Androgen receptor-mediated inhibition
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Impaired wound healing states in the elderly lead to substantial morbidity, mortality, and a cost to
the US Health Services of over $9 billion per annum. In addition to intrinsic aging per se causing
delayed healing, studies have suggested marked sex-differences in wound repair. We report that cas-
tration of male mice results in a striking acceleration of local cutaneous wound healing, and is asso-
ciated with a reduced inflammatory response and increased hair growth. Using a hairless mouse
model, we have demonstrated that testosterone reduction stimulates the healing response not
through hair follicle epithelial/mesenchymal cell proliferation, but directly via effects on wound cell
populations. We suggest that endogenous testosterone inhibits the cutaneous wound healing
response in males and is associated with an enhanced inflammatory response. The mechanisms
underlying the observed effects involve a direct upregulation of proinflammatory cytokine expres-
sion by macrophages in response to testosterone. Blockade of androgen action systemically, via recep-
tor antagonism, accelerates healing significantly, suggesting a specific target for future therapeutic
intervention in impaired wound healing states in elderly males.

J. Clin. Invest. 110:615-624 (2002). doi:10.1172/JC1200215704.

Introduction

Cutaneous wound healing is a complex process encom-
passing a number of overlapping events that include
leukocyte recruitment, matrix deposition, epithelial-
ization, and ultimately resolution of inflammation
with the formation of a mature scar. Impaired age-
related wound healing states — involving both acute
wounds that fail to heal and chronic ulcers — are char-
acterized by excessive leukocytosis and subsequently
enhanced proteolytic degradation of matrix con-
stituents (1, 2). A rapid increase in the elderly popula-
tion has resulted in a parallel increase in problems asso-
ciated with age-related delayed wound healing.
Treatment of such impaired healing costs the US
Health Services over $9 billion per year. Additionally,
chronic wounds lead to an incalculable degree of suf-
fering, including reduced mobility, wound odor, exu-
date, and pain. Intriguingly, reports have shown that
males heal acute wounds more slowly than females and
have an altered inflammatory response (3-5). Epi-
demiologic studies have not previously reported that
sex has an impact on wound repair; however, recent
neural network studies have demonstrated that the
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male genotype is a strongly positive risk factor for
impaired healing in the elderly (5). Despite their poten-
tial impact on wound healing, the mechanisms under-
lying such sex differences have not been elucidated.

One critical mediator of wound healing is the hor-
mone estrogen, which accelerates repair in both human
and animal models. Local levels of bioavailable estrogen
are altered in the elderly due to a combination of
decreased circulating gonadal estrogen (particularly
important in postmenopausal females) and markedly
reduced levels of the adrenal sex steroid precursor dehy-
droepiandrosterone (DHEA), resulting in a parallel
decrease in androgen and estrogen formation from
DHEA aromatization in peripheral tissues (6-8). Estro-
gen can reverse age-related impaired healing in females
when applied topically or given systemically and is asso-
ciated with reduced local inflammation and enhanced
matrix deposition (4, 9). In elderly males, the response
to estrogen is significantly reduced compared with that
in females, suggesting that other, unknown factors are
involved beyond the effects of reduced estrogen. One
factor that has not been investigated to date is the
potential role of androgens in wound repair and local
cutaneous inflammation. Elderly males generally main-
tain testosterone levels, albeit with a gradual reduction
with increasing age, and androgens have been reported
to be pivotal mediators of local and humoral immune
responses in other pathophysiological processes.

In this context, several reports indicate that androgens
play a critical role in the immune response and account
for differences in outcome based on sex, including sus-
ceptibility to sepsis, parasitic infection, and atheroscle-
rosis related to enhanced monocyte adhesion to
endothelium (10-12). Androgens have been related to
both pro- and anti-inflammatory states at both the sys-
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temic level (13) and the cellular level, modulating IL-1,
IL-2, and IL-6 in a variety of cell types including fibrob-
lasts, macrophages (increasing IL-6), Kupffer cells
(decreasing IL-6), splenocytes, and osteoblasts (14-17).
Moreover, recent in vivo studies have suggested that cas-
tration of rats following burn injury significantly
reduces systemic levels of proinflammatory TNF-o, and
that the in vitro macrophage production of IL-1 and
TNF-o is inhibited by androstenetriol (18, 19). Taken
together, these reports suggest that androgens may exert
both anti- and proinflammatory effects that depend on
the cell type, animal model, and dose of treatment
administered. In this regard, the role of androgens in the
cutaneous wound healing response and the effects on
local inflammation have not been investigated.

In this study we have demonstrated that castration of
male mice results in accelerated cutaneous wound heal-
ing and is associated with a dampened inflammatory
response and increased matrix deposition. Using a hair-
less mouse model, we demonstrated that the enhanced
hair follicle proliferation resulting from castration was
not responsible for such effects on the healing rate. The
underlying mechanisms involve a direct effect of testos-
terone on murine macrophage TNF-o production via
the androgen receptor (AR) in parallel to the in vivo
downregulation of TNF-a. following castration or AR
antagonism. Intriguingly, AR blockade accelerates heal-
ing in a similar fashion to castration, suggesting a
future target for therapeutic intervention to accelerate
healing in elderly males.

Methods

Wound bealing experiments. Male C57BL/6 or br/br male
wild-type and null mice (Harlan Laboratories Ltd.,
Indianapolis, Indiana, USA), 8-12 weeks old, were
anesthetized with inhaled isofluorane, and the dor-
sum was shaved and cleaned with alcohol. Ten-week-
old male mice that had undergone castration or sham
castration 1 month previously were also used for the
wound healing experiments. Two equidistant 1-cm
full-thickness incisional wounds were made through
the skin and panniculus carnosus muscle and were left
to heal by secondary intention. Wounds were harvest-
ed on days 1, 3, 5, 7, 14, and 21 after wounding and
were bisected for histology and for RNA analysis/pro-
tein extraction, and immediately snap frozen in liquid
nitrogen for RNA analysis/protein extraction. A sub-
group of intact C57BL/6 male mice were treated with
oral flutamide (200 mg/kg/day flutamide in 0.5%
methylcellulose) for 5 days prior to wounding, and day
3 wounds were excised (20). Serum from cardiac punc-
ture of all mice was used to determine circulating
testosterone levels using an ELISA kit (ICN, Bas-
ingstoke, United Kingdom).

Human wound bealing study. Eighteen health sta-
tus-defined elderly males (mean age 71 years, SD = 8.6)
underwent two 4-mm punch biopsies, and the wounds
were measured by planimetry on day 7 after wounding,
as previously described (4). Mean total testosterone

levels were measured by standard radioimmunoassay;
the normal laboratory range of testosterone is 10-30
ng/ml. Sex hormone binding globulin levels did not
differ significantly within the cohort. As part of an
ongoing study, young (20-39 years) and elderly (60-85
years) males and females (five subjects per group) from
a health-status panel underwent two 4-mm punch
biopsies from the upper inner arm, and the wounds
were excised on day 3, 7, or 14 after wounding (1).

Histology, immunocytochemistry, and image analysis. His-
tological sections were prepared from male murine
and human wound tissue fixed in 10% buffered for-
malin and embedded in paraffin. Five-micrometer
sections were stained with hematoxylin and eosin or
with picrosirius red (for collagen determination) (21),
or were subjected to immunohistochemistry with spe-
cific antibodies. Antibodies used were N-20 (22),
raised against a synthetic peptide localizing to the
N-terminal of the human AR (Santa Cruz Biotech-
nology Inc., Santa Cruz, California, USA), diluted to
1:10, with mouse prostate gland used as positive con-
trol; Mac-3 (rat anti-Mac-3; Pharmingen, San Diego,
California, USA); collagen VII (mouse to human;
Chemicon International, Temecula, California, USA);
and TNF-a. (rabbit polyclonal; Genzyme Pharmaceu-
ticals, Cambridge, Massachusetts, USA), used at a
dilution of 1:20 in PBS. Primary antibody was detect-
ed using either a TRITC- or FITC-labeled secondary
antibody (1:40 dilution for 20 minutes) or using a
peroxidase kit (Vector Laboratories Inc., Burlingame,
California, USA). Controls using IgG isotype serum
were in all cases negative. Image analysis and quan-
tification of cell number per unit area (mm?) and
wound area (measured below the clot and above the
panniculus muscle) were performed using the Image-
Pro Plus program (MediaCybernetics Inc., Silver
Springs, Maryland, USA) as previously described (21).

Androgen effects on monocytes. Peritoneal macrophages
were isolated from male wild-type C57BL/6 mice by
intraperitoneal lavage with ice-cold sterile PBS and
pooled for subsequent studies. Cells were used at 107
cells/ml with 1 ml per tube in serum-free phenol
red-free medium with or without LPS (1 ug/ml; Sigma-
Aldrich, St. Louis, Missouri, USA), testosterone (108 M;
Sigma-Aldrich), So-dihydrotestosterone (5a-DHT)
(108 M; Sigma-Aldrich), flutamide (10-° M; Sigma-
Aldrich), and the estrogen receptor inhibitor ICI
182780 (100 nM) for 12 hours. RNA was subsequently
extracted as described below.

Chemotaxis of monocytes was stimulated in a 12-well
chemotaxis chamber (Transwell Plate; Corning-Costar
Corp., Acton, Massachusetts, USA), with each well con-
taining 400 pl of control media or TGF-B1 (1 pg/ml),
testosterone (10-% M), or both TGF-B1 and testos-
terone. Prior to the assay, cells were treated with or
without testosterone for 12 hours (10-¢ to 10-1°M).
Monocytes were resuspended in 100 pl chemotaxis
buffer (1x Hank’s buffer with 0.5% BSA) in the upper
chamber at a final concentration of 3 X 10° per 100 pl
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and incubated for 90 minutes at 37°C in a humidified
atmosphere of 5% CO,. Cells that migrated across the
membrane (pore size, 3 pm) were fixed in 40 pl chemo-
taxis fixative (100 mM EDTA and 10% formaldehyde in
PBS) and counted using a hemocytometer.

RT-PCR, RNase protection, and hydroxyproline assays.
Total RNA was isolated from frozen wound tissue and
peritoneal macrophages using Trizol. For PCR, total
RNA extracted from wound tissue as above was reverse
transcribed and subjected to PCR using primer pairs
for murine AR (23), TNF-0, and HPRT (housekeeping
gene). The sequences were: HPRT, 5’-ACTCTGCTTCA-
GATCCCTGC and 5'-GGACCAGCAACTTGAAGAGG (266-
bp product); TNF-¢, 5-TCCGCTTCTCCGCTGCCA and
5’-CACCTTTGTGTCTGGGACCT (872-bp product); and
AR, 5’-AGTCATCCCTGCTTCATAAC and S5’-ATCCTG-
GTGGAGTTGTGAAC (394-bp product). Five micro-
grams of RNA was subjected to RNase protection
assays using the mck3b template per manufacturer’s
instructions (Pharmingen, San Diego, California,
USA) (21). As an indication of total collagen content,
hydroxyproline levels were determined in wound tis-
sue as previously described (4).

Electromobility shift assay and Western blotting. Nuclear
proteins were isolated from wound tissue by homoge-
nization in lysis buffer (20 mM Tris at pH 7.6, 120 mM
NaCl, 1% NP-40, 10% glycerol, 10 mM sodium
pyrophosphate, 100 mM NaF, 2 mM sodium ortho-
vanadate, 1 mM AEBSF, and 5 ug/ml leupeptin). Elec-
tromobility shift assay (EMSA) for NF-kB was per-
formed wusing a radiolabeled NF-xB consensus

18 b

Day 1

oligonucleotide probe (Promega Corp., Madison, Wis-
consin, USA) as previously described (24).

For Western blotting, protein was extracted from
murine wound tissue and normal skin using a deter-
gent buffer, and 10 pg protein was used for the blot as
previously described (1). Rabbit anti-TNF-o (Genzyme
Pharmaceuticals) or rabbit anti-AR antibody (Santa
Cruz Biotechnology Inc.) was used at 2 ug/ml in an
overnight incubation, followed by detection using the
AP kit per the manufacturer’s instructions (Bio-Rad
Laboratories Inc., Herts, United Kingdom). Fresh
mouse prostate tissue was used as a positive control for
AR immunoblotting.

Statistical analysis. Statistical differences were detet-
mined using the Student ¢ test or multivariate ANOVA
for parametric analyses and linear regression, and by
Mann-Whitney U test for nonparametric analysis. All
data represent mean + SD. A P value less than 0.05 was
considered significant.

Results

AR expression during normal wound bealing. Assessment
of the temporal profile and cellular sources of AR
expression during normal wound healing in wild-type
C57BL/6 mice following full-thickness incisional
wounds excised on days 1-21 after wounding revealed
a distinct pattern of expression. Scattered basal epi-
dermal cell and hair follicle staining was apparent in
normal skin (Figure 1a), corroborating previous stud-
ies in rat and primate skin (25). Intact skin from cas-
trated male mice showed no differences in AR staining
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Figure 1

AR localizes to keratinocytes, inflammatory cells, and fibroblasts during wound healing. (a) Normal skin immunostaining for AR (left panel)
at low magnification (x20) illustrates epidermal and hair follicle staining. Right panels show high magnification (x100) of basal epidermal
cells (area 1) and hair follicles (area 2). (b) Day 3 wounds: left panel is a low-magnification image of AR-stained tissue. Area 2 is a high-
magnification image of macrophages, and area 1 shows basal and suprabasal epithelial staining at the migrating edge. (c) A day-14 wound
(left panel, low magnification) with cells morphologically resembling fibroblasts staining positively for AR; (area 1, right panel) is a high-
magnification image. Images are representative of ten wounds stained per timepoint from male mice. (d) AR-positive cells were quantified
from day 1 to day 21 after wounding; those colocalizing with Mac-3 were quantified separately. (e) RT-PCR for AR and the housekeeping
gene HPRT in wound tissue showed a temporal increase in expression through day 3, with a decrease by day 21. d0, normal, unwounded
skin. Bottom panel shows a Western blot for AR (110 kDa) demonstrating an increase in protein levels from basal (d0) to day 7, then a
decline in protein to day 21 after wounding. Blot is representative of three experiments using five mice per timepoint.
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patterns compared with uncastrated animals (data not
shown). Increased numbers of basal and suprabasal
epidermal cells stained positively in the migrating
wound epithelium from day 3 after wounding (Figure
1b). By day 2, staining of the wound epithelium resem-
bled that of adjacent normal skin, with intermittent
basal keratinocyte staining, possibly reflecting a sub-
set of androgen-responsive cells. Inflammatory cell
staining was also evident from day 3 through day 14
after wounding (Figure 1b), with a marked decrease in
inflammatory cell numbers by day 21 after wounding.
In addition, scattered cells morphologically resem-
bling fibroblasts stained positively for AR beginning
on day 7 after wounding (Figure 1c, day 14) and per-
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Day 21

Figure 2

Accelerated healing in the absence of male gonadal
steroids. (a) Left and central panels show macro-
scopic and histological day 5 wounds illustrating
the smaller (healed) wounds in castrated animals
compared with intact animals. Collagen content
was markedly increased in the wounds of the cas-
trated animals at day 5 (right panels). Magnifica-
tion: X10 (center, hematoxylin and eosin); x20
(right, picrosirius red). (b) Cross-sectional wound
areas were significantly reduced on days 3 and 7
after wounding in the castrated animals (n = 6-8
per group; *P < 0.05). (c) Hydroxyproline levels in
wound tissue were significantly increased in the
castrated mice compared with intact mice at days
5 and 21 after wounding. Extraction and analysis
were performed on individual wounds from five
mice per group at day 5, and on five samples of
pooled wounds (three wounds per tube) at day 21
after wounding. Data represent mean value per 10
mg tissue. *P < 0.05.

Castrated wild-type

Figure 3

Increased hair follicle proliferation fol-
lowing gonadectomy does not con-
tribute to the wound healing response.
(a) Day 3 macroscopic and histological
wounds from intact wild-type and
intact null (hr/hr) mice showed no dif-
ferences in healing. By contrast, cas-
trated hr/hr and castrated wild-type
mice healed significantly more quickly.
Magpnification: X10. (b) Quantification
of wound areas at day 3 illustrated a
significant decrease in area (accelerated
healing) in the castrated hr/hr null (KO)
animals compared with the intact hr/hr
littermates, and wild-type (WT) cas-
trated compared with wild-type intact.
n =6 per group; *P < 0.05.

Area

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

sisting until day 21. Quantitation of dermal AR-posi-
tive cells and cells positive for both AR and Mac-3
(Figure 1d) demonstrated an increase in AR-positive
cells from day 1 to day S after wounding; the majority
of these cells were macrophages (dual stained). After
day 5, AR-positive cells declined at the wound site, and
an increase in AR-positive, Mac-3-negative cells was
observed, reflecting an influx of AR-positive fibrob-
lasts. Wound tissue mRNA and protein levels of the
AR were increased strikingly on days 1 and 3 after
wounding and decreased thereafter to day 21, reflect-
ing the immunostaining pattern (Figure 1le). The spa-
tial localization of AR expression during early wound
healing, associated with epithelialization and in-
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creased cellular infiltrate, implicated a role for this
receptor in inflammation and/ or repair.

Castration accelerates wound healing in vivo. Impaired
age-related wound healing states, involving both acute
wounds that fail to heal and chronic ulcers, are charac-
terized by excessive leukocytosis and subsequently
enhanced proteolytic degradation of matrix con-
stituents (2, 3). Elderly males heal more slowly than eld-
erly females, with reduced matrix deposition and an
altered local inflammatory response; the mechanisms
underlying such sex differences are unknown. In order
to determine the role of male gonadal hormones in this
response, we rendered C57BL/6 mice hypogonadal by
castration (with parallel sham-castrated and intact con-
trol groups), and 1 month later mice were subjected to
two 1-cm incisional full-thickness dorsal woundings
after shaving. Wound healing was significantly acceler-
ated in the castrated mice compared with the intact
animals, with reduced wound areas assessed both
macroscopically and microscopically (Figure 2, a and
b). Quantification of cross-sectional areas indicated a
significant reduction in area at days 3 and 7 after
wounding in the castrated animals (Figure 2b). Sham-
operated mice showed no healing differences compared
with intact mice (data not shown). Collagen I matrix
deposition as assessed histochemically (Figure 2a,
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picrosirius red staining with collagen fibers appearing
red) was markedly increased in the wounds of the cas-
trated animals. In accordance with this, hydroxyproline
levels were significantly increased in microdissected
wound tissue from castrated mice compared with
intact mice at days 5 and 21 after wounding (Figure 2c).

Role of bair follicle proliferation in wound bealing. Recently
both testosterone and estradiol have been implicated as
inhibitors of hair growth in a murine model (26). Since
hair follicle dermal and epidermal cells may contribute
to a rapid rate of repair, we investigated whether the
acceleration of healing in the absence of male gonadal
steroids was secondary to the remarkable stimulation of
hair growth observed in the castrated mice. (27). We used
12-week-old hairless (hr) mice that carry a mutation at
the hairless locus leading to hair follicle degeneration
into utriculi and dermal cysts shortly after birth (28).
The loss of a functional hr gene product (a putative zinc
finger transcription factor) results in destruction of the
normal hair follicle architecture and increased apopto-
sis of dermal papilla cells. Wounds were excised at day 3
or day 7 after wounding in null mice and age-matched
wild-type littermates. Intriguingly, no differences were
observed in the rate of healing (wound area) between the
intact wild-type and intact hr/br genotypes (Figure 3),
bringing into question the putative role of dermal
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Figure 4

Castration results in a dampened local inflammatory response and reduced expression of proinflammatory TNF-o.. (a) Upper panels are
low-magnification (X20) images of inflammatory cell staining for Mac-3. Mac-3-positive cells (arrow, bottom panels) were increased in day
3 wounds of intact mice compared with their castrated littermates (magnification: X100). (b) Quantification of Mac-3-positive cells per
unit area mm? showed a significant increase in the intact animals at day 5 after wounding compared with castrated mice. (c) Expression of
TNF-ot was reduced at days 5 and 21 in the wounds of the castrated mice (C) compared with wounds of intact mice (I). Wound tissue was
pooled from five mice, and the gel shown is representative of three experiments. Right panel illustrates a representative RNase protection
assay (of three replicate experiments) showing no differences in tissue expression of /L-6, macrophage migration inhibitory factor (MIF), or
TGF-31 between intact and castrated mice. (d) TNF-o. protein levels were increased in wounds of intact compared with castrated mice as
illustrated by day 5 immunostaining (left panels, representative of six wounds stained per group). Quantification of immunostaining (graph)
showed a significant increase at days 3, 5, and 21 in the wounds of the intact mice compared with the castrated mice. n = 6 per timepoint.
Western blot analysis of wound tissue showed increased levels of TNF-o. at days 5 and 21 in wounds of intact mice compared with those of
castrated mice. Blot is representative of three experiments using five mice per group. *P < 0.05.
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Figure 5

Sex differences in human wound healing. (a) Collagen VIl immunostaining at day 14 after wounding illustrates complete reformation of the
basement membrane in the young female (YF, left, arrow), whereas staining in the elderly female (EF) is patchy and punctate (green arrow),
and is significantly fainter in the elderly male (EM, green arrow). NS, normal skin adjacent to wound. Young males healed similarly to young
females, thus only the young female section is shown. (b) Quantification of collagen VIl immunostaining where 0 = normal (unwounded)
skin intensity. A significant (*P < 0.05) decrease in staining was apparent at day 14 in the elderly males. (c) TNF-ot immunostaining at day
7 increased markedly with age, and dramatically in the elderly male. YM, young male. Arrows indicate positively staining macrophages. (d)
Systemic testosterone levels in elderly health status-defined human males strongly correlates with impaired healing of acute wounds

(increased wound area at day 7; P = 0.001; r2 = 0.459).
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sheath cells in the normal physiological wound healing
response (27). To determine the role of hair follicle activ-
ity in wound healing in the absence of testosterone, we
carried out parallel wounding studies in castrated and
intact hr null mice. In agreement with our previous stud-
ies, castration resulted in accelerated healing, suggesting
that testosterone inhibited healing via a direct mecha-
nism involving the epidermal/dermal cell populations
or recruitment of the local inflammatory response. In
addition, no differences in the rate of healing were
observed between wild-type castrated and null castrated
mice (Figure 3,a and b).

Effects of androgens on inflammatory mediators. Accu-
mulating evidence implicates inflammation as a
causative factor in delayed healing because it leads to
proteolytic destruction of collagen and fibronectin,
and suggests that the inflammatory response is inap-
propriately excessive in the absence of infection (2, 3).
Significantly, the local inflammatory response was
dampened in the wounds of castrated animals at day 3
after wounding. Specifically, Mac-3-positive cells were
reduced in number in the wounds of the castrated
mice (Figure 4, a and b). In a number of pathophysio-
logical tissue processes, increased inflammation can be
attributed to altered TNF- levels (29). We investigat-
ed this response by performing PCR on RNA extracted
from wound tissue using primers for TNF-o and the
housekeeping gene HPRT. In wounds from both cas-
trated and intact mice, TNF-a was first observed on
day 3, was maximal at days 3-5, and decreasing
through day 21(Figure 4c). Reduced expression of the
proinflammatory cytokine TNF-o was observed on
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days 5 and 21 after wounding in castrated mice com-
pared with intact animals (Figure 4c). This was a TNF-
specific effect, as demonstrated by the lack of effect on
expression levels of other cytokines/chemokines fol-
lowing castration, including TGF-B1, IL-6, and
macrophage migration inhibitory factor (Figure 4c).
The decrease in TNF-o expression was paralleled by a
reduction in protein levels as determined by quantita-
tion of immunostaining (Figure 4d, graph and repre-
sentative day 5 immunostaining) and by immunoblot-
ting at days 5 and 21 after wounding (Figure 4d). These
data implicated TNF-o as an inducible factor in the
local wound healing response that is regulated direct-
ly or indirectly by gonadal steroids.

Sex differences in human wound bealing. In order to
determine whether these hormonal effects were rele-
vant in human wound healing, we investigated the dif-
ferences in healing between sexes in healthy human
subjects. We have previously reported that elderly
males heal more slowly than elderly females, with
reduced matrix collagen deposition (4). By analysis of
acute wound tissue from health status-defined sub-
jects, we have shown that collagen VII deposition is
also dramatically reduced with increasing age (Figure
5, a and b), particularly in elderly males. In concor-
dance with our animal studies, wound TNF-a levels
were shown to be increased with age on day 7 after
wounding, with a marked increase in macrophages
staining positively in the wounds of elderly males (Fig-
ure 5¢). Whereas sustained systemic and local estrogen
levels in both young females and males may contribute
to reduced inflammation via direct effects on cell
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adhesion molecule expression (4), the absence of such
protective anti-inflammatory action in the elderly cor-
responds to increased inflammation and TNF-o
expression. Moreover, in elderly males, reduced estro-
gen coupled with maintained levels of bioactive testos-
terone results in a failure to dampen the TNF-o
response (Figure 5c). Corroborative evidence for an
inhibitory role for testosterone in the healing response
came from an investigation into the relationship
between wound area and systemic testosterone levels.
In elderly males, there was a significant delay in repair
with increasing testosterone levels (Figure 5d), strong-
ly implicating this hormone as a direct or indirect
modulator of age-related wound repair.

AR blockade accelerates healing in males. Since differences
in wound healing between sexes appeared to be signif-
icant in humans, we further investigated the mecha-
nisms underlying these responses in an animal model.
Male gonads secrete a number of factors that may
influence wound repair. In addition to the predomi-
nant hormone testosterone and small quantities of
estrogen, other factors produced by the testes have
been shown to modulate wound repair in animal mod-
els, including activin and follistatin (30-32). We rea-
soned that since testosterone is produced in the most

significant quantities, coupled with the correlation in
humans between delayed healing and testosterone lev-
els, the effects we observed after castration were mod-
ulated by gonadal androgens. To determine the mech-
anisms underlying the effects of castration, we used AR
blockade with oral administration of flutamide prior
to and during the wound healing process. Our results
suggest that flutamide treatment results in accelerated
healing and dampened inflammation, mimicking the
effects of castration (Figure 6, a and b), and was associ-
ated with reduced tissue expression of TNF-o (Figure
6¢). Recent reports suggest that both gonadal andro-
gens and adrenal sex steroid precursors in primates
may act not only through the AR but also via the estro-
gen receptor. Our findings are in keeping with gonadal
androgens acting specifically through the AR to reduce
local tissue inflammation and modulate wound repair.
Since TNF-o activates NF-kB, which in turn induces
gene expression of a plethora of proinflammatory
cytokines, including TNF-o itself, we investigated the
activity of NF-kB in wound tissue nuclear extracts from
control and flutamide-treated male mice. EMSA
showed NF-kB activity to be strongly increased in day
3 wound tissue compared with normal skin; activation
was suppressed by flutamide treatment (Figure 6c¢).
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Figure 6

AR blockade accelerates healing and directly inhibits macrophage TNF-a. expression. (a) Flutamide treatment significantly accelerates heal-
ing, as illustrated by reduced wound cross-sectional areas at day 3 after wounding (*P < 0.05) and by histological analysis (b) of day 3
wounds (arrows demarcate wound edge). (c) Reduced TNF-cx expression at day 3 after wounding following flutamide treatment (F, oral flu-
tamide; C, vehicle control; NS, normal skin from control animal). HPRT was used as the housekeeping gene. Bottom panel represents EMSA
illustrating increased NF-kB binding activity in day 3 wounds (control) compared with normal skin; binding is markedly reduced in the day
3 wounds of flutamide-treated animals. (d) TGF-B1 (TGF) acted as a potent chemoattractant for murine peritoneal macrophages (C, con-
trol medium; *P < 0.05). Testosterone (Testo) had no effect on chemotaxis when used in conjunction with TGF-B1 or alone as a chemoat-
tractant, nor when the cells were pretreated with testosterone. (e) LPS-induced TNF-0. mRNA expression by murine macrophages. C, con-
trol; +, LPS. Testosterone markedly increased TNF-a expression both basally (T) and when cells were LPS-activated (T+). Flutamide treatment
significantly reduced testosterone-induced TNF-a expression levels. Wound tissue was pooled from four mice, and the gel shown is repre-
sentative of three experiments.
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Such data suggest a potential role for the AR in medi-
ating the positive feedback loop that exists between
TNF-o and NF-xB activity.

To determine the specific cellular and molecular
mechanisms whereby androgens modulate the inflam-
matory profile, with downstream effects on matrix dep-
osition and healing rates, we investigated the androgen-
mediated responses of murine peritoneal macrophages,
focusing on in vitro chemotactic effects and cytokine
expression. Whereas TGF-B1 acted as a potent chemoat-
tractant for macrophages, testosterone had no effect on
migration, either as a chemoattractant in its own right
or acting synergistically with TGF-P1 (Figure 6d). More-
over, treatment of macrophages with testosterone had
no effect on the subsequent migratory response toward
medium alone or toward TGF-B1, suggesting that
testosterone failed to induce morphological/physical
perturbations required for cell transit. Increasing doses
of 50-DHT similarly showed no effects (data not
shown). Intriguingly, testosterone upregulated murine
macrophage TNF-o. expression above and beyond LPS
induction (Figure 6e). 17B-estradiol in a dose-response
study had no effect on TNF- levels (data not shown).
Flutamide markedly inhibited androgen-induced
upregulation, both in the basal state and following LPS-
induced activation (Figure 6e); however, estrogen recep-
tor inhibition with ICI 182780 had no effect at any con-
centration (data not shown). These data strongly
implicate the AR as the pathway through which testos-
terone directly upregulates TNF-o. expression and mod-
ulates the inflammatory response in vivo.

Discussion

Testosterone is the principal circulating androgenic
hormone secreted by the testes of mature male mam-
mals. Levels gradually decline with increasing age, but
the hormone remains significantly bioactive through-
out the life span. In male primates after puberty, more
than 95% of circulating testosterone is derived from
testicular secretion, with the remainder arising from
metabolic conversion of precursors that are predomi-
nantly secreted by the adrenal cortex, such as DHEA,
DHEA sulfate, and androstenedione. These weak
androgens constitute a reservoir of precursors for con-
version peripherally to bioactive testosterone. In the
skin, adrenal precursors and testosterone itself can be
aromatized to estrogen, with subsequent ligand-
dependent activation of the estrogen receptor. In aging
males, adrenal production of sex steroid precursors
falls dramatically, with reduced levels of gonadal estro-
gen and altered levels of extragonadal steroid aromati-
zation to tissue estrogen. We have previously docu-
mented a pivotal role for estrogen in accelerating
healing in both animal models and elderly humans.
However, the reduced response to exogenous estrogen
in males compared with females, coupled with the
observation that elderly males heal more slowly than
females, suggested alternative inhibitory mechanisms
in males beyond the effects of reduced estrogen.

Despite a documented role of testosterone as an
immunoregulator with organ-specific effects, a poten-
tial endogenous role in cutaneous wound healing has
never previously been reported.

Skin is one organ classified as an androgen-sensitive
tissue. It expresses the two genes encoding Sa-reduc-
tase, which converts testosterone to its more active
metabolite, S0-DHT; both enzymes act through the
cell-specific AR. The 90-kb AR is a ligand-activated
transcriptional factor (the gene for which was cloned in
1988) that encodes three major functional domains: a
modulatory N-terminal domain, a DNA-binding
domain, and a C-terminal androgen-binding domain
(33, 34). Expression of AR is inducible by testosterone
and S0-DHT in SaOS-2 and US-OS cell lines, mediat-
ing a positive feedback loop (35). We report that AR is
expressed by a variety of cell types not only within nor-
mal skin but also in acute wounds, including epithelial
cells, hair follicles, fibroblasts, and macrophages. More-
over, the spatial and temporal localization of AR in the
skin does not change with age in human males (G.S.
Ashcroft, unpublished data). Here we demonstrate that
castration or direct AR blockade accelerates wound
healing through a dampened inflammatory response,
increased matrix deposition, and downregulation of
TNEF-a. These effects of androgens on the wound heal-
ing process and the parameters assessed suggest that
androgens modulate multiple pathways that involve
the local inflammatory response.

Since castration resulted in a striking degree of hair
growth after shaving and wounding, we determined
the role of hair follicle responses to wound repair in an
animal model lacking functional hair follicles. Recent
reports suggest that follicular epidermal and mes-
enchymal cells in normal uninjured skin may con-
tribute to adjacent wound epithelialization and gran-
ulation tissue production. However, the dogma that
hair follicle activity plays a role in the wound healing
response is largely unsubstantiated and has never been
formally tested in vivo (27). We demonstrated that
intact hairless mice, in which an absence of the hr gene
product leads to destruction of the follicular architec-
ture and loss of dermal papilla cells, healed in a simi-
lar fashion to age-matched wild-type intact mice.
These data suggest that in this model, hair follicle con-
tribution to dermal fibroblast and epithelial cell
repopulation is not critical to normal repair. More-
over, the effects of castration appeared to be distinct
from increased hair follicle activity in the absence of
testosterone, since castrated hbr/br null mice also
healed more quickly than intact null animals did, but
healed similarly to castrated wild-type mice. Such data
strongly implicated male gonadal steroids as modula-
tors of wound repair via direct actions on the recruit-
ment/responses of specific cells types infiltrating the
site of injury. In this regard, androgens have been
reported to stimulate non-hair follicle keratinocyte
proliferation and to enhance keratinocyte growth fac-
tor expression, suggesting that a reduction in andro-
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gen levels would potentially delay, rather than acceler-
ate, epithelialization (36, 37). Our preliminary data
also suggest that androgens stimulate dermal epithe-
lial proliferative responses. Taken together, these
reports suggest that the reduction in androgen levels
may accelerate healing via effects on mesenchymal
and/or inflammatory cells, and not by direct effects on
epithelial cells at the migrating epidermal edge.

Recent studies suggest that in the absence of infec-
tion, the inflammatory response is excessive, resulting
in tissue breakdown in both acute and age-related
chronic wound healing states (21). A key mechanism by
which gonadal androgens participate in the pathogen-
esis of impaired wound healing appears to involve a
marked increase in the inflammatory response and
upregulation of proinflammatory cytokines, including
TNEF-o. Although TNF-o has been implicated in a vari-
ety of reproductive processes and is expressed in a num-
ber of hormonally responsive tissues (38, 39), no direct
association between TNF-o and androgens in local tis-
sue inflammation has been investigated. We observed
an inflammatory response in the wounds of wild-type
intact animals associated with enhanced and specific
expression of tissue TNF-o that was dramatically cur-
tailed in the castrated mice, suggesting that TNF-olis a
crucial mediator of excessive inflammation in the pres-
ence of androgens. Moreover, we have demonstrated a
delay in collagen deposition and healing in health sta-
tus-defined elderly males compared with age-matched
females. This delay correlates with increasing levels of
systemic testosterone and is associated with increased
tissue expression of TNF-a. In addition, intrinsic aging
in both sexes appears to correlate with increased levels
of TNF-a in wounds. In this regard, it is interesting
that several reports suggest that aging is a state of
enhanced systemic inflammation, with increased cir-
culating levels and mononuclear cell production of
TNEF-o (40-42). In aged males, this global phenome-
non of cell activation appears to be exaggerated by the
effects of pervasive testosterone.

Since gonadal testosterone and its precursor,
androstenedione, may be aromatized in the skin to
estrone/17f-estradiol, with subsequent action via the
estrogen receptor, we investigated the specific signal-
ing mechanisms whereby castration modulated wound
healing. Blockade of the AR with flutamide accelerat-
ed the healing response in a similar fashion to castra-
tion, being associated with a dampened inflammatory
response and reduced TNF-o. expression in vivo. These
data suggested that AR mediated the inhibitory effects
of gonadal steroids on tissue repair. Moreover, in vitro
studies using murine macrophages confirmed that the
direct upregulation of TNF-o. expression by testos-
terone is inhibited by AR blockade and not by estrogen
receptor inhibition. LPS induction of TNF-o produc-
tion by macrophages, which probably occurs through
NF-kB activation (43), is enhanced by androgen treat-
ment and inhibited by AR blockade in a dose-depend-
ent fashion. The upregulation of TNF-0L appears to act

as an integral component of androgen’s proinflam-
matory effects in vivo, a pathway that may be applica-
ble to other pathophysiological processes involving
androgens, such as sepsis, protection against parasitic
load, and the response to endotoxemia (13, 44, 45).
Using EMSA, Supakar et al. (46) have observed physi-
cal interaction of NF-kB p50 and p65 subunits with
the promoter region of the AR gene in vitro. The extent
to which the in vitro interactions of AR and NF-xB
reflect physiological interactions that occur within an
organism remains unknown, but the increased NF-kB
binding activity observed in wound tissue, inhibited by
AR blockade, confirms a direct or indirect effect of AR
on NF-xB activity.

Reduced local and systemic estrogen in elderly males
may contribute to age-related delayed healing. Howev-
er, whereas estrogen replacement reverses the impaired
healing phenotype in elderly females, this is not the
case in males, suggesting alternative mechanisms
inhibiting healing in males (4). Our novel data not only
suggest that these results may relate to the mainte-
nance of inhibitory androgen levels in males, but addi-
tionally implicate testosterone in the delayed repair
response in males compared with females. The clinical
consequences of this observation are only now being
appreciated: being male is a highly significant risk fac-
tor for delayed healing in age-related chronic wound
repair (5). The variability in levels of testosterone in the
aged may also facilitate identification of those males
who are at greatest risk of impaired healing. Such sex
differences in wound healing may relate to the require-
ment for an estrogen-mediated rapid repair response
throughout the female reproductive years, such as after
menstruation and parturition. By contrast, the critical
role of testicular macrophage TNF-o in Leydig cell
testosterone secretion, coupled with androgen-induced
macrophage TNF-o expression, suggests that a positive
feedback loop between androgens and TNF-o. that is
important in reproductive functions occurs in the local
cutaneous healing response. The subsequent proin-
flammatory picture, important for a generalized rapid-
fire response to local tissue infection and counteracted
to a degree in youth by higher local estrogen levels,
results in impaired cutaneous healing in the elderly. We
suggest that systemic or local androgen blockade, pos-
sibly in synergistic combination with local estrogen
therapy, may be a novel, cost-effective, and safe thera-
peutic strategy to accelerate healing in elderly males.
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