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Although estrogens have long been known to accel-
erate healing in females, their roles in males remain
to be established. To address this, we have investi-
gated the influence of 17�-estradiol on acute wound
repair in castrated male mice. We report that sus-
tained exposure to estrogen markedly delays wound
re-epithelialization. Our use of hairless mice revealed
this response to be largely independent of hair folli-
cle cycling, whereas other studies demonstrated that
estrogen minimally influences wound inflammation
in males. Additionally , we report reduced collagen
accumulation and increased gelatinase activities in
the wounds of estrogen-treated mice. Increased
wound matrix metalloproteinase (MMP)-2 activity
in these animals may i) contribute to their inability
to heal skin wounds optimally and ii) stem, at least
in part , from effects on the overall levels and spa-
tial distribution of membrane-type 1-MMP and tis-
sue inhibitor of MMP (TIMP)-3 , which respectively
facilitate and prevent MMP-2 activation. Using mice
rendered null for either the � or � isoform of the
estrogen receptor , we identified estrogen recep-
tor-� as the likely effector of estrogen’s inhibitory
effects on healing. (Am J Pathol 2010, 176:2707–2721;
DOI: 10.2353/ajpath.2010.090432)

Although anecdotal evidence has long suggested that dif-
ferences exist in the abilities of females and males (partic-
ularly the elderly) to heal acute wounds, only recently have
they been substantiated by published research. Indeed, it
was observed sex differences in key parameters such as
restoration of the basement membrane1 and elastin regener-

ation2 that previously encouraged us to make detailed com-
parisons of healing in males and females. We discovered that,
although repair is broadly similar in intact (young) male and
female mice, castrated males heal acute skin wounds far bet-
ter than do their ovariectomized female counterparts.3 Further-
more, males and females differed in their responsiveness to
macrophage migration inhibitory factor (MIF): a potent inhibitor
of repair in females, in males it has minimal influence.

These studies encouraged us to conclude that sex
differences in the responses to cutaneous injury do exist
but that they are masked in young individuals by the
combined actions of gonadal sex steroids. In males,
testosterone and its more potent metabolite 5�-dihy-
drotestosterone inhibit repair1,4; in females, estrogens
such as 17�-estradiol accelerate healing.5,6

Although the effects of estrogens on female cutaneous
physiology are well characterized, their roles in males are
poorly understood. A handful of studies have sought to
address this. In a group of aged males, locally adminis-
tered 17�-estradiol was shown to reduce macroscopi-
cally determined day 7 wound areas in an excisional
wounding model.6 It was recently shown that an over-
whelming majority of genes displaying different wound
expression between young and elderly human males are
subject to estrogenic control.7 In a separate study, thrice-
weekly application of 17�-estradiol to sun-protected skin
in aged males induced the synthesis of collagen I; in-
creased dermal collagen bundle thickness and density;
and stimulated keratinocyte proliferation.8 Although these
and other studies have provided useful insights, little is
yet known about the healing properties of i) systemic and
ii) prolonged estrogen treatment.

Having previously reported preliminary evidence that
systemic 17�-estradiol treatment may impair cutaneous
wound healing in castrated male mice,3 we aimed
with the present study to fully characterize the effects of
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17�-estradiol on the healing of acute wounds in males
and to delineate the mechanisms underpinning any identi-
fied responses. Because estrogens are well-known to influ-
ence the cycling of hair follicles,9 which themselves were
recently shown to be beneficial to repair,10 the contribution
of hair to estrogen-impaired healing provided our initial fo-
cus. We report that estrogen treatment of castrated mice
significantly retards wound re-epithelialization in both hair-
less (hr/hr) mice and strain-matched controls, confirming
that systemic estrogen treatment does indeed inhibit repair
and suggesting that the presence of cycling hair follicles is
not critical to this response. Subsequent studies identified
estrogen receptor (ER)-� as the likely effector of estrogenic
inhibition and highlighted the potential involvement of in-
creased matrix metalloproteinase (MMP)-2 activity in the
reduced wound accumulation of collagen that we observed
in estrogen-treated mice.

Materials and Methods

Wound Healing Experiments

All animal studies were approved by both the University
of Manchester Institutional Animal Use Committee and
the U.K. Government Home Office and all procedures
performed in accordance with the Home Office regula-
tions relating to animal care. Our wounding/estrogen
treatment protocols are summarized in Table 1.

Six-week-old male MF1 mice were castrated. A subset
additionally received 0.05 mg 17�-estradiol pellets (Inno-
vative Research of America, Sarasota, FL), s.c. implanted
using a trocar at the time of castration. Two weeks sub-
sequently, the mice were anesthetized with isoflurane,
and their dorsa shaved and cleansed with ethanol. Full-
thickness 1-cm incisions were made 1 cm either side of
the midline. (In a subset of mice-used as a source of day
10 wounds-estrogen pellets implanted at the time of cas-
tration were replaced with fresh 17�-estradiol pellets.) All
mice received immediate analgesia in the form of bu-
prenorphine (0.1 mg/kg) and were housed individually.

Three or 10 days postwounding, the wounds were excised
and bisected.

Eight-week-old intact (noncastrated) male MF1 mice
were wounded (as described above), and their wounds
were excised and bisected 3 days postwounding.

Six-week-old male hr/hr mice (on an MF1 background)
were castrated as above. A subset received 0.05 mg 17�-
estradiol pellets at the time of castration (see above). Two
weeks later, the mice were wounded (see above). Wounds
were excised and bisected 3 days postwounding.

Six-week-old female BALB/c mice were ovariecto-
mized. A subset received 0.05 mg 17�-estradiol pellets
at the time of ovariectomy (see above). Two weeks sub-
sequently, the mice were wounded (see above). A further
subset of ovariectomized mice not previously treated with
estrogen was implanted with 0.05 mg 17�-estradiol pel-
lets at the time of wounding. Wounds were excised and
bisected 3 days postwounding.

Six-week-old male mixed-strain ER-� null (�KO)11 and
ER-� null (�KO)11 mice and wild-type littermates were
castrated as above. Subsets of �KO, �KO, and wild-type
animals received 0.05 mg 17�-estradiol pellets at the
time of castration (see above). Two weeks subsequently,
the mice were wounded (see above). Further subsets of
castrated �KO, �KO, and wild-type animals not previ-
ously treated with estrogen were implanted with 0.05 mg
17�-estradiol pellets at the time of wounding. Wounds
were excised and bisected 3 days postwounding.

One-half of each wound was processed in 8% formal-
dehyde-based fixative; the other snap-frozen in liquid
nitrogen and stored at �80°C. Unwounded dorsal skin
was similarly processed in fixative. Sera were isolated
from blood obtained by cardiac puncture.

Histology, Immunohistochemistry, and Image
Analysis

Fixed tissue was embedded in paraffin. Five-micrometer-
thick histological sections prepared from the center of

Table 1. In Vivo Estrogen Treatment Protocols

Sex Type Gonads

Day

�14 0 �3 �10

M MF1 CSX 4————————————————3
M MF1 CSX 4———————————34————————————3
M MF1 Intact 4————————————————3
M hr/hr CSX 4————————————————3
F BALB/c OVX 4————————————————3
F BALB/c OVX 4———3
M WT* CSX 4————————————————3
M ER-��/� CSX 4————————————————3
M ER-��/� CSX 4————————————————3
M WT* CSX 4———3
M ER-��/� CSX 4———3
M ER-��/� CSX 4———3

Arrows indicate duration of treatment with 17�-estradiol (21-day slow-release 0.05 mg pellet; s.c.) Chronic treatment, commencing on day
�14/acute, on day 0.

Castration/ovariectomy performed on day �14.
Mice wounded on day 0.
Wounds excised on days �3/�10 as indicated.
*Mixed-strain littermates of ER-��/� and ER-��/� mice.
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each wound were stained with hematoxylin and eosin
(H&E) and subjected to immunohistochemistry using poly-
clonal IgGs raised against MMP-2, ER-�, arginase I (Insight,
Wembley, U.K.), ER-�, tissue inhibitor of MMP (TIMP)-3 (Ab-
cam, Cambridge, U.K.), MIF and tumor necrosis factor
(TNF)-� (R&D Systems, Abingdon, U.K.), and monoclonal
IgGs raised against Ly6G, Mac3, and CD74 (BD Biosciences,
Oxford, U.K.), and membrane-type (MT)1-MMP (Abcam).
Bound IgG was subsequently detected using a colorimetric
Vectastain avidin-biotin complex peroxidase kit (Vector Labo-
ratories, Peterborough, U.K.) in conjunction with the enzyme
substrate Novared (Vector Laboratories). Tissue sections
treated with PBS in place of primary IgG (negative controls)
yielded no signal. Wound areas, extent of re-epithelialization,
cell numbers/unit area, the thicknesses of individual skin lay-
ers, and immunostained areas were lastly quantified using
Image-Pro Plus software (Media Cybernetics, Marlow, U.K.).5

Picrosirius Red Staining

Paraffin-embedded tissue sections were immersed in
0.1% Sirius red (in picric acid) for 1 hour and then
washed in acidified water. When examined under plane-
polarized light, larger collagen fibers appear red, orange,
or yellow and thinner ones green. This birefringence is
highly specific to collagen.12

Quantification of Epidermal Protein Expression

Epidermal MMP-2 and MT1-MMP staining intensities
were compared by four-grade semiquantitative scoring:
0, no staining; 1, weak; 2, moderate; and 3, strong. Data
are presented as box-and-whisker plots.

Gelatin Zymography

Total protein was extracted from unwounded skin and
wound tissue using denaturing, nonreducing buffer. Fifty
micrograms of individual and pooled protein samples
(n � 5 per treatment group) was tested for gelatinase
activities as described previously.13 Briefly, an acryl-
amide gel containing 0.5 mg/ml gelatin was prepared.
Test samples were separated by SDS-PAGE under non-
reducing conditions alongside human MMPs 2 and 9,
purified from stably transfected mouse myeloma cells.14

Following separation, gels were washed in 2.5% Triton
X-100 (Sigma-Aldrich, Poole, U.K.) and, briefly, distilled
H2O, before being incubated for 16 hours at 37°C in
assay buffer (100 mmol/L Tris, 30 mmol/L CaCl2, 0.02%
(w/v) sodium azide, 0.05% (v/v) Brij 35, pH 7.9). Finally,
the gels were stained with Coomassie Brilliant Blue G for
20 minutes and then destained in 1% acetic acid and
30% methanol. Band intensities were quantified using
Image-Pro Plus software. Samples separated by reduc-
ing SDS-PAGE were stained with Coomassie to serve as
a loading control.

Enzyme Immunoassay

Levels of 17�-estradiol in serum samples isolated from
MF1 and hr/hr mice were measured using an enzyme

immunoassay kit (MP Biomedicals, Cambridge, U.K.),
according to the manufacturer’s guidelines.

Immunoblotting

Total protein was extracted from unwounded skin and
wound tissue using an SDS-based detergent buffer. One
microgram of individual and pooled protein samples (n �
5 per treatment group) was tested as described previ-
ously.15 Briefly, samples separated by denaturing, re-
ducing SDS-PAGE, were blotted to 0.2-�m nitrocellulose
membranes (Bio-Rad, Hemel Hempstead, UK). Mem-
branes were blocked for 16 hours in Tris-buffered saline
(containing 0.1% (v/v) Tween-20 and 5% (w/v) nonfat dry
milk). Following sequential 1-hour washes in primary and
peroxidase-linked secondary antibodies, antigen binding
was probed using ECL Plus detection reagent (GE Health-
care, Little Chalfont, U.K.). Polyclonal IgGs raised against
type I collagen (Millipore, Watford, U.K.), ER-� (Insight),
ER-�, MT1-MMP, and TIMP-3 (Abcam), and MMP-2 (Merck,
Nottingham, UK), and a monoclonal IgG raised against
�-actin (used as a loading control) (Sigma-Aldrich) were
used in conjunction with sheep anti-mouse and donkey
anti-rabbit secondary IgGs (both GE Healthcare). Signal
intensities were determined densitometrically.

Quantitative Real-Time PCR

Total RNA was extracted from frozen day 3 wound tissue
using TRIzol (Invitrogen, Paisley, U.K.) in conjunction with a
PureLink RNA Mini Kit (Invitrogen). cDNA was synthesized
from RNA (1 �g) and analyzed by quantitative real-time
PCR (qPCR). Each test sample was serially diluted over 3
orders of magnitude and PCR performed using the primers
listed in Table 2 and the combination of a SYBR Green I
core kit (Eurogentec, Romsey, U.K.) and an Opticon qPCR
thermal cycler (Genetic Research Instrumentation, Brain-
tree, U.K.). The specificity of product amplification was as-
sessed through melting curve analysis.

Macrophage Isolation and Culture

Peritoneal macrophages were isolated from 8-week-old
male mice by i.p. lavage with sterile ice-cold PBS and
subsequently purified using Ficoll-Paque Premium (GE
Healthcare). Cells were pooled and suspended at a con-
centration of 2 � 106 cells/ml in Phenol-Red-free Dulbec-
co’s modified Eagle’s medium (supplemented with 5%
charcoal-stripped fetal calf serum), before being treated
with bacterial lipopolysaccharide (LPS) (1 �g/ml) for 2
hours. Thus-activated cells were then treated with 100 nmol/L
17�-estradiol (Sigma-Aldrich), 1 �mol/L PPT (Tocris Bio-
science, Bristol, U.K.), or 1 �mol/L diarylpropionitrile (Tocris
Bioscience), or left untreated, for a further 3 hours. Total cellular
RNA and protein samples were subsequently isolated and
analyzed by qPCR and immunoblotting/zymography.

Keratinocyte Isolation and Culture

Male and female mouse neonates were euthanized by
decapitation and their trunk skin removed and rinsed in
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70% ethanol.16 The epidermis was loosened from the der-
mis through overnight incubation in 5 mg/ml dispase I (Sig-
ma-Aldrich) at 4°C. Primary keratinocytes were isolated
from the epidermis according to the protocol provided by
CELLnTEC. Briefly, skin was washed in CnT-57 medium
(CELLnTEC, Bern, Switzerland) to remove excess dispase
and the epidermis separated from the dermis with forceps.
The epidermal sheet was placed on a drop of TrypLE Select
(Invitrogen) in a petri dish with the basal layer facing down-
ward and incubated at room temperature for 30 minutes.
The epidermis was gently rubbed on the bottom of the dish
to disturb basal cells. The resulting cell suspension was
centrifuged, and the thus-pelleted cells resuspended in
CnT-57 medium before being seeded to cell culture flasks
coated with collagen IV (BD Biosciences).

Pelage hairs were removed from dorsal skin of sacri-
ficed adult male mice by wax-based depilation (using
Veet (Reckitt Benckiser, Slough, U.K.)). The skin was
excised, and the epidermis and dermis separated follow-
ing overnight incubation in 0.25% trypsin/EDTA (Invitro-
gen) at 4°C. Isolation and culture of primary keratinocytes
were performed as described previously.17

Keratinocyte Migration Assay

The migration of scratch-wounded mouse epidermal kera-
tinocytes on type I collagen was assessed as described
previously.18 The influence of 17�-estradiol at three con-
centrations (1, 100, and 1000 nmol/L) on cell migration was
evaluated.

Cell Proliferation Assay

The proliferation of mouse epidermal keratinocytes was
assessed using the colorimetric MTS-based CellTiter 96

AQueous One Solution cell proliferation assay (Promega,
Southampton, U.K.), according to the manufacturer’s
guidelines and as described previously.18 The effects on
cell proliferation of 17�-estradiol (1, 100, and 1000
nmol/L) were evaluated.

Keratinocyte Expression Studies

Epidermal keratinocytes were seeded to type I collagen-
coated 6-well plates and cultured to � 90% confluence,
before being treated with 17�-estradiol (1 or 1000 nmol/
L). Total cellular RNA and protein samples were isolated
24 hours subsequently and were respectively analyzed
by qPCR and immunoblotting.

Statistical Analysis

Simfit (version 6.7.15) (William Bardsley, University of
Manchester, Manchester, U.K.) was used to test for sta-
tistical significance by one-way and two-way analysis of
variance, unpaired Student’s t-tests and, for nonparamet-
ric data, systematic, pairwise Mann-Whitney U-tests with
Bonferroni correction. Posthoc testing was performed us-
ing Bonferroni-corrected unpaired Student’s t-tests.

Results

Healing in Male Mice Is Impaired by Systemic
Estrogen Treatment

To investigate the roles of estrogen in the repair of acute
skin wounds in males, we initially treated castrated male
mice systemically with 17�-estradiol. Corroborating our
previous findings,3 17�-estradiol markedly impaired healing

Table 2. Primer Sequences and Product Sizes for qPCR-Amplified Genes

Target gene Forward primer sequence Reverse primer sequence Product size (bp)

Cd74 5�-ATGACCCAGGACCATGTGAT-3� 5�-ATCTTCCAGTTCACGCCATC-3� 128
Col1a1* 5�-GAGCGGAGAGTACTGGATCG-3� 5�-GTTCGGGCTGATGTACCAGT-3� 142
Col1a2† 5�-GTGTTCAAGGTGGCAAAGGT-3� 5�-GAGACCGAATTCACCAGGAA-3� 131
Krt1 5�-CGTGGTGAGAAAGCACTCAA-3� 5�-TGCACTCTCCAGACATCCTG-3� 199
Krt14 5�-CCTCTGGCTCTCAGTCATCC-3� 5�-TGAGCAGCATGTAGCAGCTT-3� 144
Krt16 5�-GTGGTTTTGGTGCTGGTCTT-3� 5�-GTACCAGTCCCGGATCTTCA-3� 179
Mif 5�-AGGCCACACAGCAGCTTACT-3� 5�-AGCTCATGACTTTTAGCGGC-3� 112
Mmp1a 5�-GTGCTCTCCTTCCACAGAGG-3� 5�-GGTCCACGTCTCATCAAGGT-3� 135
Mmp1b 5�-CCTTCCTTTGCTGTTGCTTC-3� 5�-ATCACCTCCTTGCCATTCAC-3� 162
Mmp2 5�-CTTCGCTCGTTTCCTTCAAC-3� 5�-ATGTCAGACAACCCGAGTCC-3� 78
Mmp13 5�-AGTTGACAGGCTCCGAGAAA-3� 5�-GGCACTCCACATCTTGGTTT-3� 105
Timp1 5�-TCCCCAGAAATCAACGAGAC-3� 5�-CATTTCCCACAGCCTTGAAT-3� 88
Timp2 5�-CACAGACTTCAGCGAATGGA-3� 5�-CCAGCATGAGACCTCACAGA-3� 124
Timp3 5�-TTATCCCATTGGGGCATTTA-3� 5�-TTGCTGCCTTTGACTGATTG-3� 161
Tnfa 5�-TCTCAGCCTCTTCTCATTCCTGCT-3� 5�-AGAACTGATGAGAGGGAGGCCATT-3� 124
Rn18s‡ 5�-AGTCCCTGCCTTTGTACACA-3� 5�-GATCCGAGGGCCTCACTAAC-3� 69
Gapdh§ 5�-TGCACCACCAACTGCTTAGC-3� 5�-GGCATGGACTGTGGTCATGAG-3� 87
Hprt¶ 5�-TGCTCGAGATGTCATGAAGG-3� 5�-AATCCAGCAGGTCAGCAAAG-3� 95
Ywhaz� 5�-TTCTTGATCCCCAATGCTTC-3� 5�-TTCTTGTCATCACCAGCAGC-3� 107

*Encodes the �1 chain of type I collagen.
†Encodes the �2 chain of type I collagen.
‡Encodes the 18S ribosomal RNA.
§Encodes glyceraldehyde-3-phosphate dehydrogenase.
¶Encodes hypoxanthine guanine phosphoribosyl transferase.
� Encodes tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, �.
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(assessed in terms of day 3 and 10 wound areas) (Figure 1,
A and B). Moreover, it greatly retarded wound re-epithelial-
ization (Figure 1C).

To determine whether exogenous estrogen could influ-
ence healing against a background of normal circulating
steroid levels, we similarly treated intact male mice with
17�-estradiol. We found that 17�-estradiol increased day
3 wound areas in intact animals (Figure 1, D and E)
without significantly affecting the extent of re-epithelial-
ization at that time point (Figure 1F).

To probe the potential involvement of hair follicles in
this apparent inhibition of repair by estrogens, we like-
wise treated hr/hr mice (strain-matched) with 17�-estra-
diol. Intriguingly, estrogen delayed re-epithelialization in
these animals without obviously influencing day 3 wound
areas (Figure 1, G–I). This suggests that hair follicles do
not contribute significantly to estrogenic inhibition of re-
epithelialization but may play roles in additional repair
processes that estrogen controls.

As others have previously shown,10 healing was sig-
nificantly delayed in hr/hr mice relative to controls (Figure
1, B and H).

We subsequently found that three concentrations of
17�-estradiol did not influence the migration of scratch-
wounded epidermal keratinocytes cultured from male
mice (Figure 1J), or the proliferation of such cells (Figure
1K), suggesting that the inhibitory effect of estrogen in
vivo is realized indirectly or via an alternative mechanism.

The effectiveness of our in vivo estrogen treatment
protocol was determined by enzyme immunoassay of
isolated sera (Table 3).

Estrogen Has Minimal Influence on Key Wound
Inflammatory Parameters in Male Mice

In an attempt to identify the mechanisms by which
systemically administered estrogen impairs healing in
castrated male mice, we examined its effects on
wound inflammation. We found day 3 wound numbers
of Ly6G-positive neutrophils to be comparable in es-
trogen-treated and untreated mice (Figure 2A). Simi-
larly, day 3 wound Mac3-positive macrophage popu-
lation sizes (Figure 2B) were unaffected by estrogen,

Figure 1. Effects of chronic 17�-estradiol on
wound healing in male mice. A: H&E-stained
day three and ten wounds from castrated (CSX,
CX) MF1 mice, some treated with 17�-estradiol
(E2) from days �14 to �3/�10 (CSX � E2,
CXE). B: Day three and ten wound areas (statis-
tical significance tested by two-way analysis of
variance (P � 0.001, influence of time; P �
0.0047, influence of E2), followed by Bonfer-
roni-corrected Student’s t-tests: *P � 0.05; **P �
0.01 (versus CX). C: Re-epithelialization of day
three and ten wounds (Bonferroni-corrected
pairwise Mann-Whitney U-tests: *P � 0.05 (ver-
sus CX)). D: H&E-stained day three wounds
from intact (In) male MF1 mice, some treated
chronically with E2 (InE). E: Day three wound
areas (Mann-Whitney U-test: *P � 0.05). F: Re-
epithelialization of day three wounds. G: H&E-
stained day three wounds from CSX hr/hr mice,
some treated chronically with E2. H: Day three
wound areas (Bonferroni-corrected Student’s t-
tests: *P � 0.05 (versus MF1 CX)). I: Re-epithe-
lialization of day three wounds (Mann-Whitney
U-test: *P � 0.05). J: Effect of 1, 10, and 100
nmol/L 17�-estradiol on the migration of epider-
mal keratinocytes derived from adult male mice
in scratch wound assays. K: Effect of 17�-estra-
diol on keratinocyte proliferation (MTS-based
assay). n � 5 per treatment group. Data are
presented as mean � SD. Arrows (A, D, and G)
define the wound margins. Original magnifica-
tion: �40 (A, D, and G); �100 (J).
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although greater numbers of arginase 1-positive (alter-
natively activated (AA)) macrophages infiltrated the
wounds of estrogen-treated animals than those of un-
treated controls (Figure 2C).

Local levels of the proinflammatory cytokine TNF-� did
not differ significantly between estrogen-treated mice
and controls (Figure 2D).

Because estrogen exerts much of its influence on healing
in female mice through its regulation of MIF expression,19

we proceeded to study its effects on MIF and CD74, a
putative MIF receptor.20 Although treatment with 17�-estra-
diol did not influence day 3 wound MIF levels (Figure 2E), it
did elicit a reduction in wound numbers of CD74-positive
cells (Figure 2F), suggesting that estrogens may dampen
the response to MIF in males. Having previously shown that
healing in castrated male MIF null mice is unresponsive to

exogenous MIF,3 our present findings reinforce our conclu-
sion that MIF, so detrimental to repair in females, is of
minimal influence in males.

In further studies, exogenous 17�-estradiol did not influ-
ence wound expression of the Tnfa, Mif, or Cd74 genes
(Figure 2G). And, although it tended to decrease levels of
CD74 protein in peritoneal macrophages (Figure 2H), 17�-
estradiol (at a concentration of 100 nmol/L) did not modu-
late macrophage Cd74 gene expression (Figure 2I).

Collectively, these data suggest that it is highly un-
likely that, in males, estrogens act to increase wound-
associated inflammation (the observed increase in AA
macrophage numbers would, if anything, be expected
to reduce the magnitude of the inflammatory re-
sponse), but instead retard healing through some al-
ternative mechanism.

Table 3. Serum 17�-Estradiol Levels following Systemic Replacement

MF1 hr/hr

CSX CSX � E2 CSX CSX � E2

17�-Estradiol (ng/ml) 18.15 (�6.10) 63.21 (�9.48)* 19.27 (�4.89) 118.8 (�50.6)†

Data are presented as mean (�SD), measured 3 days post-wounding. Statistical significance was determined by unpaired Student’s t-tests: *P �
0.01; †P � 0.05 (versus CSX). n � 5 per treatment group.

Figure 2. Effects of chronic 17�-estradiol on
wound inflammation in castrated mice. A: Im-
munostaining for the neutrophil marker Ly6G,
and overall neutrophil numbers, in day three
wounds from castrated (CSX, CX) MF1 mice,
some treated with 17�-estradiol (E2) from days
�14 to �3 (CSX �E2, CXE). B: Immunostaining
for the macrophage marker Mac3, and numbers
of macrophages, in day three wounds from E2-
treated CSX MF1 mice. C: Immunostaining for
arginase 1, a marker of AA macrophages, and
day three wound numbers of arginase 1-positive
cells, in E2-treated CSX MF1 mice. Immunostain-
ing for TNF-� (D), MIF (E), and CD74 (F) in day
three wounds from E2-treated CSX mice. G: Day
three wound expression of the Tnfa, Mif, and
Cd74 genes, determined by qPCR. H: Cellular
levels of CD74 protein in peritoneal macro-
phages activated with LPS (�) for 2 hours (Con)
and then treated with 100 nmol/L E2 or left
untreated (Con) for a further three hours (immu-
noblotting). I: Expression of the Cd74 gene in
control and 100 nmol/L E2-treated macrophages
(qPCR). Statistical significance (C and F) was
determined by unpaired Student’s t-tests: *P �
0.05; **P � 0.01. n � 5 per treatment group. Data
are presented as mean � SD Arrows (A–F)
identify cell immunostaining. Original magnifi-
cation: �200 (A–C, E and F); �100 (D).
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Skin Architecture in Estrogen-Treated Mice

Previous studies have demonstrated the profound influ-
ence of estrogens on skin structure.21 We investigated
whether and how this contributes to delayed repair in
estrogen-treated mice. Chronic estrogen treatment did
not greatly influence epidermal thickness in the MF1 mice
used in this study (Table 4). By contrast, it significantly
reduced the thicknesses of both the hypodermis and
dermis (Table 4). Moreover, estrogen profoundly altered
the appearance of the dermis: the collagen of the lower
dermis was highly disorganized in estrogen-treated ani-
mals (Figure 3A).

In our search for potential explanations, we noted
greater skin MMP-2 activity in estrogen-treated mice rel-
ative to controls (Figure 3B; also Supplemental Figure 1,
see http://ajp.amjpathol.org). However, we found overall
cutaneous levels of type I collagen to be significantly
increased as a result of estrogen treatment (Figure 3C).

It should be noted also that the hair cycles in untreated
and estrogen-treated animals were not synchronized: on
day 3 postwounding, the follicles in untreated mice were in
anagen phase; those in estrogen-treated animals in telogen
(Figure 3D). Because we and others have implicated hair
follicles in the response to wounding, this last finding may
partly account for estrogen’s effects on healing.

Effects of Estrogen on Wound Collagen Levels

After defining estrogen-invoked changes in the patterns
of collagen distribution in unwounded skin, we sought to
determine whether wound collagen profiles were likewise
altered in estrogen-treated mice. We found that day 3
wound collagen I levels were reduced in estrogen-
treated animals relative to controls (Figure 4, A and B;
also Supplemental Figure 2A, see http://ajp.amjpathol.
org). This response apparently did not stem from a prior
effect on collagen gene expression: there was a trend
toward increased wound levels of the mRNA species
encoding the �1 and �2 chains of collagen I in estro-
gen-treated mice (Figure 4C). It was instead accom-
panied by increased activity of MMP-2 and several
unidentified gelatinases of greater molecular weight
(Figure 4D; also Supplemental Figure S2B, see http://
ajp.amjpathol.org).

In day 3 wounds, MMP-2 protein was highly expressed
by neoepidermal keratinocytes and granulation tissue cells
bearing a macrophage-like morphology (Figure 4E). Sur-
prisingly, overall wound MMP-2 protein levels were lower in

Figure 3. Changes in unwounded skin following chronic estrogen treat-
ment. A: Picrosirius red-stained skin from castrated (CSX, CX) MF1 mice,
some treated with 17�-estradiol (E2) from days �14 to �3 (CSX � E2,
CXE) [upper panels, images taken under plane-polarized white light;
lower panels, unpolarized light]. B: Gelatin zymogram of total skin
protein isolated from CSX MF1 mice, some treated chronically with E2
[scale: RMM in kDa; p, pro-MMP-2; a, active MMP-2] (loading control:
Coomassie-stained total skin protein). C: Skin type I collagen levels,
determined by immunoblotting. D: H&E-stained skin from CSX MF1 mice,
some treated chronically with E2, indicating hair cycle phase (longitudinal
sections). Lower panels (A and D): magnifications of the indicated
region of the corresponding upper panel. Statistical significance (B and
C) was determined by unpaired Student’s t-tests: **P � 0.01. n � 5 per
treatment group. Data are presented as mean � SD. Original magnifica-
tion: �80 (A, upper panel); �200 (A, lower panel); �100 (D).

Table 4. Thicknesses of Individual Skin Layers in Estrogen-
Treated MF1 Mice

Thickness (�m)

CSX CSX � E2

Epidermis 21 (�4) 22 (�7)
Dermis 538 (�32) 450 (�19)*
Hypodermis 643 (�112) 396 (�200)†

Data are presented as mean (�SD). Statistical significance was
determined by unpaired Student’s t-tests: *P � 0.01; †P � 0.05 (versus
CSX). n � 5 per treatment group.
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estrogen-treated mice than in controls (Figure 4F; also
Supplemental Figure 2C, see http://ajp.amjpathol.org),
despite estrogenic induction of wound MMP-2 mRNA levels
(Figure 4G). Further analysis showed that, although granu-
lation tissue (inflammatory cell) MMP-2 protein levels were
increased in estrogen-treated animals (Figure 4H), neoepi-
dermal MMP-2 levels tended to decrease (Figure 4I).

Because collagenase enzymes perform the initial di-
gestion of native collagen, we examined the effects of
estrogen on wound expression of the collagenase-en-
coding genes Mmp1a, Mmp1b and Mmp13. None was
significantly influenced by estrogen (Figure 4J).

Collectively, these data suggest that reduced wound
collagen accumulation in estrogen-treated mice may result
from increased wound MMP-2 activity, which itself primarily
stems from an increase in granulation tissue protein levels.

Estrogens May Alter the Balance between
Wound Activators and Inhibitors of MMP-2

Having identified MMP-2 as a candidate effector of de-
layed healing in estrogen-treated male mice, we next
attempted to evaluate the potential involvement of MMP
activators and inhibitors in the response to estrogen. We
found no change in overall wound expression of the
genes encoding TIMPs 1, 2, or 3 in estrogen-treated mice

(Figure 5A), although differences were observed when
individual TIMP signals were normalized to those for epi-
dermal markers (Supplemental Figure 3, see http://ajp.
amjpathol.org), which suggests that estrogens may alter
keratinocyte TIMP expression.

Nonetheless, we decided to explore TIMP-3 further.
We specifically immunolocalized TIMP-3 protein to the
wound neoepidermis (Figure 5B), as others have done in
acute human wounds.22 We subsequently determined
that overall levels of TIMP-3 protein were considerably
reduced in normal skin (Figure 5C) and day 3 wounds
(Figure 5D) in estrogen-treated animals.

MMP-2 activation may be increased through either loss of
TIMP-323 or elevated expression of MT1-MMP,24 which, unlike
other MT-MMP subfamily members (MT2-MMP and MT3-
MMP), is highly expressed in rodent wounds.25 We found
MT1-MMP also to be strongly expressed by the neoepidermis
in day 3 wounds (Figure 5E). Subsequent immunoblot analysis
revealed overall wound MT1-MMP levels to be comparable
between estrogen-treated and control mice (Figure 5F), al-
though neoepidermal MT1-MMP levels were significantly in-
creased as a consequence of estrogen treatment (Figure 5G).

Unlike TIMP-3, MT1-MMP was additionally immuno-
localized to infiltrating inflammatory cells in the granu-
lation tissue of day 3 wounds (Figure 5H). Site-specific
measurements revealed overall wound numbers of

Figure 4. Wound collagen deposition and pro-
teolysis in mice treated chronically with estro-
gen. A: Picrosirius red-stained day three wounds
from castrated (CSX, CX) MF1 mice, some
treated with 17�-estradiol (E2) from days �14 to
�3 (CSX � E2, CXE) [images taken under plane-
polarized white light]. B: Day three wound type
I collagen levels, determined by immunoblot-
ting. C: Expression of the genes encoding the �1
(Col1a1) and �2 (Col1a2) chains of type I col-
lagen in day three wounds (qPCR). D: Gelatin
zymogram of total day three wound protein iso-
lated from CSX MF1 mice, some treated chroni-
cally with E2 [scale: RMM in kDa; p, pro-MMP-2;
a, active MMP-2]. E: MMP-2 immunoreactivity in
day three wounds from CSX mice, some treated
chronically with E2 [1: the neoepidermis; 2: in-
flammatory cells]. F: Overall day three wound
MMP-2 levels (immunoblotting). G: Expression
of the Mmp2 gene in day three wounds (qPCR).
H: Granulation tissue MMP-2 immunostaining in
day three wounds from CSX mice treated chron-
ically with E2. I: Neoepidermal MMP-2 levels in
CSX mice treated chronically with E2 [data are
presented as a box-and-whisker plot (aCSX
group: Q1 � 2.25, median � 2.38, Q3 � 2.88;
CSX � E2: Q1 � 1.75, median � 1.88, Q3 �
2.13). J: Day three wound expression of the
mRNA species encoding MMP-1 (mmp1a,
mmp1b) and MMP-13. Statistical significance (B,
D, F, G, and H) was determined by unpaired
Student’s t-tests: *P � 0.05; **P � 0.01. n � 5
per treatment group. Data are presented as
mean � SD Arrows define the wound margins
(A) and identify cell immunostaining (E). Origi-
nal magnification: �40 (A, E, upper panels);
�200 (E, lower panels).
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MT1-MMP-expressing inflammatory cells to be compa-
rable in control and estrogen-treated mice (Figure 5H).

Effects of Estrogen on the Protease Inhibitor
Balance in Vitro

In an attempt to delineate the mechanisms by which estro-
gen apparently alters MMP-2 activity and TIMP-3 levels in
vivo, we tested the effects of 17�-estradiol and receptor-
selective agonists on isolated cells. We found that
17�-estradiol dose-dependently reduced TIMP-3 levels in
keratinocytes derived from male but not female mice (Fig-
ure 6A). Interestingly, exogenous estrogen was subse-
quently shown to increase overall day 3 wound levels of
TIMP-3 protein in ovariectomized female mice (Figure 6B).

17�-Estradiol failed to influence levels of MT1-MMP in
keratinocytes obtained from male mice (Figure 6C) or
MMP-2 levels in male or female cells (Supplemental Fig-
ure 4A, see http://ajp.amjpathol.org).

The mechanism underpinning estrogen’s induction of
TIMP3 in male keratinocytes is seemingly nontranscriptional
(Supplemental Figure 4B, see http://ajp.amjpathol.org). Ex-
pression of neither Timp1 nor Timp2 mRNA was estrogen-
responsive in male cells (Supplemental Figure 4C, see
http://ajp.amjpathol.org).

In LPS-activated peritoneal macrophages, neither
17�-estradiol nor the ER-� agonist PPT nor the ER-� agonist
diarylpropionitrile influenced expression of the Mmp2 gene
(Figure 6D), MMP-2 activity (Figure 6E), or cellular MMP-2
protein levels (Figure 6F). This suggests that estrogenic
induction of inflammatory cell MMP-2 immunoreactivity ob-
served in vivo occurs indirectly.

ER Expression in Skin and Wound Tissue in
Castrated Male Mice

To determine whether altered receptor expression
might contribute to the observed responses to estro-

Figure 5. Estrogen’s effects on wound levels of MMP activators and inhibitors. A: Expression of the genes encoding TIMP-1, TIMP-2, and TIMP-3 in day three wounds from
castrated (CSX, CX) MF1 mice, some treated with 17�-estradiol (E2) from days �14 to �3 (CSX, CXE), determined by qPCR. B: TIMP-3 immunostaining in day three wounds
and normal skin (NS) [1: the neoepidermis]. Normal skin (C) and day three wound (D) TIMP-3 protein levels (immunoblotting) (statistical significance tested by unpaired Student’s
t-test: *P � 0.05). E: MT1-MMP immunostaining in day three wounds and normal skin [1: the neoepidermis]. F: Day three wound MT1-MMP levels (immunoblotting). G:
Neoepidermal levels of MT1-MMP in CSX mice treated chronically with E2 [data are presented as a box-and-whisker plot (aCSX group: Q1 � 1.63, median � 1.63, Q3 � 1.75;
CSX � E2: Q1 � 1.75, median � 1.88, Q3 � 2.00) (Mann-Whitney U-test: *P � 0.05). H: Granulation tissue MT1-MMP immunostaining and numbers of MT1-MMP-expressing
cells, in CSX mice treated chronically with E2. n � 5 per treatment group. Data are presented as mean � SD. Arrows (B, E, and H) identify cell immunostaining. Original
magnification: �40 (B and E, upper and middle panels); �200 (B and E, lower panels, H).
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gen, we next examined the effects of 17�-estradiol on
cutaneous expression of the ERs. In unwounded skin,
ER-� was strongly expressed in hair follicles and se-
baceous glands (Figure 7A). The epidermis displayed
weaker expression. ER-� expression was restricted to
specific cells in the hair follicles (Figure 7A) in cas-
trated mice; in estrogen-treated animals, ER-� expres-
sion was not detected immunohistochemically.

In day 3 wounds, ER-� was expressed by the prolifer-
ating epidermis and infiltrating inflammatory cells (Figure
7B) and ER-� exclusively by inflammatory cells (Figure
7C). Overall day 3 wound numbers of ER-�- and ER-�-
expressing inflammatory cells were not affected by
chronic or acute administration of 17�-estradiol (Figure 7, B
and C). However, while overall levels of ER-� protein were
comparable between estrogen-treated mice and controls in
intact and wounded skin (Figure 7D), estrogen reduced
overall ER-� levels in unwounded skin (Figure 7E).

Collectively, these findings suggest that altered ER
expression may contribute to estrogen’s effects on nor-
mal skin but not those on healing acute wounds.

Estrogen Primarily Inhibits Repair by Signaling
via ER-�

In an attempt to determine the relative influence of indi-
vidual ER isoforms on healing, we administered
17�-estradiol to castrated ER-� and ER-� null mice. We
found that, although estrogen inhibits re-epithelialization
and delays repair in ER-� null mice, it has no measurable
effect on these same parameters in ER-� null mice (Fig-
ure 8, A–C). This strongly suggests that estrogen’s inhib-
itory signals are transduced by ER-� homodimers.

This conclusion was substantiated by our subsequent
observations that several of the estrogenic responses we
observed in wild-type mice do not occur in ER-� null
animals. These include induction of MMP-2 activity in
normal skin (Supplemental Figure 5A, see http://ajp.
amjpathol.org) and day 3 wounds (Figure 8D), repression
of overall day 3 wound MMP-2 and TIMP-3 protein levels
(Figure 8E), and effects on hair follicle cycling (Figure
8F). Moreover, induction of neoepidermal MT1-MMP pro-
tein is prevented (Supplemental Figure 5, B and C, see
http://ajp.amjpathol.org); the increase in the wound AA
macrophage population reversed (Supplemental Figure
5D, see http://ajp.amjpathol.org); and repression of wound
CD74 levels blocked (Supplemental Figure 5E, see
http://ajp.amjpathol.org).

These data all relate to “chronic” (prolonged) estrogen
treatment. Intriguingly, when administered at the time of
wounding (“acute” treatment), 17�-estradiol did not influ-
ence healing in wild-type, ER-� null or ER-� null mice
(Supplemental Figure 6, see http://ajp.amjpathol.org).

These results suggest that the timing and duration of
estrogen treatment are critical to the nature and scale of
the resultant healing response. Interestingly, the same is
true in ovariectomized female mice (Supplemental Figure
7, see http://ajp.amjpathol.org). Day 3 wounds were
smaller, re-epithelialization further advanced, and local
macrophage populations reduced in mice treated with 17�-

Figure 6. In vitro effects of estrogens on keratinocyte and macrophage
protease/protease inhibitor levels. A: TIMP-3 levels in keratinocytes (from
male and female neonates) treated with 1 or 1000 nmol/L E2 or left
untreated, for 24 hours (determined by immunoblotting). B: Levels of
TIMP-3 in day three wounds from ovariectomized (OX) mice, some
treated with E2 from days �14 to �3 (OXE) (immunoblotting) (statistical
significance tested by unpaired Student’s t-test: *P � 0.05). C: Levels of
MT1-MMP protein in E2-treated male keratinocytes (immunoblotting). D:
Expression of the Mmp2 gene in peritoneal macrophages activated with
LPS (�) for 2 hours and then treated with 100 nmol/L 17�-estradiol (E2),
1 �mol/L PPT, or 1 �mol/L diarylpropionitrile (DPN), or left untreated
(Con), for a further three hours (qPCR). E: Gelatin zymogram of total
protein isolated from LPS-activated macrophages [scale: RMM in kDa; p,
pro-MMP-2]. F: Macrophage levels of MMP-2 (immunoblotting); n � 5 per
treatment group. Data are presented as mean � SD.
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estradiol from the time of ovariectomy than in animals
treated with estrogen from the time of wounding (Supple-
mental Figure 7, A–D, see http://ajp.amjpathol.org). These
differences were not, intriguingly, accompanied by a signif-
icant difference in wound levels of MIF (Supplemental
Figure 7E, see http://ajp.amjpathol.org), the estrogen-
controlled effector of impaired wound healing in ovari-
ectomized mice.19,26

Discussion

Historical reports of sex differences in skin wound heal-
ing, especially in the elderly, prompted us to conclude
that endogenous sex steroids may perform vital roles in
repair processes. Our preliminary studies identified
estrogens and androgens as being, respectively, stim-
ulators and inhibitors of repair in females and males.1,5

We subsequently discovered that sex steroids mask

fundamental underlying differences in the ways that
males and females heal acute wounds.3 These differ-
ences include marked dimorphism in the responses to
MIF (which inhibits repair in females only) and testos-
terone (an inhibitor of repair in males but not females).

We here present a detailed analysis of the effects of
estrogens on healing in male mice (Figure 9, A and B). We
report that systemic 17�-estradiol treatment delays both
wound re-epithelialization and the progressive reduction in
incisional wound areas in castrated males, in which estro-
gens and androgens circulate at negligible levels. Estrogen
similarly impeded healing in intact animals. These findings
were surprising for several reasons. First, similar estrogen
treatment in female mice accelerated re-epithelialization.27

Moreover, elderly males responded positively to estrogen
applied to the edges of excisional wounds.6

It appears that the timing/duration and method of de-
livery are critical to the nature of the response to estrogen

Figure 7. ER expression in male mice treated chronically with estrogen. A: Immunostaining for ER-� and ER-� in unwounded skin from castrated (CSX, CX) MF1
mice, some treated with 17�-estradiol (E2) from days �14 to �3 (CSX �E2, CXE). B: Immunostaining for ER-� (upper panel, wound edge epidermis; lower
panel, infiltrating inflammatory cells), and day three wound numbers of ER-�-expressing cells, in CSX MF1 mice treated chronically with E2. C: Immunostaining
for ER-� (upper panel, epidermis; lower panel, inflammatory cells), and day three wound numbers of ER-�-expressing cells, in E2-treated CSX MF1 mice. D:
Overall ER-� protein levels in normal skin (NS) and day three wounds (immunoblotting). E: Overall ER-� protein levels in normal skin and day three wounds
(immunoblotting) (statistical significance tested by unpaired Student’s t-test: *P � 0.05). Statistical significance (B and C) was tested by two-way analysis of
variance. n � 5–9 per treatment group. Data are presented as mean � SD. Arrows (B and C) identify cell immunostaining. Original magnification: �100 (A, upper
panels); �400 (A, lower panels); �200 (B and C).
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treatment. In male mice, estrogen treatment from 2 weeks
before wounding greatly worsened healing; treatment
from the day of wounding had little effect. In ovariecto-
mized females, chronic estrogen treatment improved
healing to a greater extent than did acute treatment.
These data suggest that the success of any future estro-
gen-based healing therapies will depend on the careful
optimization of dosing and delivery.

The sex difference in the effect of systemic estrogen
treatment on wound re-epithelialization may partly be
explained by a fundamental difference in the response of
keratinocytes to estrogens: cells cultured from female
mice migrate more rapidly following treatment with
17�-estradiol28; those from male donors were unrespon-
sive to estrogen in the same assay.

In an effort to explain the inhibitory effects of estrogens
on wound re-epithelialization in males, we probed the
potential involvement of hair follicles, which were recently
reported to benefit healing,10 and whose function is
strongly influenced by estrogens.9 Although we showed
that healing is impaired in untreated hr/hr mice relative to
wild-type mice, we also found re-epithelialization to be
comparably impaired in estrogen-treated hr/hr and wild-
type animals. This suggests that cycling hair follicles are
not critical to the inhibition of re-epithelialization by estro-

gens. Nonetheless, our observations that 17�-estradiol 1)
failed to increase day 3 wound areas in hr/hr mice (as it
did in wild-type animals) but 2) reversed castration’s
arrest of the hair cycle in the anagen phase in wild-type
animals suggest that hair follicles may play some role in
the response to estrogens.

In female mice, estrogen is believed to facilitate repair
by constraining local expression of MIF and by limiting
the influx of macrophages and neutrophils.6,26 We have
here shown that 17�-estradiol has little influence over
wound inflammatory responses in male mice. Overall
wound macrophage and neutrophil numbers and MIF
and TNF-� levels were similar in estrogen-treated mice
and controls. Intriguingly, 17�-estradiol significantly in-
creased wound numbers of AA macrophages, as it was
previously shown to do in females.29 This would not,
however, be expected to inhibit healing because AA
macrophages up-regulate proteins such as arginase I,
the ultimate products of whose actions stimulate repair-
promoting functions including cell proliferation and the
biosynthesis of extracellular matrix proteins.30

Our failure to identify a profound effect on acute in-
flammation led us to hypothesize that prolonged expo-
sure to exogenous estrogens may, in some way, prime
the skin to repair itself poorly following subsequent insult.

Figure 8. Healing in ER null mice treated chron-
ically with 17�-estradiol. A: H&E-stained day
three wounds from castrated (CSX, CX) wild-
type (WT), ER-� knockout (�KO), and ER-�
knockout (�KO) mice, some treated with
17�-estradiol (E2) from days �14 to �3 (CSX �
E2, CXE). B: Day three wound areas in wild-type
and ER null mice (statistical significance tested
by two-way analysis of variance (P � 0.001,
influence of genetic background; P � 0.001,
influence of E2), followed by Bonferroni-cor-
rected Student’s t-tests: *P � 0.05; **P � 0.01
(versus CSX)). C: Re-epithelialization of day
three wounds in wild-type and ER null mice
(Bonferroni-corrected pairwise Mann-Whitney
U-tests: *P � 0.05; **P � 0.01 (versus CSX)). D:
Gelatin zymogram of total day three wound pro-
tein isolated from CSX �KO mice, some treated
chronically with E2 [scale: RMM in kDa; p, pro-
MMP-2; a, active MMP-2]. E: Day three wound
levels of MMP-2 and TIMP-3 in untreated and
E2-treated CSX �KO mice (immunoblotting). (F)
Picrosirius red-stained skin from CSX �KO mice,
some treated chronically with E2 [images taken
under unpolarized white light; lower panels:
magnifications of the indicated region of the
corresponding upper panel]. n � 5–8 per treat-
ment group. Data are presented as mean � SD.
Arrows (A) define the wound margins. Original
magnification: �40 (A); �100 (F, upper panels);
�200 (F, lower panels).
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We found that dermal architecture was influenced by
chronic estrogen treatment. Notably, the collagen of the
lower dermis was highly disorganized in estrogen-treated
mice. And although we did, like others before us,8 find
that estrogen increases overall skin collagen content, it
also increased overall MMP-2 activity in unwounded skin.

MMP-2 is implicated in the pathogenesis of chronic
leg31 and diabetic foot32 ulceration and in the impairment
of healing by aging15 and androgens,33 while limiting the
activity of MMP-2 (and MMP-9) has been proposed as a
mechanism by which healing might be improved.34 We
thus inferred that estrogens might create a degradative
environment in the dermis that may contribute to delayed
repair following subsequent injury, and indeed, we found

that the similar induction of MMP-2 activity in day 3
wounds in estrogen-treated animals was accompanied
by reduced accumulation of collagen.

Estrogen has been shown to induce expression of
MMP-2 in both mesangial35 and vascular smooth muscle
cells.36 The authors of the latter study identified three
putative half-palindromic estrogen response elements in
the human MMP2 gene and others have identified addi-
tional estrogen response elements (some functional)
(summarized in Ref. 37).

Although the parallel induction of MMP-2 mRNA in the
wounds of estrogen-treated mice suggested that in-
creased MMP-2 activity might have a transcriptional ba-
sis, the surprising reduction in overall wound MMP-2
protein levels implies otherwise. In an attempt to explain
this apparent paradox, we highlighted an apparent shift
in the spatial pattern of MMP-2 protein expression in
estrogen-treated animals, with neodermal (ie, inflamma-
tory cell) levels being increased (relative to controls) and
neoepidermal production tending to fall. Our finding that
17�-estradiol did not influence the expression of MMP-2
in isolated macrophages suggests that effects on MMP-2
levels in vivo are realized indirectly.

We subsequently uncovered evidence that estrogen
may increase wound MMP-2 activity by altering the
balance between inhibitors and activators of MMPs.
17�-estradiol decreased expression of TIMP-3, a key
inhibitor of MMP-2 activation,23 in unwounded skin and
day 3 wounds and additionally suppressed keratinocyte
TIMP-3 production in vitro.

Interestingly, this last response was observed only in
cells derived from male mice and not females. Moreover,
17�-estradiol increased wound levels of TIMP-3 protein in
ovariectomized female mice, in which healing is en-
hanced by exogenous estrogen.19,27,28 This suggests
that sex-specific effects on TIMP3 expression may con-
tribute to the noted sex dimorphism in the effects of
estrogens on wound healing. That TIMP-3 itself is impor-
tant for efficient repair is implied by its absence from
poorly healing venous leg ulcers.38

Estrogen treatment also increased neoepidermal ex-
pression of MT1-MMP, a key activator of MMP-2.24 This,
along with the down-regulation of TIMP3, may combine to
increase the local activation of MMP-2 in males, thereby
increasing wound proteolysis and interfering with the nor-
mal accumulation of neomatrix proteins including type I
collagen.

That the TIMP-3 and MT1-MMP responses were spe-
cific to the neoepidermis is intriguing in light of the ob-
served slowing of re-epithelialization by estrogens in vivo.
It appears that effects on the epidermis contribute signif-
icantly to impaired healing in male rodents treated with
estrogens. In the case of the TIMP3 response, this ap-
pears, from our in vitro studies, to be a direct effect,
although it may also involve interactions with stromal
cells, as has been reported previously.39

It is worth adding that the selective genetic ablation of
ER-� in keratin 14-expressing cells of the epidermis
markedly improved wound healing in a group of cas-
trated male mice (our unpublished observation).

Figure 9. Proposed mechanisms for the impairment of wound healing
by estrogens. A: Although it increases overall cutaneous collagen levels,
17�-estradiol (E2), acting via ER-�, respectively, represses and induces
TIMP-3 and MMP-2 in unwounded skin, which may predispose it to heal
poorly following subsequent injury. B: In acute wounds, E2 signals via ER-�
to delay wound re-epithelialization (Re-ep.) and to respectively repress and
induce keratinocyte expression of TIMP-3 and MT1-MMP. These responses
may underscore the increased local activation of MMP-2, which in turn would
be expected to contribute to reduced local accumulation of neomatrix pro-
teins including collagens.
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Our identification of ER-� as the putative primary ef-
fector of estrogen’s inhibitory effects on skin healing in
males—responsible for delayed re-epithelialization and
increased MMP-2 activity—is highly intriguing since we
have separately identified ER-� as the likely effector of
enhanced repair in estrogen-treated females (our unpub-
lished observation). A comparative study in humans
found patterns of ER expression to be indistinguishable in
males and females.40 We ourselves found wound ER
expression to be unmodulated by exogenous estrogen.
Collectively, these observations suggest that accessory
factors expressed by wound cells may determine the
precise nature of the response to estrogen in males and
females. It should also be noted that aromatase is
strongly expressed by hair follicles in unwounded male
skin,41 which suggests that the inhibitory effects of an-
drogens on healing in males may, in part, stem from their
local conversion to estrogens.

Failure of 17�-estradiol to influence hair follicle cycling
in ER-� null mice is in agreement with the findings of a
previous study that identified ER-� as the specific medi-
ator of estrogen’s effects in this context.42

In summary, we have shown that estrogen has a strong
negative effect on wound healing in male mice. It greatly
retards re-epithelialization and inhibits the accumulation
of collagen in the neodermis, seemingly by inducing skin
gelatinolytic activity. This in turn may reflect a sex-spe-
cific effect on wound TIMP-3 levels. It is likely that the
inhibitory effect on re-epithelialization is signaled via
ER-� because 1) it does not occur in ER-� null mice and
2) wound edge keratinocytes do not express ER-�.

Our previous findings raised a key question: given that
circulating levels of androgens (apparently detrimental to
healing) gradually decline in human males with increas-
ing age,43,44 which factors underscore the concurrent
deterioration in the quality of repair? Although it re-
mains unclear whether or not systemic estrogen levels
too change with age in males,43,44 it is worth noting that
a recent study identified estrogen, and not aging per
se, as the primary mediator of delayed healing in el-
derly males.7
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