal tape strip profile of triHOME EOS. C: Epidermal tape strip profile of 9-HODE EOS in psoriatic versus healthy
control. EOS, esterified omega-hydroxy sphingosine.
Figs. S17–S20). Epoxy-HOME-EOx were below the limit
of detection. LA containing C30, 32, and 34-EOx
ceramides were significantly higher in the psoriatic
patient skin, both for the forearm (no lesion, ~10-fold
elevated) and elbow (plaque lesion, ~5-fold elevated)
(Fig. 7A, Supplemental Figs. S17–S20). Thus, substrate
ceramides are elevated in psoriatic patient skin
regardless of whether a psoriasis plaque is present.
Hyperproliferation of the SG and lack of terminal
14 J. Lipid Res. (2021) 62 100094
differentiation, providing increased abundance of
EOS-producing cells in psoriasis plaques is known,
providing a potential explanation (29). However, this
was unexpected in unaffected skin in psoriasis where
there is a lack of concomitant hyperproliferation. In
contrast, triHOME-C32-EOS was significantly reduced
in psoriatic patient skin (lesions or nonlesional skin)
versus healthy controls (Fig. 7B). This contrast is
also seen with triHOME-C34-EOS, triHOME-C30/C32/



C34-EOH, and triHOME-C34-EOP (Supplemental
Figs. S17–S20). Finally, HODE-C32-EOS were similar
across forearm and elbow in healthy subjects, but for
psoriatic patients, they were low in the unaffected
forearm skin but far higher and more variable in
involved elbow skin (Fig. 7C). This variability is also
evident with the C30/C34-EOS/EOP and EOH species
with no clear significance between the elbow and
forearm (Supplemental Figs. S18–S20). There is a sig-
nificant difference in HODE-C34-EOS species with this
lipid being significantly higher in healthy volunteers at
both sample sites (Supplemental Fig. S16C). The overall
pattern is that substrate EOS was significantly elevated
in the patient skin versus healthy controls, regardless of
whether there was a lesion, whereas oxidized products
were either significantly lower (nonlesion) or similar
(lesions) in the patient skin.

Free oxylipins were analyzed in psoriatic and healthy
skin, to directly compare with EOS. 9- or 13-HODE and
9,10,13- or 9,12,13-triHOMEs were significantly increased
in lesions of psoriatic patients versus healthy volunteer
elbows (Fig. 8A–D). Owing to unavailability of standards,
we were unable to quantify epoxyHOMEs. 9-HODE and
13-HODE were significantly higher in psoriatic lesions
than the matched forearm skin matched from the same
patient, as well as being significantly higher than unin-
volved patient skin (30) (Fig. 8A, B). The abundant 13-
HODE (which has been shown to be primarily 13S (28))
is partly generated by a 15-LOX, either 15-LOX-1 or 15-
LOX-2 (21, 31). 9,10,13-triHOME and 9,12,13-triHOME
showed the same trend as HODEs (Fig. 8C, D). In the
skin, it is well known that 12R-LOX has very poor activity
toward freeLA; thus, these oxidationproductsmost likely
arise after hydrolysis of the oxidized fatty acyl from the
LOX-oxidized EOx (32). In summary, free oxylipins are
present at significantly higher levels in lesional epidermis
than both nonlesional epidermis from the same patient
and epidermis of healthy controls.

The biosynthetic and metabolic pathway for
oxidized EOx is highly upregulated in psoriatic
lesions

Lipidomics of psoriasis lesions demonstrated distinc-
tive native and oxidized EOx profiles. This could result
from altered expression and/or activity of the genes
involved in their biosynthesis or degradation. To
investigate this, a transcriptomic study on psoriatic le-
sions (PP) compared with healthy skin from the patient
(PN) or healthy donors (NN) was downloaded and
analyzed for differentially expressed genes relevant to
EOx metabolism (17). Genes included in the analysis are
labeled on Scheme 2. Notably, almost all genes that
regulate the biosynthesis, metabolism, and coupling of
EOx to form the CLE were significantly upregulated in
this dataset when psoriatic lesions are compared with
either uninvolved skin in the same patients, or with
control skin from healthy volunteers (Scheme 2,
Fig. 9A, Supplemental Fig. S21). This indicates that the
oxidized EOx gene network that is required for form-
ing an epidermal barrier is highly upregulated in
psoriasis.

Next, the psoriasis dataset was analyzed using the
Ingenuity Pathway Analysis (comparing PP with NN).
Here, ALOX12B was found to link with two other highly
upregulated genes in the pathway that forms and
couples these lipids to form the CLE, specifically TGM1
and ALOXE3, as shown (Fig. 9B). These three genes
linked directly through the IPA network to ZIC1, a zinc
finger protein transcription factor (Fig. 9A, B) (33).
Importantly, IPA directly linked ZIC1 directly with
other relevant genes including IVL, and SDR9C7
(Fig. 9B). Furthermore, the ZIC1 gene was strongly
upregulated in PP (Fig. 9A, B). Several of the upregu-
lated genes (TGM1, ALOX12B, ALOXE3, SDR9C7, IVL,
S100P, S100A7, SERPINB4, SERPINB3, SERPINB13) are
included in a ZIC1 interactome network in HEK293
cells, which was identified using affinity purification-
MS methodology (33). Increased expression of several
phospholipase A2 isoforms was also noted in psoriatic
skin, specifically PLA2G4B, PLA2G3, and PLA2G2F,
whereas PNPLA3 was downregulated (Fig. 10).

DISCUSSION

Little data exist on the regulation of 12R-LOX and its
associated genes in healthy skin or in disease despite the
fact that this pathway is essential for normal barrier
function. Here, we present the first analysis of
epidermal oxidized ceramides in the healthy human
skin and in a skin with inflammatory disease charac-
terized by impaired barrier function. To identify the
lipids, we used a “fishing” approach termed precursor
scanning in the negative-ion mode. Because most MS/
MS analysis of long-chain ceramides in the skin used
the positive-ion mode, we first analyzed the native EOS,
EOH, and EOP with the most abundant long chains
(C28-C36) with this method (20, 34, 35). The expected
species were found, in particular abundant ions for the
C30-C34 EOS, EOH, and EOP esterified to LA. Next,
using precursor scanning LC/MS/MS, large numbers
of oxidized forms of LA were detected esterified to
long-chain EOx species, including epoxy-HOME, 9-
HODE, and 9,10,13-triHOME. Their enzymatic genera-
tion was indicated by the relative abundance of the
positional isomers of HODEs and triHOMEs (Figs. 1–5).

Depth profiling of the oxygenated ceramides sug-
gested that eLOX3 and 12R-LOX are predominantly
localized to the lower epidermis with epoxide hydrolase
activity (recently identified as EPHX3 (26)) that forms
the trihydroxy-LA ceramides more active in the upper
epidermis (Fig. 6). The existence of polar oxidized
ceramides in the upper layers may have a significant
effect on CLE lipid organization in the SC, influencing
the ability of other ceramides, cholesterol, and fatty
acids to spatially arrange and form an adequate lipid
barrier. Bouwstra et al. mathematically described the
Lipoxygenase oxidized ceramides in the epidermis 15



molecular composition of the SC to have an optimal
mix of FAs, ceramides, and cholesterol to mimic what is
known about in vivo epidermis (36–38). These models
can now be updated by inclusion of oxidized ceramides
as described herein.
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Fig. 8. Free triHOMEs and HODEs are elevated in human psoria
(uninvolved skin) and elbow (location of psoriatic lesion), from patie
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Psoriatic lesions showed a complex altered pheno-
type of ceramides and free oxylipins when compared
with either uninvolved skin or skin from healthy sub-
jects (Figs. 7, 8); however, because these measurements
only reflect steady state levels of lipids, they do not
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A

B

Fig. 9. Several ceramide pathway genes are upregulated in psoriasis and functionally linked with the transcription factor ZIC1.
Affymetrix CEL files from a psoriasis study were downloaded and genes in the ceramide pathway (Scheme 2) analyzed (17). Robust
multiarray averaging-normalized gene expression level was corrected for multiple comparisons on a total of 50,683 probes (Ben-
jamini-Hochberg test). Psoriasis plaque (PP), n = 64; psoriasis normal skin (PN), n = 58; healthy control normal skin (NN), n = 58. A:
Box and whisker plots showing gene expression level for genes in the ceramide pathway which are significantly different. * P < 0.05,
** P < 0.01, *** P < 0.005. B: IPA identifies many significantly different genes in the ceramide pathway link to ZIC1. Gene identifiers
and expression values were uploaded for significant genes and network analysis performed (adjusted P value < 0.01). IPA, Ingenuity
Pathway Analysis.
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Fig. 10. Expression of phospholipases, ALOX15B, and TGM genes in psoriasis shows candidate PLA2 genes for oxylipin hydrolysis
from ceramides and significant elevation in TGMs in psoriasis lesions. Affymetrix CEL files from a psoriasis study were downloaded
and genes in the ceramide pathway analyzed (17). RMA-normalized gene expression level was corrected for multiple comparisons on
a total of 50,683 probes (Benjamini-Hochberg test). Psoriasis plaque (PP), n = 64; psoriasis normal skin (PN), n = 58; healthy control
normal skin (NN) n = 58. Box and whisker plots show gene expression level for genes in the ceramide pathway, which are signif-
icantly different. **P < 0.01, ***P < 0.005.
provide any information on flux through the metabolic
pathway. Thus, they do not inform on whether the
pathway is upregulated or downregulated because the
level of a lipid is a function of its rate of formation and
removal. To interrogate this, we analyzed the expres-
sion of all known relevant genes using a transcriptomic
dataset. Almost all the known genes involved in gen-
eration of either long-chain ceramides or their
oxygenation were significantly upregulated in psoriatic
lesions, indicating that this pathway is highly active
(Fig. 9). This significantly expands on previous obser-
vations that 12R-LOX is upregulated in both lesional
and nonlesional skin in psoriasis, showing the entire
pathway is affected (21, 22, 39, 40).

Significantly increased oxidized free fatty acids
were seen in psoriatic elbow versus the healthy con-
trols, along with reduced levels of oxidized EOS
(Fig. 8). This may result from altered lipase activities
in the skin, and our gene expression analysis
18 J. Lipid Res. (2021) 62 100094
identified three potential candidates, PLA2G3,
PLA2G2F, and PLA2G4B (Fig. 10). This is backed up by
previous studies that show an abundance of free
arachidonic acid in psoriatic lesions compared with
the healthy skin, where an upregulation of a PLA2
type activity was also suggested (39). Indeed, mice
overexpressing epidermal PLA2G2F were reported
previously as exhibiting a psoriasis phenotype, sug-
gesting this as a likely candidate (41). It is important to
clarify that as yet no enzyme has been identified to
cleave the oxidized LA from the ω-hydroxy ceramide
and thus further studies may look to express these
enzymes to characterize their activity with an
oxidized EOx substrate. Two other lipases were also
identified in our gene expression analysis, PNPLA1
and PNPLA3, and both have been linked to epidermal
barrier formation (42, 43). Substrates for these en-
zymes are yet to be identified, and they may therefore
be a possible candidate for the enzymatic cleavage of



the oxidized EOx. Previously, LIPN was proposed as a
candidate because it is associated with the develop-
ment of skin barrier impairment (44), albeit not as a
classical ichthyosis gene (45). However, LIPN was not
listed in the array. In summary, several additional
phospholipases are identified that represent addi-
tional potential candidates and can be tested in future
studies.

Our network analysis identified ZIC1 as a potential
master regulator of many genes that are represented in
the oxidized ceramide pathway (33). This includes
several enzymes that directly oxygenate ceramides
(ALOX12B, ALOXE3, SDR9C7), as well as downstream
genes such as TGM1, which encodes the trans-
glutaminase that couples the hydrolyzed omega hy-
droxy ceramide to involucrin (IVL) and other CLE
proteins (46). Some of these genes are already known to
be upregulated in psoriasis, for example, the antimi-
crobial proteins, SERPINs and S100s (47, 48). This
phenotype could represent an attempt to repair barrier
function in a situation where it is compromised and to
dampen infection. ZIC1 has been found to be overex-
pressed in a variety of cancers modulating multiple
pathways involved in tumor cell proliferation (49–52).
Here, it induces proliferation in some tumors while
inhibiting in others (50). Another zinc finger protein,
ZNF450, has been shown to act as a keratinocyte pro-
liferation regulator, and mutations in ZNF450 have
been implicated in the development of psoriasis (53, 54).
However, to our knowledge, this article is the first to
indicate a role of ZIC1 in keratinocyte proliferation in
psoriasis via possible regulation of oxidized ceramide
formation.

In summary, here we structurally characterized the
major oxygenated ceramide lipids present in the
epidermis of the human skin using a new LC/MS/MS
method capable of analyzing > 80 molecular species.
Combined with a transcriptional analysis, we identify a
new regulatory network involving the zinc finger
transcription factor, ZIC1, that may play a central role
in upregulating their metabolism in psoriasis. Inhibition
of ZIC1 may provide a potential therapeutic target in
the treatment of psoriasis via downregulation of the
oxidized fatty acids seen in abundance in this disease.
The role of the oxidized free acid in the epidermis is
yet to be determined, but data presented here make it
apparent that the ability of the skin to retain the
oxidized moiety as long-chain ceramides appears to be
vital in maintaining a homeostatic epidermal barrier.
The role of these new lipids in progression or resolu-
tion of psoriasis is currently unknown.
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