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Abstract

Human skin has the ability to synthesize glucocorticoids de novo from cholesterol or from steroid

intermediates of systemic origin. By interacting with glucocorticoid receptors, they regulate skin

immune functions as well as functions and phenotype of the epidermal, dermal and adnexal

compartments. Most of the biochemical (enzyme and transporter activities) and regulatory

(neuropeptides mediated activation of cAMP and protein kinase A dependent pathways) principles

of steroidogenesis in the skin are similar to those operating in classical steroidogenic organs.

However, there are also significant differences determined by the close proximity of synthesis and

action (even within the same cells) allowing para-, auto- or intracrine modes of regulation. We

also propose that ultraviolet light B (UVB) can regulate the availability of 7-dehydrocholesterol

for transformation to cholesterol with its further metabolism to steroids, oxysterols or Δ7 steroids,

because of its transformation to vitamin D3. In addition, UVB can rearrange locally produced Δ7

steroids to the corresponding secosteroids with a short- or no-side chain. Thus, different

mechanisms of regulation occur in the skin that can be either stochastic or structuralized. We

propose that local glucocorticosteroidogenic systems and their regulators, in concert with cognate

receptors operate to stabilize skin homeostasis and prevent or attenuate skin pathology.
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Introduction

Skin functions involve barrier function, thermo- and electrolyte regulation, insulation,

absorption of chemicals and production and inactivation of various factors (1–11). The

maintenance of local homeostasis is achieved through close interaction of epidermal (10,12),

adnexal (13–15), pigmentary (16,17), local immune (18,19), fibroblastic, vascular, adipose

and neural systems (20,21), of which either stochastic or organized activities are determined

by the cell type and differentiation level, and the local context determined by spatial location

(11). As the involvement of the skin neuroendocrine system in the regulation of local

homeostasis is appreciated (8,11,22), a similar role for the cutaneous

glucocorticoisteroidogenis deserves special consideration (5,7).

General principles of glucocorticosteroidogenesis and mechanisms

regulating it

Synthesis of all steroid hormones (corticosteroids, progesterone, androgens and oestrogens)

starts with production of pregnenolone from cholesterol through its side chain cleavage

catalysed by CYP 11A1, an obligatory enzyme of the pathway (Figs 1 and 2) (23–27).

Pregnenolone is then modified by a tissue specific set of steroidogenic enzymes to produce

corticosteroids, progesterone, androgens and oestrogens. Glucocorticoids (GC) are produced

through a concerted and context-dependent action of CYP17A1, CYP21A2, CYP11B1 and

3β-HSD2, which are subject to central and local hormonal regulation (23,25,28–30). The

major pathways of inactivation and activation of cortisol include the enzymes 11β-HSD2

and 11β-HSD1 (23). The detailed description of biochemical principles and regulatory

mechanisms governing glucocorticosteroidogenesis is in the Data S1.

Glucocorticosteroidogenesis in the skin

Description of the pathway

Besides the very active and well-characterized steroidogenic organs comprising the adrenal

cortex, ovary, testis and placenta, a number of other cells and tissues are capable of de novo

steroid synthesis from cholesterol, defining them as steroidogenic (5,7,23,28,31,32). These

tissues include the brain, gut, heart, prostate, thymus, immune system and skin.

Corticosteroidogenesis in these tissues is relatively low and may also include metabolic

transformations of steroid intermediates (progesterone, 17α-hydroxyprogesterone) from

other tissues, or activation of biologically inactive precursors. The steroid products likely

play paracrine, autocrine and perhaps even intracrine roles, rather than an endocrine role

(5,7). The pathways for corticosteroid synthesis in the skin are almost identical to the

adrenal cortex as detailed in Fig. 2 (5,23). Specifically, human skin expresses CYP11A11,

3β-HSD, CPY17A1, CYP21A2 and CYP11B1, and produces corticosterone and cortisol

(33–43). It expresses steroidogenic acute regulatory protein (StAR), and StAR-related lipid
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transfer protein (STARD3; also called metastatic lymph node 64, MLN64) that are required

for cholesterol transport into mitochondria necessary for de novo steroidogenesis from

cholesterol (5,28,35,41). The glucocorticosteroidogenic activity has been detected in

epidermal and follicular keratinocytes, melanocytes and dermal fibroblasts (36–42), as well

as in melanoma cells (7,34) cultured in vitro. Local levels of cholesterol and steroids can

also be regulated by steroid sulphatase, which catalyses transformation of sulphated

cholesterol or steroids to non-sulphated biologically active compounds or their precursors

(44,45). Skin cells express 11β-HSD1 and 11β-HSD2 that transform cortisol to cortisone and

vice versa, respectively (42,46), permitting rapid activation or inactivation of GC in the skin.

Rodent skin expresses CYP11A1 (35) and has the ability to produce corticosterone (47,48).

It should be noted that production of corticosteroids is context and cell type dependent. For

example, under standard conditions of culture of HaCaT keratinocytes, evaluation of cortisol

and corticosterone production requires sensitive methods because of the abundance of

several other steroids that are easily detectable by less sensitive methods (49). On the other

hand, high production of corticosterone was observed in melanoma cells, with the rate of

synthesis from progesterone or deoxycorticosterone being even higher than in an

immortalized adrenocortical cell line (34).

There are also differences between human skin and the major or even secondary

steroidogenic tissues (Fig. 2). Specifically, the highest body concentration of 7-

dehydrocholesterol (7DHC), the precursor to cholesterol, is in the epidermis. After exposure

to ultraviolet light B (UVB) solar radiation, 7DHC undergoes transformation to vitamin D3

or lumi- and tachysterol, depending on the energy of the UVB (50,51). Vitamin D3 can be

activated locally in the epidermis through the sequential action of 25-hydroxylase

(CYP27A1 and CYP2R1) and 1α-hydroxylase (CYP27B1), to the biologically active 1,25-

diydroxyvitamin D3 (1,25(OH)2D3 (51). Thus, UVB can determine the cholesterol

availability for local production of either steroids or oxysterols, which are modulators of

cholesterol synthesis and metabolism (7). Furthermore, CYP11A1 has a higher catalytic

efficiency with 7DHC as substrate than with cholesterol, indicating that 7DHC can be used

preferentially (35). In fact, we and others have elucidated the following pathway for the

metabolism of 7DHC by CYP11A1: 7DHC→22-hydroxy-7DHC → 20,22-dihydroxy-7DHC

→ 7-dehydropregnenolone (7DHP) (35,52), which can operate in vivo in epidermal

keratinocytes (53,54). 7DHP can be further hydroxylated by steroidogenic enzymes

expressed in the skin to produce Δ7-steroids (35,53,54), which are characteristic of the

Smith-Lemli-Optiz (SLOS) syndrome (55). These are biologically active on skin cells and

can be phototransformed to the corresponding secosteroids that are also biologically active

(6,54,56–58). Thus, in the skin, the activity of 7-dehydrocholesterol reductase (Δ7-

reductase) determines whether cholesterol-derived or 7DHC-derived Δ7-steroids are

produced, and thus the amount of unsaturated B-ring steroids available for photochemical

transformation on exposure to the UVB. For the corresponding schemes outlining these

novel pathways, we refer to the following papers (6,7,53).

The skin expresses the genes encoding 7-hydroxylases that can hydroxylate steroids and

cholesterol at either the 7α- or 7β-positions (7). Because non-enzymatic oxidation of the B

ring in sterols and steroids appears to be conserved in evolution (59,60), it is likely that such
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process can occur in the skin under oxidative conditions, perhaps induced by UVR.

Although 7α-hydroxysteroids are converted to 7β-hydroxysteroids through enzymatic

reactions (61–67), oxidative stress-induced non-enzymatic conversions between 7α-

hydroxy- and 7-oxo-intermediates, and 7β-hydroxy metabolites (59,60), are also possible in

the skin following oxidative stress (59,60). Interestingly, 7DHC may also be a substrate for

oxidation by CYP7A1, which would lead to production of 7-ketocholesterol, which is toxic

in the liver and is a major oxysterol in human atherosclerotic plaques and photodamaged rat

retina (68). In relation to other oxysterols, local production of 25-, 26- or 27-

hydroxycholesterol or 25-, 26- or 27-hydroxy-7DHC should be considered because of

cutaneous expression of CYP27A1, which can produce in the liver 25-hydroxy and 26/27-

hydroxy7DHC (69). This is in addition to production of 22-hydroxy- or 20,22-dihydroxy-

cholesterol or 22-hydroxy- or 20,22-dihydroxy-7DHC, because of the expression of

CYP11A1 in skin cells (53,54). Production of 20-hydroxycholesterol is also possible, as it

was clearly detected in the brain and placenta (70).

Skin also is a recognized site of androgen and oestrogens synthesis and metabolism

(5,14,71,72) being the main, if not sole, body producent of oestrogen in postmenopausal

women (73). This topic is covered by several extensive reviews and therefore not further

discussed in this viewpoint (5,14,71,72).

Regulation of glucocorticosteroidogenesis in the skin

The general principles regulating local glucocorticosteroidogenesis are similar to those

operating in classical steroidogenic tissues (see Data S1). Briefly, in skin cells,

corticosteroid synthesis is stimulated by corticotropin releasing hormone (CRH), ACTH,

cAMP and cytokines (36–40,42). Furthermore, human skin expresses CRH, CRH receptors

and proopiomelanocortin (POMC) with the entire machinery necessary to produce the final

regulatory peptides including ACTH, α-MSH and β-endorphin, and also expresses the

corresponding receptors including MC2R [reviewed in (11,22,74)]. There is evidence that

stimulation of cutaneous corticosteroidogenesis can occur via this skin homologue of the

HPA axis which is dependent on the functional activity of CRH receptor type 1 (CRH-R1)

and expression and processing of POMC (36–38). The stimulation of cortisol synthesis by

IL-1 (42) is intriguing because IL-1 serves as a local signal of skin injury. It is possible that

IL-1 may stimulate corticosteroidogenesis indirectly, through upregulation of CRH or

POMC peptides or by itself, which has been described in the adrenals [reviewed in (22)].

For CRH, in addition to indirectly stimulating local corticosteroidogenesis, it can also

directly stimulate it because it increases cAMP (75), and a similar direct action of CRH on

adrenocortical cells has been reported [reviewed in (22)]. The same tissue location of all

elements of the HPA axis and of cytokine production provide a background for multiple

levels of regulation of local steroidogenesis through direct or indirect mechanisms, which

would be impossible at a systemic level because of anatomical separation of the immune

system, hypothalamus, pituitary and adrenals (76). An additional mechanism of regulation

involves the activation or inactivation of glucocorticosteroids by locally expressed 11b-

hydroxysteroid dehydrogenase type1 (11β-HSD1) and 11β-HSD2 (40,42,46,77). Thus,

different regulatory circuits (direct or indirect involving HPA organization) could operate in

the skin, some of which could even bypass MC2R (via stimulation of cAMP in skin cells),
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all acting in concert to regulate local steroidogenesis [reviewed in

(5,7,11,22,38,40,42,78,79)].

There is a shortage of information concerning inhibitory feedback of GC on the CRH and

POMC signalling system. However, inhibition of POMC and CRH expression by

dexamethasone was documented in mouse skin and cultured human skin cells, respectively

(80,81). Nevertheless, detailed studies have to be performed to dissect which circuits are

inhibited by GC and which are resistant to it, as described for some peripheral organs

[reviewed in (22)]. It must be noted that GC are potent inhibitors of proinflammatory

cytokines production in the skin, including IL-1.

An additional important factor that directly affects steroidogenesis in the skin but not in

internal organs is UVR. Specifically, short wavelengths of UVR (UVB and UVC) but not

UVA, stimulate cortisol and corticosterone synthesis in mammalian skin (46,48,82), which

is associated with upregulation of CRH, POMC, ACTH, MC1R, MC2R, CYP11A1,

CYP11B1 (human but not mouse skin) and 11β-HSD1, and downregulation of 11β-HSD2

(46,82). Thus, highly energetic short wavelengths of UVR are necessary to stimulate

corticosteroidogenesis. How this UVB-induced corticosteroidogenesis is regulated is still

unclear. However, it is likely that one mechanism would involve activation of local elements

of the HPA axis (CRH, urocortin or POMC peptides) to stimulate cortisol production (78).

Also, UVB-induced POMC expression has been shown to be dependent on activation of

CRH-R1 (83). An additional mechanism could involve changes in the NADPH/NADP+ ratio

determined by the activity of hexose-6-phosphate dehydrogenase and the pentose phosphate

pathway, which would dictate whether 11β-HSD1 operates as a reductase, converting

cortisone to cortisol.

Oxysterols act as ligands for liver X receptors (LXRα and LXRβ), members of the nuclear

receptor superfamily of transcription factors. Potent ligands for LXR include the

intermediates in the conversion of cholesterol to pregnenolone by CYP11A1, particularly

22R-hydroxycholesterol (84). LXR ligands such as 20-, 25-, 26- and 27-hydroxycholesterol

have been shown to be involved in the stimulation of StAR expression and steroid biosyn-

thesis in different steroidogenic cell models (85–88). Induction of LXR-regulated

steroidogenesis is mediated by an LXR responsive element in the StAR promoter (87,88).

Oxysterols and LXRs are expressed in skin keratinocytes, where they play important roles in

epidermal development, differentiation and function (89–91). LXR heterodimerizes with

retinoid A receptors (RARs) and retinoid X receptors (RXRs), and has been shown to

regulate the transcription of a number of genes involved in cholesterol utilization and

metabolism, including sterol regulatory element-binding protein 1c (SREBP-1c), ATP-

binding cassette transporter 1 (ABCA1) and StAR (87,92,93). In support of this, an increase

in hormone-sensitive lipase (HSL) has recently been shown to be correlated with the

expression of LXR-regulated genes, SREBP-1c and ABCA1 in gonadal and adrenal cells

(88). Noteworthy, HSL is a multifunctional lipase that catalyses the hydrolysis of

cholesteryl- as well as retinyl-esters; thus, it facilitates cholesterol accessibility for

steroidogenesis. Both RARs and RXRs mediate the biological action of retinoids that exert a

wide range of effects on development, differentiation and epidermal homeostasis (94–96).

Importantly, the therapeutic and preventive effects of retinoids in numerous skin disorders,
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including epithelial tumors, premature skin ageing, skin cancer prevention and cutaneous

squamous cell carcinoma (SCC) have long been recognized (94,97,98). Recently, it has been

reported that regulation of steroid biosynthesis involves cooperation/interaction between

LXR and RAR/RXR signalling (88). Furthermore, activation of LXR has been shown to

induce lipid accumulation and inflammation in HaCaT skin keratinocytes, suggesting that

agents that regulate the LXR-RAR/RXR heterodimer could be used as therapeutic targets for

the treatment of skin ageing and inflammatory diseases (99–101). LXR activators also play

important roles in keratinocyte differentiation and anti-inflamma-tory activity (102,103). It

has been shown that expression of SREBP-1c mRNA increases during differentiation of

HaCaT cells, demonstrating that LXR influences epidermal barrier function and keratinocyte

differentiation (104). This suggests that oxysterols are capable of influencing steroidogensis

in skin tissues; however, a role of HSL in the regulation of cutaneous steroidogenesis

remains unknown. We recently observed that overexpression of HSL increased the

efficacies of LXR ligands in StAR expression and steroid synthesis in gonadal and HaCaT

cells, suggesting HSL-mediated steroidogenesis entails enhanced oxysterol production [(88);

P. R. Manna unpublished observations]. Identification of LXR ligand(s) and its correlation

with genomic and non-genomic effects of GC may have significant biological and clinical

impact in the context of pertinent dermatological treatments.

Mechanism of action of GC in the skin

Glucocorticoids exert their physiological and pharmacological actions through the GC

receptor (GR), a ligand-dependent transcription factor that mediates most of the known

biological effects of GCs (11,32,105,106). A large variety of synthetic GC derivatives are

widely used therapeutic agents for treating numerous skin immune and inflammatory

diseases. GCs bind and activate the GR which is expressed as two major and well-

characterized iso-forms, GRα and GRβ, produced by alternative splicing. In humans and

mice, each of the GRα and GRβ splice isoforms has at least eight translational variants that

display diverse cytoplasm-to-nucleus trafficking patterns and discrete transcriptional

activities (105,107,108). The abundance and functional relevance of these translational

isoforms uniquely differ in tissue- and cell-specific manners and show differential sensitivity

to GCc. Both GRα and GRβ are ubiquitously expressed in all organs and tissues, including

skin. Whereas the former is the predominant isoform that binds GCs, the latter does not bind

endogenous or synthetic ligands.

The mechanisms by which GCs modulate gene expression are conventionally referred to as

transactivation (direct interaction between the GR and the GRE) and transrepression

(independent of DNA binding) (Fig. 3, and see Data S1). Whereas the former action of GR

is known to be linked to certain adverse side effects (most notably skin atrophy), the later

function has been ascribed to its anti-inflammatory action (11,32,109,110). It is noteworthy,

however, that genomic effects of GR in skin are also mediated by monomers and trimers.

Given its pleiotropic effects in many vital organs, GR is essential for survival and plays an

important role in skin homeostasis and epidermal barrier competence. GR is also required

for proper skin development, as demonstrated by the analysis of genetically modified mice

with gain and loss of function (111–113). Mice lacking GR display incomplete epidermal

stratification and abnormal keratinocyte differentiation, resulting in a defective skin barrier
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(110,114). Multiple signalling pathways such as PKA, PKC, MAPK and PI3K mediate the

action of GR in a variety of tissues (115,116).

Notably, non-genomic effects of GR and other steroid hormones are well known, and it is

conceivable that GR action in skin is influenced, either individually or in combination, with

MR, androgen, oestrogen and progesterone receptors, all present in skin tissues. Most

recently, evidence for non-genomic signalling by GC in skin cells has been provided (116).

There is a shortage of information on the regulation of GR expression in the skin; however,

recent data have shown that both UVB and UVC, but not UVA, inhibit the expression of GR

in the human skin (46,82). Hence, it is conceivable that an epidermal mechanism is involved

in attenuating the long-term immunosuppression of cortisol through downregulation of its

receptor. In many autoimmune skin disorders, GC resistance has been shown to be

associated with a qualitative or quantitative deficiency in GR activity. Additional studies are

necessary to elucidate the regulatory mechanisms of GRα and GRβ expressions and activity

in the context of clinical significance.

The local glucocorticosteroidogenic system secures skin functions and its

integrity

Evidence is accumulating that deregulation of local glucocorticosteroidogeneis contributes

significantly to skin pathology including inflammatory and autoimmune disorders, and

carcinogenesis. First, expression of StAR mRNA is decreased in the skin of psoriatic and

atopic dermatitis patients (40,41,117). Furthermore, the coiled-coil α-helical rod protein 1

(CCHCR1), which is involved in skin steroidogenesis, localizes with StAR, and CCHCR1 is

downregulated in psoriatic keratinocytes (118). The expression of StAR mRNA is aberrant

in several additional skin pathologies, including eczema, intertrigo and seborrheic keratosis,

indicating that acute steroid synthesis is disrupted in these conditions (5,7). In addition,

StAR expression decreases in skin tissues of ageing populations (47–83 years) of both men

and women when compared with young (14–29 years) individuals (P. R. Manna et al.,

unpublished observations). Also, reduced production or improper inactivation/activation of

GC can lead to hyperproliferative benign and malignant skin disorders including basal and

SCC (7,119). It is known that elderly individuals are more prone to numerous skin

conditions, including thinning, dryness, hair loss and propensity to blister. These data

indicate that deterioration of cutaneous steroidogenesis is responsible, at least in part, for

these skin abnormalities. Therefore, it is plausible that restoration and/or modulation of the

skin steroidogenic activity may potentially rescue and/or delay the ageing process. This is

supported by studies with genetically modified mice with gain and loss of function of GR

which demonstrate its requirement for proper skin development, normal keratinocyte

differentiation and formation of a proper skin barrier (110–114). Also, synthetic GC are

widely used for treating numerous skin diseases that require anti-inflammatory activity and

immunosuppression (11,110,116,120,121). Furthermore, in wound healing, the initial

proinflammatory response is controlled by GC, with acceleration of wound closure

occurring when their levels are reduced (42,122).
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Finally, UVB and UVC exposure stimulate de novo cortisol/corticosterone synthesis and/or

its activation by 11β-HSD1 (46,48,82), which is accompanied by significant downregulation

of GR in the epidermis (46). This paradoxical disconnection between signalling molecules

and the receptor target should help in preserving skin integrity. Thus, the local accumulation

of cortisol/corticosterone would generate a protective field against incoming immune cells

that would mount an autoimmune response against epidermal antigens released through the

action of UVR, providing protection against autorejection of the epidermis. Downregulation

of GR in the epidermal keratinocytes would protect the epidermis from glucocorticoid-

induced atrophy and allow its regeneration. Thus, in addition to attenuating or preventing

cutaneous pathology, the local corticosteroidogenic system would preserve the skin integrity

through sophisticated regulatory mechanisms.

Conclusions and perspectives

In the skin, all of the elements for corticosteroid synthesis and its regulation, as well as

corticosteroid action, are in close proximity or even within the same cells, permitting para-,

auto- or intracrine modes of regulation. This provides a level of fluidity enabling different

mechanisms of regulation that can be either stochastic or structuralized. This is in contrast to

the systemic level where such elements are separated anatomically and structurally and

follow organized regulatory structures (HPA or HP-gonadal axes) with precise assignment

of functions to different histological layers (zona glomerulosa, fasciculata and reticularis in

adrenal cortex). An additional difference relates to the relatively high concentration of

7DHC in the epidermis and access to the UVB, which in concert with the action of

CYP11A1 or other hydroxylating enzymes, leads to alternative steroidogenic or

secosteroidogenic pathways (Fig. 2).

Thus, production and metabolism of different steroids and secosteroids in the skin that

mediate their actions via distinct nuclear hormone receptors, which themselves are the

subject to regulation by sterols, steroids and secosteroid, make future work at deciphering

the complex interactions between different signalling pathways extremely exciting, with

therapeutic implications for glucocorticoid-based therapies. In the simplest model, the

regulation of local levels of corticosteroids and the activity and availability of their cognate

receptors, is central to homeostatic prevention or attenuation of skin pathology. The

complexity of regulatory mechanisms indicates that there is no one simple pathway for

therapy, with signalling targets identifiable in a context-dependent manner

(5,7,11,22,123,124). However, the proof of the concept would require demonstrating that

deficiency of the human steroidogenic enzymes in the skin or mouse knockouts leads to

detectable changes in the skin phenotype. Such changes in phenotype are seen in defects in

steroid sulphatase (45) or 11β-HSD2−/− mice (77). A review of the literature does not reveal

any direct link between genetic deficiencies in the enzymes of glucocorticoid synthesis and

skin disorders. The major issue here is that any genetic deficiency resulting in reduced

cortisol results in increased production of POMC and ACTH in the pituitary, and one cannot

dissect the indirect effects of this (and the low cortisol) from the direct effects of the

mutation on skin steroidogenesis. Such information will require conditional skin-specific

gene knockouts to be performed. The most instructive would be the conditional CYP11A1

knockout in the skin, as this mutation at the systemic level is incompatible with survival.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The sites of modification of the steroid molecule by the steroidogenic enzymes present in

the adrenal cortex. The sites of metabolism, using the cholesterol molecule as a template, are

shown by arrows (for further details see Fig. 2). Note that the enzymes act in a specific

order, dictated by the structure of their immediate substrate. Only CYP11A1 can act on

cholesterol, cleaving six carbons from the side chain to produce pregnenolone (23,25). This

reaction involves initial hydroxylation of the side chain at C22 to produce 22R-

hydroxycholesterol, hydroxylation at C20 to produce 20R,22R-dihydroxycholesterol then

oxidative cleavage of the C20-C22 bond producing pregnenolone and isocaproic aldehyde

(25,27).
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Figure 2.
Corticosteroid synthetic pathways in the skin. Initially the B ring of 7DHC is reduced by Δ7-

reductase to produce cholesterol, which then has its side chain cleaved by CYP11A1 to

produce pregnenolone. Pregnenolone is then metabolized in a context-dependent manner by

steroidogenic enzymes to either mineralo- or glucocorticods or sex steroids. The side chain

of 7DHC is also cleaved by CYP11A1 to produce 7DHP, which can be acted on by other

steroidogenic enzymes producing Δ7 steroids (6,35,53). Furthermore, 7DHC (50), its

hydroxyderivatives and Δ7 steroids (5,6) can be transformed by ultraviolet light B (UVB) to

the corresponding secosteroids. Vitamin D3 can be activated through the classical pathway

with production of 25(OH)D3 and 1,25(OH)2D3 (50,51) or the non-classical CYP11A1-

dependent pathway, with products further modified by CYP27A1 and CYP27B1 (123,125).

In addition, similar CYP11A1-dependent metabolism of vitamin D2 was reported recently in

human epidermal keratinocytes (126).
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Figure 3.
A model illustrating the main mode of action of glucocorticoids (GC). Transactivation

involves binding of GC receptor (GR) dimers to GREs in promoter regions or introns of

responsive genes, which results in either activation or repression (for negative GREs).

Transrepression involves interaction of GR or MR monomers with activated transcription

factors via other signalling pathways.
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