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Abstract
Human skin equivalents (HSEs) are 3D-cultured human skin models that mimic many 
aspects of native human skin (NHS). Although HSEs resemble NHS very closely, the 
barrier located in the stratum corneum (SC) is impaired. This is caused by an altered 
lipid composition in the SC of HSEs compared with NHS. One of the most pronounced 
changes in this lipid composition is a high level of monounsaturation. One key enzyme 
in this change is stearoyl-CoA desaturase-1 (SCD1), which catalyses the monounsatu-
ration of lipids. In order to normalize the lipid composition, we aimed to target a group 
of nuclear receptors that are important regulators in the lipid synthesis. This group 
of receptors are known as the peroxisome proliferating activating receptors (PPARs). 
By (de)activating each isoform (PPAR-α, PPAR-δ and PPAR-γ), the PPAR isoforms may 
have normalizing effects on the lipid composition. In addition, another PPAR-α agonist 
Wy14643 was included as this supplement demonstrated normalizing effects in the 
lipid composition in a more recent study. After PPAR (ant)agonists supplementation, 
the mRNA of downstream targets, lipid synthesis genes and lipid composition were 
investigated. The PPAR downstream targets were activated, indicating that the sup-
plements reached the keratinocytes to trigger their effect. However, minimal impact 
was observed on the lipid composition after PPAR isoform (de) activation. Only the 
highest concentration Wy14643 resulted in strong, but negative effects on CER com-
position. Although the novel tested modifications did not result in an improvement, 
more insight is gained on the nuclear receptors PPARs and their effects on the lipid 
barrier in full-thickness skin models.
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1  |  INTRODUC TION

Human skin equivalents (HSEs) are in vitro cultured skin models 
designed to mimic the properties of native human skin (NHS) as 
closely as possible. HSEs are used as a model to study the biological 
processes in the skin including healthy and disease conditions.1 In 
addition, HSEs have another valuable purpose, which is to serve as 
a prediction model to determine the diffusion profile of novel phar-
maceutical compounds across the skin. However, since the barrier 
of the HSEs is reduced compared with NHS, HSEs cannot be used 
to their full potential in pharmacokinetics and toxicological screen-
ings.2–5 Therefore, there is an urgent need for the optimization of the 
barrier properties in HSEs to better resemble NHS.

The barrier of NHS is located at the stratum corneum (SC), which 
is the outermost layer of the skin.6 This layer consists of two major 
domains, the corneocytes and the lipid matrix surrounding the cor-
neocytes. Corneocytes are differentiated keratinocytes that contain 
an envelope of densely cross-linked proteins with a monolayer of 
lipids, that results in almost impermeable entities.6 The lipid matrix 
in the intercellular space between the corneocytes serves as a con-
tinuous permeation pathway through the SC.

The lipid matrix consists of three main lipid classes: cholesterol 
(CHOL), free fatty acids (FFAs) and ceramides (CERs). In these lipid 
classes, the most complex classes are FFAs and CERs. FFAs serve as 
a building block for the even more complex CER subclasses. CERs 
consist of an acyl chain and a sphingoid base, and currently, in human 
skin 24 subclasses can be identified. However, in our studies, we 
used 12 CER subclasses that make up around 97 m/m% of the total 
amount of CERs.8–11 More information regarding the various CER 
subclasses is given in Figure S1.

Together, these lipids form two unique crystalline lamellar 
phases, referred to as the long periodicity phase (LPP) and the short 
periodicity phase (SPP) with repeat distances of around 13 nm and 
6 nm, respectively.12,13 Within the lipid lamellae, the lipids adopt a 
very dense (orthorhombic), dense (hexagonal) or loose (liquid) pack-
ing.13,14 This is further explained in Figure  S2. In NHS, the lipids 
adopt predominantly an orthorhombic packing.15

Although the SC lipid composition of HSEs and NHS has a lot of 
similarities, several differences are also identified.15,16 One of the 
predominant alterations is an increase in the level of monounsatu-
rated CERs (muCERs). In addition, other important differences were 
reported such as i) an altered CER subclass profile, ii) an overall re-
duction in the mean chain length (MCL) of CERs and FFAs,17,18 which 
is also indicated by the increase in the CER with a total chain length of 
34 carbons (CER C34) and iii) a reduction in the total amount of FFA 
compared with the CERs. All together these changes led to the for-
mation of an altered lamellar organization and a reduced lipid pack-
ing density. The repeat distance of the LPP is shorter in HSEs than 
that in NHS and no SPP could be detected in HSEs.19 Furthermore, 
most of the lipids form a hexagonal packing rather than a predomi-
nantly orthorhombic packing as observed in NHS. Ultimately, these 
changes in lipid composition and subsequent lipid organization may 
contribute to a reduced skin barrier.17,18,20–23

In order to improve the lipid composition of HSEs, recent studies 
demonstrated valuable improvements in HSEs by (down) regulating 
enzymes or receptors involved in the lipid synthesis.16,19 These stud-
ies focused on the reduction of a key enzyme that is overexpressed 
in HSEs, which is stearoyl-CoA desaturase-1 (SCD1).24–26 SCD1 
was targeted by using a small molecule inhibitor of the enzyme,19 
or by deactivation of the liver X receptor.16 These studies demon-
strated that reducing SCD1 activity has great potential in normaliz-
ing the lipid synthesis in HSEs and subsequently improving the lipid 
organization.

In order to improve the skin barrier of HSE further, in the 
present study, another family of nuclear receptors is investi-
gated. These are the peroxisome proliferating activating receptors 
(PPARs), which are involved in the epidermal lipid synthesis path-
ways.27,28 The PPAR family consists of three isoforms, PPAR-α, 
PPAR-δ and PPAR-γ and are expressed in human skin.29,30 PPAR-α 
and PPAR- γ are mainly expressed in differentiated keratino-
cytes in the suprabasal epidermis, whereas PPAR-δ is expressed 
throughout the epidermis.31,32 In both murine and human kera-
tinocytes, stimulation of PPAR-α and PPAR-γ increases epider-
mal differentiation and reduces proliferation.33,34 Furthermore, 
all PPAR isoforms thereby enhance lipid synthesis, formation of 
lamellar bodies and barrier repair.33,35,36 This indicates that PPAR 
isoforms are interesting candidates for targeting in order to im-
prove the SC lipid composition in HSE and understand the role of 
the PPARs in the lipid homeostasis. For these studies, we use the 
in-house HSE, the full-thickness model (FTM).

In this study, the effects of both activation and deactivation 
on the individual PPARs isoforms were investigated to determine 
whether (de) activation of a particular isoform has beneficial effects 
on lipid composition and subsequent lipid organization in FTM.

2  |  MATERIAL S AND METHODS

The experimental set-up and methods used in this study are briefly 
described below. A more detailed description and additional tech-
niques, such as cell isolation, SC isolation methods can be found in 
the Appendix S1.

2.1  |  Generation of the full-thickness models

Preparation of the dermal compartment is described in detail in 
previous studies.17,37,38 In each filter insert (Corning Transwell cell 
culture inserts, membrane diameter 24 mm, pore size 3 μm; Corning 
Life Sciences, The Netherlands), 1 ml of a 4 mg/ml collagen solu-
tion prepared in acetic acid (0.01% v/v) was used to generate the 
first layer of collagen. Polymerization of this layer occurred at 37°C 
for a period of 30 min. Then, a second layer was prepared from 
3 ml collagen solution mixed with fibroblasts (4.0 × 104 cells / ml 
collagen). This was added on top of the first layer and subsequently 
polymerized. The dermal compartment was cultured for 7 days as 
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described previously.17,38 After 7 days, 2.5 × 105 keratinocytes 
were seeded onto each of the dermal compartments and cultured 
at submerged conditions for a period of 4 days. Subsequently, 
FTMs were lifted to the air–liquid interface and cultured further 
for a period of 14–17 days.37,39 During this period, various PPAR 
(ant)agonists, dissolved in dimethyl sulfoxide (DMSO), were sup-
plemented to the culture medium. The PPAR supplements were 
purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). The 
added amount of DMSO was 0.05% v/v of the total amount of 
medium. In this medium, the following compounds were dissolved 
to a final concentration as described in Table  1. The agonists, 
GW7647 (PPAR-α), GW1929 (PPAR-γ) and GW0742 (PPAR-δ) were 
used in different concentrations, either in 10 × EC50 (10x efficacy 
dose where 50% of the receptor is activated) or 100 × EC50 (100x 
efficacy dose where 50% of the receptor is activated) and the 
10 × IC50 (inhibition dose where 50% of the receptor is inhibited). 
The agonist Wy14643 (PPAR-α) was used in two concentrations, 
the standard 10 × EC50 (6.3 μM) or the concentration used in the 
recent study (75 μM).40

The 119 × EC50 concentration for Wy14643 was chosen as this 
concentration range has been used in previous studies.40,41 The ef-
fect of DMSO was included in this study as a control. After analy-
sis, no significant changes were observed in all parameters analysed 
compared with FTMCONTROL (data not shown). Therefore, FTMs cul-
tured with DMSO were excluded from the results.

All studies were performed in triplicate using keratinocytes 
and fibroblasts from three different donors (Caucasian female 
mammae skin donors, aged between 18 and 26). After 14–17 days 
at the air–liquid interface period, FTMs were harvested and the 
following analyses were performed: quantitative polymerase 
chain reaction (qPCR) and liquid chromatography–mass spec-
trometry (LC–MS) were employed. Only for the PPAR-α Wy14643 
agonist samples, Fourier-transformed infrared spectroscopy (FT-
IR) and small-angle X-ray diffraction (SAXD) studies were also 
performed.

2.2  |  Liquid chromatography–mass spectrometry 
(LC–MS)

In this study, the CER analysis has been performed according to 
previously described methods.42 In short, complete CER subclass 
analysis has been performed for the saturated subclasses [NdS], 
[NS], [NP], [NH], [AdS], [AS], [AP] and [AH] and monounsaturated 
subclasses muCER [NS] and [AS]. The [EOdS], [EOS], [EOP] and 
[EOH] subclasses have also been analysed. The ceramide structures 
are depicted in Figure S1. For the PAPR-α agonist Wy14643 study, 
CER profile was investigated in more detail. Analysis included all 
saturated CER[Non-EO] subclasses, all muCER[Non-EO] subclasses 
and the entire CER[EO] subclasses, including the linoleic/oleic and 
monounsaturation variants.

2.3  |  qPCR analysis

The isolation of the RNA, concentration determination, cDNA syn-
thesis and the run set-up are described in more detail in the supple-
mental material and methods. In short: the primers designed for this 
study were as follows: PPAR-α, PPAR-γ, PPAR-δ, CPT1a, CD36, HIPK2, 
PLIN2, ANGPTL4, ABCA1, SCD1, ELOVL1, ELOVL4, SREBP1c, FAS, ACC, 
GBA, aSMASE, IVL, FLG and the reference genes SDHA, ZNF410 and 
ARCP1: (primer sequences are provided in Table S1).

2.4  |  Statistical analysis

Statistical analysis was performed using GraphPad 7. A non-paired 
one-way ANOVA with a Holm-Sidaq posttest was used to determine 
significance between the FTMs and the FTMCONTROL. Significant dif-
ferences are indicated by * for p < 0.05, ** for p < 0.01 and *** for 
p < 0.001. NHS from three different donors was compared with the 
FTMCONTROL with an unpaired T-test.

TA B L E  1  PPAR isoforms supplementation to medium during generation of epidermis of FTMs. The medium concentration of 
supplementation was either 10 × EC50, 100 × EC50, 10 × IC50 and for Wy14643: 10 × EC50 and 75 μM.

Compound
PPAR 
isoform Abbreviation Effect EC50/IC50 (nM) 10 × EC50 100 × EC50 10 × IC50

GW7647 PPAR-α FTM-α+(10x) Agonist 6 X

GW7647 PPAR-α FTM-α+(100x) Agonist 6 X

GW6471 PPAR-α FTM-α-(10x) Antagonist 240 X

GW1929 PPAR-γ FTM-γ+(10x) Agonist 6.2 X

GW1929 PPAR-γ FTM-γ+(100x) Agonist 6.2 X

T0070907 PPAR-γ FTM-γ-(10x) Antagonist 1 X

GW0742 PPAR-δ FTM-δ+(10x) Agonist 1 X

GW0742 PPAR-δ FTM-δ+(100x) Agonist 1 X

GSK3787 PPAR-δ FTM-δ-(10x) Antagonist 6.6 X

Wy14643 PPAR-α FTM-α+(Wy 10x) Agonist 630 X

Wy14643 PPAR-α FTM-α+(Wy 75 μM) Agonist 630 119 × (75 μM)
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3  |  RESULTS

To examine the effects of (de) activation of the PPAR-α, PPAR-γ 
and PPAR-δ isoforms in the FTMs, two concentrations of agonist 
(10 × EC50 and 100 × EC50) and one concentration of antagonist 
(10 × IC50) were supplemented to the culture medium. Two different 
concentrations of agonist were tested to determine whether the ag-
onist concentration used was sufficient to only activate the selected 
PPAR isoform as higher concentrations of agonist may contribute to 
the activation of other members of the PPAR family.

In addition, another series of FTMs that were cultured with 
PPAR-α agonist referred to as Wy14643. This agonist was chosen 
because in a previous study this supplement increased the CER con-
tent in HSEs.40 However, in a more recent study, supplementation 
of Wy14643 in the medium reduced the CER content in HSE.41 To 
determine whether this compound would induce any changes in the 
CER composition in FTMs, two concentrations of Wy14643 were 
used. This included 10 × EC50 = 6.3 μM (similarly as used in this study 
for the other PPAR-α, γ and δ supplements) and the highest concen-
tration used in the previous study (75 μM or 119 × EC50).

After the culture period, all FTM conditions were viable and 
samples were harvested to carry out different analyses. RNA was 
isolated to perform gene expression analysis, and SC was taken for 
lipid composition analysis via LC–MS and lipid organization studies 
using FT-IR and SAXD.

3.1  |  Successful activation of the PPAR isoform 
downstream targets of PPAR-α  and PPAR-δ

It was important to determine whether the supplements reached 
the keratinocytes to trigger their effects. To examine this, the FTMs 
containing the highest concentration of agonist (100 × EC50 for the 
PPAR isoform supplements and 119 × EC50 for Wy14643) were se-
lected to investigate the effect on PPAR downstream targets as well 
as other lipid synthesis genes of the PPAR isoforms (Figure 1).

First, the PPAR isoform abundances in the skin were examined 
(Figure 1A). The Ct value presents the amount of material in the sam-
ple and can be used as a reference on how much the target primer 
is present in the sample. Based on the Ct of the PPAR isoforms, an 
estimation can be made on the abundance of the presence of PPAR 
isoforms in the skin. All PPAR isoforms are expressed significantly 
different from each other but PPAR-δ is the most dominant isoform 
in the FTMs, since the Ct level was the first to reach the threshold, 
followed by PPAR-α and as last PPAR-γ.

Next, the PPAR downstream targets were studied (Figure  1B). 
This would indicate whether the PPAR supplements would reach 
the keratinocytes and trigger an effect. First, PPAR-α downstream 
target CPT-1 was investigated. CPT-1a was activated by both PPAR-α 
(GW7647 and Wy14643) and the PPAR-δ supplements in a rather 
equal amount (~threefold). Second, the PPAR-γ downstream targets 
CD36 and HIPK2 were investigated. However, none of the PPAR sup-
plements induced any changes to the level of these genes. Third, the 

PPAR-δ downstream targets PLIN2 and ANGPTL4 were investigated. 
These genes displayed the strongest activation from all the PPAR 
supplements. PLIN2 (~threefold) and ANGPTL4 (~sixfold) were sig-
nificantly upregulated when targeted by the PPAR-δ supplement. In 
addition, the PPAR-α agonists GW7647 and Wy14643 also had a sig-
nificant effect on the downstream target PLIN2 (~2.5-fold /~three-
fold, respectively) and ANGPTL4 (~threefold/~twofold, respectively).

Subsequently, it was investigated whether the PPAR agonists 
would induce their effect via the nuclear receptor LXR by co-
activation, as LXR is also involved in the regulation of SCD1. To study 
this, LXR downstream target ABCA1 was determined. However, 
ABCA1 was only slightly upregulated after supplementation with ei-
ther PPAR-α Wy14643 or the PPAR-δ agonist (<twofold).

Finally, the lipid synthesis genes, late lipid processing genes and 
epidermal differentiation genes were investigated (Figure 1C). Minor 
changes were observed for FAS and ACC, which were slightly upreg-
ulated by PPAR-α agonist Wy14643 (~1.5-fold). Larger differences 
were observed for the lipid processing genes (Figure 1D). A strong 
increase in SCD1 was observed in the FTMs supplemented with the 
PPAR-δ agonist (~2.5-fold) and an even higher increase for PPAR-α 
agonist Wy14643 (~threefold). Furthermore, no changes were ob-
served for the lipid elongation enzymes ELOVL1 and ELOVL4 be-
tween the tested conditions.

3.2  |  SC CER composition analysis for the 
PPAR isoforms

After successful downstream gene target activation of PPAR-α and 
PPAR-δ, LC–MS analysis of the SC CER composition was performed 
for all three PPAR isoforms (de) activation, including the Wy14643-
treated FTMs.

First, the lipid composition of the CER[non-EO] and CER[EO] 
subclasses was investigated after (ant)agonist supplementation for 
PPAR-α: agonist GW7647 + antagonist GW6471 (Figure 2A), PPAR-γ: 
GW1929 (agonist) + antagonist T0070907 (Figure 2B), PPAR-δ: ago-
nist GW0742 + antagonist GSK3787 (Figure 2C) and PPAR-α: agonist 
Wy14643 (Figure 2D).

For the 10 × EC50 concentration of agonists, all PPAR isoforms 
displayed a similar CER subclass composition compared with the 
FTMCONTROL for both CER[non-EO] and CER[EO] subclasses. Even 
the higher concentration of agonist (100 × EC50) did not result in 
changes in the CER subclass composition. This was also observed 
for the FTMs that were supplemented with an antagonist for the 
deactivation of the PPAR isoforms. Only for the FTM-α+(Wy 75 μM), sig-
nificant effects on the lipid composition were observed (Figure 2D). 
This included a drastic reduction in the CER[non-EO] subclasses 
[NH], [AP], [AH] and CER[EO] subclass CER[EOH]. To study the im-
pact of the PPAR-α agonist Wy14643 further, the absolute amounts 
of the CERs were determined (Figure S3).

It was important to determine whether PPAR-α agonist Wy14643 
at varying amounts had an effect on the total CER amount synthe-
sized as this was previously reported.40 However, no difference in 
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the amount of total CERs was observed between all tested condi-
tions (Figure  S3A). For the CER[non-EO] and CER[EO] subclasses, 
a similar trend was observed. However, due to the higher error 
bars when dealing with absolute values, these changes were not 
significant.

Finally, NHS was compared with the FTM. NHS displayed dif-
ferences in the CER profile compared with the FTMCONTROL for 
CER [NS], [NP], [NH], [AS], [AP] and [EOS] similarly as reported 
previously.15,16,38

Next, for all the PPAR isoforms, the MCL and degree of mono-
unsaturation were investigated. The monounsaturation percentage 
was calculated for CER [NS] and [AS], and the muCER% is de-
fined as (muCER [NS + AS] / (muCER [NS + AS] + saCER [NS + AS])) 
*100. Similar percentages of the muCER% of CER [NS] + [AS] were 
observed for all tested conditions (Figure  2E) except for FTM-
α+(Wy 75 μM), in which the muCERs were significantly increased. In 
addition, the absolute amount of muCER was also increased for 
FTM-α+(Wy 75 μM) (Figure S3D). The fraction of muCERs in all FTMs 
was much higher than in the SC of NHS. Furthermore, no differences 
in the lipid chain length for the MCL of CER[non-EO] and CER[EO] 
(Figure  2F,G, respectively) were observed in the FTMs either ex-
cept for the strong reduction in MCL of both CER[non-EO] and 

CER[EO] in the FTM-α+(Wy 75 μM). Compared with FTMs, NHS had a 
much higher MCL for CER[non-EO]. Finally, to determine whether 
there was an effect on the overall lipid chain length distribution, the 
percentage of CER C34 was investigated (Figure 2H). A small trend 
was observed for the fraction of CER C34 in the PPAR (ant)agonist-
treated conditions, which were slightly higher compared with the 
FTMCONTROL, but this was not significant. Only the percentage of 
CER C34 was increased in the FTM-α(Wy 75 μM).

For comparison, the percentage of CER C34 is very low in NHS.

3.3  |  Lipid organization after PPAR-α 
Wy14643 activation

As there were significant changes in the lipid composition of the 
FTM-α(Wy 75 μM), it is of interest to determine the effects on the lipid 
organization.

From the CH2 rocking vibration region in the infrared spectrum, 
the lateral organization can be determined (Figure 3A). At 0°C, the 
highest intensity peak is present at 719 cm−1 and a smaller peak is 
present at 730 cm−1 in the spectrum of the FTMCONTROL. This in-
dicates that the lipids in the SC predominantly adopt a hexagonal 

F I G U R E  1  Activation of the downstream targets for PPAR-α (GW7647 + Wy14643) and PPAR-δ. qPCR analysis was performed for (A) 
The expression Ct of PPAR isoforms α, γ and δ (B) PPAR isoform downstream targets and below the nuclear receptor that corresponds to 
that downstream target (e.g. PPAR-α, PPAR-γ, PPAR-δ or LXR). Furthermore, in (C) the lipid synthesis genes and late lipid processing genes, 
and (D) lipid processing and lipid differentiation markers. For statistical analysis, a non-paired one-way ANOVA with a Holm-Sidaq test was 
used to determine significance between the FTMs and the FTMCONTROL. Significant differences are indicated by ** for p < 0.01 and *** for 
p < 0.001. NHS was compared with the FTMCONTROL with an unpaired T-test.
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F I G U R E  2  PPAR isoform (de) activation led to a similar lipid composition except for PPAR-α Wy14643, which displayed significant 
changes in the lipid composition. The saturated CER[non-EO] and saturated CER[EO] subclasses are plotted for all PPAR isoforms with their 
corresponding (ant)agonist (A) PPAR-α GW7647 (agonist) + GW6471 (antagonist), (B) PPAR-γ GW1929 (agonist) + T0070907 (antagonist), 
(C) PPAR-δ GW0742 (agonist) + GSK3787 (antagonist), (D) PPAR-α Wy14643 (agonist). In addition, lipid processing was examined for: (E) 
muCERs, (F) MCL of the saturated CER[non-EO], (G) MCL of the saturated CER[EO] subclasses and (H) CER C34%. For statistical analysis, a 
non-paired one-way ANOVA with a Holm-Sidaq test was used to determine significance between the FTMs and the FTMCONTROL. Significant 
differences are indicated by * for p < 0.05, ** for p < 0.01 and *** for p < 0.001. NHS was compared with the FTMCONTROL with an unpaired 
T-test.
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packing, but there is a small fraction of lipids forming the orthorhom-
bic packing. No difference is observed between the FTMCONTROL and 
the FTM-α+(Wy 10x). However, the FTM-α+(Wy 75 μM) displays no peak 
at 730 cm−1, indicating that the lipid fraction adopts a hexagonal 
packing and the orthorhombic packing is not detectable. Next, the 
lamellar lipid organization was determined (Figure  3B). The FTM-
α+(Wy 10x) and the FTMCONTROL had a similar LPP repeat distance. 
In case of FTM-α+(Wy 75 μM), there is an additional peak indicated by 
“#” in the spectrum, which is probably attributed by the change in 
lipid composition. In addition, when comparing the FTM-α+(Wy 75 μM) 
to the FTMCONTROL diffraction curve, a significant reduction in the 
repeat distance of the LPP was observed, while phase-separated 
cholesterol disappeared.

4  |  DISCUSSION

The involvement of PPARs in epidermal lipid synthesis and homeo-
stasis has been documented in several studies.32,35,43 Since many of 
the used compounds at high concentration trigger multiple PPAR 
isoforms, the goal of this study was to capture the individual effects 
of the PPAR isoform on the lipid properties of FTM. To this end, a 
concentration of 10 × EC50 / IC50 was selected for the (ant)agonists 
to prevent another PPAR isoform from (de)activation. In addition, for 
the agonists, it was decided to include an additional concentration 
of 100 × EC50, as this allowed us to study the effect of agonists at a 
rather high concentration of medium supplementation and still be 
able to monitor whether other PPAR isoforms are affected. The tar-
geted approach for individual PPAR isoforms combined with a state-
of-the-art LC–MS analysis allows us to analyse the CER composition 
not only to distinguish between the effects on the CER subclass 

composition but also on the effects of lipid chain length and degree 
of monounsaturation of CERs.

After supplementing the culture medium with the PPAR agonist 
concentration (100 × EC50) during the development of FTMs, ef-
fects on the downstream targets were observed on mRNA levels for 
PPAR-α (GW7647 and Wy14643) and PPAR-δ (GW0742). Therefore, 
it can be concluded that both PPAR-δ and PPAR-α supplements 
reached the keratinocytes. Unfortunately, the downstream targets 
of PPAR-γ supplement (GW1929) were unaffected, so for this ago-
nist it remains uncertain whether the agonist was able to reach the 
keratinocytes. However, as PPAR-γ targeted FTM had the lowest Ct 
value of the PPAR isoforms, it might be that the amount of receptor 
present is too low to trigger an adequate response.

Although both PPAR-α and PPAR-δ agonists had similar effects 
on the downstream targets, they did not result in a similar lipid com-
position. The 75 μM supplementation of PPAR-α agonist Wy14643 
activated SCD1 in the FTM to a much greater extent than the PPAR-α 
agonist GW7647 or PPAR-δ agonist GW0742. This increased SCD1 
expression might explain the difference in the muCER content. Yet, 
it remains unknown what drives these changes in the CER profile. 
However, it is important to note that this difference in effect is likely 
not caused by LXR activation, as both compounds activate ACBA1 to 
the same extent.

Previous studies in mice and HSEs reported beneficial changes 
by activating the PPAR isoforms after barrier disruption.36,40,44,45 
In these studies, PPAR activation after barrier disruption resulted 
in an enhancing effect towards barrier recovery, such as increased 
lipid metabolism,36,41,46 increased differentiation, reduced prolifera-
tion,34,41,47 and barrier recovery.48 However, these effects were not 
found in our studies. There might be at least three possible explana-
tions: (1) it is possible that the activation of the downstream targets 

F I G U R E  3  PPAR-α agonist Wy14643 enhances the fraction of lipids forming a hexagonal packing and significantly reduced the LPP 
repeat distance. The lipid organization was determined. The lateral organization was monitored by measuring the (A) rocking vibrations 
of the lipid chains in the infrared spectrum from 0 to 40°C; (B) the lamellar organization was determined from the X-ray diffraction profile 
of the FTMCONTROL FTM-αwy10x and FTM-αWy 75 μM and is shown in arbitrary units (a.u.). From these peaks, the 1st, 2nd, and 3rd order 
diffraction peak attributed to the LPP are indicated as Arabic numerals. Cholesterol is indicated as *. In addition, another unknown phase is 
detected and indicated as #. A non-paired one-way ANOVA with a Holm-Sidaq test was used to determine significance between the FTMs 
and the FTMCONTROL. Significant differences are indicated by * for p < 0.05
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in the present study was not sufficient to trigger the subsequent ef-
fects on the lipid synthesis in our FTMs. However, the downstream 
genes were activated, but perhaps a higher concentration is required 
to create a significant effect on CER profiles. (2) In the studies that 
were performed in vivo (murine), PPAR agonists were applied on the 
skin surface after barrier disruption. The barrier disruption itself will 
trigger a quicker SC regeneration, and the supplements are applied 
locally. This might lead to higher local concentrations of the PPARs 
in the epidermis then when PPARs are supplemented in culture me-
dium at a constant concentration over a longer time period. This 
creates a different scenario that might have an impact. (3) Possibly 
PPAR (ant)agonists trigger indirect effects when in vivo models are 
used. For example, studies performed in vivo (murine) might trigger 
an immune response. PPARs are known for their anti-inflammatory 
properties through suppressing pro-inflammatory cytokines, 
chemokines and Toll-like receptors.49–53 Both PPAR-α and PPAR-γ 
are known to promote a regulatory T-cell response suppressing 
the immune response.54,55 This could be an important effect of the 
PPARs in vivo, as it is known that pro-inflammatory cytokines can 
affect keratinocytes quite substantial. In a recent study of Danso 
et al, it was demonstrated that the pro-inflammatory cytokine TNF-α 
negatively impacted the CER and FFA composition.56

Although the effects of the three PPAR isoforms supplements 
did not result in changes in lipid composition, the PPAR-α agonist 
Wy14643 supplementation at very high concentration led to un-
favourable changes in CER composition. The most pronounced ef-
fects were as follows: (i) An increase in muCERs[non-EO] that was 
accompanied by a significant increase in SCD1 on mRNA level. (ii) 
Significant reduction in hydrophilic CER subclasses, especially of 
CER[H] subclasses, in both CER[non-EO] and CER[EO]. (iii) A reduc-
tion in the MCL of both saCERs[non-EO] and saCERs[EO]. These 
changes led to a reduced packing density (lateral lipid organization) 
and a reduced repeat distance of the LPP.

There are some inconsistencies between studies performed with 
PPAR-α agonist Wy14643 supplementation in HSEs. In the study 
performed by Rivier et al (2015), the addition of Wy14643 enhanced 
CER synthesis,40 whereas another study performed by Wallmeyer 
et al (2015) reported a decrease in CER amounts after the supple-
mentation of Wy14643.41 In our study, there is no change in the 
total amount of CERs, but a drastic change in the CER composition: 
the most hydrophilic CERs reduced significantly after supplemen-
tation of Wy14643. In the two previous studies, no Vitamin C was 
supplemented to the medium. As a consequence, the synthesis of 
the most hydrophilic CER subclasses in these studies was already 
reduced, which of course affects the outcome of the studies.39

As observed in PPAR-α-deficient mice, lipogenic genes such as 
FAS, SREBP1c and SCD1 were completely abolished.57 Therefore, 
a possible explanation for the strong effect of PPAR-α on the lipid 
composition is the stimulation of SCD1 Our results are in agreement 
with these findings: a high concentration of Wy14643 causes the 
increase in these genes. However, the subsequent effects, such as 
the reduction in MCL as well as the reduction in the more hydro-
philic CER subclasses CER [NH], [AdS], [AS], [AP] and [H] subclasses, 

are not fully understood. However, based on our results, the sup-
plementation of Wy14643 seems to indicate that this pathway has 
been severely affected. Another interesting observation was that 
the CER amount was not affected by Wy14643. This was also ob-
served in previous studies, in which the effect of supplementation of 
the SCD1 inhibitor or a deactivator of LXR on CER composition was 
examined.16,19 This indicates that the specific CER subclass profile 
synthesis is changed during FTM development, but it does not affect 
the amount of CERs synthesized.

To conclude, this study demonstrated the complexity of the 
lipid synthesis pathways and that the effects of the PPAR isoforms. 
However, the changes in lipid composition and subsequent organi-
zation were not beneficial for the FTM, but in the case of Wy14643 
supplementation, these changes are detrimental for the subsequent 
SC lipid properties and are contrasting with previous studies.16,20,23 
Although the novel tested methods in this study did not directly im-
prove our in-house FTM model, more insight is gained of the nuclear 
receptors PPARs and their effects in 3D-skin tissue engineering.
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