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The discovery of corticotropin-releasing factor (CRF) or CRH defining the upper regulatory arm of the hypo-

thalamic-pituitary-adrenal (HPA) axis, along with the identification of the corresponding receptors (CRFRs 1 and

2), represents a milestone in our understanding of central mechanisms regulating body and local homeostasis.

We focused on the CRF-led signaling systems in the skin and offer a model for regulation of peripheral ho-

meostasis based on the interaction of CRF and the structurally related urocortins with corresponding receptors

and the resulting direct or indirect phenotypic effects that include regulation of epidermal barrier function, skin

immune, pigmentary, adnexal, and dermal functions necessary to maintain local and systemic homeostasis. The

regulatory modes of action include the classical CRF-led cutaneous equivalent of the central HPA axis, the

expression and function of CRF and related peptides, and the stimulation of pro-opiomelanocortin peptides or

cytokines. The key regulatory role is assigned to the CRFR-1� receptor, with other isoforms having modulatory

effects. CRF can be released from sensory nerves and immune cells in response to emotional and environmental

stressors. The expression sequence of peptides includes urocortin/CRF3pro-opiomelanocortin3ACTH, MSH,

and �-endorphin. Expression of these peptides and of CRFR-1� is environmentally regulated, and their dys-

function can lead to skin and systemic diseases. Environmentally stressed skin can activate both the central and

local HPA axis through either sensory nerves or humoral factors to turn on homeostatic responses counteracting

cutaneous and systemic environmental damage. CRF and CRFR-1 may constitute novel targets through the use

of specific agonists or antagonists, especially for therapy of skin diseases that worsen with stress, such as atopic

dermatitis and psoriasis. (Endocrine Reviews 34: 827–884, 2013)
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I. Introduction

The work of Hans Selye has been fundamental in de-
fining the hypothalamic-pituitary-adrenal (HPA)

axis as the one of the body’s main coordinators of re-
sponses to stress (1, 2). The functional structure of the
HPA axis was finally defined after identification and se-
quencing of the hypothalamic neuropeptide corticotrop-
in-releasing factor (CRF) and by defining its role in the
pituitary production of adrenocorticotropic hormone
(ACTH; corticotropin) and �-endorphin (3, 4).

A. In memory of Dr Wylie Vale: life journey from CRF to

the CRF receptors

1. CRF peptide family

As a member of the hypothalamic factor family, CRF
was the first factor whose existence was validated exper-

imentally but the penultimate one to be chemically char-
acterized. In 1948, Harris (5) proposed that the neu-
roregulation of ACTH might be mediated by a substance
originating in the hypothalamus that reaches the adeno-
hypophysis by the hypothalamic-hypophyseal portal sys-
tem. Early experimental observations by Guillemin and
Rosenberg (6) and Saffran and Schally (7) using in vitro
and organ culture systems supported the presence of such
a factor in the hypothalamus that would increase the rate
of ACTH secretion by the pituitary gland (8).

This takes us back to 1955, when there was a great
hypothesis but limited supporting data. Over the subse-
quent 14 years, Roger Guillemin at Baylor and Andrew
Schally at Tulane University invested in collecting hun-
dreds of thousands of sheep and porcine hypothalami,
respectively. Processing these tissues took years, and ad-
ditional activities in the extracts were identified with the
availability of quantitative and selective in vivo and in
vitro assays developed by Wylie Vale, a graduate student
and then postdoctoral fellow in Guillemin’s laboratories.
In succession, the tripeptide amide TRH was isolated,
characterized, and synthesized independently by Guille-
min’s group (9) and Schally’s group (10). Definitive lu-
teinizing releasing factor/LHRH/GnRH was fully charac-
terized within a couple of years by Schally and colleagues
(11), and the discovery of the tetradecapeptide somatosta-
tin was not far behind (12).

The search for CRF expression started in earnest with
the availability of an ACTH antibody provided by Drs
Felber and Aubert in Lausanne, Switzerland, and the de-
velopment of an RIA by C. Rivier, who had joined Guil-
lemin’s team in Houston in 1969 as a graduate student
supervised by W. Vale. By then, CRF was referred to as
“elusive” and was partially purified using classic chro-
matographic methods including ion exchange, gel perme-
ation, and partition. By 1976, the power of reverse phase
HPLC was identified (13), and by 1978, the use of trieth-
ylammonium phosphate (14) and trifluoroacetic acid-
containing buffers (15), and derivatized (C4, CN, C18)
large pore (300 Å) silicas led to the isolation of ovine CRF
(4), and later of rat CRF (16), that were sequenced and
synthesized by 1980 and 1983, respectively. Subse-
quently, the amino acid sequence of the protein precursor
of human CRF was deduced from the cDNA (17), and the
sequence of the mature peptide was found to be identical
to that of rat CRF. Other members of the CRF family
include frog sauvagine (18), the fish urotensins (19), and
the urocortins (Urc-1, -2, and -3) (20, 21).

It is interesting to note that a straight line is obtained
when plotting the time of discovery vs molecular weights
of the hypothalamic factors including the CRF. In
other words, the greater the difficulties associated with
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isolation—HPLC, sequencing (microsequencing), and
solid-phase peptide synthesis of the hypothalamic hor-
mones—the longer it took to duplicate their structures
synthetically. This emphasizes the importance of techno-
logical development for the advancement of scientific
discoveries.

Historically, the elusive CRF activity was referred to as
resulting from the hypothalamic secretion of a CRF acting
specifically and exclusively on the anterior pituitary. The
word factor was used to describe a molecule that did not

circulate as a result of its instability
toward blood enzymes. On the other
hand, stability to blood enzymes is a
condition sine qua non to justify the
hormone qualifier. In this review, we
continue using the term CRF instead
of CRH because of its wide expres-
sion in different tissues where it acts
locally as a cytokine, growth factor,
or immunomodulator.

2. CRF receptors

A milestone advancement in un-
derstanding CRF actions was the
cloning and characterization of two
CRF/Urc receptors, encoded by dif-
ferent genes and existing in multiple
forms: CRFR-1 (22–24) and CRFR-2
(25–29). These have encouraged
the development of synthetic CRFs,
CRF/CRFR antibodies, and compet-
itive antagonists (peptides and non-
peptides) that allow the study of
various aspects of CRFs, their distri-
bution, and the multiple activities of
CRFs. These include, but are not lim-
ited to, the study of mood/anxiety/
depression and stress, mania or
obsessive-compulsive behaviors, sub-
stance abuse, food intake and satiety,
feedingdisorders,Alzheimer’sdisease,
reproduction/parturition, immune
function, cardiovascular function, so-
matic disorders, inflammation, rheu-
matoid arthritis (RA), gastrointestinal
(GI) motor function, irritable bowel
syndrome (IBS), sleep, analgesia, mi-
graine, skin physiology and pathol-
ogy, and cancer, among others.

In a few words, Dr Wylie Vale
(Figure 1) initiated and was further
involved in a series of discoveries
that made the CRF/Urc signaling sys-

tem one of the central elements of each important regu-
latory axis in the body. One of them is represented in this
review.

B. Organization of the central response to stress

“in a nutshell”

As proposed by Cannon, external psychological or
physical danger (stress) stimulates the animal (human) to
respond both consciously and unconsciously (30). Multi-

Figure 1.

Figure 1. Dr Wylie Vale. The photograph was taken by Ms Kristen Peelle on September 4, 2010,

at the wedding of Dr Vale’s daughter at The Bishop’s School Chapel.
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ple levels of systems are present that differentiate noxious
from benign stimuli. The most widely recognized system is
an autonomic system composed of the sympathetic and
parasympathetic components (31). The sympathetic sys-
tem participates in the so-called “fight and flight re-
sponse” (32). The inputs to this system come from the
senses, sensory nerves, and other organs and tissues (31).
The immune system is responsible for recognition of self
from nonself. The master regulator/switchboard tran-
scription factor that integrates and regulates inflamma-
tory inputs is nuclear factor �-light-chain-enhancer of ac-
tivated B cells (NF-�B) (33). �he “innate” immune system
is generally the first to be encountered by foreign antigens
(34, 35). The adaptive immune system recognizes antigens
and mounts a specific, targeted response (34). The actions
of the immune and autonomic systems are coordinated by
the HPA axis (36, 37). Many of those systems act in con-
cert and balance the actions of other systems to preserve
homeostasis. The HPA system is evolutionarily conserved
and has additional functions such as the regulation of pig-
mentation, which itself is a protective mechanism, as well
as skin barrier functions (37–42). Inflammation can de-
velop as a consequence of CRF and immune system acti-
vation, with cytokines such as IL-1 and IL-6 producing
positive (feedback) CRF stimulation along with CRF se-
creted outside the central nervous system (CNS) (43–45).

Last but not least, the concept of stress was recently
extended by Sterling and Eyer (46) and was further ex-
tended by McEwen (47, 48). According to these authors,
allostasis (“achieving stability through change”) is a sum
of actions that the body undertakes to cope with daily
stressors to preserve internal milieu. Allostatic overload
refers to the situation when those actions exceed what is
essential for the organism and instead begins to be harmful
and unneeded. Interaction between inflammation, sym-
pathetic and parasympathetic systems, and the HPA axis
forms a framework for the concept of allostasis or a system
of “checks and balances” that may also be applied to the
skin (49).

II. Central Role of CRF in the Systemic
Response to Stress: An Overview

A. Corticotropin-releasing factor (CRF) and urocortins

1–3 (Urc 1–3)

CRF is coded by a gene located on the long arm of
chromosome 8 (8q13) that has 2349 bases (50). Its pro-
moter has binding sites among others for activating tran-
scription factor (ATF) 2, adaptor protein 1 (AP-1), neu-
ron-restrictive silencer factor, NF-�B, cAMP responsive
element (CRE) binding protein (CREB), and v-jun avian

sarcoma virus 17 oncogene homolog (51). Several mole-
cules affect expression of CRF including IL-1, IL-6,
TNF-�, serotonin, acetylcholine, histamine, norepineph-
rine, epinephrine, arginine vasopressin, angiotensin II,
neuropeptide Y, cholecystokinin, activin, encephalin, es-
trogens, �-amino butyric acid, dynorphin, substance P
(SP), somatostatin, galanin, and last but not least, gluco-
corticoids (52). The CRF propeptide is composed of 196
amino acids (molecular mass, 21.4 kDa) that are pro-
cessed by proconvertases (PCs) and by post-translational
modifications in the endoplasmic reticulum and Golgi ap-
paratus to yield a final product that is composed of 41
amino acids (4.7 kDa) (50). The homology of nucleotide
sequences between human and chimpanzee is 99.66%;
mouse, 83.60%; rat, 83.42%; and zebrafish, 76.98%
(53). The highest levels of CRF outside the HPA axis are
found in the heart and placenta (25, 54). It is also ex-
pressed in the uterus, GI system, immune system, adrenal
gland, and skin (55–57). Abnormalities in CRF levels are
linked to a wide range of conditions including adenoma,
prolonged pregnancy, chronic fatigue syndrome, anorexia
nervosa, asthma, IBS, obesity, migraines, amenorrhea, de-
pression, fibromyalgia, and interstitial cystitis/bladder-
pain syndrome (58–62).

Urc-1, also known as stresscopin-related protein, is
coded by a gene located on the short arm of chromosome
2 (2p23) that has 1049 bases (50). Its promoter binds E2
transcription factors (E2Fs), specificity protein 1 (SP1),
neuron restrictive silencing factor (NRSF), and signal
transducer and activator of transcription 3 (STAT3) (51).
The propeptide is composed of 124 amino acids that result
in a molecular mass of 13.45 kDa. It is processed to the
final 40 amino acid peptide. The homology of the nucle-
otide sequences between the human and mouse gene is
84.31% (53). Urc-1 is expressed in numerous tissues,
but the highest levels occur in the brain, pancreas, bone
marrow, heart, skeletal muscle, kidney, and lung (52).
Abnormality in Urc-1 levels is linked to preterm deliv-
ery, pre-eclampsia, endometriosis, heart failure, and
pheochromocytoma (58).

Urc-2, known as Urc-related peptide, is coded by a
gene located on the short arm of chromosome 3 (3p21)
that has 2056 bases (20, 50). Its promoter binds acute
myeloid leukemia 1 protein. The peptide is composed of
112 amino acids (12.15 kDa). It is expressed in the
brain, kidney, and skin. Abnormalities in Urc-2 levels
are linked to obesity, anxiety, depression, ulcerative
colitis, and dermatomyositis.

Urc-3, also known as stresscopin, is coded by a gene
located on the short arm of chromosome 10 (10p15) that
has 9198 bases. Its promoter has binding sites among oth-
ers for the nuclear factor of activated T-cells, homeobox

830 Slominski et al Skin CRF-Led Stress Response System Endocrine Reviews, December 2013, 34(6):827–884
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protein NK-3 homolog A, forkhead-related transcription
factor 2, cell division cycle 5, POU class 3 homeobox 2,
and ecotropic viral integration site 1 (51). The peptide is
composed of 161 amino acids (17.96 kDa). The homology
of nucleotide sequences between the human and mouse
genes is 75.42%; chicken, 69.09%; and zebrafish,
59.34% (53). It is expressed in the pancreas, urinary blad-
der, and skin (52). It is also expressed in mouse skin (20).
Abnormalities in Urc-3 levels are linked to obesity, heart
failure, pheochromocytoma, and IBS (58).

A schematic of the evolution of CRF, related peptides,
and corresponding receptors is presented in Figure 2 (see
Refs. 63–65).

B. CRF receptors: CRFR-1 and CRFR-2

CRFR-1 and -2 belong to class B (Secretin and Adhe-
sion receptors) of the G protein-coupled receptor (GPCR)
family (66, 67). The other members of class B of GPCRs
include receptors for secretin, calcitonin, glucagon, glu-

cagon-like hormone, GHRH, PTH, and pituitary adeny-
late-cyclase-activating peptide (66, 68). These receptors
bind to short peptides and interact with multiple G pro-
teins (67). The main structural elements for this class are
the substrate binding domain with three highly conserved
disulfide bridges (69, 70) and 7-transmembrane domains
(7-TMs) including three internal coils (1–3) and three ex-
ternal coils (1–3) followed by the C terminus. Interest-
ingly, internal coil 3, which is responsible for interaction
with multiple G proteins, was shown to be identical for all
CRFRs. The 7-TM domain is highly conserved among
GPCRs, with homology of at least 80%. On the other
hand, the N-terminus extracellular domain (ECD) is the
most variable region of the CRFRs with only 40% of ho-
mology, most probably reflecting different substrate pref-
erences (71, 72). The CRFR-1 has a high affinity to CRF
and Urc-1 and does not bind Urc-2 or Urc-3. The CRFR-2
preferentially binds Urc-2 and Urc-3, but it can also be

Figure 2.

Universal ancestor
CRF/DH-like peptide

CRF/UCN-like
peptide

UCN-like
peptide

CRF-like
peptide

Stress Feeding

DH DP

CRF
UCN I

(Svg, Uro)
UCN II UCN III

Stress

Feeding

DH-like
peptide

DH-like
peptide

Diuresis
Ion regulation

Osmoregulation
Feeding

deuterostomates

chordates tunicates artropods other taxa

protostomates

CRF/DH-like
Receptor

CRF1/2-like

CRF2CRF1

Figure 2. Schematic evolution of CRF and related peptides and receptors. The progenitor peptide for CRF and antidiuretic hormone had evolved

before separation of chordates because CRF analogs were not found in tunicates or protostomates. The novel function CRF/DH (diuretic hormone)-

like peptides in multicellular organisms required development of specific receptors, and those receptors once appeared evolved with peptides and

were subjected to genome duplications (64). In the case of CRF precursor, the duplication occurred twice, whereas for CRFR it occurred only once.

UCN, urocortin.
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activated by CRF, although with weaker binding com-
pared to CRFR-1. Binding of the ligand to the CRFRs
results in signal transduction and activation of adenylate
cyclase, phospholipase C, and/or calcium channels fol-
lowed by phenotypic changes (49, 73).

High levels of CRFR-1 mRNA can be detected in the
pituitary; several areas of the cortex, amygdala, cerebel-
lum, and hypothalamus; parts of the hippocampus; and
the olfactory bulbs of the human, mouse, rat, and other
mammalian species (69, 70, 74, 75). Recent analysis of
CRFR-1 expression, using fusion constructs with green
fluorescent protein (GFP) (75) or �-galactosidase (76),
confirmed previous in situ hybridization studies (76, 77).
These findings also explained why CRFR-1�/� mice ex-
hibited elevated auditory thresholds and impaired hearing
(78). CRFR-1 is also expressed in peripheral organs and
tissues such as the testis, ovary, uterus, placenta, GI sys-
tem, endocrine organs, immune systems, skeleton-muscu-
lar system, and vascular system (70, 79), as well as in the
skin (54, 55, 62, 80–86).

In contrast to CRFR-1, CRFR-2 is present to only a
limited extent in the brain structures, while being wide-
spread in the periphery (87). Interestingly, CRFR-2 iso-
forms CRFR-2� and CRH2� are expressed in different
regions of the rat brain and are usually not coexpressed in
peripheral organs. The presence of CRFR-2� mRNA was
detected in the hypothalamus, lateral septum, and hip-
pocampus, whereas CRH2� expression was restricted to
non-neuronal structures such as the choroid plexus and
arterioles (88). In the periphery, CRFR-2� is abundant in
the mucosa of the GI tract and in the heart, lung, and
skeletal muscle, whereas CRFR-2� is low or undetectable
in many peripheral tissues (49, 89) but is strongly ex-
pressed by mast cells (90). CRFR-2 was found to be ex-
pressed in the myocardial cells, and this expression cor-
relates with high expression of Urc-1 and Urc-3 (91).

Taken together, the expression and activity of CRFRs
play an essential role in regulation of the brain and pe-
ripheral organ functions, and the pattern of their expres-
sion reflects such functional diversity.

1. Gene and protein structure and alternative splicing

The ancestral forerunner of the CRFR must have
evolved from the first GPCRs, which occurred around 1.2
billion years ago, just before animals, plants, and fungi
diverged into separate kingdoms (92). Interestingly,
CRFRs are found only in chordates; thus, they appeared
relatively late in evolutionary time. Arthropods possess a
receptor for the diuretic hormone that shares some ho-
mology with the CRFR, but it seems that arthropods and
other invertebrates do not have an HPA axis analog (93,
94). Still, there is circumstantial evidence that a common

ancestor for CRF and diuretic hormone did exist and was
involved in osmoregulation, but its receptor appeared
much later in evolution (64, 92–94). The CRF/Urc pre-
cursor underwent two rounds of duplication resulting in
four genes coding CRF and Urc-1–3. The stepwise evolu-
tion might be reflected by the single CRF-like receptor that
was found in the sea squirt, Ciona (95), and two receptors
(CRFR-1 and CRFR-2) in higher vertebrates (Figure 2).

2. CRFR-1

The human CRFR-1 coded by the CRFR-1 gene is lo-
cated on chromosome 17 (17q12-q22) (96). It consists of
14 exons and 13 introns spanning about 20 kb and pos-
sesses 1 additional exon when compared with the rat or
mouse CRFR-1 homolog (23, 97–99). The sequence of the
main isoform, CRFR-1�, is 415 amino acids in length with
the first 23 amino acids forming a signal peptide, which is
subsequently cleaved (100).

The structure of the first ECD of CRFR-1 (101, 102)
resembles the ECD of CRFR-2� (103). It consists of two
antiparallel �-sheets (�-�-�� fold) stabilized by three di-
sulfide bonds between Cys30–Cys54, Cys44–Cys87, and
Cys68–Cys102 forming a characteristic Sushi domain
(101). Also at least 6/5 N-glycosylation, but not of O-gly-
cosylation sites were detected in the mammalian CRFR-1
ECD (104, 105). This was confirmed experimentally, and
it was proposed that glycosylation of CRFR-1 is respon-
sible for proper intracellular trafficking and functions of
the receptor (106–109). Interestingly, recent structural
studies revealed that a single amino acid, Glu-104 of
CRFR-1, is responsible for a selective interaction with
Arg35 of CRF/Urc-1, but not with Ala in Urc-2 and Urc-3;
this fully explains the selective affinity of CRFR-1 toward
CRF and Urc-1 (110).

Alternative splicing of CRFRs is the obvious conse-
quence of a multiexonal structure of the genes, and this
feature is characteristic of a majority of human genes. The
expression of multiple alternatively spliced CRFR-1 mR-
NAs was found in several organisms, including human,
green monkey, rat, mouse, and hamster (67, 70, 80, 81,
111–113). Moreover, the pattern of alternative splicing is
not only preserved in CRFR-1 homologs from different
organisms, but is also found in other receptors belonging
to class B1 of GPCRs, such as the characteristic deletion of
exon 13 in CRFR-1 isoform d and calcitonin receptor
(109, 114–116). In humans, at least 10 variants (�, �, �/d,
c, d, e, f, g, h, and i) of CRFR-1 transcripts were found (70,
81, 111, 117–119) (Figure 3, upper panel). We believe that
alternative splicing of CRFR-1 mRNA is conserved in evo-
lution because a similar pattern of exonal excision was
found in human, mouse, and hamster (81). For instance,
in addition to the main CRFR-1 isoform (CRFR-1�), ho-
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mologs of isoform c, e, and f where found in human and
mice (111). Although the hamster has three unique iso-
forms with deletions within the C terminus, the homologs
of human isoforms d, e, f, and h were also detected (112).
Interestingly, new data received from high-throughput se-
quencing and transcriptome studies revealed multiple
CRFR-1 isoforms in human’s close relatives, including
great apes (NCBI DNA database), which is consistent with
our findings in green monkey (113). It has to be noted that
in rodents, the CRFR-1 gene lacks a homolog of human
exon 6 (49, 111, 112).

3. CRFR-2

The human CRFR-2 receptor is coded by the CRFR2

gene with 15 exons and 14 introns and was mapped to
chromosome 7 (7p14.3) (55, 70). Given the similar struc-
ture of the CRFR-2 and CRFR-1 genes and their high
degree of homology, CRFR-2 should also have the capac-
ity for generating similar splicing variants. However, only
CRFR-2�, -�, -� and soluble sCRFR-2 isoforms of
CRFR-2 have been characterized so far (71, 120) (Figure
3, lower panel). Moreover, alternative splicing of CRFR-2
mRNA is connected with at least three alternative tran-

Figure 3.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 2 3 4 5 6 7 8 9 10 11 12 13 14

I II III IV V VI VII

I II III IV V VI VII

Q

Q

CRF1�

CRF2�1

CRF2�2

CRF2�3

CRF2�4

CRF2�5

CRF2�6

CRF2α1

CRF2α1

CRF2φ

CRF2st

CRF1α

CRF1α/d

CRF1c

CRF1d

CRF1e

CRF1f

CRF1g

CRF1h

CRF1i

CRF1e2

Criptic exon

Criptic exon

CRF1h2

Figure 3. Alternative splicing of CRFR-1 and CRFR-2 pre-mRNA leads to production of several isoforms of the receptors. A, Human CRFR-1 protein

sequence is coded by 14 exons that could be subjected to alternative splicing. Expression of at least 12 isoforms was detected so far in humans and

rodents (49, 80, 111). Protein coding exons are shown in violet. Alternative splicing results occasionally in the introduction of termination codon, and

some exons no longer code protein (white squares). B, Human CRFR-2 gene contains 15 exons with 3 alternative transcription start codons located in

different exons. Three main isoforms were described (CRFR-1�, �, and �), and at least 7 others were detected, including “headless” isoform.

Interestingly, some isoforms (CRFR-2�3, CRFR-2�4, CRFR-2�5) show the retention of intronic segment in the coding sequence. Isoforms CRFR-2�2 and

CRFR-2�2 have deletion of 3 nucleotides coding glutamine: CRFR-2� (desQ126) and CRFR-2�-2 (desQ126) (227). Positions of exon 1–14 for CRFR-1 and

1–15 for CRFR-2 are marked on the top of each panel. 7-TM domains are shown as dashed-line squares numbered I–VII (49, 80, 81).
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scription starting codons, which appears to be a unique
feature of CRFR-2. The CRFR-2 gene also possesses al-
ternative exons located on the 5�-end of the gene, whereas
a soluble isoform of CRFR-2 (sCRFR-2a) was detected in
mouse brain (121), and the so-called “headless” isoform
of CRFR-2 was found in the stomach (GenBank accession
no. E12750; patent no. JP199707289-A). The soluble
sCRFR-2 (121) and “headless” isoform is similar to
CRFR-1e2 and CRFR-1h2 isoforms and contains only the
7-TM region of the protein (49, 111).

C. Hypothalamic-pituitary-adrenal axis

The hypothalamus is stimulated by various stressors,
including inflammatory cytokines, either directly (in sit-
uations where the blood-brain barrier is weakened) (122)
or indirectly (eg, through locally produced histamine or
prostaglandins) (32, 37, 43). Various medications, includ-
ing psychotropic drugs, also affect the activation of the
hypothalamus (123). Neurons of the medial dorsal par-
vocellular region of paraventricular nucleus of the hypo-
thalamus produce CRF and arginine-vasopressin, which
are transported by local vascular network to the anterior
pituitary. CRF stimulates corticotrophs through CRFR-1,
and arginine-vasopressin potentiates this effect by V1b
receptors. The pituitary in turn produces ACTH, which
stimulates the function of the zona fasciculata of the ad-
renal glands, which produce cortisol (humans) or corti-
costerone (rodents) as the main end effectors of the HPA
axis. Those glucocorticosteroids bind to the glucocorti-
coid receptors, which after binding ligand translocate
through nuclear pores to reach their respective binding
elements in the regulatory regions of DNA (123, 124).

The HPA axis is regulated by a circadian clock at the
central (hypothalamic)andperipheral levels (125,126).This
circadian clock is based on the action of Clock-BmaI1 het-
erodimers that in turn interact with proteins of Period, Cryp-
tochrome, retinoic acid receptor-related orphan receptor �,
and V-erbA-related protein 1-related families (126, 127). At
the periphery, Clock-BmaI1 decreases glucocorticoid recep-
tor activity via acetylation (128). Similarly to the presence of
central, “master” (located at the suprachiasmatic nucleus),
andperipheral (“slave”)circadianclocks, theHPAaxis func-
tions at these two levels, too. Apart from recognized ana-
tomic locations of both circadian and HPA systems, their
mediators function in the tissues or in individual cells. In our
work, we focus on the HPA axis in the skin (129, 130), but
otherperipheral locations suchas thecochlea (78), eye (131),
and perhaps the GI tract (85, 132) may also operate based on
HPA effectors.

III. Structural Organization and Biological Role
of the Skin “in a Nutshell”

A. Structure and function

Skin is the largest body organ, representing 15% of
body weight with an average surface of about 2 m2 (133),
and serves as the homeostatic barrier with the external
environment (49, 134). It is composed of three distinct
compartments: epidermis, dermis with adnexal structures,
and sc fat. In humans, skin is formed during the first 1–2
weeks of gestational age, and the epidermis derives from
the ectoderm, as does the brain. The progenies of both
structures are separated during neurogenesis, although the
epidermis and hair follicles are later populated with neural
crest-derived melanocytes and Merkel cells.

The epidermis is predominantly composed of keratin-
ocytes, which either self-replicate/regenerate (basal layer)
or differentiate (suprabasal layers) in an organized fashion
toward the skin surface, forming on their way the spinous,
granular, and a solid lipid-rich cornified layers (135–137).
Other cellular populations include melanocytes, which re-
side in the basal layer and produce the protective melanin
pigment that is transferred to neighboring keratinocytes
(38). The main mesenchymal components of the epider-
mis, Langerhans cells, derive from the bone marrow. They
present foreign antigens through their major histocom-
patibility complex system to T lymphocytes initiating
adaptive immune responses.

Adnexal structures are of epidermal origin, the most
prominent of which are the hair follicles with hairs cov-
ering most of the body surface (138). Hair follicles un-
dergo cyclic changes of growth (anagen), involution (cata-
gen), and resting (telogen), with significant differences
between humans and other mammals including rodents.
In the former, different hair follicles are in different (sub)
phases of the growth cycle at any one time, whereas in
rodents their hair cycling is synchronized. The associated
sebaceous glands release a protective substance into the
follicular infundibulum through a holocrine mechanism,
whereas eccrine glands release sweat to the epidermal sur-
face (139). In humans, sweat glands play important ther-
moregulatory functions, whereas apocrine sweat glands
(present in axillae, genitals, ears, and eyelids) have pre-
dominantly vestigial functions.

The dermis is predominantly composed of connective
tissue, of which the extracellular components collagen and
elastic fibers and proteoglycans are produced by fibro-
cytes/fibroblasts. They give the skin its strength and elas-
ticity and cushion the body from impact stress. The dermis
is separated from the epidermis by a basement membrane,
which controls molecule and cell trafficking between both
compartments. Immune cells (lymphocytes, macrophages,
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mast cells, and dendrocytes) predominantly reside in the
dermis, the number and activity of which change depend-
ing on environmental or internal homeostasis. The dermal
vasculature is crucial for the viability/survival of structural
elements of the skin, as well as for efficient communication
between the external and internal environment using
structural elements of the skin and a variety of mediators
(129). It forms superficial and deep dermal plexuses con-
nected by collaterals with glomus bodies involved in local
thermoregulation. The sc adipose tissue is an important
element of the skin and is composed of fat lobules sepa-
rated by fibrous septae rich in vasculature. Its structural
role lies in isolation, cushioning, and energy storage.

All skin structures are innervated by an extensive neural
network of somatosensory and autonomic nerve fibers
(49). Cutaneous afferent nerve terminals transduce sen-
sory stimuli, generated in response to temperature, pH,
pressure, physical, chemical, and biological insults or in-
flammation, with projections to the specific areas of the
brain. In addition, orthodromic and antidromic conduc-
tions lead to simultaneous signal transduction and release
of neurotransmitters at the local level. The major ascend-
ing routes for sensory cutaneous inputs transmit to the
thalamus, which sends neural signals to the somatosen-
sory cortex, midbrain, and hypothalamus. The cutaneous
stimuli from the face are transmitted via the trigeminal
nerve (140). There are also intraepidermal and intra-
adnexal nerve fiber termini in skin (reviewed in Refs. 49,
129, 133, 141, and 142). Dermal and epidermal neural
density varies with age and in different pathologies or after
exposure to UV radiation. Autonomic nerve fibers are dis-
tributed almost exclusively in the dermis and subcutis,
where they supply arterioles, glomus bodies, hair follicles,
pilosebaceous units, hair erector muscles, and apocrine
and eccrine glands. They derive from sympathetic (cho-
linergic, catecholaminergic, nonadrenergic/noncholin-
ergic) and parasympathetic (cholinergic) neurons.

B. Cutaneous systems and their role in homeostasis

The skin’s location at the interface between external
and internal environments determines its structural and
functional organization, which plays a fundamental role
in the regulation of local and global homeostasis. The lat-
ter is amplified by the size of this organ (reviewed in Refs.
49 and 129). In physical terms, its main function is to
preserve enthalpy and to reduce the entropy of the organ-
ism in the environment. For this function, the skin forms
the protective barrier against water and nutrient loss and
against harmful actions of numerous external chemical,
physical, and biological factors. Additional functions in-
clude thermo- and electrolyte regulation, insulation, ab-
sorption of chemicals, and production of vitamin D, fo-

lates, lipids with various biological functions, sterols/
oxysterols, steroid production/activation/inactivation,
xenobiotic metabolism, hormones, cytokines, growth fac-
tors, as well as neurotransmitter production, and metab-
olism including biogenic amines (reviewed in Refs. 40, 49,
136, 137, and 143–152). The role of skin, including its
adnexal structures in social and behavioral communica-
tion, also cannot be underestimated (42, 49).

The above skin functions are regulated and maintained
mainly by autonomous innervation, however, closely in-
teracting with each other epidermal (153, 154), adnexal
(138, 155, 156), pigmentary (38, 157), local skin immune
(158, 159), fibroblastic, vascular, adipose, and neural sys-
tems (49, 141, 160). Their activities (either stochastic or
organized) are determined by the type of the cells, their
level of differentiation, receptors expressed and metabolic
and secretory activities, spatial location, and local direct
and distant interactions. The above systems also can
affect global homeostasis either through chemical mes-
sengers and immune cells entering circulation or
through neural communications (reviewed in Refs. 49
and 129).

C. Skin neuroendocrine system as a coordinator and

integrator of peripheral responses to stress

The diversity and complexity of the skin functions and
the systems regulating them require a precise coordination
and execution. These activities are mediated by a cutane-
ous neuroendocrine system that is integrated into central
regulators of body homeostasis (49, 129, 161). Specifi-
cally, epidermal, dermal, and adnexal compartments (as
well as cells within these compartments) communicate to
regulate local homeostasis (49, 129). This is achieved
through the production of classical stress neurotransmit-
ters, neuropeptides, neurohormones, and hormones, with
a precise response mechanism in a receptor-mediated
manner (49), which can be amplified in cell type or com-
partment selective fashion (162, 163). The pathways and
responses are modified by biological, chemical, and phys-
ical factors including UV radiation with attendant changes
in physicochemical milieux. Examples of potent epider-
mal products include catechols and biogenic amines (cat-
echolamines, serotonin, and N-acetyl-serotonin, hista-
mine) (49, 144, 148, 164–166), acetylcholine (167, 168),
melatonin and its metabolites (169–173), pro-opiomela-
nocortin (POMC)-derived ACTH, �-endorphin and MSH
peptides (130, 174, 175), CRF and related Urcs (55, 59,
80, 176–178), corticosteroids and their precursor mole-
cules (130, 179, 180), TSH, TRH, and thyroid-related
hormones (49, 181–184), opioids (185, 186), cannabi-
noids (187), 7�-steroids (188, 189), and secosteroids
(151, 190–194).
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The production of these molecules in the skin and the
following receptor-mediated responses are hierarchical
and follow the algorithms of classical neuroendocrine
axes such as the HPA axis (130, 181, 195), serotoninergic/
melatoninergic (148, 172), catecholaminergic (165, 196),
cholinergic (144, 197), and corticosteroidogenic (49, 198)
systems. The etiology of many skin diseases, as well as
systemic autoimmune disorders, can dysregulate these sys-
tems, with the central role played by local CRF signaling
and HPA axis organization (49, 59, 80, 130, 199–201).
We have proposed that these local neuroendocrine sys-
tems may restrict the effects of environmental stress to
preserve the body’s local and, in extreme cases, global
homeostasis in order to adapt to a changing external en-
vironment (49, 129). The signals generated in the skin in
response to stress activate cutaneous sensory nerve end-
ings to alert the brain of changes in the epidermal and
dermal milieu or activate other coordinating centers by
spinal cord neurotransmission with or without the brain’s
involvement (40, 49, 129). Furthermore, the skin neu-
roendocrine system can imprint immune cells to serve as
cellular messengers of the skin’s response to the changing
environment to trigger global responses (49, 129, 199).

IV. CRF Signaling in the Skin: Its Expression
and Organization

A. CRF and Urc 1–3 expression

Human skin (including sc adipose tissue) expresses the
genes for CRF (202–207), Urc-1 (208), and Urc-2 (209),
whereas reverse phase HPLC and liquid chromatography/
mass spectrometry analyses confirmed that CRF (203,
204, 210) and Urc-1 (208) peptides are indeed produced
by human skin cells.

Immunocytochemistry, RIA, or ELISA has also de-
tected these peptides in the majority of cells, if not all cells,
of the epidermal, dermal, and adnexal compartments of
human skin (55, 80, 117, 177, 201, 205–209, 211–216).
Moreover, CRF expression is increased under pathologi-
cal conditions, including autoimmune and inflammatory
disorders (177, 199, 201, 205, 207, 215–217). Interest-
ingly, serum levels of CRF were increased in patients with
psoriasis and atopic dermatitis (218), skin conditions that
are known to worsen with stress.

Importantly, biological insults such as lipopolysaccha-
ride (LPS; a toll-like receptor [TLR]-4 agonist), but not
TLR-2 agonists were able to stimulate CRF production,
indicating that CRF mediates LPS-induced inflammation in
epidermal keratinocytes (219). This has been confirmed by
other studies showing stimulation of CRF production in ker-
atinocytes by extracts from bacillus Propionibacterium ac-

nes (220). Furthermore, UVB stimulated CRF gene expres-
sion and peptide production in epidermal melanocytes,
keratinocytes (203, 214, 221) and dermal fibroblasts (DFs)
(80), as did factors raising intracellular levels such as fors-
kolin (204).

In contrast to human skin, the production of the CRF
peptide in mouse skin is not accompanied by correspond-
ing CRF gene expression (55, 203, 211, 222), suggesting
an extracutaneous supply of CRF in this species, perhaps
released from nerve endings (55, 211, 223). Mouse skin,
however, does express the Urc-1 gene and produce the
corresponding peptide (208), which can be detected in
cells of the epidermis, dermis, hair follicle, and skeletal
muscle (208, 209). The expression of CRF and Urc-1 in
mice ismodifiedby thephaseof thehair growthcycle (208,
211, 222). Rodent (mouse and rat) skin also expresses
Urc-2 (209, 224–226), as well as Urc-3 (20). Both Urc-2
and Urc-3 are detectable in keratinocytes of rat esophagus
(227). CRF accumulation in mouse skin is increased after
acute stress or in models of skin inflammatory diseases
(201, 228–230).

Thus, mammalian skin has the capability to produce or
accumulate CRF and related Urc peptides in a species-
dependent fashion (human skin does express CRF gene,
whereas murine skin does not), and this production can be
linked to physical or biological stress, skin inflammatory
disorders, and phase of the hair growth cycle (predomi-
nantly in mice).

B. CRF receptors (CRFR-1 and CRFR-2) in the skin

Human skin expresses both CRFR-1 and CRFR-2 in a
compartmentalized manner (55, 80, 111, 174, 202, 204,
207, 209, 211–213, 231–233). In general, the epidermis
(including epidermal keratinocytes) and melanocytes (in-
cluding immortalized lines of melanocytes and melanoma
cells) (55, 76, 112, 203, 209, 211, 222, 229, 234–238)
express predominantly, if not exclusively, CRFR-1, with
the most predominant isoform represented by CRFR-1�

(80, 111, 209). However, cells of dermal, adnexal (includ-
ing hair follicle and sebaceous glands), and sc compart-
ments and mast cells expressed both CRFR-1 and CRFR-2
(178, 207, 209, 212, 213, 216, 239–241). In the case of
CRFR-2, we detected preferentially CRFR-2� isoform
(209). In addition, CRF binding protein (CRF-BP) expres-
sion can be seen in human DFs, sc adipose tissue, and
sebaceous cells (207, 209), with in situ detection of
CRF-BP in the latter (178, 207). However, we failed to
detect CRF-BP in epidermal melanocytes and keratino-
cytes (209).

Importantly, the expression pattern of both CRFRs was
affected by skin pathology including inflammatory disor-
ders, age of the patient, and anatomical localization (55,

836 Slominski et al Skin CRF-Led Stress Response System Endocrine Reviews, December 2013, 34(6):827–884

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

4
/6

/8
2
7
/2

3
5
4
6
7
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



111, 174, 207, 209, 216, 218, 239, 242–245). Their cu-
taneous expression appears to be regulated also by locally
produced cytokines and biological insults (80). For exam-
ple, in mast cells, IL-1, IL-4, and LPS stimulated CRFR-2
but not CRFR-1 expression (239), whereas SP stimulated
CRFR-1 expression while CRF inhibited it (233). More
recently, it was reported that the peptide neurotensin (NT)
also induced CRFR-1 expression (246). A single dose of
UVB has been shown to alter the splicing pattern and in-
duced/increased the expression of CRFR-1� in cultured
skin cells, whereas continued UVB treatment resulted in a
progressive increase in the number of CRFR-1 isoforms
(55, 111). Also, CRFR-1 expression can be regulated by
factors raising intracellular cAMP and by 12-o-tetradeca-
noylphorbol 13-acetate (111), whereas melanogenesis in-
hibited its expression in melanoma cells (204). Interest-
ingly, UVB stimulated CRFR-2� in human keratinocytes
(247). The environmental regulation of CRFR-1 on the
gene, protein, and processing levels was further confirmed
using human epidermal keratinocytes, where cell density,
the presence/absence of serum, or UVB showed marked
regulatory effects (109). Finally, CRFRs are biologically
functional and regulate a variety of skin functions (see
corresponding sections of this review; also reviewed in
Refs. 49, 80, 81, 178, and 201).

The expression of CRFR-1 (211, 222, 223) and
CRFR-2 (209) changes during hair growth cycling. Of
note is the change in the pattern of alternatively spliced
isoforms for CRFR-1 during murine hair cycling with
CRFR-1� absent in telogen (111, 248). At this phase of
hair cycle, only CRFR-1e is expressed. In addition, in ham-
ster melanoma cells, UVB stimulated CRFR-1� expres-
sion, and the CRFR-1 isoform pattern changed after in-
duction of melanogenesis (112).

In conclusion, mammalian skin shows differential, spa-
tiotemporal selectivity and species-dependent (human vs
rodent) expression of CRFR-1, CRFR-2, and CRF-BP.
These differences are likely to be the result of evolutionary
pressure on human skin, which, because of continuous
exposure to solar radiation and lack of fur, has developed
the epidermal stress response system favoring CRFR-1 as
a major regulator, which is also involved in the activation
of a local HPA axis. Although alternatively spliced
CRFR-1 soluble isoforms can negatively regulate the local
availability of CRF and Urcs, the expression of CRF-BP in
the dermis can also serve as an additional buffer in order
to modulate CRF and Urc bioactivity and/or availability
for systemic circulation. In contrast, mice are nocturnal
animals (leading to very limited exposure to solar radia-
tion) and have the skin to some degree shielded from en-
vironmental insults by fur, relieving it from evolutionary
pressure to develop an epidermal CRFR-1-centered stress

response system. As a result, in mice CRFR-2 distribution
is equal or more prevalent to CRFR-1, and the preferred
ligands for CRFR-2 (ie, Urcs) are produced locally,
whereas CRF is delivered by nerves or from circulation.
However, the relatively high expression of CRFR-2 in ad-
nexal structures and dermis both in humans and mice in-
dicates similarity in this signaling system in subepidermal
compartments. For more detailed discussions on this sub-
ject, see Refs. 49, 80, and 209.

C. Cell type-dependent coupling to signal

transduction systems

Most of the studies on signal transduction pathways
were performed on human skin cells that solely or pref-
erentially express CRFR-1 (80, 117, 249), and below we
will focus on this receptor. CRF and Urc-1 binding to
CRFR-1 increases intracellular Ca2� concentration in epi-
dermal HaCaT and primary keratinocytes, melanocytes,
and melanoma cells via an influx of Ca2� from the opening
of voltage-activated Ca2� ion channels (211, 250, 251).
This effect can be inhibited by EGTA, d-cis-diltiazem, and
verapamil, and cyclic nucleotide-gated ion channels were
not involved (no effect of Mg2�) (251). Interestingly, in-
creased Ca2� levels were even detected at extremely low
ligand concentrations (10�13

M) (250, 251). There was a
selectivity for CRF in the stimulation of intracellular Ca2�

concentration in human and hamster melanoma cells,
with CRF acting already at 10�12

M, whereas Urc-1 and
sauvagine acted at much higher concentrations of �10�7

M (250). CRFR-1 activation also stimulated inositol
triphosphate (IP3) production to increase intracellular
Ca2� concentrations in melanocytes, melanoma cells, ker-
atinocytes, and fibroblasts (117, 237). Therefore, we have
proposed that increases in intracellular Ca2� concentra-
tions are induced by stimulation of IP3, which activates
release of Ca2� from intracellular stores, and by direct
coupling to voltage-activated Ca2� ion channels leading to
rapid cytosolic raises in Ca2� (117). One remarkable find-
ing was the differential effect of CRF vs Urc-1, with the
former increasing of cytosolic Ca2� and the latter dem-
onstrating predominantly intranuclear and oscillatory in-
creases of Ca2� (251). This indicates a different mode of
activation of the same receptor CRFR-1 by related, but
chemically distinct, ligands. An explanation for this un-
expected phenomenon could be provided by alternative
splicing of CRFR-1 (80, 109, 111, 252).

Activation of CRFR-1� induces the production of
cAMP in epidermal melanocytes, DFs, most melanoma
cells, and immortalized HaCaT keratinocytes and squa-
mous cell carcinoma (117, 211, 231), as well as the HSC-2
cell line (253). Interestingly, SKMEL-188 melanoma cells,
which lack CRFR-1�, were not coupled to cAMP as sec-
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ond messengers (117). Moreover, cAMP accumulation
was not detected after CRFR-1 activation in normal hu-
man primary epidermal keratinocytes (117), indicating
poor coupling of CRFR-1� to Gs protein in these cells.
However, CRF stimulates Gq protein in keratinocytes to
activate phospholipase C, leading to IP3 accumulation
and subsequent protein kinase C (PKC) activation (249).
In addition to generating second messengers by cutaneous
CRFR-1, the following signaling cascades lead to differ-
ential but expected activation of transcriptional regulators
including AP-1, CREB, and NF-�B (117, 249, 254–257).

For example, in primary epidermal keratinocytes, CRF
stimulates PKC with subsequent activation of AP-1 and
then Jun D, leading to the early differentiation in these cells
without involvement of protein kinase A (PKA) and
MAPK pathways (249). In contrast, additional coupling
to cAMP in HaCaT keratinocytes can also lead to PKA
activation and CREB phosphorylation, with the subse-
quent binding of phosphorylated CREB to the CRE ele-
ments (80). This additional coupling could be responsible
for the shapes of the CRF or Urc inhibition curves in
HaCaT keratinocytes, determined by the concentration of
Ca2� in the growth medium (bell shape in medium con-
taining high Ca2�) (80, 231, 256, 258). For example, in
HaCaT keratinocytes, CRF at 10�7

M (259) or 10�8
M

(260) stimulates the MAPK signaling pathway with sec-
ondary inhibition of vascular endothelial growth factor
(VEGF) (259) and IL-18 production (260). Thus, the stim-
ulation of MAPK may be responsible for the loss of the
inhibitory effect of CRF on cell proliferation at concen-
trations of 10�7

M or higher that was observed at the range
10�11 to 10�8

M (231, 258). Another possible explanation
for the abrogation of the high concentration CRF effect is
an indirect stimulation of HaCaT cell proliferation by
IL-6, of which production is stimulated by CRF in this cell
type (199). In addition, some authors (253) claim that
CRF can stimulate the proliferation of human keratino-
cytes. Careful analysis of these data, however, does not
substantiate this hypothesis (253). First, the proliferation
was tested in the immortalized HSC-2 line, but not in pri-
mary keratinocytes; second, 10�7

M of CRF had no effect
on proliferation because standard errors were covering
mean values of the control and experimental groups; and
third, it is unclear whether increased DNA incorporation
by extremely high concentrations (10�5 and 10�6

M) of
peptide hormone is statistically significant because statis-
tical analysis was not performed (253).

Finally, CRF both stimulates and inhibits NF-�� ac-
tivity in HaCaT cells depending on the presence or absence
of serum in the culture medium (80, 254). Thus, when cells
are subjected to prolonged serum starvation (12 h), the
addition of CRF stimulates NF-�� activity, presumably to

enhance cell survival (80, 254). However, under the stress
of acute serum starvation (15–30 min) that activated the
NF-�� pathway, CRF inhibited NF-�� activity (80, 254).
A potential mechanism for this differential effects of CRF
on NF-�� that depends on the environmental context,
with its dual coupling to pro- and anti-inflammatory re-
sponses, is discussed in detail elsewhere (80, 255). In con-
trast, activation of CRFR-1 in normal epidermal keratin-
ocytes enhances NF-�� activity, in agreement with the
observed immunostimulatory activity of CRFR-1 in ker-
atinocytes (219, 232, 261) (Figure 4), which is consistent
with CRF-induced NF-�� stimulation of the immune sys-
tem (262). We believe that this solely stimulatory effect on
NF-�� in normal keratinocytes is due to a lack of coupling
of CRFR-1� signaling to adenylate cyclase (80, 117). In
contrast, CRF inhibits in normal epidermal melanocytes
the nuclear translocation of the NF-�� subunit p65,
NF-�� binding to DNA, and luciferase construct activity
driven by �� sites (257) (Figure 4). The specificity of this
effect was indicated by its attenuation using the CRF-spe-
cific nonpeptide antagonist antalarmin. Further study
showed that this inhibition of NF-�� activity reflected an
indirect stimulation of downstream POMC, with POMC
peptides acting directly as inhibitors of NF-�� activity
(257).

In conclusion, CRF and related peptides couple
CRFR-1 to variable signal transduction pathways with a
selectivity defined by skin cell type in order to regulate cell
viability, proliferation, differentiation, immune functions,
and secretory activity in growth condition-dependent
manners. Given the diversity of skin cell types and the
known pleiotropic effects of CRF and Urcs, a selectivity of
signal transduction pathway systems is required, and this
can be achieved by differential expression of the CRFR-1
or CRFR-2 or their isoforms. The biological context-
dependent pattern or compartmentalization of this re-
sponse will decide the phenotypic outcomes.

D. Alternative splicing of CRFR-1 and CRFR-2 and its

physiological relevance

1. CRFR-1

In addition to the main, fully functional isoform CRFR-
1�, CRFR-1 isoforms could be arranged into three groups:
isoforms with modification of the N-terminal ECDs, mod-
ified 7-TM C-terminal isoforms, and soluble isoforms
lacking 7-TM domains (Figure 3, upper panel). CRFR-1
isoforms with modified substrate binding domain have
limited or no capacity to bind its ligands (CRF and Urc-1),
and these include human and mouse isoforms including
CRFR-1c (exon 3 is spliced out) and CRFR-1e (exons 3
and 4 are absent, which cause frameshift and early stop
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codon in exon 8), although the latter also belongs to sol-
uble isoforms due to the absence of the entire 7-TM do-
main. The isoform CRFR-1c failed to bind CRF when
expressed in the monkey kidney cell line COS-1 (263).
Stimulation of cAMP production is observed only at high
concentration of human CRF, which suggests strong in-
hibition of downstream signaling in cells expressing
CRFR-1c in comparison to CRFR-1� (54). Moreover, re-
cent studies using GFP-labeled CRFR-1 isoforms revealed
a cell membrane localization of CRFR-1c and colocaliza-
tion with CRFR-1�, but also showed strong inhibition of
CRF signaling most probably through formation of non-
functional dimers (109, 264). The isoform CRFR-1i, re-
cently discovered in human carcinoid BON-IN, has exon
4 spliced out and possesses two alternative starting codons
with or without exons 1 and 2 (CRFR-1i-a and CRFR-
1i-b). Both isoforms, while expressed in HEK-293 cells,
were not activated by CRF. However, CRFR-1i-b in the
presence of NBI-35965 (CRFR-1 antagonist known to
bind to 7-TM), was able to attenuate basal or CRF-stim-
ulated pERK1/2 activation (119).

The second group of CRFR-1 isoforms contains iso-
forms with deletion of fragments of 7-TM domains that
results in impaired trafficking and localization (81, 111,

161, 264). These are human CRFR-1d (exons 13 is spliced
out), CRFR-1f (exon 12 is absent that results in subse-
quent frameshift), CRFR-1g (27 bp of exon followed by
whole exon 10 exons, and 28 bp of exon 12 are absent).
Additional isoforms were detected in hamsters: CRFR-1k
(with deletion of exon 10), CRFR-1m (lacking exons 11
and 12), and CRFR-1n (with removed exons 10 to 12). As
was predicted (80), deletion of a fragment of the 7-TM
domain results in the intracellular retention of CRFR-1
isoforms with deletions in the 7-TM domain, as shown for
CRFR-1d, -f, and -g using several cellular models includ-
ing HaCaT keratinocytes (109), pituitary cell line AtT-20
(264), and retinal pigment epithelium line ARPE-19 (49).
Moreover, the expression of CRFR-1d, CRFR-f and g
with CRFR-1� resulted in the accumulation of coex-
pressed isoforms inside cells (264). Several functional
studies showed inhibition of CRF and Urc-1 signaling in
cells overexpressing CRFR-1 isoforms with impaired
7-TM domain (for review, see Ref. 81). A similar decrease
was observed when CRFR-1� was coexpressed with
CRFR-1d, -f, or -g, showing the dominant effect of the
expression of those isoforms. The negative effects were
demonstrated both by the reduced production of second-
ary messengers (cAMP, IP3, and Ca�2) and subsequent

Figure 4.

PP

ACTH/MSHα

CRFR-1CRFR-1

CRFR-1CRFR-1

MC1/2MC1/2
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Iκ-B NF-κB
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Figure 4. CRFR-1-coupling to the NF-��B signaling in normal epidermal keratinocytes and melanocytes. CRF stimulates NF-�B activity in normal

human keratinocytes (255) and inhibits it in epidermal melanocytes (257). Of note, in immortalized HaCaT keratinocytes, CRF both inhibits and

stimulates NF-�B activity, depending on the environmental context (80, 254).
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low or no activation of corresponding transcriptional el-
ements (CRE, AP-1, and calcium responsive element
[CARE]), followed by decreased regulatory effects on gene
expression (109).

The third group of CRFR-1 isoforms are known as
soluble receptors; thus, they do not possess the entire
7-TM domain. CRFR-1e has a deletion of exons 3 and 4,
which results in a frameshift and premature stop codon in
exon 8. The isoform CRFR-1h is unique because it con-
tains an additional exon (cryptic exon) inserted between
exons 4 and 5. The frameshift causes early termination in
exon 5 of CRFR-1h mRNA, but in contrast to CRFR-1e
this isoform possesses the entire first ECD, thus it may
represent a soluble receptor with the capacity to bind li-
gands (80, 111, 252). In fact, the presence of CRFR-1h
was detected in medium of cells overexpressing CRFR-1h
tagged with GFP, as well as in with the endoplasmic re-
ticulum in HaCaT keratinocytes (109). Moreover, condi-
tioned medium from the mouse pituitary cell line AtT-20
cells, which overexpress CRFR-1h, inhibited slightly the
stimulation of these cells by CRF, suggesting that soluble
CRFR-1h may act as a decoy receptor (264). In contrast,
CRFR-1e, in which most of the first ECD and whole 7-TM
is missing due to the deletion of exons 3 and 4 and sub-
sequent frameshift, was not detected in the culture me-
dium, suggesting its protein and mRNA may undergo fast
degradation (81, 264).

Isoform CRFR-1�, coded by all 14 exons (265), may be
a by-product of CRFR-1 alternative splicing because all
other CRFR-1 isoforms have exon 6 removed, and the
presence of this exon was shown only in humans although
it is predicted in some primates as a theoretical transcript
(266). Moreover, recently this group showed the expres-
sion and function of yet another CRFR-1 variant with

intact exon 6 and deletion of exon 13 (identical to CRFR-
1d). It seems that the insertion of an additional loop into
the first intracellular loop of the receptor alters its respon-
siveness to PKC-induced phosphorylation, leading to de-
sensitization and endocytosis, and thus inhibition of
downstream signaling (118).

Although there is a shortage of information on molec-
ular factors regulating alternative splicing of CRFR-1, re-
cent studies have shown that the small nucleolar RNA
MBII-52 (SNORD 115) is involved in alternative splicing
of mouse CRFR-1, and that its presence stimulates exci-
sion of substrate binding domain (267).

The DNA polymorphisms mapped to the CRFR-1 gene
correlate with development or susceptibility to depression
(268–272), alcohol abuse (273, 274), Parkinson’s disease
(275) or sensitivity to antidepressants (269, 276, 277), hy-
pertension (278), sensitivity to corticosteroids (278, 279), or
low bone densities (280) (Figure 5). More than 400 different
single nucleotide polymorphisms (SNPs) have been detected
within the human CRFR-1 gene so far (NCBI, dsSNP, build
130), with all but eight mapped to noncoding fragments of
CRFR-1 sequence (introns). Surprisingly, all SNPs found
within the CRFR-1 gene and linked to human diseases or
drugsensitivityweremappedtointronicsequences, thushav-
ing no direct impact on protein product (Figure 5). There-
fore, it is possible that the presence of unique SNPs might
influence alternative splicing of CRFR-1 pre-mRNA, result-
ing inmodulationofCRF-drivenpathwaysofstress response
and steroidogenesis. It is well established that both intronic
and exonic SNPs can influence alternative splicing, and so
shed some light on the mechanism of the observed phenom-
ena (281–283). The position of the SNPs seems to correlate
withalternativesplicingsites forming“hotspots”ofsplicing.
Ten of 14 SNPs were mapped to introns 2, 3, or 4 (Figure 5).

Figure 5.

Exon 1 2 3 4 5 6 7 8 9 10 11 12 13 14
13121110987654321Intron

c e i h g f dSplicing variants: all but β
and β/d

rs8072451a

rs242924b

rs242940c

rs242941d

rs242937f

rs242939g

rs242938h

rs45502095i

rs110402j

rs4792887k rs173365l rs1867831m
rs1876828n

rs1876829o

rs171440e

Figure 5. SNPs can affect CRFR-1 splicing. Exons are shown in green, introns are in blue, and splicing variants are in pink. The positions of selected SNPs

are indicated by superscript letters that correspond to reference numbers for the following studies: a 271; b 270, 271, 291; c 275; d 268, 276–278;
e,f 275; g 268, 276, 277; h 273, 274; i 278, 286, 290; j 269–271, 275, 291; k 270, 271; l 271; m 273, 274; n 268, 276–278, 280; and o 278.
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Alternative splicing in this region may result in at least three
different variants of CRFR-1 mRNA (isoforms CRFR-1, -e,
or -h) (Figure 5). Two SNPs (rs1876828 and rs1876828)
located in intron 13 might be involved in alternative splicing
of CRFR-1 leading to isoform d. Although the SNPs are
located in around 200 to 2000 base pairs from the splicing
site, they might play a regulatory role in the splicing (282,
283).

Expressionofalternative splicingvariantsofCRFR-1was
shown to modulate CRF-driven signaling on many cellular
models (109, 116, 117, 264) (Figure 6). The significance of
alternativesplicingof theCRFR-1receptormaybeexplained
by a decrease in the number of copies of mRNA coding the
fully functional isoform CRFR-1� and the fast degradation
of other mRNAs by a nonsense mRNA decay mechanism
(284) (Figure 6). Nevertheless, there is growing evidence that
the regulatory function of alternative splicing goes far be-
yond the nonsense mRNA decay mechanism, and several
reports showed that CRF signaling is modulated by expres-
sion of multiple isoforms of the receptor (67, 80, 109, 264).
In this model, the activity of the main isoform CRHR1� is

regulated by coexpression of other isoforms with formation
of heterodimers (80, 109, 264). Thus, alternative splicing of
CRFR-1 changes not only a pool of mRNA coding
CRHR1�, but also the properties of the receptors (Figure 6).
Separate functions were postulated for a soluble isoform
(lacking the 7-TM domain) with distinct intracellular and
extracellular activity (80, 109, 264).

So far, there is a lack of definitive information on
whether SNPs influence CRFR-1 expression or splicing in
the skin. Recent studies indicate that CRFR-1 expression
changes with age (245) or in pathological conditions such
as psoriasis (218). Moreover, alternative splicing of other
GPCRs was associated with the development of several
human pathologies (285). The coexistence of “hot spots”
of alternative splicing with SNPs suggests a potential mod-
ulatory effect of SNP on CRFR-1 pre-mRNA splicing (Fig-
ure 5). A correlation between germline variations in the
CRFR-1 gene (including the rs1876828 SNP) and alter-
native splicing of CRFR-1 pre-mRNA, if proven, would be
important in diagnostics and in the development of ther-
apeutic strategies for diseases or abnormalities in which

Figure 6.

CRF1 gene

CRF1 full length mRNA

splicing (-exon 6)
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CRF1β/d
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Figure 6. CRF signaling is regulated by different CRFR-1 isoforms. CRFR-1 gene contains 14 exons, and only 1 isoform of the CRFR-1� receptor

(also called pro-CRFR-1) is coded by all exons. Depending on external or internal factors, CRFR-1 pre-mRNA might be subjected to alternative

splicing that results in the formation of at least 12 isoforms. Those proteins might regulate CRF signaling, which is mainly transduced by CRFR-1�,

via modulation of its expression, localization, or activity. Minus signs indicate inhibition, and plus signs indicate stimulation of CRF signaling by

expression or coexpression of multiple CRFR-1 isoforms. For details, see Ref. 81.
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SNPs were detected in CRFR-1 (268–271, 273–278, 280,
286–292).

2. CRFR-2

Due to the high level of homology of CRF-2 with
CRFR-1, theoretically alternative splicing of CRFR-2
mRNA could result in the formation of similar isoforms.
For example, the soluble isoform (sCRHR2), similar to
CRFR-1h, was detected in mouse brain (121). Interest-
ingly, CRFR-2 pre-mRNA can be spliced into at least three
unique 5�-end variants with alternative starting codons
(coding isoforms CRFR-2�, -�, and -�) (Figure 3, lower
panel).

In addition, CRFR-2 splicing variants with retention of
intron 3 – (CRFR-2a-3), 8 (CRFR-2a-4), or 8 and 9
(CRFR-2a-5) were reported in rat esophagus (227).
Esophagus epithelium contains keratinocytes in a similar
manner to skin epidermis. These insertions result in a
frameshift and the introduction of a premature stop codon
potentially produced truncated proteins lacking the
7-TM. Two other isoforms have unique deletion of three
nucleotides coding glutamine (CRFR-2b [desQ126] and
CRFR-2b-2 [desQ126]) (227). It remains to be tested
whether similar CRFR-2 splicing is seen in human adnexal
and dermal compartments or in rodent skin because it was
suggested that CRFR-2 expression has a regulatory func-
tion in these structures, including hair cycling (209) and
pigmentation (213).

E. Neuropeptide and cytokine regulation

of CRFR expression

There are several well-documented effects of cytokines
on CRFR expression and its isoform regulation in differ-
ent organ systems. IL-1 stimulates both CRF and CRFR-1
in the paraventricular nucleus of the hypothalamus (293),
whereas IL-1� increases the expression of CRFR-1, de-
creases expression of isoform �, and does not affect iso-
form d in the human myometrium (294). The effect of
IL-1� on CRFR-1 is mediated by the NF-�� pathway.
Also, overexpression of CRFR-1 is actually characterized
by diminished cAMP signaling, which indicates the sig-
nificance of other isoforms in this model. IL-1� and
TNF-� decrease expression of CRFR-2 on mouse cardio-
myocytes, mediated indirectly by the Urc-1 and possibly
corticosterone (295). IL-1� decreased the expression of
CRFR-1 in the pituitary (296), an effect mediated both by
CRF causing desensitization (as proposed by Ref. 297)
and by LPS itself, IL-1�, and also IL-6 on the receptor
expression (296).

Although SP was discovered in the CNS, it has a wide-
spread distribution and plays a role in inflammation (298),
including the skin (59, 299). SP is known to stimulate mast

cells to express CRFR-1, leading to the synthesis and re-
lease of IL-8, TNF-�, and VEGF (230). Neurokinin 1 re-
ceptor is engaged in this process, and the whole model is
postulated to operate in psoriasis (233). In the brain,
where it was hypothesized to underlie anxiety disorders,
SP also engaged neurokinin 1 receptor and led to overex-
pression of CRFR-1 (300). A similar effect was recently
reported for the brain peptide NT, which induced the ex-
pression of CRFR-1 (246). Interestingly, CRF also in-
duced the expression of NT1 (246). Of note, mast cells
respond to IL-6 with increased expression of both CRFR-1
and CRFR-2, but only of CRFR-2 to IL-4, IL-1, or LPS
(301).

Taking into consideration that skin is actively produc-
ing and responding to numerous neuropeptides (including
SP and NT) and cytokines (49, 59, 129, 141, 174, 186,
302, 303), these neuropeptides and cytokines will regulate
CRFRs in a compartment- and context-dependent man-
ner. In this context, the same or neighboring cells will be
in bidirectional communication in an intracrine, auto-
crine, or paracrine manner with feedback and feed-for-
ward instructions (49) with autoregulatory loops between
CRF, neuropeptide, and cytokine signaling systems. These
represent an evolutionary signature of similar interactions
occurring at the central level (40, 304). This is an exciting
area for exploration because CRF signaling may also be
up-regulated locally by POMC-derived peptides activat-
ing self-amplifying autoregulatory loops (38, 129, 130,
174) that are beyond testing due to spatial separation of
the hypothalamus and pituitary.

F. Environmental regulation of the cutaneous CRF

signaling with a focus on UV radiation and skin bacteria

It has already been mentioned that LPS can affect the
CRF system. LPS is an example of a biological insult that
can stimulate CRF activity with subsequent activation of
proinflammatory cytokines that are dependent on CRF
and CRFR-1 (219). Stimulation of CRF signaling by ex-
tracts from bacillus P. acnes has been demonstrated in
keratinocytes by Isard et al (220). Many skin cells, includ-
ing mast cells, express TLR and respond to bacteria with
release of cytokines that can go on to influence the CRF
system (305, 306). A second dominant environmental
stimulus of CRF signaling is UV radiation (UVR). This
part of the spectrum of electromagnetic energy covering
wavelengths between 100 to 400 nm includes vacuum UV
(100–200 nm), UVC (200–290 nm), UVB (290–320 nm),
and UVA (320–400 nm). Only UVA and UVB reach the
surface of the earth and so represent a major cutaneous
stressor.

It is already well documented that UVB stimulates
POMC expression with the production of corresponding
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ACTH and �-MSH peptides by skin cells in a dose-depen-
dent fashion (307). UVB also stimulates the expression of
receptors and increases melanocyte responsiveness to
MSH (307). This phenomenon was first recognized by
Pawelek and colleagues (307–312), who proposed that
UVB-induced melanogenesis is mediated by up-regulation
of the MSH receptor system. In this manner, UVR up-
regulates the expression of functional MSH receptors and
amplifies the melanogenic effect of MSH, as observed in
vivo and in cell culture systems (38, 307–315). Similar
results have been obtained in clinical studies, which
showed that topical application of a superpotent �-MSH
induces skin pigmentation predominantly on the sun-
exposed areas (reviewed in Ref. 38). Moreover, patients
with Addison’s disease (adrenal failure with increased
plasma ACTH levels) exhibit hyperpigmentation, pre-
dominantly on sun-exposed body sites (reviewed in Ref.
38). In addition, it was shown that activation of MC1R by
�-MSH induces additional protective mechanisms in skin
melanocytes against solar radiation that are separate from
the induction of melanin pigment (316–319). Thus, UVB
may regulate how the skin responds against its damaging
effects through a concerted activity involving the stimula-
tion of ligand production (POMC peptides) and increased ac-
tivity of the corresponding receptors (38, 129, 174).

As mentioned previously, UVB stimulates the produc-
tion of CRF by cultured normal human melanocytes, ker-
atinocytes, and fibroblasts (80, 203, 214). UVB-induced
stimulation of CRF appears to be regulated by UVB-induced
stimulation of PKA and phosphorylation of CREB, with
subsequent binding to CRE sites in the CRF promoter
(214). Because CRF can stimulate ACTH and �-MSH pro-
duction in the human skin cells and hair follicle (320–
323), we have investigated a potential role of CRFR-1 in
this process. We found that whereas UVB activated the
POMC promoter, POMC mRNA expression, and ACTH
release, an antagonist of CRFR-1 abrogated this UVB-
stimulated induction of POMC (214). Therefore, we pro-
posed the hypothesis that UVB-induced CRF production
activates CRFR-1 with subsequent stimulation of POMC
expression (214).

Using human skin incubated ex vivo and melanocyte/
keratinocyte cocultures, we have reported that CRF,
POMC, MC2R, CYP11A1, and CYP11B1 gene expres-
sion can be stimulated by UVR, with wavelength- and
dose-dependent effects. The greatest effects were observed
for highly energetic UVC and UVB elements of the spec-
trum (221). However, significant production of CRF,
POMC, ACTH, and CYP11A1 proteins and peptides (as
measured by ELISA and Western blotting) was seen only
after UVB and UVC irradiation, whereas �-endorphin ex-
pression was also stimulated by UVA. Furthermore,

immunocytochemical analysis showed that UVA also in-
creases CRF and �-endorphin levels in skin, predomi-
nantly within the epidermis with additional accumulation
in the dermis (221). These led to the conclusion that
highly energetic wavelengths (UVC and UVB) are pre-
dominantly responsible for activating the CRF and
POMC systems. Additional corticosteroidogenic en-
zymes contribute as part of a local stress response,
where selective activation of CRF and �-endorphin by
UVA occurs as part of an alternative although poten-
tially overlapping mechanism (221).

UVB-mediated induction of cutaneous signaling also
includes regulation of CRFR-1 expression and activity.
Specifically, UVB can increase CRFR-1� expression and
change the pattern of CRFR-1 isoforms expressed in skin,
depending on the dose and repetition of UVB exposure
(109, 111, 112).

Additional environmental factors in the regulation of
the cutaneous CRF signaling include cold, as demon-
strated by increased cortisol production in hair follicles
(324–326), chemical peeling, and 2,4 di-nitrofluoroben-
zene that induce POMC (234, 327).

G. Comparison with other peripheral organs

1. GI tract

There is significant interest in the exploration of pe-
ripheral equivalents of the HPA axis, not only in skin, but
also the gut (328) and perhaps other adjacent organs (37),
such as the bladder (60, 329, 330). In the case of the GI
tract, this is driven in part by an interest to explore the role
of inflammation and the gut microbiome in disorders of
the gut, including IBS (331). Indeed, modulation of the gut
microbiome by nutritional interventions may be able to
reduce stress-induced neurogenic inflammation and pe-
ripheral tissue responses to stress. Increasingly, evidence
from clinical and preclinical studies suggest a role for pe-
ripheral CRF signaling in mediating stress-induced effects
on GI function (85). Modulation of the psycho-neuro-
endocrine-immune systems via a so-called brain-gut axis
has been proposed to play a key role in the pathogenesis of
inflammatory bowel disease and IBS. This axis is thought
to involve interactions between the autonomic nervous
system, the CNS, the stress system (HPA axis), and the GI
CRF system, as well as the intestinal barrier, microbiota,
and local immune system (332). In this way, CRF-associ-
ated stress pathways can induce a change in gut motility,
secretion, visceral sensitivity, intestinal permeability, and
local inflammatory responses in the GI tract (333, 334). In
reverse, chronic colitis appears to suppress CRF gene ac-
tivation in the brain (hypothalamus) and also reduces
plasma corticosterone levels (335).
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Mice deficient in CRFR-2 tend to develop reduced in-
testinal inflammation, whereas CRF antagonists exhibit
anti-inflammatory effects in murine ileitis induced by
Clostridium difficile toxin A (83). These data suggest a
role for CRFR-1 in this form of ileitis (336). When these
antagonists are given peripherally, they prevent stress-
induced GI dysfunction. Both stress and CRF can also
increase permeability of rat colon (337), which can lead to
an inflammatory response via enhanced bacterial antigen
access to the immune system of the gut lamina propria
(338). Agonists at each CRFR type apparently promote
opposing effects on the gut. Whereas CRFR-1 promotes
intestinal inflammation and endogenous and inflamma-
tory angiogenesis, CRFR-2 inhibits these activities (339).
By contrast, stress-induced bladder inflammation seems to
be driven by CRFR-2 activation (330).

In summary, several functional studies show that the
peripheral administration of CRF (or Urc) stimulates co-
lonic transit, motility, and defecation via CRFR-1 and a
decrease in ileal contractility via CRFR-2 (84, 85). The
CRF system in the gut is, therefore, an interacting and
balanced system where disruption to this balance favors
inflammation. Thus, targeting the CRF system may be
important in the management of inflammatory bowel dis-
ease and/or IBS.

2. Immune system

Much has been written about the intersection of the
neuroendocrine and immune systems because both pro-
vide crucial host defenses in health and disease (340).
Chronic stress generally impairs or suppresses immune
function (promoting glucocorticoid release and a type-2
cytokine response), leading to increased susceptibility to
cancer and infections. Stress can also worsen the outcome
for some diseases, like asthma (341). In this sense, chronic
stress is maladaptive in the evolutionary survival context.
By contrast, acute stress (ie, short-term flight-or-flight re-
sponses) may have opposite, ie, immune-enhancing ef-
fects, and so promote survival responses in both our car-
diovascular and musculoskeletal systems (342). Despite
this, acute stress can worsen many inflammatory diseases,
such as multiple sclerosis and psoriasis (166, 343).

CRF, as the stress-integrating peptide and stimulator of
ACTH secretion, can indirectly modulate the immune sys-
tem function, principally via immunosuppression. At the
periphery, CRF can regulate directly immune activity via
both its synthesis and the expression of CRFRs by immu-
nocytes (344, 345).

CRF is involved in the inflamed tissues of patients with
autoimmune and inflammatory diseases. For instance,
both CRF and CRFRs are up-regulated in inflammatory
arthritis and psoriasis. CRF can also induce the expression

of the orphan nuclear receptor NURR1, a transcription
factor of the steroid/thyroid superfamily, and associated
ligands can be effective in psoriasis (177). Additional dis-
cussion is presented in the next paragraph.

One of the early immunoregulatory effects of CRF is its
activation of mast cells (346) and in stimulating the release
of VEGF and several inflammatory cytokines (122, 166,
201, 341). Stress signals from the immune system, as well
as body tissues, can trigger the release of CRF from lym-
phoid tissue like the spleen and thymus, as well as from the
inflamed tissue itself (44). In general, data from both in
vivo and in vitro studies indicate that CRF in the periphery
and from immune cells has proinflammatory effects.
Given the widespread expression pattern of CRFRs, CRF
can act in a paracrine manner by activating CRFR-1 and
CRFR-2 receptors on local immune cells. Whether all of
the proinflammatory activity attributed to CRF is indeed
due to this peptide is not clear because increasing data
suggest that CRF-like peptides and Urc itself may be in-
volved as these are also expressed by immunocytes and can
also bind CRFR-2 receptors (347). For instance, CRF
(348) and Urc (349) similarly stimulate skin mast cells and
lead to increased vascular renewability and inflammation
(350).

3. Gestational tissues

CRF expression has been reported in a number of re-
productive organs, including the ovaries, endometrial
glands, decidualized endometrial stroma, placenta, de-
cidua, and the testes (54, 70, 82, 345). Moreover, CRF is
reported to regulate a number of reproductive functions
including ovulation, luteolysis, decidualization, implan-
tation, and early maternal tolerance, whereas this stress
peptide also functions in pregnancy and labor onset (82).
The placenta is the main source of both CRF and CRF-BP
and, when in the circulation, causes physiological hyper-
cortisolism during the second and third trimester. This is
followed postpartum by transient adrenal suppression
(82). The latter may participate in associated postpartum
mood alterations, including depression (345).

CRF levels are elevated in women with preterm labor
and other complications, such as pre-eclampsia, and has
led to the suggestion that there exists a placental “clock”
that determines the length of normal gestation (82, 351–
354). However, spontaneous preterm delivery involves
other factors, in addition to CRF level elevation, so CRF
level alone, while useful, is not a robust diagnostic pre-
dictor of preterm delivery. CRF, together with progester-
one, is crucial for the transition from myometrial quies-
cence to contractility (355). Placental CRF in particular
stimulates production of cortisol (and androgens) in the
adrenal glands of the developing fetus (356). Increased
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CRFR-1 and Urc-positive mast cells have been identified
in lesions of endometriosis (357), a neuro-immuno-endo-
crine disease exacerbated by stress (358).

4. Cardiovascular system

The CRFR-2 receptor is highly expressed in the heart,
and when administered peripherally both CRF and Urc
cause significant hemodynamic effects via activation of
cardiac CRFRs. These include increased arterial pressure
and heart rate, via the autonomic sympathetic nervous
system, and elevation of plasma catecholamine, in addi-
tion to stimulating ACTH release. ACTH increases blood
pressure as a result of stimulated secretion of mineralo-
corticoids and glucocorticoids (359, 360). Thus, there is
interest in the use of CRF and Urcs as potential therapies
for heart failure (87). There is evidence that the peripheral
administration of CRF and its analogs can exert effects on
the heart and vasculature directly via CRFRs, even with-
out involving the CNS and autonomic nervous system
(361). For instance, direct intracoronary administration
of Urc in pigs raises coronary blood flow, and this can be
blocked using a nitric oxide synthase inhibitor via endo-
thelial nitric oxide synthase (362). Furthermore, Urc can
stimulate CRFR-2 receptors on aortic endothelial cells to
phosphorylate ERK, protein kinase B, and p38 leading to
endothelial nitric oxide synthase activation (363). Impor-
tantly, pretreatment of animals with a CRF antagonist
(�-helical CRF9–41) blocks the cardiovascular and he-
modynamic responses to peripherally administered CRF
(364). Endogenous Urcs can suppress vascular tone in
heart failure, and iv Urc increases cardiac output and re-
duced systemic vascular resistance (365).

CRF and its associated peptides have also been reported
to exhibit direct actions on cardiac myocytes via CRFR-2
receptor activation and, importantly, can achieve these
without the involvement of the nervous system (366, 367).
Data from these studies support a direct Urc action via
CRFR-2 in cardiac myocytes. CRF analogs, including re-
ceptor selective and nonpeptidic CRF agonists and antag-
onists, have significant potential as drugs that target the
peripheral cardiac system given their likely inotropic, va-
sodilator, and diuretic actions. Acute stress can also stim-
ulate cardiac mast cell activation, accompanied by hista-
mine (368) and IL-6 (369) release, both of which are
increased in apolipoprotein E knockout mice that are
prone to atherosclerosis. Moreover, Urc can directly stim-
ulate IL-6 release from cultured cardiomyocytes (370).
Cardiac IL-6 elevation is reported in patients with acute
coronary syndrome (371) and appears to derive from mast
cells stimulated by stress (372).

Thus, CRF signaling systems are operating in the pe-
riphery to regulate their function in response to stressful

stimuli (37, 82, 85, 122), and the organization of these
responses is similar to that in the skin (49, 80).

V. Skin Equivalent of the HPA Axis

A. Skin pro-opiomelanocortin (POMC) signaling system

Since the first report on hair cycle-dependent POMC
expression and �-endorphin production in the skin of the
C57BL/6 mouse (373), it is now well established that skin
cells produce POMC peptides and express functionally
active corresponding receptors in a cell type-, species-, and
context-dependent fashion (see reviews in Refs. 38, 49,
129, 139, 161, 174, 175, 317, 318, and 374). This has
been a subject of extensive reviews, and we will therefore
provide only a brief overview. Skin production includes
ACTH, �-MSH, �-MSH, �-MSH, �-endorphin, and �-
lipotropic hormone (�-LPH). POMC processing in human
skin appears to resemble that of the hypothalamus and
pituitary in that ACTH, �-MSH, and �-endorphin have
been found in melanocytes, keratinocytes, fibroblasts,
sebocytes, and immune cells and in mammalian skin bi-
opsies (129, 162, 174, 375–381). In addition, melanocytes
and keratinocytes, as well as other skin cell types, express
POMC-processing components (eg, PC1, PC2, and regu-
latory protein 7B2) that are dependent on the status of the
skin (reviewed in Refs. 49, 130, 323, 382, and 383).

�-MSH binds to its preferred melanocortin receptor
(MC1), to which ACTH can also bind in addition to its
own preferred receptor, MC2, whereas �-endorphin can
influence melanocytes via its preferred �-opiate receptor.
Melanin pigment produced in this way can act as a buffer
molecule to antagonize the noxious effects of physical,
biological, and chemical insults (38, 49). Furthermore,
these peptides have immunosuppressive properties and
regulate several functions in the epidermis, fibroblasts,
and dermal microvasculature, as well as in hair cycling,
sebaceous glands, and the secretory activities of other ad-
nexal structures. A protective role of �-MSH signaling
against oxidative and UVB-induced damage has also been
emphasized recently.

Despite significant advances in this field, there are also
areas that have to be clarified. Although POMC can be
processed in the skin by convertases also operative in the
pituitary or brain (380, 382–384), the correlation of the
different signatures of POMC fragments with the kinetics
of PC1 and PC2 activity in different cell types and in a
compartment-restricted fashion still remains to be dem-
onstrated. An analysis of how POMC is processed in re-
lation to PC1, PC2, and 7B2 expression/activity should
elucidate the nature of the intracellular POMC processing
mechanism(s) that transform this prohormone into bio-
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logically active secreted products. Elucidation of the
chemical nature of the active peptide is important because
it defines the final phenotypic effects in the skin. For ex-
ample, if ACTH is the predominant POMC cleavage prod-
uct formed, one would expect that its actions, in addition
to stimulating melanogenesis through activation of MC1,
should also include stimulation of cortisol production (as
occurs in the adrenal gland) with the final phenotypic ef-
fects represented by local immunosuppression. However,
if the final product is instead �-MSH, the stimulation of
melanin pigmentation should represent the main local
(epidermis or hair follicle) phenotypic effects accompa-
nied by immunosuppression. A similar view holds for
cleavage to �-endorphin because it, too, has promelano-
genic activity (385). However, the latter role may addi-
tionally include regulation of other epidermal functions
including nociception; opioid receptors have been identi-
fied in epidermal and hair follicle cells, as well as in nerve
endings (141, 175, 176, 385–389). Therefore, the chal-
lenge is this area is to define the context-dependent POMC
processing in the skin.

B. Skin corticosteroidogenic system

Since the first demonstration that skin cells express cru-
cial genes of the corticosteroidogenic pathway, CYP11A1,
CYP17, and CYP21A, as well as the MC2 gene encoding
the ACTH receptor (390), along with functional activity
of these and other steroidogenic enzymes in the skin or
skin cells (391–393), it has been firmly established that
skin expresses corticosteroidogenic activity (reviewed in
Ref. 198). Cutaneous steroidogenesis can be initiated di-
rectly from cholesterol by the action of locally expressed
CYP11A1 (180). Pregnenolone is metabolized by cutane-
ous 3�-hydroxysteroid dehydrogenase (3�-HSD) (394–
396) with subsequent steps involving the metabolism of
progesterone to deoxycorticosterone and 18-hydroxy-
deoxycorticosterone, with the final production of corti-
costerone (321, 322, 391, 392). Human hair follicles (320,
324), cultured normal epidermal melanocytes (322), and
DFs (321, 397) can also produce cortisol (321, 397). The
skin’s capability to produce cortisol was mostly confirmed
in skin cells in vitro (398–400) and by us in skin fragments
incubated ex vivo (221, 401). Cutaneous corticosteroido-
genesis can be regulated by CRF, ACTH, and cAMP (320–
322), IL-1 and tissue injury (400), as well as by UVR (152,
221, 401). Skin cortisol can either be produced from 11-
deoxycortisol by CYP11B1 or from cortisone by 11�-
HSD1 (130, 398–402).

Skin also produces sex hormones from dehydroepi-
androsterone (DHEA) and DHEA sulfate or androstene-
dione either derived from the circulation or produced lo-
cally (129, 146, 152, 394–396, 403). This involves

transformation of DHEA into 4-androstenedione and
5-androstene-3�,17�-diol, and of their further transfor-
mation to T and 5�-dihydrotestosterone (139, 395, 396,
403–406). Moreover, cutaneous fibrocytes/fibroblasts
and adipocytes convert T into estradiol, whereas keratin-
ocytes can transform reversibly 17-estradiol into estrone.

In addition, cutaneous activity of CYP11A1 can gen-
erate novel 7�-steroids, which after exposure to UVB are
transformed to corresponding secosteroids (vitamin D an-
alogs) (151, 180, 188–190, 192, 407, 408), and can me-
tabolize vitamin D itself to novel hydroxy-derivatives
(190). Both types of molecules are biologically active (151,
188, 192, 408–418).

The nature and level of production of the final steroid
products is dependent on the cell type and whether the
process takes place in epidermis, dermis, adnexal struc-
tures, or adipose tissue. Locally produced glucocorticoids,
androgens, and estrogens can affect functions of the epi-
dermis and adnexal structures, as well as local immune
activity and perhaps the pigmentary system. Malfunction
in these steroidogenic pathways can lead to inflammatory
disorders, autoimmune diseases, or defects in the func-
tioning of adnexal structures or to local carcinogenesis
(49, 150–152). The cutaneous steroidogenic system can
also have systemic effects that are emphasized by signifi-
cant skin contribution to circulating androgens and/or es-
trogens. Therefore, we conclude that mammalian skin can
be defined as an independent steroidogenic organ, whose
activity can affect its functions and affect also the devel-
opment of local or systemic inflammatory or autoimmune
diseases. Furthermore, modulation of local steroido-
genic activity may serve as a new strategy for treatment
of inflammatory, autoimmune, or other skin disorders
(150 –152).

C. Structural and spatiotemporal organization of skin

HPA axis

Significant experimental evidence has accumulated in
support of the original hypothesis that mammalian skin
expresses a homolog of the HPA axis to regulate local
response to stress (129, 130, 180, 214, 221, 223, 320–
326, 398–400). The original hypothesis was based on the
evidence that skin expresses POMC products (202, 223,
373, 375, 376, 419, 420), MC2 gene (223), CRF, CRFR-1
receptors (202, 203), and CYP11A1, CYP17, CYP21A2,
and 3�-HSD enzymes as well as the cutaneous production
of steroidal products (421). The expression of MC2 pro-
tein in skin cells was also demonstrated (422, 423). Inter-
estingly, the same skin cells (or the cells in close contact
with them) express CRF, CRFR-1, POMC, and melano-
cortin and opioid receptors as tested in vitro or in vivo by
immunocytochemistry or in situ hybridization (38, 129,
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174, 178, 206, 209, 211, 213, 215, 320–323, 380, 382,
386, 387). These findings indicated autocrine or paracrine
modes of action for HPA axis components (129, 130).
Furthermore, evidence was presented that mammalian
skin is also an extra-adrenal site of glucocorticoid synthe-
sis that can act in intracrine, autocrine, or paracrine fash-
ion (40, 130, 198, 205, 424).

The expression of these HPA axis elements is not ran-
dom but is organized into functional, cell type-specific,
regulatory loops with a structural hierarchy similar or
identical to that found at the central level (40, 130). For
example, CRF-induced CRFR-1 stimulation up-regulates
POMC gene transcription and production of ACTH in
epidermal melanocytes and DFs, via the activation of
cAMP-dependent pathway(s) (321, 322). Melanocytes
also respond with a POMC-dependent enhanced produc-
tion of cortisol and corticosterone (322), whereas DFs
respond to CRF and ACTH with enhanced production of
corticosterone only (321) while producing cortisol constitu-
tively (397). Human hair also contains a fully functional
HPA axis equivalent, including increased production of cor-
tisol following a CRF3POMC3ACTH3cortisol order of
action, with negative feedback regulation by cortisol of in-
traepithelial CRF and POMC expression (320). Interest-
ingly, cold or pain stressors can trigger the rapid production
of cortisol in human body hair follicles that is independent
from the central HPA axis (324–326, 425). CRF also stim-
ulates the production of POMC with further processing to
�-MSH in melanocytes, which release both POMC precur-
sor and �-MSH into the media (323). In addition, Funasaka
et al (205) also observed the stimulation of POMC by CRF
in melanocytes and melanoma cells. CRF induction of
POMC in the skin of C57BL/6 mouse in vitro has been re-
ported (234).

Thus, there is overwhelming evidence of a structural
and functional equivalent of the HPA axis operating in the
skin, and the main challenge now is to define the degree to
which this cutaneous stress response system follows or
departs from the central (CRF3CRFR-13POMC3
ACTH3cortisol) organization, with its direct local pheno-
typic consequences.

D. Pathophysiological relevance of skin HPA axis and its

departure from the central algorithm

Unlike the brain and pituitary, in the skin all elements
of the HPA axis are synthesized in the same organ and at
close mutual proximity, including their regulatory ele-
ments such as cytokines (49). In addition, the alternative
ligand for the CRFR-1, Urc-1, is also produced in the skin
(208) and therefore can also act as a trigger of the CRFR-
1-led stress response in this organ (40). This already rep-
resents a departure from the central algorithm and iden-

tifies CRFR-1 as the main regulatory switchboard in the
skin (CRF/Urc-1/synthetic agonists3CRFR-1) and opens
new possibilities for pharmacological manipulations us-
ing synthetic ligands (40, 81). Thus, a context-dependent
CRFR-1 coupling to a signal transduction pathway with
a possible sequence of CRFR-13POMC synthesis3
processing3final peptide products is of great clinical and
biological importance.

The following scenarios can be envisioned: 1) CRF/
Urc-13CRFR-1; 2) CRF/Urc-13CRFR-13POMC3
ACTH3cortisol/corticosterone; and 3) CRF/Urc-13
CRFR-13POMC3ACTH��-LPH3�-MSH��-endor-
phin or departs from the CRFR-1 signaling system to a
POMC3ACTH��-MSH��-endorphin route. The first
possibility lacks POMC and glucocorticoids signals and so
will lead to a strong proinflammatory response and sup-
ports the skin barrier, as discussed in the corresponding
sections of this review (Figures 7 and 10) and Refs. 49,
163, and 200. The second variant of the classical HPA axis
leads to immunosuppressive effects, with the additional
promelanogenic activity of ACTH. The third scenario in-
cludes the stimulation of melanogenesis by �-MSH and
�-endorphin with an additional direct immunosuppres-
sion and nociception effect (see corresponding section on
immunology and melanin pigmentation). Finally, POMC
signaling can also be activated without CRFR-1 involve-
ment through the action of locally-produced cytokines,
direct effect of UVB, or activation of cAMP signaling by
membrane-bound receptors (examples of which are
CRFR-2 or MC1, -2, -5). An example of this mode is the
activation of POMC in the skin by chemical peeling stress
without involvement of CRF (327).

The pathophysiological implications for such a variety
of signaling outcomes is discussed in depth in Sections VI
and VII. Briefly, there is good evidence that dysregulation
of the proposed cutaneous HPA axis or departures from it
can lead to inflammatory or autoimmune disorders, eg,
psoriasis, alopecia areata (AA), acne, atopic dermatitis, or
RA (139, 177, 201, 215–218, 230, 244, 426–428). The
effects on the pigmentary system and melanoma develop-
ment are discussed in sections on pigmentation and skin
pathology.

E. Implications for other peripheral organs

The immune system was one of the first extracranial
sites in which the production of POMC-derived peptides
was detected (reviewed in Refs. 429 and 430). Now it is
well recognized that most peripheral organs—including
immune, respiratory, GI, cardiovascular, and musculosk-
eletal systems; adipose tissue, placenta, uterus, kidney,
eyes, and skin; and even endocrine organs such as pan-
creas, adrenals, and gonads—are producing POMC-de-
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rived ACTH, �-MSH, and �-endorphin to different de-
grees for local use and express corresponding receptors
(35, 129, 131, 160, 174, 317, 380, 431–434). These are
involved in modification of local homeostasis, fine-tuning
functions of these organs; they have site-specific immu-
nomodulatory properties (predominantly immunosup-
pressive) and can modulate sensory input from the periph-
eral organs (35, 37, 129, 131, 160, 174, 317, 380,
431–435). However, their expression under physiological
conditions is relatively small. For example, in mouse skin
the concentration of POMC mRNA is �10 000 lower
than in the pituitary (223). Still, peripheral POMC signal-
ing systems are deregulated under pathological states in-
cluding cancer (reviewed in Refs. 129, 174, 317, 375, and
380), and in some cases the aberrant overexpression of
POMC may have systemic effects (reviewed in Refs. 35,
375, and 380).

Although the CRF/CRF-like signaling systems are
widely expressed in the same organs and tissues, there is
some degree of organ and tissue selectivity for the pre-

dominant type of the ligand CRF vs Urc-1, -2, or -3 and
CRFR-1 vs CRFR-2 (69, 70, 73, 82, 85, 91). Again, these
ligands, by activating either CRFR-1 or CRFR-2, can have
immunomodulatory effects and have regulatory functions
in these organs (69, 80, 82, 85, 91, 117, 201, 436–438).
These signaling systems are also deregulated in various
cancers (439).

Several tissues, besides the adrenal cortex, gonads, and
placenta, also express CYP11A1 and so can be considered
steroidogenic (132, 198). These tissues encompass skin,
GI, heart, mammary gland, prostate, and the immune sys-
tem, including during cancerous conditions (132, 152,
440–450). Interestingly, the brain also expresses steroid-
ogenic activity (132, 451, 452). The products of these local
pathways most likely play autocrine or paracrine regula-
tory roles (132, 198); steroidogenesis in these tissues is
quite modest, usually being less than 1% of that seen in
adrenal and gonadal cells. The steroids produced include
pregnenolone, pregnenolone sulfate, DHEA sulfate, pro-
gesterone, 3� and 5� reduced derivatives of progesterone,

and corticosteroids including corti-
sol and corticosterone (132, 152,
445, 446, 451, 452). It is also re-
ported that LPS can induce intestinal
glucocorticoid synthesis in a TNF�-
dependent manner (453), adding an-
other level of complexity to this
system.

Thus, all molecular elements of
the HPA axis are expressed locally
although at relatively low levels.
Therefore, it is likely that CRF and
POMC signaling systems, in com-
munication with cytokines, can reg-
ulate local steroidogenic activity in a
context- and organ-dependent man-
ner following a similar mechanism
based on the HPA axis.

F. Modes of communication

between skin and the central HPA

axis

It is unknown whether the skin
can directly activate the central HPA
axis. However, this possibility is
likely and would depend on the in-
tensity and nature of the stressor (40,
49, 454) (Figure 7). For example, hu-
mans and horses exposed to sunlight
exhibit increased circulating levels of
�-MSH and ACTH (455, 456),
whereas experimental whole-body

Figure 7.

SPINAL
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URC
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Figure 7. Stressed skin regulates the central HPA axis. Signals generated in stressed skin are

delivered either by ascending nerve routes to the brain or by circulation to the hypothalamus,

pituitary, or adrenal gland, which would depend on the nature and intensity of the stressor and

on skin anatomy/histology. Furthermore, UVR production and secretion of final effectors of the

HPA (glucocorticoids) is activated by sequential and/or alternative modes of action originating in

the skin that will depend on the wavelength and dose of solar electromagnetic energy.
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exposure to UVB increases �-LPH and �- endorphin serum
levels (457, 458). It should be noted that UVB stimulates
cutaneous CRF, POMC peptides (80, 221, 307, 380), and
cytokineproductionsuchas IL-1, IL-6,andTNF� (380,459,
460). The latter can enter the systemic circulation (461).
Also, the systemic immunosuppressive effect of UVB is well
documented (462, 463). In fact, we have noted that UVB can
stimulate serum ACTH, �-endorphin, and corticosterone
levels inC57BL/6mouseexposedtoradiation(C.Skobowiat
and A. Slominski, manuscript in preparation).

The activation of brain and endocrine responses by skin
molecules that can be induced by environmental stressors
was previously proposed in this journal (129). The current
hypothesis is that systemic responses to UVR originating
in the skin (in addition to production of vitamin D) also
involve pathways encompassing the activation of the cu-
taneous and systemic HPA axis (Figure 7). Depending on
the wavelength and intensity of the UV irradiation, the
skin will activate the systemic HPA axis via neural trans-
mission to the brain (hypothalamus), will activate the pi-
tuitary through skin-derived factors, or will activate the
adrenal cortex directly (Figure 7). In the first case, UVR
regulation of systemic homeostasis via the HPA axis will
start with the stimulation of CRF in the hypothalamus via
neutrally transmitted signals (Figure 7). From this point
the information will be transmitted through the existing
HPA axis organization, with cortisol/corticosterone serv-
ing as final messengers. In the latter case, the skin can
activate the HPA axis at different entry points, eg, the
pituitary or adrenal gland, by skin-derived humoral mes-
sages such as CRF/Urc-1, cytokines (IL-1, IL-6, and TNF-
�), or ACTH (Figure 7). The former would act on the
pituitary level, whereas ACTH released after massive skin
damage would act on the adrenals. The intriguing possi-
bility that skin-derived cytokines can directly activate the
adrenal cortex (Figure 7) should be considered, taking into
consideration work from Bornstein’s group (464–469)
and others (470–475) that shows direct activation of cor-
ticosteroidogenesis by immune mediators.

There is much clinical evidence for this mechanism, ie,
the well-known phenomenon of systemic immunosup-
pressive action of UVB (462). For example, it is known
that exposure to UVR can attenuate the progression of
multiple sclerosis, a phenomenon linked to increased pro-
duction of vitamin D3 (476). Here, we propose an alter-
native/additional explanation, eg, UVR activation of the
HPA axis leading to immunosuppression, because of cor-
tisol production (Figure 7). The UVR wavelength model
may provide a mechanistic explanation for the recently
described phenomenon of “UVR addiction” (477, 478)
because of UVR-induced cutaneous �-endorphin produc-
tion (49).

VI. CRF and Urc Function as
Pleiotropic Cytokines

A. Regulation of skin barrier function

As in the epidermis, CRF and functional CRFR-1 have
been detected (at both the mRNA and protein levels) in
cultured keratinocytes isolated from the hair follicle and
sebaceous gland (55, 129, 174, 207, 209). CRFR-1� is the
predominant isoform of CRFR-1 expressed in hair follicle
keratinocytes. The CRFR-2� gene is also readily detect-
able in hair follicle keratinocytes in vitro (209) and in
multiple keratinocyte lineages of the human anagen hair
follicle in situ, including outer and inner root sheaths, hair
bulb matrix, and the differentiating precortex. By con-
trast, the CRFR-2 protein is strikingly absent from epi-
dermal keratinocytes in situ, providing further evidence
that the more “stable” epidermis is differentially regulated
compared with the actively cycling hair follicle. In this
way, up-regulation of CRFR-2 protein expression in those
components of the anagen VI hair follicle that survive the
apoptosis-driven regression of the lower “transient” hair
follicle during catagen, indicates that CRF/Urcs are in-
volved in hair growth (209). Others have reported a sim-
ilar distribution of CRF and CRFR-1 in human scalp hair
follicles at both the gene and protein levels (212, 320).
These authors further reported that CRFR-1 and CRFR-2
expression was up-regulated after CRF treatment of ana-
gen hair follicles in ex vivo organ culture (212). This also
resulted in the up-regulation of POMC mRNA gene ex-
pression and in the expression of ACTH and �-MSH pep-
tides in the outer root sheath (212).

CRFR-1 signaling plays a role in the most important
function of the skin for organismal survival: the establish-
ment of the barrier separating the body from the external
environment. This barrier is formed by epidermal kera-
tinocytes, which after leaving the basal layer differentiate
to form a corneal layer composed of cross-linked proteins
(forming envelopes) and intercellular lipids (forming
Odland bodies) (153, 154). The calcium gradient is rec-
ognized as the most important regulator of keratinocyte
differentiation (153). Phospholipase C, PKC, transcrip-
tion factors of the AP-1 family are all engaged in this pro-
cess (153, 479), and CRF stimulates calcium influx in the
keratinocytes through voltage-regulated calcium channels
(211, 250, 251). CRF has been shown to stimulate kera-
tinocyte differentiation both in the continuous human epi-
dermal cell line model HaCaT and in primary adult and
neonatal keratinocyte (109, 211, 249, 256, 264). Activa-
tion of CRFR-1 increases intracellular IP3 and causes in-
creased binding of Jun D (of AP-1 family) to its respective
binding regions in DNA (80, 117, 249, 256). This initiates
a differentiation program involving the attenuation of cy-
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tokeratin 14 expression (characteristic of basal keratino-
cytes) for the enhancement of involucrin and cytokeratin
1 expression (characteristic of more differentiated kera-
tinocytes) on both mRNA and protein levels (80, 117,
249). CRFR-1 activation causes flattening and increased
granularity of the keratinocytes in vitro, as evidenced with
microscopy and more quantitatively with flow cytometry
by increased forward and side scatters. Differentiation of
cells follows their growth arrest in the G1/0 phase of the cell
cycle. This CRF-induced accumulation of keratinocytes in
G1/0 (as a way to inhibit proliferation) is also characteristic
for other types of cells including malignant glioma cells
(480), breast carcinoma (481), endometrial adenocarci-
noma (482), and melanoma (483). In keratinocytes, this
growth arrest is mediated by inhibition of cyclin-depen-
dent kinases p16 and by fewer Ki-67 positive cells (249).
In the mouse model, psychological stress induces the dis-
ruption of the epidermal barrier by inhibition of keratin-
ocyte proliferation, inhibition of differentiation, decrease
of the integrity of stratum corneum, and increased trans-
epidermal water loss (484). In this model, psychological
stress inhibited keratinocyte proliferation as measured
with the number of PCNA-positive cells in the basal layer.
This is consistent with the findings in a human cell culture
models. However, in the murine studies, psychological
stress decreased involucrin expression, contradictory to
the findings in the human cell culture model (40). More-
over, the effects of psychological stress in the mouse model
are reversed by both RU-486 (inhibitor of glucocortico-
steroids) and antalarmin (inhibitor of CRF) (484). This
confirms a role for CRF in the inhibition of keratinocyte
proliferation. The reported data on the effects of CRF on
keratinocyte differentiation are best explained by differ-
ences of the effects of CRF locally, directly on the cells vs
the effects of CRF through HPA axis (40). CRFR-1 ex-
pressed on normal human keratinocytes is not coupled to
cAMP (117), and this might explain the lack of subsequent
stimulation of the HPA axis effectors by those cells (321,
322). However, the situation is different in immortalized
human HaCaT keratinocytes and cells of squamous cell
carcinoma, where CRFR-1 is indeed coupled to cAMP
(117, 231).

Local CRF can serve different roles, including by stim-
ulating keratinocyte to better preserve epidermal homeo-
static function, as well as stimulating the production of
inflammatory cytokines and antimicrobial peptides, as
well as via the increased expression of adhesion molecules
(Figure 8). CRF can thus stimulate the production of IL-6
and IL-11 and down-regulates IL-1�, IL-2, and IL-18 by
keratinocytes, but it does not affect the release of TNF-�
(254, 260, 261). Although all of those cytokines are
known to be overexpressed in inflammation, their precise

role, including their effect on the Th1/2 balance, differs
based on the cellular and microenvironmental context (eg,
effects of IL-18 are summarized in Ref. 485). The precise
meaning of particular CRF effects remains to be eluci-
dated. CRF also stimulates the interferon-�-induced ex-
pression of cell adhesion molecules and human leukocyte
antigen DR in human keratinocytes (55). CRF also regu-
lates sebaceous gland secretory activity and contributes to
the transport of fat-soluble antioxidants (and various lip-
ids and compounds) to the epidermal surface to strengthen
its barrier activity (139, 207). Furthermore, the barrier can
also be strengthened via CRF1 stimulation of melanin pro-
duction (Figure 8) (38, 80, 117). Moreover, antimicrobial
activity of the barrier is enhanced by �-MSH (it has direct
antimicrobial activity [486]) secondary to stimulation of
POMC by CRF (80, 117, 323).

In conclusion, there is ample evidence that local
CRFR-1� activity plays a role in building barrier function
against biological and noxious factors to protect internal
homeostasis, but it may also lead to increased permeability
during inflammation. On the contrary, CRF may result in
barrier disruption through activation of skin mast cells.
For instance, CRF can generate mast cells from hair follicle
precursors (240) and CRF-induced mast cells-dependent
barrier disruption (487), as well as an increased permea-
bility of normal human colonic biopsies (488). Stress also
activates brain mast cells through CRF (489) and leads to
increased blood-brain barrier permeability (490) and in-
creased brain metastases of rat mammary carcinoma cells
(491).

B. Regulation of skin pigmentary system

The skin contains a local defensive melanocortin sys-
tem to neutralize a wide range of external noxious stimuli
(principally UVR) and consists of the pigment melanin and
the crucial peptides CRF, POMC, and its associated
cleaved POMC peptides. In cutaneous melanocytes, UVR
stimulates both CRF and POMC formation, with resul-
tant release of several POMC peptides via differential en-
zymatic cleavage of POMC by prohormone convertases.
This results in the production of ACTH, �-MSH, �-MSH,
�-MSH, and other hormones that include �-endorphin
and �-LPH (38). �-MSH binds to MC1, and ACTH binds
MC1 or MC2, whereas �-endorphin can influence mela-
nocytes via �-opiate receptor. Melanin pigment produced
in this way can act as a buffer molecule to antagonize the
noxious effects of physical, biological, and chemical in-
sults (38). Despite their common origin in the neural crest
during embryogenesis, follicular and epidermal melano-
cytes diverge in many important ways both functionally
and in their assignment to distinct compartments (157,
492). Briefly, an examination of the CRF/CRFR-1/2 sys-
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tem in the biology of the human scalp hair follicle pig-
mentary unit (213, 386, 493) shows that CRF, CRFR-1,
and CRFR-2 were differentially expressed in cells of the
human hair follicle pigmentary unit, including hair bulb
melanocytes, follicular papilla fibroblasts, and hair bulb
matrix keratinocytes. Moreover, there were differences in
the pattern of peptide expression in melanocytes in situ
compared to in vitro, suggesting the existence of impor-
tant microenvironmental controls within the hair follicle
resulting in delicate spatiotemporal regulation of these
cells. CRF not only up-regulated follicular melanocyte cell
proliferation and melanin synthesis (melanogenesis) but
was also able to alter cell shape via the formation of more
extensive dendrites and stimulated the expression and ac-
tivity of the rate-limiting enzyme in melanogenesis, tyrosi-
nase, tyrosinase-related protein-1 (TRP-1), and TRP-2
(dopachrome tautomerase [DCT]) (213) (Figure 9). By
contrast, Urc-1 or CRFR-2 agonists down-regulated or
had no effect on melanocyte phenotype. When taken to-

gether, these findings suggest that CRF can influence hu-
man scalp hair follicle melanocyte differentiation via both
CRFR-1- and CRFR-2-mediated mechanisms. Whether
the observed CRF effects result from the up-regulation of
ACTH or MSH production in these cells or a direct effect
via CRFRs and cAMP awaits further study. The involve-
ment of ACTH and �-MSH in human skin pigmentation
was first recognized by the stimulation of melanogenesis
upon systemic administration of ACTH, �-MSH, and
�-MSH especially in sun-exposed regions of the body
(494, 495). Further evidence suggesting their involvement
in cutaneous pigmentation comes from several clinical ob-
servations—for example, that elevated circulating levels
of ACTH and �-MSH or prolonged therapeutic adminis-
tration of ACTH induces hyperpigmentation in humans
(38). �-MSH and ACTH peptides are involved in the reg-
ulation of human epidermal melanogenesis, dendricity,
and proliferation via action at the melanocortin receptor
(496–502).

Figure 8.
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Figure 8. Differential phenotypic effects of CRF1 signaling in keratinocytes and melanocytes with secondary impact on skin barrier formation. In

keratinocytes, CRF1 directly inhibits proliferation and stimulates differentiation plus stimulation of immune activity via stimulation of NF-�B. This

enhances protective epidermal barrier function. In melanocytes, CRF1 directly and indirectly (through POMC peptides) stimulates differentiation

and melanin production, and the latter enhances protective barrier function. In contrast to keratinocytes, CRF1 signaling leads indirectly (through

POMC peptides) to inhibition of NF-�B with subsequent suppression of immune activity. This immunosuppressive effect can be amplified by

production of cortisol by melanocytes.
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More recently, we examined whether pigmentary ef-
fects were present in the CRF-POMC system at a POMC
precleavage point (323). We found that POMC processing
is incomplete in both keratinocytes and melanocytes be-
cause POMC secretion was detected in matched human
epidermal keratinocytes and melanocytes in vitro. How-
ever, only keratinocytes secreted �-MSH (and then at
much lower levels than for POMC), and neither cell type
released/secreted ACTH. Although melanocytes and ker-
atinocytes from human epidermis expressed POMC-pro-
cessing components (eg, PC1 and PC2, and also 7B2),
ACTH and small amounts of POMC and �-MSH were
present only in extracts of keratinocytes. This finding sug-
gests that the epidermal-melanin unit in epidermis relies
on keratinocyte-derived peptides to stimulate MC1 on ad-
jacent melanocytes. Remarkably, the situation in the hair
follicle appears to be rather different. Here, melanocytes
isolated and cultured from hair follicles secreted both
POMC and �-MSH. Importantly, this secretion was en-
hanced in response to CRF acting primarily through the

CRFR-1 (323). The modified CRF peptide d-Pro5CRF (5-
fold more selective for CRFR-1 than CRFR-2) also stim-
ulated large increases in POMC secretion. By contrast, the
CRF agonist d-Pro4-r-Urc (almost wholly selective for
CRFR-2) had relatively little effect on POMC release.
These data suggest that CRF is acting primarily through
CRFR-1 in the hair follicle melanocytes. This finding that
follicular and epidermal melanocytes respond differently
both in the production and secretion of �-MSH further
supports the view that the epidermal-melanin unit and the
follicular-melanin units are distinct, albeit linked, pigmen-
tary systems in the skin in terms of their respective regu-
lation (386, 492, 503, 504). Using MC1-transfected cells,
we were also able to show that POMC could stimulate
cAMP in these cells. Although the potency of POMC ap-
pears to be much lower than that of ACTH, �-MSH, or
�-MSH, these results still show that POMC was able to
increase both melanogenesis and dendricity in human pig-
ment cells (323). Similar activity was shown previously for
POMC-derived �3-MSH in rodent melanomas (505).

Figure 9.
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Figure 9. Expression of CRF, CRFR-1, and CRFR-2 in hair follicle melanocytes and the effect of CRF on follicular melanocytes. a, Human hair follicles

express CRF and cognate receptors CRFR-1 (CRF1) and CRFR-2 (CRF2) (red fluorescence). These proteins were also detected in a subpopulation of

melanocytes (yellow) located in the proximal/peripheral matrix region and in the outer root sheath (see arrowheads in enlargements of insets) but

apparently were down-regulated in the melanogenic zone of anagen VI hair follicles. Cytoplasmic expression of CRF and its receptors was present

in hair bulb keratinocytes and less so in dermal papilla cells (FP). b, CRF (10�8
M) stimulated dendricity in cultured hair follicle melanocytes. Cell

dendricity was assessed by counting cells with three or more dendrites before and after stimulation of cells. c, CRF (10�7
M) stimulated

melanogenesis in hair follicle melanocytes in culture. CRF modulated the expression and activity of melanogenic enzymes in hair follicle

melanocytes in culture, including: d, tyrosinase protein expression and activity (dopa oxidase); e, TRP-1; and f, DCT (TRP-2). Lane 1, Molecular

weight markers; lane 2, CRF 10�7
M; lane 3, unstimulated control; lane 4, negative control. [Individual panels were reproduced from S. Kauser et

al: Modulation of the human hair follicle pigmentary unit by corticotropin-releasing hormone and urocortin peptides. FASEB J. 2006;20:882–895

(213), with permission. © Federation of American Societies for Experimental Biology.]
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Funasaka et al (205) reported the presence of CRF in
melanocytic cells, with the greatest levels of expression in
melanoma cells, findings that followed the first detection
of CRF and CRFR-1 in normal and malignant melano-
cytes (202–204). Attempts were also made to assess
whether CRF itself can directly influence the behavior of
skin cells, including melanocytes. Support for a direct CRF
effect derives from POMC knockout C57/BL6 mouse,
which expresses normal hair pigmentation with eumela-
nin production despite a lack of ACTH, �-MSH, and �-
endorphin ligands (506). Alternatively, some of the effects
of CRF peptides on human melanocytes may be indirect,
via activation of POMC. We have previously reported that
ACTH, �-MSH, and �-endorphin are all active in stimu-
lating proliferation of these cells in culture (38, 157, 213,
385, 493) and that in melanocytes CRF activation of
CRFR-1 results in increased POMC gene expression and
production of ACTH (322). Moreover, the inhibition of
proliferation by CRF in some melanoma cell lines may
result from uncoupling of CRFR-1 from POMC signaling
(483). It could be argued that at least part of the observed
CRF effect on melanocyte numbers may be due to im-
proved melanocyte survival rather than proliferation per
se, as reported previously in neural cell systems (507). In
addition, a similar pro-cell survival action of CRF was
observed in normal epidermal melanocytes (117). A CRF-
associated up-regulation of POMC peptides may lead also
to �-MSH- and ACTH-associated protection from apo-
ptosis (316, 508).

The incubation of normal epidermal melanocytes with
CRF initiates a cascade of events that is hierarchically or-
dered, whereby CRF activates CRFR-1, which induces
cAMP accumulation and increases POMC gene expression
withsubsequentproductionofACTH(322).Melanocytesof
the hair follicle express CRF mRNA in a similar manner to
melanocytes derived from the epidermis (213). Although the
expressionofCRFandUrc-1wasprominent inkeratinocytes
and fibroblasts of the hair follicle, the expression of both
hormones was conspicuously down-regulated in differenti-
ated melanotic hair bulb melanocytes (80, 117, 213) (Figure
9). Follicular melanocytes expressed low levels of CRFR-1
and CRFR-2 in situ (Figure 9), whereas their expression was
up-regulated in differentiated dendritic melanocytes in vitro.
CRF and its analogs [D-Pro5]-CRF, [D-Glu20]-CRF, and [D-Pro4]-r-
Urc all significantly stimulated melanocyte proliferation at
concentrations that varied from 10�7 to 10�10

M. Similarly,
CRF (Figure 9), [D-Pro5]-CRF, [D-Glu20]-CRF, and [D-Pro4]-Urc
all stimulated melanocyte dendricity with [D-Pro5]-CRF, the
most active inducer of melanocyte dendricity, with a maxi-
mal dendritogenic effect observed at 10�10

M. In terms of
effect on melanogenesis, CRF (Figure 9), [D-Pro5]-CRF,
[D-Glu20]-CRF, and [D-Pro4]-Urc all significantly stimulated

melanin production in melanocytes at 10�7 to 10�10
M

(213). Furthermore, CRF (Figure 9), [D-Pro5]-CRF, and
[D-Glu20]-CRF all stimulated increased expression of tyrosi-
nase, TRP-1, and TRP-2 (DCT) proteins. However, no sig-
nificant stimulation of tyrosinase, and indeed a reduction in
TRP-1 and TRP-2 expression, was observed in melanocyte
cultures incubated with [D-Pro4]-r-Urc (213). CRF was the
most potent stimulator of tyrosinase activity, followed by
[D-Pro5]-CRFand [D-Glu20]-CRF,whereas [D-Pro4]-r-Urcdidnot
exhibit any effect on the L-3,4-dihydroxyphenylalanine-ox-
idase activity of tyrosinase compared to the unstimulated
control (213). Interestingly,amostrecentstudybyWatanuki
et al (509) demonstrated that both CRF and Urc-1 can reg-
ulate TRP-1 gene expression via Nurr-1/Nur77 production,
independentofPOMCor�-MSHstimulation.This indicates
a POMC-independent role of CRF signaling in regulation of
melanin pigmentation.

The precise role of the CRF/CRFR-1 system in the dif-
ferential regulation of cutaneous melanocytes is compli-
cated by the significant melanocyte heterogeneity in this
organ (492, 510, 511). Although melanotic melanocytes
are distributed in the basal layer of the epidermis, in-
fundibulum of the hair follicle, basal layer of the sebaceous
gland, and the anagen hair bulb, other amelanotic mela-
nocytes reside in the hair follicle outer root sheath, as well
as in the most peripheral and proximal hair bulb matrix.
Follicular and epidermal melanocytes share a common
origin, but they diverge during hair follicle morphogenesis
in many important ways (157, 492), with the most striking
difference being the tight coupling of hair pigmentation to
the hair growth cycle (512). By contrast, melanogenesis in
the epidermis appears to be continuous (511), although
this is further up-regulated by UVR. UVB radiation does
not reach the melanogenic cells of the anagen hair bulb
located in the hypodermis, and so UVR is unlikely to di-
rectly influence the follicular-melanin unit. Thus, this ma-
jor stressor of the skin may not, at least directly, impact on
the hair follicle pigmentary unit below the infundibulum.

C. Regulation of adnexal structures with focus on the

hair follicle

The skin is well-equipped with both secretory and ex-
cretory functions invested in a range of different skin ad-
nexa. These include sweat glands (merocrine and apro-
crine), sebaceous glands, ceruminous glands (external ear
canal), mammary glands in the breast, as well as hair fol-
licles and nails. Moreover, skin adnexa are “hard-wired”
into neuroendocrine networks (49, 175). For example,
eccrine sweat gland activity is regulated via acetylcholine-
associated sympathetic nerve fiber stimulation, with con-
trol residing in “sweat centers” in the hypothalamus.
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1. Sweat glands

Early studies in cats revealed that preganglionic sym-
pathetic neurons with CRF immunoreactivity were sudo-
motor in function. Using a retrograde tracer, Fluoro-Gold,
to label postganglionic neurons projecting to the paw pads
that includes cholinergic sudomotor neurons, researchers
found that approximately one-third of these retrogradely
labeled ganglion cells were surrounded by CRF-positive
terminal baskets (513). Although the feline preganglionic
sudomotor neurons contained true CRF, exogenous CRF
did not have a measurable effect on postganglionic neu-
rons or on ganglionic transmission in the cat sudomotor
pathway, which appears instead to be entirely nicotinic.
Thus, the function of CRF in cat sudomotor pathway re-
mains unknown. In human skin biopsies, we have found
expression of CRFR-1, CRF, and Urc-1 in sweat glands
(208, 209, 231).

2. Sebaceous gland

The skin contains approximately 800 sebaceous glands
per square centimeter, and this holocrine gland exhibits an
endocrine function in the periphery that appears to be
independent of other skin components. Sebocytes also ex-
press receptors for multiple neuropeptides, including for
�-endorphin, CRF, Urc, and POMC. Indeed, a complete
CRF system has been described for human sebocytes in
vitro (207), and an autonomic CRF signaling system was
described in sebaceous glands in vivo (139, 178, 216).

3. Hair follicle fibroblast subpopulations

Haired skin contains at least four distinct fibroblast
subpopulations under normal skin resting conditions. In-
terfollicularDFsare themostnumerous fibroblast subtype
in skin and consist of distinct upper dermis “papillary”
and lower dermis “reticular” fibroblasts (514). Moreover,
at least two fibroblast subtypes exist in the hair follicle,
namely the dermal sheath (DS) fibroblast and the dermal
papilla fibroblast. The latter is the growth-inductive com-
ponent of the hair follicle (515). However, there is increas-
ing evidence to suggest a degree of polyclonality to some
of these follicular mesenchymal cell populations (516).

Hair follicle and DFs are targets for �-MSH and express
the relevant melanocortin receptors (517–519). We re-
cently undertook an in vitro study to characterize the fi-
broblast subpopulations in hair scalp skin using fully
matched DS, dermal papilla, and interfollicular DFs iso-
lated from the same scalp tissue specimens from healthy
individuals (519) (S Huq, ROS Karoo, DT Sharpe, DJ
Tobin, et al, manuscript in preparation). Here we report
that DFs exhibited the greatest baseline proliferation rates
and DS exhibited the greatest baseline migration ability in
the “scratch assay,” and that ACTH, �-MSH, and CRF

(but not �-endorphin) all significantly increased both pro-
liferation and cell migration parameters for all cutaneous
fibroblast subtypes. Furthermore, under “wounded con-
ditions,” DS secreted significantly more collagen than DF
and dermal papilla, and this collagen secretion was sig-
nificantly increased for DS and DF in the presence of TGF-
�1. This TGF-�1-associated increase was antagonized by
ACTH, �-MSH, and CRF but was unchanged by �-en-
dorphin. Similarly, ACTH, �-MSH, and CRF (but not
�-endorphin) raised cAMP levels in these fibroblast types.
These data are consistent with a role for HPA axis com-
ponents in activating the initial stages of wound repair, ie,
cell migration and fibroplasia. The observation that hair
follicle fibroblasts can contract collagen gels and that
�-MSH, ACTH, and CRF potently inhibit TGF-�1-stim-
ulated increases in collagen secretion suggests that these
HPA axis peptides can regulate dermal regeneration (519)
(S Huq, ROS Karoo, DT Sharpe, DJ Tobin, unpublished
data). CRFR-1� and CRFR-2� are both detectable in hair
follicle dermal papilla fibroblasts (undetectable in DFs)
(80, 517), further supporting the view that follicular fi-
broblasts may be regulated differentially by local CRF-
dependent activities.

4. CRF/Urc and hair follicle fiber growth

The hair follicle contains the second most rapidly di-
viding epithelial tissue, after gut epithelium. Specifically,
the hair bulb matrix, which produces the cortical keratin-
ocytes that make up the bulk of the hair shaft, exhibits a
proliferation index of almost 100%, especially below the
so-called Auber’s line. Using isolated anagen VI scalp hair
follicles as a model for hair growth (504), we found that
CRF and [D-Glu20]-CRF that activate CRFR-1 can signifi-
cantly inhibit hair fiber elongation (80, 117) (Figure 10).
This CRFR-1 agonist-mediated inhibition was associated
with the inhibition of keratinocyte proliferation in the
anagen hair bulb and results in the premature precipita-
tion of the anagen growing hair follicle into an apoptosis-
driven catagen-like state. By contrast, treatment of human
scalp hair follicles with CRFR-2 agonists does not inhibit
hair fiber elongation; eg, D-Pro4]-r-Urc (selective agonist for
CRFR-2) stimulates hair fiber elongation, whereas
[D-Pro5]-CRF has a very minor effect or no effect, which
indicates that they may even protect the hair follicle from
entry in the catagen-like state (80, 117) (S Kauser, AT
Slominski, ET Wei, DJ Tobin, unpublished data). Thus,
CRFR-2 agonists appear to maintain keratinocytes of the
hair bulb in an anagen-like state for longer, and this must
be associated with both continued keratinocyte prolifer-
ation and retardation of keratinocyte differentiation in a
subpopulation of undifferentiated hair bulb matrix kera-
tinocytes. This observation suggests that, as in the epider-
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mis, signaling via CRFR-1 leads to inhibition of keratin-
ocyte proliferation via an induction of keratinocyte
differentiation. By contrast, preferential activation with
CRFR-2 maintains proliferation and/or retards the onset
of keratinocyte differentiation. CRF (or ACTH) stimula-
tion of these ex vivo hair follicle organ cultures also targets
the nonhair fiber producing outer root sheath keratino-
cytes, resulting in the enhanced expression of cortisol in
these keratinocytes and its secretion into the media (320).
Conversely, hydrocortisone treatment of ex vivo scalp
anagen VI growing hair follicles caused a down-regulation
of CRFR-1 in the hair follicle outer root sheath, and in this
may reflected its classical feedback regulatory mecha-
nisms in the central stress axis (320).

D. Regulation of the dermal compartment

The dermis is composed primarily of collagen and other
nonviable elements and is supported by rich vascular net-
works forming deep and superficial plexuses (133). Col-
lagen is produced by fibroblasts through a multistep pro-
cess that ends with the formation of characteristic fibrils.
The activity of fibroblasts is typically stimulated by factors
such as TGF-� (133). Fibroblasts also produce cytokines
(such as IL-6 and IL-8), neuropeptides, and other effector
molecules (129, 520). The activity of fibroblasts is of par-
amount importance in wound healing. Recent studies of
murine wound healing performed on CRF�/� mouse, and

confirmed on human DF cultures, shed light on functions
of CRF in this process (237). CRF inhibited proliferation
of murine DFs, stimulated production of IL-6, and inhib-
ited migration in these cells. Cultures of human foreskin
fibroblasts exposed to the CRFR-1 antagonist antalarmin
recapitulated the findings in the CRF�/� cells (237). Our
own studies demonstrating the presence of functionally
active CRFR-1 in human DFs are consistent with the
above finding, with the exception that we observed stim-
ulation of cell cycling in growth factor-starved media and
no effect when growth factors were present (117). The
latter could be explained by different culture conditions
and techniques used in both studies.

Human fibroblasts do not respond to CRF or ACTH
with increased production of cortisol but do respond with
increased production of corticosterone (321, 397). In hu-
mans, corticosterone is not considered to be the end ef-
fector of HPA axis, but rather is a precursor to aldosterone
in the adrenal glands. Therefore, it is possible that CRF/
ACTH affects local water/ion exchange mechanisms by
inducing local mineralocorticoid activity. However, be-
cause corticosterone is a main glucocorticoid that sup-
presses the immune responses in many nonmammals, it
may simply perform this function in human dermis re-
flecting its evolutionary origins. The expression of CRF,
CRFR-1, ACTH, melanocortin 2 receptor (MC2R), and

Figure 10.
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Figure 10. Effects of CRF (b) and CRF-related peptides (c) on human scalp hair fiber elongation at day 0 (D0), day 3 (D3), day 6 (D6), and day 9

(D9) and compared with hair follicles grown in the vehicle control (a). Anagen or growing scalp hair follicles were microdissected from human

scalp and placed in organ culture as previously described (504).
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glucocorticoid receptor � is decreased in hypertrophic
scars (243), whereas it would be expected that they would
be rather overexpressed in the context of findings by Ras-
souli et al (237). Therefore, it is possible that effectors of
the HPA axis function differently in normal vs abnormal
wound healing. The direct vs indirect effects of CRF trig-
gered secondarily by effectors may differ and simply re-
flect the course of the inflammatory response with its stim-
ulation in early phases and suppression in later phases.

In conclusion, CRF signaling plays a role in the regu-
lation of dermal functions. However, we are still in the
initial stage of the understanding of CRFR-1 and CRFR-2
in these processes. However, detection of CRFR-1 in hu-
man fibroblasts and CRFR-1 and CRFR-2 in human mast
cells and dermal papilla fibroblasts, and of both CRFR-1
and CRFR-2 by immunocytochemistry in smooth mus-
cles, eccrine glands, blood vessels, hair follicles, and se-
baceous glands, indicates that this line of research should
be successful (139, 207, 209, 385, 521).

E. Regulation of the skin immune system

CRF is an active component and mediator of the skin
immune system (59, 80, 117, 139, 176, 177, 199–201,
215–217). In brief, the skin immune system is based on
both innate and adaptive responses and on the multiple
types of cells that play a role in it. Cytokines mediate in-
teractions between the cells that are traditionally accepted
as part of the immune system (Langerhans cells, lympho-
cytes, neutrophils, etc) and resident cells in the epidermis
and dermis. Epidermal keratinocytes and melanocytes ac-
tively process stimuli from the environment and then in-
teract with cells of the skin immune system (49). CRF in
this context acts as a cytokine and mediator because it is
produced by both resident cells and immune cells (45, 117,
199). CRF stimulates the Th-2 arm of the immune re-
sponse, ie, it up-regulates the production of IL-4 (Th-2)
and down-regulates the production of IFN-� (Th-1) and
IL-10 (Treg) (428). Some of the documented inflamma-
tory triggers for CRF release include UVB, LPS, chemical
peeling (trichloroacetic acid), and P. acnes (80, 117, 214,
219, 220, 327). IL-18 acts as a proinflammatory cytokine
that stimulates Th-2 responses and is considered to be at
the mechanistic heart of inflammatory skin diseases in-
cluding adult-onset Still’s disease and atopic dermatitis
(522). CRF has been shown to decrease production of
IL-18 by HaCaT keratinocytes (260), although the down-
stream target of CRF, ACTH, stimulates production of
this cytokine in these cells (423). CRF also stimulates the
production of IL-1�, IL-6, and TNF-� by HaCaT kera-
tinocytes (261) and stimulates translocation of the sub-
units of NF-�B to the nucleus of normal human keratin-
ocytes (255). NF-�B is a transcription factor that binds to

promoters of many proinflammatory mediators and is
considered to be a crucial regulator of inflammatory re-
sponses. CRF also increases the expression of human cell
adhesion molecule, intracellular adhesion molecule 1, and
human leukocyte antigen DR by human keratinocytes
(232). The LPS-stimulated production of IL-1�, IL-6 and
TNF-� by human keratinocytes is mediated by CRF and
CRFR-1 (219). Dermatofibromas, a common reactive/in-
flammatory lesions of the skin, exhibits increased expres-
sion of both CRF and CRFR-1 (523).

It is quite interesting that Selye published his book, The

Stress of Life, in 1956 (2), and he wrote a book entitled The

Mast Cells in 1965 (524), but never connected the two.
Cutaneous mast cells occupy a strategic position in the
brain-skin axis due to their location at the interface of
the skin immune and nervous systems (59, 90, 122, 201).
The activation of CRFR-1 on mast cells can lead to strong
proinflammatory states and be linked with many cutane-
ous disorders (59, 166, 201, 233, 236, 525). Also, mast-
cell dependent visceral hypersensitivity in IBS can be pre-
vented (but not reversed) by �-helical CRF (9–41) due to
the antagonist’s impact on mast cell stabilization and ep-
ithelial barrier maintenance (526). Moreover, skin mast
cells can be activated by acute stress or by intradermal
administration of CRF, with associated increased vascular
permeability and flushing that is dependent on CRF ex-
pression (348, 349, 527, 528). Thus, activity of cutaneous
mast cells can be controlled via CRFR-1 antagonists to
attenuate neurogenic inflammation. As far as the vascular
component of the dermis is concerned, the effects of CRF
are consistent with its local immediate proinflammatory
function. In an elegant paper by Donelan et al (236), it was
shown that CRF induced skin vessel permeability through
its activationof localmast cells.Theauthorsproposed that
dorsal ganglia were the source of CRF (and also NT in
their mouse model). CRF stimulates mast cells to release
VEGF but inhibits the production of VEGF by HaCaT
keratinocytes (90, 259). Of note, in mast cells the effect of
CRF is selective because it does not stimulate release of
histamine, tryptase, IL-6, IL-8, or TNF-� (90). On the
other hand, CRF counteracts the effects of TNF-� on the
expression of vascular endothelial adhesion molecule 1
and E-selectin (437). We also recently reported that hu-
man mast cell degranulation and TNF secretion were ac-
companied by mitochondrial fission and translocation to
the cell surface (529) and secreted their components ex-
tracellularly, leading to augmentation of VEGF (530) and
histamine (531). This predominant proinflammatory ef-
fecthere is similar tootherperipheralorgans, including the
immune system in general (44, 57, 166, 426, 438, 532,
533). However, anti-inflammatory activities of CRF and
related Urcs in the periphery have also been described
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(436, 534), and we have already proposed an explanation
reconciling these apparently conflicting results (55, 80,
117, 199). Based on recent data obtained in skin models,
we propose that the proinflammatory activities of
CRFR-1 agonists are secondary to the direct stimulation
of NF-�B activity, whereas the anti-inflammatory effects
are secondary to the inhibition of NF-�B activity indirectly
by POMC peptides or glucocorticoids (secondary to ac-
tivation of local HPA axis) or by the direct immunoin-
hibitory activity of the glucocorticoids (Figures 4 and 8).
Part of this concept was discussed in depth (40, 130, 200),
and it included intermediates of melanogenesis as addi-
tional immunoinhibitory factors (200) based on the ability
of CRFR-1 to stimulate melanogenesis (38, 80, 117, 213,
323, 509) and on the extensive documentation for potent
immunosuppressive properties of melanogenesis (49, 149,
535). Finally, it remains to be explored whether alterna-
tive splicing of CRFRs would couple CRF and Urc signals
to direct immunosuppressive activity and to define the role
of CRFR-2 in this process (49, 80, 81).

VII. Skin Pathology Associated With

Dysregulation of the Cutaneous CRF

Signaling System

The peripheral effects of CRF are a matter of ongoing
debate (438). In the mouse knockout model of asthma,
CRF was found to act as an anti-inflammatory agent,
whereas in the similar model of colitis it was proinflam-
matory (57, 536). Therefore, extensive basic research is
still required to find a satisfactory explanation for these
apparently contradictory phenomena. Nevertheless, there
is a sufficient body of information to link CRFR-1 activity
with many clinical conditions, including RA and psoriasis.

A. Proliferative disorders: psoriatic arthritis and psoriasis

Psoriasis is a chronic inflammatory condition charac-
terized by papulosquamous lesions with a symmetrical
distribution on the scalp and in the intertriginous areas
and extremities. The lesions typically do not resolve with-
out treatment. Psoriatic arthritis is asymmetric and typi-
cally involves few small joints (133, 537). Regular elon-
gation of epidermal rete ridges, dilated vessels, and
neutrophilic infiltrate in the epidermis characterize the le-
sions by skin biopsy. The pathogenesis of psoriasis is mul-
tifactorial (537). The main role of the epidermis vs that of
cellular immune response is still a matter of dispute. His-
tocompatability antigens (in particular HLA-Cw6) are re-
lated to a significantly increased risk of psoriasis (133,
537). Cytokines such as IL-2, IL-23, IL-17, interferon- �,

and TNF-� play a role in the development of this disease
(538–540). Kono et al (206) detected CRF in psoriatic
lesions. Kim et al (215) have analyzed the expression of
CRF, ACTH, and �-MSH in different forms of psoriasis,
including guttate, small plaque, and large plaques. Al-
though these forms do not differ in their expression pat-
tern of the above elements, CRF expression was increased
in the upper layers of the epidermis, hair follicles, and
sweat glands when compared to normal skin. Further-
more, no difference in the expression of ACTH or �-MSH
was observed by these authors. In other studies, the ex-
pression of CRFR-1 was higher in psoriatic lesions as com-
pared to normal skin (239) and correlated positively (P �

.001 and r � 0.6) with the Psoriasis Area Skin Index (PASI)
score (244). These receptors were found in the epidermis,
the adnexal structures, and the perivascular inflammatory
infiltrate. On the other hand, decreased expression of
CRFR-1 was observed in psoriatic epidermis or dermis by
Vasiadi et al (218), whereas decreased expression of both
CRF and CRFR-1 was found by Zhou et al (217). Con-
flicting results on the expression of CRF and CRFR-1 in
the epidermis might be explained by both different meth-
ods and different sources of antibodies used. Nevertheless,
Vasiadi et al (218) found increased levels of CRF in the
serum of patients with psoriasis. Also, mast cells in close
proximity to psoriatic plaques express CRFR-1. Of note,
the development of mast cells in the hair follicle is stimu-
lated by CRF (240). In another study, the expression of
CRFR-1 and the effects of CRF on the release of VEGF
were observed on mast cells (90). It was also shown re-
cently that serum NT levels are increased in patients with
psoriasis, and NT induces VEGF release from human mast
cells (541), which also have the ability to synthesize NT
(542). Because mast cells release VEGF (236), which is
involved in the pathogenesis of psoriatic lesions, increased
serum levels of CRF might be responsible for their acti-
vation. With time, the mast cells desensitize their respon-
siveness to CRF by decreasing their expression of CRFR-1.
Increased levels of CRF have been correlated to exposure
to stress (218), providing a link between stress and HPA
axis status in psoriasis. CRFR-1 antagonists are being con-
sidered as prospective therapeutic targets in this disorder
(218). Although increased serum CRF was found in pa-
tients with psoriasis in this study, it is also possible that
CRF might be released from local nerve endings (543). In
the context of the effect of CRF on VEGF release, the
inhibition of CRFR-1 in endothelial cells increases a TNF-
�-induced expression of VEGF-1 (437). The somewhat
contradictory effects of CRF on the release of VEGF might
stem from the fact that different cells and targets were
studied, ie, mast cells in Vasiadi’s study (218) and endo-
thelial cells in Inada’s study (437).
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There is considerable evidence of CRF involvement in
RA, a symmetric arthritis typically involving the metacar-
pophalangeal and proximal interphalangeal joints of the
hands. Levels of rheumatoid factor, anticitrullinated pep-
tide/proteinantibody, erythrocyte sedimentation rate, and
C-reactive protein are elevated. Results from both labo-
ratory and clinical studies indicate an etiological role of
CRF in RA. Immunoreactivity (ie, peptide but not mRNA
levels) for CRF is increased in the synovial fluid of patients
with RA (426). These levels are independent of central/
systemic stimulation because plasma levels of CRF in
those patients are not elevated (544). The source of syno-
vial CRF, and how it affects the synovial cells, is a ma-
tter of investigation, although neuron-derived clone 77
(NUR77)–related protein (NURR) 1 was found to mediate
both inflammatory cytokine-induced expression of CRF
by synoviocytes and its effect on endothelial and immune
cells (545). NURR1 expression is stimulated by the cAMP/
PKA/CREB/ATF-2 pathway in endothelial cells of the sy-
novium (546). CRFR-1�, but not CRFR-1� or any
CRFR-2 isoform, is engaged in RA activity (547). Effects
of CRF on synovial tissue include its stimulation of pros-
taglandin E2, and both CRF and prostaglandin E2 act
through phosphorylated CREB/ATF (548). The well-doc-
umented overproduction of CRF into the synovium of RA
patients has led to an analysis of CRF promoter polymor-
phisms. Three variants were discovered with point muta-
tions at position 1273 (alleles A1 and A2), 2942 (alleles B1
and B2), and 95 (alleles C1 and C2) of GenBank entry
x67661 (549). The A2B1 compound allele protected
against development of RA, and A1B1 was strongly asso-
ciated with the development of RA (550). Please confirm
or correct expansion of XXX (used once). CRF allele A2
is correlated with late-onset RA (551). The haplotype
A1B1 has the biggest influence on the activity of luciferase
promoter in rat pheochromocytoma cells PC12 (552). Pa-
tients with the A2B2 allele exhibited an earlier CRF re-
sponse compared to A1B1-positive patients during an in-
sulin hypoglycemia test (427). Genetic linkage analysis
has revealed a significant linkage between RA and the CRF
promoter region (in particular, a dinucleotide microsat-
ellite marker, D8S1723) (553). The CRHRA1*10;
CRHRA2*14 haplotype was subsequently found to be
significantly associated with RA (554).

In summary, the role of CRF and CRFR-1 in the de-
velopment of psoriatic lesions is emerging, and new the-
ories on this subject are being proposed (200, 217, 218).
The accumulated data are somewhat contradictory. One
reason for discrepancies is the possible presence of specific
isoforms of CRFR-1 or modified CRF/Urc family mem-
bers that are recognized or not recognized by antibodies
used in the above studies. Another reason could be differ-

ences in the sex and age of the patients and anatomical
location of the lesion. Because the effects of CRF on the cell
signaling mediated by different CRFR-1 isoforms may dif-
fer substantially, the development of isoform-specific an-
tibodies and more thorough studies of psoriatic lesions
represent the next logical step to investigate in this area.

B. Pigmentary disorders with emphasis on vitiligo

The release of neuropeptides (eg, CRF and associated
POMCpeptides) fromskincellsandperipheralnerveendings is
thought to synergize with cytokines to adversely affect melano-
cytefunctionandviability.Impactingonsuchinteractionscould
serve as the basis for new treatments.

Vitiligo is an acquired, idiopathic, progressive (mostly),
unpredictable depigmenting disorder of the skin (555,
556). Although the etiology of vitiligo remains enigmatic,
several hypotheses have been proposed for the loss of func-
tioning melanocytes in vitiligo (555). However, the close
linkage between the skin, immune, and nervous systems

suggests that neuroimmunological factors, which may be
further influenced by psychosocial stress (525), play a role
in the pathogenesis of vitiligo (49, 175, 557, 558). Nev-
ertheless, the role of HPA axis components in vitiligo is not
clear. Reduced �-MSH has been reported in vitiligo le-
sional skin and serum (559, 560), and this reduced �-MSH
expression reflected peptide levels rather than being a
function of melanocyte numbers (559). Kingo et al (561)
recently assessed the expression of CRF and POMC pep-
tides in vitiligo skin biopsies and reported that the expres-
sion of POMC, MC1, and MC4 mRNA was significantly
decreased in lesional skin. Perhaps surprisingly, the levels
of MC1 and MC4 were increased in uninvolved skin of
vitiligo patients compared with normal healthy controls.
Furthermore, no difference was detected between differ-
ent subtypes of vitiligo, ie, nonsegmental vs segmental.
Although the observed reduction of MC1 and MC4 ex-
pression in vitiligo lesional skin is to be expected (given the
reduction in constituent melanocytes in these lesions), just
why nonlesional skin in vitiligo should express higher
amounts of CRF/POMC peptide receptors (but not
POMC itself) than healthy control skin is less obvious,
especially because the researchers controlled for relative
sun exposure of the tested skin sites, as well as for skin
phototype. The observation that POMC levels were sim-
ilar between nonlesional vitiligo skin and healthy control
skin suggests that melanocortin receptor expression may
be controlled in part systemically rather than only periph-
erally in vitiligo skin. The preferential up-regulation of
MC1 in nonlesional vitiligo skin compared with normal
epidermis was mirrored by an observed statistically sig-
nificant up-regulation of some melanogenesis-related en-
zymes including TRP-1. This change could be the result of
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melanocortin stimulation in nonlesional vitiligo skin, as a
type of compensatory mechanism for the vitiligo insult on
the epidermal melanin unit in the lesional skin. How-
ever, an activated melanocortin system in vitiligo non-
lesional skin may reflect the need for greater immune
modulation in this immune-mediated dermatosis and
the well-known anti-inflammatory properties of mela-
nocortins (129, 317).

Another way in which the CRF/POMC system could
potentially impact on the pathomechanism of vitiligo cen-
ters on how oxidative stress in this disease can alter POMC
processing to its final neuropeptides (562). Given that pa-
tients with vitiligo can accumulate hydrogen peroxide at
millimolar concentrations in the epidermis (555), the im-
pact of this level of reactive oxygen species on POMC
peptide cleavage is of interest, especially because both
POMC cleavage products, �-MSH and �-endorphin, lose
their functionality after oxidation. Spencer et al (563) have
reported reduced epidermal furin expression in the skin of
patients with progressive vitiligo. However, furin levels
return to normal after the lowering of epidermal hydrogen
peroxide levels. Moreover, furin mRNA expression is also
directly affected by hydrogen peroxide exposure. It there-
fore can be envisaged that a reduction or loss in the ex-
pression of POMC peptides �-MSH and �-endorphin in
vitiligo (as previously reported in Ref. 564) could be due
to a reactive oxygen species-associated disruption of the
Ca2�-dependent proteolytic activity of this convertase,
which could impact on the immune status of these lesions.
In addition, the finding that CRF can inhibit starvation-
induced apoptosis of melanocytes (80, 117) identifies
CRFR-1 as an attractive adjuvant target for possible ther-
apy of vitiligo. In particular, the activation of CRFR-1 can
lead to the production of immunosuppressive POMC pep-
tides and cortisol (130, 257).

It is not known whether other pigmentary disorders are
impactedbytheCRF-POMCsystem.Onepotential example
could be melasma, with its known links with endocrine axes,
with possible indirect effects through the action of MSH and
ACTH peptides. However, a POMC-independent role of
CRFsignaling in theregulationofmelaninpigmentationalso
represents a viable option (80, 509).

In conclusion, it is possible that dysregulation of CRF
and Urc-1 signaling can play a role in pigmentary disor-
ders including vitiligo. However, considerations for clin-
ical implications would require further careful studies be-
cause activation of CRFR-1 in melanocytes increases their
viability, and a CRFR-1-led HPA-like cascade can sup-
press immune attack against melanocytes.

C. Disorders of adnexal structures including alopecia

Given that skin adnexa are both the target and the source
of components of the CRF-POMC axis in the periphery,
researchers are interested in assessing how disruption of this
axis may play a role in diseases of the adnexa.

One of the most common skin disorders affecting the
pilosebaceous unit is acne vulgaris, which is characterized
by sebaceous gland hyperplasia and associated increased
sebum production, follicular hyperkeratinization, coloni-
zation of P. acnes, and perifollicular inflammation (565).
CRF can induce lipid synthesis and steroidogenesis and
also has the capacity to interact with T and GH. These
observations suggest that disruption of these systems in
the sebaceous gland may lead to disorders including acne,
seborrhea, androgenetic alopecia, and age-associated skin
xerosis (566, 567).

A recent study reported a strong up-regulation of CRF
expression in sebaceous gland cells in acne-involved skin
(216). CRF-BP expression was also found in the differen-
tiating sebocytes of acne-involved glands. These glands
expressed CRFR-1 and CRFR-2. By contrast, the expres-
sion of CRF was low in noninvolved and normal skin
sebaceous glands. Given the up-regulation of the CRF sys-
tem in acne-involved skin, it is likely that the CRF in this
tissue can influence immune and inflammatory processes
and that these can impact on the development of acne
lesions, but also the exacerbation of acne lesions via psy-
chosocial stress triggers.

Recently, a study of skin aging reported that CRF was
up-regulated (although its binding protein, CRFR-BP, was
down-regulated) in the sebaceous glands of aged vs young
skin, as was the expression of CRFR-1 (but not CRFR-2)
in the hair follicle and epidermis. The authors interpreted
these results from the view that an up-regulation of the
CRF system in aging skin may lead to an exaggerated stress
response reaction in this skin (245).

In a case series of AA purportedly induced by acute
stress, there was up-regulation of affected skin CRFR ex-
pression (242). It is also suspected that chronic or inter-
mittent stress can impair hair growth (55, 209, 568–570).
Moreover, mice that were engineered to overexpress CRF,
as a model of chronic stress, were reported to develop
bilateral symmetric hair loss in adulthood (571). Recently,
Wang et al (238) investigated the ability of CRFR antag-
onists to influence hair growth in CRF-overexpressing
mice with the long-acting CRFR-1/CRFR-2 receptor an-
tagonist, astressin-B. Astressin-B injected peripherally
into CRF-overexpressing alopecic mice induced long-term
hair follicle-associated pigmentation and hair regrowth.
Moreover, astressin-B prevented the development of alo-
pecia in young CRF-overexpressing mice. Specifically, it
appears that this action occurs via transformation of atro-
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phic telogen hair follicles to normalized anagen phase fol-
licles, and this effect was determined to be a local targeting
of the skin and hair follicles because there was no change
to the elevated plasma corticosterone levels. Interestingly,
the selective CRFR-2 antagonist, astressin2-B, did not af-
fect hair regrowth, implicating a CRFR-1 response in hair
follicle growth in mice.

AA remains the second most common hair loss disorder
after androgenetic alopecia in adult males. It has been very
difficult to associate episodes of hair loss in this presumptive
autoimmune disease with psychoemotional stress, given the
“chicken-and-egg”-associated dilemma (572, 573) of these
conditions. Still some go as far as to consider AA as a psy-
chosomatic disorder (574, 575), although this has been ac-
tively challenged by others (576, 577). Although this re-
search field is complex (recently reviewed in Refs. 156, 343,
and 578), several highly suggestive observations have been
reported implicating a role for stress. For example, abnor-
malities in the peptidergic innervation of lesional AA hair
follicles have been reported (579). Both CRFRs and ACTH
are up-regulated in lesional hair follicles (242, 580). More-
over,bothnervegrowthfactorandSPcaninhibithumanhair
growth in ex vivo culture, whereas the latter can collapse the
immuneprivilegeof the lowertransientportionoftheanagen
hair follicle (581)—an occurrence that is proposed as a trig-
ger for AA in humans (582).

Using the most robust experimental model currently
available for AA, the C3H/HeJ AA mouse, Zhang et al
(230) examined the impact of psychoemotional stress on
stress-response pathways in the murine system and con-
cluded that these mice had a blunted systemic HPA axis
response to acute physiological stress. Both physiological
(via light ether anesthesia) and psychological (via restraint
stress) stresses were applied. This was followed by plasma
measurements of corticosterone, ACTH, and estradiol; of
CRF, CRFRs, and POMC gene expression (among others)
in the brain and lymphoid organs; as well as the skin.
Affected AA mice (before stress application) exhibited a
dramatic increase in HPA axis tone and activity both cen-
trally and peripherally in the skin and lymph nodes,
whereas stress further exacerbated changes in their HPA
axis activity both centrally and peripherally. AA mice had
significantly blunted corticosterone and ACTH responses
to the acute ether stress and deficient habituation to re-
peated restraint stress. Moreover, HPA axis hormone lev-
els were positively correlated with skin Th1 cytokine lev-
els. The authors interpreted this as suggesting that the
altered HPA axis activity observed was a consequence of
the AA-associated immune response.

The chicken-and-egg dilemma remains, however, be-
cause it is still unproven whether psychoemotional stress
actually triggers AA. It could perhaps be a condition that

reflects a wider, non-hair follicle-specific perturbation of
cutaneous or indeed systemic immunity. Is it also not yet
clear the extent to which stress mediation at the periphery
(ie, within the skin itself) may affect, via systemic release,
the central HPA stress axis, with the potential for ampli-
fication (49). Finally, the mouse model may simply not
reflect what happens in humans in this context.

D. Skin cancers including melanoma

Because epidermal keratinocytes, melanocytes, and
their malignant counterparts, such as melanoma, express
exclusively the CRFR-1 receptor, targeting of this receptor
represents a rational approach in hyperproliferative, pre-
malignant, or malignant states. Because activation of
CRFR-1 receptors in these cells can inhibit keratinocyte,
melanocyte, and melanoma proliferation, selective
CRFR-1 agonists (preferably peptides to reduce side ef-
fects) should serve as a rational choice in the treatment of
melanoma or squamous or basal cell carcinomas, as well
as solar keratosis. The in vivo anti-melanoma effect of
CRFR-1-specific agonists has already been reported
(483), and it is consistent with in vivo effects in other
tumors (439, 480, 481, 583). Of note, the high antipro-
liferative potency of selective CRFR-1 agonists toward
keratinocytes and melanoma cells has been demonstrated
(80, 117, 256). Because activation of CRFR-1 stimulates
keratinocyte differentiation, CRFR-1 ligands can also be
used to stimulate the formation or restoration of the epi-
dermal barrier, the function of which is distorted in many
pathological states (154, 584, 585).

In addition, activation of CRFR-1 in keratinocytes in-
duces increased p16 (Ink4a) expression and G0/1 arrest
with a resultant antiproliferative effect (249, 256) that is
associated with differentiation induction, and therefore,
its activation may alleviate psoriasis presentation. This
situation is complex, however, because serum CRF levels
are reported to be higher in psoriasis patients than in con-
trols, and PASI scores do not appear to be correlated with
either CRFR-1 or serum CRF levels (239). Moreover, a
role for CRF in psoriasis could be dependent on its ability
to modulate keratinocyte immune function via altered ex-
pression of adhesion molecules and changes in cytokine
production (199, 232, 261), as well as altered CRFR-1
signaling (90, 218, 239). The authors of the latter studies
propose to use specific CRFR-1 antagonists instead of
agonists in the treatment of psoriasis.

Melanoma is a deadly skin cancer for which there is no
effective treatment once metastatic disease develops. Var-
ious modalities have been attempted, and whereas they
have induced temporary remission and improved disease-
free survival time, melanoma recurs and the effect on sur-
vival of the patients is unsatisfactory (586–589). Human
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melanomas do express preferentially CRFR-1 (rodent
melanomas express both CRFR-1 and CRFR-2), and they
produce CRF and Urc-1 (111, 112, 204, 208, 211, 231).
In fact, all melanoma types we tested so far have expressed
CRF and CRFR-1. Funasaka et al (205) and others also
reported the presence of CRF in melanocytic cells, with the
greatest levels of expression in melanoma cells (205, 590).
This expression correlated with a concomitant increased
expression of POMC-derived antigens (424, 590). We

also performed immunocytochemistry studies on several
human melanoma biopsies or excision and detected CRF
and CRFR-1 in all specimens. However, we could not find
a difference in their expression level in comparison to epi-
dermis or adnexal structure and also could not correlate
such expression with melanoma progression (Figure 11).
However, in accordance with the above studies, we found
increased expression of POMC in more advanced mela-
nomas (376) and in other skin cancers (379, 381). To

Figure 11.
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Figure 11. Expression of CRF and CRFR-1 in the normal skin, melanoma cells, and effects of CRF1 agonist on proliferation of melanoma cells. A, CRF1 is

expressed in normal structures of human skin such as epidermis, blood vessels, eccrine glands, and smooth muscle as well as in malignant melanoma cells

(MM). B, CRF is expressed in normal structures of human skin such as epidermis, eccrine glands, and hair follicle as well as in malignant melanoma cells

(MM). The slides in A and B were stained with antibodies as described previously (209). Magnification, �20; insets, �200. C, CRFR-1 agonist AWS-1

inhibits proliferation of AbC1 hamster melanoma cells. Cells were incubated with the peptide for 48 hours in the 154 medium (Cascade Biologics, Inc)

containing growth factors. The DNA synthesis was measured with titrated thymidine incorporation, and data were analyzed as described previously (117).

D, CRFR-1 selective agonist AWS-1 inhibits proliferation of Melan A mouse immortalized melanocytes. Cells were incubated with the peptide for 48

hours in the F10 medium containing fetal calf serum (Invitrogen, Inc). The cell viability was measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay, and data were analyzed as described previously (117). The difference between control and treatments was

analyzed with one-way ANOVA (P 	 .005) as described previously (117). Panels A and B were prepared by Dr Diane Kovacic, a dermatopathology fellow

at the University of Tennessee Health Science Center.
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reconcile these observations, we believe that melanoma
and skin cancer progression is associated with increased
POMC-peptide expression that may generate a tumor-
favorable environment, whereas CRF expression itself is a
marker of the deregulated upper arm of the local HPA axis
(CRF3CRFR-1 or CRFR-2). The latter possibility can be
suggested by the heterogeneity in the CRFR-1 isoform pat-
tern, where in each melanoma tested by us several addi-
tional CRFR-1 isoforms were observed, whereas normal
melanocytes expressed only CRFR-1� (111). In accor-
dance with our interpretation, in situ analyses in breast
cancer show neither a correlation between CRF and
CRFRs and tumor progression nor significant differences
in their expression in the surrounding normal tissue (583).
Similarly, a recent review concluded that CRFR expres-
sion loss may contribute to malignant transformation and
tumor growth in prostate, colon, and lung cancer. How-
ever, CRF and CRFR expression was without value as a
tumor marker in lung and breast cancer, respectively. By
contrast, in endometrial cancer, CRFR-1 expression cor-
related with less aggressive tumors, whereas CRFR-2 cor-
related with advanced stage tumors (439, 583).

Attempts were also made to assess whether CRF itself
can directly influence the behavior of melanoma cells. In-
hibition of melanoma proliferation in vitro and in vivo
was reported using S91 and B16 melanoma models, re-
spectively (483). We have confirmed these antiprolifera-
tive effects using a human melanoma line in vitro (80,
117). Furthermore, we were able to show an inhibitory
effect of the CRFR-1 selective agonist ASW-1 on the pro-
liferation of hamster melanoma and a mouse immortal-
ized melanocyte line (Figure 11, C and D). Interestingly,
CRF inhibited the in vivo growth of gliomas (480), human
breast cancer (481), and endometrial adenocarcinoma
cells (482) via the activation of CRFR-1.

In conclusion, selective CRFR-1 agonists can serve as
good candidates for further preclinical testing of their util-
ity in adjuvant therapy of melanoma or neoplastic skin
disorder because of their antiproliferative properties in
melanoma and their immunostimulatory activity. Never-
theless, local dysregulation of the HPA axis or defects at
the receptor levels (for example, generation of alterna-
tively spliced isoforms) may also contribute to tumor
progression.

Figure 12.
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Figure 12. Proposed evolution of the HPA axis organization.
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E. Proposed unified mechanism of skin pathology

secondary to dysregulation of local CRF signaling

CRF and related peptides also exhibit nonendocrine
activities, defining these peptides as novel and important
growth factors/pleiotropic cytokines (80, 117). The most
instructive cases are inflammatory and autoimmune dis-
orders, where CRF/Urc signaling is deregulated. Thus, un-
coupling of CRFR-1 from the cutaneous HPA axis or its
variants (see above) will lead to sustained proinflammatory
activity that can self-amplify, leading to cutaneous inflam-
matory states including psoriasis, acne, AA, or allergic reac-
tions, and perhaps vitiligo. An additional instructive model
here is the context-dependent coupling of CRF signaling to
NF-�B (the master regulator of inflammation and context-
dependent regulator of differentiation and cell survival) (Fig-
ure 8) (80, 176, 199, 254, 255, 257).

We also believe that similar mechanisms contribute to
the development of some systemic autoimmune diseases
such as RA (426, 547, 551), and we expect possible similar
contributions in lupus erythematosus and scleroderma.
Thus, dysregulation of the cutaneous CRF system can
have systemic consequences. This can be extended to other
organs in proposing that inefficient local attenuation of
the CRF signaling system and/or defective coupling to the
downstream immunosuppressive regulatory mechanisms
can exacerbate or induce local proinflammatory responses
leading to inflammatory and/or autoimmune disease
processes.

As relates to carcinogenesis, overstimulation of POMC
with downstream production of corresponding ACTH,

�-MSH, and �-endorphin can lead
to tumorigenic activity, because of
their immunosuppressive actions to-
gether with the associated stimula-
tion of proliferation and inhibition
of apoptosis, eg, by �-MSH. The
support for this hypothesis comes
from clinical findings where overex-
pression of POMC was seen in mel-
anoma and non-melanoma skin can-
cers (376, 378, 419, 424, 590). This
effect can be amplified by release of
corticosteroids from malignant cells,
generating an immunosuppressive
environment (180, 198, 391).

The detailed role of alternative
splicing in the development of skin
diseases and carcinogenesis remains
to be investigated. However, such a
role is highly possible, taking into
consideration information from
other organs, and so implicating an
important role for alternative splic-

ing in their physiology and pathology (67, 73, 82, 116,
118, 119, 265, 591). Similarly, alternative splicing in the
skin was observed in pathological states or after repeated
UVR exposure, and alternatively spliced forms have lim-
ited coupling to second messengers to modulate the activ-
ity of CRFR-1� (55, 80, 81, 109, 112, 113, 117, 252, 264).

In summary, dysregulation of CRF signaling either at
the CRFR-1 receptor level or at downstream effectors and
feedback mechanism can lead to skin disorders with ad-
ditional systemic implications.

VIII. Quest for Novel Therapy of Cutaneous
Disorders Based on Interventions to the Local
CRF Signaling System

Extensive studies have identified large families of specific
peptides or nonpeptide small molecules that act as selec-
tive agonists or antagonist of CRFR-1 and CRFR-2 and
accordingly regulate their activity with phenotypic effects
in the brain, eg, for the treatment of migraines (592), and
in other organs (20, 21, 593–602). Significant clinical ef-
fort has been devoted to establishing novel pharmacolog-
ical strategies for the treatment of stress-related disorders
using CRFR-1 antagonists (74). Such a strategy has its
own limitation on the central level. However, the same
drugs (specific antagonists or agonists) can be used in the
treatment of skin disorders through targeting the CRFR-1.
Signaling of the latter is the predominant one in the human

Figure 13.

Figure 13. Members of the team that discovered CRF, left to right: Joachim Spiess, Catherine

Rivier, Jean Rivier, and Wylie Vale.
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skin, and it is almost exclusive in the epidermis and so
could be useful for the treatment of stress-induced skin
diseases (49, 603). Targeting the CRFR-2 may be useful in
the treatment of hair cycling disorders or malfunction of
the sebaceous gland. Agonists at the CRFR-2 (eg, Urcs)
can stimulate ex vivo organ cultures of intact anagen scalp
hair growth by maintaining the growth-associated anagen
phase longer, during which time more hair fiber can be
produced. In contrast, our preliminary data also suggest
that agonists selective for CRFR-1 (eg, D-Glu20-CRF) re-
tard hair fiber elongation in this assay system, whereas
CRF itself, which signals via both CRFR-1 and CRFR-2
showed an intermediate response in this ex vivo model
(80) (Figure 10). This model may be suitable for the as-
sessment of different CRFR-1 and CRFR-2 agonists and
antagonists (20, 21, 596, 600, 601) for hair growth and
hair pigmentary (graying) disorders. In fact, this hypoth-
esis has been tested in part in a preclinical model of alo-
pecia (238). Their utility as targets for pharmacological
modifications or activation in therapy of skin disorders
remains to be investigated in appropriate preclinical mod-
els (80, 81, 109, 111, 252, 264). In addition, there are

several drugs with proven influence
on alternative splicing, which can be
applied topically to change the
CRFR-1 splicing pattern and accord-
ingly to regulate the sensitivity of cer-
tain skin cells to particular CRFR-1
agonists or antagonists (reviewed in
Ref. 81). Note that CRFR-1 SNPs,
which potentially affect CRFR-1
splicing, have been associated with
many systemic disorders. Finally, the
most promising candidates are solu-
ble CRFR-1 isoforms that through
binding with CRF or Urcs would de-
crease the availability of the ligands
to the receptor, protect the ligands
from degradation, or secure their de-
livery to the proper compartment
(80, 81, 109, 111, 252, 264). Their
role, which could be similar but not
identical to CRF binding protein,
waits testing using synthetic pro-
teins. We also do not exclude the
possibility that soluble CRFR-1 iso-
forms could interact with mem-
brane-bound receptors.

IX. Theory on the Origin of

CRF-Led Stress Response

System

A. Differences and similarities between the central and

cutaneous HPA axis organization

The main differences were discussed in Sections V.C. to

V.E., and so the main points will only briefly be mentioned
here. The crucial regulatory elements of the central HPA axis
represent separate anatomical/functional entities of different
embryonic origin that are separated anatomically, histolog-
ically, and functionally (Figure 12). Furthermore, the flow of
information is unidirectional and linear starting with CRF as
the upper regulator and including circular feedback inhibi-
tion of activating molecules by final effector molecule corti-
sol/corticosterone. The beauty of this axis lies in its simplic-
ity, autoregulation, and functional precision.

In the skin, all of the elements of an HPA-like axis are
primarily found in the same organ, in the same or adjacent
histological structures, and in neighboring cells or even
within the same cells. This generates multidirectional com-
munications that are nonlinear but with possible feedback
and feedforward mechanisms operating at different levels of
coordinating points and so are not restricted to a glucocor-

Figure 14.
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Figure 14. CRF and skin diseases. Several skin diseases are associated with CRF dysfunction. Dermal

inflammatory infiltrate, illustrated in the background, is frequently seen in autoimmune diseases

including lupus erythematosus. Please note that lupus erythematosus can be present as a systemic or

cutaneous form (discoid). RA is a systemic autoimmune disease affecting the joints. Psoriasis is

predominantly a cutaneous disease, although it can often include the joints (psoriatic arthritis). There

are many forms of alopecia, including inflammatory/autoimmune alopecia such as AA, lichen

planopilaris, and lupus alopecia. The category of dermatitis (inflammatory skin disorders) is

represented by allergic contact dermatitis, atopic dermatitis, and nummular dermatitis. The other

entities include acne, chronic urticarial, melanoma, squamous cell carcinoma, and basal cell

carcinoma.
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ticoid effector. At its center is the CRFR-1, because in this
cellular environment it can be activated by both CRF and
Urc-1. Furthermore, there will be a continuous feedback and
feedforwardactivity fromothercytokines (skin isanimmune
organ). Finally, whereas the final effectors (ie, glucocortico-
ids) can overpower the system by shutting it off (via down-
regulation of CRF and POMC), the intermediary molecules
(POMC-derived peptides) can on their own have significant
metabolic and homeostatic activities.

B. Hypothesis on the integumental origin of CRF-led

HPA-like organization

Given the common ectodermal origin shared by the brain
and epidermis, and the extensive discussion above, it is pro-
posed that the central HPA axis was first developed in the
integument and was later selected from its variants under
evolutionary pressure, adapted, and perfected by the CNS
and the endocrine system to promote species survival (Figure
12) (304). This primordial organization in the integument
was designated to coordinate and cooperate with the innate
and adaptive immune systems or barrier-forming systems
(including melanin pigmentation) to create the optimal re-
sponses against pathogens and other physicochemical stres-
sors, includingsolarradiation, tomaintainorrestore internal
homeostasis. The fine-tuning of such responses may have
been secured by the “primordial HPA” axis composed of
CRF/Urc-1-signaling and POMC-signaling systems with
glucocorticoids and cytokine input because of the intimately
close association of all of these elements in this tissue.
Throughout evolution, this axis could have undergone spe-
cialization and separation of its functional components in
space and time (ie, CNS, endocrine glands, immune system),
processes that allowed its hierarchical organization and pre-
dominantly linear flowof information,andbecamedetached
from its point of origin in the skin (40, 304). The retained
system could serve as an evolutionary record of the parental
“primordial HPA” system, but it retains important func-
tions, at least in skin pathophysiology. Systemic implications
include bidirectional communication between the skin and
brain to activate the central HPA axis at the level of the hy-
pothalamus or to modify the central HPA axis by humoral
factors accessing the pituitary or adrenals.

X. Final Comments and Future Directions

The exciting experimental studies, conceptual develop-
ments, and underlying clinical findings described in this
review focus on the skin-stress response. Although comple-
mentary, the role of the CRF family members is not limited
to the skin, and they play a vital role in additional systems
including the GI, cardiovascular, immune, and CNS.

Advances in these fields were made possible through the
isolation, characterization, synthesis, and biological evalua-
tion of ovine CRF by Catherine Rivier, Joachim Spiess, and
Jean Rivier under the leadership of Wylie Vale (Figure 13).
This landmark achievement completed the search for the up-
per regulatory element of the HPA axis. Through collabo-
rations at the Salk Institute (La Jolla, California) and around
the world, other elements of the CRF-led responses to stress,
such as CRFR-1 and related Urcs, were discovered. These
original and additional contributions from Wylie’s
team led to the avalanche of studies on the role of HPA
axis elements in central and peripheral organs. One ex-
ample is defining the CRF-led cutaneous skin stress re-
sponse system, with its unique position determined by
the location at the interface between external and in-
ternal environments. Other organs that may follow a
similar organization of CRF-led loops include the GI
and respiratory systems, because of their interaction
with the external environment, as well as the placenta,
which serves as an intermediate between maternal and
fetal environments.

Further investigation of the functions and dysfunctions of
the CRF system will undoubtedly lead to novel treatments of
many skin diseases and other diseases, especially those wors-
ened with stress, coupled with the design of potent and long-
acting receptor-selective agonists and antagonists. The re-
porteddifferences intheexpressionandreactivityofCRF-led
systemsmaybedue toage, gender, andspeciesdifferences, as
well as the use of pharmacological vs physiological levels of
the ligands. Also, different local mechanisms may underlie
acute and chronic responses.

Despite an extensive amount of information concern-
ing CRF and its receptors, as well as the development of
related peptide and neuropeptide CRFR agonists/antago-
nists (604), no drugs have been developed to date to ad-
dress this regulatory system. CRFR-1 antagonists were
developed for the treatment of depression but largely
failed (605). Similar was the fate of such molecules for the
treatment of anxiety (606), whereas they have also been
proposed for IBS (85). Given the information reviewed
above, it would seem reasonable to regulate the skin CRF
system for the treatment of a variety of skin diseases (49,
80, 200, 607), many of which worsen with stress (Figure
14). In this respect, the suggestion has been made to mod-
ulate mast cells (346), especially because they can also
synthesize and release CRF (45). For instance, the US pat-
ent no. 6,020,305 covers the use of CRFR-1 antagonists,
alone or with mast cell blockers, for the treatment of
atopic dermatitis and psoriasis. To the extent that skin
derives from neuroectoderm and meningeal mast cells
have been implicated in migraines (608) and are activated
by stress (609), US patent no. 5,855,844 is also relevant
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because it covers the use of CRFR-1 antagonists for the
prophylaxis/treatment of migraines.

With the expectation that translational applications of
the accumulated basic knowledge will soon bear clinical
fruit, one owes Wylie Vale a debt of gratitude and regrets
his untimely passing. His work has had and will have a
continuous impact on the understanding of the CRF
pathophysiology and the development of appropriate ef-
fective treatments. Thus, his ideas will continue to live
through our work.
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317. Böhm M, Luger TA, Tobin DJ, Garcia-Borron JC. Mela-
nocortin receptor ligands: new horizons for skin biology
and clinical dermatology. J Invest Dermatol. 2006;126:
1966–1975.

318. Abdel-Malek ZA, Knittel J, Kadekaro AL, Swope VB,
Starner R. The melanocortin 1 receptor and the UV re-
sponse of human melanocytes—a shift in paradigm. Pho-
tochem Photobiol. 2008;84:501–508.

319. Abdel-Malek ZA, Kadekaro AL, Swope VB. Stepping up
melanocytes to the challenge of UV exposure. Pigment Cell
Melanoma Res. 2010;23:171–186.

320. Ito N, Ito T, Kromminga A, et al. Human hair follicles
display a functional equivalent of the hypothalamic-pitu-
itary-adrenal axis and synthesize cortisol. FASEB J. 2005;
19:1332–1334.

doi: 10.1210/er.2012-1092 edrv.endojournals.org 875

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

4
/6

/8
2
7
/2

3
5
4
6
7
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



321. Slominski A, Zbytek B, Semak I, Sweatman T, Wortsman
J. CRH stimulates POMC activity and corticosterone pro-
duction in dermal fibroblasts. J Neuroimmunol. 2005;
162:97–102.

322. Slominski A, Zbytek B, Szczesniewski A, et al. CRH stim-
ulation of corticosteroids production in melanocytes is me-
diated by ACTH. Am J Physiol Endocrinol Metab. 2005;
288:E701–E706.

323. Rousseau K, Kauser S, Pritchard LE, et al. Proopiomela-
nocortin (POMC), the ACTH/melanocortin precursor, is
secreted by human epidermal keratinocytes and melano-
cytes and stimulates melanogenesis. FASEB J. 2007;21:
1844–1856.

324. Sharpley CF, Kauter KG, McFarlane JR. An initial explo-
ration of in vivo hair cortisol responses to a brief pain
stressor: latency, localization and independence effects.
Physiol Res. 2009;58:757–761.

325. Sharpley CF, Kauter KG, McFarlane JR. Hair cortisol con-
centration differs across site and person: localization and
consistency of responses to a brief pain stressor. Physiol
Res. 2010;59:979–983.

326. Sharpley CF, Kauter KG, McFarlane JR. An investigation
of hair cortisol concentration across body sites and within
hair shaft. Clin Med Insights Endocrinol Diabetes. 2010;
3:17–23.

327. Kimura A, Kanazawa N, Li HJ, Yonei N, Yamamoto Y,
Furukawa F. Influence of chemical peeling on the skin
stress response system. Exp Dermatol. 2012;21(suppl 1):
8–10.

328. Arck P, Handjiski B, Hagen E, et al. Is there a ‘gut-brain-
skin axis’? Exp Dermatol. 2010;19:401–405.

329. Alexacos N, Pang X, Boucher W, Cochrane DE, Sant GR,
Theoharides TC. Neurotensin mediates rat bladder mast
cell degranulation triggered by acute psychological stress.
Urology. 1999;53:1035–1040.

330. Boucher W, Kempuraj D, Michaelian M, Theoharides TC.
Corticotropin-releasing hormone-receptor 2 is required
for acute stress-induced bladder vascular permeability and
release of vascular endothelial growth factor. BJU Int.
2010;106:1394–1399.

331. Mayer EA, Tillisch K. The brain-gut axis in abdominal
pain syndromes. Annu Rev Med. 2011;62:381–396.

332. Bonaz BL, Bernstein CN. 2012 Brain-gut interactions in
inflammatory bowel diseases. Gastroenterology. 2013;
144:36–49.
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