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Abstract: Linoleic acid (LA) is an essential omega-6 polyunsaturated fatty acid (PUFA) derived
from the diet. Sebocytes, whose primary role is to moisturise the skin, process free fatty acids
(FFAs) to produce the lipid-rich sebum. Importantly, like other sebum components such as palmitic
acid (PA), LA and its derivative arachidonic acid (AA) are known to modulate sebocyte functions.
Given the different roles of PA, LA and AA in skin biology, the aim of this study was to assess
the specificity of sebocytes for LA and to dissect the different roles of LA and AA in regulating
sebocyte functions. Using RNA sequencing, we confirmed that gene expression changes in LA-
treated sebocytes were largely distinct from those induced by PA. LA, but not AA, regulated the
expression of genes related to cholesterol biosynthesis, androgen and nuclear receptor signalling,
keratinisation, lipid homeostasis and differentiation. In contrast, a set of mostly down-regulated
genes involved in lipid metabolism and immune functions overlapped in LA- and AA-treated
sebocytes. Lipidomic analyses revealed that the changes in the lipid profile of LA-treated sebocytes
were more pronounced than those of AA-treated sebocytes, suggesting that LA may serve not
only as a precursor of AA but also as a potent regulator of sebaceous lipogenesis, which may not
only influence the gene expression profile but also have further specific biological relevance. In
conclusion, we have shown that sebocytes are able to respond selectively to different lipid stimuli
and that LA-induced effects can be both AA-dependent and independent. Our findings allow for
the consideration of LA application in the therapy of sebaceous gland-associated inflammatory
skin diseases such as acne, where lipid modulation and selective targeting of AA metabolism are
potential treatment options.

Keywords: linoleic acid; arachidonic acid; palmitic acid; sebocytes; gene expression changes;
lipid profile

1. Introduction

The sebaceous gland (SG), together with the hair follicle, forms the pilosebaceous unit
whose primary function is to produce and secrete the lipid-rich sebum that lubricates the
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hair and moisturises the skin. However, sebum can also regulate several biological pro-
cesses such as antimicrobial activity or photoprotection [1]. For its ubiquitous production,
sebocytes take up lipids from the circulation and metabolise them, resulting in a unique
and specific lipid profile of human sebum. This is composed of triglycerides (TGs); free
fatty acids (FFAs), including arachidonic (AA), linoleic (LA), palmitic (PA), stearic and oleic
acids; wax esters; squalene; and cholesterol [2–8]. We have previously reported that sebum
lipids may not only coat the skin but also penetrate into the dermis to interact with various
skin cell types such as macrophages and, presumably, sebocytes [5].

Among the sebum components, LA is central. It contributes to the structural organisa-
tion and function of the permeability barrier of the stratum corneum [9] and also stimulates
lipid production, increasing cell size and promoting differentiation and the delayed pro-
liferation of sebocytes [10–12]. In pathological conditions such as acne—one of the most
common inflammatory skin diseases associated with SGs—reduced levels of LA compared
with other species have been associated with increased microcomedone formation and
increased follicular cast size in affected patients. Consistent with this, topically applied
LA, in addition to the anti-inflammatory effects observed in Cutibacterium acnes (C. acnes)-
activated macrophages [5,13–15], had a beneficial comedolytic effect in acne-prone patients
by reducing microcomedones [15]. In contrast, the sebum of acne patients contains elevated
levels of PA [16], which may also play a role in the pathogenesis of acne by enhancing the
secretion of interleukin (IL)-1β in in vitro differentiated monocyte-derived macrophages [5]
and the production of IL-6 and IL-8 by human sebocytes [6,17].

Through the expression of fatty acid desaturase 2 (FADS2), sebocytes are able to
convert LA to AA [18]. As another prominent polyunsaturated fatty acid (PUFA) in
the skin, AA is involved in the formation of neutral lipids and phospholipids and is an
important regulator of sebocyte differentiation and lipid metabolism [19]. Meanwhile,
as a precursor of leukotrienes and prostaglandins, AA is also involved in inflammatory
responses [20]. Importantly, the enzymes that metabolise AA are also active in the SG and
their expression is increased in acne-affected skin [21]. In addition, AA and its metabolites
may also be important in the wound healing process, re-epithelialisation and angiogenesis,
as suggested by mouse model studies [22].

Although a potential role for the LA–AA–AA derived keto-metabolite axis
(e.g., 5-oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid [5-KETE], 12-oxo-5Z,8Z,10E,14Z-eicosatetraenoic
acid [12-KETE]) in the regulation of SG differentiation and lipid synthesis was strongly
supported in a previous publication [19], there were also differences in the effects of each
lipid. When assessing the levels of inflammatory cytokines measured, LA strongly up-
regulated IL-6 secretion, whereas AA induced only a mild release of IL-6 and IL-8 from
SZ95 sebocytes [18]. Regarding the expression of mRNA and protein levels of key lipid
metabolising enzymes, such as FADS2 and stearoyl-CoA desaturase (SCD), which catalyses
the rate-limiting step in the formation of monounsaturated fatty acids, e.g., the formation
of oleic acid from the saturated fatty acid stearic acid, LA induced the expression of both
enzymes. In contrast, AA increased SCD mRNA levels but decreased FADS2 mRNA lev-
els [18]. Further in vivo studies, which found increased levels of AA and its derivatives
but decreased levels of LA in skin samples from acne patients [19], have suggested that the
different players in the proposed axis may indeed have different biological properties in
both SG biology and acne development [23].

The aim of this study was therefore to assess the specific response of sebocytes to LA
and to dissect the different roles of LA, PA and AA in regulating sebocyte functions at the
level of gene expression and lipid production.

2. Materials and Methods
2.1. Cell Culture and Treatments

Immortalized human SZ95 sebocytes [24] were cultured in Sebomed® Basal Medium
(Biochrom, Cambridge, UK), supplemented with 10% fetal bovine serum (FBS; Biosera,
Nuaille, France), 1 mM CaCl2, 5 ng/mL human epidermal growth factor (EGF; Sigma-
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Aldrich, St. Louis, MO, USA), 500 U/mL penicillin and 0.5 mg/mL streptomycin (Sigma-
Aldrich). Sebocytes were treated with 150 µM PA, 1 µM LA and 1 µM AA (Sigma-Aldrich),
dissolved in ethanol:dimethyl sulfoxide (DMSO) in 1:1 ratio for 24 h. Control cells were
treated with ethanol:DMSO in 1:1 ratio for 24 h (vehicle control). Cells were harvested after
treatments and samples were stored at −20 ◦C until further analysis.

2.2. Determination of mRNA Levels

SZ95 sebocytes were cultured in 6-well plates in the presence of 150 µM PA, 1 µM LA
or 1 µM AA for 24 h and total RNA was isolated using TRI Reagent (MRC, Cincinnati, OH,
USA) according to the manufacturer’s protocol and quantified by using NanoDrop 2000
(Thermo Fisher Scientific, Walthman, MA, USA).

For RNA sequencing (RNA-Seq) and library preparation cDNA was generated from
1 µg total RNA using TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA)
according to the manufacturer’s protocol. Briefly, poly-A tailed RNAs were purified using
oligodT-conjugated magnetic beads and fragmented at 94 ◦C degree for 8 min, then first
strand cDNA was transcribed using random primers and SuperScript II reverse transcrip-
tase (Life Technologies, Carlsbad, CA, USA). Following this step second-strand cDNA was
synthesized, double-stranded cDNA end was repaired and 3′ ends were adenylated. Illu-
mina index adapters were ligated. After adapter ligation enrichment PCR was performed
to amplify adapter ligated cDNA fragments. Fragment size distribution and molarity of
libraries were checked on an Agilent BioAnalyzer DNA1000 chip (Agilent Technologies,
Santa Clara, CA, USA). The concentration of RNA-Seq libraries was diluted to 10 nM and
5 libraries were pooled prior to sequencing. Single read 50 bp sequencing was performed
on the Illumina HiScan SQ instrument (Illumina). Each library pool was sequenced in one
lane of the sequencing flow cell, yielding 16–18 million reads per sample.

2.3. RNA-Seq Data Analysis

Raw sequencing data (fastq) were aligned to the human reference genome version
GRCh38 using the HISAT2 algorithm and BAM files were generated. Downstream analysis
was performed using StrandNGS software (version 2.8, build 230243; Strand Life Sciences,
Bangalore, India). BAM files were imported into the software, the DESeq algorithm was
used for normalization and normalized expression data were used for statistical analysis.
Biological process and reactome pathway analyses were performed using the Cytoscape
3.9.0 software with the ClueGO v2.5.8 plug-in [25]. Genes were normalized to vehicle con-
trol and results are expressed as average mean of triplicate samples. A heat map showing
the replicates separately is provided in Figure S1. Gene expression data of differentially up-
and down-regulated genes were filtered with 2-fold change. RNA-Seq data are available
in the Sequence Read Archive (SRA) database under the following accession numbers:
PRJNA646337 for PA and PRJNA882620 for LA and AA. Further functional clustering of
the differentially expressed genes was performed using the Ingenuity Pathway Analysis
software (Qiagen, Hilden, Germany, IPA Spring Release (2023) https://digitalinsights.
qiagen.com/products/qiagen-ipa/latest-improvements/current-line/).

2.4. Lipid Analyses

Lipids were extracted from SZ95 sebocytes as previously described [26]. Cell pellets
were suspended in distilled water and cracked by triple freeze and thaw cycles. After
centrifugation, the protein content of the supernatant was determined by Bradford’s as-
say. The membrane pellet was thoroughly mixed with the supernatant and added with
butylhydroxytoluene 0.001% (Sigma-Aldrich) in methanol (MeOH) to prevent oxidation
of oxygen sensitive compounds. To control the analytical processes and calculate lipid
amounts, samples were spiked with a mixture of deuterated (d) internal standards (iSTD),
including d6-cholesterol, d6-squalene, d17-C16:0, d31-Cer[NS]34:1, d98-TG48:0 and d7-
phospholipids from the EquiSPLASH-LIPIDOMIX (Avanti Polar Lipids, Alabaster, AL,
USA), i.e., d7-PC 33:1, and d7-PE 33:1, and d9-sphingomyelin, all binding deuterated oleic

https://digitalinsights.qiagen.com/products/qiagen-ipa/latest-improvements/current-line/
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acid (d9–18:1). For liquid/liquid extraction, 1 mL ethyl acetate was added to the sample
and vortexed for 2 min. After a centrifugation step to separate the phases, the upper organic
solution enriched in cell lipids was collected in Eppendorf tubes and dissolved in 200 µL
isopropyl alcohol (iPrOH). For gas chromatography–mass spectrometry (GCMS) analysis,
20 µL of the lipid extract from SZ95 sebocytes was transferred into a glass insert and dried
under nitrogen. The dry extract was derivatized with 20 µL of N,O-bis(trimethyl-silyl)-
trifluoroacetamide (BSTFA) added to 1% trimethylchlorosilane (TCMS) in pyridine. The
reaction was carried out at 60 ◦C for 60 min to obtain TMS derivatives. Lipid extracts were
mixed with MeOH at a dilution factor of 1:4 for LCMS analysis. The GCMS analysis was
performed for the quantitative determination of FFAs, fatty alcohols (FAOHs), cholesterol
and vitamin E. The instrument used was an 8890 GC System connected to a 5977B Series
MSD single quadrupole (Agilent Technologies). The separation was performed on the
HP-5MS UI fused silica column chemically bonded with a 5%-phenyl-methylpolysiloxane
phase, 30 m × 0.250 mm (i.d.) × 0.25 µm film thickness (Agilent Technologies). The carrier
gas (helium) flow rate was 1.2 mL/min. The total run time was 49 min. The derivatized
lipid extracts were started to elute at an oven temperature of 80 ◦C, reaching 280 ◦C in
33 min and 310 ◦C in 12 min [27]. GCMS data were acquired using MassHunter GC/MSD
5977B acquisition software (version 3.1.199) in scan mode following EI ionization. The
operating conditions were: 230 ◦C MS Source and 150 ◦C MS Quad, 70 eV electron impact
voltage, 50–600 mass range and 3.125 scan speed (units/s).

High-performance liquid chromatography (HPLC) analysis was performed on the
Infinity II 1260 series HPLC system (Agilent Technologies) equipped with a degasser, a
quaternary pump, an autosampler and a column compartment.

Reversed phase HPLC (RP-HPLC) was the separation technique used to analyse TGs,
diglycerides (DGs), cholesteryl esters (CEs) and ceramides under positive electrospray
ionization ((+)ESI) conditions. A Zorbax SB-C8 column (2.1 mm × 50 mm, 1.8 µm particle
size) (Agilent Technologies), thermostatted at 60 ◦C, with a maximum operating pressure
of 600 bar/9000 psi, was used for the RP-HPLC separation. Cell extracts were eluted with a
quaternary gradient of (A) 5 mM ammonium formate in MilliQ water (18.2 Ω), (B) MeOH,
(C) acetonitrile (ACN), (D) iPrOH. The elution programme was 60% A, 28% B, 8% C, 4% D
0–10 min; 1% A, 70% B, 20% C, 9% D 10–20 min; 60% A, 28% B, 8% C, 4% D 20–22 min. A
2 min post-run of the initial condition was added. The flow rate was 0.4 mL/min and the
injection volume was 0.8 µL.

Hydrophilic interaction liquid chromatography (HILIC) in (+)ESI mode was used
for the separation and quantification of polar lipids, mainly represented by phosphatidyl-
cholines (PCs), phosphatidylethanolamines (PEs) and sphingomyelins (SMs). The HILIC
separation was performed on a HALO HILIC column (Advanced Materials Technology,
Phoenix, AZ, USA), 2.1 mm × 50 mm, 2.7 µm particle size, with a maximum operating
pressure of 600 bar/9000 psi. The column temperature was adjusted to 40 ◦C. The mobile
phase consisted of (A) 5 mM ammonium formate in MilliQ water (18.2 Ω), (B) MeOH and
(C) ACN; the flow rate was 0.4 mL/min. The elution programme was 1% A, 2% B, 97% C,
0–18 min; 18% A, 2% B, 80% C, 18–20 min; 1% A, 2% B, 97% C, 20–22 min. A 2 min post run
of the initial condition was added, the injection volume was 0.4 µL.

A 6545 Quadrupole Time of Flight mass spectrometer (Q-TOF) (Agilent Technologies)
was used as the high-resolution mass analyser. The instrument was connected to the
HPLC system via an ESI Dual Agilent Jet Stream (AJS) interface with nitrogen used as
nebulizing, sheath, drying, and collision gas. The temperature of the ion source gas was
set at 200 ◦C. The flow rate and pressure of the nebulizer were set at 10 L/min and 30 psi,
respectively. The sheath gas temperature and flow rate were set to 350 ◦C and 12 L/min,
respectively. The capillary voltage parameter was 4000, the nozzle voltage parameter was 0.
The fragmentor voltage parameter was 120 V and the skimmer voltage parameter was 40 V.
Lipidomics data were collected in All Ions MS/MS mode at multiple collision energies
(0, 20, 40 V). The m/z range for MS and MS/MS was 59–1700 at a mass resolution of
40,000. The instrument was calibrated at least daily prior to each series of samples analysed.
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Reference standards (Agilent Technologies) of mass 121.050873 and 922.009798 were used
as internal mass calibrations to correct for low and high masses, respectively. LC-HRMS
data were acquired and deconvoluted using the MassHunter Data Acquisition Software
(version B.09.00 Build 9.0.9044.0, Agilent Technologies).

GCMS were processed using MassHunter Workstation Software Quantitative Analysis
(version 10.1, Agilent Technologies), whereas LCMS data were processed using MassHunter
Workstation Profinder (version 10.0, Agilent Technologies).

2.5. Statistical Analyses

Enrichment/depletion (two-tailed hypergeometric test) and Bonferroni step-down
were used to analyse RNA-seq data using the Cytoscape 3.9.0 software with the ClueGO
v2.5.8 plug-in. Terms with p ≤ 0.05 after the Bonferroni step-down correction for multiple
testing are shown. All lipidomics data were derived by normalizing the response of the
individual lipid by the response of the same-class labelled iSTD and multiplied by the
pmole of the iSTD. Quantities of selected analytes were normalized by the protein content.
Targeted data exploration and statistical analysis were performed at pmol/mg protein using
Mass Profiler Professional software (version 15.1, Agilent Technologies). The abundance
profiles of vehicle controls and SZ95 sebocytes treated with LA and AA were evaluated
using volcano plots and hierarchical clustering analysis. An unpaired t-test was used to
examine significant differences between vehicle controls and SZ95 sebocytes treated with
LA or AA (p ≤ 0.05, FC ≥ 2.0). Statistical analysis of selected saturated and unsaturated
fatty acids and cholesterol levels determined by GCMS was performed by one-way ANOVA
followed by Tukey post hoc and Kruskal–Wallis tests followed by Dunn’s post hoc test.
Data are expressed as mean ± SD. Statistical calculations were performed using GraphPad
Prism 7 (version 7.0.0.159, GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Linoleic Acid Regulates a Specific Set of Genes in SZ95 Sebocytes

As a starting point for our studies, we wanted to assess whether LA is a specific
stimulus or rather a general lipid signal for sebocytes. Therefore, we identified genome-
wide transcriptional changes by RNA-seq analysis in SZ95 sebocytes after 24 h of LA
treatment, and compared them with the genetic program influenced by PA treatment
from our previous experiments which was also performed on SZ95 sebocytes treated for
24 h [6]. Using Venn diagrams to visualize the genes differentially up- and down-regulated
in response to LA and PA, our analyses revealed that while 505 genes were selectively
induced by LA, only 108 genes were commonly regulated by both stimuli (Figure 1).
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Functional clustering of the 108 commonly regulated transcripts by PA and LA
treatment recognized phospholipase A2 and serine-type endopeptidase activity, mitogen-
activated protein kinase (MAPK) signalling, leukotriene D4 biosynthetic process, cellular
response to prostaglandin stimulus, WNT ligand biogenesis, retinoic acid signalling, leuko-
cyte migration and macrophage/granulocyte chemotaxis, and IL-10 and -17 signalling
(Figure 2).
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3.2. Linoleic Acid-Induced Gene Expression Changes in SZ95 Sebocytes

To gain a deeper insight into the overall gene expression changes caused by LA in
SZ95 sebocytes, further biological process and pathway analyses were performed on the
613 up- and down-regulated transcripts.

LA treatment resulted in 212 up-regulated transcripts involved in the intracel-
lular metabolism of fatty acid, bile acid and cholesterol biosynthesis, progesterone
metabolism, cellular response to low-density lipoprotein particle/follicle-stimulating
hormone/prostaglandin, lipoprotein lipase activity, retinoic acid signalling, regulation
of cholesterol biosynthesis by sterol regulatory element-binding protein (SREBP), steroid
metabolism, regulation of lipid metabolism by peroxisome proliferator-activated recep-
tor (PPAR)-α, cornified envelope formation and leukotriene metabolism (Figure 3).

The 401 down-regulated transcripts could be grouped into oestrogen-mediated sig-
nalling, tumour necrosis factors (TNFs) signalling, androgen and nuclear receptor sig-
nalling, WNT signalling, cellular response to transforming growth factor-β (TGF-β) stimu-
lus, cytokine activity, regulation of the MAPK cascade, endothelial cell migration, response
to corticosteroid, beta-catenin formation, regulation of leukocyte and epithelial cell migra-
tion/differentiation and chemotaxis, and regulation of the extracellular signal-regulated
kinases (ERK) 1/2 cascade (Figure 4).
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These results suggest that the genes up-regulated by LA are mainly involved in lipid
and steroid metabolism, while the down-regulated genes are associated with immune
processes and differentiation in SZ95 sebocytes.

3.3. Comparison of Linoleic Acid and Arachidonic Acid-Induced Gene Expression Changes in
SZ95 Sebocytes

Since LA is converted to AA [28,29], the next step was to focus on the LA–AA axis.
The generated heat map shows the differentially up- and down-regulated transcripts at
24 h after LA and AA treatment, filtered by 2-fold change as observed in our RNA-seq
analysis (Figure 5).
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We found that of the 613 genes that were regulated by LA, 180 were also regulated by
AA (Figure 6), suggesting that these are the genes that may be regulated via the LA–AA axis.
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To gain a deeper insight into the gene expression changes induced by LA and AA
in SZ95 sebocytes, further pathway analysis of the commonly up- and down-regulated
transcripts was performed. Among the 180 commonly regulated transcripts, we found
that 29 transcripts involved in cellular response to prostaglandin D stimulus, retinoic acid
biosynthesis, progesterone metabolism, synthesis of bile acid and bile salt, intestinal choles-
terol absorption, response to fatty acid, plasma lipoprotein remodelling, arachidonic acid
metabolism and regulation of lipid metabolism by PPAR-α were up-regulated (Figure 7).
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Clustering of the 150 commonly down-regulated genes revealed that such an axis may
be responsible for the regulation of phosphatidylinositol 3-kinase (PI3K) activity, alcohol
biosynthetic process, regulation of neutrophil chemotaxis, response to progesterone, mono-
cyte differentiation, regulation of ERK1/2 cascade, cellular response to TGF-β, vascular
endothelial growth factor (VEGF) stimulus and fatty acid, interferon-γ (IFN-γ) signalling,
regulation of the MAPK cascade, response to testosterone and corticosteroid, IL-4/IL-13
signalling, regulation of fat cell differentiation, cholesterol biosynthetic process, regulation
of epithelial cell proliferation and myeloid leukocyte differentiation, and IL-17 signalling
(Figure 8).
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3.4. Arachidonic Acid-Independent Effects of Linoleic Acid

The genes that were only regulated by LA, but not by AA, suggest that LA alters the
expression of these genes independently of AA. Of the 433 genes regulated by LA but not
by AA, 183 were up-regulated and 251 were down-regulated.

Functional clustering of the 183 up-regulated transcripts suggested that LA may
modulate sebocyte functions such as cholesterol biosynthesis by SREBP, formation of
the cornified envelope, triglyceride homeostasis, nuclear receptor transcription pathway,
alcohol biosynthetic process, steroid metabolism, regulation of tissue remodelling, lipid
homeostasis and metabolism by PPAR-α and keratinization (Figure 9).

The 251 down-regulated transcripts could be clustered into androgen receptor sig-
nalling, formation of the beta-catenin, IL-7 signalling, oestrogen-dependent gene expression,
cellular response to retinoic acid, cellular senescence, WNT signalling, regulation of myeloid
cell differentiation, nuclear receptor signalling and cytokine activity (Figure 10).
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3.5. Cholesterol Biosynthesis Is Only Affected by Linoleic Acid and Not by Arachidonic Acid at the
Gene Expression Level

Using another approach, the ingenuity pathway analysis (IPA), showed that a number
of genes related to cholesterol metabolism were induced only by LA, whereas focal adhesion
kinase (FAK) signalling and phagosome formation were induced in response to both
treatments (Figure 11).
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Figure 11. Genes and their expression level changes in LA- or AA-treated SZ95 sebocytes that
contributed to the clusters identified by IPA, such as FAK signalling (A), phagosome formation (B)
and cholesterol biosynthesis (C). Colour intensities reflect the changes in the expression levels of a
given gene in response to either LA or AA treatment.

3.6. Linoleic and Arachidonic Acid-Induced Changes in the Lipid Profile of SZ95 Sebocytes

In order to determine whether, in addition to the changes in the expression levels
of genes related to lipid metabolism, there are also differences at the level of lipids, we
performed lipidome analyses in SZ95 sebocytes treated with LA and AA for 24 h. In
particular, target analysis of FFAs, cholesterol and alpha tocopherol (vitamin E) was per-
formed by GCMS. Neutral lipids, mainly TGs, and polar lipids, mainly PCs, were analysed
after separation by reversed-phase and hydrophilic ion-interaction liquid chromatography
(LC), respectively. The LC system was coupled to a high-resolution hybrid quadrupole
time-of-flight (QTOF) mass spectrometer (MS).

Lipid metabolites were quantified against iSTD of the same class and the amount
obtained in pmol was normalized to the amount of protein. The amounts of the lipids
assessed by the three analytical methods applied to each sample were pooled and treated for
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the interpretation of the results. Firstly, the effects of LA or AA treatments were compared
with vehicle (control) using volcano plots (Figure 12).
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Figure 12. Lipidomic analysis of SZ95 sebocytes treated with LA and AA. Volcano plots showing
the changes in lipid abundance in sebocytes treated with LA (A) and AA (B) compared with vehicle
treatment (control). Each dot represents one lipid metabolite. Differential abundance is reported as log2
transformation of fold change (FC) versus control (vehicle). Lipid species that decreased or increased to
a statistically different level are indicated by blue and red dots, respectively. Compared with vehicle, LA
and AA increases 61 and 42 lipid species, respectively (indicated as entities in the labels). In addition, LA
and AA treatments were associated with a decrease of 75 and 24 lipid species (entities), respectively. The
identities of the lipids modulated by LA and AA are given in Table S1. (C) Venn diagram showing the
number of lipid species commonly and specifically modified by LA and AA treatments. The increase
of 39 lipid species was shared by LA and AA, while 22 and 3 lipids were specifically increased after
treatment with LA and AA, respectively. Fifty-one lipids were uniquely down-regulated by LA, while
24 species were down-regulated by both LA and AA. Lipid identity, modulation, molecular mass, and
retention time in the LCMS separation are shown in Table S1.
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The number of individual lipids whose concentration increased or decreased signif-
icantly by more than 2-fold after LA treatment was 61 and 75, respectively. Among the
increased lipids, TGs were the most numerous (40) followed by diglycerides (DGs, 8)
cholesterol esters (CEs, 7), ceramides (4), and free fatty acids (FFAs, 2).

Polar lipids, i.e., PCs (23) and phosphatidylethanolamines (PEs, 19) were the lipid
species significantly decreased by LA, followed by sphingomyelins (SMs, 12), FFAs (10),
ceramides (6), and one TG (Table S1). AA caused the change in abundance of a smaller
number of species. Among the 42 lipids whose concentrations were significantly increased
by AA, TGs were the most abundant (32), followed by CEs (7), DGs (2), and one PE.
In particular, the AA-containing CE 20:4 and CE 26:5, were abundantly and exclusively
increased by AA, suggesting that CEs represent an important reservoir of AA and probably
its metabolites. Among the decreased polar species, PCs (11) and PEs (8) were the most
affected numerically, followed by SMs (2), one FFA, one ceramide and vitamin E (Table S1).

Based on the Venn diagram shown in Figure 12C, 39 and 24 lipids were increased and
decreased, respectively, by both LA and AA. This observation allowed us to circumscribe
the lipid species that were significantly modified in their quantity, independent of the
LA or AA source. In Table S1, the lipids are colour coded to distinguish the species that
were up-regulated by LA only (orange), AA only (dark pink), and by both LA and AA
(light pink). Those that were down-modulated by LA only and by both LA and AA were
coloured full and light blue, respectively. An interesting pattern in the distribution of
complex lipids, differentiated by the number of double bonds (DBs) and of carbon atoms
(C) in TGs was observed. TGs increased by LA only had an average DB and C-number of
3.0 and 51.8, respectively. TGs increased by both LA and AA were characterized by a higher
average DB number (5.75), and more C-carbon atoms (average value 54.8). Phospholipids
accounted almost exclusively among the lipids that decreased in concentration after LA or
AA, which indicates that PCs have a particular role in providing the DG-backbone in the
formation of TGs that load the supplied FA in the free form. The evaluation of the molecular
characteristics of ceramides (Cer[NS]), whose amounts were increased and decreased after
LA supply, also suggested that LA specifically intervened in sphingolipid plasticity. Four
Cer[NS] with a total chain length of 32 to 35 C-atoms were increased after LA, whereas the
Cer[NS] members with a chain length of 36 to 44 C-atoms were decreased. The Cer[NS]
44:1 was also decreased by AA.

As shown in detail in Figure S2, the amount of myristic acid (C14:0) showed a robust
increase, whereas palmitic acid (C16:0), margaric acid (C17:0), arachidic acid (C20:0),
heneicosylic acid (C21:0), and behenic acid (C22:0) were significantly decreased in LA-
treated sebocytes compared with AA-treated cells, while the amounts of pentadecylic
acid (C15:0) and tricosylic acid (C23:0) decreased similarly. Interestingly, lignoceric acid
(C24:0) decreased in LA but increased in the AA-treated sebocytes. Regarding the measured
unsaturated lipids, LA significantly decreased the amount of palmitoleic acid (C16:1n-7),
while the amount of sapienate (C16:1n-10) was unchanged. In contrast, AA treatment
led to a detectable but not significant decrease in the levels of eicosenoic acid (C20:1) and
docosenoic acid (C22:1).

When cholesterol levels were measured, an increase in cholesterol levels was only
detected in the LA-treated cells. These results suggest that, although AA is a metabolite of
LA, the two fatty acids have different effects on the lipid production in sebocytes, which
may then influence the gene expression profile (Figure S2).

Interestingly, the amounts of FFAs other than C14:0 and C18:2, were greatly reduced
after LA treatment, while the net concentration of total FFAs remained unchanged. This ob-
servation suggests that exogenous LA is distributed among different classes of intracellular
lipids and displaces intracellular FFAs, mainly saturated ones.

In order to understand the interrelationships between the FAs detected in their free
form by GCMS and the complex lipids, both neutral and polar, that bind FAs, expression
profiles of TGs, ceramides, and phospholipids, mainly including PCs, PEs, and SMs were
elaborated in hierarchical clustering.
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As shown in the heat map, the two FAs had a distinct effect on the lipid profile of SZ95
sebocytes, with only a small number of lipids showing similar up- or down-regulation
in their levels (Figure S3). The effects on lipid distribution were in the same direction,
i.e., decreased levels of polar and neutral lipids, but to a different extent. LA decreased
polar lipids to a greater extent than AA (upper part of the heat map). The effects on neutral
lipids were more pronounced for TGs and CEs for LA and AA. C18:2 and C14:0 increased
consistently and were both positioned next to CE 18:2 and CE 20:0, several TGs, and short-
chain ceramides, suggesting that C14:0 is correlated with LA uptake and metabolism in
cells. The consistent decrease in vitamin E following both LA and AA could be due to
different mechanisms, including conformational changes in the plasma membrane or an
increased requirement for lipophilic antioxidants resulting from the uptake of exogenously
supplied PUFAs (Table S1). However, the concentration of cholesterol, which is abundant
in the plasma membrane, was found to be higher in LA compared with AA-treated cells
(Figure S2).

Hierarchical clustering of the lipids measured in SZ95 sebocytes treated with AA or
LA for 24 h revealed that the majority of macroscopic changes at the lipid class level after
LA and AA treatments were in the same direction, i.e., TGs and CEs increased, while
PCs decreased (Figure S3). Notably, individual lipid species were specifically modified
depending on the LA or AA lipid supply. In particular LA- and AA-containing CEs, i.e., CE
18:2 and CE 20:4 were direct markers of their respective treatments. On the other hand,
enrichment in certain domains of the lipid organization may affect the plasma membrane
structure, lipid rafts, and the susceptibility to release signalling molecules [30].

4. Discussion

As an essential omega-6 PUFA, LA cannot be synthesized by human cells and is
therefore obtained from diet. Sources include nuts, seeds and vegetable oils such as
rapeseed, soybean, corn, and sunflower oils, meat and eggs [31–33]. In terms of skin
homeostasis, as the most abundant PUFA in the epidermis, LA has several beneficial
properties such as its maintenance of the integrity of the epidermal water permeability
barrier [5,9,34,35]. Indeed, in dry atopic skin, topical application of sunflower seed oil
(whose main lipid component is LA) preserved the integrity of the stratum corneum and
improved hydration due to increased keratinocyte proliferation, lipid synthesis and efficient
activation of PPAR-α [36,37], a key transcription factor responsible for lipid production
in sebocytes [21,38]. In the case of acne patients whose sebum and epidermal lipids are
characterized by decreased levels of LA [39], a partial explanation may be offered by the
finding that LA may be diluted within the increased amount of sebum [14], as sebum was
found to diffuse into follicular keratinocytes. It is suggested that the resulting change in
the fatty acid component of the normally linoleate-rich epidermal acylceramides, together
with follicular hyperkeratinisation and increased transepidermal water loss, contribute to
the formation of the acne lesion [14].

Based on previous findings, LA may also be a potent inducer of differentiation
and lipid metabolism in sebocytes in vitro, increasing lipid droplet size and intracellu-
lar levels of neutral lipids by inducing the expression of genes involved in fatty acid
metabolism [11,18,40,41]; however, the question remains unanswered as to whether the
observed changes are a general response of sebocytes to the increased levels of lipids
in the microenvironment or a specific consequence of LA. Overall, just as the available
meta-analysis data are controversial regarding its beneficial role/adverse effects in the
case of coronary heart disease [42–44], and thus the optimal level of LA intake, it is also
challenging to answer how central the position of LA is in sebocyte biology.

In this study we confirmed that LA may have selective effects on SGs already at the
level of gene expression regulation. When compared with PA, which along with LA is one
of the major FFA in sebum [45], we found that sebocytes are able to differentiate between PA
and LA already at the level of gene expression regulation. Only 108 genes involved in basic
sebocyte signalling pathways such as MAPK, WNT, leukotriene D4, prostaglandin and
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retinoic acid signalling, immune cell functions and IL-10 and 17 signalling were regulated by
both stimuli [46]. Further investigating the possible regulatory role of LA in SG homeostasis,
we found that LA may contribute by regulating genes involved in intracellular fatty acid
metabolism, cholesterol biosynthesis, steroid metabolism, regulation of lipid metabolism by
PPAR-α, androgen and nuclear receptor signalling and ERK1/2 signalling. These pathways,
which are also known to be key regulators of sebocyte functions such as lipid and steroid
metabolism, growth and differentiation [21,47–49], support the idea that LA is specifically
involved in the homeostasis of SGs in terms of differentiation, lipid metabolism and hence
sebum production.

Although an oversimplified conclusion of our results and those of others is that LA
exerts numerous beneficial properties in SG biology, it is also the source of AA, the precursor
of inflammatory leukotrienes and prostaglandins, which contribute to the inflammatory
tissue microenvironment in various diseases such as acne and atopic dermatitis (AD) [21,50].
Therefore, selective modulation of further AA metabolism has already been raised as a
therapeutic target to inhibit the enzymatic activities of cyclooxygenases and lipoxygenases
such as cyclooxygenase-2 (COX 2) and 5-lipoxygenase (5-LOX), whose expressions are
increased in acne skin samples [21]. Indeed, a pilot study has shown that the 5-LOX
inhibitor zileuton directly inhibited sebum production by lowering the levels of FFAs
and reducing the number of inflammatory skin lesions in acne patients [38]. Therefore,
to answer the intriguing question of the role of the LA–AA axis in sebocytes, previous
studies have already evaluated the different effects of LA and AA, but our study is the
first to compare the changes in the gene expression profiles in LA- and AA-treated SZ95
sebocytes. While, both LA and AA are known to induce the secretion of pro-inflammatory
cytokines, e.g., IL-6 and 8 and LA to enhance the innate immune defence in human
sebocytes [6,7,17,18], LA inhibited T helper (Th) 1 and Th17 cell differentiation and induced
cell death in CD4+ T cells [51,52], promoted the production of thromboxane, TNF-α,
COX-2, reactive oxygen species (ROS), IL-8 and matrix metallopeptidase-9 (MMP-9) in
neutrophils [53–55], and increased the mRNA expression of pro-inflammatory markers
(e.g., IL-6, C-C motif chemokine ligand-2 [CCL-2] and IL1-β) in peritoneal macrophages [56].
In contrast with the pro-inflammatory effects, other anti-inflammatory effects have been
described, such as the inhibited secretion of IL-1β, IL-6 and TNF-α by LA in C. acnes-
activated macrophages [5]. In our results, we have shown that a large number of genes
showing regulation in response to both LA and AA formed immune-modulatory clusters,
e.g., cellular response to TGF-β and TNF, cytokine activity and regulation of the MAPK
cascade and leukocyte migration/chemotaxis and differentiation, regulation of IFN-γ and
IL-17 signalling, which may be related not only to acne but also to other inflammatory
skin diseases [57–59].

Interestingly, the IL-4/IL-13 signalling pathway, which is a central regulator of many of
the hallmark features of AD, and has been found to regulate sex steroid hormone synthesis
in human sebocytes and to drive lipid abnormalities in the skin [60], was also affected
in SZ95 sebocytes by both LA and AA. Though the cluster forming genes were mostly
down-regulated, further studies are needed to answer whether the changes are pro- or
anti-inflammatory and how these changes interact with the microenvironment.

Importantly, while the majority of the immune-related genes were regulated by both
LA and AA, our results show that a large number of genes involved in hormone-regulated
homeostasis and lipid metabolism were only regulated by LA and not by AA, suggest-
ing that there is an AA-independent effect of LA. One possible explanation is that LA is
first converted to γ-linoleic acid and then to dihomo-γ-linoleic acid, the intermediates of
which may also have regulatory effects on sebocyte gene expression [61]. Interestingly,
histopathological findings have shown that administration of γ-linoleic acid to acne pa-
tients reduced follicular hyperkeratinisation and inflammation and improved acne lesions
through modulation of the protein kinase C (PKC)/MAPK pathway [62].

Bearing in mind the limitations of linking gene expression data to protein levels and
especially enzyme activity, our mRNA data still strongly suggest that key lipid metabolism-
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related pathways are also selectively regulated by LA and AA. Therefore, to assess whether
changes and differences might also be induced at the lipid level, we examined the lipid
profiles in LA- and AA-treated sebocytes, which have only been investigated to a limited
extent in previous studies. The differences observed—in particular that LA but not AA
treatment significantly decreased the levels of selected saturated fatty acids while increasing
the levels of cholesterol—suggest that the lipid signature is also dependent on the fatty acid
source. Interestingly, there were distinct effects on storage lipids (TGs), plasma membrane
lipids (PCs, PEs), lipid rafts and signalling lipids (cholesterol esters, CEs and ceramides).
These findings may therefore complement previous observations in which LA caused
down-modulation of the epidermal growth factor receptor (EGFR and ERBBs) [63]. Down-
regulation of these pathways by siRNAs in SZ95 sebocytes resulted in increased levels of
TGs, and CEs, particularly CE 18:2 and CE 20:4 [63].

The storage of neutral lipids is related to the shaping of lipids in the plasma membrane.
Interestingly, LA decreased polar lipids to a greater extent than AA. While this could
support an increase in free C14:0 as a result of displacement by LA, we found no correlation
between C14:0 and changes in polar lipids. Thus, other mechanisms are involved in the
elevation of free C14:0.

Given the wide range of their biological functions, the role of ceramides in sebocytes is
underexplored, although impairment of ceramide synthesis has been observed in parallel
with sebaceous lipid disruption when perilipin 2 (PLIN2), a key lipid droplet associated
protein, is silenced in SZ95 sebocytes [10]. Our observations suggest that LA may have a
greater capacity to initiate ceramide de novo synthesis, as evidenced by the increased levels
of short-chain ceramide members. These findings call for further studies to answer whether
such an effect is due to LA itself or to the associated increase in C14:0 levels. Indeed,
ceramide de novo synthesis is initiated by FAs, typically palmitate, which is conjugated
with serine by serine-palmitoyl-transferase (SPT) to form C18-sphingosine, but C14:0 can
also be used by SPT to form C16-sphingosine, which is then conjugated with FAs to form
ceramides with 2-carbon shorter sphingoid bases [10,64].

5. Conclusions

In conclusion, these results strongly support the idea that LA is a key regulator of
sebocyte biology, influencing immune processes, differentiation and lipid production at
the level of gene expression. In addition, we have shown that LA may have a complex
effect both as a precursor of AA and independently by modifying the levels of other
biologically active lipids. Our findings could therefore be applied to the development and
selection of therapies that modulate lipid production and selectively target AA metabolism
in sebocytes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15153315/s1, Figure S1: Heat map showing the replicates
separately in LA and AA-treated SZ95 sebocytes for 24 h as determined by our RNA-seq analysis.
Figure S2: Determination of selected saturated and unsaturated fatty acids and cholesterol levels by
GCMS in SZ95 sebocytes treated with LA or AA for 24 h; Figure S3: Hierarchical clustering tree of
the measured lipids in SZ95 sebocytes treated with AA or LA for 24 h; Table S1: Lipid metabolites
significantly altered by LA and AA treatments. The list includes lipid identity, modulation, molecular
mass, and retention time in the LCMS system.

Author Contributions: Conceptualization, D.T. and D.K.; methodology, D.K., E.C., S.P., A.C., M.M.
and K.D.; analysis, D.K., E.C., A.C., M.M., S.P. and F.G.; writing—original draft preparation, D.T.,
D.K. and E.C.; writing—review and editing, D.T., E.C., F.G., A.S. and C.C.Z.; funding acquisition,
D.T., A.S., E.C., A.C., M.M. and F.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Hungarian National Research, Development and
Innovation Office FK-132296 (D.T.), ANN 139589 (D.T.), K-128250 (A.S.); Italian Ministry of Health
(E.C., A.C., M.M.); and FWF Austrian Science Fund, I 5627-B (F.G.). The funders had no role in study

https://www.mdpi.com/article/10.3390/nu15153315/s1
https://www.mdpi.com/article/10.3390/nu15153315/s1


Nutrients 2023, 15, 3315 18 of 20

design, data collection and analysis, decision to publish, or preparation of the manuscript. D.T., E.C.
and F.G. acknowledge the support by European Cooperation in Science and Technology as members
of EpiLipidNET (CA19105 Pan-European Network in Lipidomics and EpiLipidomics).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: RNA-Seq data are available in the Sequence Read Archive (SRA)
database under the following accession numbers: PRJNA646337 for PA and PRJNA882620 for LA
and AA.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Zouboulis, C.C.; Baron, J.M.; Böhm, M.; Kippenberger, S.; Kurzen, H.; Reichrath, J.; Thielitz, A. Frontiers in sebaceous gland

biology and pathology. Exp. Dermatol. 2008, 17, 542–551. [CrossRef] [PubMed]
2. Fluhr, J.W.; Mao-Qiang, M.; Brown, B.E.; Wertz, P.W.; Crumrine, D.; Sundberg, J.P.; Feingold, K.R.; Elias, P.M. Glycerol regulates

stratum corneum hydration in sebaceous gland deficient (asebia) mice. J. Investig. Dermatol. 2003, 120, 728–737. [CrossRef]
[PubMed]

3. Picardo, M.; Zompetta, C.; De Luca, C.; Cirone, M.; Faggioni, A.; Nazzaro-Porro, M.; Passi, S.; Prota, G. Role of skin surface lipids
in UV-induced epidermal cell changes. Arch. Dermatol. Res. 1991, 283, 191–197. [CrossRef] [PubMed]
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61. Balić, A.; Vlašić, D.; Žužul, K.; Marinović, B.; Bukvić Mokos, Z. Omega-3 Versus Omega-6 Polyunsaturated Fatty Acids in the
Prevention and Treatment of Inflammatory Skin Diseases. Int. J. Mol. Sci. 2020, 21, 741. [CrossRef] [PubMed]

62. Jung, J.Y.; Kwon, H.H.; Hong, J.S.; Yoon, J.Y.; Park, M.S.; Jang, M.Y.; Suh, D.H. Effect of dietary supplementation with omega-3
fatty acid and gamma-linolenic acid on acne vulgaris: A randomised, double-blind, controlled trial. Acta Derm. Venereol. 2014,
94, 521–525. [CrossRef] [PubMed]

63. Dahlhoff, M.; Camera, E.; Ludovici, M.; Picardo, M.; Muller, U.; Leonhardt, H.; Zouboulis, C.C.; Schneider, M.R. EGFR/ERBB
receptors differentially modulate sebaceous lipogenesis. FEBS Lett. 2015, 589, 1376–1382. [CrossRef] [PubMed]

64. Holleran, W.M.; Williams, M.L.; Gao, W.N.; Elias, P.M. Serine-palmitoyl transferase activity in cultured human keratinocytes.
J. Lipid Res. 1990, 31, 1655–1661. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1046/j.0022-202x.2001.01612.x
https://www.ncbi.nlm.nih.gov/pubmed/11851890
https://doi.org/10.1007/s11154-016-9389-5
https://www.ncbi.nlm.nih.gov/pubmed/27726049
https://doi.org/10.1046/j.1523-1747.2001.01312.x
https://doi.org/10.1016/j.clindermatol.2004.03.004
https://doi.org/10.1016/j.biocel.2009.11.017
https://doi.org/10.1016/j.jaad.2017.12.021
https://doi.org/10.1007/s00417-020-04972-6
https://www.ncbi.nlm.nih.gov/pubmed/33079282
https://doi.org/10.1038/nature16969
https://www.ncbi.nlm.nih.gov/pubmed/26934227
https://doi.org/10.1016/j.ajog.2005.01.057
https://www.ncbi.nlm.nih.gov/pubmed/16150282
https://doi.org/10.1016/j.freeradbiomed.2006.06.014
https://doi.org/10.1177/1753425916656765
https://doi.org/10.1002/jcp.27165
https://doi.org/10.1038/ncomms5020
https://doi.org/10.1371/journal.pone.0105238
https://doi.org/10.1111/bjd.15879
https://doi.org/10.1073/pnas.2100749118
https://doi.org/10.3390/ijms21030741
https://www.ncbi.nlm.nih.gov/pubmed/31979308
https://doi.org/10.2340/00015555-1802
https://www.ncbi.nlm.nih.gov/pubmed/24553997
https://doi.org/10.1016/j.febslet.2015.04.003
https://www.ncbi.nlm.nih.gov/pubmed/25889637
https://doi.org/10.1016/S0022-2275(20)42349-1

	Introduction 
	Materials and Methods 
	Cell Culture and Treatments 
	Determination of mRNA Levels 
	RNA-Seq Data Analysis 
	Lipid Analyses 
	Statistical Analyses 

	Results 
	Linoleic Acid Regulates a Specific Set of Genes in SZ95 Sebocytes 
	Linoleic Acid-Induced Gene Expression Changes in SZ95 Sebocytes 
	Comparison of Linoleic Acid and Arachidonic Acid-Induced Gene Expression Changes in SZ95 Sebocytes 
	Arachidonic Acid-Independent Effects of Linoleic Acid 
	Cholesterol Biosynthesis Is Only Affected by Linoleic Acid and Not by Arachidonic Acid at the Gene Expression Level 
	Linoleic and Arachidonic Acid-Induced Changes in the Lipid Profile of SZ95 Sebocytes 

	Discussion 
	Conclusions 
	References

