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Extra-adrenal glucocorticoid synthesis at epithelial barriers
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Abstract

Epithelial barriers play an important role in the exchange of nutrients, gases, and other signals between our body and the
outside world. However, they protect it also from invasion by potential pathogens. Defective epithelial barriers and
associated overshooting immune responses are the basis of many different inflammatory disorders of the skin, the lung, and
the intestinal mucosa. The anti-inflammatory activity of glucocorticoids has been efficiently used for the treatment of these
diseases. Interestingly, epithelia in these tissues are also a rich source of endogenous glucocorticoids, suggesting that local
glucocorticoid synthesis is part of a tissue-specific regulatory circuit. In this review, we summarize current knowledge about
the extra-adrenal glucocorticoid synthesis at the epithelial barriers of the intestine, lung and the skin, and discuss their
relevance in the pathogenesis of inflammatory diseases and as therapeutic targets.

Several organs from endodermal and ectodermal origins are
geared with an epithelial layer providing a physical
separation and protection of the organ from the environ-
ment. Among them, different types of epithelia exist, such
as the mucosal epithelium in the gastrointestinal tract, the
respiratory epithelium of the lung or the keratinized strati-
fied squamous epithelium in the skin. The mucosal epithelia
in the lung and in the intestine consist of a single layer of
epithelial cells, whereas the cutaneous epithelium is struc-
tured and stratified in multiple layers with a superficial
cornified stratum. The epithelial barriers of these organs are
not only differentially structured, but also serve different
functions. While the physiological function of the intestinal
and pulmonary epithelium is the uptake and exchange of
nutrients and gases, respectively, the skin plays a crucial
role in protecting the inner parts of the body from the
environment, next to communication of the body with its
environment via sensory mechanisms. Although all three
epithelial surfaces fulfill different functions, at the front line
between our body and the outside world they are all
exposed to potential pathogen invasion. Thus, all three
epithelia also contain a complex immune system with spe-
cialized immune cell subsets in order to cope with pathogen
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invasion and associated inflammatory stress. In this respect,
all three organs are subject to a broad range of inflammatory
disorders. Specifically, combination of epithelial barrier
disruption in these organs and uncontrolled immune
responses against luminal or superficial microbiota may
result in inflammatory disorders, not only causing local
tissue-restricted damage, but affecting also other organs and
possibly the entire homeostasis of the body. Pharmacolo-
gical treatments of different inflammatory disorders of the
intestine, lung, and skin include often anti-inflammatory
agents and steroid-based applications to restore tissue and
epithelial barrier homeostasis. Steroids are, however, not
only active ingredients of anti-inflammatory drugs, but
endogenous hormones produced by various tissues. In this
review, we therefore discuss the importance of endogenous
and locally produced steroids in the lung, the intestine and
the skin, and most importantly their role in controlling
homeostatic processes at these epithelial barriers.

Glucocorticoids

In 1950, P.S. Hench, E. Kendall, and T. Reichstein were
awarded for the Nobel Prize in Physiology for the discovery
and characterization of the so-called adrenal cortical hor-
mones, which are known to this day as glucocorticoids
(GO). Since more than 50 years, GC have been extensively
used to treat a large variety of inflammatory and auto-
immune diseases, but clinical applications of GC also
included organ transplantation as well as the therapy of
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tumors, especially leukemias. The relevance of the immu-
nosuppressive effect of GC mediated by the glucocorticoid
receptor (GR) is to this day undeniable, which led to intense
search for the underlying mechanism and the relevance of
transcriptional GR targets. The GR is a member of the
nuclear receptor superfamily 3 (NR3). It mainly exerts its
action through transcriptional activation or repression of
GC-responsive genes by directly binding to positive or
negative GC response elements (GRE) in the enhancer or
promoter region of target genes. Apart from the direct
control of target genes, the GR mediates its anti-
inflammatory activity also by binding to and thereby neu-
tralizing transcription factors involved in the regulation of
inflammation, such as AP-1 or NFkB [1-4]. Next to the
direct or indirect control of gene products involved in
inflammatory processes, such as tumor necrosis factor
(TNF), IL-1B, and other pro-inflammatory cytokines, GC
may regulate inflammation also by inducing apoptosis in
immune cells, and thereby reducing their number and action
in inflammatory diseases. In this respect, GR-induced
expression of the pro-apoptotic Bcl-2 homolog Bim
(BcI2L11) and/or GR-mediated inhibition of NFkB-regu-
lated pro-survival genes appear to be critical underlying
mechanisms [5, 6]. Since the discovery of the adrenal GC,
several synthetic and highly potent GC for the treatment of
inflammatory diseases have been developed. Compared to
the synthetic GC, endogenous GC are known to have rather
broad effects, but to be less potent than synthetic homologs.
De novo synthesis of systemic GC is known to be locally
restricted to the adrenal cortex. Briefly, in the first step
cholesterol is transported to the inner mitochondrial mem-
brane where its side chain is cleaved by CYP11Al to
produce pregnenolone, the first precursor of all steroids
(Fig. 1). After dehydroxylation by 3p-HSD, further steps
involve hydroxylation by CYP21A2 and CYPII1BI,
encoding the final enzyme 11p-hydroxylase in the de novo
GC synthesis (Fig. 1). Furthermore, the expression of
CYP17A1 and subsequent hydroxylation at C17 of preg-
nenolone and progesterone in human enables the exclusive
synthesis of the potent GC cortisol (Fig. 1). In contrast,
activation and deactivation of circulating GC metabolites
occur through the 11p-hydroxysteroid dehydrogenase
enzymes 1 (11p-HSD1) and 2 (11p-HSD2), respectively,
which are expressed in various tissue and cell types, pro-
viding and restricting local amounts of GC at the same time
(Fig. 1). In addition to the adrenal cortex, studies of the past
2 decades revealed that several extra-adrenal tissues are
capable of autonomously producing bioactive GC. Whereas
some tissues preferentially synthesize GC de novo, others
mainly reactivate GC metabolites through an 11p-HSDI1-
dependent process. In the following chapters, we provide an
update in GC synthesis at local epithelial barriers in com-
parison to the adrenal GC synthesis.

Cytosol Cholesterol transport

StAR
LerttTrTe OMM

*
IMM

Mitochondrion

*
|

1
B Cholesterol
CYP11A1

Pregnenolone . 17a-Hydroxypregnenolone

3g-HSD

Progesterone 17a-Hydroxyprogesterone

CYP21A2 <
< 11-Deoxycortisol

11-Deoxycorticosterone
CYP11B1

\_/\_/\_/_\_/"

MWD:ID Cortisol i
B SN | / = \ / "’\.z-"-\_l_. Zi:
ke 1p- H5D1|| 1-HsD2| .

P / \ ¢J\ ,} V

./

11-Dehydrocorticosterone ™ Cortisone

Fig. 1 The glucocorticoid synthesis pathway. In the de novo glu-
cocorticoid synthesis pathway, the cholesterol transport from the outer
mitochondrial membrane (OMM) to the inner mitochondrial mem-
brane (IMM) represents the rate-limiting process and occurs via the
steroidogenic acute regulatory protein (StAR). Cholesterol is then
cleaved by the cholesterol side-chain cleavage enzyme (CYP11A1) to
pregnenolone. After dehydroxylation by the 3p-hydroxysteroid dehy-
drogenase (3f-HSD), progesterone is hydroxylated by the steroid 21-
hydroxylase (CYP21A2). With the expression of the steroid 17a-
hydroxylase (CYP17A1), human steroidogenic cells are able to pro-
duce 17a-hydroxypregnenolone and 17a-hydroxyprogesterone via the
hydroxylation of pregnenolone and progesterone, respectively. In the
final step, 11-deoxycorticosterone and/or 11-deoxycortisol are hydro-
xylated by the 11f-hydroxylase (CYP11B1) creating thereby bioactive
glucocorticoids (GC). Bioactive GC, corticosterone or cortisol, can be
inactivated by the 11p-hydroxysteroid dehydrogenase 2 (11p-HSD2)
in the cytosol to 11-dehydrocorticosterone or cortisone, respectively.
Vice versa, inactive GC metabolites can also be reactivated by 11p-
hydroxysteroid dehydrogenase 1 (118-HSD1) in the cytosol

Adrenal glucocorticoid synthesis

Endogenous GC are mainly produced in the adrenal glands
via a series of enzymatic steps from cholesterol. Adrenal
GC are released into the circulation, where they reach dis-
tant tissues and thus act systemically. Production and
secretion of adrenal GC is under the control of the central
neuroendocrine system, which is also known as the hypo-
thalamic—pituitary—adrenal (HPA) axis, representing a glo-
bal stress response system. Rapid production of adrenal-
derived GC upon inflammatory, psychological and physical
stress reactions, or through circadian rhythm-mediated
regulations, begins with the secretion of corticotropin
releasing hormone (CRH) into the hypophysial portal ves-
sels by the paraventricular nucleus (PVN) in the hypotha-
lamus [7]. Through the hypophysial portal vessels, CRH
reaches the anterior pituitary gland and binds to the G-
protein-coupled receptor CRH receptor 1 (CRH-R1) sti-
mulating thereby the production and release of the adre-
nocorticotropic hormone (ACTH), which derives from the



precursor protein proopiomelanocortin (POMC) [7]. Clas-
sically, ACTH is secreted into the circulation and binds to
the melanocortin 2 receptor (MC2R) in the Zona fasciculata
of the adrenal cortex, where it promotes the synthesis of
GC, such as cortisol (humans) and corticosterone (rodents).
In addition to the stress-induced adrenal GC response,
systemic GC synthesis lies under the control of the circa-
dian rhythm through the biological clock, which is centrally
directed by the suprachiasmatic nucleus (SCN) in the
hypothalamus [8, 9]. As extensively reviewed by Kalsbeek
et al., light/dark or day/night cycles, respectively, dictate the
circadian control of adrenal GC secretion via two different
pathways: (1) the SCN-PVN-HPA axis pathway mediated
by CRH and ACTH, and (2) the direct neural pathway via
the autonomic nervous system [10]. However, it was
described that circadian rhythm-controlled adrenal GC
secretion seems to rely on the SCN via the direct autonomic
nervous system, whereas the SCN-PVN-HPA axis path-
way seems to be more relevant for stress-induced GC
responses [10]. Importantly, the adrenal gland is also con-
sidered as a peripheral clock, which is able to orchestrate
other peripheral clocks through humoral regulation via GC
and mineralocorticoid (MC) secretion. It thereby represents
an extended arm of the central clock in the SCN and con-
tributes to synchronization of peripheral clocks by provid-
ing them a time cue. The role of circadian rhythm-
controlled adrenal GC and MC seems to be broader com-
pared to the stress response system, as it daily prepares the
system and its organs for enhanced energy supplementation
to increase the body activity in a time-dependent and light/
dark-dependent manner, respectively [10].

Compared to the circadian rhythm-controlled GC secre-
tion, the stress response system is regulated via the HPA
axis, specifically by the steering hormone ACTH, which is
able to rapidly provide adrenal GC through fast transcrip-
tional and (post)translational control of the steroidogenic
acute regulatory protein (StAR) [11, 12]. Specifically, it was
shown that in the acute response phase ACTH-mediated
activation of the cAMP/protein kinase A (PKA) signaling
pathway results in increased StAR activity, which initiates
thereby the de novo GC synthesis by transporting choles-
terol from the outer to the inner mitochondrial membrane,
representing the rate-limiting step in steroid synthesis [13]
(Fig. 1). Furthermore, a detailed review provided by Rug-
giero and Lalli [14] also describes that ACTH critically
drives the transcription of steroidogenic enzymes through
different nuclear factors, including basal and inducible
steroidogenic regulators. Worth mentioning is the ster-
oidogenic factor 1 (SF-1 and NR5A1), an orphan nuclear
receptor from the nuclear receptor 5 superfamily (NRS),
which is critically involved in the development and differ-
entiation of the adrenal glands and the gonads, but also in
the steroidogenesis of these organs through transcriptional
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regulation of steroidogenic genes, in both, the HPA and the
HPG axis [15-17]. SF-1 transcriptionally controls the
expression of several cytochrome P450 enzymes by binding
to either SF-1-binding sequences or cAMP response ele-
ments (CRE) in their promoter region [14]. By interacting
with co-repressors or co-activators, SF-1 regulates the basal
expression of StAR, CYP11Al, CYP17Al1, CYP21,
HSD3B2, CYP11B2, and CYP11BI, but also promotes
their ACTH/cAMP-induced expression and associated
adrenal steroidogenesis [14]. Next to SF-1, there are
numerous other nuclear factors, such as the CRE binding
protein (CREB), CRE modulator, or activating transcription
factor, which recognize the CRE sites and mediate cAMP/
PKA-regulated steroidogenesis. As highlighted by Ruggiero
and Lalli [14], although CREB was reported to be the main
transcription factor mediating cAMP/PKA-dependent ster-
oidogenic enzyme expression, other CRE nuclear factors
were reported to compensate each other in the absence of
another. However, for certain steroidogenic gene transcripts
different CREB members seem to be more relevant, such as
Cypl1bl in mice or CYPIIBI in humans [14, 18, 19].

Extra-adrenal glucocorticoid synthesis

Research of the last two decades revealed a number of other
organs that express all steroidogenic enzymes necessary for
de novo GC synthesis from cholesterol or GC reactivation
from inactive metabolites [20]. Various tissues, including
the thymus, the intestine, the lung and the skin, are able to
produce bioactive GCs, and there is also evidence for GC
production in the brain and the vascular system [20]. In
comparison to the adrenal glands, the overall amount of
locally produced GCs in extra-adrenal tissues may be rather
low, but the conclusion their role in regulation tissue-
specific processes is irrelevant may be deceptive since
locally produced GCs may accumulate at specific loci in
extra-adrenal tissues. Although many extra-adrenal tissues
are shown to express all the enzymes involved in de novo
GC synthesis, both pathways, GC reactivation and de novo
synthesis, seem to be differentially regulated in these ster-
oidogenic tissues. While the skin and the intestine pre-
dominantly synthesize GC de novo, the lung was shown to
preferentially reactivate corticosterone from  dehy-
drocorticosterone via an 11p-HSD1-catalyzed process [21].
In contrast, a recent study revealed that GC synthesis in
thymic epithelial cells, which plays an important role in
thymocyte development, is dependent on the 11p-hydro-
xylase-regulated de novo synthesis pathway [22].

Despite many remaining open questions regarding the
(patho)physiological role of extra-adrenal GC synthesis,
research from the last couple of years documented the
importance of epithelial barrier-derived GC in the regulation
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of local immune responses and tissue homeostasis. We,
therefore, highlight and review here the extra-adrenal GC
synthesis in the intestine, the lung and the skin, and discuss
novel concepts based on recent research in this field.

Intestine

The intestine is an endoderm-derived organ representing one
of the largest epithelial surfaces of the body. It represents a
functional barrier within the body separating the internal from
the external environment. The intestinal mucosal barrier,
which is formed by simple columnar epithelial cells, is con-
stantly challenged by luminal substances and prevents the
entry of microbes into the body. Geared with one of the fastest
cell renewals in the body the epithelium simultaneously pro-
vides barrier function and anti-microbial defense to protect
from invading pathogens while maintaining digestive and
absorptive functions. The intestinal lumen is home of a ple-
thora of diverse microbes, ranging from commensals to
pathogens. The intestinal epithelium is protected by the mucus
layer and anti-microbial substances. Furthermore, it is equip-
ped with the largest immune system in our body. Peyer’s
patches and the mesenteric lymph nodes are lymphoid tissues
harboring large numbers of protective and tolerance-inducing
immune cells, whereas other resident immune cells are dis-
tributed within the epithelium (intraepithelial lymphocytes). As
part of the digestive tract, a well-characterized function of the
intestine is the uptake of nutrients, salts and water, and the
secretion of mucus and digestive enzymes into the lumen.
More recently, the intestine has also been recognized as an
endocrine tissue [20, 23]. The intestinal epithelium expresses
all steroidogenic enzymes required for de novo synthesis of
GC and secretes functional immunoregulatory GC in response
to immunological stress [23]. Although basal levels of intest-
inal GC were shown to be rather moderate, in vivo immune
cell activation upon anti-CD3 antibody or lipopolysaccharides
(LPS) injection results in a drastic increase in local GC
synthesis (Fig. 2). These experiments revealed that activation
of both, the adaptive as well as the innate immune system is
able to trigger intestinal GC synthesis [23, 24]. While TNF o is
a pro-inflammatory cytokine with important functions in the
pathogenesis of intestinal inflammatory disorders, such as
Crohn’s disease and ulcerative colitis (UC), it seems to be also
an important trigger of intestinal GC synthesis in response to T
cell and macrophage activation [24, 25].

Regulation of intestinal glucocorticoid
synthesis

Intestinal steroidogenesis was shown to be differentially
regulated compared to other steroidogenic tissues, such as

the adrenal glands or the lung. Most pronounced differences
are found in the transcriptional regulation of tissue-specific
steroidogenesis, and the signals triggering these processes.
For example, while ACTH-induced intracellular increase in
cAMP and associated activation of PKA is an important
trigger of adrenal GC synthesis, intracellular increase of
cAMP has the opposite effect in the intestine, and inhibits
intestinal GC synthesis [26]. Furthermore, while SF-1 is the
main transcriptional driver of adrenal GC synthesis, it is
absent in the intestine, but functionally replaced by its close
homolog liver receptor homolog 1 (LRH-1) [26-28].
Interestingly, in the intestine LRH-1 appears to contribute to
the maintenance of the intestinal homeostasis via different
mechanisms. Highly expressed in the stem cell region of the
crypts, it not only regulates intestinal immune responses via
local steroidogenesis, but contributes also to the renewal of
the epithelial layer by controlling stemness, metabolism and
proliferation of progenitors cells [29]. Most recently, it has
been shown that LRH-1 also controls apoptosis resistance
of intestinal epithelial cells (IEC) [30]. This is especially
interesting as IECs are exquisitely sensitive to the
apoptosis-inducing activity of TNF, and in the intestine
LRH-1 will likely also counteract TNF-induced cell death,
yet TNF also efficiently triggers LRH-1-regulated intestinal
GC synthesis [31]. Thus, TNF critically contributes to the
induction of intestinal GC synthesis initiated upon activa-
tion of T cells by anti-T cell receptor antibodies and virus,
as well as macrophages by LPS (Fig. 2) [24, 27, 32]. In
contrast to the role of TNF in triggering adrenal GC
synthesis, this is likely a direct effect of TNF on the
intestinal epithelium, as TNF triggers steroidogenesis in
isolated intestinal crypts and immortalized IECs (Fig. 2)
[25]. Of interest, both, TNF receptor 1 and 2 seem to be
involved in TNF-mediated induction of intestinal GC
synthesis [24]. While intestinal GC synthesis strongly
depends on both, TNF and LRH-1, their mutual relationship
and interaction is currently not understood (Fig. 2). While T
cell activation- and colitis-induced intestinal GC synthesis
depends on both, TNF and LRH-1, LPS-induced macro-
phage-mediated intestinal GC synthesis requires TNF, but
not LRH-1 (Fig. 2) [24]. It is thus possibly that TNF and
LRH-1 regulate two parallel and independent pathways,
both enhancing intestinal GC synthesis.

The role of intestinal glucocorticoids in the
regulation of intestinal immune responses
and inflammatory disorders

The intestinal epithelial barrier is a major contact zone
between luminal microbes and the intestinal immune sys-
tem. Disruption of the intestinal epithelial barrier, especially
in the colon, promotes invasion of the intestinal mucosa by
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Fig. 2 Stimulation and regulation of extra-adrenal glucocorticoid
synthesis. Antigens and bacterial components, e.g., lipopolysacchar-
ides (LPS), activate immune cells via T cell receptor (TCR) or Toll-
like receptors (TLR) signaling, respectively, and induce activation of
the nuclear factor kappa-light-chain-enhancer of activated B cells
(NFxB). This result in the induction and release of inflammatory
cytokines, such as interleukin-1 (IL-1) or tumor necrosis factor (TNF).
Extra-adrenal steroidogenic epithelial cells recognize the cytokines
through specific receptors (TNFR and IL-1R). While in intestinal
epithelial cells, TNFR signaling and the nuclear receptor liver receptor
homolog 1 (LRH-1) are involved in steroidogenic enzyme expression,
skin cells mainly translate inflammatory signaling into the release of
corticotropin  releasing hormone (CRH), which induces the

microbes, and the activation of strategically distributed
intestinal and infiltrating immune cells may result not only
in host defense, but also in acute or even chronic intestinal
inflammation. Inflammatory bowel disease (IBD), such as
UC or Crohn’s Diease (CD), represents a chronic intestinal
disorder which requires a frequent treatment with anti-
inflammatory GC. Although still unclear, it is thought that
environmental factors in combination with genetic predis-
position may contribute to the pathogenesis of IBD. Recent
research has shown that LRH-1 is involved in maintaining
intestinal homeostasis through a variety of mechanisms.
With the control of the intestinal GC synthesis through the
regulation of steroidogenic enzyme expression, LRH-1 may
represent a novel target in the therapeutic treatment of IBD,
which may contribute to the “mucosal healing” (MH).
Enhancing the activity of LRH-1 possibly gives new per-
spectives in boosting local GC synthesis, next to increased
proliferation and stemness preservation of IEC to

Steroidogenic cell
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adrenocorticotropic hormone (ACTH). ACTH binds to the melano-
cortin 2 receptor (MC2R), initiates cAMP production via the adenylate
cyclase (AC) and activates the cAMP-dependent protein kinase A
(PKA), which ultimately directs the nuclear factor steroidogenic factor
1 (SF-1) or other nuclear factors (CREB and CREM ATF) to induce
steroidogenesis via cAMP response elements (CRE) in the promoter of
target genes. Activated PKA further phosphorylates StAR and
enhances cholesterol transport from the outer mitochondrial membrane
(OMM) to the inner mitochondrial membrane (IMM) to fuel the GC
synthesis in the mitochondria. Synthesized GC are released and exert
their anti-inflammatory actions via the GC receptor (GR) by inhibiting
NFxB and associated expression of pro-inflammatory cytokines

reestablish intestinal homeostasis. Considering the fact that
not only LRH-1 but also the pro-inflammatory cytokine
TNF drive intestinal GC synthesis, clinical therapies aiming
at neutralizing TNF may result in adverse effects in the
intestinal epithelium. In this regard, TNF was already
shown to induce GC synthesis in acute models of experi-
mental colitis [25]. However, further studies are required in
order to carefully evaluate the role of TNF as a trigger of
intestinal GC synthesis, especially in the context of chronic
intestinal inflammation, such as UC and CD. It is also likely
that inflammation-induced intestinal GC synthesis is fine-
tuned by moderate amounts of pro-inflammatory cytokines,
whereas overshooting levels of these cytokines may result
in the suppression of intestinal GC synthesis promoting
chronic inflammation. This possibly explains why the anti-
TNF therapy in IBD is very effective and promotes MH.
However, although in many patients MH is achieved, up to
50% of patients develop clinical relapses within 1 year [33].
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Evidence that TNF and T helper (Th) type 1 cytokines in
general are key for the induction of intestinal GC has
already been established, and future investigations will
investigate the contribution of other pro-inflammatory
cytokines in intestinal steroidogenesis. It tempting to spec-
ulate that by regulating local GC synthesis LRH-1 may not
only limit local immune responses and inflammation, but
may also drive longer lasting immune tolerance. It is well-
known that breakdown of immune tolerance is involved in
the pathogenesis of IBD, and intestinal GC seem to be
involved in maintaining intestinal barrier homeostasis via
suppressing uncontrolled immune responses. In this regard,
Bouquen et al. elegantly demonstrated that such a break-
down during UC was associated with impaired expression
of the peroxisome proliferator-activated receptor-y
(PPARY). Their study revealed that IEC from patients with
UC have decreased steroidogenic enzyme expression and
associated cortisol production, and that LRH-1 controls
PPARYy expression through GC synthesis in IEC [34]. This
study further highlighted the role of LRH-1-controlled
intestinal ~ steroidogenesis in intestinal inflammation.
Already earlier, Coste et al. provided evidence that LRH-1
is indeed an interesting therapeutic target in UC and CD, as
LRH-1 expression in IEC seems to be essential for the
homeostasis in the gastrointestinal tract [28, 30]. Overall,
these studies demonstrated that intestinal de novo GC
synthesis plays a crucial role in tissue homeostasis. Even
though basal GC activity may be low, upon tissue activation
through barrier disruption and immune cell activation IEC
are able to increase local GC synthesis drastically.

Lung

The lung has a specialized anatomy for the exchange of
gases, such as oxygen and carbon dioxide [35]. The tracheal
and bronchial mucosa consists of a pseudostratified ciliated
columnar epithelium, covered with a surface liquid for the
clearance of inhaled particles [35]. In the bronchioles, type I
epithelial cells are mostly responsible for gas exchange,
whereas type II epithelial cells secrete surfactant, important
for the surface tension of the bronchioles. In addition to its
role in respiration, the pulmonary epithelium is known to
have important functions in the activation of the innate and
adaptive immune system [36]. The complex physical barrier
provides the first line of defense against inhaled harmful
substances or microbial pathogens [36]. Activation of epi-
thelial cells ensures immediate alerting of immune cells and
thus helps to maintain a functional barrier. However, pro-
longed or chronic activation of these cells can result in
sustained airway inflammatory diseases, such as asthma
[36]. While acute and chronic inflammation of the lung is
frequently treated with GC, the lung is also a potent local

source of endogenous GC [21]. Prior to the discovery of the
lung as a steroidogenic tissue, the role of GC in lung
development has been appreciated [37, 38]. GC stimulate
the production of surfactants in type II epithelial cells, and
thus regulate the stability of bronchioles [39]. Therefore,
synthetic GC are used to accelerate lung development in
preterm neonates immediately before birth [38]. Next to
their role in lung development and differentiation, GC are
also involved in the regulation of local immune responses in
the mature lung. Already in 1999 first evidences for the
expression of steroidogenic enzymes in the mouse lung
were reported [40], and in the following years the expres-
sion of all steroidogenic enzymes necessary for the gen-
eration of corticosterone was experimentally verified [21,
41]. Importantly, in 2012 our group described for the first
time that the lung produces large amounts of GC in
response to immune cell activation, suggesting that locally
produced GC may have a similar role in the regulation of
pulmonary immune responses and inflammation, as in the
intestine [21].

Stimulation and regulation of glucocorticoid
synthesis in lung epithelial cells

The regulation of steroidogenic enzyme expression in the
lung is so far rather unexplored. Hostettler et al. showed that
in vivo immune cell activation by LPS or anti-CD3 anti-
body, or direct administration of TNF, resulted in increased
production of corticosterone in ex vivo lung cultures [21].
Interestingly, however, while immune cell stimulation
results in a strong transcriptional upregulation of steroido-
genic enzymes in the gut, only Cypllal was found to be
induced in the lung. In contrast, most steroidogenic
enzymes seem to be expressed at high basal levels and
remain constant upon immune cell activation. A major
exception is Cypllbl, an enzyme required for de novo
synthesis of GC form cholesterol, which was barely
detectable. The high-expression levels of Hsdllbl in
comparison to Cypllbl suggested that reactivation of
serum-derived dehydrocorticosterone to corticosterone is a
more prominent pathway of local GC synthesis in the lung
than de novo synthesis from cholesterol [21]. This
hypothesis is in line with the observation that adrenalecto-
mized mice were unable to produce GCs in the lung upon
anti-CD3 antibody administration [21]. Furthermore, lung
tissue was able to convert '*C-labeled dehydrocorticoster-
one to corticosterone, but not deoxycorticosterone to corti-
costerone. These findings indicate that the lung and the
intestine are both capable of producing GC, yet via different
enzymatic pathways. Interestingly, Provost and Tremblay
(2005) investigated expression levels of steroidogenic
enzymes in the lung during fetal development of mice. They



found high expression levels of the enzymes required for de
novo GC synthesis from cholesterol at gestation day (GD)
15. However, from GD 16 onwards, expression of these
enzymes gradually decreased, whereas the expression of
Hsd11bl strongly increased. These observations may par-
tially explain the results of Hostettler et al., since adult
mouse lung seems to relay on corticosterone reactivation
rather than de novo synthesis from cholesterol [21]. The
reason why the lung employs a different strategy is cur-
rently not understood. Considering the effects of TNF
administration on lung GC synthesis, it is likely that other
pro-inflammatory cytokines, e.g., IL-1p, regulate Hsd11b1
expression, and thereby promote local GC synthesis. Air-
way epithelial cells seem to sense their environment via the
expression of Toll-like receptors [36]. Their activation by
microbial products leads to the production of anti-microbial
and anti-viral peptides, as well as pro-inflammatory cyto-
kines and chemokines [36]. Especially, thymic stromal
lymphopoetin, B cell-activating factor of the TNF family,
and IL-33 (an IL-1 family member) were shown to shape a
Th 2 type response and induce IgA, IgE, and IgM pro-
duction in B cells [36]. Although the effect of these cyto-
kines is mainly pro-inflammatory, it is feasible to believe
that they may have a similar role in the induction of GC
synthesis in the lung as TNF in the intestine. The relative
absence of Cypllbl in the lung in comparison to the
intestine suggests also a different transcriptional control of
local GC synthesis. The lung expresses only low levels of
LRH-1, which are further decreased upon immune cell
activation [21]. Importantly, LRH-1 haploinsufficient mice,
which show strongly reduced intestinal GC synthesis, reveal
normal lung GC synthesis in response to anti-CD3 injec-
tion, indicating that LRH-1 has not a critical role in the
transcriptional control of lung GC synthesis [21, 27]. Given
that also SF-1 is expressed at only very low levels, it is very
likely that lung GC synthesis is controlled by yet to be
identified transcription factors [42].

The role of local glucocorticoids in the
regulation of immune responses and
inflammatory diseases of the lung

The role of GC in the control of lung development has been
studied extensively over the last decades. The discovery of
Liggins and Howie already in 1972 showing that prenatal
administration of GC reduced the severity of respiratory dis-
tress syndrome in preterm infants, has been a hallmark in
biomedical science [43, 44]. In addition to their therapeutic
use in neonatology, the anti-inflammatory actions of GC are
also widely used in the treatment of chronic inflammatory
lung diseases, such as chronic obstructive pulmonary disease
(COPD) or asthma [45]. In asthma patients, GC treatment
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results in an immediate improvement of acute symptoms,
such as gasp, sputum production, variable airflow limitation
and airway hyperresponsiveness [46]. Allergic asthma is a
Th2-driven disease, potentially caused by an interplay
between genetic and environmental factors [46]. It has been
shown that in asthma patients the epidermal barrier is dis-
rupted resulting in increased exposure to allergens and
infections [46, 47]. Moreover, in vitro studies in epithelial
cells from asthmatic patients revealed increased expression of
pro-inflammatory transcription factors, such as NFkB, AP-1,
STATI, and STAT6 [48]. Importantly, the successful appli-
cation of GC in the treatment of this disease points out the
potential immunoregulatory role endogenous GC may have in
the lung. Since GC exert their anti-inflammatory actions,
among others, via the inhibition of NFkB, AP-1, STATI, and
STATH®, it is likely that a defective local GC synthesis in the
lung may contribute to the severity of the disease due to the
lack of this potentially important negative feedback loop
mechanism. Besides direct application of GC, 11-HSD1 may
present an interesting therapeutic target in drug development
since targeting the induction or activation of 113-HSDI could
increase local GC reactivation in the lung, thereby limiting
side effects of conventional systemic GC therapies [21].

Importantly, 30% of COPD patients treated with inhaled
corticosteroids develop a resistance to the therapy [49].
Clinical studies and animal models revealed evidence for the
involvement of neutrophils, alveolar macrophages, lympho-
cytes, and mast cells in resistance development [49]. Resistant
patients display increased levels of IL-8, matrix metallo-
peptidase 9 (MMP-9), macrophage migration inhibitory fac-
tor, phosphoinositide 3-kinase & and GRf, which potentially
further contributes to sustained inflammation and tissue
destruction [49]. Increased lung inflammation is paralleled by
reduced expression and activity of the GRa. Despite recent
progress in overcoming resistance by the use of combina-
tional application of antioxidants with corticosteroids, further
research is inevitable, especially to find treatments to com-
pletely cure the disease [49]. The analysis of locally produced
GC in COPD patients could contribute to the investigation of
corticosteroid resistance and drug development. Possible
defects of local GC synthesis in COPD patients could cause
aggravation of symptoms, similar to inflammatory disorders
in the skin. However, this remains to be examined.

Skin

The skin is one of the largest organs of the human body in
terms of tissue weight. In contrast to the lung and the
intestine it develops from the ectodermal germ layer. As a
complex organ, the skin fulfills diverse and vital functions,
and it is constantly confronted with environmental chal-
lenges. It thereby protects the inner organs from
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mechanical, physical, chemical, and biological insults. The
skin is build up by different layers, the epidermis, dermis,
and hypodermis. The epidermis mainly consists of kerati-
nocytes forming the superficial stratified squamous layer,
which provides resistance against mechanical forces, such
as sloughing and abrasion, protects from damaging chemi-
cals and radiation, and from pathogens entering the body.
Additionally, the skin epithelial barrier prevents the body’s
water loss and regulates the temperature through several
skin appendages, such as hair and sweat glands. It is not
only involved in physical protection of the body, but also
recognizes harmless environmental factors and signals
through different sensation receptors converting them to
neuroendocrine signals. Processing these external, but also
internal, signals necessitates several versatile systems to
suitably respond to harmful, respiratory harmless factors. In
fact, many years of research revealed that the skin repre-
sents a local neuroendocrine system, capable of producing
different kind of neuropeptides, signaling molecules, and
hormones. Increasing evidence shows that different cellular
components of the skin, most notably keratinocytes, express
several cytochrome P450 enzymes and synthesize de novo
GC in the similar way as the adrenal glands, but indepen-
dently of them [50-54]. Keratinocytes were reported to
metabolize cholesterol to pregnenolone, indicating that the
skin is indeed able to produce steroids de novo. Of parti-
cular interest, the cellular skin components also locally
produce CRH and POMC-derivatives, such as ACTH,
which trigger their cognate receptors locally in the skin
(Fig. 2) [55-57]. Thus, the skin is regarded as an equivalent
of the systemic HPA axis, which enables the steroidogenic
organ to locally respond in a neuroendocrine way to
external and possibly also to internal stimuli. In fact, evi-
dence was provided that the skin is able to cross-talk with
the central HPA axis, suggesting the possibility that local
skin and global steroidogenesis are able to regulate each
other in a mutual way [58]. In this regard, it is still unclear
to what extent both neuroendocrine systems affect each
other, and further models are needed to reveal the potential
of the combinatorial stress response system. These studies
also raised the question regarding the role of skin-derived
GC in the regulation of inflammatory skin disorders. The
need for further in-depth investigations of this question was
also stimulated by reports on deficiency of steroidogenic
enzyme expression in skin biopsies from patients with
psoriasis or atopic dermatitis [53, 54].

Stimulation and regulation of glucocorticoid
synthesis in the skin

The characterization of skin GC synthesis and its control
has been largely dominated by the dermatopathologist

Andrzej Slominski. He and his team showed in the past that
the cutaneous GC synthesis lies under the hormonal control
of a local skin-specific HPA axis, which, in fact, was shown
to express all elements necessary to regulate local GC
synthesis. Steroidogenic enzyme expression and GC
synthesis in the skin seem to be tightly controlled by various
factors, such as POMC-derived ACTH and CRH, or pro-
inflammatory cytokines, such as IL-1f [59]. Steroidogenesis
in the skin was shown to be directly linked to the action of
CRH, which stimulates ACTH production, resulting in the
activation of a cAMP/PKA-dependent pathway (Fig. 2).
However, recent publications demonstrated that also skin
activation through ultraviolet (UV) radiation, mechanical
injury or inflammatory cytokines, such as IL-1p, can induce
cutaneous de novo GC synthesis (Fig. 2) [52, 60]. Whether
this is directly mediated through cytokine receptors on the
GC-producing target cells as in the adrenal gland, or due to
increased release of CRH and the following cAMP/PKA
pathway signaling, is not fully understood yet. However,
UV radiation was reported to induce CRH secretion in the
skin, which results in the induction of GC synthesis indi-
cating that CRH may initiate steroidogenesis. CRH release
is also associated with several skin insulting signals,
including mechanical, chemical, and immunological stress,
as it promotes the production of pro-inflammatory inflam-
matory cytokines, such as IL-6, and anti-microbial peptides
[57]. At the same time, CRH also triggers the activation of
the cAMP/PKA pathway, which results in a negative
feedback via increased de novo GC synthesis in the skin,
counteracting thereby pro-inflammatory reactions and pre-
serving the skin barrier homeostasis [57, 60]. Most notably,
all enzymes involved in the de novo GC synthesis as well as
all the elements of the HPA axis are expressed in kerati-
nocytes, indicating that cutaneous GC synthesis and its
regulation by the local skin HPA axis occurs also within the
epidermis [52, 53, 60-62]. In contrast to the adrenal GC
synthesis and the central HPA axis, the cutaneous HPA
elements, the nervous system, and the local skin immune
system are already located within the skin and in close
proximity, and are connected through its local neuroendo-
crine network. In fact, this allows an adequate response
upon stress signaling in the epithelial cells of the skin, the
cutaneous nervous system and the diverse cell subsets of the
skin immune system. As the release of signaling molecules,
neuropeptides, and hormones, such as anti-inflammatory
GC, and their target cells are all located within the same
tissue or even the same skin compartment, this further
enables regulatory mechanisms via autocrine, paracrine and
intracrine actions, uncoupling thereby the cutaneous pro-
cesses from the systemic ones. Although it was shown that
the cAMP/PKA pathway is crucial for the de novo GC
synthesis in the skin, the role of steroidogenic factors con-
trolling GC synthesis is still far less characterized. So far,



SF-1 was shown to be expressed in the skin, in specific skin
compartments as well as skin appendages [63, 64]. The
finding of SF-1 expression in the skin is consistent with the
observation that cutaneous steroidogenesis is predominantly
regulated by the cAMP/PKA signaling pathway (Fig. 2).
Thus, it is likely that SF-1, possibly together with other
nuclear factors, is orchestrating steroidogenesis in the skin.
However, further experimental studies are required to
unravel and characterize the steroidogenic regulators and to
assess their relevance in cutaneous GC synthesis. Further-
more, Slominski et al. [60] already addressed relevant dif-
ferences between the regulatory mechanisms of the adrenal
and the cutaneous GC synthesis. In this regard, CYP11A1
expression and conversion rate of cholesterol to pregneno-
lone was found to be lower in the skin. In addition, cho-
lesterol transport in the adrenal glands and gonads is
regulated by StAR. In the placenta this rate-limiting process
is operated by the metastatic lymph node 64 protein
(MLN64) [60], whereas the skin was shown to express both
StAR and MLN64 [17, 60, 61, 65]. As discussed recently,
the skin is, similar to the placenta, also deficient for the
acute response phase upon ACTH-induced cAMP/PKA
signaling pathway, which increases StAR activity and rapid
pregnenolone synthesis [60, 61]. Although the induction of
de novo steroid synthesis in the skin resembles the classical
adrenal GC synthesis, cutaneous steroidogenesis seems to
occur at a slower rate.

The reason why the skin is geared with different reg-
ulators may be explained by its diverse physiological
endocrine functions, next to the de novo production of GC.
In addition to the GC synthesis in the skin, the steroidogenic
regulators and enzymes are also involved in the production
of other hormone-like substances, for example sex steroids,
such as androgens and estrogens, or a variety of secoster-
oids and derivatives [60, 66, 67]. The overall challenges of
the transcriptional regulation of hormone production in the
skin may thus be substantially different from that in other
steroidogenic tissues, such as the adrenals and the gut.

The role of local glucocorticoids in
inflammatory skin diseases

Several inflammatory skin diseases develop in response to
unbalanced skin immune homeostasis. In this regard, skin
barrier defects and uncontrolled immune responses are
known to contribute to the pathogenesis of inflammatory
skin diseases. To date, mild-inflammatory skin diseases are
treated with emollients and other topical therapeutics for
maintaining or reestablishing the skin barrier. However,
cases with severe skin inflammation and chronic features,
such as eczema and psoriasis, still require therapies using
potent anti-inflammatory drugs, such as GC or biologicals.
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This raises the question regarding the role of local cuta-
neous GC synthesis in these processes. Psoriasis, a chronic
inflammatory skin disorder with features of uncontrolled
skin inflammation involving dominant Thl and 17 type
immune responses, is regarded as an autoimmune disease,
and especially in psoriasis patients it has been shown that
therapy with steroid and biologicals against the Thl1/17
cytokines is very efficient [68, 69]. The detection of IL.-12/
IL-23 in psoriatic lesions and the characterization of their
role in skin inflammation resulted in the effective ther-
apeutic attempt to simultaneously target both cytokines by
neutralizing with anti-IL-12/IL-23p40 monoclonal anti-
bodies [70, 71]. However, Kulig et al. [71] discovered a
protective role of IL-12 in psoriatic lesions by restricting the
invasion of Vy6 ydT17 cells, and they thereby questioned
the common assumption of the primarily pro-psoriatic role
of IL-12. Next generation sequencing of murine keratino-
cyte RNA derived from naive and Aldara-treated (promotes
a psoriasis-like skin inflammation) wild type or IL-12
receptor deficient mice revealed the regulation of psoriasis-
related genes by IL-12 [71]. The expression of over 1000
genes involved in tissue structure, keratinocyte differentia-
tion, basement membrane integrity, and immune regulation
was altered between the groups, and interestingly, over 900
genes were differentially expressed when IL-12 was applied
to TNF-activated keratinocytes [71]. The affected pathways
could be involved in the regulation of the IL-23/type 17
immune response, which supports a rather anti-psoriatic role
of IL-12 [71]. It is thus tempting to speculate that IL-12
secretion by resident dendritic cells may induce de novo GC
production in neighboring keratinocytes. If IL-12 signaling
enhances GC synthesis in keratinocytes, it could be a
mechanism to limit local inflammation. Increased local GC
concentrations may reverse the T cell differentiation from
Thl to Th2, and thereby restore the homeostatic balance.
However, this hypothesis remains to be investigated
experimentally. Of interest in this regard, it has been shown
that the expression of steroidogenic enzymes involved in de
novo GC synthesis, such as StAR and CYPI1Al, is
downregulated in psoriasis skin compared to healthy skin
biopsies [53, 54]. This indicates that deficiency of de novo
synthesized GC is likely involved in pathogenesis of
inflammatory skin diseases. However, it is still unclear
whether downregulation of the GC synthesis pathway in
these inflammatory skin diseases is cause or consequence,
i.e., might be a secondary effect in response to uncontrolled
immune cell activation. Nonetheless, studies by Sevilla
et al. [72] indicate that skin GC are targeting not only skin-
resident immune cells, but also the epithelial barrier itself
[73, 74]. This was demonstrated by employing
keratinocyte-specific GR deletion in the skin [72-74].
Deficiency in keratinocyte-specific GR signaling resulted in
impaired skin development, keratinocyte differentiation and
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barrier organization [72—74]. Importantly, the epithelial GR
signaling is also involved in the complex process of wound
healing, and in addition to the GR, the MC receptor seems
to contribute to the regulation of skin homeostasis [72, 75,
76].

The cutaneous neuroendocrine system is not only cap-
able of autonomously producing GC under the control of
the local HPA-like axis, but is also able to cross-talk with
the systemic HPA axis and thereby with the adrenal GC
synthesis [58]. As already described by Slominski et al.
[60], the skin and its local neuroendocrine system are able
to react to UV radiation with increased activation of the
local HPA axis and enhanced steroidogenesis. This obser-
vation suggests that skin GC synthesis, beside the local
vitamin D synthesis, contributes to the therapeutic effects of
clinical UV-based phototherapies, and may also explain the
efficacy of phototherapies in immunosuppression and
rebuilding of the epidermal barrier homeostasis [77-79].
This is especially efficient in the treatment of inflammatory
skin disorders, such as psoriasis and sclerosis, as combi-
natorial therapies with GC, vitamin D analogs as well as
retinoids are still the mainstay in topical therapy [80-84].
They share both anti-inflammatory and anti-proliferative
effects, and are even enhancing/potentiating each other’s
action [85-87].

Thus, regulating skin homeostasis via local de novo
synthesis of GC in keratinocytes may also have more sys-
temic consequences on the status of the immune system. In
particular, autoimmune diseases of the skin affect often also
other organs, e.g., as seen in cutaneous lupus erythematosus
skin sclerosis. Thus, reestablishing the endogenous GC
synthesis in the skin not only opens a new therapeutic
possibility in the treatment of inflammatory skin diseases,
but provides also new insight into the role and mechanism
of steroidogenesis in the skin in the regulation of local and
systemic inflammation. Furthermore, it could contribute to
our understanding of other physiological processes in the
skin, such as wound healing, potentially stimulating also
novel developments in the field of tissue-engineering and
skin grafts.

De novo GC synthesis vs. reactivation from
derivatives

The availability of bioactive GC via de novo synthesis or
reactivation from decay metabolites appears to be differ-
entially regulated in different extra-adrenal tissues. In con-
trast to their embryonic stage, the mature thymus and lung
seem to rely more on 11B-HSD1-mediated GC reactivation
rather than CYP11B1-mediated de novo synthesis, whereas
the intestine and the skin appear to prefer de novo GC upon
immune cell activation [21, 88]. Intestinal GC synthesis was

shown to be regulated by LRH-1 and to be induced by pro-
inflammatory cytokines, such as TNF. Resulting de novo
GC synthesis has been associated with the control of
intestinal inflammation, as shown in different experimental
models of IBD. While de novo GC synthesis in the intestine
has been investigated in detail, considerably less is known
about the role of 11p-HSD1 in the GC synthesis in IEC, and
its relevance for the pathogenesis of IBD [89, 90]. Recently,
a transcriptome analysis demonstrated that HSD11B1
expression was found to be generally increased in inflamed
intestinal tissue of patients with CD compared to nonin-
flamed normal mucosa and healthy controls [91]. Another
study investigating the expression of 113-HSDI1 and 11p-
HSD2 enzymes in patients with IBD revealed a trend
towards higher 11B-HSDI1 expression levels in inflamed
tissue compared to non-inflamed tissue [92]. Remarkably,
this study also revealed a substantial decrease of 113-HSD2
expression in IBD tissue compared to control tissue, sug-
gesting that an increase in local GC levels may also be
obtained by limiting the GC deactivation pathway [92].
Similar results were observed by Stegk et. al. [93] demon-
strating pronounced upregulation of 11B-HSDI1 in tissue
samples from UC and CD patients, whereas 113-HSD2 was
found to be decreased. Thus, besides the important role of
de novo GC synthesis in intestinal inflammation, the local
regulation of GC reactivation and deactivation may also be
relevant and possibly underestimated. This may particularly
be of clinical relevance as the activity of steroid-based drugs
may be modulated locally in the intestinal epithelium by
inactivating and activating 11f-hydroxysteroid dehy-
drogenase enzymes.

Similar to the intestine, the skin is known to produce GC
mainly via the de novo synthesis pathway. However, recent
publications have documented that Kkeratinocytes also
express the 11B-HSDI1/2 enzyme system. Importantly,
Terao et al. have shown that 11p-HSD1/2 are involved in
various physiological processes of the skin and specifically
in keratinocytes, where these enzymes regulate cell pro-
liferation, wound healing and skin inflammation induced by
UV radiation and haptens [94-98]. Despite the cutaneous
expression of 11B-HSDI1, GC reactivation seem to play a
minor role during immune cell activation and contact
hypersensitivity (CHS), as shown by a low-dose hapten-
induced CHS in a mouse model with keratinocyte-specific
gene deletion of Hsdl1b1 [95]. However, the authors stated
that at higher hapten doses no differences between wild-
type and Hsd11b1-deficient mice were observed, suggesting
that de novo GC synthesis might play a more essential role
in inhibiting CHS reactions. It should also be considered
that the enzymes involved in de novo GC synthesis vs. GC
reactivation are differentially expressed by keratinocytes
within the epidermis. Whereas 11B-HSD1 expression is
predominantly found in supra-basal and more superficial



layer of the epidermis, Cypl1bl is predominantly expressed
by basal layer keratinocytes [52, 98].

Although skin GC de novo synthesis and reactivation has
been characterized to some detail, their respective roles in
physiological and pathophysiological processes are still not
fully understood. As described earlier, GC activation in the
skin by 11p-HSD1 seems to be involved in various cuta-
neous processes, however, its overall impact and relevance
seem to be minor as it largely depends on GC metabolite
supply from the circulation (e.g., cortisone and dehy-
drocorticosterone), whereas de novo GC synthesis seem to
be constitutive, yet inducible, tissue-autonomous and may
serve different functions in the skin by dictating prolifera-
tion and differentiation of keratinocytes, and barrier
homeostasis, thereby affecting also the adjacent nervous
and the skin immune system. Furthermore, it is still unclear
and thus speculative how much systemic inactive GC
metabolites are effectively reactivated in the epidermis, as
most of 11p-HSD1-expressing keratinocytes reside in the
supra-basal or more superficial layer, and are progressing
into differentiation stages. In contrast, keratinocyte-specific
de novo GC synthesis in the basal layer allows autocrine
and paracrine GC signaling, which also enables different
GR-mediated actions depending on the local concentrations.

Taken together, different extra-adrenal organs seem to
prefer different ways to provide their local environment
with bioactive GC as they also clearly differ in their indi-
vidual needs of GR-mediated actions. Although most of the
extra-adrenal tissue are expressing enzymes for both de
novo GC synthesis and reactivation of GC metabolites, their
preferred mechanism of generating bioactive GC seems to
depend on the local requirements and conditions.

Clinical relevance and perspectives of extra-
adrenal glucocorticoids

A detailed understanding of molecular processes in the
synthesis of endogenous GC is key to develop strategies
how to target them in pathophysiological conditions, espe-
cially in inflammatory diseases at epithelial barriers. Lately,
basic research not only investigated the synthesis of sys-
temic GC, but also brought the extra-adrenal GC synthesis
in focus. This is of importance as understanding the path-
ways of GC synthesis, and their enzymatic and transcrip-
tional control may enable us to specifically fine-tune tissue-
specific local GC synthesis, and thereby local immune
responses and inflammation (Fig. 2). Based on the findings
that 11B-HSDI1 reactivates GC, inactive synthetic GC, such
as prednisone, are now regularly used for the treatment of
patients with inflammatory diseases. The conversion of
inactive GC to their active metabolites occurs mostly in the
liver, due to its high expression of 118-HSDI1. Since the

637

broad use of prednisone in clinical therapies of various
inflammatory diseases, specific attempts in better control-
ling the release of bioactive GC have led to the so-called
“modified-release” prednisone [99—101]. Considering the
circadian rhythm and suppression of the HPA axis by
negative feedback loops, these novel modifications aim to
optimize the release of prednisone in order to minimize GC
and MC receptor-mediated side effects and to develop a
more time-controlled GC therapy [99-101]. The delayed
release of these modified GC in the gut, e.g., prednisone and
hydrocortisone, allows for example to ameliorate the typical
morning pain and joint stiffness in patients with rheumatoid
arthritis [99-101]. Interestingly, this may also help to
improve clinical symptoms of IBD patients, considering the
proposed role of 113-HSDI in the intestine of UC and CD
patients. Thus, release-modified GC could stay longer in the
intestine and may be more readily reactivated by IEC,
restricting the activation of the GR to the local environment.
Our steadily increasing knowledge of the mechanisms
controlling intestinal GC synthesis and local reactivation
may provide future opportunities in pharmacologically
exploiting the local steroidogenesis in the gut, the lung, and
the skin. Clinical therapies for inflammatory skin diseases
are equipped with a broad availability of different synthetic
and modified GC. Many of them are based on the structure
of prednisolone with different modifications in order to
facilitate the metabolism in deeper skin layers and to reduce
thereby major GC side effects. Whereas AD patients are
often treated with various GC with low to moderate
potency, such as hydrocortisone, prednicarbate, clobetasone
butyrate or mometasonfuroat, clinical therapies for patients
with psoriasis include high-potency steroids, such as clo-
betasol propionate or betamethasone. The requirement of
topical GC application seems to be quite different among
the skin disorders as it also depends on the quality of the
disease state and its clinical symptoms. This also shows that
specific targeting/enhancing de novo GC synthesis or GC
reactivation in the skin still requires functional analysis in
order to implement novel drug inventions, for example the
use of modified and epidermal-specific, inactive GC, similar
to prednisone, to drive the activity of epidermal 11p-HSDI.
On the other hand, reactivating/enhancing the enzymatic
machinery of skin GC synthesis necessitates the activation
of the cAMP/PKA pathway and its steroidogenic regulators,
which leads to the proposal of several compounds, such as
ACTH or forskolin. However, targeting these pathways
specifically in keratinocytes is still challenging and needs to
be elucidated in further investigations. While manipulating
local GC synthesis may possibly not be as effective
in suppressing inflammatory responses as high-dose sys-
temic treatment with synthetic GC, it is very likely that also
side effects of chronic GC treatment will be drastically
reduced.
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