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Abstract

BACKGROUND: Dysregulation of skin metabolism is associated with a plethora of diseases such as psoriasis and

dermatitis. Until now, reconstructed human skin (RhS) models lack the metabolic potential of native human skin, thereby

limiting their relevance to study human healthy and diseased skin. We aimed to determine whether incorporation of an

adipocyte-containing hypodermis into RhS improves its metabolic potential and to identify major metabolic pathways up-

regulated in adipose-RhS.

METHODS: Primary human keratinocytes, fibroblasts and differentiated adipose-derived stromal cells were co-cultured

in a collagen/fibrin scaffold to create an adipose-RhS. The model was extensively characterized structurally in two- and

three-dimensions, by cytokine secretion and RNA-sequencing for metabolic enzyme expression.

RESULTS: Adipose-RhS showed increased secretion of adipokines. Both RhS and adipose-RhS expressed 29 of 35

metabolic genes expressed in ex vivo native human skin. Addition of the adipose layer resulted in up-regulation of 286

genes in the dermal-adipose fraction of which 7 were involved in phase I (CYP19A1, CYP4F22, CYP3A5, ALDH3B2,

EPHX3) and phase II (SULT2B1, GPX3) metabolism. Vitamin A, D and carotenoid metabolic pathways were enriched.

Additionally, pro-inflammatory (IL-1b, IL-18, IL-23, IL-33, IFN-a2, TNF-a) and anti-inflammatory cytokine (IL-10, IL-

12p70) secretion was reduced in adipose-RhS.

CONCLUSIONS: Adipose-RhS mimics healthy native human skin more closely than traditional RhS since it has a less

inflamed phenotype and a higher metabolic activity, indicating the contribution of adipocytes to tissue homeostasis.

Therefore it is better suited to study onset of skin diseases and the effect of xenobiotics.
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1 Introduction

Forming the outermost layer of the human body, skin

serves as a complex interface between internal organs and

the environment. In addition to having a vital protective

barrier function, skin is also a major metabolically active

organ [1, 2]. Dysregulation of skin metabolism is associ-

ated with a plethora of diseases such as psoriasis, dermatitis

and melanoma [3, 4]. The skin contains enzymes to

metabolize endogenous substances such as hormones,

lipids and carbohydrates as well as enzymes to metabolize

xenobiotics such as foreign chemicals and drugs [5, 6].

Substances penetrating the outermost stratum corneum

layer of the skin can become metabolized into harmful or

harmless by-products. Therefore, pre-clinical efficacy

testing of new drugs that target skin diseases as well as

safety testing of their individual components is important.

Traditionally, this is being done using animals. However,

in addition to raising ethical questions, animal experiments

often poorly predict human responses [7]. Reconstructed

human epidermis (RhE) and skin (RhS) are three-dimen-

sional (3D) in vitro models mimicking the human skin and

offer a promising solution for pre-clinical efficacy testing

and safety assessment of compounds in an animal-free

setting [8–12]. Current RhE and RhS lack complexity and

do not include the subcutaneous adipose layer which is a

metabolically very active skin layer [13]. Consequently,

these models do not fully recapitulate the metabolic

potential of human skin, thereby limiting their relevance

for safety testing and to study human skin diseases [5, 6].

Several models integrating adipocytes into RhS have

been described [14–19], but none of them specifically

addresses the effect of the adipose layer on skin

metabolism.

Therefore, the aim of this study was to determine

whether the metabolic activity is increased in a tri-layered

RhS model consisting of a: (1) stratified and differentiated

epidermis, (2) fibroblast-populated collagen/fibrin hydrogel

functioning as dermis and (3) differentiated adipose-

derived stromal cells (ASCs) in a collagen/fibrin hydrogel

functioning as hypodermis (adipose-RhS). First, the extent

of ASC-differentiation towards adipocytes was determined

before they were integrated into adipose-RhS. Next, RNA-

sequencing (RNA-seq) was used to analyze phase I and

phase II metabolic enzymes in RhS and adipose-RhS.

Epidermis and dermis were screened for differentially

expressed genes (DEGs) and analyzed for gene ontology

(GO) pathways. In addition, the secretion of various

cytokines and adipokines was investigated.

2 Materials and methods

2.1 Cell culture

2.1.1 Fibroblasts and keratinocytes

Dermal fibroblasts and keratinocytes (KCs) were isolated

from human foreskin as described previously [20, 21]. KCs

were amplified in DermaLife K medium (Lifeline Cell

Technology, Frederick, MD) with 1% penicillin/strepto-

mycin (Life Technologies Corporation, Grand Island, NY)

on 0.5 lg/cm2 collagen IV (Sigma-Aldrich, St. Louis, MO)

coated plates. Medium was switched to keratinocyte

medium I (KCI) and DermaLife K medium (1:1) one day

before using the cells for construction of the epidermis.

KCI consists of Dulbecco’s modified Eagle’s medium

(DMEM; Lonza, Basel, Switzerland) and Ham’s F12

(Corning, Corning, NY) in a ratio of 3:1, supplemented

with 1% penicillin/streptomycin, 5% FetalClone III

(HyClone, Logan, UT), 1 lM hydrocortisone (Sigma-

Aldrich), 1 lM isoproterenol hydrochloride (Sigma-

Aldrich) and 0.1 lM insulin (Sigma-Aldrich). Fibroblasts

were amplified in fibroblast medium: DMEM supple-

mented with 1% penicillin/streptomycin and 5% Fetal-

Clone III. Medium for both cell types was exchanged every

3–4 days, KCs were cultured at 37 �C, 7.5% CO2 and

fibroblasts at 37 �C, 5% CO2.

2.1.2 Adipose-derived stromal cells

The ASC fraction was isolated from fat attached to skin as

described previously and grown in fibroblast medium [20].

Five days before construction of the adipose layer, adipo-

cyte differentiation was induced by ASC differentiation

medium [22] consisting of DMEM:Ham’s F12 1:1, sup-

plemented with 1% penicillin/streptomycin, 33 lM biotin

(Sigma-Aldrich), 17 lM D-pantothenic acid hemicalcium

salt (Sigma-Aldrich), 100 nM dexamethasone (Sigma-

Aldrich), 100 nM humulin R (Lilly, Indianapolis, IN),

1 lM rosiglitazone (Sigma-Aldrich), 0.5 mM 3-isobutyl-1-

methylxanthine (Sigma-Aldrich), 2 nM 3,30,5-triiodo-L-

thyronine sodium salt (Sigma-Aldrich) and 10 lg/ml

human transferrin (Sigma-Aldrich). Three days after dif-

ferentiation induction, medium was changed to ASC

maintenance medium (ASC-MM) consisting of DMEM:-

Ham’s F12 1:1, supplemented with 1% penicillin/strepto-

mycin, 33 lM biotin, 17 lM D-pantothenic acid

hemicalcium salt, 10 nM dexamethasone and 10 nM

humulin R. Cells were cultured at 37 �C, 5% CO2.
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2.2 Reconstructed human skin

RhS and adipose-RhS were constructed in transwells

(0.4 lm, 24 mm; Corning). For the adipose layer, 6 mg/ml

collagen, isolated from rat tails and dissolved in 0.1%

acetic acid (VWR, Radnor, PA), was mixed with 5 mg/ml

fibrinogen (Diagnostica Stago, Paris, France) in a ratio of

1:1. Then, 3.2 9 106 adipocytes were added to 800 ll

hydrogel per construct. For fibrin formation and polymer-

ization, 0.5 U/ml thrombin (Merck, Darmstadt, Germany)

was added and constructs were incubated at 37 �C, 5%

CO2 for 90 min. The polymerized adipose layer was sub-

merged in ASC-MM and incubated overnight. Next, the

dermis was constructed with 1.4 9 105 dermal fibroblasts

in 2 ml hydrogel, composed of 3 mg/ml collagen, 1 mg/ml

fibrinogen and 0.5 U/ml thrombin, and incubated over-

night. Constructs with adipose layer were submerged in

ASC-MM and KCI (1:1) and constructs without adipose

layer in KCI. The next day, 5 9 105 KCs were seeded on

top and culture medium was supplemented with 2 ng/ml

keratinocyte growth factor (Sigma-Aldrich). Skin con-

structs were cultured submerged for 3 days, at 37 �C, 7.5%

CO2 from now on, and subsequently cultured at the air–

liquid interface in keratinocyte medium II (KCII:

DMEM:Ham’s F12 3:1, supplemented with 1% penicillin/

streptomycin, 1% FetalClone III, 1 lM hydrocortisone,

1 lM isoproterenol hydrochloride, 0.1 lM insulin, 10 lM

L-carnitine (Sigma-Aldrich), 10 mM L-serine (Sigma-

Aldrich) and 50 lg/ml ascorbic acid (Sigma-Aldrich) or

KCII:ASC-MM (1:1), respectively. Cultures were kept at

the air–liquid interface for 14 days and incubated in KCII

without hydrocortisone 24 h before harvesting. Super-

natants were stored at -20 �C until further analysis. Sam-

ples were taken for RNA-seq and histology. For RNA-seq,

epidermis and dermis were separated, tissue samples were

snap frozen in liquid N2 and stored at -80 �C. For histol-

ogy, tissue samples were fixed overnight in 4% formalde-

hyde (VWR) before preparation for histological analysis.

2.3 RNA sample preparation and sequencing

RNA was isolated using QIAshredder spin columns (Qia-

gen, Hilden, Germany) and the RNeasy Mini Kit (Qiagen),

according to the manufacturer’s instructions. Concentra-

tions and quality (RNA integrity numbers) were measured

with a TapeStation (Agilent, Santa Clara, CA). Samples

were stored at -80 �C until the library was prepared and

sequenced with QuantSeq FWD by Lexogen (Vienna,

Austria). Reads were aligned with the Spliced Transcripts

Alignment to a Reference (STAR) aligner. For DEG

analysis, summary count data was used.

2.4 RNA-sequencing analysis

R (v4.1.2) was used for programming. The R scripts used

for analysis can be found at https://github.com/Molecu

larCellBiologyImmunology/Tri-layered_RhS. Gene counts

were normalized and transformed to log count per million

(lcpm), low count genes with a lcpm lower than two were

removed. After quality control, sample 9 was removed

because of too many unmapped reads and the log2 fold

changes (FCs) were re-shrunk with the method from Zhu,

Ibrahim and Love [23]. DESeq2 (v1.34.0) was used to

generate principal components (PCs), run principal com-

ponent analysis (PCA) and identify DEGs. Resulting p-

values were adjusted according to the number of tests

performed and genes were regarded as significantly dif-

ferentially expressed if padj\ 0.05. For GO, Enrichr

[24–26] was used with the library

WikiPathway_2021_Human.

2.5 Histology, immunohistochemistry

and immunofluorescent staining

Confluent adipocyte monolayers were washed with PBS

and stained with AdipoRed (Lonza) in PBS (1:33) for

15 min at room temperature (RT) according to the manu-

facturer’s instructions before imaging. Tissue samples were

embedded in paraffin and 5 lm sections were used for

morphological (haematoxylin & eosin, H&E) and

immunohistochemical stainings. Antibodies for cytokeratin

15 (K15, clone EPR1614Y; Abcam, Cambridge, UK),

cytokeratin 10 (K10, clone DE-K10; Progen, Heidelberg,

Germany) and vimentin (clone V9; Dako, Glostrup, Den-

mark) were used as previously described [27, 28]. Prior to

embedding in Aquatex (Merck), sections were counter-

stained with hematoxylin. For confocal imaging, tissue

samples were fixed in 4% formaldehyde overnight, stored

in PBS with 0.02% sodium azide (Merck) and subsequently

stained with AdipoRed (1:33) and DAPI (1:5000) for

15 min at RT.

2.6 Microscopy

Adipocyte monolayers were imaged using a Nikon

ECLIPSE Ti2 (Nikon, Tokyo, Japan). Sections were

imaged with a Vectra Polaris slide scanner (Akoya, Marl-

borough, MA) and analyzed with QuPath (v0.2.2). Con-

focal images were taken with a Leica TCS SP8 (Leica

Microsystems, Wetzlar, Germany) and analyzed using

Imaris (v9.9.1; Oxford Instruments, Oxfordshire, UK).
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2.7 Quantitative polymerase chain reaction

Adipocyte RNA was isolated with the RNeasy Mini Kit

(Qiagen) and reversely transcribed with the RT2 First

Strand kit (Qiagen) according to the manufacturer’s

instructions. RNA and cDNA concentrations and quality

were measured with a NanoPhotometer (Implen, Munich,

Germany). The following primers were used (OriGene,

Rockville, MD): Krüppel-like factor 15 (KLF15,

HP210627), Fatty-acid-binding protein 4 (FABP4,

HP205321), Adiponectin (ADIPOQ, HP208060) and Per-

ilipin-1 (PLIN1, HP206315). The reaction mix consisted of

Fast SYBR Green Master Mix (Applied Biosystems,

Waltham, MA), 300 nM of primer pairs, cDNA and DEPC-

Treated Water (Invitrogen, Waltham, MA) with a total

volume of 10 ll. Relative changes in mRNA levels were

calculated with the 2-DDCt method, using GAPDH as the

housekeeping gene, and normalized to expression levels at

day 0.

2.8 Enzyme-linked immunosorbent assay

and cytokine bead array

Culture supernatant was used to analyze cytokines, IL-6

and IL-8 by ELISA (IL-6: R&D Systems, Minneapolis,

MN; IL-8: Diaclone SAS, Besancon, France) according to

the manufacturer’s instructions. Cytokine bead arrays:

Human Inflammation Panel (BioLegend, San Diego, CA)

and Human Adipokine Panel (BioLegend) were used on an

Attune NxT flow cytometer (ThermoFisher, Waltham,

MA). Data was analyzed with the online available

LEGENDplex Data Analysis Software Suite.

2.9 Statistical analysis

Data is presented as mean ± standard error of the mean

(SEM). For Fig. 1, three independent repeats, each with

different donors of ASCs, were used with two intra-ex-

perimental replicates. For RhS experiments (Figs. 2, 3, 4),

four independent experiments, each with different donors,

were performed with three intra-experimental replicates.

KCs, fibroblasts and ASCs all derived from different

donors resulting in a total of 12 skin donors were used in

the experiments (to minimize donor variation). In graphs,

the average from intra-experimental replicates is shown as

one data point. GraphPad Prism (v9.1.0; GraphPad Soft-

ware Inc., La Jolla, CA) was used for statistical analysis.

For normality testing, a Shapiro–Wilk test was used and a

one-way ANOVA with a Friedman test and a two-way

ANOVA. Differences were considered as significant when

p\ 0.05.

3 Results

3.1 Adipose derived stromal cells differentiate

into a mixed culture containing adipocytes

Prior to constructing RhS, ASCs were cultured under

conventional submerged culture conditions and differenti-

ated into adipocytes. Lipid droplet formation, the first

visible hallmark of differentiation, was shown by staining

with AdipoRed. Adipogenesis started 5 days after initiation

of the differentiation regime and became increasingly

pronounced until day 7 (Fig. 1A). Expression of a number

of key adipogenic genes: ADIPOQ, FABP4, KLF15 and

PLIN1 [29–31] increased after 3 days of culture in ASC

differentiation medium and remained high for the

remaining culture period (Fig. 1B). To verify differentia-

tion on protein level, adipokine secretion into the culture

supernatant was measured. Adipsin secretion peaked at

differentiation day 3, whereas retinol binding protein 4

(RBP4) increased at day 5 (Fig. 1C). In contrast, resistin

and leptin secretion decreased throughout differentiation.

Pro-inflammatory cytokine secretion of IL-6 (193-fold) and

IL-8 (12-fold) as well as monocyte chemoattractant pro-

tein-1 (MCP-1; 11-fold) decreased considerably already

after 3 days and stayed at a very low level until day 5,

when adipocytes were used to generate the adipose layer

(Fig. 1D).

3.2 Histological characterization of RhS

and adipose-RhS and adipokine secretion

After monolayer differentiation, adipocytes were incorpo-

rated into a hydrogel and the RhS was constructed on top.

Histological characterization of adipose-RhS revealed a

stratified and differentiated epidermis, a fibroblast-popu-

lated hydrogel (dermis) and a hydrogel containing adipo-

cytes (hypodermis; Fig. 2A). The epidermis of both RhS

and adipose-RhS consisted of a stratum corneum, stratum

granulosum, stratum spinosum and stratum basale

(Fig. 2A, B). In line with ex vivo skin, RhS and adipose-

RhS showed K15 expression in undifferentiated KCs

within the stratum basale and suprabasal K10 expression in

differentiating KCs (Fig. 2B). Fibroblasts were present

throughout the dermis. Lipid droplets originating from

adipocytes within the adipose layer were visualized with an

AdipoRed staining (Fig. 2C, left; Supplementary Materi-

als, Movie S1). More than 20 lipid droplets were observed

within a single cell (Fig. 2C, right). To assess adipokine

production, release into the culture supernatant was mea-

sured. Adiponectin and RBP4 were secreted more in adi-

pose-RhS compared to RhS (Fig. 2D). Due to large inter-
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and intra-experimental variation, no changes could be

concluded for secretion of adipsin or leptin.

3.3 Adipose layer changes transcription profiles

and activates metabolic pathways

In order to characterize both models and to determine

whether or not the adipose-RhS was more metabolically

active than RhS, RNA-seq was performed. Epidermis and

dermis were analyzed separately to identify DEGs between

RhS and adipose-RhS. For simplicity, samples referred to

as ‘‘dermis’’ for adipose-RhS contain both the fibroblast-

populated hydrogel dermis and the adipocyte hydrogel.

Remarkably, independent of the presence of the adipose

layer, both RhS and adipose-RhS expressed 36 of 45 phase

I and 19 of 23 phase II metabolic genes that have been

described to be expressed in ex vivo native human skin, but

were so far not detected in RhS models described by others

(Fig. 3A) [6]. In addition, cultures were characterized in-

depth for metabolic gene families described to be expres-

sed by ex vivo human skin: cytochrome P450s, alcohol

dehydrogenases, aldehyde dehydrogenases, arachidonate

lipoxygenases and hydroxysteroid dehydrogenases, sulfo-

transferases and glutathione s-transferases, of which 79

enzymes were expressed in the described RhS and adi-

pose-RhS (Supplementary Materials, Fig. S1A) [5] out of

the 98 enzymes described previously in ex vivo human

skin, RhS, RhE and KC monolayers (Supplementary

Materials, Fig. S1B) [6].

Upon further analysis, the PCA clearly showed separa-

tion of epidermal and dermal samples (Fig. 3B). For epi-

dermal samples, it was not possible to distinguish RhS

from adipose-RhS transcription profiles, as no individual

clusters were visible, indicating that the effect of the adi-

pose layer on the epidermis was very limited (Supple-

mentary Materials, Fig. S2). Therefore, only dermis

samples were used for further in-depth analysis. Within the

dermis, 9 down- and 286 up-regulated genes were identi-

fied in adipose-RhS compared to RhS (Fig. 3C; Supple-

mentary Materials, Tab. S1). Most importantly, among the

up-regulated DEGs were genes identified to be involved in

phase I metabolism: CYP19A1 (2.4x), CYP4F22 (5.3x),

CYP3A5 (6.0x), ALDH3B2 (3.7x), EPHX3 (4.6x) and

phase II metabolism: SULT2B1 (2.7x), GPX3 (3.6x;

Table 1). GO pathway analysis with the total of 286 up-

regulated genes in adipose-RhS revealed that the two most

enriched pathways related to metabolism were vitamin A

and carotenoid metabolism as well as the vitamin D

receptor pathway (Fig. 3D).

3.4 Reduced inflammatory cytokine secretion

in adipose-RhS

Finally, we determined whether the addition of the adipose

layer had an effect on the cytokine production of the

model. Pro-inflammatory cytokines IL-1b, IL-6, IL-8, IL-

18, IL-23, IL-33, interferon alpha 2 (IFN-a2) and tumor

necrosis factor alpha (TNF-a) (Fig. 4A) as well as anti-

inflammatory cytokines IL-10, IL-12p70 (Fig. 4B) were

detected in culture supernatants of the RhS. Notably, upon

addition of the adipose layer, decreased secretion of all

cytokines was observed with the highest relative reduction

being for IL-8 (85%) and IL-6 (78%).

4 Discussion

In this study, we show that incorporation of an adipose

layer into a RhS results in higher metabolic activity when

compared to a RhS with dermis and epidermis only. Of the

295 genes which were differentially expressed, the most

enriched pathways were vitamin A and carotenoid as well

as the vitamin D receptor pathway. Independently of the

presence of an adipose layer, we could confirm expression

of 55 metabolic genes within our RhS that have been

described to be present in ex vivo native human skin but,

until now, not in any other in vitro skin model [5, 6].

Adipocyte differentiation in adipose-RhS was confirmed

by expression of KLF15, ADIPOQ, FABP4 and PLIN1 and

secretion of adipsin and RBP4. In humans, two different

types of fat exist: white adipose tissue (WAT) and brown

adipose tissue (BAT) [32], of which WAT is the most

abundant type in subcutaneous tissue [33]. WAT is typi-

cally characterized by forming a single large lipid droplet

(unilocular) within the cell, whereas BAT typically con-

tains numerous smaller lipid droplets within a cell (multi-

locular) [34]. As primary ASCs were derived from

subcutaneous fat, the differentiated adipocytes and subse-

quently constructed adipose layer within adipose-RhS

would be expected to be WAT. However, the differentiated

adipocytes were multilocular and therefore incorporated

small lipid droplets. This could be due to the ASC-derived

adipocytes not being fully mature, as also described in

bFig. 1 Characterization of adipose-derived stromal cell differentia-

tion to adipocytes in monolayer. A Lipid droplet formation in bright

field (BF) and with AdipoRed staining on day 7. B Gene expression of

key adipogenic genes throughout differentiation, relative to house-

keeping genes (day 0 was set to 1). C, D Secretion of adipokines and

pro-inflammatory cytokines into supernatant. ADIPOQ, Adiponectin;

FABP4, Fatty-acid-binding protein 4; KLF15, Krüppel-like factor 15;

PLIN1, Perilipin-1; RBP4, Retinol binding protein 4; IL, Interleukin;

MCP-1, Monocyte chemoattractant protein 1. Scale bar = 200 lm.

*p\ 0.05. Unconditioned control medium levels as well as gray data

points were below detection limit. Shapes represent different donors

and bars mean ± SEM; n = 3 independent experiments performed in

duplicates
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D

Fig. 2 Adipose-RhS

characterization by histology

and adipokine secretion. A H&E

staining of the full thickness of

adipose-RhS. B Comparison of

native skin, RhS and adipose-

RhS for marker expression of

K15, K10 (epidermis) and

vimentin (dermis). C 3D

representation of the adipose

layer within adipose-RhS

stained for lipids with

AdipoRed and nuclei with

DAPI. D Adipokine secretion

into the supernatant of 14-day-

old RhS and adipose-RhS.

H&E, Hematoxylin & eosin; K,

Cytokeratin; RBP4, Retinol

binding protein 4. Scale

bar = 100 lm in both overviews

of A and C, 50 lm in B and

magnifications of A and 5 lm in

magnification of C. *p\ 0.05,

**p\ 0.01. Representative

images from n B 4 independent

repeats
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studies by others [35, 36]. Notably, when ASC-derived

adipocytes were maintained under conventional submerged

conditions in differentiation medium for 28 days, more as

well as bigger lipid droplets were observed within the cells

(data not shown). Therefore, it may be possible to increase

the volume of intracellular lipids and achieve unilocularity

in the future by extending the culture periods used in this

current study.

It has been shown that medium composition is key in

maintaining intact lipids and wrong culture medium can

even lead to de-differentiation of mature adipocytes [37].

To counteract this issue and further mature ASCs inside the

model throughout the culture period, the deliberate choice

to use different media for RhS and adipose-RhS has been

made. This could also result in a limitation of this study as

different culture media could influence gene expression

and cytokine secretion. Main components added to adi-

pose-RhS when also cultured in ASC-MM medium are D-

pantothenic acid, biotin and dexamethasone. To our

knowledge, D-pantothenic acid and biotin have no

immunomodulatory effects on fibroblasts or KCs, neither

do they have any metabolic effects on these cell types. In

contrast, dexamethasone is a well characterized anti-in-

flammatory drug. It has been reported that dexamethasone

incubation prior to KC lysate exposure (cultured under

conventional submerged conditions) was able to suppress

secretion of IL-6 and IL-8 in dermal fibroblasts [38].

However, a 200-fold higher concentration of dexametha-

sone was used and, in contrast to our study, the cells were

in direct contact with the dexamethasone rather than being

exposed to it in an air–liquid transwell culture system

where the effective concentration is lower than that of the

culture medium. Therefore, it is most unlikely that our

results were influenced by different medium composition

between RhS and adipose-RhS.

The ASC differentiation does not result in 100% adi-

pocytes but a mix of adipocytes and stromal cells [20]. Pro-

inflammatory and anti-inflammatory cytokine secretion

decreased considerably in adipose-RhS (and differentiated

adipocyte monocultures). This is in line with previous

studies conducted with an ASC-derived hypertrophic scar

model and indicates that the addition of the adipose layer

containing a mixture of stromal cells and adipocytes leads

to a lower inflammatory state and contributes to tissue

homeostasis [39]. It is also generally known that ASCs

have immune-regulatory effects [40, 41]. Other findings

confirmed that ASCs can contribute to epidermal home-

ostasis, e.g. a co-culture of RhE with ASCs resulted in

epidermal thickening and a KC-ASC co-culture increased

the proliferative and adhesive potential of KCs [42].

The aim of our study was to determine how the adipose

layer changes metabolic enzyme expression within RhS.

Because of technical reasons, the dermis and adipose layer

were sequenced together and therefore it cannot be deter-

mined whether gene up- and down-regulation was directly

due to the adipose layer or whether it was an indirect effect

of adipocytes increasing metabolic enzyme expression in

fibroblasts. In the future, this can be addressed by either

separation of the two layers or by single-cell sequencing.

Nevertheless, clear differences were observed in the

transcriptomic profile of adipose RhS (dermis) with 7 phase

I and phase II enzymes being identified, all of which were

higher expressed in adipose-RhS. The cytochrome P450

3A5 (CYP3A5) and 4F22 were up-regulated the most.

Even though expressed at a much lower level compared to

the liver, presence as well as activity of CYP3A5 have

been described earlier in native skin and a commercial RhS

(EpiDerm- FT400TM TESE) [43]. Strikingly, in a screen of

the 200 most prescribed drugs in the U.S., the CYP3A4/5

subfamily was responsible for the metabolism of 37% of

the drugs which were hepatically cleared. Out of 7 sub-

families: cytochrome 3A, 2E1, 2D6, 2C19, 2C9, 2B6 and

1A, CYP3A4/5 made up the largest part of CYP-mediated

clearance [44, 45]. CYP19A1, epoxide hydrolase 3

(EPHX3) and glutathione peroxidase (GPX3) have not

been described to be present in RhS before. However, they

were up-regulated in our adipose-RhS model. CYP19A1

(human aromatase) is a key enzyme in estrogen biosyn-

thesis and was up-regulated as well. It catalyzes the reac-

tion from testosterone to estradiol and is known to be

expressed in adipose tissue [46]. Gene expression of the

phase I enzyme EPHX3 was also up-regulated and it has

been suggested that EPHX3 plays a primary role in xeno-

biotic metabolism in the liver [47]. Furthermore, EPHX3

deficient mice show impaired skin barrier function [48].

GPX3 has been identified by proteomic profiling to be

present in ex vivo native skin but not in 2D KC cultures,

RhE or conventional two-layered RhS until now [49]. Of

note, all genes mentioned above were differentially

expressed without metabolic stimulation. Therefore, future

studies should focus on changes in metabolism in adipose-

RhS/RhS after e.g. exposure to irritants or sensitizers.

bFig. 3 RNA-seq reveals metabolic gene expression in RhS/adipose-

RhS and differentially expressed genes and pathways after addition of

the adipose layer. A Metabolic genes reported to be present (on

mRNA, protein or activity level) in ex vivo native human skin but not

yet described to be present in RhS. B Separation of epidermal and

dermal samples on PC1 and RhS/adipose-RhS dermis on PC2.

C Significant differentially expressed genes in red: 295 DEGs were

identified, 9 down-regulated and 286 up-regulated. D GO analysis

with input of 286 up-regulated genes identified in C. Shown are the

top 10 pathways, ranked by p-value, enriched in the WikiPathway

2021 Human library. Bars contain pathway terms, WikiPathway (WP)

identifiers and p-values. PC, principal component. n = 4 independent

experiments, RNA pooled from intra-experimental triplicates
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Taken together, up-regulation and function of these

enzymes emphasize their importance and show the added

value of the adipose layer in the RhS. GO analysis of the

up-regulated genes in the dermis reveals that the most

enriched pathways in adipose-RhS were vitamin A and

carotenoid metabolism as well as the vitamin D receptor

pathway. Vitamin D is synthesized in human skin, its

metabolism is well studied and described and deficiencies

can result in dermatological conditions such as psoriasis

and atopic dermatitis [50–52]. It has several immune-reg-

ulatory properties, has anti-bacterial, anti-viral and anti-

inflammatory functions [53]. This is in line with the mea-

sured decrease in the secretion of pro-inflammatory

cytokines in the adipose-RhS model. Assessing the secre-

tome of both models, a reduction for all pro-inflammatory

cytokines (IL-1b, IL-6, IL-8, IL-18, IL-23, IL-33, IFN-a2
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Fig. 4 Cytokine secretome of RhS and adipose-RhS. A, B Pro-

inflammatory and anti-inflammatory cytokines secreted into the

medium of both models. Cultures were kept at the air–liquid interface

for 14 days. IL, Interleukin; IFN, Interferon; TNF, Tumor necrosis

factor. Unconditioned control medium levels were below detection

limit. **p\ 0.01, ***p\ 0.001, ****p\ 0.0001. Shapes represent

different donors as mean ± SEM; n = 4 independent experiments

performed in triplicates. Cytokine secretion from adipose-RhS was

normalized to mean secretion of RhS of each donor, which was set to

1

508 Tissue Eng Regen Med (2024) 21(3):499–511

123



and TNF-a) was observed when the adipose layer was

incorporated.

Similar to vitamin D, vitamin A and its active metabo-

lite retinoic acid play an important role in skin where they

are also involved in tissue homeostasis and orchestrate the

immune responses [54]. Retinoids are commonly used to

treat psoriasis, ichytosis, acne and wrinkles [55, 56]. They

can act pro-inflammatory in some microenvironments but

mainly function in an anti-inflammatory fashion [57].

In summary, we describe the construction and compre-

hensive characterization of a RhS model with an adipose

layer. Our findings indicate that the adipose layer lowers

the inflammatory state of the RhS model, is beneficial for

tissue homeostasis, increases metabolic activity and pos-

sesses a similar histology compared to native skin. This

model is the first step towards more physiological skin

models to study human skin in health and disease. In

addition, it can be used as a valuable tool for risk assess-

ment of actives which are exposed to skin. Further research

should focus on xenobiotic exposure of the adipose-RhS as

well as the incorporation of immune cells, appendages such

as hair follicles [58] and vasculature or its combination

with other organs in microphysiological systems (MPS;

multi-organ-chips) [59, 60]. Combining recent advances in

MPS, bioprinting as well as induced pluripotent stem cells

offers exciting new possibilities to create more complex

skin models and recapitulate human skin in health and

disease more closely in the future.
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