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Chapter 4

ABSTRACT

High-density lipoproteins (HDL) have a vital function in cholesterol metabolism. It
involves a heterogeneous group of relatively small cholesterol-transporting particles
that can efficiently traffic from plasma to interstitial fluid of various tissues, including
the skin, and vice versa. . The importance of HDL for the transport of lipids into skin
or efflux of excess lipids, produced by keratinocytes, out of the skin is currently
unknown. In this study, we aimed to assess the impact of strongly reduced HDL levels
(hypoalphalipoproteinemia) on skin lipid homeostasis. For that purpose, the skin of
apolipoprotein Al knockout (APOAI’") mice was compared to control wild type mice
of the same age with particular focus on epidermal barrier lipids and the mRNA
expression of enzymes involved in their synthesis. Despite the substantial decrease
in plasma levels of cholesterol and triglycerides, APOAI deficiency did not affect the
general morphology of the skin. Detailed analysis of the epidermal barrier lipids
showed comparable cholesterol levels and ceramide and free fatty acid compositions
between control and APOAI’- mice. However, the unaltered barrier lipid composition
did coincide with an increased expression of genes involved in cholesterol synthesis
(HMGCR, HMGCS1), cholesterol uptake from lipoproteins (LDLR, SR-BI) and free fatty
acid synthesis (FAS, ACC) in the skin of APOAI’- mice. In summary, this study shows
that neither the morphology or the epidermal lipid composition and organization of
the skin of APOAI/- mice is affected by hypoalphalipoproteinemia. A local compensatory
mechanism marked by upregulation of lipid synthesis genes preserving the epidermal
lipid profile in absence of HDL, suggests that HDL likely plays an important role in the
delivery of essential lipids to the skin.

Keywords: skin barrier lipids; apolipoprotein Al knockout; high-density lipoprotein; skin
lipid metabolism

100



Compensatory lipid metabolism in the skin of APOAI”/- mice

1. INTRODUCTION

Apolipoprotein Al (APOAI) is the main protein component of high-density lipoprotein
(HDL), a heterogeneous group of particles involved in the transport of cholesterol
throughout the body!2. APOAI is produced by enterocytes and hepatocytes and secreted
into the plasma in a lipid-poor form"?. Following interaction with ATP-binding cassette
(ABC) transporter A1, plasma lipid-poor APOAI quickly acquires phospholipids and
free cholesterol to form nascent HDL particles?. Maturation of nascent HDL continues
with uptake of more lipids from peripheral tissues via ABCA1, ABCG1, and scavenger
receptor class B member I (SR-BI) as well as by exchange from other lipoproteins?. The
enzyme lecithin: cholesterol acyl transferase (LCAT) is a key player in the maturation
of HDL particles as it generates cholesteryl esters (CE) for storage in the lipoprotein
core3*,

HDL particles are relatively small and can efficiently traffic from plasma to interstitial
fluid of various tissues, including the skin, and vice versa. In fact, both human and
murine keratinocytes express ABCA1, ABCG1, cluster of differentiation 36 (CD36),
and SR-BI facilitating the transit of lipids to and from HDL particles®”. Lipids are key
components of the stratum corneum (SC), the outermost dead layer of the skin, an
organ that functions as a protective barrier in the interface between the body and the
environment. The SC is mainly composed of cholesterol, free fatty acids (FFAs) and
ceramides (CERs). Although most of the SC lipids are synthesized by keratinocytes?,
lipids of extracutaneous origin can be found in the skin”*-!!, which are likely acquired
via lipoprotein receptors expressed in keratinocytes (e.g. low-density lipoprotein
receptor, SR-BI, and CD36)71012,

Recently, we have demonstrated that the skin of young adult SR-BI knockout (SR-BI
/) mice displayed an altered epidermal lipid composition and reduced lipid barrier
functionality®®. In these mice, SR-BI is not only absent in keratinocytes, but also in
liver, the primary site for removal of HDL-CE from the circulation. As a result, the
metabolism of HDL is severely impaired in SR-BI deficient mice, leading to augmented
HDL cholesterol levels in the circulation (hyperalphalipoproteinemia).

In contrast, deficiency of APOAI leads to a virtual absence of HDL in the circulation,
thereby impairing the transport of lipids (cholesterol, triglycerides) from peripheral
tissues to the plasma via HDL particles?. Over 40 APOAI gene defects have been
described in humans, which among others impact interactions with ABCA1 and/or
activation of LCAT and severely affect HDL metabolism, leading to an increased risk
for cardiovascular diseases!*?°. Remarkably, enzymatic colorimetric analysis of whole
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skin of APOAI’- mice did not reveal changes in the overall cholesterol, phospholipids,
and triglycerides contents?’. However, the impact of the severely reduced HDL levels on
specifically epidermal barrier lipids (CERs, FFAs) has notyet been assessed. Additionally,
considering the large amount of HDL transiting through the skin via the vascular bed*
and the epidermal barrier lipid alterations reported in SR-BI/-mice?, it is important
to obtain more detailed insight in whether lipid metabolism is changed in the skin of
APOAI’ mice, in which HDL particles are virtually absent.

In the present study, the skin of APOAI’- mice was compared to that of wild type (WT)
mice to gain insight into skin lipid metabolism under conditions of an HDL-deficient
hypolipidemic profile (hypoalphalipoproteinemia). Hereto, the epidermal lipid
composition and organization were determined and the expression of genes involved
in the local lipid synthesis and uptake was measured. The skin of APOAI’- mice showed
comparable epidermal barrier lipid composition and organization to the WT mice.
However, gene expression analysis revealed that in APOAI- mice various genes related
to lipid synthesis in the skin were upregulated, indicating a compensatory increase in
local lipid synthesis.

2. MATERIALS AND METHODS
2.1 Chemicals

Rodent chow diet, low in fat and cholesterol (Rat and Mouse No.3 breeding diet), was
purchased from Special Diets Services (United Kingdom). Ketamine and atropine
from AUV Veterinary Services (Cuijk, The Netherlands). Xylazine from ASTFarma
(Oudewater, The Netherlands). Sodium chloride (NaCl) from Boom (Meppel, The
Netherlands). Sodium phosphate dibasic (NazHPO4), hematoxylin, eosin, trypsin from
bovine pancreas, trypsin inhibitor, cholesterol, FFA C16-C30, deuterated FFA C18 and
deuterated FFA C24, chloroform, deuterated water (D20), natrium bromibe (NaBr), were
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Potassium dihydrogen
phosphate (KH2P04), potassium chloride (KCl) and Entellan® were purchased from
Merck (Darmstadt, Germany). CER[NS] (C24deuterated; C18protonated) and all
synthetic CERs were kindly provided by Evonik Industries (Essen, Germany). Heptane
was purchased from ChemLab (Zedelgem, Belgium). Methanol, ethanol and isopropanol
were purchased from Biosolve (Valkenswaard, The Netherlands). All solvents used were
analytical grade.
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2.2 Animals

16-18 weeks old female C57BL/6 WT mice were obtained from The Jackson laboratory
and bred at the Gorlaeus laboratories (Leiden, The Netherlands). Homozygous
apolipoprotein Al knockout (APOAI/") mice were rederived from APOAI/LDLR double
knockout mice (C57Bl/6] background; kindly provided by Dr. Jan Albert Kuivenhoven,
Department of Experimental Vascular Medicine, Academic Medical Centre, Amsterdam)
by crossbreeding with C57BL/6 mice and subsequent intercrossing of the offspring??.
All mice were kept under standard laboratory conditions at 20°C and with light cycle
of 12h light/12h dark. The mice had access to water and standard low fat chow diet ad
libitum. The non-fasted mice were anesthetized with a mixture of xylazine (70 mg/kg
body weight); atropine (1.8 mg/kg body weight) and ketamine (350 mg/kg body weight)
for retro-orbital bleeding. Next, the mice were perfused with phosphate buffered saline
(PBS atpH 7.4; 8.13 g/L NaCl, 2.87 g/L NazHPO4, 0.2 g/L KH2PO04, 0.19 g/L KCl in milliQ
water) and the skin of their back was collected. All experiments were performed in
agreement with National guidelines and approved by the Ethics Committee for Animals
Experiments of Leiden University.

2.3 Plasma lipid analysis

Enzymatic colorimetric assays (Roche Diagnostics, Almere, Netherlands) were used to
measure non-fasted plasma levels of free cholesterol (FC), cholesteryl esters (CE) and
triglycerides as described previously?.

2.4 Skin morphology staining

Paraffin embedded skin sections (4-5 pm) were deparaffinized, rehydrated and stained
with hematoxylin and eosin according to manufacturer’s instructions. Stained slides
were mounted in Entellan® and imaged with a Zeiss Axioplan 2 light microscope (Zeiss,
Best, The Netherlands).

2.5 Epidermis isolation

Skin samples without hypodermis were placed on a paper filter soaked with 0.3%
w/v trypsin solution in PBS with the dermis side in contact with the paper. The skin
was kept overnight at 4°C and, on the next day; the samples were incubated at 37°C
for trypsin activity. After 1 hour the epidermis was separated and subsequently rinsed
with trypsin inhibitor (0.1% w/v inhibitor in PBS) and in demi-water. The samples
were dried overnight at room temperature and stored under argon atmosphere in a
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container containing silica and protected from light until epidermal lipid extraction and
FTIR measurements.

2.6 Lipid extraction and liquid chromatography-mass spectrometry (LC/MS)

Epidermal lipids were extracted as described by Boiten et. al (2016)%** and stored
in chloroform:methanol (2:1; v/v) at 4°C under argon atmosphere for analysis of
cholesterol, CERs, and FFAs using an Acquity UPLC H-class system (Waters, Milford,
MA, USA) connected to an XEVO TQ-S mass spectrometer (MS; Waters, Milford, MA,
USA) with an atmospheric pressure chemical ionization (APCI) chamber, as previously
described!*?*. In short, for cholesterol and CERs analysis, deuterated CER NS (C24 acyl
chain deuterated; C18 sphingoid base protonated) was added as internal standard
to all samples prior to injection into the UPLC/MS system. Upon completion of the
measurements, the area under the curve (AUC) was determined using Software Waters
MassLynx 4.1 for both cholesterol and CER analyses. Cholesterol AUC was divided by
internal standard and further corrected for the response based on a calibration curve
of cholesterol and the data was plotted as absolute amount of cholesterol (ug) per
epidermis weight (mg). CER AUC data was divided by internal standard and plotted as
relative percentage of ceramide subclasses calculated. In this work, CERs are named
as according to Motta et. al. (1993) describing the acyl chain (non-hydroxy fatty acid
[N]; a-hydroxy fatty acid [A]; esterified w-hydroxy fatty acid [EO]) and the sphingoid
base (dihydrosphingosine, [dS]; sphingosine [S]; phytosphingosine [P])?*. For FFAs
analysis, deuterated FFA C18 and FFA C24 were used as internal standard to all samples.
The AUC was corrected by the internal standard FFA C24 and for the response based
on calibration curves of FFA C16-C30. The data was plotted as absolute amounts and
relative mass percentage to the total FFA content detected. Due to manufacturer’s
contamination of the chloroform extracting solvent with FFA C16:0 and C18:0, these
FFAs were not determined. Their respective unsaturated species were not plotted as
they are important components of sebum lipids.

2.7 Fourier transformed infrared spectroscopy (FTIR)

Fourier transformed infrared spectroscopy (FTIR) measurements were performed using
a Varian 670-IR spectrometer (Agilent Technologies, Inc., Santa Clara, CA) equipped
with a broad-band mercury cadmium telluride detector. Prior the measurement, the
epidermis was hydrated for 24 hours in a deuterated water solution containing 27%
w/v sodium bromide. Next, the epidermis was mounted between 2 silver bromide
windows and FTIR spectra (600-4000 cm™) were collected with resolution of 1 cm™
in a temperature range from 0-90°C (0.5°C/min). The spectra were deconvoluted (half
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width of 4 cm!; enhancement factor of 1.7) and further processed with Resolutions Pro
4.1 (Varian Inc.) software. Lateral organization of the epidermal lipids was examined
by analysis of the CH, rocking vibrations (710-740 cm™). The end of the orthorhombic
to hexagonal phase transition was determined by the disappearance of the peak at 730
cml,

2.8 gPCR

Total RNA was isolated from skin samples without hypodermis?’. RNA (1 pg) was
transcribed to cDNA using with M-MulV reverse transcriptase. Quantitative gene
analysis was done with QuantStudio 6 Flex Real-time PCR systems (Applied Biosystems,
Foster City, CA, USA) using SYBR Green Technology for detection. Ribosomal protein,
large, PO (RPLO) and ribosomal protein L37 (RPL37) were used as reference genes.
Relative gene expression was determined by subtracting the average threshold cycle
(Ct) of the reference genes from the Ct of the target gene and raising the difference to 2
to the power. Gene expression was plotted as relative fold change compared to the WT
control group. Primer sequences used in the gene expression analysis are available in
Supplementary Table S1.

2.9 Statistical analysis

Data are presented as mean+standard deviation (SD). Statistical analysis was performed
using GraphPad Prism 8 (GraphPad Software Inc., CA, USA). P values below 0.05 were
considered significant.

3. RESULTS

3.1 APOAI deficiency in mice lowers plasma cholesterol without altering skin
morphology

The non-fasted plasma lipid profile of WT and APOAI/- mice was determined by
enzymatic colorimetric assays to measure triglycerides, free cholesterol (FC), and
cholesteryl esters (CE) (Fig 1a). APOAI’/- mice on low-fat chow diet showed reduced
triglycerides levels (0.8+0.2 pg/ml plasma) compared to the WT control (1.1+0.1 ug/
ml plasma) (p<0.05). The absence of APOAI leads to a strong reduction in circulating
HDL-cholesterol?. As a result, APOAI’- mice showed a large reduction in the FC fraction
(0.23+0.05 pg/ml plasma) and CE fraction (0.31+0.05 pg/ml plasma) compared to the
WT counterparts (0.36+0.05 pg/ml (p<0.01) and 0.86+0.08 pg/ml plasma (p<0.0001),
respectively). Next, the morphology of the skin of WT and APOAI”- mice was assessed by
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hematoxylin and eosin staining (Fig 1b). Overall, the morphology of the APOAI"- skin was
comparable to the WT control with similar SC and epidermal and dermal morphology. At
general inspection no signs of inflammation were observed (e.g. epidermal thickening).
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Figure 1. Deficiency of APOAI in young adult mice reduces plasma lipid levels but does not affect skin
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morphology. Non-fasted (a) plasma levels of triglycerides (TG); free cholesterol (FC) and cholesteryl esters
(CE) were measured by enzymatic colorimetric reactions (n=5-6 animals/group) and (b) hematoxylin and
eosin staining of paraffin skin sections of wild type (WT) and APOAI knockout (APOAI”/") mice. Representative
micrographs (Scale bar = 50 um). Data shown as mean * SD. Significant differences between groups were

determined by two-tailed unpaired Student’s T-test; *p<0.05, **p<0.01 and ****p<0.0001.

3.2 Absence of APOAI minimally affects the epidermal lipid composition

The three main types of epidermal barrier lipids (cholesterol, CERs, and FFAs) were
analyzed by LC/MS. The cholesterol content in the epidermis of APOAI”’- mice (30.7+1.3
pg/mg epidermis) was comparable to the WT control (28.7+3.1 pg/mg epidermis) (Fig
2a). Seven CER subclasses were detected in the epidermis of both types of mice (Fig 2b):
CER NdS, CER NS, CER NP/AdS, CER AS, CER EOS, CER EOdS, nomenclature according
to Motta et. al. (1993)%¢. The subclasses CER NP and CER AdS could not be completely
separated in our method; thus, these CER subclasses are depicted in one group. In
APOAI’- mice, the percentage CER NdS was increased (42.3+1.5% versus 39.7+0.5%
in WT, p<0.01), while the percentage of CER AS (11.1+0.9%) was lower in the APOAI’-
mice as compared to WT controls (13.5+1.1%; p<0.05). The abundance of CER NS, CER
NP/AdS, CER EOdS and CER EOS was similar between groups. The total absolute FFA
content did not differ between groups (Supplementary Fig S1a); hence the relative FFA
composition in the epidermis of APOAI/- mice was equivalent to that of WT controls (Fig
2c). In both groups of mice, FFA C24:0 and FFA C26:0 were the most abundant species,
comprising nearly 70% of the total FFA content. Although no significant differences
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Cholesterol Ceramides (CERs)
Fatty acid chain
n \/\/\/\/\/\/\/\/\/\/\f 0
NH
n__ 2 L OH
H OH
HO!
Free fatty acids (FFAs)
n Saturated chain o Unsaturated chain
P _0
SN _
OH OH
Qo
b. Cholesterol c. CER subclasses
= 50_
40 - ** O WT
2 - & 404 = [ =1 APOAI™
€304 T )
S X
k=] ;‘ 30
g 201 >
o £ 20
E 8 *
2101 s 104 ﬂﬂ
o
101 = [1[1
c T T /. c T T T T T T
WT APOAI" NdS NS NP/AdS AS EOdS EOS
d.FFA profile
50
_ I T
I 40-
T
S
< 304
®
&
£ 20
@
e
il
ol mF mm (N o mm || ﬁlﬂ OO0 =e

C20:1 C20:.0 C22:1 (C22:0 (C23:0 C24:1 C24.0 C25:0 C26:0 C28.0 C30:0

FFA chain length (carbon atoms)

Figure 2. The epidermal lipid composition is minimally altered in young adult mice lacking APOAL

Epidermal lipids in wild type (WT) and APOAI knockout (APOAI”") mice were analyzed by LC/MS: (a) the

structure of the three main barrier lipids present in the skin, (b) cholesterol content, (c) CERs (CER subclasses:

NdS, NS, NP/AdS, AS, EOdS, EOS) and (d) FFAs with chain length from 20-30 carbon atoms. CER subclasses

named according to Motta et. al. (1993) describing the acyl chain (non-hydroxy fatty acid [N]; a-hydroxy fatty
acid [A]; esterified w-hydroxy fatty acid [EO]) and the sphingoid base (dihydrosphingosine, [dS]; sphingosine
[S]; phytosphingosine [P]) 26. CER NP and CER AdS are represented together as these subclasses could not

be fully separated. Data shown as mean+SD; n=3/group. Statistical significance was calculated by two-tailed

unpaired Student’s T-test and Two-way ANOVA followed by Holm-Sidak post-hoc test; *p<0.05; **p<0.01.
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were noted between the FFA profiles, the epidermis of APOAI’- mice showed a slight
shift towards shorter FFA chains (below 24 carbon atoms), which comprised 19.3+1.3%
of the total FFA species versus 17.1£0.8% in WT (p=0.058) (Supplementary Fig S1b).
The ratio between unsaturated and saturated FFAs was comparable in both groups
(0.13£0.02 in WT and 0.13+0.03 in APOAI"- mice, (Supplementary Fig S1c).

3.3 Epidermal lipids in the skin of APOAI’- mice adopt an orthorhombic
organization

For the functionality of the skin barrier not only the lipid composition is of importance,
but also the lateral organization of these lipids. Therefore next the lateral lipid
organization in the skin of WT and APOAI"- mice was analyzed by FTIR at temperatures
ranging from 0°C to 50°C. At low temperatures, the CH, rocking vibrations (710-740
cm™) showed a doublet at 710 cm™ and at 730 cm™ for WT and APOAI- epidermis (Fig
3). The presence of the doublet in this region of the spectrum represents orthorhombic
lateral packing, which was also present at normal skin surface temperature (~32°C)
(Fig 3; red line)?®3%. The temperature at which the lateral lipid organization shifts from
orthorhombic to hexagonal was determined by the disappearance of the peak at 730
cm™ as a function of temperature. The lipids in the epidermis of WT and APOAI/- mice
showed a shift towards the hexagonal phase at temperatures varying from 38°C to 42°C.

3.4 Skin of APOAI’- mice shows adaptive expression of lipid synthesis genes in
response to hypoalphalipoproteinemia

Altered plasma lipid profiles have been reported to affect the epidermal lipid
composition3!-33, To understand how the epidermal lipid composition was largely
maintained in APOAI’- mice despite the severe hypoalphalipoproteinemia, next the
expression of genes involved in lipid synthesis and lipid uptake were determined.
Regarding the synthesis of cholesterol, the expression of HMGCR (encoding for the
enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase) and HMGCS1 (encoding
for the enzyme 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1) were strongly upregulated
in APOAI- mice (1.9-fold and 1.7-fold increase, respectively) as compared to WT mice
(p<0.01) (Fig 4a). Also, mRNA levels of plasma lipoprotein receptors LDLR (1.4-fold)
and SR-BI (2.5-fold) were significantly higher in APOAI/- mice (Fig 4a).
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Figure 3. Epidermal lipids in APOAI’- mice show orthorhombic lateral organization. Lateral packing
of the epidermal lipids of wild type (WT) and APOAI knockout (APOAI”/") mice was assessed by FTIR using
the spectrum in the CH2 rocking vibrations (710-740 cm™) plotted as a function of temperature (0-50°C).
Lateral organization at skin temperature (~32°C) is indicated by the red line. Spectra are representative of

3-4 animals/group.

Analysis of FFA chain elongases in APOAI/ skin revealed lower levels of ELOVL1 (55%
reduction, p<0.01), while the expressions of ELOVL4 and ELOVL6 remained unaltered (Fig
4c and Supplementary Fig S2). SCD1 expression (encoding for stearoyl-CoA desaturase
1 involved in FFA desaturation) was similar in both groups of mice (Fig 4c). Interestingly,
skin levels of DGATZ, a gene encoding for the enzyme diacylglycerol O-acyltransferase 2
involved in the synthesis of triglycerides, showed nearly 45% reduction (p<0.01) in the
hypolipidemic APOAI/ mice. In agreement with the upregulation of lipid synthesis genes,
the levels of IVL (encoding for involucrin, a marker for keratinocyte differentiation)
were increased by 40% (p<0.05) in the APOAI- mice; yet, K10 expression (encoding for
keratin 10, an early marker for keratinocyte differentiation) was comparable to the WT
controls (Supplementary Fig S2).

4. DISCUSSION

In the present work, we analyzed the detailed composition and organization of the
barrier lipids in hypolipidemic APOAI’- mice and associated our findings with the
expression of genes involved in lipid synthesis in the skin. Our data showed that the
lipid composition and packing in the SC lipid matrix were preserved in APOAI deficient
mice. More importantly, we demonstrated at gene expression level that compensatory
mechanisms regulating local lipid synthesis and uptake likely contribute to the
maintenance of skin lipid homeostasis.
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Figure 4. APOAI deficiency alters expression profile of various genes involved in lipid synthesis and
uptake in the skin. Relative mRNA expression of genes related to (a) cholesterol; (b) CER and (c) FFA
synthesis were determined in the epidermis of wild type (WT) and APOAI knockout (APOAI’") mice. Data
shown as mean+SD and plotted as fold change expression compared to the WT control (n=5-6 animals/
group). Statistical significance was determined by two-tailed unpaired Student’s t-Test. *p<0.05; **p<0.01;

**%p<0.001.

HDL accounts for the largest fraction of lipoproteins in the plasma of WT mice, with
APOAI being the major apolipoprotein in these particles?*. In mice lacking APOAI, HDL
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is strongly reduced and both free and esterified cholesterol levels in the plasma are
largely decreased?®3>, The severe hypocholesterolemia in APOAI’- mice is associated
with normal free cholesterol levels in the peripheral tissues but reduced levels of
CE, particularly in steroidogenic tissues (e.g. adrenals)?. The skin is one of the main
reservoirs of HDL in the body?!. Yet, the reduced levels of circulating HDL particles and
associated hypolipidemia did not affect the epidermal cholesterol content or general
morphology of the skin of mice lacking APOAI?. The expression of key genes involved in
skin cholesterol synthesis (HMGCR, HMGCS1) and lipoprotein uptake (LDLR, SR-BI) was
strongly upregulated. This data suggests that local cholesterol content is maintained
with a combination of increased: (1) local synthesis and (2) uptake of lipids from
apolipoprotein B-containing lipoproteins. Importantly, it also indicates that that HDL is
not essential for skin reverse transport of lipids but likely plays a role in the delivery of
essential lipids to the skin.

Previous studies assessed the lipid composition of whole skin in APOAI/- mice using
enzymatic colorimetric assays but, in line with our findings, no differences were
observed between the WT control and the APOAI’- counterparts?’. To our knowledge,
we describe for the first time the detailed analysis of the compositions of CERs and
FFAs in the epidermis of APOAI/- mice using a LC/MS method, providing detailed
information on subclass and chain length of these lipids. Alterations in the CER
subclasses and chain length can lead to a less favorable organization of the SC lipids
impacting the barrier function of the skin3!3¢, Similar effects have been described for
changes in FFA chain length, in particular towards shorter FFA chains (below 24 carbons
atoms)®. In line, with our method we demonstrate similar profiles of CER subclasses
and FFA chain length distribution in the epidermis of WT and APOAI’- mice. Tissues
acquire substantial amounts of FFAs from plasma triglycerides and CEs. APOAI- mice
show not only a reduction in plasma CEs, but also lower plasma triglycerides levels.
Accordingly, it is unlikely that in the hypocholesterolemic APOAI’- mice CERs and
FFAs are maintained by increased uptake of triglycerides from the circulation. The
expression of FAS and ACC (encoding for key enzymes in the fatty acid synthesis) were
increased indicating compensatory epidermal fatty acid synthesis®’. Moreover, the skin
of APOAI- mice displayed reduced mRNA levels of DGATZ2, encoding for the enzyme
involved in the synthesis of triglycerides, thereby lowering the storage of FFA in the
form of triglycerides®. Interestingly, Arnaboldi et. al. (2015) showed with colorimetric
assays that also triglyceride and phospholipid content was preserved in the skin of
APOAI’- mice?. However, the mechanism underlying the preservation of the triglyceride
levels in the skin of these mice remains unclear. Hence, our data indicate adaptations in
lipid synthesis and uptake in the skin of APOAI’- mice contributing to maintenance of
local barrier lipid homeostasis. The organization of the epidermal lipids can be directly
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influenced by changes in the barrier lipid composition. Consequently, the lateral lipid
organization in the skin of APOAI”- mice (orthorhombic packing) resembles that of the
WT control as anticipated.

Other dyslipidemic double-knockout mouse models have been developed combining
the hypolipidemic APOAI”’- background with an impaired metabolism of apolipoprotein
B-containing lipoproteins (LDLR’/- and APOE”’- mice)?***, Upon ageing or when
challenged with a high fat/cholesterol diet, skin of the double-knockout APOAI//
LDLR/- model displays accumulation of both free and esterified cholesterol and marked
inflammation3®*, In contrast, the double-knockout APOAI/- /APOE"/-mice develop similar
dermatological alterations spontaneously in time when on a low-fat diet?’. Deficiency of
ATP-binding cassette A1 (ABCA1) results in hypolipidemia similar to that described for
APOAI’- mice, also without the development of any evident skin phenotypes*!. However,
the double-knockouts ABCAI/-/LDLR’ on a lipid rich diet and ABCAI"’"/APOE/show
alterations in their skin comparable to those reported for the double knockouts in
APOAI background under similar circumstances*!.

The dermatological phenotypes in the APOAI"/LDLR’ on lipid rich diet and APOAI/-/
APOE"/- mice are likely largely driven by the impaired metabolism of apoB-containing
lipoproteins leading to a hypercholesterolemic phenotype. The skin lipid composition
of mild hypercholesterolemic LDLR/- mice on low fat/cholesterol diet did not differ
from WT controls on that diet?®. However, the skin of APOE/-mice, with a more severe
hypercholesterolemic phenotype under the same dietary conditions, showed an FFA
profile enriched in short and unsaturated FFA species; thus, evidencing impact of apoB-
containing lipoproteins levels on the skin?. It is important, however, to note that the
dermatological alterations in skin of double knockout APOAI’"/LDLR’/- and APOAI’"/
APOE"- mice were more severe as compared to the single knockout LDLR” on a high fat/
cholesterol diet or APOE/" mice, indicating that absence of HDL might enhance the skin
phenotype under hypercholesterolemic conditions. In contrast to mice that transport
the majority of cholesterol in HDL, humans display high levels of LDL cholesterol®*.
Therefore, it might deem relevant to study the barrier lipid composition of individuals
with APOAI polymorphism to better understand how HDL lipids and its metabolism can
affect the skin in humans.

To conclude, we showed that hypoalphalipoproteinemia in APOAI’- mice does not
affect the skin morphology and that the epidermal lipid profile under hypolipidemic
conditions is likely maintained by local compensatory mechanisms in the skin. Our data
also suggest that HDL particles are a source of extracutaneous lipids and that the skin
lipid profile warrants further investigation in patients with HDL-related dyslipidemias.
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SUPPLEMENTARY INFORMATION

1. MATERIALS

Table S1. Forward and reverse primer sequences used for q-PCR.

Protein
(Gene)

Forward primer
Reverse primer

Ribosomal protein, large, PO
(RPLO)

Ribosomal protein L37
(RPS37)

Acetyl-Coenzyme A carboxylase alpha
(ACC or ACACA)

Ceramide synthase 2
(CERS2)

Ceramide synthase 3
(CERS3)

Delta(4)-desaturase, sphingolipid 1
(DEGS1)

Diacylglycerol O-acyltransferase 2
(DGAT2)

Elongation of very long chain fatty acids 1
(ELOVL1)

Elongation of very long chain fatty acids 4
(ELOVL4)

Elongation of very long chain fatty acids 6
(ELOVL6)

Fatty acid synthase
(FAS)

3-hydroxy-3-methylglutaryl-CoA reductase

(HMGCR)

3-hydroxy-3-methylglutaryl-CoA synthase 1

(HMGCS1)

Involucrin
(IVL)

Keratin 10
(K10)

Low density lipoprotein receptor
(LDLR)

Stearoyl-Coenzyme A desaturase 1
(scb1)

Scavenger receptor class B member I
(SR-BI)

CTGAGTACACCTTCCCACTTACTGA
CGACTCTTCCTTTGCTTCAGCTTT

AGAGACGAAACACTACCGGGACTGG
CTTGGGTTTCGGCGTTGTTCCCTC

GGAAGATGGCGTCCGCTCTGTG
GTGAGATGTGCTGGGTCATGTGGAC

ACGTGTCTATGCCAAAGCCTCAGATC
CGCAGTCGGGTTTTCTCCTTAACATTC

GGGCCTCCACGTTTACTGGGGT
GCCCTTGGTGCTCTCTGCTTCCT

GAGCACCATGACTTCCCCAACGTTC
CAGGAGTTGTAGTGCGGGAGGTCAT

TATTGGTTTCGCCCCCTGCATCTTC
ATGTCTTTCTGGGTCGGGTGCTC

GGCAGAACTTGCCCCTGAGAAGAA
TTCACAACAGCCTCCATCCTGGC

TGGAATCAAGTGGGTGGCTGGAGG
AGCATGGTCAGGTATCGCTTCCACC

GGACCTGTCAGCAAATTCTGGGCTTA
GGAGTACCAGGAGTACAGGAGCACA

GGCGGCACCTATGGCGAGG
CTCCAGCAGTGTGCGGTGGTC

CGAGCCACGACCTAATGAAGAATG
TGCATCACTAAGGAACTTTGCACC

AAAACACAGAAGGACTTACGCCCGG
GTTGCAGGGAGTCTTGGCACTTTCT

CCTCTGCCTTCTCCCTCCTGTGAGT
ACACAGTCTTGAGAGGTCCCTGAACCA

GCGGCGACCAATCATCTAAAGGACC
CCAGTGGCCCGTATGAAGAGACTCT

TGTGTGATGGAGACCGAGATTG
CGTCAACACAGTCGACATCC

TACTACAAGCCCGGCCTCC
CAGCAGTACCAGGGCACCA

AAACAGGGAAGATCGAGCCAGTAG
CGTAGTGAAGAACCTGGGGCAT
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2. RESULTS
a. FFA profile (1ig FFA/mg epidermis)
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Figure S1. FFA composition in the skin of WT and APOAI” mice. A. Total absolute FFA content in the
epidermis depicted according to the carbon chain length. B. The relative abundance of short chain FFAs
defined as FFA species with less than 24 carbons. C. Ratio between unsaturated and saturated FFAs. Data

shown as mean+SD and plotted (n=3 animals/group).
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Figure S2. Gene expression profile in the skin of WT and APOAI”/- mice. Data shown as mean+SD and

plotted as fold change expression compared to the WT control (n=5-6 animals/group). Statistical significance

was determined by two-tailed unpaired student’s t-Test. *p<0.05
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