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Introduction

Topical glucocorticoids (GCs) belong to the most powerful and 
frequently used drugs for topical therapy of inflammatory skin 
diseases at all. Despite their great advantages in certain indica-
tions, undesired effects can evolve, in particular when used over 
longer periods or when applied improperly. Among those, skin 
atrophy is the most prominent one due to its irreversibility1 and 
frequency.2

Atrophy of the skin is characterized by a sincere loss in skin thick-
ness and elasticity causing cutaneous transparency, increased fra-
gility and telangiectatic surface.3-5 It is associated with an increased 
permeability and transepidermal water loss,6 which indicates a 
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Topical glucocorticoids are highly anti-inflammatory effective 
but limited by their side effect potential, with skin atrophy 
being the most prominent one. Thus, determining the 
atrophogenic potential of novel compounds targeting the 
glucocorticoid receptor is important. Significant progress 
in the understanding of glucocorticoid receptor mediated 
molecular action has been made providing the basis for novel 
glucocorticoid receptor ligands with a potentially superior 
effect/side effect profile. Such compounds, however, need to 
be tested. The present gold standard for the reliable prediction 
of glucocorticoid induced skin atrophy are still in vivo models, 
however, in vitro models may replace them to some extent in 
the future. indeed, advances in technologies to determine the 
atrophogenic potential of compounds in vitro has been made 
recently and promising novel test models like the human full 
thickness skin models are emerging. Their full predictive value, 
however, needs to be further evaluated. Currently, a screening 
approach starting with a combination of several in vitro test 
systems followed by subsequent testing of the most promising 
compounds in rodent models is recommended prior entering 
clinical studies with selected development compounds.
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disturbed skin barrier function.7,8 Histopathologically, flat dermal-
epidermal junctions,3 reduced epidermal thickness,5 reduced num-
ber of fibroblasts6,9 and a diminution of dermal collagen10,11 can 
be observed. Depletion of glycosaminoglycans e.g., hyaluronan is 
another potential feature of GC-induced skin atrophy.12,13

Topical GCs are classified according to their potencies from 
very strong to weak14—considering both their therapeutic and 
side effect potential. Efforts to identify topical GCs with pre-
dominantly beneficial effects led to the development of a GC 
specific therapeutic index (TIX). A TIX of 1–2 is defined as an 
equal relation of desired and adverse effects.15 Optimization of 
the benefit/risk ratio is a main challenge for the development 
of novel compounds targeting the GC receptor (GR).16,17 An 
always better understanding of the molecular mechanisms of 
GR-mediated effects and side effects triggered the discovery of 
novel GR-ligands with a putative superior profile. A particular 
attractive class of compounds are selective glucocorticid receptor 
agonists (SEGRAs) which are currently entering clinical devel-
opment.18 For the development of novel optimized GR ligand 
predictive pre-clinical test systems can be very supportive to 
determine the atrophy risk.19 Skin atrophy can be modeled in 
vitro, in vivo and in humans. Classically, in vitro tests for skin 
atrophy assess proliferation of cutaneous cells,20 or collagen syn-
thesis in primary human fibroblasts.21 Recently, epidermal thick-
ness and collagen synthesis in three-dimensional full-thickness 
skin models (FTSM) were developed to determine GC ligand 
induced skin atrophy in vitro.22,23 In vivo, the hairless OFA hr/
hr rat, however, is still the gold standard model for GC-induced 
skin atrophy in basic and pharmaceutical research.18,24 The pur-
pose of this review is to summarize the current atrophy models 
and to highlight further perspectives.

Determining the Atrophogenic Potential  
in Pre-Clinical in vitro Models

The advantage of in vitro test systems in general is that they are 
fast, economical, and feasible with minimal amounts of com-
pounds (Table 1). Consequently, they allow medium or even high 
throughput compound screening and are, thus, highly attractive 
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in FTSM: epidermal thinning, reduced proliferation of kerati-
nocytes in stratum basale, inhibition of collagen type I and III 
and MMP-1 and -3 synthesis.22,23 In addition to their undesired 
effects, the beneficial effects of GCs may be determined within 
the same experimental model by measurement of stimulus-
induced interleukin-6 and -8 secretion into medium.23 The ben-
efit of skin tissue models compared to monolayer cell systems 
or animal experiments are (1) the human origin of the cells,  
(2) the warranted interactions of keratinocytes and fibroblasts 
and (3) the reduced variability of read out parameters (Table 1). 
It may be postulated that these facts result in a higher predictivity 
of these test systems for the clinical situation. This is supported 
by the findings that skin equivalents are already proven alterna-
tives to traditional animal testing, like dermal corrosion and skin 
irritation tests.31

Taken together, there are promising development for in vitro 
test systems for GC-induced skin atrophy, their fully predictive 
potential, however, needs to be further determined.

Determining the Atrophogenic Potential  
in Pre-Clinical in vivo Models

Many pre-clinical animal models are described to determine the 
atrophogenic potential of GCs.19 Atrophogenicity has been evalu-
ated in mice,32,33 in rats,34,35 in pigs36,37 and in dogs.3 Castor and 
Baker showed as early as 1950 that topical application of hydro-
cortisone to rat skin caused dermal thinning.38 Overall the rat 
seems to be the best suited species. In the past, rats were shaved 
for atrophy assessment;32,39 however, due to the unreliability of 
haired skin responses,40,41 the use of hairless animals is the pre-
ferred now. Indeed, the current gold standard for pre-clinical test-
ing of GR ligands is the hairless OFA hr/hr rat.34 Here, hairless 
rats are daily treated over 19 days. Our recent statistical studies, 

for pharmaceutical industry, especially in early drug discovery. 
Those tests usually assess proliferation of keratinocytes and fibro-
blasts. Previous reports indicate that GCs might either favour 
or inhibit proliferation of fibroblasts, depending on the experi-
mental model and on the working-group (reviewed in ref. 25). 
Discrepancies observed between in vitro experiments might be 
due to indirect effects of GCs on fibroblasts by affecting the syn-
thesis or actions of various factors produced by other cell types. 
Yet, more recent studies show anti-proliferative effects of GCs on 
primary human fibroblasts20,26 and HaCaT cells, a human kera-
tinocyte cell line,20 only. Beside their anti-proliferative effects 
in cutaneous cells, GCs also affect collagen metabolism. GCs 
inhibit collagen type I synthesis in primary human, collagen type 
I and III mRNA expression in mouse 3T3 fibroblasts and mRNA 
expression of matrix metalloproteinases 1, -2, -3 and 9 in primary 
human keratinocytes.21,22 The mRNA expression in the last two 
mentioned models (3T3 fibroblasts and human keratinocytes) is 
dose-dependently inhibited by GCs and the effects of different 
GCs correlate with their atrophogenic potential according o their 
topical GC class and to their TIX. Recently, the suppression of 
hyaluronan synthase 2 in human primary fibroblasts was also 
demonstrated to correlate with the atrophogenic potential of dif-
ferent GCs.27 The practical predictivity of a single monolayer cell 
culture test system, however, is not fully clear, yet.

The three-dimensional growing human FTSM has been 
introduced more recently to keep cells under more physiologi-
cal conditions compared to classical monolayer cell cultures. The 
structure of FTSM closely parallels human skin.28 They offer 
characteristics that are much closer to the in vivo situation of 
the skin in comparison to monolayer cell culture systems such 
as stratification, homeostasis, expression and location of specific 
differentiation markers.29,30 It has been shown, that the follow-
ing parameters of GC-induced skin atrophy can be detected 

Figure 1. Proposed screening cascade—throughput of novel test compounds in atrophy models. (Fig. modified from ref. 51).
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human skin such as the high number of skin appendages and 
the absence of a papillary dermis in rodents clearly might influ-
ence pharmacokinetics.32 Therefore, absorption of topically 
administered compounds in rodent skin can exceed human 
skin by ten times.

Determining the Atrophogenic Potential  
in Clinical Models

The ultimate atrophogenicity of GCs can finally be deter-
mined in human clinical studies only. Skin atrophy is poten-
tially irreversible and obtaining skin biopsies represents an 
invasive method with certain risks (scars, infection) (Table 1). 
Therefore, such studies are rarely done or at least compounds 
are applied to very small areas and non-invasive methods are 
used. There are many non-invasive methods to clinically deter-
mine a GCs’ atrophogenic potential. The skin-blanching or 
vasoconstriction assay45 is a current model to rank classical 
topical GCs. This assay utilizes the localized vasoconstriction 
side effect after topical GCs application. The vasoconstriction 
may be quantified by a dermoscop,46 by a chromameter or by 
digital image analysis.47 Whereas this method is appropriate 
for the characterization of classical GCs, it may not be appro-
priate for novel GR agonists with dissociation between effects 
and side effects, since the assay just measures the potency of 
GCs. However, several methods exist to measure the thinning 
of the skin directly, e.g., confocal laser microscopy, microm-
eter screw gauge and ultrasound.6,48 Confocal laser scanning 
microscopy is an accurate instrument for three-dimensional 

however, showed that the treatment duration of hairless rat skin 
atrophy models might be reduced to 5 days, which would be ben-
eficial for animal protection and economical reasons (Schoepe et 
al., in preparation).

As a major overall parameter, skin thickness is determined 
over time using different methods either by counting the cell 
layers in skin biopsies42 or are measured with a special gauge.32,34 
Detection of skin-breaking strength of the GC-treated area is 
additionally used parameter.34 Biochemical and histological 
analyses on skin biopsies are also performed. Further tissue 
parameters can be assessed in biopsies of GC-treated skin, e.g., 
regression of sebaceous glands, size and number of horn-filled 
cysts, subcutaneous fat and muscular layers.33,42 On the molec-
ular level, various proteins like glucosaminoglycan, fibronec-
tin and collagens may be used as indicators of GC effects.39,43 
Beside the direct parameters of skin atrophy, systemic effects of 
topically administered compounds can also be measured such 
as weight loss of body, thymus, spleen and adrenal glands.34,35,39

The pros of in vivo pre-clinical tests compared to clinical 
tests are the reduced variability, higher cost-efficiency and in 
particular ethical aspects (Table 1). An evident con of many in 
vivo models is, however, their still limited predictivity for the 
human situation. Anti-inflammatory activities of GCs differ 
in rats and humans,44 and, since anti-inflammatory potencies 
and atrophogenic potential usually closely correlate in the clas-
sical GCs, the relative dermal atrophogenic potencies are also 
expected to vary between the species.39 Compared to humans, 
the hairless rat seems to be more sensitive to atrophy follow-
ing topical GC treatment. Anatomical differences of rodent and 

Table 1. Characteristics of models for determination of glucocorticoid induced skin atrophy (modified after ref. 51)

In vitro monolayer cell 
cultures

In vitro full-thickness skin models In vivo models In patients

Pro

•	 	Species:	human	and	non-
human

•	 	Low	time/labor/comound	
consumption

•	 High	throughput

•	 Easy	handling	

•	 Low	costs

•	 Species:	human

•	 	Epidermal/skin	thinning	is	
 measurable

•	 Easy	to	moderate	handling	

•	 Topical	compound	application

•	 Testing	of	formulations

•	 	Interaction	among	different	cell	
types

•	 Rather	reliable/predictive

•	 	Epidermal/skin	thinning	is	measur-
able

•	 Moderate	handling

•	 	Potential	systemic	side-effects	
measuable

•	 Topical	compound	application

•	 Testing	of	formulations

•	 	Current	gold	standard	(OFA	hr/hr 
rat)

•	 Interaction	among	different	tissues

•	 Speciec:	human

•	 Highly	predictive

•	 	Epidermal/skin	thinning	
is measurable

•	 	Topical	compound	
 application

•	 Testing	of	formulations

•	 	Interaction	among	
 different tissues

Con

•	 	Cells	are	kept	under	non-
physiological conditions

•	 Limited	prediction

•	 	Combination	of	differ-
ent test systems may be 
needed

•	 	Epidermal/skin	thinning	is	
not present

•	 	Topical	application	of	
compounds not possible

•	 	Testing	of	formulations	
not possible

•	 High-priced	models

•	 	Moderate	to	high	time/labor	con-
sumption

•	 Moderate	compound	consumtion	

•	 Medium	throughput	at	most

•	 Moderate	to	high	costs

•	 Species:	non-human

•	 	Moderate	to	high	time/labor/com-
pound consumtion 

•	 Medium	throughput

•	 Ethical	aspects

•	 High	costs

•	 	High	hurdles	before	
 testing is  possible 
(e.g.,  toxicological 
 characterization)

•	 	Ethical	aspects	(risk	of	
irreversible effects)

•	 Low	throughput

•	 High	costs
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reconstructions of the skin. A screw gauge measures the thick-
ness of skin folds, but it may also include a varying amounts 
of subcutaneous tissue. The methodology of ultrasonography 
delivers a two-dimensional, cross-sectional view of the skin.  
20 MHz sonography, or in particular skin sonography at large, 
is the experimental approach of choice so far to quantify cuta-
neous atrophy in the context of topical GC application to 
the skin. The methodology has originally been developed by 
Marks.49 These two methods delineate one thickness of skin 
as well as they allow the selective measuring of epidermal or 
dermal thickness without any other tissues. All of these meth-
ods are capable of detecting skin atrophy induced by a potent 
topical GC. For both research purposes and clinical evalua-
tion, measurement of GC-induced skin barrier impairment is 
frequently applied. Here, evaporimetry is used to demonstrate 
transepidermal water loss. Stratum corneum lipid assessment 
is used to demonstrate reduction of ceramides, cholesterol or 
free fatty acids.6 All in all, measurements for atrophogenicity 
in humans are burdensome and time-consuming, sometimes 
requiring 6 weeks of occlusive exposure.50

Concluding Remarks

Insight into the molecular mechanisms of GR-mediated 
actions stimulated the development of novel GR ligands with 
an improved TIX. It seems particular promising to exploit 
different molecular mechanisms that are assumed to underlie 
anti-inflammation and side effects including atrophy, as by the 
concept of selective glucocorticoid receptor agonists (SEGRA).18 
Further progress in understanding the molecular mechanisms 
of GC-induced skin atrophy and establishment and validation 
of novel models for determining the atrophogenic potential will 
further support such important developments.

The effects of GCs on skin have been investigated for over 
30 years and are showing a reduced proliferation of GR target 
cells, fibroblasts and keratinocytes and a disturbed metabolism 
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