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Abstract

Background/Objectives: Sebocytes, the primary cell type in sebaceous glands (SGs), pro-
duce a lipid mixture called sebum that is released onto the skin surface and is required for
skin homeostasis. The lipid receptor Peroxisome Proliferator-Activated Receptor gamma
(PPAR7) regulates sebocyte proliferation and lipid synthesis and is involved in acne devel-
opment. As inhibition of PPAR? has been shown to reduce insulin-induced lipogenesis
and Akt/mTOR signalling in SZ95 sebocytes, we here investigated the effects of PPARy
deletion on lipid homeostasis and autophagic stress responses and how the secretomes
affect dermal fibroblasts. Methods: SZ95 sebocytes wildtype (WT) and PPARy knockout
(KO) were shifted to low serum and EGF-deficient conditions permissive for autophagy.
Untargeted and targeted HPLC-MS/MS analyses were used to analyze native and oxidized
lipids, respectively. Protein levels of LC3I/1II and p62 were assessed using immunoblots
and immunofluorescence microscopy to investigate the autophagic flux. Dermal fibroblasts
were exposed to conditioned media. Results: In low serum culture media, KO SZ95 sebo-
cytes displayed significantly altered levels of 23 lipid classes. We observed a significant
increase in ether-linked fatty acids as components of complex lipids and detected elevated
levels of phospholipid hydroperoxides and aldehydolipids in the KO sebocytes. KO SZ95
sebocytes failed to show the typical responses to lipoxidative stress, such as elevated p62
crosslinking or inclusion body formation, and had reduced LC3II/I ratios as compared to
WT cells. PPARy KO conditioned media promoted a trend towards an inflammatory fibrob-
last phenotype. Conclusions: These findings suggest that PPAR+y in sebocytes may alter
the lipidome, elevate redox stress, and affect the autophagic machinery, which could cause
accumulation of oxidized lipids and other potentially harmful compounds in sebocytes.
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1. Introduction

The sebaceous gland (SG) is a lipid-producing skin appendage, forming the pilose-
baceous unit together with the hair follicle. Sebocytes originate from epithelial stem cells
and produce and metabolize lipids, which are released through holocrine secretion as
the cells undergo terminal differentiation [1,2]. Although the composition of sebum is
species-specific, sebum lipids in humans provide photoprotection, antimicrobial activity,
and delivery of fat-soluble antioxidants and anti-inflammatory compounds to hair and the
skin surface [3].

During holocrine secretion, autophagy is activated in sebocytes and is important for
lipogenesis [4], while we had shown that it is also required for lipid redox homeostasis,
sebocyte nutrition, and holocrine secretion [5-7]. Importantly, oxidized phospholipids
can be cleared by autophagy to restore homeostasis after oxidative stress, such as UV
radiation [8,9]. Defective autophagy in a mouse model caused SG hyperplasia and a
changed lipid profile [10], while in murine preputial glands, a functionally similar sebocyte-
dominated organ, autophagy deficiency resulted in the disruption of gland homeostasis
and aberrant holocrine secretion [7].

The transcription factor Peroxisome Proliferator-Activated Receptor gamma (PPAR?)
is a regulator of lipid metabolism and also of differentiation in sebocytes [11,12]. The
influence of PPAR?y on the production of lipids that are precursors of inflammatory medi-
ators suggests that it plays a role in inflammatory sebaceous disorders such as acne [11].
We here also explore how fibroblasts, which surround the pilosebaceous unit, respond
to the secretome of sebocytes with and without PPARy. An immunomodulatory role of
fibroblasts (which in all likelihood, are exposed to inflammatory signals from sebocytes
in vivo) has only recently been reported [13]. On the other hand, immunomodulatory
(oxidized) lipids are ligands for PPAR<y [14], which may be important in inflammatory
events [15] that involve SGs. Regarding the role of PPAR in autophagy, previous studies
reported its positive regulatory effect through the inhibition of mTOR signalling, which
plays a central role in sebocyte differentiation [16,17].

This study aimed to further address how PPAR? is involved in sebocyte fate and
autophagy initiation [4,18]. In this study, we used the SZ95 human sebocyte cell line [19] and
the CRISPR/Cas9 method to delete PPARy [20] to elucidate the total lipidome composition
in PPARy-deficient (KO) SZ95 sebocytes under conditions of low serum and low epidermal
growth factor (EGF) that favour autophagy. Using bioinformatic methods, we evaluated
the biological impact of the detected changes in the lipidome. Additionally, we examined
the autophagic flux following the inhibition and induction of autophagy, as well as induced
oxidative stress.

2. Materials and Methods
2.1. Sebocyte Cell Culture

Immortalized human SZ95 sebocytes [19] were cultured in Dulbecco’s Modified Ea-
gle’s Medium (DMEM)/Nutrient Mixture F-12 Ham (F-12) (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS) heat inactivated (Sigma-Aldrich),
1 mM CaCly, 2.5 mM Alanyl-Glutamine (Ala-GIn, 200 mM; Sigma-Aldrich), 5 ng human
EGF (Sigma-Aldrich) and 1% penicillin-streptomycin (Gibco, Thermo Fisher, Waltham, MA,
USA). SZ95 sebocytes with a PPARy KO were generated by CRISPR gene editing, and
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the knockdown was confirmed by immunoblotting (Appendix A Figure Al). The further
characterization of the knockdown is presented in [20].

For all experiments, the sebocytes were shifted to low serum conditions, and the
treatments were done in DMEM /F-12 (Sigma-Aldrich) supplemented with 1% FBS heat-
inactivated (Sigma-Aldrich), 1 mM CaCly, 2.5 mM Ala-GIn (200 mM; Sigma-Aldrich), and
1% penicillin-streptomycin (Gibco, Thermo Fisher).

2.2. Fibroblast Cell Culture

The collection of skin samples used for cell isolation in this study was approved by
the Ethics Committee of the Medical University of Vienna (approval number 1969/2021),
and written informed consent was obtained from all participants. Primary human fibrob-
lasts (hFB) were cultured in DMEM/F-12 supplemented with GlutaMAX (Gibco, Thermo
Fisher), 10% FBS heat-inactivated (Sigma-Aldrich), and 1% penicillin-streptomycin (Gibco,
Thermo Fisher).

To generate the sebocyte conditioned media, the SZ95 sebocytes were incubated for
24 h in the sebocyte experiment medium, which was subsequently collected in a Falcon™
15 mL Conical Centrifuge Tube (Thermo Fisher) and centrifuged at 3750 RPM for 5 min,
and afterwards applied to the fibroblasts.

2.3. Lipid Isolation and Analysis

Wildtype (WT) and KO SZ95 sebocytes were harvested after 24 h of treatment with
medium containing reduced FBS. Sebocytes were washed with PBS (Gibco, Thermo Fisher)
containing BHT (0.01%) (Sigma-Aldrich). Sebocytes (2 x 10° cells/ sample) were scraped
onice in 1 mL of methanol/BHT (0.01%) for lipid extraction.

Lipid isolation from SZ95 cells was performed using liquid-liquid extraction, as
recently described in refs. [21,22]. In summary, the experiment was performed on tech-
nical triplicates, as a cell line was used during the collection of materials. Each step was
performed on ice. A total of 100 ng of internal standard (1,2-dimyristoyl-sn-glycero-3-
phosphocholin [DMPC]) (Avanti Polar Lipids, Alabaster, AL, USA) was added to each
sample. Meanwhile, 1 mL methanol/BHT (0.01%), 4 mL chloroform/BHT (0.01%), and
1.5 mL formic acid (0.7 M) were added to the methanol phase, and after vortexing, the
lower organic phase was transferred into a new glass vial. Before continuing with the
washing steps, 3 mL of the total lipid samples were dried under argon and set aside in
storage at —20 °C for LC-MS/MS analysis. In total, 1 mL of the total extracted lipids was
continued with washing three times with 4 mL hexan/BHT (0.01%). The washed sam-
ples had another internal standard (1,2-dinnanoyl-sn-glycero-3-phosphocholine [DNPC])
(Avanti Polar Lipids) added. Next, 4 mL chloroform/BHT (0.01%) and 1.5 mL formic acid
were added. The bottom phase was transferred into new glass vials and afterwards dried
under argon and stored at —20 °C until phospholipid HPLC MS/MS analysis.

2.4. LC-MS/MS Analysis

LC-MS/MS measurement was performed by the Metabolomics Core Facility of the
EMBL, Heidelberg, Germany.

LC-MS grade water, acetonitrile, isopropanol, and methanol were obtained from
Th. Geyer (Renningen, Germany). High-purity ammonium acetate, ammonium formate,
ammonium hydroxide (25%, w:v), and formic acid were purchased from Merck (Darmstadt,
Germany). For internal standards, a labelled lipid standard mixture (EquiSPLASH; Avanti
Polar Lipids) was used at a final concentration of 0.5%.

Samples were collected and prepared as described above. Dried samples were re-
constituted in isopropanol/methanol (50:50, v:v) to yield a uniform concentration of
1 million cells/100 pL. After vortexing for 30 s and subsequent centrifugations for
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10 min at 15,000 g and 4 °C with a 5415R microcentrifuge (Eppendorf, Hamburg, Ger-
many), extract supernatants were transferred to analytical glass vials and placed in
the autosampler.

LC-MS/MS analysis was performed on a Vanquish UHPLC system coupled to an
Orbitrap Exploris 240 high-resolution mass spectrometer (Thermo Fisher) in negative ESI
(electrospray ionization) mode.

Chromatographic separation was carried out on an ACQUITY Premier CSH C18
column (2.1 mm x 100 mm, 1.7 um; Waters, Milford, MA, USA) at a flow rate of
0.3 mL/min. The mobile phase consisted of water:ACN (40:60, v/v; mobile phase A)
and IPA:ACN (9:1, v/v; mobile phase B), which were modified with a total buffer con-
centration of 10 mM ammonium acetate + 0.1% acetic acid (negative mode) and 10 mM
ammonium formate + 0.1% formic acid (positive mode), respectively. The following gradi-
ent (23 min total run time including re-equilibration) was applied (min/%B): 0/15, 2.5/30,
3.2/48,15/82,17.5/99,19.5/99, 20/15, 23/15. Column temperature was maintained at
65 °C, the autosampler was set to 4 °C, and the sample injection volume was 2 uL (positive
mode) and 4 pL (negative mode).

Analytes were recorded via a full scan with a mass resolving power of 120,000 over
a mass range from 200 to 1700 m/z (scan time: 100 ms, RF lens: 70%). To obtain MS/MS
fragment spectra, data-dependent acquisition was carried out (resolving power: 15,000;
scan time: 54 ms; stepped collision energies [%]: 25/35/50; cycle time: 600 ms). Ion source
parameters were set to the following values: spray voltage: 3250 V/3000 V, sheath gas:
45 psi, auxiliary gas: 15 psi, sweep gas: 0 psi, ion transfer tube temperature: 300 °C,
vaporizer temperature: 275 °C.

All experimental samples were measured in a randomized manner. Pooled quality
control (QC) samples were prepared by mixing equal aliquots from each processed sample.
Multiple QCs were injected at the beginning of the analysis in order to equilibrate the
analytical system. A QC sample was analyzed after every 5th experimental sample to
monitor instrument performance throughout the sequence. For the determination of
background signals and subsequent background subtraction, an additional processed blank
sample was recorded. Data was processed using MS DIAL [23], and raw peak intensity
data was normalized via total ion count of all detected analytes [24]. Feature identification
was based on accurate mass, isotope pattern, MS/MS fragment scoring, retention time, and
intra-class elution pattern matching [25].

2.5. Phospholipid HPLC MS/MS

The FTC-Forensic Toxicological Laboratory, Vienna, carried out the mass spectrometry
of purified phospholipids as described in [22]. To summarize, previously dried samples
were reconstituted in 85% aqueous methanol supplemented with 5 mM ammonium formate
and 0.1% formic acid. Meanwhile, 10 pL aliquots were transferred into a core-shell type
C18 column (Kinetex 2.6 um, 50 mm 3.0 mm ID; Phenomenex, Torrance, CA, USA) and
kept at 20 °C. A 1200 series HPLC system (Agilent Technologies, Waldbronn, Germany)
coupled to a 4000 QTrap triple quodupole linear ion trap hybrid mass spectrometer system
equipped with a Turbo V electrospray ion source (Applied Biosystems, Foster City, CA,
USA) was used. Lipid species were detected in positive ion mode by selected reaction
monitoring of 99 MS/MS transitions using a PC-specific product ion (m/z 184), which
corresponds to the cleaved phosphocholine residue. Analyst software, version 1.6 (Applied
Biosystems), was used for data acquisition and instrument control. Individual values were
normalized to the intrinsic DPPC.
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2.6. Pathway and Enrichment Analysis

BioPAN (https:/ /www.lipidmaps.org/biopan/, accessed on 11 November 2024) [26]
was used to complete the pathway analysis and visualize the key pathways responsible for
the lipid differences found in the data. BioPAN generates a list of the most active and most
suppressed pathways by Z-score, with a significance level of p < 0.05, which corresponds
to Z > 1.645.

Lipid ontology (LION, http:/ /lipidontology.com/, accessed on 11 November 2024)
enrichment analysis was performed to compare the lipidomic fingerprint of SZ95 WT
and KO sebocytes [27,28]. LION /web was used to associate molecular lipid species with
lipid classification, function, and distribution within the cellular components. Enrichment
analysis was performed using the ranking mode as described by [27,28]. The analysis
parameters set SZ95 WT sebocytes as the control condition and SZ95 KO sebocytes as
the condition of interest. P-values calculated by LION/web were adjusted for multiple
testing [29].

2.7. Lipid Oxidation Assay (Fluorescence WL Shift-Based)

BODIPY C11 581/591 undecanoic acid (Invitrogen, Thermo Fisher) was used to vi-
sualize lipid peroxidation as per the manufacturer’s specifications. SZ95 sebocytes were
seeded into 4-chamber polystyrene vessel tissue culture-treated glass slides (Falcon, Corn-
ing, Tewksbury, MA, USA) and cultured for 24 h. The sebocytes were treated with 2 uM
BODIPY C11 and 1 uM Hochst (33342, Invitrogen, Thermo Fisher) in culture medium in
darkness for 30 min at 37 °C with a 5% CO, atmosphere. The Lipid Peroxidation Sensor
has a fluorescence emission peak at red ~590 nm when localized to the membranes of
living cells. Oxidation of the polyunsaturated butadienyl portion of the fatty acid analogue
leads to a shift in the fluorescence emission peak to green ~510 nm. For both SZ95 WT
and KO sebocytes, nine sites were photographed, and these fields of view were analyzed
using Fiji (Image] (1.54k, 2024), National Institutes of Health, Bethesda, MD, USA). Staining
intensity was measured in a virtual cross-section through the cells, which was created with
the “segmented line” tool. The “Plot Profile” of the cross-section was generated, and the
data was transferred into Microsoft Excel. Log2 fold change of the ratio of oxidized (green)
to non-oxidized (red) per pixel was calculated as described in [30].

2.8. ROS Detection Assay

The CellROX Green Reagent (Invitrogen, Thermo Fisher) was used to measure intra-
cellular reactive oxygen species (ROS) formation in accordance with the manufacturer’s
specifications. SZ95 sebocytes were seeded into a 4-chamber polystyrene vessel tissue
culture-treated glass slides (Falcon, Corning) and cultured for 24 h. Next, the sebocytes
were incubated with 5 uM CellROX for 30 min at 37 °C with a 5% CO, atmosphere. The
cells were fixated with 3.7% formaldehyde (SAV Liquid Production GmbH, Flintsbach
am Inn, Germany) for 20 min at room temperature. Afterwards, cell nuclei were stained
with 1 uM Hochst (33342, Invitrogen, Thermo Fisher). The staining was examined with an
LSM700 inverse point scanning confocal microscope (Zeiss, Oberkochen, Germany). Upon
oxidation by ROS and binding to DNA, CellROX displayed a bright green photostable
fluorescence signal with absorption/emission maxima of 485/520 nm. For both SZ95 WT
and KO sebocytes, nine sites were photographed, and these fields of view were analyzed
using Fiji (Image]J, National Institutes of Health). Staining intensity was measured in a
virtual cross-section through the cells, which was created with the “segmented line” tool.
The “Plot Profile” of the cross-section was generated, and the data was transferred into
Microsoft Excel. Mean intensity per stained pixel was calculated as described in [30].
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2.9. Induction and Inhibition of Autophagy

For the induction of autophagy in sebocytes, we used the reference drug rapamycin
(RAPA, 10 mM Merck), diluted to a final concentration of 0.5 uM, and oxidized phos-
pholipids (OxPAPC) [8], diluted to a final concentration of 25 pg/mL. For inhibition of
autophagy, we used 3-Methyladenine (3MA, stock 50 mM, Merck), diluted to a final con-
centration of 10 mM.

S795 WT and KO sebocytes were seeded at 5000 cells per cm? into six-well plates.
Upon reaching confluency of 50%, treatment was started. Each well was treated with
3 mL medium. 1-Palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (PAPC, Avanti
Polar Lipids) was prepared in 600 pg/mL stocks by drying the lipid with argon onto the
wall of glass vials (4 mL, VWR Avantor, Radnor, PA, USA) and oxidizing for five days with
compressed air in darkness [31]. All reagents were diluted in Dulbecco’s Modified Eagle’s
Medium/Nutrient Mixture F-12 Ham (Sigma-Aldrich) supplemented with 1% fetal bovine
serum (FBS, heat-inactivated, Sigma-Aldrich), 1 mM CaCly, 2.5 mM Alanyl-Glutamine
(200 mM, Sigma-Aldrich), and 1% penicillin-streptomycin (Gibco, Thermo Fisher). When
3MA treatment was combined with either OXPAPC or rapamycin, the 3MA was diluted to
a concentration of 20 mM, of which 1.5 mL was added to each well for 2 h. Afterwards, the
reagents for the combined treatment were added, and the final concentration as described
above was achieved for the treatment duration. Sebocytes were harvested after 4 h or 24 h
to investigate early-stage autophagy and late-stage autophagy, respectively.

2.10. Western Blotting

5795 WT and KO sebocytes were collected after 4 h and 24 h of treatment. Harvesting
and immunoblotting were performed as described in [21].

Proteins were harvested with the 4 x Laemmli Sample Lysis Buffer (Bio-Rad, Hercules,
CA, USA) combined with protease (Complete tablets, Roche Diagnostics GmbH, Rotkreuz,
Switzerland) and phosphatase (Thermo Fisher Scientific) inhibitors. A sodium dodecyl
sulfate polyacrylamide gel electrophoresis (4-12%, Bio-Rad) was performed in a Criterion
Electrophoresis system (Bio-Rad). Cell lysates were run at 200 Volt for 35 min to ensure
the required degree of separation. Next, the proteins were blotted on a nitrocellulose
membrane (Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad). After blotting,
the membrane was blocked with 5% dry milk in PBS with 0.1% Tween20 for 1 h at room
temperature. Overnight antibody incubation at 4 °C was done with LC3B (GTX82986,
1:2000, GeneTex, Irvine, CA, USA), p62 (PM045, 1:1000, MBL, Tokyo, Japan) or 3Tubulin
(ab6046, 1:5000, Abcam, Cambridge, UK). The next day, the membrane was incubated
with the corresponding secondary antibody, rabbit IgG-HRP (BioRad, 1706515, 1:10,000)
at room temperature for 1 h. The membrane was washed and developed with Super
Signal West Dura Extended Duration Substrate (Thermo Fisher). Protein concentration
was measured using Image Lab 6.1 (Bio-Rad Laboratories, Hercules, CA, USA). Target
protein concentration was normalized to fTubulin concentration. The ratio of LC3 II/1
was calculated from these values. The total amount of LC3 was calculated by adding the
concentration of LC3 I and LC3 II and then normalized to the WT control. p62 and high
molecular weight p62 (HMW p62) was normalized to the WT control.

2.11. Immunofluorescence

5795 sebocytes were seeded into a 4-chamber polystyrene vessel tissue culture-treated
glass slides (Falcon, Corning) and cultured for 24 h. Cells were treated for 48 h as described
above to induce/inhibit autophagy. Afterwards, cells were washed with PBS and fixed with
Methanol at —20 °C for 10 min and stained for anti-p62 (SQSTM1) pAB (PM045, 1:1000;
MBL) overnight at 4 °C. Cell nuclei were stained with 1 uM Hochst (33342, Invitrogen,
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Thermo Fisher). The staining was examined with an LSM700 inverse point scanning
confocal microscope (Zeiss).

2.12. RNA Extraction

The TRIzol Reagent (Invitrogen, Thermo Fisher) was used for total RNA extraction.
The RNeasy® MiniElute® Cleanup Kit (Qiagen GmbH, Hilden, Germany) was used to elute
extracted RNA before the samples were processed during the bulk RNA sequencing.

2.13. RNA Sequencing and Data Analysis

RNA sequencing of hFB exposed to supernatant harvested from SZ95 WT and KO
sebocytes for 24 h was done at the Core Facility Genomics, Medical University of Vienna.

Sequencing libraries from total RNA were prepared at the Core Facility Genomics,
Medical University of Vienna, using the QuantSeq 3' FWD protocol version 2 with unique
dual indices (Lexogen, Vienna, Austria), following the low-input branch of the protocol.
In total, 18 PCR cycles were used for library prep, as determined by qPCR according
to the library prep manual. Libraries were QC-checked on a Bioanalyzer 2100 (Agilent
Technologies) using a High Sensitivity DNA Kit for correct insert size and quantified using
Qubit dsDNA HS Assay (Invitrogen, Thermo Fisher). Pooled libraries were sequenced
on a NextSeq500 instrument (Illumina, San Diego, CA, USA) in 1 x 75 bp single-end
sequencing mode.

On average, 7 million reads per sample were generated.

Reads in fastq format were generated using the Illumina bcl2fastq command line tool
(v2.19.1.403). Reads were trimmed and filtered using cutadapt [32] version 2.8 to trim
polyA tails, remove reads with N’s, and trim bases with a quality of less than 30 from the 3’
ends of the reads. On average, 5 million reads were left after this procedure.

Trimmed reads in fastq format were aligned to the human reference genome version
GRCh38 [33] with Gencode 29 annotations [34] using the STAR aligner [35] version 2.6.1a
in 2-pass mode. Raw reads per gene were counted by STAR. Differential gene expression
was calculated using DESeq?2 [36] version 1.22.2.

Data was visualized using VolcaNoseR (https:/ /huygens.science.uva.nl/VolcaNoseR/,
accessed on 5 November 2025). To reduce file size, genes fulfilling the criteria
padj == NA, log2FoldChange == o and/or GeneType != protein_coding were removed. For
the visualization, log2FoldChange was blotted on the X-axis and minus_log10_padj was
blotted on the Y-axis. The FoldChange threshold of 1.8 and the Significance threshold of 2
were chosen [37].

2.14. Gene Pathway Analysis

Regulated genes were analyzed with the software QIAGEN'’s Ingenuity® Pathway
Analysis (2025 fall release, IPA®, QIAGEN, Redwood City, CA, USA, https:/ /digitalinsights.
giagen.com/, accessed on 6 November 2025), which allowed prediction of activated sig-
nalling pathways and upstream regulatory events that were likely to cause the observed
gene expression changes. Heatmaps and activation z-scores were calculated within the IPA
software package and modified for better presentation as recently described [9].

2.15. Quantitative PCR Analysis

The iScript cDNA Synthesis Kit (Bio-Rad Laboratories) was used for reverse transcrip-
tion of RNA into cDNA. The LightCycler 480 SYBR Green I Master Kit (Roche Diagnostics
GmbH) was used for quantitative real-time PCR (qPCR) as described before [38]. The
analysis was conducted on a Thermal Cycler CFX96 Real-Time System (Bio-Rad Labo-
ratories). The model of Pfaffl et al. [39] was used for relative quantification, and the
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expression of the target genes listed in Table 1 was normalized to the housekeeping gene.

Beta-2-microglobulin (B2M) was used as a housekeeping gene.

Table 1. Primer sequences used for RT-qPCR.

Target Gene Primer Sequence

B2M Forward: GGGATCGAGACATGTAAGCAG
Beta-2-Microglobulin Reverse: GAGCTACCTGTGGAGCAACC
FADS1 Forward: TCCTCTCTGTGGAGCTTGGG
Fatty Acid Desaturase 1 Reverse: GTCCACCCACTTCTTTCGCT
FADS2 Forward: GGTTCAGTAGCCAGCTGACA
Fatty Acid Desaturase 2 Reverse: GTAGCGGCTTCTCCTGGTAT
PTDSS2 Forward: TTCCAGACCTCATCCAGCTTAC
Phosphatidylserine Synthase 2 Reverse: CCCGTAGTCTCTCTCTGGCA
SGMS1 Forward: TCAACTGTTCTCCGAAGCTTTT
Sphingomyelin Synthase 1 Reverse: GTGATACCACCAGAGTCGCC
ELOVLS5 Forward: CCACCGGTGTCTCCTTCTAC
ELOVL Fatty Acid Elongase 5 Reverse: TTGAAAACCTTTTAGCCCAAGG
SMPD1 Forward: CTCCCGCTGGCTCTATGAAG
Sphingomyelin Phosphodiesterase 1 Reverse: GAGCCAGAAGTTCTCACGGG
PEMT Forward: GGTAACGAACAGCTCGGTGG

Phosphatidylethanolamine N-Methyltransferase
DGAT?2

Diacylglycerol O-Acyltransferase 2

MBOAT1

Membrane Bound Glycerophopholipid O-Acyltransferase 1
IL-1beta

Interleukin 1 Beta

IL-8

C-X-C Motif Chemokine Ligand 8

PTGS2

Prostaglandin-Endoperoxide Synthase 2

Col1A1

Collagen Type I Alpha 1 Chain

Col3A1

Collagen Type III Alpha 1 Chain

Reverse: TCCCATCGTGCAACCACATT
Forward: AGGTCCAAGGTGGAAAAGCA
Reverse: TGACCTCCTGCCACCTTTCT
Forward: TGCATCTTTTTGTGCTGGTGT
Reverse: TGACAATCATCAGAGGCCCAG
Forward: CGATGCACCTGTACGATCAC
Reverse: TCTTTCAACACGCAGGACAG
Forward: CTCTTGGCAGCCTTCCTGATT
Reverse: TATGCACTGACATCTAAGTTCTTTAGCA
Forward: GCCATGGGGTGGACTTAAA
Reverse: CAGCAAACCGTAGATGCTCA
Forward: GTGCTAAAGGTGCCAATGGT
Reverse: CTCCTCGCTTTCCTCCTCT
Forward: CTGGTGCTCCTGGACAGAAT
Reverse: GGGGTCCTGGGTTACCATTA

2.16. Statistical Analysis

For all statistical analyses, except for the fatty acyl chain length, and graphical repre-
sentation of the data, GraphPad Prism 8.4.3 (GraphPad Software, Boston, MA, USA) was
used. To calculate statistical outliers, Grubbs’ test with alpha = 0.05 (Outlier Calculator,

GraphPad Software) was utilized. For calculating statistical significance, t-Test, one-way

ANOVA, and two-way ANOVA were used. Statistical significance was indicated by an
asterisk with * p < 0.05, ** p < 0.01, ** p < 0.005, **** p < 0.001.

For statistical analysis of the fatty acyl chain length of the data generated by the LC
MS/MS analysis, a code was written in MATLAB (R2024a, Statistics and Machine Learning
Toolbox V 24.1, MathWorks, Natick, MA, USA). For statistical analysis, the Wilcoxon Rank-
Sum test, which is equivalent to the Mann-Whitney U-test, was used [40]. Boxplots were

generated with the Add-On daviolinplot (V 3.2.7) [41]. Significance bars were generated by
the Add-On raacampbell/sigstar (V 1.76.01.1) [42].
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3. Results
3.1. Deletion of PPARy Increased the Level of Ether-Linked Complex Lipids in SZ95 Sebocytes

Previous studies showed that activation of PPARy increased neutral lipid levels in
5795 sebocytes when cells were cultured in a medium containing 10% FBS and EGF [12]. In
the present study, SZ95 sebocytes were shifted to a medium with reduced FBS levels (1%)
and no EGE, given that FBS and EGF inhibit autophagy [43].

Using an untargeted LC-MS analysis to identify 837 lipid species within 37 lipid
classes in sebocytes grown under low serum, EGF-free conditions, significant changes in
the percentage of total lipids were observed in 23 out of the 37 assigned lipid classes in
the KO SZ95 sebocytes (Figure 1A). KO sebocytes contained significantly lower levels of
phosphatidylethanolamine (PE), while phosphatidylcholine (PC) and sphingomyelin (SM)
levels were significantly higher. Free fatty acid (FA) levels were significantly lower in KO
5795 sebocytes (Figure 1A,B). We identified a shift in the sum of lipids from major lipid
classes with ester-linked FAs towards lipids with ether-linked FAs, particularly among
phosphatidylcholine (PC) and triglycerides (TG) (Figure 1C). In contrast, phosphatidylinos-
itol (PI), which contains ether-linked FAs, was significantly decreased. Although PIs are
present at very low abundance, they are crucial for intracellular signalling.

When we analyzed the lipid composition using the web-based interface for Lipid
Ontology (LION/web, www.lipidontology.com, accessed on 11 November 2024) [27,28],
we identified significantly enriched LION-terms (by ranking mode) in KO cells. These
included terms of lipid classes “alkyldiacylglycerols” (TG O-, 35 species) and “1-alkyl,2-
acylglycerophosphocholines” (PC O-, 71 species annotated), which both contributed to the
chemical term “contains ether-bond” (106 species) (Figure 2A). This was consistent with
the results from the relative quantification of lipid class level. The highest enriched term
referring to cellular compartments was “endosome/lysosome”, defined by 102 species.

Lipids associated with the terms “triacylglycerols” and “glycerophosphoethanolamines”
were underrepresented in KO cells. These also contributed to the drop of LION-signatures
for “lipid droplet” and “lipid storage”. Another chemical/structural association less abun-
dant in the KO lipidome was “polyunsaturated FAs”, which included more specified terms
as “FAs with more than 3 double bonds” and “FAs with 3-5 double bonds”. At the level
of fatty acyl species, we found the most profoundly downregulated species to be “C22:6”,
referring to the acyl chain in free FA. At the biophysical properties” ontology level, the
terms “neutral intrinsic curvature”, “very high bilayer thickness”, “very high transition
temperature” and “very low lateral diffusion”, were enriched while the terms “above
average/very high lateral diffusion”, “below average and very low bilayer thickness” and
“below average/low transition temperature” were underrepresented (Figure 2A).

The Bioinformatics Methodology For Pathway Analysis (BioPAN) online tool [26]
predicted that glycerophospholipid metabolism in KO sebocytes was shifted towards
phosphatidylserine (PS) synthesis and that they subsequently hydrolysed to lyso-PS (LPS)
at the expense of PC and PE. The data suggested that hydrolysis of PI was activated, as well
as further hydrolysis of PC and PE. Simultaneously, MBOAT1 suppressed their reacylation.
The data predicted the activation of TG catabolism (hydrolysis), which yielded diglycerides
(diacylglycerols, DG) and free FAs (Figure 2B). Regarding the sphingolipid metabolism, the
analysis predicted increased synthesis of dihydrosphingomyelins (dhSM) presumptively
via the transfer of a phosphocholine group from PC onto a molecule of dihydroceramide
(dhCer) catalyzed by SGMS1/2 with DG as a side product (Figure 2B).

https:/ /doi.org/10.3390/lipidology3020018


www.lipidontology.com
https://doi.org/10.3390/lipidology3020018

Lipidology 2026, 3, 18

10 of 25

A

404

30

»n
o
1

% of total lipid content

101

0.5

Fkk

0.0 oy n,ﬂ

ddkkdk

I

|

= SZ95 WT
= SZ95 KO

ok

ek

*k

Hekexd 4

o M O dlH . o ﬂﬂ s

*kk

T

” |] Il |
—— Fkk *k ke *k ke
T T T T nl T T nlﬁ T T T nlﬁ ﬁlEl T T T T T .I T T nlﬂ T a] T nl

il O F ol O O XN D2 OVl O O L é\ o =) o ‘§ o QX A O o
L FF N PP E TP L O E O NS PP YL OO R PO NI L S K
S d il il ' o il ~ & & & e TN S 9

) R
&
©

w

1
= (=) - N w
1 1 1 1 ]

Log2FC of % of total lipid
o
1

1
w

@)

class % of total lipids
- N w B
o o o o
—

LI

v

T 1
QQ.Q,é\,0,0o ?'5&0'@"Q\QOVO‘@"OQ\‘Q'Q'Q«O'
Q}&oy.oc, %o ooc’o*“@ QOQOOQ (SR IA A IR S QQOO QQ@OQ@QQ <z\0 qqgo@,é‘pq 6&00

@ «

PC O- TG TG O-
6 dekkk 4 | Erme | 0.3 ~™
| e |

class % of total lipids
- [
class % of total lipids

class % of total lipids

+

M I L
- + - + - +

Figure 1. Untargeted lipidomic analysis of cellular lipids extracted from WT (blue) and KO (or-
ange) SZ95 sebocytes revealed deregulation in 23 lipid classes and an accumulation of ether lipids.
(A) Percentual distribution of total lipid content normalized to total ion current (TIC), divided into all
lipid classes detected. Biological triplicates independently analyzed for each cell type; t-Test, * < 0.05;
** <0.01; *** < 0.005; ** < 0.0001. (B) Log2 Fold Change (Log2FC) of percental distribution of total
lipid content found in KO (orange) sebocytes compared to SZ95 WT (blue) sebocytes. (C) Percental
distribution of phosphatidylcholine (PC), ether-phosphatidylcholine (PC O-), triglycerides (TG), and
alkyl-triacylglycerols (TG O-) normalized to TIC. Biological triplicates independently analyzed for
each cell type; t-Test, ** < 0.01; *** < 0.005; **** < 0.0001.
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Figure 2. PPARy KO in SZ95 sebocytes results in an elongation of FA chains. (A) LION enrichment
analysis of KO sebocytes vs. WT sebocytes. LION terms were separated into up (red) and downregu-
lated (blue) terms. (B) Activated lipid pathways suggested by BioPan in KO sebocytes compared
to the wildtype. Purple lines = downregulated; blue lines = upregulated, blue overlay = significant.
(C) Activated FA pathways in KO sebocytes compared to the WT. Purple lines = downregulated; blue
lines = upregulated, blue overlay = significant. (D) Mean amount of FAs with short acyl chains, long-
chain FAs (LCFA), and very-long-chain FAs (VLCFA) bound in ether-phosphatidylcholines (PC O-)
normalized to TIC. Biological triplicates independently analyzed for each cell type; Mann-Whitney
U-test, ** < 0.01, *** < 0.005. (E) Mean amount of LCFA and VLCFA bound in alkyl-triacylglycerols
(TG O-) normalized to TIC. Biological triplicates independently analyzed for each cell type; Mann—
Whitney U-test, ** < 0.01, ** < 0.005. (F) RNA expression levels of genes in SZ95 WT and KO
sebocytes, as suggested by BioPan, are involved in the activation of different lipid pathways. Biologi-
cal triplicates independently analyzed for each cell type; t-Test, * < 0.05.
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Next, we found a shift in FA composition from long-chain FAs towards very-long
and (poly-) unsaturated FAs (Figure 2C). In the overall weighted assessment of the FA
side chain length, we found a trend towards an increase in short FA chains (< 16 carbons),
significantly increased in long chain FAs (1620 C) with both an even carbon number and
an odd carbon number, as well as very-long chain FAs (>22 C) in the KO sebocytes. On the
lipid class level, we observed a similar increase in long-chain and very-long-chain FAs in
ether-phosphatidylcholines (PC O-) and alkyl-diacylglycerols (TG O-) (Figure 2D,E).

We performed qPCR on the genes predicted to be regulated, which are involved in
lipid synthesis pathways, and found that FADS2 was significantly downregulated and
ELOVLS5 was significantly upregulated in KO sebocytes. The upregulation of ELOVL5 cor-
roborated the finding of elongated free FAs. Another gene that was found to be significantly
downregulated was DGAT?2 (Figure 2F). This corroborated our finding of higher levels of
TGs than DGs in the global lipidome dataset, even though the KO sebocytes contained
significantly lower levels of TGs than their WT counterparts (Figure 1A).

3.2. PPARy Deletion Increased Oxidized Lipid Species in SZ95 Sebocytes

Previous findings of ether phospholipid deregulation, particularly in PC O- and TG O-
species, indicated that they may act as regulators of mitochondrial redox control [44]. As
shown above, we identified changes in ether PL levels in KO sebocytes when compared to
the lipidome of WT SZ95 sebocytes. We therefore next investigated the oxidation status of
selected lipids by performing a PC-targeted HPLC MS/MS redox lipidomic analysis [22].

We identified 32 lipid species present in both sebocyte genotypes, 19 of which were
found to exhibit significant changes in the absence of PPAR~.

We found the initial peroxidation products of phospholipids with unsaturated FA moi-
eties, the hydroperoxides (-OOH) [45], elevated. Specifically, the KO sebocytes displayed
an elevated oxidation of m/z 782.7 1-Palmitoyl-2-arachidonoyl-sn-glycero-3-PC (PAPC),
where especially ions tentatively identified as m/z (814.8) of PAPC-OOH were elevated. We
also investigated advanced oxidation products of polyunsaturated FA-containing phospho-
lipids previously described [46]. There, we found a significant increase in reactive lipid
species containing aldehydes in KO sebocytes, especially in m/z 650.6 tentatively identified
as 1-palmitoyl-2-(9-oxo)nonanoyl-sn-glycero-3-phosphocholine (PONPC, carbonyl), m/z
594.5 tentatively identified as 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine
(POVPC, carbonyl), and m/z 796.7 tentatively identified as PAPC-keto (Figure 3A).

We performed a fluorescence lipid oxidation assay using a fluorescent redox lipid
sensor (BODIPY C11) to visualize and localize differences in lipid oxidation in cultured
cells (Figure 3B). We found a significant decrease in the KO sebocytes in the mean value of
the Log2FC of the ratio of oxidized to non-oxidized per pixel. This indicated that the KO
sebocytes contained a higher ratio of oxidized to non-oxidized lipids, in line with the MS
data (Figure 3C).

Since nonenzymatic lipid peroxidation is typically connected to an increase in cellular
ROS, we assessed the ROS content in SZ95 KO and WT sebocytes and found a significant
increase in the amount of ROS in the KOs, which is in line with the MS data where we
detected increased amounts of oxidized lipid species (Figure 3D,E).
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Figure 3. Oxidized phospholipids accumulate in SZ95 KO sebocytes. (A) Phospholipid hydroperox-
ides (PL-OOH), specifically PAPC-OOH were increased in KO sebocytes. Reactive lipid aldehyde
species were increased in KO sebocytes. All samples were normalized to Dipalmitoylphosphatidyl-
cholin (DPPC). Biological triplicates independently analyzed for each cell type; t-Test, * < 0.05;
** < 0.01. (B) Fluorescence lipid oxidation assay (BODIPY C11) to visualize oxidized (green) and
non-oxidized (red) lipids within SZ95 WT and KO sebocytes. Scalebar indicates 50 pm. (C) Log2FC
of the mean value ratio of pixel oxidized to non-oxidized. Nine pictures per cell type analyzed;
Mann-Whitney U-test, * < 0.05. (D) ROS detection assay visualized ROS (green) in KO and wildtype
sebocytes. Scalebar indicates 50 um. (E) ROS levels depicted in mean intensity per um. Nine pictures

per cell type analyzed, t-Test, * < 0.05.
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3.3. Knockout of PPARy Decreases the Levels of the p62/SQSTM1 Protein in SZ95 Sebocytes

Elevated ROS and subsequent lipid peroxidation stress led to increased formation of
lipid—protein adducts in human keratinocytes (KC) [47]. We had earlier demonstrated that
accumulation of cross-linked p62 is indicative of this type of stress, which goes hand in
hand with impairment of autophagy. Lack of autophagy also slowed down the removal of
high molecular weight p62 (HMW p62) and dissolution of p62-positive inclusion bodies in
KC [8].

To test for accumulation and localisation of p62 in KO and WT sebocytes, we performed
an IF staining. In the WT sebocytes, rapamycin, as expected, decreased the autophagic
cargo adapter p62. Inhibition of autophagy with 3MA led to its accumulation. Treatment
with OXPAPC, as an external lipid oxidative stressor, led to accumulation of p62, whereas
simultaneous inhibition of autophagy led to formation of p62-positive inclusion bodies.
KO sebocytes, despite having higher intracellular levels of reactive oxidized lipids, did
not cause accumulation of p62 in any of the treatments, and even the untreated controls
showed very low levels of p62 (Figure 4).

Thus, we next performed immunoblots of protein extracts from these cells to inves-
tigate the levels of native and modified HMW p62. In the WT cells, rapamycin led to a
decrease in the autophagic cargo protein p62, whereas treatment with OxPAPC led to a
marked increase in the HMW form. This accumulation of the HMW form was exacerbated
by the addition of the autophagy inhibitor 3MA, demonstrating that removal of HMW
p62 is dependent on autophagy. The KO cells showed a clearly different pattern. The
basal p62 levels were strongly reduced, and the basal and OxPAPC inducible HMW p62
accumulation was blunted (Figure 5A). Also, autophagy inhibition with 3MA did not
lead to a marked accumulation of either native or HMW p62 levels, indicating that the
classical macroautophagic machinery is aberrant in the KOs, with both a marked lack of the
autophagy adapter p62 and reduced accumulation of its HMW form, and little response to
autophagy inhibition (Appendix A Figure A2).

3.4. Deletion of PPARy Impairs the Lipidation of LC3-I to LC3-1I in SZ95 Sebocytes

A previous study showed that a KO of PPARy in mouse prostatic epithelia resulted in
the accumulation of LC3 I and II [48]. LC3, specifically its lipidation, is another marker of
the autophagic flux and a rate-limiting step in autophagosome formation.

Thus, we investigated lipidation of LC3 in WT and KO sebocytes. In the SZ95 WT
sebocytes, autophagy appeared to be inactive at baseline, since 3MA treatment did not lead
to an accumulation of LC3 I, whereas rapamycin and 3MA combined led to an accumulation
of LC3. Without treatment, the KO showed higher levels of LC3 I. Upon treatment with
rapamycin, the KO cells accumulated very high levels of LC3, while the lipidation was
lower after BMA treatment (Figure 5B). This suggests that the stimulus for lipidation was
still functional.

3.5. Exposure to KO Sebocyte Supernatant Deregulates the Expression of Cytokine- and
Matrix-Related Genes in hFB

Previous studies suggested that oxidized lipids accumulate in chronic diseases such as
atherosclerosis [31] and are able to function as inflammatory mediators [49]. Furthermore,
a previous study suggested that active autophagy dampened inflammatory processes in
KCs [50]. We found increased intracellular oxidized lipid species and altered autophagy,
which led us to investigate the influence of the altered total secretome of KO sebocytes on
human dermal cells. We exposed primary hFB to supernatant collected from either WT or
KO SZ95 sebocytes for 48 h. The total RNA harvested from the cells was then subjected to
bulk sequencing.

https:/ /doi.org/10.3390/lipidology3020018


https://doi.org/10.3390/lipidology3020018

Lipidology 2026, 3, 18 15 of 25

SZ95 WT SZ95 KO

ctrl

3MA

Rapamycin

Rapamycin
+ 3MA

OxPAPC

OxPAPC
+3MA

Figure 4. p62 protein expression is decreased in KO SZ95 sebocytes. Sebocytes were treated with
25 pg/mL OxPAPC, 0.5 uM rapamycin, or 10 mM 3-Methyladenine (3MA) for 48 h. IF staining with
anti-p62/SQSTM1 antibody (PM045, MBL) in red. The white line indicates 20 pm.
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Figure 5. p62 and high molecular weight (HMW) p62 levels decreased in KO sebocytes upon
induction of oxidative stress, and LC3B levels increased in KO sebocytes upon activation and
inhibition of autophagy. (A) Western blot of SZ95 WT and KO sebocytes treated with OxPAPC,
rapamycin (RAPA), or 3-Methyladenine (3MA) for 4 h. Arrows indicate the bands of LC3 I and LC3
II. Beta tubulin was used as a loading control. (B) Western blot of SZ95 WT and KO sebocytes treated
with OXPAPC, RAPA, or 3MA for 24 h. Arrows indicate the bands of p62, HMW p62, and a strongly
signalling non-specific band. Beta tubulin was used as a loading control.

The volcano plot comparing hFB treated with supernatant of KO sebocytes to WT
sebocytes identified different cytokines that were upregulated. One such cytokine was the
highly upregulated CXCLS8 (Figure 6A).

We used the “Ingenuity Pathway Analysis” software (IPA, Quiagen) to investigate
whether deregulation of gene groups could be used to predict the activation or inhibition
of canonical signalling pathways. Pathway analysis revealed that the medium of the KO
sebocytes induced genes in the pathogen-induced cytokine stromal signalling pathway
network. The heatmap showed an upregulation of CXCLS8 and IL1 beta (Figure 6B). How-
ever, our attempt to confirm the sequencing results using qPCR (donors n = 4, technical
triplicates) demonstrated a high variability of inflammatory responses depending on the FB
donor. We identified a trend towards the induction of inflammatory chemokines (CXCL8
and IL1 beta), but the regulation of PTGS2 and COL1A1 did not show a trend towards
deregulation (Figure 6C). This prevented us from making a generalized interpretation of
the inflammatory properties of the supernatant.
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Figure 6. Exposure of hFB to supernatant (SN) of SZ95 WT and KO sebocytes results in increased
cytokine expression. (A) Volcano blot of the RNA sequencing comparing hFB treated with KO
sebocyte SN vs. hFB treated with WT sebocyte SN, with the FoldChange threshold of 1.8 and the
significance threshold of logg -2. Biological triplicates analyzed (B) Ingenuity Pathway Analysis (IPA)
heatmap of Genes upregulated in Pathogen-Induced Cytokine Storm Signalling Pathway network.
Comparison between hFB treated with KO supernatant vs. ctrl medium and hFB treated with
5795 WT supernatant vs. ctrl medium. (C) qPCR gene deregulated as found in RNA sequencing
volcano blots and IPA. Four hFB donors, Biological triplicates independently analyzed for each donor;
symbols used for donor identification: O = m30y, A = m37y, O = f4ly, O = {23y.

4. Discussion

This study demonstrates that PPAR<y has a significant impact on the lipid composition
of 5795 sebocytes at the cellular level. We detected an increased amount of oxidized lipid
species in KO sebocytes. Furthermore, we observed striking differences in the amounts of
native and high-molecular-weight p62 (a major cargo adaptor for macroautophagy) and an
increase in LC3 total protein levels in KO sebocytes. We also observed an increased inflam-
matory response in hFB cells exposed to supernatant collected from SZ95 KO sebocytes,
but this was only observed in cells from a subset of donors.

PPAR has been reported to be involved in the differentiation of sebocytes and in lipid
production [11]. Furthermore, activating PPARy in SZ95 sebocytes reduced insulin-induced
lipid synthesis and Akt/mTOR signalling [51]. In this study, we focused on the lipidome
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during starvation as holocrine secretion is strongly associated with activated autophagy [4].
Our data revealed the deregulation of specific lipid classes in SZ95 sebocytes, a finding that
had not been reported before. Moreover, our chosen mode of analysis resulted in a greater
number of assigned lipid classes than previous studies on SZ95 sebocytes. We identified
lipid classes with similar expression profiles to those previously reported (CE, DG, PC, PE,
SM, TG) [52]. Another outcome of the untargeted LC-MS analysis was the significant shift
in major lipid classes with ester-linked FAs towards lipids with ether-linked FAs in KO
sebocytes, specifically PC O- and TG O- PCs are the most abundant structural phospholipid
in mammalian cell membranes and make up the monolayer of lipid droplets [53,54]. TGs,
which are neutral lipids confined primarily in the lipid droplet, are a highly efficient form
of energy storage [55]. A shift towards ether phospholipids could influence the membrane
stability, membrane-associated cellular processes, and energy storage, as ether lipids have
previously been described as major structural components of cell membranes with the
ability to reduce the membrane fluidity [56]. This effect on cellular processes was further
corroborated by the results of the LION term analysis, which indicated an effect of the
KO on cellular processes such as membrane trafficking, organelle formation, and receptor
activation [57-60].

Another lipid class involved in cellular processes are FAs, which, besides their
metabolic and structural function (as part of complex membrane lipids), can fulfil sig-
nalling functions both in native form [61] or upon transformation to eicosanoids in the
wider sense [62]. We reported a shift towards very-long-chain FAs, which can possibly
change the membrane permeability of the cell, which is especially important in the stratum
corneum [63]. Furthermore, we observed a similar shift in the chain length of bound FAs in
the lipid class level of PC O- and TG O-. It has been reported that PPAR7y induces pathways
to store long-chain FA as TG [64] and that FAs regulate PPARy and thereby control lipid
metabolism [65]. Therefore, the KO in SZ95 sebocytes could affect cellular signalling, lipid
storage, and substrates for lipid signalling mediator synthesis.

The deregulation in lipid synthesis found in KO sebocytes might have further influence,
as it has been described in 5795 sebocytes that arachidonic acid and its keto-metabolites
5-KETE and 12-KETE regulate PPAR7y signalling pathways, which in turn modulate phos-
pholipid biosynthesis and induce neutral lipid synthesis [12]. Furthermore, it indicates
oxidative stress within the cell upon the loss of PPAR+y, which is in accordance with the
proposed importance of the PPAR+y system in regulating cellular responses to oxidative
stress [66]. Another effect of the reduced levels of p62 and the disturbed autophagy could be
the increase in ether lipids. Ether lipids are peroxisome-derived glycerophospholipids [56].
Peroxisome functionality is maintained through a specialized form of autophagy, called
pexophagy, in which p62 is recognized to participate [67].

The increased cellular ROS that we observed here was likely due to mitochondrial dam-
age. This is supported by the findings of a significant decrease in acylcarmine (CAR) levels,
as a similar decrease in CAR had been described as an indicator of inhibited mitochondrial
[-oxidation and mitochondrial dysfunction in mouse liver [68]. This increased cellular
ROS usually goes hand in hand with oxidative modification of cellular biomolecules. We
detected, with fluorescent probes and by MS, an elevation of oxidized lipids in the KO sebo-
cytes. We have reported earlier that epithelial cells require functional macroautophagy to
limit the accumulation of these potentially detrimental compounds, which are sequestered
by the cargo adapter p62 and then degraded via the autophagosomal-lysosomal degrada-
tion pathway [8]. Therefore, it was surprising that the KO cells displayed no elevated p62,
in either its native or HMW lipid-adducted form, in the basal state or upon stimulation with
externally added excess oxidized lipids. Additionally, the total amount of LC3, the essential
autophagy protein that upon lipidation (forming LC3 II out of LC3 I) incorporates into
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the autophagosomal membrane, was elevated in the KOs. While some residual response
to rapamycin, the standard autophagy agonist, and inhibition of LC3 lipidation by 3SMA
was visible in the immunoblots, the autophagic flux seems to be massively impaired by a
combination of reduced p62 levels and impaired further processing of autophagosomes.
Others [69] reported reduced autophagosome formation in p62-depleted HeLa cells, specif-
ically a decreased LC3 assembly, which could explain the increased LC3 levels we detected
in KO sebocytes. Of note, p62 is also required for the assembly of inclusion bodies that
sequester and partially detoxify an excess of reactive compounds when they cannot be
processed by proteolytic or autophagic pathways, and the IF staining shows that these
are strongly reduced in size and number in the KO cells. A lack of the ability to sequester
the reactive lipids could, together with elevated ROS generation due to mitochondrial
damage [20] also contribute to their elevated levels we detected in the lipid extracts and
by fluorescent sensors in these cells and promote an inflammatory state [8] (Figure 4).
The role of dermal fibroblasts as signal relays in inflammatory skin diseases is a novel
concept recently reported [13], and we chose to investigate whether the mediators released
by sebocytes would affect fibroblast fate, a mechanism that could be important for skin
inflammation driven by the sebaceous glands. The supernatant we collected from SZ95 KO
sebocytes had a pro-inflammatory function in different hFB donors and generated increased
IL-1 beta and IL-8 levels. The response in this exploratory study was, however, absent in part
of the donors; thus, a general interpretation requires further experimentation. As oxidized
lipids can function as inflammatory mediators [49] and sebum can influence immune cells
and the connective tissue [70], one possible explanation might be the increased oxidative
lipid species contained in the KO sebocytes. These KO sebocytes might have a deregulated
secretome, which can influence other dermal cells, similar to how the deregulation of IL-1
alpha in KCs influences the inflammatory cytokines in fibroblasts [71]. Another role in
the increased inflammation signalling in the hFB might be the disturbed autophagy in KO
sebocytes. KC autophagy has previously been shown to dampen skin inflammation and
tumorigenesis [50], and as KCs and sebocytes develop from the same ancestor stem cell [2],
they might similarly influence the dermal compartment.

5. Conclusions

In conclusion, the loss of PPAR7y in SZ95 sebocytes altered the lipidome and epi-
lipidome of these cells at the stages of synthesis, oxidation, signalling, and degradation.
This is likely promoted by a massive impairment of the autophagic adaptor machinery
through dysregulation of p62/SQSTM-1, which suggests the importance of PPARYy in
regulating cutaneous lipid metabolism and lipid-mediated inflammation.
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3MA 3-Methyladenine

BHT Butylhydroxytoluol

BioPan Bioinformatics Methodology For Pathway Analysis
CAR Acylcarmine

DG Diacylglycerols

dhCer Dihydroceramide
dhSM dihydrosphingomyelins

EGF Epidermal growth factor

FA Fatty Acids

hFB Human Fibroblasts

HMW High-molecular-weight

IPA Ingenuity Pathway Analysis
KC Keratinocyte

KO Knockout

LION Lipid Ontology

LPS Lyso-PS

MS Mass Spectrometry

OxPAPC  Oxidized Phospholipids
PAPC 1-Palmitoyl-2-arachidonoyl-sn-glycero-3-PC

PC phosphatidylcholines

PC O- ether-phosphatidylcholines
PE phosphatidylethanolamines
PI phosphatidylinositol

PONPC  1-palmitoyl-2-(9-oxo)nonanoyl-sn-glycero-3-phosphocholine
POVPC  1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine

PPARYy Peroxisome Proliferator-Activated Receptor gamma
PS phosphatidylserine

RAPA Rapamycin

ROS Reactive oxygen species

SG Sebaceous Gland

SM Sphingomyelin

TG Triglycerides

TG O- Alkyl-triglycerides

WT wildtype
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Appendix A

h .

Figure Al. Confirmation of PPARy knockout in SZ95 sebocytes. Four different clones were generated
containing the PPARYy knockout. Lanes from left to right: 1 = wildtype, 2 = clone px1c4, 3 = clone
2g10 (used in further experimentation), 4 = clone 2e2, 5 = clone 26, 6 = clone 2f8. The top panel
shows the PPARy immunoblot, and the bottom panel the loading control b-actin immunoblot.
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Figure A2. Measurement of protein expression in WT and KO sebocytes upon activation and
inhibition of autophagy. (A) LC3 I and LC3 II expression was evaluated after 4 h of treatment
by measuring the volume of the corresponding band in Image Lab. Background was subtracted,
and volume was normalized to Tubulin. Ratio of LC3 II/I expression was calculated. Biological
triplicates were independently analyzed for each cell type, t-Test, *** < 0.005. (B) Total amount of
LC3 was calculated by combining the measured amount of LC3 I and LC3 II after subtracting the
background and normalizing to Tubulin. Data was normalized to SZ95 WT ctrl. Biological triplicates
independently analyzed for each cell type (C) p62 expression was evaluated after 24 h of treatment
by measuring the volume of the corresponding band in Image Lab. Background was subtracted,
and volume was normalized to Tubulin. Expression was normalized to SZ95 WT ctrl. Biological
triplicates independently analyzed for each cell type. (D) HMW p62 expression was evaluated after
24 h of treatment by measuring the volume of the corresponding band in Image Lab. Background
was subtracted and volume was normalized to Tubulin. Expression was normalized to SZ95 WT ctrl.
Biological triplicates independently analyzed for each cell type.
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