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Abstract

Skin disease alters cutaneous lipid mediator metabolism, and if skin secretions contain evidence of
these changes, they may constitute useful clinical matrices with low associated subject burden.
The influences of skin diseases on sebum lipid mediators are understudied. Here, sebum oxylipins,
endocannabinoids, sphingolipids, and fatty acids were quantified from the non-lesional bilateral
cheeks of subjects with and without quiescent atopic dermatitis (AD) using LC-MS/MS and GC-
MS. AD decreased C36 [NS] and [NdS] ceramide concentrations. Compared to males, females
demonstrated increased concentrations of oxylipin alcohols and ketones, and saturated and
monounsaturated non-esterified fatty acids, as well as decreased concentrations of C42 [NS] and
[NdS] ceramides. Additionally, contemporaneously collected sweat lipid mediator profiles were
distinct, with sebum showing higher concentrations of most targets, but fewer highly polar lipids.
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Therefore, AD and gender appear to alter sebum lipid metabolism even in non-lesional skin of
quiescent subjects.

Keywords

Oxygenated Lipids; Endocannabinoids; Sphingolipids; Fatty Acids; Metabolic Profiling; Non-
invasive Sampling

1. INTRODUCTION

Sebum is an oily and waxy substance secreted by the sebaceous glands of the skin, and
represents one of the two main cutaneous secretions (the other being sweat). Though sebum
is secreted throughout the body (with the exception of the palms of the hand and soles of the
feet), sebum production is most prominent at the forehead, nose and chin (the so-called “t-
zone” of the face), where sebaceous gland density is the highest [1]. However, other sites
such as the cheeks and upper torso also contain a high sebaceous gland density (and
therefore produce appreciable amounts of sebum), and in general, sebaceous gland density
decreases towards the extremities of the body [1]. The specific functions of sebum are yet to
be fully elucidated, but the composition of sebum suggests that it (along with other
epidermal surface lipids) plays a role in skin barrier formation, moderation of cutaneous
inflammation, and anti-microbial defense [2].

Preliminary characterizations of sebum have indicated that it is a lipid-rich matrix, with its
major components being glycerolipids (30-50%), free fatty acids (15-30%), cholesterol
(1.5-2.5%), cholesterol esters (3—6%), squalene (12—-20%), and wax esters (26—-30%) [3].
Changes in the relative abundances of these sebum components have been associated with
cutaneous diseases such as acne, papulopustular rosacea, atopic dermatitis and seborrheic
dermatitis [4—7], though specific mechanisms explaining the role of sebum in these diseases
have yet to be elucidated. More comprehensive characterizations of sebum content have
recently been attempted, and the relative abundances and concentrations of individual
species in each of the sebum lipid classes are now reported [4, 6, 8]. These recent reports
have led to more nuanced understanding of the mechanism of diseases such as acne and
papulopustular rosacea, as we now know that individuals with ache demonstrate an
increased proportion of sebum diacylglycerol species that is correlated to disease severity
[7], and the sebum of individuals with papulopustular rosacea contains a greater proportion
of saturated fatty acids compared to controls [6].

In addition to the lipids described above, there has been some indication that lipid-
derivatives such as prostaglandins (PGs), endocannabinoids such as anandamide (AEA) and
2-arachidonylglycerol (2-AG), ceramides and other sphingolipids all play roles in cutaneous
disease [9]. These and other related compounds are all members of the bioactive lipid
mediator family, a super-class of fatty acid-derivatives that display biological activity and are
capable of regulating a variety of processes, including inflammation, cell growth and
differentiation, and vascular homeostasis [10]. With respect to sebum and sebum-associated
diseases, 15-deoxy PGJ2, AEA and 2-AG are known to enhance lipid synthesis in sebocyte
culture models in a manner resembling acne vulgaris [11, 12], and several lipid mediator-
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generating enzyme systems such as cyclooxygenase (COX)-2, 5-lipoxygenase (LOX) and
leukotriene (LT) A4 hydrolase have increased expression in sebocytes cultured from acne
lesions [13]. However, to the best of our knowledge bioactive lipid mediators in sebum have
yet to be characterized.

In an effort to further the understanding of sebum composition and its relevance to cutaneous
disease, the present study aims to quantitatively characterize the presence of 38 fatty acids in
both their non-esterified (“NEFA”) and aggregate esterified (“total fatty acid”, TFA) forms,
as well as >150 bioactive lipid mediators including oxygenated lipids (“oxylipins™),
nitrolipids, endocannabinoids and endocannabinoid-like compounds, and sphingolipids in
subjects with and without atopic dermatitis (AD) from a single sebum sample extraction.
Secondarily, we compare these profiles to those recently characterized in the sweat of many
of the same subjects [14], to identify similarities and differences in the lipid mediator
content of the two major cutaneous secretions. Characterization and quantitation of these
compounds in sebum will enhance our understanding of cutaneous biochemistry, and may
suggest novel biomarker and therapeutic targets for cutaneous diseases.

2. MATERIALS AND METHODS

2.1 Chemicals and Reagents

Methanol, acetonitrile, isopropanol, toluene and hexane used during sample preparation,
ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
analysis and/or gas chromatography-mass spectrometry (GC-MS) analysis were of UPLC-
grade or better and were purchased from Fisher Scientific (Waltham, MA). Sodium
methoxide (0.5 M), methanolic hydrochloric acid (3 N) and trimethylsilyl-diazomethane (2
M) used during sample preparation and glacial acetic acid, formic acid, ammonium
hydroxide (10 M) used during UPLC-MS/MS analysis were purchased from either Fisher
Scientific or Sigma Aldrich (St Louis, MO). Fatty acid and lipid mediator standards,
analytical surrogates, and internal standards were synthesized or purchased from Cayman
Chemicals (Ann Arbor, MI), Avanti Polar Lipids, Inc. (Alabaster, AL), Larodan (Malmo,
Sweden), Nu-Chek Prep, Inc. (Elysian, MN), or CDN Isotopes (Pointe-Claire, Canada).

2.2 Subject Recruitment and Study Design

This study uses the same study population as our previous work examining the sweat lipid
mediator profile, and details on subject recruitment and inclusion and exclusion criteria can
be found in the associated manuscript [14]. Briefly, 26 subjects (7= 13 each with and
without AD) were recruited from the greater Sacramento, CA metropolitan area for this
study between February 2015 and February 2016. Inclusion criteria included either a
diagnosis of AD by a board-certified dermatologist or the absence of any inflammatory skin
conditions, and exclusion criteria included current use of systemic immunosuppressive
medications. All subjects with AD were sampled while they were in the quiescent state.
Written informed consent was obtained from all subjects prior to participation in the study,
and all study protocols were approved by the Institutional Review Board of the University of
California-Davis (Protocol #605131).
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Subjects participated in a single study visit that lasted approximately one hour. Prior to their
study visit, subjects were asked to refrain from use of any topical moisturizers or
medications for at least 12 h. Sebum was collected from approximately 5.5 cm? areas
located at non-lesional sites on the bilateral cheeks using Sebutape® Adhesive Patches
(CuDerm Corporation, Dallas, TX). An image of the Sebutape® patch placed on the
bilateral cheeks is available in Supplemental Fig. S1. Prior to sebum collection, subjects
were acclimated to the ambient environment for 15 min, the collection area was wiped with
a 70% isopropanol swab (Covidien, Minneapolis, MN) and one Sebutape® patch was placed
on each cheek using a pair of methanol-rinsed forceps. Sebutape® patches were left in place
for 1 h, after which they were removed using a pair of methanol-rinsed forceps and placed
on Sebutape® Clear View PRO Storage Cards (CuDerm Corporation) that were stored at
-80 °C in commercially available re-sealable zipper storage bags until analysis.

Skin sebum levels were measured at a non-lesional site immediately adjacent to each
collection site using a Sebumeter® SM 815 (Courage and Khazaka Electronic GmbH,
Cologne, Germany), and transepidermal water loss was measured in triplicate at the same
sites using a Tewameter® TM 300 (Courage and Khazaka Electronic GmbH), both in
accordance with manufacturer instructions. Sebum levels were reported in units of
micrograms of sebum per square centimeter of skin (ug/cm?) and transepidermal water loss
was reported in units of grams of water lost per hour per square meter of skin (g/h/m?).
Sebum levels and transepidermal water loss measurements are available in Table 1.

Of the 26 subjects recruited, six were excluded. Two subjects with and three subjects
without AD did not have measurable sebum levels as measured using the Sebumeter®, and
one subject without AD had flared acne vulgaris at the time of sampling. Therefore, the
study proceeded with 11 subjects with and 9 subjects without AD. Group characteristics are
shown in Table 1.

2.3 Analysis of Sebum Lipid Mediators and Fatty Acids

2.3.1 Preparation of the Total Lipid Extract (TLE)—Oxylipins, nitrolipids,
endocannabinoids and endocannabinoid-like compounds, ceramides, sphingoid bases and
fatty acids were initially isolated from sebum collected from the cheeks by isopropanol
extraction. Prior to extraction, Sebutape® patches from each cheek were combined in a
methanol- and hexane-rinsed 2-mL Eppendorf Tube™ (Fisher Scientific) using methanol-
rinsed forceps, and enriched with 5 pL of anti-oxidant solution (0.2 mg/ml solution butylated
hydroxytoluene/EDTA in 1:1 methanol:water), 5 uL of 500 nM deuterated oxylipin/
endocannabinoid analytical surrogate solution in methanol, 10 puL of 1000 nM C17-analog
sphingolipid analytical surrogate solution in methanol, and 5 L of a fatty acid surrogate
solution (MSS-D2) containing 1.4 mM C16:0-d31, 0.7 mM C18:0-d35, 2.9 mM C22:1n9
and 1.7 mM C22:3n3. Isopropanol (1 mL) was added to each tube, and samples were shaken
at 1200 rpm for 5 min using a Geno/Grinder (SPEX SamplePrep, Metuchen, NJ). The
isopropanol layer was then transferred to a methanol- and hexane-rinsed 2-mL amber vial
(Waters Corporation, Milford, MA) and the samples were evaporated to dryness under
vacuum (GeneVac EZ-2 Personal Evaporator, SP Scientific, Warminster, PA). Samples were
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reconstituted in 50 L toluene followed by 50 uL. methanol, and aliquoted for further
analysis as described below.

2.3.2 Analysis of Lipid Mediators—A 50 pL aliquot of the TLE was transferred to a
methanol-rinsed 2-mL amber vial and evaporated to dryness under vacuum. Samples were
reconstituted in 50 pL of internal standard solution containing 50 nM each of 1-
cyclohexyl-3-ureido dodecanoic acid (Sigma Aldrich) and 1-phenyl,3-ureido hexanoic acid
(gift from B.D. Hammaock, University of California-Davis) in 1:1 (v/v)
methanol:acetonitrile, and the reconstituted sample was filtered by centrifugation using
Amicon® Ultrafree-MC Durapore PVDF 0.1 um filters (Merck Millipore, Billerica, MA)
prior to analysis.

UPLC-MS/MS analysis of target analytes generally followed a previously published
protocol [15]. Briefly, two 7 pL aliquots of the reconstituted TLE aliquot was injected onto a
Shimadzu Nexera X2 series UPLC system (Columbia, MD). Oxylipins, nitrolipids,
endocannabinoids and endocannabinoid-like compounds were separated on a 2.1 x 150 mm,
1.7 um BEH C18 column (Waters Corporation) and ceramides and sphingoid bases were
separated on a 2.1 x 100, 1.7 um BEH C8 column (Waters Corporation). Analytes were
detected using an API 6500 QTrap MS/MS system (Sciex, Framingham, MA) with positive-
negative mode switching electrospray ionization. Chromatographic solvent gradients,
analyte retention times and MS/MS parameters are available in Supplemental Tables S1-S2.
Analytes were quantified by internal standard methodology using 5-7 point calibration
curves (r =2 0.997) and data were processed using AB Sciex MultiQuant version 3.0.2. Lipid
mediators were reported in units of picomoles of lipid mediator per Sebutape® patch
analyzed (i.e. pmol/tape).

2.3.3 Analysis of NEFAs and TFAs—NEFAs were analyzed as their fatty acid methyl
esters (FAMES) using modifications of a previously published protocol [16]. Briefly, a 10 pL
aliquot of the TLE was transferred to a hexane-rinsed 2-mL amber vial, and samples were
enriched with 20 pL of a 60 uM C15:1n5 fatty acid surrogate solution. Samples were diluted
with 150 pL of a 1:1 (v/v) methanol:toluene solution and 80 uL of methanol, and 45 L of a
2 M trimethylsilyl-diazomethane solution in hexane was added to derivatize samples.
Samples were allowed to react for 30 min at room temperature (~ 23 °C) and evaporated to
dryness under vacuum. Residues were reconstituted in 400 L of hexane and 40 L of a 44
UM C23:0 internal standard solution in hexane was added to samples prior to analysis.

TFAs were analyzed as their FAME-derivatives using modifications of previously published
protocols [16, 17]. Briefly, a 5 pL aliquot of the TLE was transferred to a hexane-rinsed 2-
mL amber vial, and samples were enriched with 20 uL of a 60 uM C15:1n5 fatty acid
surrogate solution. Samples were diluted with 35 L of a 1:1 (v/v) methanol:toluene solution
and 140 pL of methanol, and 100 pL of a 0.5 M sodium methoxide solution was added to
trans-esterify samples. Samples were allowed to react at 60 °C for 30 min after which 100
uL of a 3 N methanolic hydrochloric acid solution was added to samples to form the methyl
esters. Samples were allowed to react at 60 °C for a further 30 min after which they were
neutralized by the addition of 400 pL of a solution containing 0.25 M potassium bicarbonate
and 0.5 M potassium carbonate. FAMEs were back-extracted using 400 uL of hexane and
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400 pL of a saturated saline solution, and a 50 L aliquot of the hexane phase was
transferred to a 100 pL spring-footed glass insert (Agilent Technologies) and 5 pL of a 44
UM C23:0 internal standard solution in hexane was added to all samples.

GC-MS analysis of a 1 pL aliquot of the samples was performed in splitless mode using an
HP6890 GC coupled to a 5973N MS detector (Agilent Technologies, Santa Clara, CA) that
was equipped with a 30 m x 0.25 mm i.d. x 0.25 um DB-225ms column (Agilent
Technologies). Helium gas was used as the mobile phase with an initial flow rate of 1.1
mL/min which was held for 12 min before being increased at a rate of 0.2 mL/min until a
flow rate of 2.1 mL/min was achieved, and then held at 2.1 mL/min for 7 min. The GC inlet
was maintained at 230 °C, and the column oven was initially maintained at 64 °C for 1 min,
after which the temperature was ramped up at a rate of 32 °C/min until a temperature of
192 °C was achieved, subsequently ramped up at 4 °C/min until a final temperature of

240 °C was achieved, and the final temperature was held for 13 min before returning to
initial conditions. The overall method runtime was 30 min. Data were acquired by electron
impact ionization in simultaneous selected ion monitoring/full scan mode with m/z 67.1,
69.1, 74.1, 77.1, 79.1 and 368.4 being the ions monitored along with 50-400 m/z scans.
Analytes were quantified by internal standard methodology using 5-7 point calibration
curves (r = 0.997) and data were processed using MassHunter version b.07.01. NEFAs and
TFAs were reported in units of micromoles of fatty acid per Sebutape® patch analyzed (i.e.
umol/tape).

2.3.4 Lipid Mediator and Fatty Acid Nomenclature—The abbreviations used to
describe the lipid mediators quantified in this study follow standard conventions in the field,
and the rationale behind the choice of abbreviations are fully described in our previous
manuscript [14]. The abbreviations used to describe the fatty acids quantified in this study
follow the standard conventions of the LIPID MAPS initiative [18, 19]. All analyte
abbreviations used in this study are fully expanded in Supplemental Table S3, and common
database identifiers for all analytes are also provided.

2.4 Data Quality Assurance and Quality Control

Data quality assurance and quality control consisted of several steps executed during sample
preparation and post-analysis to determine acceptable data for reporting purposes. During
sample preparation, deuterated or analog surrogates were introduced to all samples prior to
extraction to compensate for procedural losses and matrix effects. Post-extraction, all
samples were reconstituted in solutions containing instrument-specific internal standards to
account for variations in final volume, allow sample-specific monitoring of instrument
performance, and in the case of electrospray ionization, discriminate between sample-
specific surrogate loss and ion suppression. During data processing, the relative retention
time (i.e. ratio of analyte tg to surrogate tg) were evaluated and a coefficient of variance
(%CV) < 1% was considered acceptable. Additionally, to assess matrix effects and analytical
losses due to extraction, sample surrogates and internal standard peak areas and surrogate to
internal standard area ratios were compared to those of the calibration standards. All
calibration standards were prepared from commercial materials in methanol and not
subjected to extraction.
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Each sample extraction batch also contained two unexposed Sebutape® patches as method
blanks to evaluate potential confounding contributions from the Sebutape® patches.
Analytes for which the peak area in the method blank was > 25% of the average peak area of
the subject samples were excluded from reporting. Fatty acid analysis batches also contained
derivatization blanks, consisting of 100 uL of 1:1 methanol:toluene (v/v) spiked with 5 uL
MSS-D2. Derivatization blanks were not subject to extractions allowing discrimination of
extraction losses from methylation failure, and contaminating sources of the Sebutape®
patches versus the derivatization reagents. Sample analysis batches also contained two
replicates of an archived sebum sample (“replicates”) to evaluate batch reproducibility.
Correlations between analyte responses in the replicates were evaluated, and correlations for
which r = 0.985 and slope was between 0.8 and 1.2 were considered acceptable.
Additionally, the %CV for each analyte greater than the method detection limit in the
replicate pair was determined, and a batch was considered reproducible if > 80% of analytes
had %CV < 30%.

2.5 Statistical Analysis

Statistical analyses generally followed the approach previous reported [14]. Briefly, data
were blank-corrected by subtraction of the average concentrations of the respective analytes
in simultaneously processed method blanks, and analytes observed in >70% of the samples
were considered for further analysis. Curated data were screened for outliers using the
Cauchy distribution to estimate the center and spread of the data, missing data were imputed
by probabilistic principal components analysis [20], and data were transformed to normal
using the Johnson system [21]. Data imputation was performed using MetaboAnalyst 3.0
[22], and all other data pretreatment was performed using JMP Pro 13 (SAS Institute, Inc.,
Cary, NC).

Data were analyzed using a full factorial MANOVA approach, testing for the effects of
disease, gender, and the interaction between them on sebum lipid mediators and fatty acids.
Disease, gender, their interaction and metabolite were included as fixed effects, and subject
was included as a random effect. One-way MANOVA was used for variables with no
interaction between gender and disease. Prior to analysis, variables were subjected to
hierarchical cluster analysis using Ward’s method [23], and clusters were assigned using
imputed data that was auto-scaled to promote the identification of biological effects and
ensure that all metabolites were considered equally important in the statistical models [24].
The hierarchical cluster dendrogram was pruned into 32 clusters such that the resulting
clusters separated the treatment and intra-individual variability associated variance
(Supplemental Fig. S2). Specifically, tree pruning (i.e. the cluster number selection) was
established such that compounds with significant false discovery rate-adjusted ANOVA p-
values were maintained in clusters showing significant changes by MANOVA. Results from
the MANOVA analysis were adjusted for multiple comparisons using the Benjamini-
Hochberg procedure at q = 0.2 [25]. All procedures were performed using JMP Pro 13.

Statistical comparisons of sweat and sebum lipid mediators were conducted using only data
from those subjects that were able to produce sweat and sebum during their study visits (7=
19) and considering only analytes detected in both matrices. Sweat data was originally
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reported in our study examining the sweat lipid mediator profiles of the same subject
population [14]. Data were analyzed as absolute amounts of lipid mediator quantified in
each matrix as no common standardizing factor exists between the two matrices, and we
analyzed the entire sample collected during the study visit. Data pre-treatment was
conducted as described above, and univariate comparisons were conducted using the paired
heteroscedastic Student’s #test algorithm in MetaboAnalyst 3.0, with data adjusted for
multiple comparisons as described above. Correlations between the imputed raw lipid
mediator data in the two matrices were also estimated using Spearman’s rank correlation
coefficient, and this analysis was performed in JMP Pro 13.

Though all lipid mediator and fatty acid data in this manuscript are reported as either pmol
or umol of analyte per Sebutape® patch, other potential denominators to standardize
detected analyte concentrations include per pg of sebum (as estimated by the Sebumeter®),
per umol of total NEFA, or per umol of total TFA. In order to compare these alternative
denominators to the per tape denominator used in this study, the %CV of the lipid mediator
data standardized by these various denominators were compared using the method of Feltz
and Miller [26], which was performed manually in Microsoft Excel 2016 (Redmond, WA).
Standardization was performed on the imputed lipid mediator data (following appropriate
adjustments to ensure only the total amount of lipid mediator quantified was being
standardized). Results of the Feltz and Miller test were adjusted for multiple comparisons by
the Benjamini-Hochberg procedure at q = 0.2 [25]. A XZ test was used to compare the %CV
of the Sebutape® number normalization to that of each other evaluated standardizing factor,
with the null hypothesis being that 50% of analytes would have a lower %CV if
normalization approaches are not different.

3. RESULTS

3.1 Lipid Mediators and Fatty Acids in Sebum

A total of 58 lipid mediators, 20 NEFAs and 29 TFAs were quantified in the sebum of
subjects with and without AD. Quantified lipid mediators included 35 oxylipins, 1 nitrolipid,
13 endocannabinoids and endocannabinoid-like compounds, 8 [NS] or [NdS] ceramides, and
1 sphingosine (Supplemental Table S4). Quantified NEFAs included 11 saturated fatty acids
(SFAs), 4 monounsaturated fatty acids (MUFAS), 2 n-6 polyunsaturated fatty acids (PUFAS)
and 3 n-3 PUFAs, whereas quantified TFAs included 12 SFAs, 7 MUFAs, 8 n-6 PUFAs and
2 n-3 PUFAs (Supplemental Table S4). Interestingly, the total sebum TFA content was
correlated to skin sebum levels as measured by the Sebumeter® (Spearman’s p = 0.45, P=
0.048) whereas the total sebum NEFA content was not (Spearman’s p = 0.43, P=0.062),
suggesting that sebum TFA content may be an acceptable proxy for skin sebum content.

For both the lipid mediators and fatty acids, substantial concentrations of the analytes were
noted in blank Sebutapes® (Supplemental Table S4), and lower concentrations of the fatty
acids were noted in the derivatization blanks, which suggested that the Sebutape® patches
were contributing to the observed lipid profiles. Therefore, all data was blank-corrected,
which possibly precluded identification of additional analytes. The blank-corrected replicate
samples demonstrated good correlation for all analyte panels (r = 0.996, slope = 0.87 to
1.16) and 80% of targets greater than the method detection limit demonstrated %CV < 30%,
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suggesting acceptable batch reproducibility. It should be noted that while two female
subjects with AD were substantially older than the other subjects with AD sampled in this
study (62.2yr and 57.6yr vs. ADp=g = 32.0 £ 7.4yr), these extreme ages did not influence the
detected lipid mediators and fatty acids or their concentrations.

The choice of standardizing factor (number of Sebutape® patches analyzed, skin sebum
content, total sebum TFA content, or total sebum NEFA content) affected the variance
structure of the data as estimated by %CV. In subjects with and without AD, 56 out of 58
analytes and 57 out of 58 analytes respectively (i.e. 97% and 98% respectively)
demonstrated statistically significant differences between the various standardizing factors
tested (Supplemental Table SSA-B). Standardizing to number of Sebutape® patches
analyzed produced the lowest %CV for the most analytes in both groups (Table 2), and
pairwise comparisons indicated that the %CV for analytes standardized to the number of
Sebutape® patches was significantly lower than the other standardizing factors in all cases
for the AD group and in one out of three cases for the controls (Table 3).

3.2 AD and Gender Affect Sebum Lipid Mediator and Fatty Acid Profiles

Subjects with AD demonstrated decreased sebum concentrations of C18 ceramide, C18:1
ceramide and C18 dihydroceramide i.e. C36 [NS] and [NdS] ceramides (Fig. 1). No
interactions were observed between AD status and gender for the cluster containing these
analytes, suggesting a gender-independent effect (Supplemental Table S4). Clusters
containing other short-chain (i.e. 30—40 total carbon) [NS] and [NdS] ceramides also
demonstrated a similar trend, though these changes did not meet the threshold for statistical
significance (P,g;= 0.3, Supplemental Table S4).

With respect to gender, female subjects demonstrated decreased sebum concentrations of
LOX-derived alcohol and ketone metabolites of linoleate, arachidonate, eicosapentanoate
and docosahexanoate, as well as all detected saturated and monounsaturated NEFAs (Fig. 2).
Additionally, female subjects demonstrated increased sebum concentrations of the C24
ceramide and dihydroceramide i.e. C42 [NS] and [NdS] ceramides (Fig. 2). No interactions
between AD status and gender were observed for the clusters containing any of these
analytes, suggesting an AD-independent gender effect (Supplemental Table S4).

3.3 Sweat and Sebum Display Distinct Lipid Mediator Profiles

Of the 20 subjects sampled in this study, and the 22 subjects sampled in our characterization
of the sweat lipid mediator profile [14], we were able to collect both sweat and sebum from
19 subjects, and only these results are discussed here. Of the 58 lipid mediators detected in
each matrix, 42 analytes were common to both matrices, and this is represented
diagrammatically in Fig. 3A. Concentrations of almost all analytes were elevated in the
sebum, with only concentrations of 8-HETE, 9,10-e-DiHO, total linoleate-derived triols, 2-
LG and 1-AG not being different between the two matrices, and concentrations of 5,6-
DIiHETTYE being higher in sweat (Fig. 3B). Individual sweat and sebum lipid mediators were
not correlated (Supplemental Table S6).
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4. DISCUSSION

As one of the two main cutaneous secretions, sebum is a matrix whose composition is being
increasingly characterized in an effort to understand its specific functions. Several
comprehensive and quantitative characterizations exist of the various sebum lipid super-
classes [4, 6-8, 27-29], and more recently, quantitative and relative abundance estimates are
available of individual lipid or fatty acid species in sebum [4, 6, 8]. However, bioactive lipid
mediators, which have demonstrated relevance in cutaneous disease [9, 14], have not been
previously quantified in sebum, yet represent potential biomarker targets to evaluate skin
disease. The present study represents for the first time a simultaneous comprehensive
quantitative characterization of sebum fatty acids and lipid mediators from a single
extraction of a Sebutape® patch, and attempts to evaluate the utility of this approach in an
atopic dermatitis disease model.

The fatty acid profile of sebum, both as NEFA and TFA, has been previously published [4, 6,
8], and our measures of the relative abundances of sebum fatty acids generally agree with
published findings. Compared to a previously published report detecting 28 TFA species in
sebum [6], we were able to detect 29 TFA species, of which 19 species were common to
both studies. The relative abundances of the 10 fatty acids present at > 1% in sebum in both
studies were not statistically different. Similarly, compared to a previously published report
detecting 45 NEFA species in sebum [8], we were able to detect 20 NEFA species, of which
14 were common to both studies. The relative abundances of the 9 fatty acids present at >
1% in sebum in both studies were not statistically different. Finally, compared to the only
study we were able to find that provided quantitative estimates of sebum NEFAs [4], 16
analytes out of the 22 reported were common to our study, and the absolute amount of all of
these fatty acids were four-fold lower compared to our study. A possible explanation for this
discrepancy is differences in sample processing. Pappas et al. extracted lipids, then separated
them by thin layer chromatography before NEFA isolation and quantification by GC with
aflame ionization detector [4]. It is unclear whether an internal standard was added to
samples prior to the initial extraction, and such an extensive sample preparation process
could conceivably cause a decrease in fatty acid recovery from the samples. By contrast, our
sample preparation contained fewer material transfers, and surrogates were added to samples
prior to extraction, allowing accurate correction for analytical losses.

Sebum fatty acids are known to contain unique species with double bond distributions that
differ from the common fatty acids found in most other tissues. Our calibration solutions are
tailored to quantify the more common fatty acid species, and we noted that several common
sebaceous lipids apparently co-eluted with our analytical standards. We performed
additional GC-MS experiments using a 100 m x 0.25 mm i.d. x 0.2 um SP-2380 capillary
column (Varian, Inc., Walnut Creek, CA) which confirmed that sapienic acid (i.e. 16:1n10)
co-eluted with palmiteliadic acid (i.e. 16:1n7t) on the DB-225ms column used in this study
(Supplemental Fig. S3). Additionally, it also appears that the peak quantified as 18:1n9 is the
equivalent elongation product petroselinic acid (i.e. 18:1n12). Sebaleic acid (i.e. 18:2n10), a
known component of sebum was not definitively identified but may correspond to the peak
identified as linoleic acid (i.e. 18:2n6) (Supplemental Fig. S3). Therefore, the choice of
analytical column used in sebum analysis may affect positive identification of sebum fatty
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acids, and future researchers are cautioned about potential coeluters which may confound
identification of sebum fatty acids. For the purposes of this study, we have indicated where
we may have potentially identified a coeluting fatty acid.

To the best of our knowledge, this is the first report of bioactive lipid mediators in sebum.
While the implications of quantifying these analytes in this matrix remain unclear for now,
some interesting observations do arise from the obtained data. The relative abundances of
lipid mediators within their individual classes (e.g. oxylipin alcohols, endocannabinoid
monoacylglycerols, [NS] ceramides, etc.) generally track the relative abundances of their
respective fatty acid precursors, which would suggest that sebocytes are able to convert fatty
acids to lipid mediators de novo. This observation appears to be supported by literature
indicating that cultured sebocytes express common lipid mediator-forming enzymes such as
COX and LOX [30], and the fact that the majority of sebum content is synthesized de novo
by sebocytes prior to holocrine secretion (Sivamani et al., unpublished results). It would thus
appear that any changes observed in sebocyte lipid mediator content are more reflective of
the local microenvironment rather than the system and therefore sebum lipid mediator
analysis may be useful in testing for diseases or interventions that directly affect sebocytes.

The speculation that sebum lipid mediators are synthesized de novo by sebocytes rather than
simply being excreted in the sebum may also explain the differences observed in the sweat
and sebum lipid mediator profiles in the same subjects. We have previously indicated that
sweat appears to be primarily an excretory matrix, and that lipid mediators observed in
sweat could originate from the systemic circulation or surrounding cutaneous tissue [14, 15].
Thus, it is not surprising that the sweat and sebum lipid mediator profiles are not correlated.
The observation that sebum contains greater amounts of lipid mediators compared to sweat
is also not surprising, since sebum is a lipid-rich matrix whereas sweat appears to be
predominantly aqueous. Sebocytes, which have been previously shown to contain lipid
mediator forming enzymes such as COX and LOX, appear to synthesize lipid mediators de
novo from available fatty acid substrates. Overall, differences between the sweat and sebum
lipid mediator profiles suggest that lipid mediator results from sweat or sebum collected
from area of “mixed secretion”, i.e. areas where both sweat and sebaceous glands are present
in high abundance such as the chest, upper back or upper arm should be interpreted with
caution as it may not be clear which matrix is dominating the observed lipid mediator profile
(or if both matrices are contributing equally), which in turn could impact biological
interpretation of the results. If collections are to be done from sites that potentially have
mixed secretion, it is even more imperative that participants are allowed to acclimate to
ambient room temperature prior to collection to minimize sweat collection when sebum
collection is intended.

The observed decreases in C36 [NS] and [NdS] ceramide content in sebum collected from
non-lesional sites on the cheeks of subjects with quiescent AD is in contrast to previous
studies examining the effects of AD on C30-40 [NS] and [NdS] ceramides [14, 31].
Subjects with AD have previously been reported to demonstrate increased levels of all even
chain C30-40 [NS] and [NdS] ceramides in their skin when in a flared state [31], as well as
in their sweat when in an quiescent state [14], and these changes have been associated with
increased ceramide synthase 4 activity in the skin of subjects with AD [32]. The study
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examining sweat changes in ceramides due to AD was our previous work on these same
subjects, and it is also interesting to observe that not only was the directionality of the
ceramide changes different between the two matrices, but the magnitude of observed
changes was much lower in the sebum (~ 1-2-fold) compared to the sweat (~ 3—-7-fold).
Furthermore, while AD had a larger impact on sweat ceramides in male versus female
subjects, AD increased sebum ceramides in females more than males, despite a lack of
significant gender x AD interactions. On the other hand, sebum had 10- to 100-fold higher
concentrations of many of lipid mediators compared to sweat (Fig. 3), suggesting that sebum
is a much larger source of lipid mediators to the skin surface. The mechanistic rationale
behind these contradictory changes in ceramides in the sweat and sebum of subjects with
AD is unclear at this time, particularly as very little is known about the formation and
secretion of these metabolites into both matrices. Further investigation into the sources of
sebum and sweat lipid mediators, evaluation of sebaceous ceramide synthase 4 activity in
subjects with and without AD, and correlations of the sebaceous ceramide profile to
systemic circulation and surrounding cutaneous tissue is needed in order to fully appreciate
these observed changes. Regardless, the finding that AD alters sebum lipids from non-
lesional skin is interesting. In particular, the decrease in C18 based ceramides in sebum is
notable. While ceramide deficiencies in the keratinocytes are well described [28, 33-36], our
findings now expand the pathophysiology to include the sebaceous glands and sebum and
suggest that sebum delivery of ceramides to the skin surface is deficient in individuals with
AD compared to those without this disorder.

Sebum is likely to be altered in those that have actively flared AD. At least one report
describes differences in facial sebaceous squalenes, cholesterols, wax esters and total lipid
content in adults and children with AD compared to controls when collected from lesional
sites when the subjects were in a flared state [29]. Therefore, it is likely that differences in
sebaceous lipid mediators will also be observed between subjects with and without AD
when the sebum is collected from a lesional site, or in fact when comparing other conditions
that involve the sebaceous gland. One report delineated differences in sebaceous lipids
between subjects with and without seborrheic dermatitis when sampling from a lesional site
on the forehead, but no differences in the same subjects when simultaneously sampling from
a non-lesional site on the forehead [27]. Future studies should consider sampling sebum in
those with AD before, during, and after a flare to understand how sebaceous gland activity
and lipid composition change.

In general, sebaceous gland activity and sebum composition has largely been the focus of
acne and seborrheic dermatitis but has largely been understudied for AD [37]. Skin barrier
dysfunction is one of the main pathogenic factors in AD and the sebaceous glands contribute
significantly to the skin barrier. Our findings suggest that there is sebaceous gland
dysfunction at baseline in AD and would be worthy of further study and clinical evaluation.
Future strategies may require therapies that incorporate normalization of sebum as part of
the strategy for controlling AD but further studies are needed to better delineate how sebum
is altered in lesional skin in addition to our presented findings in non-lesional skin.

Previous studies examining gender differences in sebum lipid composition report no gender
differences in sebum lipid super-classes [38—40], though one study reported differences in
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nine TFAs when combining subjects with and without papulopustular rosacea [6]. With
respect to the latter study, it is unclear whether the univariate analyses were adjusted for
multiple comparisons, and therefore, it may be the case that these reported gender
differences are in fact underpowered. Therefore, our findings that female subjects
demonstrate decreased concentrations of sebum non-esterified fatty acids and lipoxygenase
metabolites, as well as increased concentrations of sebum C42 [NS] and [NdS] ceramides is
surprising. The significance of these findings is unclear at present, but future studies
examining the sebum lipid mediator and fatty acid profile are advised to control for gender
in their analyses.

To obtain accurate and precise results from any analytical study, standardization of obtained
results is a critical step [41]. In the case of homeostatically regulated matrices such as blood,
standardization by sample amount is most appropriate, whereas for other matrices such as
urine where factors such as hydration status or diet can significantly alter metabolite
concentrations, standardization to a stable metabolite with a constant rate of production (e.g.
creatinine) is frequently used to control for variable rates of matrix production [41]. Our
comparisons of four different standardizing factors suggest that in both subjects with and
without AD, standardizing to number of Sebutape® patches analyzed appears to produce the
lowest inter-individual variance for the most analytes. However, inter-individual variance is
only one aspect to consider in determining an appropriate standardizing factor. The ideal
standardizing factor is unbiased to gender, disease state, diet and other potential
confounders, such that any biological impacts of these factors is observable in the
composition of the matrix under study. This study has already demonstrated that gender has
an impact on sebum NEFA content, and others have shown that disease can affect sebum
NEFA and TFA content [6, 7, 29]. Therefore, it would seem these are not appropriate
standardizing factors, and we have shown that standardizing to total sebum NEFA or TFA
content increases variance in the data. While we are unaware of any studies examining the
impact of disease on sebum excretion rate, others have suggested that Sebumeter® outputs
may not be an appropriate method to standardize sebum analyte measurements, particularly
as the amount of sebum collected by a Sebutape® depends on both sebaceous duct output
and the lateral spread of sebum across the Sebutape® surface, whereas the Sebumeter®
reading represents only sebaceous duct output [42]. Therefore, of the factors we have
evaluated, it would appear that standardizing to the number of Sebutapes® analyzed makes
the least assumptions about the effects of potential confounders on sebum composition and
excretion, and provides an unbiased estimate of sebum content provided the collection time
is uniform across all subjects. Additionally, several independent studies collectively suggest
that collected sebum can be quantified by assessing the transparency of the Sebutape® patch
either visually or by photo densitometry [42—-45], and that photo densitometry may be the
most robust method to estimate amount of sebum collected [46]. However, photo
densitometric measurements of Sebutapes® frequently requires specialized equipment or
software that is beyond the scope of most analytical laboratories.

Our study has several limitations. Our sebum analysis was limited to the face. AD does not
typically involve the face. However, we sampled non-lesional skin so that our findings may
more truly reflect inherent alterations in sebaceous gland lipid mediators. Secondly, we
recruited adults with AD in this study and our findings may not be relevant for pediatric AD.
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Sebum synthesis increases during puberty and our study was not designed to understand how
sebum compositions change prior to and after puberty. Nevertheless, adults with AD tend to
have persistent disease and many of the participants had AD as a child that extended into
adulthood. Therefore, while not directly relatable to pediatric AD, our findings may serve as
an initial step toward understanding the sebaceous contribution to AD. Finally, while we
attempted to minimize collection of epidermal lipids by wiping the collection site with a
70% isopropanol swab prior to sebum collection, we cannot entirely rule out an epidermal
contribution to our observed lipid and lipid mediator profiles, particularly in the case of the
sphingolipids. However, the analysis of sebocyte conditioned media indicates that this cell
type can produce ceramides and sphingosines in similar proportions to those observed in the
present study (data not shown). Therefore, we are confident that we are predominantly
reporting on sebaceous lipids and lipid mediators in this study.

Overall this study presents a comprehensive quantitative characterization of lipid mediators
and fatty acids in sebum collected from the bilateral cheeks, and demonstrates the ability of
the matrix to report on non-lesional skin in AD. Future studies should continue to evaluate
the potential applications of the sebum lipid mediator and fatty acid profile in the context of
cutaneous diseases that directly affect the sebaceous gland, such as acne or seborrheic
dermatitis, as well as characterize the impact of sampling strategy on these analytes by
evaluating factors such as collection site, temporal stability, and inflammatory state. We
hope to continue the characterization of this apparently robust and noninvasive tool that can
be used to support future cutaneous research studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AD atopic dermatitis

AEA arachidonoylethanolamide (anandamide
AG arachidonoylglycerol

COX cyclooxygenase

%CV coefficient of variance
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FAME fatty acid methyl ester

LOX lipoxygenase

LT leukotriene

MS mass spectrometry

MS/MS tandem mass spectrometry

MUFA mono-unsaturated fatty acid

NEFA non-esterified fatty acid

PG prostaglandin

PLS-DA partial least squares discriminant analysis

PUFA poly-unsaturated fatty acid

QC quality control

TFA total (aggregate-esterified) fatty acid

TLE total lipid extract

UPLC ultra-performance liquid chromatography
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Highlights

. Sebum contains oxygenated lipids (oxylipins), endocannabinoids and
sphingolipids

. Quiescent atopic dermatitis decreases sebum C36 [NS] and [NdS] ceramide
content

. Atopic dermatitis-associated changes were observed at non-lesional sites on
cheeks

. Gender affects sebum oxylipin, ceramide and free fatty acid concentrations

. Sweat and sebum lipid mediator profiles are dissimilar
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Fig. 1. Subjects with atopic dermatitis demonstrate decreased sebum concentrations of
ceramides and dihydroceramides with 18-carbon fatty acid chains and 18-carbon sphingosine or
dihydrosphingosine chains.

Differences were tested by one-way MANOVA with adjustments for gender, and both the

raw Pvalue and the Pvalue adjusted for multiple comparisons by the Benjamini-Hochberg
procedure (q = 0.2) are reported. Analytes were clustered by hierarchical clustering using
Ward’s method. Data are reported as Mean + SEM.
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Fig. 2. Gender differences exist in sebum lipid mediator and fatty acid profiles.
Female subjects demonstrate decreased sebum concentrations of all detected saturated and

monounsaturated non-esterified fatty acids, as well as lipoxygenase-derived alcohol and
ketone metabolites of linoleate, arachidonate, eicosapentanoate and docosahexanoate.
Female subjects also demonstrate increased sebum concentrations of C24 ceramide and
dihydroceramide. Differences were tested by one-way MANOVA with adjustments for AD
status, and both the raw Pvalue and the P value adjusted for multiple comparisons by the
Benjamini-Hochberg procedure (q = 0.2) are reported. Analytes were clustered by
hierarchical clustering using Ward’s method. Data are reported as Mean + SEM.
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Fig. 3. Sebum and sweat demonstrate different lipid mediator profiles.
A: Of the 58 lipid mediators detected in each matrix, 42 are common to both matrices and

16 are unique. B: On a per sample basis, sebum contains larger amounts of almost all
detected lipid mediators. * P,z < 0.01; 1P,4< 0.2 (4 =0.2).
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Table 1.

Sampling and storage parameters of sebum collected from subjects with and without atopic dermatitis. All
data reported as geometric mean [range].

Parameter AD Male (n=6) AD Female (n=5) Control Male (n=5) Control Female (n = 4)
Age (yr) 303[231-385] 4p0[266-622]7  320[29.0-38.1] 28.8[26.7 - 30.9]
Sebumeter® Reading (ug/cm?)? 33.1[6-73] 8.8 [1-28] 36.1[3-123] 39 [20-61]
Transepidermal Water Loss (g/h/m?)¢  18.6[84-348]  95[28-175] 13.6 [3.9-38.2] 9.5[5.3-216]

aThese data include two female subjects with AD who were outliers with respect to age (62.2yr and 57.6yr vs. ADp=9 = 31.2 [23.1 - 46.3]), but
not with respect to observed lipid mediators.

P> 0.05 for all fixed effects when analyzed using a full factorial MANOVA approach, testing for the effects of disease, gender, and the interaction
between them. Disease, gender and their interaction were included as fixed effects, and subject was included as a random effect.

CP= 0.048 for gender when analyzed using a full factorial MANOVA approach, testing for the effects of disease, gender, and the interaction

between them. Disease, gender and their interaction were included as fixed effects, and subject was included as a random effect. #> 0.05 for all
other fixed effects.

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2019 October 18.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Agrawal et al.

Number of analytes where each standardizing factor demonstrated the lowest %CV when reported lipid

Table 2.

mediator concentrations were standardized to that factor.

Standardizing Factor AD Control

Number of Sebutape® patches 38 (66%) 21 (36%)

Sebumeter® reading 9 (16%) 5 (9%)
Total TFA 6 (10%) 16 (28%)
Total NEFA 5(9%) 16 (28%)
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Table 3.
Evaluation of analyte standardization approach variance minimization using the chi-

square (y?) statistic.
The variance in each of the 58 reported analytes processed through the four standardization factors were

compared, with the per Sebutape® standardization set as the reference. If equivalent, 50% of analytes would
have a lower %CV than the reference approach.

AD Control
Standardizing Factor
n>1)% x° P n>1 %) 2 P
Sebumeter® reading 48 (83%) 1245 0.0004  48(83%) 12.45 0.0004
Total TFA 51(88%) 16.69 0.00004 22 (38%) 1.69 0.2
Total NEFA 49 (84%) 13.79  0.0002 37 (64%) 221 0.1

a . . N~
The number (and percentage) of reported analytes with variance greater than the reference per Sebutape® standardization approach.
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