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Abstract

The mammalian skin is a heterogeneous organ/tissue covering our body, showing regional
variations and endowed with neuroendocrine activities. The latter is represented by its ability to
produce and respond to neurotransmitters, neuropeptides, hormones and neurohormones, of which
expression and phenotypic activities can be modified by ultraviolet radiation, chemical and
physical factors, as well as by cytokines. The neuroendocrine contribution to the responses of skin
to stress is served, in part, by local synthesis of all elements of the hypothalamo-pituitary-adrenal
axis. Skin with subcutis can also be classified as a steroidogenic tissue because it expresses the
enzyme, CYP11A1, which initiates steroid synthesis by converting cholesterol to pregnenolone, as
in other steroidogenic tissues. Pregnenolone, or steroidal precursors from the circulation, are
further transformed in the skin to corticosteroids or sex hormones. Furthermore, in the skin
CYP11A1 acts on 7-dehydrocholesterol with production of 7-dehydropregnolone, which can be
further metabolized to other A7steroids, which after exposure to UVB undergo photochemical
transformation to vitamin D like compounds with a short side chain. Vitamin D and lumisterol,
produced in the skin after exposure to UVB, are also metabolized by CYP11A1 to several
hydroxyderivatives. Vitamin D hydroxyderivatives generated by action of CYP11A1 are
biologically active and are subject to further hydroxylations by CYP27B1, CYP27A1 and CP24A.
Establishment of which intermediates are produced in the epidermis in vivo and whether they
circulate on the systemic level represent a future research challenge. In summary, skin is a
neuroendocrine organ endowed with steroid/secosteroidogenic activities
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1. Skin as a sensory organ endowed with neuroendocrine activities

a) Structure and functions of the skin

The mammalian skin is a heterogeneous organ/tissue covering our body and showing
significant regional variations in its structure and functions. Adult human skin has a surface
area of approximately 2 m2, is around 2.5 mm thick, and constitutes approximately 6% of
our total bodyweight which exceeds all other organs except muscle, bone, adipose tissue and
blood systems [1-3].

Skin is a multi layered organ composed predominantly of an external stratified, non-
vascularized, epithelium (epidermis), underlying connective tissue (dermis), and the
subcutaneous adipose tissue called the hypodermis [1-3]. The skin also produces several
specialized miniorgans called appendages that include hair follicles, eccrine, sebaceous,
apocrine glands, nails and mammary glands in the breast that penetrate deeply into the
subcutaneous fat [1-6]. The human skin shows significant differences in histoarchitecture
depending on anatomical location. In addition, there are significance differences in skin
histology and physiology between humans and primates and furry animals including
laboratory mice (Figure 1) [2-6]. In the latter, terminal hair follicles cover most of the body
serving as insulating cover and as touch organs, and the histology and physiological
activities of their skin are dependent on the phase of the hair cycle [5-7].

The epidermis stratifies and is a continually keratinizing or cornifying squamous epithelium
that terminates at the muco-cutaneous junctions and consists of four major sub-layers
composed predominantly of keratin-producing keratinocytes. The basal layer of the
epidermis contains keratinocytes with stem cell-like properties and minor populations of
Merkel cells (with sensory functions) and melanocytes (melanin-producing cells at a ratio of
1:36 with keratinocytes). Above it is the suprabasal layer followed by the stratum spinosum
containing 8-10 sheets of keratinocytes with limited capacity for cell division among which
are bone marrow-derived Langerhans cells (at a ratio of 1:53 with keratinocytes) [8].
Differentiating keratinocytes form the stratum granulosum (SG) composed of 3-5 sheets of
non-dividing differentiating keratinocytes producing keratinohyalins that further
differentiate to form the stratum corneum (SC). Lipids released from lamellar granules in the
SG are probarrier lipids that are processed in extracellular spaces as the SC forms. These
lipids includes glucosyl ceramides, cholesterol, cholesterol esters, other sterols and long-
chain fatty acids, which are further metabolized or spontaneously organized into multiple
layers between the corneocytes [9-12]. The SC represents a cornified layer of 15-30 sheets
of non-viable, but biochemically-active cells called corneocytes linked by
corneodesmosomes and surrounded by lipids, playing a critical role in the barrier function of
the epidermis. This physical barrier not only protects against water loss or the harmful action
or penetration of physicochemical elements from the environment into the skin and by
association, the body, but also protects against microbial invasion by acidic pH (4.0-5.5) or
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by the presence of antimicrobial peptides and substances with antimicrobial and perhaps
antiviral activities [1, 4, 9]. The SC is also desquamating releasing metabolic by-products
and sheading corneocytes each day that may have a microbial load or be harmful to local
and systemic homeostasis elements. It must be noted that the pores of sweat glands and hair
follicles disrupt this epidermal barrier providing potential entry points for environmental
factors on one hand and serving as an exist points for secretory activity designed to protect
local homeostasis on the other [4].

The epidermis is separated from the underlying dermis by the basement membrane which
helps in defining the polarity of continuously renewing and differentiating squamous
epithelium (see above) [1-3]. The dermis consists principally of fibroblasts/fibrocytes, a
critical mesenchymal cell type which produces dense fibrous/elastic components as well as
loose proteoglycans, glycoproteins, water and hyaluronic acid, and other amorphous and
hydroscopic but biologically active molecules, altogether called the extracellular matrix
(ECM) [1-3]. There are also other mesenchymal in nature cell types including fat cells and
other surrounding structures such as vascular, neural and lymphatic systems and networks,
excretory and secretary glands (sebaceous, eccrine and apocrine glands), and keratinizing
structures including hair follicles and nails. Also, present are sensory nerve receptors of
Meissner’s corpuscles (touch), Pacinian corpuscles (pressure), Pilo-Ruffini corpuscles
(mechanoreceptors), free nerve terminals which also penetrate the epidermis and hair
follicles [1-4, 6]. Additional elements of the dermis and hypodermis are represented by non-
resident cell of hematopoietic origin contributing to the functions of the skin immune
system. Both resident and circulating dermal cells, as opposed to epidermal and adnexal
epithelial cells, are migratory cells communicating via their soluble secreted ECM
components. In general, the dermis is divided into the papillary dermis adjacent to the
basement membrane and the deeper reticular dermis adjoining subcutaneous adipose tissue/
hypodermis. The latter is composed of fat-rich connective tissue connecting the dermis to
the skeletal components and hosting the adnexal structures [13]. The thermoregulatory and
mechanical functions of the dermis and hypodermis are appreciated. Fat lobules forming the
hypodermis are separated by fibrous septae transverse rich in vasculature and play an
important function in isolation, cushion and energy storage. Furthermore, the deep and
superficial vascular beds deliver oxygen and nutritional and regulatory factors to the dermis/
hypodermis (and by diffusion to the epidermis), Also, epidermal and dermal factors can
enter the circulation for delivery to other body coordinating centers. These factors include
vitamin D, cytokines, leptin, growth factors, neuropeptides, hormones and skin specific
metabolites [4, 13, 14]. Furthermore, the extensive neural network collects information from
all components of the skin to be processed by local, spinal cord, para-and sympathetic
coordinating centers as well as by the brain, to coordinate the body’s responses as well as to
regulate homeostatic skin functions in a reciprocal manner [4, 14].

Thus, the skin functions are orchestrated through myriad divisions of labor organized via
distinct compartments, components and skin cells defined by the anatomy and histology of
the skin, which includes site-associated variations in the presence and density of skin
appendages and in epidermis and dermis thickness and functional activity. These functions,
in addition to those mentioned above, also include the activities of the epidermal and
follicular pigmentary systems protecting the skin against the damaging effects of solar
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radiation and other physicochemical stresses [15, 16], and by determining skin pigmentation
playing a role in social communication and camouflage [7]. The innate and adaptive skin
immune systems provide defense against infectious agents (viruses, rickets, bacteria, fungi
and parasites), and are also involved in the integration of the response to foreign and self-
antigens through interactions with the central immune system, or protect against cancer
development [17-19]. Adnexal (secretory in nature) structures participate in
thermoregulatory and sensory functions, regulation of electrolyte balance, release of
substances strengthening the epidermal barrier, as well as being involved in social
communication [1, 6, 9]. The latter can be achieved by secretion of pheromones, odorant
and other substances-affecting behavior. Furthermore, the skin is armed with diverse
enzymes including cytochromes P450 [20] that are involved in metabolism or activation of
hormones and prohormones or activation or inactivation of other substances of exogenous or
endogenous origin.

b) Cutaneous neuroendocrine activities

Skin functions are a critical component of survival [9, 14, 21], which requires precise
calibration of cutaneous responses and a high degree of local autonomy [14, 21]. To meet
these requirements, the skin has developed sophisticated sensory and computing systems to
differentially respond to environmental changes represented by biological, chemical, and
physical factors in order to regulate local and systemic homeostasis as presented in figure 2
and discussed extensively in [4, 14, 22]. Such responses are coordinated, at least in part by a
skin neuro-immuno-endocrine system that can calibrate adaptive mechanisms through neural
(rapid) or humoral (tardy) pathways acting at local (epidermis vs dermis vs hypodermis vs
adnexa) or systemic levels (reviewed in [4, 14, 22, 23]).

Skin or its compartments, through sophisticated communication with central nervous and
endocrine systems, also contributes to the maintenance and regulation of body homeostasis
[21, 22]. This can be achieved, by skin humoral factors entering the circulation, or local
signals activating cutaneous sensory nerve endings that than alert the brain or other
coordinating centers through spinal cord neurotransmission as originally proposed in figure
2 [14]. In addition, changes in the skin compartments induced by environmental factors or
pathological processes imprint circulating immune cells that act at distant locations as
cellular messengers of skin responses to the changes in local homeostasis (Fig. 2)[4, 14].

This sophisticated neuro-immuno-endocrine system is represented by resident and
circulating cells of the epidermis and dermis, subcutis/hypodermis and adnexal structures
expressing functionally active receptors for neurotransmitters, neuropeptides, hormones,
neurohormones and cytokines for which expression and phenotypic activity can be modified
by ultraviolet radiation, chemical and physical factors as well as by cytokines and growth
factors as extensively discussed in [4, 14, 22, 24-26]. Skin cells also produce several
hormones, neurohormones, neurotransmitters and neuropeptides (reviewed in [4, 14, 22,
27]), which is in addition to the production of vitamin D [28-30]. Thus, skin cells can
produce biogenic amines such as catecholamines [31-33] and precursors to them such as L-
tyrosine and L-DOPA [16, 34], which can also act as hormone-like bioregulators, with
melanocytes regulating their local levels and bioactivity [16, 35-37]. They also produce
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serotonin [38-41], which is further transformed to N-acetyl-serotonin and melatonin [38, 40,
42-46] defining cutaneous serotoninergic and melatoninergic systems [44, 45, 47, 48].
Melatonin is further metabolised locally through kynuric and indolic pathways to
metabolites that are biologically active [44, 45, 48-53]. Skin cells also produce
acetylcholine [54-57], histamine [58], and cannabinoids [59]. They are capable of producing
hypothalamic and pituitary hormones in a cell-type and context dependent fashion.
Examples of pituitary hormones include proopiomelanocortin (POMC) which is further
processed to ACTH, p-endorphin and MSH peptides in a skin cell type-and context-
dependent fashion [22, 60-65]. Again, skin cells can produce thyroid stimulating hormone
(TSH) [66, 67], oxytocin [68], growth hormone (GH) [69] and prolactin a manner that is
dependent on the cell lineage and cutaneous compartment [69—71]. Examples of
hypothalamic peptides include thyroid releasing hormone (TRH) [66, 72] and corticotropin
releasing hormone (CRH) [65, 73-80]. Skin cells also produce CRH-related peptides
including urocortin 1 and 2 [22, 81] and express the corresponding receptors CRH-R1 and
CRH-R2 [65, 73, 74, 82-85]. Other proteins with neurohormonal activities that are produced
by skin cells include proenkephalin and dynorphin plus intermediate and final peptide
products of their local proteolytic processing (reviewed in [86-90]), tachykinins [91, 92] and
various neurotrophins [93, 94].

There are also many other proteins/peptides with neurohormonal and neuropeptide activities
produced in the skin, as reviewed in [4, 14, 24-26, 95]. Furthermore, the skin and subcutis
produce different adipokines including leptin, adiponectin, IL-6, TNFa that act both at
systemic and local levels [13, 96]. Importantly, the skin and subcutis/hypodermis can
synthetize or activate or inactivate corticosteroids, sex hormones and their precursors as well
as produce A7 steroids/sterols and different secosteroids (reviewed in [20, 97-101]). Finally,
skin can activate and inactivate thyroid hormones (reviewed in [4]), and produces different
oxysterols and oxysteroids (reviewed in [20, 102]). Thus, the production and metabolism of
these biologically active molecules define neuroendocrine functions of the skin with local
and systemic homeostatic implications, as proposed for the first time in [14] and further
developed in [4, 22].

It must be noted that the production of neurohormones in the skin is hierarchical, which
follows the algorithms of the classical neuroendocrine axes (e.g. hypothalamic pituitary
adrenal (HPA) axis, hypothalamic-thyroid axis, serotoninergic/melatoninergic,
catecholaminergic, cholinergic, steroidogenic and secosteroidogenic systems (reviewed in
[4, 20, 22, 31, 32, 101, 103-105]). Their deregulation may lead to skin pathology and in
some cases systemic pathology. These local neuroendocrine systems may represent a record
of evolution of regulatory networks to deal with environmental pressure, which originated in
the integument and further developed into neuro-endocrine-immune systems regulating
global body homeostasis, as proposed previously [22, 106]. Accordingly, other
neuroendocrine systems may also have originated in the skin/integument, since biogenic
amines, melatonin and precursors to them (reviewed in [31, 35, 36, 45, 107]) as well as
oxysterols (reviewed in [20]), acetylcholine [31] and various neuropeptides (reviewed in [4])
can also be produced by simple organisms to deal with stress responses.
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¢) Skin equivalent of the hypothalamic-pituitary-adrenal (HPA) axis

The neuroendocrine contribution to the responses of skin to stress is served, in part, by local
synthesis of all elements of the classical HPA axis. These include CRH, urocortins POMC-
derived ACTH, a-MSH and p-endorphin, and glucocorticoids as well as their corresponding
receptors, e.g., CRHR1 and 2, melanocortin receptors (MC-Rs), opioid receptors and
glucocorticoid receptors (GRs). These are supplemented further by a cytokine network
formed by IL-1, IL-6, TNF-a, and adipokins such as leptin, adiponectin, IL-6 and TNFa. All
of these molecules are produced in the skin and hypodermis in an organized fashion
(reviewed in [4, 13, 22, 60, 82, 96, 103]). The details of cutaneous steroidogenesis will be
discussed in following subchapters, and the differences and similarities between the central
and peripheral HPA will be outlined with an emphasis on the uniqueness of this signaling
system in the skin ([22, 106]).

The original hypothesis that local skin responses to stress utilize an HPA axis homologue
[108] was based on seminal discoveries of the production of POMC and POMC peptides by
skin cells, and cutaneous expression of the CRH gene and genes coding CRH-R1, MC-2R
and crucial enzymes of steroidogenesis [60, 62, 65, 75, 108-112]. Since then, a flurry of
papers substantiated the fundamental role of the cutaneous POMC and CRH signaling
systems in the regulation of skin homeostasis and its responses to stress (reviewed in [22,
24, 58, 60, 95, 113, 114]), and substantiated the concept of the cutaneous HPA axis
(reviewed in [22, 103]).

Since all elements of the cutaneous HPA axis as well as cytokines regulating CRH and
POMC activities are produced in close proximity or even in the same cells of the skin, the
cutaneous equivalent would operate on multiple levels that would also include para-, auto-
and intracrine modes of action [4, 22]. In addition, skin cells produce an alternative ligand
for the CRHRL, urocortin 1 [81], and also express CRHR2 [60, 74, 83]. Therefore, it is
likely that the cutaneous HPA will depart at multiple levels from its central algorithm:
CRH—CRHR1—+POMC—ACTH—cortisol, in a context dependent fashion. However,
evidence for the classical HPA organization operating in the skin has already been provided
[61, 115-118](Fig. 3). The possible departures in the skin from the central organization of
the HPA axis are discussed in a recent review [22] along with its phenotypic consequences,
many of which are addressed at counteracting cutaneous stress and restricting the pro-
inflammatory activities of CRH [22, 80, 113, 119-121]. These activities include regulation
of melanin pigmentation which protects against environmental stress represented by UVR
[15, 122, 123], through direct or indirect effects on elements of the cutaneous hypothalamic-
pituitary axis [15].

2. Steroidogenic activities of the skin and subcutis

a) Principles of steroidogenesis in the human skin

Skin with its associated subcutaneous adipose tissue can be classified as a steroidogenic
tissue because it expresses the enzyme, CYP11A1 (also known as cytochrome P450scc)
[101, 109, 124-127] which initiates steroid synthesis by converting cholesterol to
pregnenolone, as in other steroidogenic tissues [99, 128, 129]. This enzyme hydroxylates

Seroids. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slominski et al.

Page 7

cholesterol at C22 followed by C20, then cleaves the side chain between C20 and C22 in a
third oxidative reaction which produces pregnenolone and isocaproic aldehyde [128-130].
As well as CYP11A1, skin also expresses the necessary electron transport chain partners,
adrenodoxin reductase and adrenodoxin [124, 125]. Adrenodoxin reductase is a FAD-
containing protein that accepts two electrons at a time from NADPH and delivers them, one
at a time, to adrenodoxin [131]. Adrenodoxin contains a Fe,S, center and is a one electron
carrier which shuttles the electrons from adrenodoxin reductase to CYP11Al. CYP11Al
requires two electrons to activate molecular oxygen for each of the three oxidative reactions
required to cleave the side chain of cholesterol [131].

The activity of CYP11A1 in the skin has been confirmed with mitochondria prepared from
immortalized keratinocytes which were shown to convert cholesterol to pregnenolone, but at
a rate only 1% of that for placental mitochondria [124]. CYP11AL1 activity has also been
demonstrated in cultured skin cells (squamous cell carcinoma, melanoma and keratinocytes)
[99, 103, 124] and immortalized sebaceous gland cells [125] where 22R-hydroxycholesterol
was converted to pregnenolone and 17a-hydroxypregnenolone, respectively. CYP11A1
expression has been detected at the mRNA or protein level in a range of skin cell types
including sebocytes [125, 132] keratinocytes, melanocytes, squamous cell carcinoma,
dermal fibroblasts and melanoma cells [124, 133].

In steroidogenic tissues such as the adrenal cortex and gonads, CYP11A1 activity is
substrate limited and the rate of cholesterol delivery to the inner mitochondrial membrane
where CYP11AL1 is bound determines the activity of the enzyme [129, 134]. This delivery of
cholesterol is mediated via the Steroidogenic Acute Regulatory Protein (StAR) and is
acutely regulated by the tropic hormones, ACTH for the adrenal cortex and LH for the
gonads, via cCAMP and other pathways [129, 134, 135]. The tropic hormones cause rapid
stimulation of the synthesis of StAR as well as its activation by phosphorylation. StAR
contains a single binding site for cholesterol and acts at the outer mitochondrial membrane
with the end result being increased delivery of cholesterol to the inner mitochondrial
membrane for metabolism by CYP11A1 [136-139]. The exact role of StAR and the
mechanism of cholesterol transfer from the outer to the inner mitochondrial membrane is
unclear. The action of StAR at the outer mitochondrial membrane appears to involve the
formation of a “transduceosome” also containing the 18 kDa outer mitochondrial membrane
translocator protein (TSPO, also a cholesterol binding protein) and the voltage-dependent
anion channel (VDAC), plus the 35 kDa mitochondrial adenine nucleotide translocator
(ANT) which is associated with the inner mitochondrial membrane [139]. It has recently
been reported that steroidogenesis is not altered in TSPO global knock-out mice, questioning
the role of this protein in the transduceosome and cholesterol transport to the inner
mitochondrial membrane [140]. Other recent studies have shown that ERK1/2 and the
catalytic subunit of protein kinase A (PKA) also associate with the outer mitochondrial
membrane [141]. Activation of ERK1/2 by PKA results in phosphorylation of StAR at
Ser232 which is necessary for its localization and retention at the outer mitochondrial
membrane required for its stimulation of steroidogenesis. Mitochondrial fusion is also
stimulated by the tropic hormones via cAMP pathways and Mitofusin 2, and influences both
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StAR mRNA levels and the localization of the active StAR protein at the outer
mitochondrial membrane [141].

In contrast to the adrenal cortex and gonads, pregnenolone synthesis by CYP11ALl in the
human placenta which contains a much lower CYP11A1 concentration, is not acutely
regulated and delivery of cholesterol appears to be mediated by metastatic lymph node 64
protein (MLNG64), also known STARD3 [128, 136]. MLNG64, like the StAR protein, belongs
to the START-domain family of lipid transfer proteins [136]. Electron transfer to CYP11A1l
determined by the concentration of adrenodoxin reductase, rather than cholesterol transport,
appears to be rate limiting for placental steroidogenesis [128, 142].

The skin which contains only a low CYP11A1 concentration, has been shown to express
both MLNG64 [143] and StAR [99, 132] providing a mechanism for cholesterol delivery to
CYP11ALl in the inner mitochondrial membrane. Unlike the adrenal cortex and gonads, but
similar to the placenta, skin appears to lack an acute response to CAMP where pregnenolone
synthesis is increased within 15 min. For example, in HaCaT keratinocytes an increase in
StAR protein and pregnenolone synthesis in response to cCAMP requires a long period of
time [99]. The StAR protein and/or MLN64 may thus serve to maintain saturating or near-
saturating cholesterol levels in the inner mitochondrial membrane for CYP11A1 activity, as
in the placenta [128], with skin steroidogenesis being chronically regulated by the levels of
one or more of the steroidogenic proteins.

In the adrenal cortex, pregnenolone can be acted on by CYP17A1 in the endoplasmic
reticulum, producing 17a-hydroxypregnenolone. This then undergoes the lyase reaction
between C17 and C20, also catalyzed by CYP17A1, to produce the inactive androgen,
dehydroepiandrosterone (DHEA) [144]. Alternatively, the pregnenolone can be converted to
progesterone by 3p-hydroxysteroid dehydrogenase (3BHSD) which oxidizes the C3 alcohol
to a ketone, and via its isomerase activity, shifts the double bond from the C5-C6 position in
the B-ring to the C4-C5 position in the A-ring. CYP17A1 can then act on the progesterone
via its 17a-hydroxylase activity to produce 17a-hydroxyprogesterone [129]. CYP17A1 does
not express appreciable lyase activity on 17a-hydroxyprogesterone so rather than being
converted to androgen, it is acted on by CYP21A2 which hydroxylates it at C21 producing
11-deoxycortisol and commits the steroid to the glucocorticoid biosynthetic pathway. Thus,
the level of 3BHSD in steroidogenic tissues plays a key role in determining whether
androgens or corticosteroids are produced. For example, the reticularis zone of the adrenal
cortex is deficient in 3HSD and produces predominantly DHEA, whereas the fasciculata
zone has abundant 3pHSD and produces mainly cortisol. The lyase activity of CYP17Al is
also stimulated by cytochrome b5, high concentrations of cytochrome P450 oxidoreductase
and phosphorylation [129, 144].

11-Deoxycortisol formed in the zona fasciculata is converted to cortisol by the action of
CYP11B1, as the final product of the glucocorticoid biosynthetic pathway. The glomerulosa
zone of the adrenal cortex is deficient in CYP17AL and thus progesterone produced in this
zone is acted on by CYP21A2 to produce 11-deoxycorticosterone and then by CYP11B2
producing aldosterone, the final product of the mineralocorticoid biosynthetic pathway [129,
145].

Seroids. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slominski et al.

Page 9

As well as expressing the genes for CYP11A1, the StAR protein and MLNG64 required to
initiate steroidgenesis, the skin expresses the additional genes required to synthesize
glucocorticoids, namely CYP17A1, CYP21A2, CYP11B1 [20, 61, 109, 146] and 3BHSD
[147, 148]. Furthermore, the glucosteroidogenic pathway has been demonstrated to occur in
skin with production of deoxycorticosteone, corticosterone, cortisol and 18-
hydroxydeoxycorticosterone being documented [61, 115-117, 149-156]. The pathways for
the synthesis of these steroids appears to be the same as those described above for the
adrenal gland [98, 99].

In the gonads, CYP17AL displays high levels of both 17a-hydroxylase and 17-20 lyase
activity ensuring that pregnenolone produced by the action of CYP11A1 is converted to
androgen, as in the zona reticularis of the adrenal cortex. However, the DHEA formed is
acted on by 3BHSD converting it to androstendione and then 17BHSD1 converts
androstendione to testosterone, the final product of the androgen biosynthetic pathway in the
Leydig cells of the testis. In the ovary, particularly the granulosa cells of the follicle, much
of the testosterone (produced by the theca cells) is converted to estradiol by CYP19A1
(aromatase)[129].

The skin can also synthesize testosterone but in sebocytes at least, most of it is derived from
circulating DHEA sulfate [157] and thus does not require CYP17A1 or CYP11ALl. This
conversion requires steroid sulfatase to produce free DHEA, 3HSD1 to convert DHEA to
androstendione and 17BHSD type 5 to convert androstendione to testosterone, all of which
are expressed in skin [132, 147, 158-160]. Testosterone synthesis by sebocytes can be
stimulated by the addition of pregnenolone [157], indicating the involvement of CYP17A1
and suggesting that some testosterone synthesis derives from endogenous cutaneous
cholesterol. This is supported by the findings of Inoue et al [126] who reported that
pregnenolone and testosterone synthesis by human epidermal keratinocytes was stimulates
by culturing the cells with exogenous cholesterol in the media. Human skin also expresses
CYP19A1 (aromatase) and thus can synthesize estrogens [126, 161], with conversion of
androstendione to estrone being demonstrated for a human skin culture system [126].

b) Novel concepts on steroidogenesis in human skin

As mentioned above, skin cells synthesize cholesterol, express the StAR protein, and
possess the functional biochemical apparatus for the synthesis of glucocorticoids, androgens,
and estrogens, which play crucial roles in the homeostasis of human skin, in addition to their
well-known effects on reproductive functions [47, 99, 126, 162-164]. StAR is a rapidly
synthesized mitochondrial phosphoprotein whose expression, activation and extinction are
mediated by PKA, as well by protein kinase C and a host of other signaling pathways that
produce both acute and chronic effects on steroidogenesis [138, 165-168]. In addition to
StAR, epidermal skin keratinocytes also express other components of the “transduceosome”
such TSPO, as well as the StAR-related protein, MLNG64 [124, 154, 169-172]. It has been
demonstrated that HaCaT cells (a human keratinocyte cell line) treated with a cAMP analog
increases StAR expression and pregnenolone synthesis over their basal levels [99, 164].
However, StAR and steroid levels, in response to cAMP signaling, were considerably lower
in HaCaT cells when compared to the responses with classical adrenal and gonadal
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steroidogenic cells. This suggests the slower onset of StAR localization to mitochondria and
rates of steroid synthesis in epidermal keratinocytes. It should be noted that expression of
StAR has been detected in sebocytes, outer root sheath of hair follicles, vascular tissues, and
eccrine sweat ducts, by RT-PCR and immunohistochemical analyses [154, 173, 174].

An overwhelming amount of evidence indicates that regulation of
glucocorticosteroidogenesis in the skin is similar to that operating in classical steroidogenic
tissues. Malfunction in skin cholesterol synthesis, involving a global reduction in steroids, is
associated with down-regulation of epidermal differentiation leading to many skin
complications and disorders [21, 22, 99, 153, 175, 176]. In keeping with this, studies have
shown that expression of StAR mRNA is decreased or absent in several inflammatory skin
diseases including psoriasis, intertigo, eczema, and atopic dermatitis, and warts (HPV
etiology), suggesting steroid biosynthesis is disrupted in these diseased conditions [99, 154,
164, 177]. Nevertheless, StAR and CYP19A1 levels have been shown to correlate with
androgen and estrogen levels in male and female skin tissues, respectively, demonstrating
the relevance of StAR and sex steroids in the homeostasis of the human skin [126]. It has
been proposed that modulation of local steroidogenic activity can serve as a therapeutic
approach for treatment of many skin conditions, including inflammatory and autoimmune
disorders which are most prevalent in geriatric populations [22, 99, 103, 178]. It is well
known that steroidogenesis decreases in aging. Thus, a central unanswered question is
whether modulation of the steroidogenic activity can serve as a therapeutic approach in
preventing a number of skin complications and diseases. Attempts have been made to
reverse the serum hormone levels of elderly individuals to younger levels employing a
number of approaches, including growth hormone, dehydroepiandrosterone, testosterone,
and androgen; however, the benefit of hormone replacement is still evolving owing to the
risk of incurring long-term side effects [179-185].

Hormone sensitive-lipase (HSL), a neutral cholesteryl ester hydrolase (NCEH), catalyzes the
hydrolysis of cholesteryl esters in steroidogenic tissues and by doing so facilitates
cholesterol availability for steroidogenesis [186-189]. It should be noted that cholesterol
used for steroidogenesis derives from a number of sources, i.e. de novo synthesis of cellular
cholesterol, lipoprotein-derived cholesteryl esters, and hydrolysis of cholesteryl esters stored
in lipid droplets. Hormonal control of HSL activity is primarily mediated by
phosphorylation of several serine residues by PKA, PKC and other signaling pathways [187,
189-191]. HSL also mediates retinyl ester hydrolysis and male sterility has been proposed to
be due to perturbed retinoid metabolism [192, 193]. It has recently been demonstrated that
HSL-dependent regulation of cAMP/PKA-induced steroidogenesis involves modulation of
liver X receptor (LXR) target genes, steroid receptor element binding protein 1c
(SREBP-1c) and ATP binding cassette transporter A1 (ABCAL), in gonadal, adrenal, and
epidermal tissues [164, 189]. Conversely, depletion of HSL attenuates the steroidogenic
response mediated by LXR agonists, demonstrating involvement of the LXR regulatory
pathway in steroidogenesis. Oxysterols act as ligands for LXRs (LXRa and LXRp) that
heterodimerize with retinoid X receptors (RXRs), eventually with retinoic acid receptors
(RARS), and regulate a number of genes involved in controlling intracellular cholesterol
trafficking, metabolism, and balance [194-197]. Retinoids (vitamin A and its derivatives;
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especially all-trans retinoic acid, atRA, and 9-cis RA), acting primarily through RARSs and
RXRs, were found to elevate HSL-mediated steroidogenesis in gonadal and HaCaT cells
[164, 198]. An increase in HSL levels was also found to increase SREBP-1c promoter
activity as well as ABCA1 protein expression, which mirrored StAR expression and steroid
synthesis in HaCaT cells. Both LXRs and ABCAL, as well as several RAR/RXR isoforms,
are expressed in keratinocytes, suggesting they play important roles in epidermal
development, differentiation, and function [102, 199, 200]. Studies have demonstrated that
heterodimerization partners of RXRs, including RARs, LXRs, peroxisome proliferator-
activated receptor, vitamin D receptors and thyroid hormone receptors play important roles
in normalizing keratinocyte differentiation, and some are used as therapeutic targets in a
number of health concerns [201-204]. LXR induces lipogenesis in skin tissues [205, 206]
and LXR activators display keratinocyte differentiation and anti-inflammatory activity [207,
208]. It is likely that HSL-LXR/RXR/RAR-ABCAL1 signaling is involved in retinoid-
mediated regulation of steroidogenesis in skin physiology and/or pathophysiology.

The therapeutic and preventive effects of retinoids in numerous skin conditions, including
premature skin aging, skin cancer prevention, squamous cell carcinoma, skin rejuvenation
and hyperpigmentation, have long been recognized [209-215]. Retinoids are widely used to
alleviate various problems, ranging from vision to reproduction to homeostasis. The
biological action of retinoids is mediated by the two families of nuclear receptors, RARs and
RXRs, each of which has three subtypes (a, f and y) with additional isoforms resulting from
alternative splicing [198, 216-218]. Both RARs and RXRs interact with multiple putative
co-regulators which results in a large array of combinatorial actions that underlie retinoid’s
pleiotropic effects. Mice lacking RARa, RARYy, RXRa, and RXR} display profound
anomalies in gonadal, adrenal, and epidermal functions, including sterility and/or embryonic
lethality [219-222]. Also, retinoid metabolism and signaling are frequently decreased with
many age-related complications and diseases [223-226]. Systemic administration of RA
reverses most reproductive and developmental blocks in vitamin A deficient (VAD) rats/
mice induced either by nutritional or genetic approaches, demonstrating that retinoid
signaling rescues reproductive defects in VAD animals [220, 222, 227]. Hormonal
imbalance, involving a global reduction in steroidogenic output, is linked to numerous
health complications together with a host of pathologies that are widespread in aging
populations. We recently demonstrated that retinoids, especially RAs, enhance the
steroidogenic potential in a number of classical and non-classical steroidogenic tissues [99,
164, 198]. It is conceivable that retinoid-mediated restoration of the steroidogenic machinery
may play an important role in a number of physiological abnormalities, including skin
complications and diseases, which are paramount to geriatric populations.

The maintenance of a well-balanced endocrine circadian rhythmicity is critical to human
health; however, a number of endocrine axes are affected as life progresses from the adult to
the elderly. The occurrence of hormone deficiencies (also called endocrinosenescence) is
constituted to be the major cause of human senescence and it is associated with numerous
complications and disabilities [228-231]. Physiological aging results in most of the
phenotypic changes observed in skin. Even so, age-related changes affect morphological and
functional properties of all endocrine glands; many are so intertwined that the reduced
function in one gland adversely affects the others [21, 99, 232]. Aging also affects POMC
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and POMC-derived peptides, especially agonists for melanocortin receptor 1 (MC1R) and
MC2R, which play key roles in skin biological systems [21, 233, 234]. Regulation of the
cutaneous steroidogenic system is important for functions of the epidermis, as well as local
immunity. Conversely, breakdown of the steroidogenic potential can lead to many skin
complications and diseases. Increasing evidence indicates that abnormal skin cholesterol
synthesis, involving a global reduction in steroids, is associated with down-regulation of
epidermal differentiation, including keratin filaments and cornified envelope components
[11, 99, 153, 235]. We recently analyzed StAR mRNA levels from de-identified formalin
fixed paraffin-embedded skin samples from men and women of various ages (14—-86 years)
obtained from various body sites, which revealed an inverse correlation between StAR
expression and age (Manna PR et al., unpublished observations). Furthermore, StAR mRNA
levels decreased gradually in skin tissues of elderly people when compared with younger
individuals. Retinoids, in particular RAs, were found to enhance/restore StAR expression
and pregnenolone synthesis in primary cultures of aged epidermal kearatinocytes. These
results suggest that retinoid signaling is capable of reversing the decline in steroid dependent
events involved in skin physiology/pathophysiology. Previous studies have shown that RA
treatment in epidermal keratinocytes inhibits telomerase activity, a feature that is important
for the induction of skin tumors/cancers [236, 237]. Retinoids regulate multiple groups of
genes, including those involved in differentiation, apoptosis, cell cycle, MAPK/ERKS, signal
transduction and lipid metabolism, which are associated with the structural integrity of the
epidermis and its appendages [231, 235, 238-240]. Accumulating evidence indicates that
RAs improve wrinkled appearance, post-inflammatory hyperpigmentation and inhibits
differentiation of keratinocytes in both mice and humans. As such, local regulation of
steroidogenic activity in epidermal keratinocytes is important for skin biological systems, as
well as skin homeostasis. Hence, therapeutic strategies involving the use of retinoids will
have benefits on restoration of many impaired physiological activities that are important for
aging in health and dignity.

3. Involvement of the steroidogenic machinery in production of novel

secosteroids

a) Derivatives of 7-dehydrocholesterol, vitamin D3 and lumisterol

Besides cholesterol, there are other known substrates for CYP11AL1 that are specific to the
skin, or that are present in skin in relatively high concentrations. 7-dehydrocholesterol
(7DHC) is an example of the latter being the final intermediate in cholesterol biosynthesis
by the Kandutsch-Russel pathway and the immediate substrate for the generation of vitamin
D3 mediated by UVB radiation [101]. 7DHC levels in the skin, like other tissues, are largely
determined by the enzyme 3B-hydroxysterol A7-reductase (DHCR7). The gene encoding this
enzyme is one of four genes that correlate with vitamin D insufficiency in genome wide
association studies [241]. Experiments, initially performed with purified CYP11A1,
demonstrated that this P450 can cleave the side chain of 7DHC to produce 7-
dehydropregnenolone (7DHP) [124, 242]. Subsequent studies showed that this occurred by
an analogous pathway to that for the conversion of cholesterol to pregnenolone, with 7DHC
being converted to 22-hydroxy-7DHC then to 20,22-dihydroxy-7DHC and finally the side
chain is cleaved between C20-C22 to produce 7DHP [243, 244]. However, unlike the
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conversion of cholesterol to pregnenolone, the intermediates of the reaction accumulate to
some extent and can be considered as minor products of the pathway. Their production has
been detected in epidermal keratinocytes isolated from pig skin and in immortalized HaCaT
cells [243]. The conversion of 7DHC to 7DHP has been shown to occur following the
addition of 7DHC to mitochondria prepared from the rat adrenal, human skin and human
placenta [243, 244].

CYP11A1 cleaves the side chain of 7DHC with slightly higher catalytic efficiency than for
cholesterol and, like cholesterol, can be transported into the mitochondria for this reaction
via StAR [124, 243, 244]. Furthermore, 7DHP is produced by epidermal keratinocytes in
culture in the absence of exogenous 7DHC [244] and is present in serum indicating that this
reaction does occur in vivo [100]. While its physiological importance remains to be
established, 7DHP has been shown to inhibit the proliferation of cultured keratinocytes,
melanocytes and leukemia cells, to stimulate the differentiation of leukemia cells and to
inhibit TGF-B-induced collagen synthesis [97, 243-245]. It can potentially be converted to
other A7-steroids in the skin by pathways analogous to those seen with pregnenolone as
substrate, with 7-dehydroprogesterone, 17-hydroxy-7DHP and 20-hydroxy-7DHP having
been identified to date [97, 244]. Furthermore, 7DHP and its hydroxyderivatives can be
converted to pregnavitamin D (pD, vitamin D with 6 carbons of the side chain removed) by
UVB irradiation [97, 124, 246-248]. These secosteroids are also known to be biologically
active, also inhibiting the proliferation of keratinocytes, normal and malignant melanocytes
and leukemia cells, stimulating the differentiation of leukemia cells and inhibiting TGF-f-
induced collagen synthesis [97, 245, 247-249]. The intermediates, 22-hydroxy-7DHC and
20,22-dihydroxy-7DHC may also be biologically active as proposed in [244], since the
corresponding intermediates of pregnenolone biosynthesis are agonists for the LXR receptor
[241] and oxysterols play an important role in epidermal barrier functions [207, 208].

Lumisterol, a photoproduct of UVB irradiation of 7DHC in skin [250] is another substrate
for CYP11A1 found from enzymatic analysis of the purified enzyme [251]. UVB irradiation
of 7DHC produces previtamin D3 which undergoes thermal isomerization to vitamin D3.
With continued UVB irradiation the broken B-ring in previtamin D3 can reform in a 98,10a-
configuration, producing lumisterol 3 which is a stereoisomer isomer of 7DHC [250, 252—
254]. Lumisterol 3 is metabolized by purified bovine CYP11A1 with a catalytic efficiency
approximately 20% of that for cholesterol metabolism, producing 22-hydroxylumisterol 3,
24-hydroxylumisterol 3 and 20,22-dihydroxylumisterol 3 as major products [251]. These
metabolites are also produced from lumisterol 3 by human CYP11A1 [251]. Some cleavage
of the side chain of 20,22-dihyrdoxylumisterol 3 does occur producing pregnalumisterol. All
these lumisterol products have also been detected following incubation of pig adrenal
mitochondria with lumisterol 3, further supporting the potential for this reaction to occur in
vivo [251]. Thus, while the physiological importance of this reaction remains to be
established, pregnalumisterol is reported to act on cultured leukemia cells, inhibiting
proliferation and stimulating differentiation [245]. Given that synthetic 1,25-
dihydroxylumisterol is also biologically active with respect to photoprotection of skin
against UV radiation [255], and synthetic hydroxyderivatives of pL are also active in cell
culture, inhibiting proliferation of keratinocytes and melanoma cells [97, 248, 256], 22-
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hydroxylumisterol 3, 24-hydroxylumisterol 3 and 20,22-dihydroxylumisterol 3 may also be
biologically active, but this remains to be studied.

Vitamin D3, produced in the skin by UVB irradiation of 7DHC, is also a substrate for
CYP11ALl. As for 7DHC, initial studies on this reaction were carried out using purified
bovine CYP11A1 and revealed that the main pathway is conversion of vitamin D3 to 20S-
hydroxyvitamin D3 ((20(OH)D3) [242, 257]. This primary and major product accumulates
but some undergoes subsequent consecutive hydroxylation to produce 20,23-
dihydroxyvitamin D3 (20,23(OH),D3) and to 17,20,23-trihydroxyvitamin D3. Other
products include 22-hydroxyvitamin D3 (22(OH)D3) 17,20-dihydroxyvitamin D3 and
20,22-hydroxyvitamin vitamin D3 (20,22(OH),D3) [258-260]. Thus, four sites of
hydroxylation of the vitamin D3 side chain have been identified, C20 (the preferred carbon),
C17, C22 and C23. It appears that there are several minor pathways where the order of
hydroxylation is different to that of the major pathway with the potential to produce 15
different products. Many of these minor products have been identified [259, 260]. It is
important to note that unlike cholesterol and 7DHC, no cleavage of the vitamin D3 side
chain occurs. This is despite the necessary precursor for cleavage, 20,22(0OH),D3, being
identified as a product of the reaction [242, 257, 259, 260].

The catalytic efficiency for the metabolism of vitamin D3 by CYP11AL1 is similar to that for
cholesterol when substrates are dissolved in 2-hydroxypropyl-p-cyclodextrin, but lower
when substrates are incorporated into the membrane of phospholipid vesicles [259]. Bovine
CYP11A1 catalyzes the hydroxylation of vitamin D3 more efficiently than human
CYP11A1[133, 259, 261]. There is strong evidence that this reaction can occur in vivo in
animals and humans. First, incubation of vitamin D3 with bovine or rat adrenal
mitochondria, or human placental mitochondria, results in the production of 20(OH)D3 and
1,20(OH),D3 (the latter resulting from CYP27B1 action on 20(OH)D3) [133, 257]. Second,
ex-utero incubation of tissue fragments of human placentae result in the production of
20(0OH)D3, 1,20(0OH),D3; 22(0OH)D3, 20,22(0H),D3, 20,23(0H),D3 and
17,20,23(0OH)3D3 [133]. Third, cultured HaCaT keratinocytes produce 20(OH)D3,
22(0OH)D3, 20,22/20,23(0H),D3 (combined peak), and 17,20,23(0OH)3D3 even when
exogenous vitamin D3 is no added, presumably from the limited D3 present in the serum
used to culture the cells [133]. Last, a hydroxyvitamin D3 metabolite with the same mass
spectrum and retention time as 20(OH)D3 has been identified in human serum [133].

The physiological importance of the metabolism of vitamin D3 by CYP11A1 in human skin
cannot be underestimated, since the products could potentially be important regulators of
skin growth, differentiation, inflammation and DNA repair (reviewed in [20, 100, 101]). The
production and release of these metabolites from the skin [133], or their production by other
steroidogenic tissues [133, 262] could result in systemic actions. These predictions are based
on extensive studies on the biological activities of the two major products, 20(OH)D3 and
20,23(0H),D3 (reviewed in [100, 101, 256]). Both of these secosteroids, as well as their 1a-
hydroxyderivatives, 22(OH)D3, 20,22(OH),D3 and other hydroxyderivatives of 20(OH)D3,
inhibit the proliferation of keratinocytes, melanocytes and melanoma cells and stimulate
keratinocyte differentiation [100, 256, 260, 263-270]. They also have antileukemic activity
[245, 270] and inhibit NF-xB activity in skin cells by stimulating the production of
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inhibitory IxBa and thus downregulating inflammation [264, 271]. The down regulation of
inflammation was further substantiated by the decrease in proinflammatory cytokines by
20(OH)D3 and 20,23(0OH),D3 [100, 272]. Importantly, 20(OH)D3 and 20,23(0H),D3
inhibit proliferation and fibrotic activity of fibroblasts both in vitro and in vivo [273]. They
act, at least in part, as biased agonists on the vitamin D receptor (VDR) displaying many, but
not all, of the effects of 1,25-dihydroxyvitamin D3 (1,250H),D3) [100, 269]. Furthermore,
they also act as reverse agonists on retinoic acid orphan receptors a an y (RORa and ),
which are expressed in all types of the skin cells [272]. The two key effects of 1,25(0H),D3
that are absent, or at least weak with 20(OH)D3 and 20,23(OH),D3, are the regulation of
serum calcium levels and the stimulation of the expression of the vitamin D-inactivating
enzyme, CYP24A1 [245, 263, 274, 275]. The lack of these properties give these products
enhanced therapeutic potential for treatment of hyperproliferative and immune disorders,
and sclerosis, compared to 1,25(0OH),D3 [245]. In vivo studies with 20(OH)D3
administration have shown its lack of calcemic activity, up to a dose of 60 pg/kg, in mice
[275]. 20(OH)D3 also reduces the symptoms of arthritis in a mouse model of the disease
[100] and reduces fibrosis in a mouse model of bleomycin-induces skin scleroderma [273].
Most recently, it has been reported to reduce the damage to DNA resulting from UV-
irradiation of mouse skin when the 20(OH)D3 was applied topically to the skin after the
irradiation [276] or when it was applied to cultured human keratinocytes and melanocytes
[277]. Whether novel CYP11A1-derived secosteroids play a similar protective role on
human skin when it is produced endogenously, is an important question which remains to be
studied [101].

b) Vitamin D2 and ergosterol

It should be noted that CYP11A1-derived metabolites of plant-derived vitamin D2 [270,
278, 279] and ergosterol [280, 281] can also play a role in the regulation of skin functions
when either applied topically or orally [100, 101]. Specifically, vitamin D2 can be
hydroxylated by CYP11A1 producing 20(OH)D2, 20,24(0OH),D2 and 17,20,24(0OH)3D2
[278, 279], with 20(OH)D2 being further hydroxylated by CYP27B1 to 1,20(0H),D2 [270].
Importantly, 20(OH)D2 and its metabolites can be produced ex-vivo by keratinocytes,
placenta, adrenal glands and colon epithelial Caco-2 cells [262]. Therefore vitamin D2
delivered either orally or topically can be activated by CYP11A1 and further modified by
CYP27B1 to exert biological activity on the skin and perhaps other organs [20, 100, 101,
262]. Importantly, 20(OH)D2 acting via the VDR is noncalcemic and nontoxic (like
20(OH)D3) at concentrations as high as 4 pg/kg [270] and can also act as a reverse agonist
on RORs [272]. While context dependent production of both hydroxy- and epoxide-
derivatives of ergosterol by purified CYP11A1 has been documented [280, 281],
determination of whether they can be produced ex-vivo or in vivo remains to be investigated.
To date production of 17,24-dihydroxyergosterol by adrenal mitochondria has been
demonstrated and this dihydroxyergosterol showed suppression of the proliferative activity
of keratinocytes and melanoma cells [280].
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4. Regulation of cutaneous and systemic steroidogenesis by skin derived
factors

a) Cutaneous neuropeptides and cytokines

As indicated above, the general principles regulating skin steroidogenesis are similar to
those operating in classical steroidogenic tissues. Thus, local steroidogenesis can be
stimulated by skin derived CRH, ACTH and other factors that enhance intracellular cAMP
[74, 99, 115-117, 132, 153, 155] and by cytokines [99, 155]. These factors can either
stimulate cutaneous steroidogenesis directly or indirectly through activation of the skin
homolog of the HPA axis as discussed above and reviewed recently [22, 98, 99]. The current
challenge is to establish whether similar regulators and mechanisms are involved in
regulation of cutaneous A7-steroidogenesis [244], lumisterol metabolism [251], and
sequential hydroxylation of vitamin D through traditional [28, 29, 282] and novel [133, 262]
metabolic pathways. With respect to A7-steroidogenesis there is good evidence that its
regulation involves cAMP dependent pathways [243], which is similar to the classical
pathway of steroidogenesis. Similar regulatory mechanisms are predicted for regulation of
local metabolism of lumisterol and CYP11A1-dependent metabolism of vitamin D3 since
these processes are dependent on CYP11A1 activity and expression of StAR or StAR-like
proteins [101, 251, 257]. An exciting area of future research is the role of locally produced
neuropeptides and cytokines in the regulation of CYP27B1, CYP27A1 and CYP24A1
activities and their role in modifying products of the novel secosteroidogenic pathways
[101].

b) Ultraviolet radiation (UVR) as regulator of cutaneous neuroendocrine activities

UVR has recently been recognized as a regulator of local steroidogenesis with its highly
energetic short wavelengths including UVC (A<280 nm) and UVB (A=280-320 nm) able to
stimulate cutaneous cortisol and/or corticosterone synthesis [118, 156, 283]. Of note, UVA
had no significant effect on local cortisol production [156, 283]. The increase in cortisol was
associated with stimulation of the expression of CRH (human skin solely), urocortin,
POMC, ACTH, MC1R, MC2R, CYP11A1, CYP11B1 and 118HSD1, and downregulation
of 11BHSD2 and glucorticoid receptor (GR) gene expression [118, 156, 283, 284]. This was
associated with corresponding changes in the levels of protein or peptide for CRH,
urocortin, POMC, ACTH, CYP11A1, 118HSD1, 11pHSD2 and GR. These results further
substantiate previous findings on the stimulatory effect of UVB on MC1, POMC and
POMC-derived peptides expression [285-287], and CRH, CRH-related peptides and CRH
receptor expression [75, 80, 84]. Similarly, studies by Tiganescu et al [288] showed that
there is increased expression of 11BHSD1 in skin samples exposed to ultraviolet radiation.
Thus, UVB not only stimulates cutaneous corticosteroidogenesis but also upregulates
positive neuroendocrine regulators of corticosteroidogenesis as well as enzymes involved in
this metabolic pathway including CYP11A1. The latter raises the challenging question on
whether UVB can also stimulate CYP11A1-mediated secosteroidogenesis.

UVB upregulation of 118HSD1 and downregulation of 113HSD?2 in the skin which favors
conversion of cortisone to cortisol, deserves special attention [118, 156]. In this context it is
important to emphasize that both enzymes are expressed in the skin and their expression
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level and activity can affect the status and functions of the epidermal and adnexal structures
and can lead to pathology when they are dysregulated [288—292]. These considerations
mandate further study of whether classical stimulators of de novo steroidogenesis have a
similar role in the regulation of 11HSD1 and 11BHSD?2 to control local cortisol levels.

¢) UVB can regulate systemic homeostasis via activation of the central HPA axis

Most recently, we tested the hypothesis that systemic responses to UVB originating in the
skin (in addition to production of vitamin D) also involve the activation of the local
(cutaneous) and systemic HPA (Figure 4) [22, 293]. We proposed that the skin would
activate the systemic HPA via neural transmission to the brain (hypothalamus) or through
skin-derived factors delivered by the circulation to act on either the hypothalamus or
pituitary [22, 23, 294]. Experimental testing on mice demonstrated that UVB stimulated
plasma levels of CRH, urocortin, 3-endorphin, ACTH and corticosterone, and increased skin
expression of urocortin, B-endorphin and corticosterone, at the gene and protein levels
(Figure 5) [293]. UVB stimulated CRH gene and protein expression in the brain that was
localized to the paraventricular nucleus of the hypothalamus. In adrenal glands it increased
MRNAs for MC2R, StAR and CYP11B1 [293]. This UVB induction of adrenal
corticosterone production was associated with stimulation of CRH in the PVN of the
hypothalamus and required an intact pituitary, since hypophysectomy abolished UVB
stimulation of plasma but not of skin corticosterone levels, and had no effect on UVB
stimulation of CRH and urocortin levels in the plasma (Fig. 6)[293]. Thus, we have
substantiated the above hypothesis [22, 23] that UVB can regulate body homeostasis
through activation of the systemic HPA [23, 293, 295]. These findings are consistent with
the well-known phenomenon of systemic immunosuppression caused by UVB [296, 297].
Furthermore, Hiramoto and collaborators demonstrated that exposure of the murine eye to
UVR leads to systemic immunomodulation [298-301] that is organ specific, and in the case
of UVB is accompanied by increases in serum levels of POMC-derive a-MSH that again
requires an intact pituitary [298]. These studies indicate that there are similarities and
differences between mechanisms of UVR signal transduction from the skin and eye to the
brain [284, 295, 301].

The above findings may have direct implications in clinical medicine, providing a rationale
for UVB-based therapy of autoimmune disorders such as rheumatoid arthritis, multiple
sclerosis, inflammatory bowel disease or scleroderma, by stimulation of endogenous
production of glucocorticoids in an organized fashion through UVB induction of the HPA
axis. Also, our recent [293] and previous findings [4] can provide a mechanistic explanation
for the phenomenon of “UVR addiction” [302, 303], because of UVR-induced increases in
B-endorphin levels in the skin and circulation [4, 293].
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Highlights
Skin as a sensory organ with neuroendocrine activities
Skin and subcutis demonstrate steroidogenic activities

Cutaneous steroidogenic machinery is involved in production of novel
secosteroids

Cutaneous and systemic steroidogenesis are regulated by skin factors and UVR
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Human Skin e

Figure 1.
Differences in the histostructure of the skin between human (A) and mouse skin at telogen

(B) and anagen VI (C) phases of the hair cycle. E: epidermis, D: dermis, HF: hair follicles:
SG: sebaceous glands, SP: panniculus carnosus.
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Figure 2. Neuroendocrinology of the skin
In response to stress, skin transmits humoral or neural signals to the central nervous,

endocrine and immune systems, or other organs in order to regulate global homeostasis.
Reprinted with permission from Endocrine Society from [14].
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Fig. 3. UVR can differentially regulate cutaneous equivalent of the HPA axis
The panel shows UVR-induced changes in in-situ expression of CRH, PC1, ACTH, $-END,

P450scc and GR (CY3-red). Double staining shows co-culture of keratinocytes and
melanocytes with the use of melanocyte-specific markers [mouse MEL-5 antibody (FITC-
green)]. The graphs show the quantitative (means + SD) comparison of the immunoreactive
signal intensity for appropriate antigens as a function of dose and/or wavelength. All viable
nuclei were counterstained with DAPI (blue). Magnification 200x (skin) and 400x (co-
culture). Reprinted with permission from American Physiology Society from [283].
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Figure 4. Skin can regulate systemic homeostasis
Production and secretion of glucocorticoids can be regulated by sequential and/or alternative

modes of action originating in the skin that depend on the nature and intensity of the
stressor. Reprinted with permission from Endocrine Society from [22].
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Figure 5. UVB stimulates the systemic HPA axis in the C57BL/6 mice
UVB stimulated expression of gene coding MC2R (a), StAR (b) and CYP11B1 (c) in

C57BI/6 adrenals, and enhanced plasma concentrations of CRH (d), Ucn (e), ACTH (f), -
END (g), and CORT (h). The statistical significance was analyzed using t-test, * p<0.05, **
p<0.01, and *** p<0.001. Reprinted with permission of Journal of Investigative
Dermatology from [284].
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Figure 6. UVB activation of the HPA axis requires an intact pituitary

The panels show UVB effect on the HPA axis in hypox (pituitary removed) and sham-hypox
(pituitary intact) C57BL6 mice. CORT levels were evaluated with ELISA and presented as
ng/mL (a). Comparison of histological evaluation between hypox and sham-hypox mouse
skin after UVB (400 mJ/cm?) exposure (b). Plasma levels of peptide CRH (c), Ucn (d),
ACTH (e) and CORT (f) after exposure of shaved back skin to UVB. Data were analyzed
using t-test, ** p<0.01, and *** p<0.001. Reprinted with permission of Journal of

Investigative Dermatology from [284].
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