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Sebaceous glands may be involved in a pathway conceptually
similar to that of the hypothalamic-pituitary-adrenal (HPA) axis.
Such a pathway has been described and may occur in human skin
and lately in the sebaceous glands because they express neuropep-
tide receptors. Corticotropin-releasing hormone (CRH) is the most
proximal element of the HPA axis, and it acts as central coordinator
for neuroendocrine and behavioral responses to stress. To further
examine the probability of an HPA equivalent pathway, we inves-
tigated the expression of CRH, CRH-binding protein (CRH-BP), and
CRH receptors (CRH-R) in SZ95 sebocytes in vitro and their regula-
tion by CRH and several other hormones. CRH, CRH-BP, CRH-R1, and
CRH-R2 were detectable in SZ95 sebocytes at the mRNA and
protein levels: CRH-R1 was the predominant type (CRH-R1�CRH-
R2 � 2). CRH was biologically active on human sebocytes: it induced
biphasic increase in synthesis of sebaceous lipids with a maximum
stimulation at 10�7 M and up-regulated mRNA levels of 3�-
hydroxysteroid dehydrogenase��5–4 isomerase, although it did
not affect cell viability, cell proliferation, or IL-1�-induced IL-
8 release. CRH, dehydroepiandrosterone, and 17�-estradiol did not
modulate CRH-R expression, whereas testosterone at 10�7 M
down-regulated CRH-R1 and CRH-R2 mRNA expression at 6 to 24 h,
and growth hormone (GH) switched CRH-R1 mRNA expression to
CRH-R2 at 24 h. Based on these findings, CRH may be an autocrine
hormone for human sebocytes that exerts homeostatic lipogenic
activity, whereas testosterone and growth hormone induce CRH
negative feedback. The findings implicate CRH in the clinical
development of acne, seborrhea, androgenetic alopecia, skin ag-
ing, xerosis, and other skin disorders associated with alterations in
lipid formation of sebaceous origin.

Communication and reciprocal regulation among nervous,
endocrine, and immune systems is essential for biological

stability and responses to external and internal challenges (1). In
particular, neuropeptides, hormones and cytokines act as sig-
naling molecules that mediate communication among the three
interacting systems. Neuropeptides, originally described in cen-
tral nervous tissue (2), are also expressed in target organs in
which they exhibit a number of immunomodulatory influences
on cell differentiation.

The skin is exposed continuously to an environment with
potentially noxious stimuli and represents a barrier maintaining
internal homeostasis (3, 4). In analogy with central responses to
stress, which involve predominantly the hypothalamic-pituitary-
adrenal (HPA) axis, it has been recently proposed that the skin
could share similar mediators (3–5). This postulate was based on
the capability of the mammalian skin to produce propiomela-
nocortin-derived peptides and to be a target of actions through
locally expressed melanocortin and opioid receptors (3, 6).

The corticotropin-releasing hormone (CRH), its binding pro-
tein (CRH-BP), and receptors (CRH-R, types 1 and 2) act as a

central regulatory system of the HPA axis (4, 7). Pro-CRH
processing into CRH appears to be similar at the central and
peripheral levels, including the skin (4). So far, CRH has been
detected in epidermal and follicular keratinocytes, melanocytes,
endothelial cells, and dermal nerves but not in fibroblasts (4, 6).
CRH-R1 has been detected in epidermal and follicular keratin-
ocytes, melanocytes, and dermal fibroblasts. CRH and CRH-R
have been recently detected in human sebaceous glands by in situ
experiments (8); therefore, we engaged a currently developed
reproducible human sebocyte culture system (9) to perform a
comprehensive analysis of CRH, CRH-BP, and CRH-R1�
CRH-R2 expression and function on human sebocytes in vitro.
The expression of CRH�CRH-R system was analyzed by reverse
transcription (RT)-PCR, real time quantitative RT-PCR, and
immunocytochemistry under basic conditions and after stimu-
lation by several hormones. Furthermore, the role of CRH on its
own receptor, cell proliferation, immune function, lipogenesis,
and expression of 3�-hydroxysteroid dehydrogenase��5– 4

isomerase (�5-3�-HSD) mRNA was investigated.

Materials and Methods
Reagents, Active Compounds, and Antibodies. If not otherwise
stated, chemicals (analytical grade), hormones, and assay re-
agents or kits were from Sigma. CRH was from Calbiochem,
IL-1� and the IL-8 ELISA kit from R & D Systems. The
affinity-purified goat polyclonal antibodies directed against hu-
man CRH (sc-1759), human CRH-BP (sc-1822), and human
CRH-R (sc-1757) were from Santa Cruz Biotechnology; the
purified rabbit monoclonal antibody directed against human
CRH (C5348) was from Sigma. All secondary antibodies used
and the APAAP complex were from Dako.

Cell Cultures. Immortalized human facial SZ95 sebocytes, which
have been shown to conserve the major characteristics of normal
sebocytes (9), and a dysplastic oral keratinocyte cell line (Eu-
ropean Collection of Cell Cultures ref. no. 94122104), used as
positive control, were maintained in Sebomed Basal Medium
(Biochrom, Berlin) supplemented with 5 ng�ml human epider-
mal growth factor (Sigma), 10% heat-inactivated FCS (Bio-
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chrom), 50 �g�ml gentamicin (GIBCO�BRL), and 1 mM Ca2�,
in a humidified atmosphere of 5% CO2 at 37°C. Shortly before
the experiments were performed, BSA-medium [constituted of
Sebomed Basal Medium supplemented with 1 mg�ml fatty
acid-free BSA (Boehringer Mannheim), 1 mM Ca2�, and 10�6

M linoleic acid (Sigma)] or Sebomed Complete Medium (Bio-
chrom) was added to the cells.

RT-PCR Analysis. Total RNA was extracted from SZ95 sebocytes
and dysplastic oral keratinocytes by using a commercial kit
(miniprep; Stratagene). An aliquot of total RNA (1 �g) was
reverse transcribed into single-stranded cDNA with oligo(dT)15
(1 �g) and Maloney murine leukemia virus reverse transcriptase
(200 units; Promega) in a final volume of 25 �l as indicated by
the manufacturer’s instruction. One microliter of reverse tran-
scription mixture was used for PCR reaction. PCR was carried
out in a total volume of 25 �l with a primer pair at 0.5 �M in 50
mM KCl, 10 mM Tris�HCl (pH 8.3), 1.5 mM MgCl2, 200 �M each
of dATP, dCTP, dTTP, and dGTP, and 1 unit Ampli Tag DNA
polymerase (GIBCO�BRL) for 3 min of initial denaturation at
94°C, then 35 cycles of 94°C denaturation (30 s), annealing for
1 min at 60°C, and extension for 3 min at 72°C in a Perkin–Elmer
9700 automated thermal cycler. The following oligonucleotides
were found in the GenBank data bank, selected from different
gene exons to avoid amplification of genomic DNA and were
used for mRNA detection by RT-PCR. The accession number of
the sequences and the length of the expected products are given
in parentheses: CRH, sense primer 5�-TCC GAG GAG CCT
CCC ATC-3�, antisense primer 5�-AAT CTC CAT GAG TTT
CCT GTT GC-3� (no. V00571, 122 bp; ref. 10); CRH-BP, sense
primer 5�-GTT CAT TAC CAT CCA CTA CGA-3�, antisense
primer 5�-CTC CAG CTG ACG ATA CTC AAA-3� (634 bp; ref.
11). Primers for �-actin, which was used as control, were
purchased from CLONTECH. PCR products were separated
electrophoretically on 1.5–2% Tris-acetate EDTA-agarose gels,
stained with ethidium bromide and photographed under UV
light.

Real Time Quantitative RT-PCR Analysis. One microgram of total
RNA from SZ95 sebocytes treated with Dnase I (GenHunter,
Nashville, TN) were reverse transcribed to cDNA by using the
Thermoscript reverse transcriptase (GIBCO�BRL) with ran-
dom hexamers as primers in a 20–�l reaction solution. To
quantify expression of CRH-R1, CRH-R2, and �5-3�-
HSD mRNA, real time quantitative RT-PCR (TaqMan PCR; PE
Applied Biosystems) using a Perkin-Elmer 7700 sequence de-
tector was performed (12). The reaction contained 1� TaqMan
Universal PCR Master Mix (PE Applied Biosystems), 900 nM of
the forward and reverse primers, and 200 nM of TaqMan probes.
Primers and probes were designed by using the primer design
software PRIMER EXPRESS (PE Applied Biosystems). The acces-
sion number of the sequences and the length of the expected
products are given in parentheses: CRH-R1, forward primer
5�-CGC ATC CTC ATG ACC AAG CT-3�, reverse primer
5�-TCA CAG CCT TCC TGT ACT GAA TG-3� (no.
NM�004382, 66 bp); TaqMan probe, 5�-CGG GCA TCC ACC
ACG TCT GAG A-3�; CRH-R2, forward primer 5�-CCC GGG
CCA TGT CCA T-3�, reverse primer 5�-ACA GCG GCC GTC
TGC TT-3� (no. NM�001883, 69 pb); TaqMan probe, 5�-CTA
CAT CAC CCA CAC GGC TCA GCT TC-3�; �5-3�-HSD,
forward primer 5�-CCA CTC TAC AGC TGG GAG GAA-3�,
reverse primer CGG TCC ACA AGG GAA CCA-3� (no.
M38180, 65 bp); TaqMan probe, CCA AGC AGA AAA CGG
TGG AGT GGG-3�. 18S rRNA primers and probe (PE Applied
Biosystems), serving as internal control, were added at 50 nM.
Thermal cycling proceeded with 50 cycles of 95°C for 15 s and
60°C for 1 min. Input RNA amounts were calculated with a
multiplex comparative method for the mRNAs of interest and

18S rRNA. Experiments were performed in triplicate for each
data point.

Immunocytochemistry. SZ95 sebocytes (25,000 cells) were cul-
tured in two-chamber culture slides or cytocentrifuged in a
Shandon Cytospin 2 cytocentrifuge (Frankfurt, Germany) on
microscopic slides. The preparations were fixed in methanol at
�20°C for 5 min and incubated with the goat antibodies against
human CRH (diluted 1:25), human CRH-BP (diluted 1:100),
human CRH-R (diluted 1:50), or rabbit antibody against human
CRH (diluted 1:100) for 30 min. Respectively, the secondary
antibodies used were alkaline phosphatase complex-conjugated
goat anti-human IgG (H�L) (diluted 1:500) or mouse anti-
rabbit (diluted 1:50), rabbit anti-mouse (diluted 1:20), and
APAAP complex according to the instructions for the alkaline
phosphatase anti-alkaline phosphatase labeling method (all
incubation steps at room temperature for 30 min). The prepa-
rations were developed with new fuchsin, counterstained with
hematoxylin, and mounted. Triplicate slides were stained for
each data point.

Proliferation Analysis. Cells were cultured in 96-well tissue culture
plates at a density of 2,000 cells per well for 2 days. The wells
were then washed with PBS, and BSA-medium with or without
active compounds was added. Cell proliferation was assessed by
the 4-methylumbelliferyl heptanoate fluorescence assay and
measured automatically, as previously described (13). Briefly, on
the day of evaluation the medium was removed, the cells were
washed twice with PBS, and 100 �l of a 100 �g�ml 4-methyl-
umbelliferyl heptanoate solution in PBS was added to each well.
The plates were then incubated at 37°C for 30 min, and the
released fluorescence, which is representative for cell numbers,
was read on a Molecular Devices SPECTRAmax Gemini spec-
trofluorometer using 355 nm excitation and 460 nm emission
filters. Experiments were performed in quadruplicate, with 10
wells evaluated for each data point in each experiment.

Detection of Cytotoxicity. Cells were cultured in 96-well tissue
culture plates at a density of 20,000 cells per well for 24 h. The
wells were then washed with PBS, and BSA-medium was added.
After 2 days, the medium was harvested, and fresh BSA-medium
without or with active compounds was given to the cells. The
supernatants were collected 24 h later and were centrifuged to
remove cell detritus, and 100 �l was proceeded to measurement
of lactate dehydrogenase (LDH) release with the Boehringer
LDH Assay kit according to the manufacturer’s instructions.
Experiments were performed in triplicate, with 10 wells evalu-
ated for each data point in each experiment.

Detection of Lipids. The cells were cultured in 96-well tissue
culture plates at a density of 2,500 cells per well for 2 days. The
wells were then washed with PBS, and Sebomed Complete
Medium was added. After 2 days, the medium was harvested, and
fresh medium without or with CRH 10�8–10�6 M was given to
the cells. The supernatants were harvested 72 h later, the wells
were washed twice with PBS, and 100 �l of a 10 �g�ml nile red
solution in PBS was added to each well. The plates were then
incubated at 37°C for 30 min, and the released fluorescence was
read on a Molecular Devices SPECTRAmax Gemini spectroflu-
orometer. The results are presented as percentages of the
absolute fluorescence units in comparison with the controls,
using 485 nm excitation and 565 nm emission filters for neutral
lipids and 540 nm excitation and 620 nm emission filters for polar
lipids. Experiments were performed in triplicate, with 10 wells
evaluated for each data point in each experiment.

Determination of IL-8 Release. Cells were cultured in six-well tissue
culture plates at a density of 150,000 per well for 24 h. The wells
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were then washed with PBS, and Sebomed Complete Medium
including 1 mM Ca2� was added. After 3 days, the medium was
removed, and the cells were gently washed with PBS and were
incubated with 2 ml of fresh Sebomed Complete Medium
supplemented with CRH 10�10–10�7 M, 50 ng�ml IL-1�, or their
combinations for 24 h. The culture supernatants were then
collected and centrifuged to remove cell detritus. Aliquots were
stored at �70°C until use. IL-8 release in the culture superna-
tants was measured by ELISA in triplicate wells for all individual
treatments, with duplicate wells being used for each individual
assessment. The detection limit of IL-8 was less than 10 pg�ml.
The results are presented as absolute optical density units at 450
nm or as a ratio compared with the results of the untreated
controls, whereas the ratio 1 represents the IL-8 release of the
controls.

Statistical Analysis. Values represent the mean values � SE.
Statistical significance was calculated by the two-sample inde-
pendent-groups t test. Mean differences were considered to be
significant when P � 0.05.

Results
Human Sebocytes Express CRH, CRH-BP, and CRH-R. We examined the
expression of CRH and CRH-BP in SZ95 sebocytes at the
mRNA level by RT-PCR and of CRH, CRH-R1, and CRH-R2
by real time quantitative RT-PCR and studied their protein
expression and cellular distribution by immunocytochemical
labeling with specific antibodies. Specific RT-PCR signals were
detected for CRH, CRH-BP, CRH-R1, and CRH-R2 (Fig. 1
A–C). CRH-R1 was the predominant receptor type (CRH-R1�
CRH-R2 mRNA ratio � 	2 at 6–24 h in culture). CRH-R
mRNA levels increased with time. CRH, examined by two
different antibodies, and CRH-BP were distributed diffusely in
the cytoplasm, whereas the positive labeling with the CRH-R
antibody could not be clearly attributed to the cell membrane,
the cytoplasm, or both (Fig. 1 D–F).

CRH Does Not Influence Either Sebocyte Proliferation or Their Viabil-
ity. To examine the intracrine biological effects of CRH on SZ95
sebocytes, its effects on cell proliferation and cell viability were
studied by the 4-methylumbelliferyl heptanoate fluorescence
assay and the LDH assay, respectively. Neither altered CRH at
concentrations of 10�11–10�4 M the proliferation of SZ95 se-
bocytes at time points between 24 and 72 h nor affected cell
viability at concentrations of 10�10 and 10�7 M at 24 h (data not
shown).

CRH Does Not Affect the IL-1�-Induced IL-8 Release from Human
Sebocytes. As previously described,** IL-1� strongly stimulated
IL-8 release from SZ95 sebocytes at 24 h (4.6-fold, P � 0.001).
CRH did not affect either the spontaneous IL-8 release or the
IL-1�-induced IL-8 release from SZ95 sebocytes at 24 h (Fig. 2).

CRH Up-Regulates Lipid Synthesis in Human Sebocytes. CRH exhib-
ited a biphasic effect on sebaceous lipids, up-regulating the lipid
content of SZ95 sebocytes at concentrations up to 10�7 M and
inducing a decrease toward the basal levels at higher concen-
trations (Fig. 3). A stronger CRH effect was assessed on neutral
than on polar sebaceous lipids at the optimum concentration of
10�7 M (P � 0.01 and P � 0.05, respectively).

CRH Up-Regulates mRNA Levels of �5-3�-HSD. To detect possible
mechanisms of stimulation of sebaceous lipid synthesis by CRH,
we investigated the hypothesis that CRH may regulate �5-3�-
HSD, which is the key enzyme for testosterone synthesis in
human sebocytes (14). By using real time quantitative RT-PCR
of �5-3�-HSD mRNA levels, CRH was found to exhibit an early
up-regulation of �5-3�-HSD mRNA levels at 6 h (P � 0.01),
which was abolished later (at 12 h) (Fig. 4).

CRH-R mRNA Levels Are Regulated by Growth Hormone (GH) and
Testosterone. CRH synthesis in human sebocytes and its control
of lipogenesis led us to assess the presence of a feedback
mechanism that may involve CRH-R. To investigate this hy-
pothesis, real time quantitative RT-PCR of CRH-R1 and
CRH-R2 mRNA levels was performed after treatment of SZ95
sebocytes with CRH, GH, and testosterone, also shown to
up-regulate sebaceous lipogenesis (15, 16), DHEA and 17�-
estradiol, up-stream and down-stream metabolites of testoster-
one, respectively (14). CRH was found not to modify mRNA
levels of its receptors (Fig. 5). In contrast, GH and testosterone
acted as feedback mechanism inducers. GH down-regulated

**Seltmann, H., Rudawski, I. M., Holland, K. T., Orfanos, C. E. & Zouboulis, Ch. C (2000).
J. Invest. Dermatol. 114, 816 (abstr.).

Fig. 1. Detection of CRH, CRH-BP and CRH-R1 and CRH-R2 at the mRNA (A–C)
and the protein (D–F) levels. In A and B, RT-PCR-specific signals of 122 and 634
bp for CRH and CRH-BP were found in SZ95 sebocytes, respectively (lane 2),
and in cells of the control dysplastic oral keratinocyte cell line (lane 3). (Lane
1) Marker ladder. CRH-R1 was the predominant receptor type (CRH-R1�
CRH-R2 ratio � 	2), and its mRNA levels significantly increased with time as
detected by real time quantitative RT-PCR (C; P � 0.05). CRH (shown are the
results with the rabbit anti-human antibody; D), and CRH-BP (E) were distrib-
uted diffusely in the cytoplasm, whereas the positive labeling with the CRH-R
antibody (F) could not be clearly attributed to the cell membrane or the
cytoplasm.

Fig. 2. Effect of IL-1� on IL-8 release from human sebocytes to their super-
natants and its regulation by CRH. (A) IL-1� strongly stimulated IL-8 release
from SZ95 sebocytes at 24 h in a dose-dependent manner (4.6-fold increase at
50 ng�ml; ***, P � 0.001). CRH did not affect either the spontaneous IL-8
release (B) or the IL-1�-induced IL-8 release from SZ95 sebocytes at 24 h (C). IL-8
release in culture supernatants was measured by ELISA and is presented as
absolute optical density units at 450 nm in A and as ratio compared with the
results of the untreated controls in B and C, whereas ratio � 1 represents the
IL-8 release of the controls.
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CRH-R1 mRNA levels and up-regulated those of CRH-R2 at
24 h (P � 0.001; Fig. 5 B and D). Testosterone, at 10�7 M,
markedly down-regulated CRH-R1 and CRH-R2 mRNA levels
at 6 (P � 0.05) and 24 h (P � 0.001). DHEA and 17�-estradiol
did not affect CRH-R mRNA levels. All hormones tested were
not cytotoxic for SZ95 sebocytes, as detected by the LDH release
assay (data not shown).

Discussion
The CRH-propiomelanocortin system is highly organized, en-
trained, and of crucial importance for cutaneous responses to
stress (4, 17–19). CRH activity on skin seems to depend on the
cellular target. CRH can modify vascular reactions, act as a local
growth factor, or induce cell differentiation and lipogenesis. It
has been implicated in angiogenesis, and in neurogenic and
neuroinflammatory skin disorders, including atopic dermatitis

and psoriasis. In addition, the CRH�CRH-R1 pathway has been
associated with the hair cycle in the mouse (20).

The sebaceous gland is the organ conferring on the skin an
independent peripheral endocrine function (6). It also seems to
be involved in responses to stress, expressing receptors for
�-melanocyte-stimulating hormone (�-MSH; ref. 21), �-endor-
phin,†† vasoactive intestinal polypeptide, neuropeptide Y, and
calcitonin gene-related peptide.‡‡ �-MSH and calcitonin gene-
related peptide down-regulate the enhanced IL-8 synthesis in
IL-1�-challenged human sebocytes, but are not produced in
human sebocytes themselves (21).‡‡ �-Endorphin is also a para-
crine neuropeptide for human sebocytes, which suppresses their
proliferation induced by epidermal growth factor in Ca2�-rich
medium.††

In the current study, we investigated the presence of the
CRH�CRH-BP�CRH-R loop in human sebocytes and its reg-
ulation and biological activity in these cells in vitro. As currently
detected in human sebaceous glands by in situ experiments (8),
CRH and CRH-R were also present in our human sebocyte
cultures. CRH is probably an autocrine hormone for human skin
cells of epithelial origin, such as keratinocytes and sebocytes, and
for melanocytes, whereas it exhibits a paracrine activity on
human fibroblasts (4, 6). Whereas the hypothalamic CRH stim-
ulates the pituitary CRH-R leading to the production and
secretion of propiomelanocortin-derived peptides, sebocyte
CRH did not regulate its receptor at the mRNA level in our
study. In addition, �-MSH and �-endorphin are not produced by
human sebocytes (21, ††); therefore, CRH may take over
functions in human sebocytes other than inducing an intrinsic
HPA-like axis. Indeed, whereas the release of glucocorticoids is
regulated via the HPA axis with CRH and adrenocorticotropic
hormone as the respective secretagogues (22), data from differ-
ent experimental models have verified that CRH influences
steroidogenesis independently from the HPA axis (23, 24).

According to our findings, CRH induces sebaceous lipogen-
esis in a biphasic manner which is characteristic for nuclear

††Böhm, M., Li, Z., Zouboulis, Ch. C. & Luger, T. A. (2002) J. Invest. Dermatol., in press (abstr.).

‡‡Seiffert, K., Zouboulis, Ch. C., Seltmann, H. & Granstein, R. D (2000). Horm. Res. 53, 102
(abstr.).

Fig. 3. CRH influence on sebaceous lipogenesis. CRH exhibited a biphasic
effect on sebaceous lipids, up-regulating the lipid content of SZ95 sebocytes
at concentrations up to 10�7 M (*, P � 0.05; **, P � 0.01) and inducing a
decrease toward the basal levels at higher concentrations. A stronger CRH
effect was assessed on neutral than on polar sebaceous lipids at the optimum
concentration of 10�7 M. Intracellular lipids were measured after cell labeling
with nile red and detection of the released fluorescence in a spectrofluorom-
eter. The results are presented as percentages of the absolute fluorescence
units in comparison with the controls using 485 nm excitation and 565 nm
emission filters for neutral lipids and 540 nm excitation and 620 nm emission
filters for polar lipids.

Fig. 4. Detection of �5-3�-HSD mRNA level regulation by CRH. By using real
time quantitative RT-PCR, �5-3�-HSD mRNA levels were found to increase
early (at 6 h) under treatment with CRH (*, P � 0.05; **, P � 0.01) at a similar
magnitude to those detected under treatment with 10% heat-inactivated FCS;
FCS includes several hormones and growth factors. The CRH effect on �5-3�-
HSD mRNA levels was annulled at 12 h. The results are presented as percent-
ages of �5-3�-HSD�18S mRNA levels in comparison with the 6 h control
(100%).

Fig. 5. Detection of CRH-R mRNA levels under treatment with CRH, GH,
DHEA, testosterone (T), and 17�-estradiol (E) by using real time quantitative
RT-PCR. CRH, DHEA, and 17�-estradiol did not modify mRNA levels of CRH-R1
(A and B) or CRH-R2 (C and D). In contrast, GH down-regulated CRH-R1 mRNA
levels (***, P � 0.001) and up-regulated those of CRH-R2 at 24 h (10�7 M).
Testosterone, at 10�7 M, markedly down-regulated CRH-R1 and CRH-R2
mRNA levels at 6 (*, P � 0.05) and 24 h. The results are presented as percent-
ages CRH-R�18S mRNA ratio.
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receptor ligands (25). However, CRH is not a ligand for nuclear
receptors; therefore, CRH may directly enhance availability or
activity of nuclear receptor ligands, such as androgens (15), and
indirectly influence sebaceous lipogenesis through the latter.
Indeed, our experiments revealed that CRH induces an early
up-regulation of �5-3�-HSD mRNA expression. Sebocytes are
the only human skin cells that express �5-3�-HSD and, there-
fore, are able to convert dehydroepiandrosterone to testosterone
(14). Androgens play an important role in sebaceous gland
growth and differentiation (26), whereas sebaceous gland func-
tion is regulated not only by testosterone and 5�-dihydrotestos-
terone, but also by dehydroepiandrosterone sulfate, especially in
fetal and neonatal life and with the adrenarche (26, 27). The skin
is capable of synthesizing cholesterol used in cell membranes, in
formation of the epidermal barrier, and in sebum, and is also
used as substrate for sex steroid hormone synthesis.§§ The local
formation of sex steroids provides autonomous control to human
skin, which is thus able to adjust their formation and metabolism
according to local needs. Sebaceous glands and sweat glands
account for the vast majority of androgen metabolism in skin (14,
26). The early regulation of �5-3�-HSD by CRH in human
sebocytes is in accordance with the HPA-independent CRH
influence on steroidogenesis reported above (23, 24). The
discontinuation of �5-3�-HSD mRNA regulation by CRH and
the finding that testosterone and GH, which also enhances
sebaceous lipogenesis (16), down-regulate or modify CRH-R
expression indicate that these are associated physiological mech-
anisms. In addition, the abundant expression of CRH in sebo-

cytes (ref. 8 and this study) makes likely that sebocyte CRH may
be the source of a paracrine regulation of the HPA-like axis in
human skin.

CRH-Rs represent a family with at least two distinct members
in humans, CRH-R1 and CRH-R2, encoded by separate genes,
sharing high sequence homology (	70%), and differing mark-
edly in their pharmacological profiles and anatomical distribu-
tion (17). These receptors are seven transmembrane receptor
proteins coupled to the Gs signaling system. Human skin cells
have been shown to express functional CRH-R1 (5, 17). The
CRH-R1 human gene contains 14 exons (28); eight alternatively
spliced CRH-R1 transcripts have been identified (29). For
CRH-R2, three splice variants have been detected (30). The
present investigation indicates that at least one human skin cell
type, the sebocyte, expresses mRNA for both members of the
CRH-R family, with CRH-R1 being the predominant receptor
type. The biological significance of CRH-R regulation by tes-
tosterone in our experiments with human sebocytes as a CRH
feedback mechanism is corroborated by (i) the strong inhibitory
effect of testosterone on the mRNA levels of 3-hydroxy 3-meth-
ylglutaryl CoA reductase in human sebocytes, an enzyme that
catalyzes the first step of steroidogenesis (unpublished observa-
tion), (ii) the stimulation of testosterone production in mouse
Leydig cells by CRH agonists through binding to CRH-R1 (31),
and (iii) the significant attenuation of behavioral, neuroendo-
crine, and autonomic responses to stress in primates by oral
administration of a CRH-R antagonist (32).

CRH-BP, shown here to be expressed in skin cells, is a
glycoprotein with a molecular mass of 37 kDa predominantly
produced by the liver (7). CRH-BP binds CRH and antago-
nizes CRH-induced release of adrenocorticotropic hormone
in vitro. Most CRH in plasma is bound to CRH-BP, being,
therefore, inactive and unable to bind its receptor. It has been
shown that pituitary CRH-BP mRNA levels increase in re-
sponse to acute restraint stress and that glucocorticoids play a
significant role in this positive regulation (33). By expressing
CRH-BP, human sebocytes probably possess another regula-
tory mechanism for both their own and for paracrine CRH
secretion and activity.

GH is widely expressed in human skin (6) and is likely to be
involved in sebaceous gland development, stimulates sebocyte
differentiation, and also augments the effect of 5�-dihydrotes-
tosterone on sebaceous lipid synthesis (16). We investigated the
effect of GH on feedback regulation of CRH-R expression and
found that GH switched completely the predominant CRH-R1
in human sebocytes to CRH-R2. Interestingly, CRH-R1 and
CRH-R2 expression is hair cycle dependent; CRH-R1 is mainly
expressed in hair compartments of murine anagen follicles and
is absent in telogen ones, whereas CRH-R2 expression is higher
in telogen and decreases during anagen progression (20). There-
fore, testosterone, by down-regulating CRH-R1 mRNA levels,
and, especially, GH, by down-regulating CRH-R1 and up-
regulating CRH-R2 mRNA levels, may represent signals for
induction of hair loss.

In summary, our findings include (i) the expression of CRH,
CRH-BP, and CRH-R at the mRNA and protein levels, (ii) the
presence of both CRH-R1 and CRH-R2 with predominance
of CRH-R1 at the mRNA level, (iii) the confirmation of a
biological activity of CRH on human sebocytes, namely a
biphasic regulation of sebaceous lipids with a maximum up-
regulation at 10�7 M, and an early up-regulation of �5-3�-HSD
mRNA (at 6 h), but no effect on cell viability, cell proliferation,
or IL-1�-induced IL-8 release, (iv) the down-regulation of
CRH-R mRNA levels by testosterone, the complete switch of
CRH-R1 mRNA expression to CRH-R2 by GH, and the
missing regulation of CRH-R mRNA levels by CRH itself. The
data confirmed the presence of a complete CRH�CRH-R
system in human sebocytes (Fig. 6). CRH is likely to serve

§§Thiboutot, D. M., Sivarajah, A., Gilliland, K., Cong, Z. & Clawson, G (2001). J. Invest.
Dermatol. 117, 410 (abstr.).

Fig. 6. The sebocyte HPA-like axis may contribute to sebocyte differentiation
(decreased proliferation and enhanced lipogenesis) and anti-inflammatory
signaling (reduced IL-8 secretion). Data from refs. 8, 21, 34–36; this manu-
script; and ††. ACTH, adrenocorticotropin; BP, binding protein; EGF, epider-
mal growth factor; MC-R, melanocortin receptor; R, receptor
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as an important autocrine hormone in this cell type with a
homeostatic pro-differentiation activity. It directly induces
lipid synthesis and enhances mRNA expression of �5-3�-HSD,
the enzyme that converts dehydroepiandrosterone to testos-
terone in human sebocytes (14). Testosterone and GH, which
also enhance sebaceous lipid synthesis (15, 16), were found to
antagonize CRH by down-regulating or modifying CRH-R
expression, respectively. These findings implicate an involve-
ment of CRH in the clinical development of acne, seborrhea,
androgenetic alopecia, skin aging, xerosis, and any other skin

disease associated with alterations in the formation of seba-
ceous lipids.
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