Research article

Monocyte/macrophage androgen receptor
suppresses cutaneous wound healing in mice
by enhancing local TNF-a expression
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Cutaneous wounds heal more slowly in elderly males than in elderly females, suggesting a role for sex hormones
in the healing process. Indeed, androgen/androgen receptor (AR) signaling has been shown to inhibit cutane-
ous wound healing. AR is expressed in several cell types in healing skin, including keratinocytes, dermal fibro-
blasts, and infiltrating macrophages, but the exact role of androgen/AR signaling in these different cell types
remains unclear. To address this question, we generated and studied cutaneous wound healing in cell-specific
AR knockout (ARKO) mice. General and myeloid-specific ARKO mice exhibited accelerated wound healing
compared with WT mice, whereas keratinocyte- and fibroblast-specific ARKO mice did not. Importantly, the
rate of wound healing in the general ARKO mice was dependent on AR and not serum androgen levels. Interest-
ingly, although dispensable for wound closure, keratinocyte AR promoted re-epithelialization, while fibroblast
AR suppressed it. Further analysis indicated that AR suppressed wound healing by enhancing the inflammatory
response through a localized increase in TNF-o expression. Furthermore, AR enhanced local TNF-o. expression
via multiple mechanisms, including increasing the inflammatory monocyte population, enhancing monocyte
chemotaxis by upregulating CCR2 expression, and enhancing TNF-o expression in macrophages. Finally, tar-
geting AR by topical application of a compound (ASC-J9) that degrades AR protein resulted in accelerated heal-

ing, suggesting a potential new therapeutic approach that may lead to better treatment of wound healing.

Introduction

Wound healing is a complicated process composed of several over-
lapping phases, the inflammatory, proliferative, and remodeling
phases. Delayed cutaneous wound healing usually results in local
infection and may potentially lead to chronic, nonhealing wounds
(1). Clinically, cutaneous wounds heal more slowly in elderly males
than in elderly females and are accompanied by increased inflam-
matory cell infiltration and reduced collagen deposition (1-3).
Other studies have also shown that the male gender in the elderly
population is a risk factor for impaired wound healing (4). Collec-
tively, these data suggest that sex hormones, including androgens,
might play important roles in the healing process.

Testosterone is the major androgen in circulation and is mostly
produced by Leydig cells of the testis. Testosterone can be further
catalyzed by Sa-reductase into Sa-dihydrotestosterone (DHT),
which is a more potent androgen than testosterone and has a 10-fold
higher affinity for androgen receptor (AR) (5). AR is a member of the
nuclear receptor superfamily. Upon androgen binding, it becomes
activated and translocates into the nucleus to modulate expression
of its target genes (6, 7). The expression of AR in the healing skin has
been detected in keratinocytes, dermal fibroblasts, and infiltrating
macrophages, implying a possible role in the healing process (1).

Earlier studies by Ashcroft and colleagues, using surgical or
chemical castration, have found that androgens were able to inhibit
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cutaneous wound healing, possibly by modulating inflammatory
responses, matrix deposition, and keratinocyte function (1, 8-10).
However, the in vivo role of androgens/AR signals in different cell
types involved in the wound-healing process remains unclear. In
addition, increasing evidence suggests that androgens do not nec-
essarily act through AR (11), while AR also has some androgen-
independent functions (12-14). However, the approaches using
surgical or chemical castration to diminish androgen levels cannot
separate the effects of AR from androgens. Therefore, it is necessary
to develop a better in vivo system to more definitively clarify the
role of androgens/AR signals in the regulation of wound healing.

In this study, we used cell-specific AR knockout (ARKO) mice (15)
and reciprocal bone marrow transplantation to dissect AR function in
different cell types involved in the healing skin, and we demonstrate
that AR in macrophages, rather than in keratinocytes and dermal
fibroblasts, was critical in the inhibition of cutaneous wound heal-
ing. Using in vivo functional studies, we clarified that local TNF-o
production from macrophages critically mediated the suppressive
effect of androgen/AR in the healing wound. Further in vivo and in
vitro mechanistic studies demonstrated that AR could enhance local
TNF-a production through multiple mechanisms. Finally, we dem-
onstrate the feasibility of local AR targeting as a potential therapy to
accelerate wound healing using topical treatment of ASC-J9, a newly
developed anti-AR compound that degrades AR with little influence
on the serum testosterone concentration.

Results

Cutaneous wound healing is accelerated in mice lacking AR. To under-
stand the AR roles in each cell type involved in wound healing
and test the potential therapeutic roles of AR in wound healing,
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Figure 1

Cutaneous wound healing is accelerated in male GARKO mice due to loss of AR function. Excisional wounds were made by 4-mm-diameter
punches. (A) Photographs of day 8 wounds. The arrowheads point out the location of wounds. (B) Wound areas were quantified for WT and
GARKO mice. n =7-10 (2 wounds/mouse). *P = 0.001. (C) H&E staining for day 3 wound sections. Black arrowheads indicate edges of wounds,
red arrowheads indicate edges of epithelium, and white arrowheads indicate foci of infiltrating cells. Scale bars: 500 um. (D) Higher magnification
of the boxed region in C. The red arrowhead indicates the edge of epithelium. Scale bar: 100 um. (E) The quantified data for re-epithelialization.
n =4 (6 wounds/mouse). *P = 0.001. (F) Day 10 wounds were subjected to Mason’s Trichrome staining to detect collagen fibers (blue). Arrow-
heads indicate the edges of wounds, and ovals indicate the areas of granulation tissue. Data are representative of 12—16 wounds (4 wounds/
mouse) in each group. Scale bars: 500 um. The quantitative data show relative collagen deposition in granulation tissues compared with the
adjacent dermis. n = 3—4 (4 wounds/mouse). *P < 0.05. (G) DHT pellets or placebos were implanted into GARKO mice, and only placebo pellets
were implanted into WT mice. Serum DHT levels were detected by ELISA after DHT restoration. n = 3—4 mice. *P = 0.023-0.025 versus GARKO
placebo. (H) After DHT restoration, wounds were created, and wound areas were quantified on the days indicated. n = 3—4 (2 wounds/mouse).
*P < 0.01 versus WT (placebo).

we first generated the general ARKO (GARKO) mice by breeding
fAR mice (carrying loxP-flanked AR allele) (15) with ACTBCre
mice (carrying cre transgene driven by B-actin promoter) (Supple-
mental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI39335DS1). Excision wounds were
then made on the dorsal skin of male GARKO mice and their WT
littermates. Interestingly, we found that the cutaneous wounds
on GARKO mice healed faster than those on the WT mice, sug-
gesting that AR suppresses wound healing (Figure 1, A and B).
Histological comparison of day 3 wounds revealed that re-epi-
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thelialization in GARKO mice, an early indicator of wound heal-
ing (16), was accelerated compared with that in WT mice (Figure
1, C-E). Trichrome staining in day 10 wounds was increased in
GARKO granulation tissues, indicating that collagen deposition
was enhanced in GARKO versus WT wounds (Figure 1F). Collec-
tively, these data suggest that AR represses collagen deposition,
epithelium regrowth, and overall wound healing.

Because serum testosterone levels are significantly reduced in
the GARKO compared with WT mice (15) and studies have shown
that androgens can act through AR-independent pathways to reg-
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Figure 2

AR in monocytes/macrophages is critical for suppressing wound healing. (A) y-Irradiated 6-week-old WT and GARKO mice were adoptively
transplanted with WT or GARKO bone marrow cells. To confirm the bone marrow engraftment, various tissues from a WT recipient receiving
GARKO bone marrow were subjected to AR genotyping. KO, truncated AR allele. (B) After bone marrow engraftment, wounds were created
and the wound areas were quantified and compared among recipients. n = 3—4 (6 wounds/mouse). The numbers indicate the P values for each
comparison. (C) Various tissues from MARKO mice were subjected to AR genotyping to confirm the efficiency and specificity of AR deletion.
D3W, day 3 wound; Thy, thymus; Spln, spleen; Mus, muscle; Tes, testis; Bld, bladder. (D) Wound areas were compared between male MARKO
mice and their WT littermates. n = 6—7 (2 wounds/mouse). (E) Day 8 wound tissues from WT and MARKO mice were subjected to Trichrome
staining to detect collagen fibers (blue). Ovals indicate granulation tissues. Scale bars: 500 um. The quantitative data show relative collagen
deposition in granulation tissues compared with the adjacent dermis. n = 3 (4 wounds/mouse). (F) Day 3 wound tissues from WT and MARKO
mice were subjected to H&E staining for analysis of re-epithelialization. n = 4 (6 wounds/mouse). (G) Excisional wounds were created and com-
pared between KARKO mice and their WT littermates. n = 3—4 (6 wounds/mouse). (H) Excisional wounds were created and compared between
FARKO mice and their WT littermates. n = 4—6 (6 wounds/mouse). Due to differences in genetic backgrounds among conditional ARKO lines,
the WT controls among different experiments were not necessarily equivalent.

ulate cellular activities (11, 17, 18), we therefore asked whether the ~ GARKO mice to restore their serum androgen levels (Figure 1G)
accelerated wound-healing phenotype observed in GARKO mice and found that DHT restoration failed to reverse the acceleration
was due to AR deficiency or reduced serum androgens. To address  of wound healing (Figure 1H). This suggests that the accelerated
this question, we subcutaneously implanted DHT pellets into  wound-healing phenotype observed in GARKO mice is not due
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Figure 3

AR in keratinocytes and fibroblasts is involved in regulating re-epithelialization. (A) Day 4 wounds
from KARKO and WT mice were subjected to paraffin sectioning and H&E staining to determine the
re-epithelialization rate. n = 4-6 (6 wounds/mouse). (B and C) Day 3 wounds were harvested from
mice that had been injected with BrdU (150 ug/g body weight) 2 hours before harvest. The wounds
were subjected to paraffin sectioning and subsequent immunohistochemistry to detect BrdU incorpo-
ration. BrdU+ epithelial cells in each wound section of (B) KARKO and (C) GARKO mice and their WT
littermates were counted. n = 5-6 (6 wounds/mouse). (D) Re-epithelialization rates of day 3 wounds
were compared between FARKO and WT mice. n = 4-6 (6 wounds/mouse). (E) Day 3 wounds were
harvested from FARKO and WT mice injected with BrdU and subjected to immunohistochemistry as
described in B and C. The proliferating (BrdU+*) epithelial cells were counted in each wound section.

n = 4-6 (4 wounds/mouse).

to reduced serum androgen levels, and AR-dependent pathways
are critical, whereas AR-independent pathways are dispensable in
mediating the ability of androgens to suppress wound healing.

Wound healing is accelevated in mice lacking AR in infiltrating inflamma-
tory cells. The healing skin has 2 major cell compartments: resident
skin cells, which include keratinocytes and dermal fibroblasts, and
infiltrating cells, which include inflammatory cells (19). To inves-
tigate the relative role of AR in each cell compartment, we adop-
tively transplanted GARKO or WT bone marrow cells into y-irra-
diated WT or GARKO mice to replace the hematopoietic system,
and hence the inflammatory cell compartment, of recipient mice.
Genotyping results from various tissues in recipient mice demon-
strated that the majority of the Ar gene in the non-wounded skin
was of the recipient genotype (WT allele, in this case), while the
donor genotype (KO allele) predominated in the wounded skin
due to massive inflammatory cell infiltration into the wound (Fig-
ure 2A). As expected, the majority of the Ar gene in the spleen,
thymus, and bone marrow was of the donor genotype, indicating
that bone marrow transplantation had successfully replaced the
hematopoietic system of recipient mice.

Upon comparison of the wound-healing rates among the 4
groups of recipient mice, we found that WT mice reconstituted
with WT bone marrow had the slowest wound-healing rate, while
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AR in the infiltrating inflammato-
ry cell compartment may function
in an androgen-independent man-
ner to suppress wound healing. In
contrast, WT mice reconstituted
with GARKO bone marrow had
accelerated wound healing com-
pared with WT mice reconstituted
with WT bone marrow, despite
comparable serum androgen levels
(Figure 2B). Taken together, the
results from these reciprocal bone
marrow transplantations clearly
demonstrate that AR in the infil-
trating inflammatory cell compart-
ment, but not in the resident skin
cells, plays a critical role in sup-
pressing wound healing.

Wound healing is accelerated in
myeloid-specific ARKO mice. Next,
we asked in which population of
infiltrating inflammatory cells AR
played an essential role in suppress-
ing wound healing. Among wound-
infiltrating cells, macrophages
are known to be central regula-
tors for the healing process (20, 21). Therefore, we crossed fAR
mice with LyzCre mice (22) to generate myeloid-specific ARKO
mice (MARKO mice). Even though AR in granulocytes was also
deleted in MARKO mice, granulocytes, especially neutrophils,
are not important for regulating wound healing in the absence of
infections (23, 24), as was the case in our system. Thus MARKO
mice appear to be a good model to study the role of monocyte/
macrophage AR in the regulation of wound healing. Genotyp-
ing confirmed that AR was selectively deleted in MARKO mice,
with the knockout allele most abundant in the bone marrow and
day 3 wounds. A lesser amount of knockout allele was detected
in the normal skin, spleen, thymus, lung, and liver, whereas in
other tissues, the knockout allele was barely detected (Figure 2C).
Interestingly, MARKO mice exhibited accelerated wound healing
compared with WT mice (Figure 2D) and had increased collagen
deposition in the later stages of wound healing (Figure 2E). How-
ever, re-epithelialization was comparable between MARKO and
WT wounds (Figure 2F), suggesting that AR in the monocytes/
macrophages is critical for repressing overall wound healing and
collagen deposition but is not essential in regulating re-epitheli-
alization. In contrast, the overall healing rates were comparable
between keratinocyte-specific ARKO mice (KARKO mice, which
were generated by mating fAR with K5Cre mice (25); Supplemen-
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Figure 4

TNF-a is critical for mediating the ability of AR to suppress wound healing. (A) Relative mRNA expression of various inflammatory media-
tors was measured by quantitative RT-PCR in day 3 wound tissues of WT and GARKO mice. n = 4-8. (B) Proteins were extracted from the
wounded (day 3 and day 7) or non-wounded skin (control) and subjected to ELISA to detect the expression of inflammatory mediators. The
concentration of TGF-31 was measured without (active) or with (total) acid activation. n = 4—7. (C) TNF-a expression was detected by ELISA
in day 3 wound tissues of MARKO mice and their WT littermates. n = 4. (D) One day after creating wounds, various concentrations of TNF-a
were intradermally injected around GARKO wounds, while WT wounds were injected with PBS. The wound areas were quantified on days
4, 6, and 8. n = 3—4 (2 wounds/mouse). *P < 0.05, *P < 0.01 versus GARKO (PBS) group. (E) y-Irradiated 6-week-old TNF-R1KO recipient
mice were transplanted with bone marrow cells from WT or GARKO mice. After engraftment, wounds were created and the wound areas
were quantified. n = 3—4 (6 wounds/mouse).

tal Figure 1C) or fibroblast-specific ARKO mice (FARKO mice,
which were generated by mating fAR with Fsp1Cre mice; ref. 26;
Supplemental Figure 1D) and their WT littermates (Figure 2, G
and H), highlighting the essential role of AR in monocytes/mac-
rophages for wound-healing suppression. It is noteworthy that
the genetic backgrounds of the different conditional ARKO lines
were different and thus the WT controls of different lines were not

The Journal of Clinical Investigation

necessarily equivalent. However, GARKO mice showed accelerated
healing under both C57BL/6 and C57BL/6 x FVB F1 backgrounds
(data not shown), suggesting that the genetic background might
not influence the regulatory effects of AR on wound healing.

AR in keratinocytes and fibroblasts is involved in the regulation of re-
epithelialization. Even though monocyte/macrophage AR is criti-
cal in suppressing overall wound healing, MARKO mice did not
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Figure 5

AR enhances local TNF-a expression through multiple mechanisms.
(A) Immunohistochemistry to identify infiltrating myeloid cells (CD11b*)
and macrophages (F4/80*) in day 3 wounds. White arrows indicate foci
of positive-staining cells (brown). Scale bars: 100 um. (B) The positive-
staining cells were counted in the wound areas. n = 6-7. (C) Flow cytom-
etry to identify the monocytes (CD11b*F4/80+), inflammatory monocytes
(CD11b*F4/80*Gr1+), and resident monocytes (CD11b+F4/80+Gr1-)
in PBMCs. n = 4-9. (D) mRNA isolated from BMMacs was subjected to
quantitative RT-PCR to detect expression of chemokine receptors. For
each chemokine receptor, the expression level of WT BMMacs treated
with LPS was set as 1. (E) NIH3T3 cells were transiently transfected
with reporter containing the promoter region (—1,258 to +27) of murine
CCR2 together with pWPI-mAR or empty vector. After treating cells
with or without DHT, luciferase activities were measured. (F and G)
Transwell chemotaxis assay was used to compare chemotaxis of day
3 BMMacs in response to MCP-1. (F) Images of cells that had migrated
across the membrane. Original magnification, x100. (G) Cell numbers
were counted. n = 9. (H) Day 6 BMMacs were treated with LPS as
indicated. TNF-o production was measured by ELISA. (I) Reporters
composed of TNF-a promoter containing 5'-UTR (pGL3-TNF, —1,203
to +122) or without 5'-UTR (pGL3-TNF, —1,203 to +2) were cotrans-
fected into NIH3T3 cells with pWPI-mAR or pWPI. After treating with
DHT, luciferase activities were measured. Data in | are mean + SD.
*P < 0.001 versus all other groups.

show all aspects of the wound-healing phenotype of GARKO
mice, such as accelerated re-epithelialization, suggesting that
AR in other cell types is likely to be involved in the regulation
of wound healing. Keratinocytes and dermal fibroblasts are the
major structural cells to reconstruct injured skin, although AR
in these cells is not essential for regulating overall wound heal-
ing. Upon further histological analysis of KARKO wounds, we
were surprised to find that the re-epithelialization in KARKO
mice was delayed compared with that of WT mice (Figure 3A).
However, the numbers of proliferating epithelial cells in the
wound areas were similar between KARKO and WT mice (Fig-
ure 3B), suggesting that AR in keratinocytes might actually
promote re-epithelialization without influencing keratinocyte
proliferation. Interestingly, we also found similar numbers of
proliferating epithelial cells in the wounds of GARKO and WT
mice (Figure 3C), although the re-epithelialization was acceler-
ated in GARKO wounds (Figure 1E). Because the re-epitheliali-
zation rate is determined by both proliferation and migration of
keratinocytes (27, 28), these data suggest that AR might control
re-epithelialization by regulating the migration of keratinocytes
rather than their proliferation.

Histological analysis of day 3 wounds in FARKO mice revealed
accelerated re-epithelialization compared with that in WT mice
(Figure 3D). This suggests that AR in fibroblasts but not myeloid
cells or keratinocytes is critical in suppressing re-epithelialization.
This suppressive effect is not due to keratinocyte proliferation, as
the numbers of proliferating epithelial cells in day 3 wounds were
comparable between FARKO and WT mice (Figure 3E). Trichrome
staining of day 10 wounds showed similar levels of collagen depo-
sition in granulation tissues of FARKO and WT mice (Supplemen-
tal Figure 2), suggesting that AR in fibroblasts is not essential for
regulating collagen deposition.

Overall, the data using KARKO and FARKO mice demonstrate
that although AR in keratinocytes and fibroblasts is not essential
in suppressing overall wound healing, AR in these 2 cell types plays
opposing roles in re-epithelialization.

The Journal of Clinical Investigation
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TNF-a. is critical in mediating the suppressive effects of AR on wound
bealing. Using MARKO mice, we have demonstrated that AR
in monocytes/macrophages is critical in suppressing over-
all wound healing. We hypothesized that AR might suppress
wound healing by regulating the inflammatory response, so we
examined the expression of key inflammatory mediators (29).
Compared with WT wounds, we found that mRNA expression
of Tnfa, Mip1, and Inos was significantly decreased in the day 3
GARKO wounds, while McpI expression was increased and 111§,
E-selectin, and Tgfbl expression was not changed significantly
(Figure 4A). ELISA analysis confirmed the mRNA data, showing
decreased protein expression of TNF-q, increased expression of
MCP-1, and no significant change in TGF-f1 and IL-6 expres-
sion in the day 3 wound tissues of GARKO compared with that
in WT mice (Figure 4B). Although IFN-y expression was higher
in control skins and day 3 wounds of GARKO versus WT mice,
the concentrations were very low and were not further induced
after wounding, suggesting that the difference in macrophage
activation between WT and GARKO mice was not due to a dif-
ference in IFN-y levels (Figure 4B).

The expression pattern of inflammatory mediators suggests
that AR might enhance the inflammatory response within wound
tissues. Among these AR-modulated mediators, we chose to focus
on AR-induced local TNF-a. expression, based on earlier reports
showing that TNF-a plays a critical role in wound healing (1, 30,
31), that expression of TNF-a concurrently decreases with castra-
tion and accelerated wound healing (1), and that the wound-heal-
ing phenotype of TNF receptor-1 knockout (TNF-R1KO) mice
(32) markedly parallels that of GARKO mice. Hence, we hypothe-
sized that AR might suppress wound healing by increasing TNF-a.
expression. We first confirmed that the reduced TNF-a. expres-
sion seen in GARKO versus WT wounds could be reproduced in
MARKO wounds (Figure 4C), and IL-6 was reduced as well in day
3 wounds of MARKO mice (Supplemental Figure 3). Local res-
toration of TNF-a around GARKO wounds reversed the accel-
erated healing of GARKO wounds in a dose-dependent fashion
(Figure 4D), suggesting that an AR-mediated increase in TNF-a
expression was required for the ability of AR to suppress wound
healing. The above conclusion was further corroborated by bone
marrow transplantation between TNF-R1KO and GARKO mice.
We found that GARKO bone marrow failed to accelerate wound
healing in the y-irradiated TNF-R1KO recipient mice (Figure 4E)
compared with WT bone marrow. This is in contrast to the experi-
ment shown in Figure 2B, in which GARKO bone marrow acceler-
ated wound healing in WT recipient mice.

Taken together, the results shown in Figure 4, A-E, suggest that AR
suppresses wound healing by enhancing local TNF-o expression.

AR enhances local TNF-o. expression by promoting monocyte infil-
tration into wounds. We have shown that monocyte/macrophage
AR is important for enhancing TNF-a expression in wound
tissues. However, this could be due to an increase in infiltrat-
ing macrophages in the wound area and/or increased TNF-a
production from macrophages. To test the possibility that AR
promotes macrophage infiltration into wounds, we first used
immunohistochemistry to detect macrophage populations and
found fewer infiltrating macrophages in day 3 GARKO wounds
compared with WT wounds (Figure 5, A and B).

We then asked whether AR regulated monocyte recruitment
from peripheral blood. Flow cytometric analysis revealed that
the PBMCs of GARKO mice contained a lower percentage of
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Figure 6

ASC-J9 accelerates cutaneous wound healing in WT mice and suppresses TNF-a production of wounds and BMMacs. (A) ASC-J9 cream
(50 uM) was applied topically on the wounds of WT mice daily, from day 0 to day 8. The wound areas were quantified to compare the effects of
ASC-J9 versus the vehicle cream. n = 3—-4 (6 wounds/mouse). (B) TNF-a protein expression was detected by ELISA in day 3 and day 7 wound
tissues from ASC-J9- or vehicle-treated mice (pool 6 wounds/mouse in 0.7 ml homogenization buffer). n = 4. (C) Day 6 BMMacs (8 x 104/well)
were cultured in RPMI-CD medium overnight, then treated with 1 uM ASC-J9 or DMSO for the entire culture period. Four hours after starting
ASC-J9 treatment, 1 nM DHT or ethanol was added into the culture for another 4 hours, followed by 1 ng/ml LPS plus 1 uM ASC-J9 or DMSO
for 24 hours. TNF-a production in the supernatant was measured by ELISA.

CD11b*F4/80" monocytes than WT mice. Interestingly, GARKO
mice had a striking reduction in the inflammatory monocyte
population (CD11b*F4/80*Gr1*), which is known to be recruited
into inflammatory tissues (33). In contrast, percentages of the resi-
dent monocyte subset (CD11b*F4/80°Gr1-) in PBMCs was simi-
lar between WT and GARKO mice (Figure 5C), suggesting that
AR specifically increases the inflammatory monocyte pool in the
peripheral blood, which is then recruited to the wound area.

Another possible mechanism by which AR might increase infil-
trating macrophages in the wound areas could be through pro-
moting monocyte chemotaxis. We found that the mRNA expres-
sion of Ccr2, a key chemokine receptor (34), was decreased in the
bone marrow-derived monocytes/macrophages (BMMacs) from
GARKO mice compared with WT mice (Figure 5D), suggesting
that AR may be able to increase Ccr2 gene expression. Using a
luciferase reporter containing the putative androgen responsive
element from the 5'-promoter region of the mouse Cer2 gene (Sup-
plemental Figure 4A), we further found that AR, in the presence of
DHT, could induce CCR2 promoter activity (Figure SE). We then
tested whether the increased CCR2 expression in monocytes/mac-
rophages might result in promoting a chemotactic response to its
ligand, MCP-1 (34), and the results showed that higher expression
of CCR2 in WT BMMacs did increase their chemotaxis compared
with the ARKO cells (Figure 5, F and G).

Taken together, the results from Figure 5, A-G, suggest that AR
enhances macrophage infiltration into wounds by increasing the
inflammatory monocyte pool in the peripheral blood and by aug-
menting monocyte recruitment into wound areas by increasing
CCR2 expression on monocytes.

AR induces TNF-o. expression at the transcriptional level in macro-
phages. We also asked whether AR could directly enhance TNF-o.
expression in macrophages. First, we found that LPS-stimulated
ARKO BMMacs had decreased expression of TNF-o compared
with WT BMMacs (Figure SH). Using a luciferase reporter con-
taining the putative androgen responsive element found in the
5'-UTR (-1,203 to +122) of the murine Tnfa gene (Supplemental
Figure 4B), we found that AR, in the presence of DHT, induced
TNF-o promoter activity (Figure SI).
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Taken together, results from Figure 5, A-I, suggest that AR
enhances TNF-o expression in the wound tissues by (a) increasing
the circulating inflammatory monocyte population and promot-
ing their recruitment into wound tissues, leading to an increase in
macrophage infiltration into the wound area and (b) enhancing
TNF-a expression at the transcriptional level in macrophages.

Therapeutic approach using ASC-J9 to target AR can accelerate wound
healing. Using cell-specific ARKO mice and reciprocal bone marrow
transplantation (Figures 1-5), we have demonstrated that AR can
function through both androgen-dependent and -independent
pathways to suppress wound healing and that the suppressive
role of androgens in wound healing is exclusively mediated by AR.
Therefore, AR (rather than androgens) plays a more central role in
suppressing wound healing, and we conclude that targeting AR,
and not androgens, may be a more promising therapy for wound
healing. ASC-]9 is a newly developed anti-AR compound derived
from curcumin that disrupts the interaction between AR and AR
coregulators, resulting in increased AR degradation and decreased
AR transactivation (35). Early therapeutic studies using mouse
models and human cell lines have demonstrated that ASC-J9
can efficiently reduce AR-promoted tumor growth in liver (36)
and bladder cancer (18), as well as AR-mediated spinal and bulbar
muscular atrophy (SBMA or Kennedy disease), with little influ-
ence on serum testosterone concentrations (35, 36). We found
that topical ASC-J9 treatment on WT mice resulted in accelerated
wound healing (Figure 6A) and dampened local TNF-o expression
(Figure 6B) compared with a control cream treatment. ASC-J9
also effectively reversed DHT-enhanced TNF-o expression in WT
BMMacs (Figure 6C). Taken together, results shown in Figure 6
suggest that by inhibiting AR function, ASC-J9 thereby suppresses
local TNF-a expression and consequently accelerates wound heal-
ing. Therefore, ASC-J9 may become a potential new therapeutic
treatment for wound healing.

Discussion

Much remains unclear on the mechanisms by which androgens/AR
suppress wound healing, and in particular, how different cell types
utilize AR to regulate wound healing (1, 8). Here, we applied mul-
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tiple approaches, including reciprocal bone marrow transplanta-
tion and several mouse strains with AR deficiency in specific cell
types, to demonstrate that AR in monocytes/macrophages is criti-
cal in suppressing wound healing through enhancing local TNF-a.
production. Even though AR in keratinocytes and fibroblasts is
dispensable for suppressing overall wound healing, AR in these 2
cell types plays key but opposing roles to regulate re-epithelializa-
tion. Furthermore, using in vivo and in vitro approaches, we dem-
onstrated that monocyte/macrophage AR utilizes the following
mechanisms to augment local TNF-a production: (a) increases
circulating inflammatory monocyte population, (b) enhances
monocyte recruitment and chemotaxis through upregulation of
CCR2 expression, and (c) increases TNF-o expression at the tran-
scriptional level in macrophages (Figure 7). The fact that AR can
modulate the inflammatory response to regulate physiological
activities makes it of great interest to investigate whether inflam-
matory diseases exhibiting sexual dimorphism, such as athero-
sclerosis (37, 38) and asthma (39), can also be modulated by AR
in monocytes/macrophages. The further studies of AR function
(in terms of inflammatory regulation) in these diseases will allow
us to develop potential therapeutic approaches via targeting AR
to combat such disorders.

Inflammatory mediators, especially TNF-a., secreted by macro-
phages potently modulate the function of dermal fibroblasts and
epithelial cells, thus making the macrophage a central regulator
of the healing process (31, 40, 41). Previous studies exploring the
effects of TNF-a on the activity of resident skin cells have shown
that TNF-a can inhibit type I collagen expression in wounds (30,
42, 43) and counteract TGF-B1-induced myofibroblast differ-
entiation and collagen expression from dermal fibroblasts (31),
thus indicating how augmented local TNF-a. suppresses cutane-
ous wound healing. The ability of TNF-o. to suppress the differ-
entiation and a-SMA expression of myofibroblasts (31), which
appear later in the healing process and are important for wound
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Figure 7

AR enhances local TNF-a expression from macrophages through mul-
tiple mechanisms to suppress cutaneous wound healing. Monocyte/
macrophage AR function can be modulated by androgens or other
factors to enhance inflammatory responses induced by injury. Overall,
local TNF-a expression from macrophages is augmented by AR and
critically mediates wound-healing suppression by targeting resident
skin cells (keratinocytes and/or fibroblasts) via TNF-R1. AR enhances
local TNF-a expression through 3 mechanisms. First, AR increases the
circulating inflammatory monocyte population. Second, AR promotes
the expression of CCR2 on inflammatory monocytes to enhance their
chemotaxis in response to MCP-1. Third, AR can directly enhance
TNF-a expression of macrophages in response to LPS stimulation.
Treatment with ASC-J9 can antagonize the function of AR and pro-
mote cutaneous wound healing.

contracture (44), might explain why we only observed significant
differences in healing rates of WT and GARKO mice at the later
stages, thus highlighting another critical way in which TNF-a
mediates AR function in wound healing. In addition, the fact that
local restoration of TNF-a can reverse accelerated wound healing
in GARKO mice suggests that AR mainly affects local TNF-a. pro-
duction rather than the signals downstream of TNF receptor in
the resident skin cells.

The rate of re-epithelialization (epithelium closure) usually links
to the rate of wound closure (dermis closure) (27). However, our
data suggest that these 2 processes can be uncoupled. For exam-
ple, MARKO mice exhibited faster wound closure but a similar
re-epithelialization rate compared with WT mice, while KARKO
and FARKO mice showed delayed and enhanced re-epithelializa-
tion, respectively, but a comparable overall wound closure rate
The delayed re-epithelialization observed in KARKO mice was not
accompanied by a decrease in keratinocyte proliferation, suggest-
ing that keratinocyte AR might promote re-epithelialization by
enhancing keratinocyte migration. Such an implication contradicts
a recent study by Gilliver et al. (10). In that study, DHT treatment
inhibited keratinocyte migration in an in vitro migration assay
(10), but the effect only became significant at a high dose (100 nM),
which is 1-2 orders of magnitude higher than physiological levels
of DHT (1-10 nM). Hence, the decrease in keratinocyte migration
might have been caused by cytotoxicity rather than through physi-
ological DHT signaling. In addition, their in vitro culture system
does not account for possible cross-talk among different cell types
involved in re-epithelialization. Our results using FARKO mice sug-
gest that AR in fibroblasts, rather than in keratinocytes or myeloid
cells, is important for suppressing re-epithelialization. Fibroblast
AR might suppress re-epithelialization by inhibiting MCP-1 pro-
duction. MCP-1 levels correlate well with re-epithelialization rates,
as GARKO and FARKO mice had higher MCP-1 expression (Figure
4 and Supplemental Figure 5A) and more rapid re-epithelialization,
whereas MARKO mice had MCP-1 levels (Supplemental Figure 3)
and re-epithelialization rates comparable to those in WT mice. In
line with this, re-epithelialization rate is decreased in MCP-1 knock-
out mice (45). These data suggest that MCP-1 levels might be criti-
cal in controlling re-epithelialization, although further studies will
be necessary to clarify whether and how fibroblast AR regulates
MCP-1 to promote re-epithelialization. In summary, AR seems to
play a major role in fibroblasts by suppressing MCP-1 expression,
which consequently delays re-epithelialization. In contrast, AR in
keratinocytes enhances re-epithelialization by enhancing keratino-
cyte migration (Supplemental Figure 5B).
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The increased collagen content in GARKO wounds suggests
that AR suppresses collagen deposition. However, in vitro treat-
ment of dermal fibroblasts with androgens stimulated collagen
production (9), and we observed similar collagen deposition in
the healing wounds of FARKO and WT mice, suggesting that
fibroblast AR does not repress collagen deposition. Rather, our
data show that MARKO mice have increased collagen deposition,
suggesting that macrophage AR is important for suppressing col-
lagen deposition. The rate of collagen deposition is determined by
the balance of collagen synthesis and degradation. Interestingly,
the activity of MMP-1 (collagenase I) and MMP-13 (collagenase
III) was reduced in castrated rats in the later stages of wound heal-
ing (9). Because macrophages express several proteinases and their
activators/inhibitors (46-49), it is possible that macrophage AR
promotes the expression or activation of proteinases to enhance
collagen degradation. The increased TNF-a production from
macrophages might also contribute to collagen degradation, as
TNF-a has been shown to induce the expression of several pro-
teinases, including MMP-1, from fibroblasts, while suppressing
the secretion of MMP-1 inhibitors (29, 50). In addition, TNF-o.
can counteract TGF-f1-induced collagen synthesis from fibro-
blasts (31, 51), providing another possible mechanism by which
AR might repress collagen deposition (Supplemental Figure 6).
Wounds of GARKO mice showed increased collagen deposition,
which usually promotes wound closure and increases the tensile
strength of regenerated tissues (44, 52). However, excess collagen
deposition is not necessarily beneficial for healing and may lead
to the development of hypertrophic scars, keloids, or severe fibro-
sis (44, 53, 54). Further studies are necessary to clarify the role of
AR in scar formation, especially in settings where AR is targeted
for wound-healing therapy.

Heterogeneity in monocyte/macrophage populations has been
demonstrated in both humans and mice (33, 55, 56). Nahren-
dorf and colleagues recently reported (55) that 2 subsets of
monocytes are involved in the healing myocardium. In the early
phase, inflammatory monocytes (Ly-6CMGr1MCCR2*CXCR1"°)
are predominantly recruited and play a major role in phagocytosis
and clearance of infection. In the later phase, resident monocytes
(Ly-6C'°Gr1!°CCR2-CXCR1") are recruited and play roles in
repair and angiogenesis (55). Based on our data, we believe that
AR mainly influences the functions of inflammatory monocytes
rather than the resident monocytes and plays a more critical role
in the inflammatory phase of wound healing.

CCR2 has been linked to the recruitment of circulating
monocytes into inflamed tissues (57, 58), as well as emigration of
monocytes from the bone marrow into the circulation (59). In our
studies, we found that the circulating inflammatory monocyte
population was reduced in the blood of GARKO mice. This could
be due to a reduced monocyte population in the bone marrow
and/or reduced CCR2 expression on monocytes. Interestingly, our
studies showed that the monocyte population (CD11b*F4/80") is
reduced in GARKO compared with WT bone marrow (Supplemen-
tal Figure 7). Further studies are necessary to clarify the role of AR
in the development of monocytes in the bone marrow.

Earlier studies have suggested that castration or systemic
blockade of androgens might accelerate wound healing (1) and
represent a potential approach to wound-healing therapy in
elderly males. However, from a therapeutic point of view, these
approaches have enormous side effects, such as impotence, loss
of libido, osteoporosis, and fatigue (35, 60), which need to be
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carefully considered by urologists before being used as thera-
pies to treat prostate cancer patients. Castration and androgen
blocking are therefore very unlikely to be used as therapies to
treat wound healing. On the other hand, the use of ASC-J9 to
target AR instead of androgens leads to a loss of AR function
with limited influence on serum testosterone levels, sexual func-
tion, or fertility (35). As a topical treatment using ASC-J9 to treat
acne vulgaris, phase I and phase II clinical studies conducted by
AndroScience Corp. have shown no severe adverse effect (C. Shih,
personal communication), and our results indicate that it is fea-
sible to suppress AR function by using ASC-J9 as a topical treat-
ment to hasten wound healing (Figure 6A).

Importantly, we demonstrate in vivo evidence that androgen
effects are not equal to AR effects. Early in vitro studies using cell
lines showed that androgens could signal through AR-indepen-
dent pathways to regulate cellular activities (11, 17, 61); therefore,
using castration or antiandrogens to decrease androgen levels do
not address whether the ability of androgens to inhibit wound
healing is mediated by AR-dependent or -independent pathways.
Using GARKO mice with DHT restoration, we showed that AR-
dependent pathways, rather than AR-independent pathways, are
critical in mediating the ability of androgens to suppress wound
healing (Figure 1H). On the other hand, AR can be activated by
other factors in addition to androgens, such as estrogens (62,
63), antiandrogens (64, 65), and kinases (66, 67). Interestingly,
our recent studies suggested that the androgen-independent
activity of AR is important for promoting neutrophil differentia-
tion (14). In line with this, our data also demonstrate that AR of
bone marrow cells can suppress wound healing even when there
is low testosterone in the host, supporting the notion that AR
can function in an androgen-independent manner. Overall, our
study suggests that androgens operate exclusively through AR
to suppress wound healing, while AR can function though both
androgen-dependent and androgen-independent pathways to
suppress wound healing. Therefore, we believe that AR, rather
than androgens, has a more central role in wound-healing sup-
pression, which is difficult to verify in castration- or antiandro-
gen-flutamide-treated models. Therefore, AR represents a more
attractive therapeutic target than do androgens for accelerating
wound healing. Further studies on ASC-J9 and similar drugs are
needed to investigate how AR can be selectively targeted in specif-
ic cell types while limiting effects on serum androgen levels. Such
studies will facilitate the development of more selective drugs to
battle androgen/AR-dependent diseases.

Methods

Mice, cells, and reagents. fAR mice on a CS7BL/6 background were generated
by inserting loxP sites to flank exon 2 of Ar gene (15). C57BL/6, ACTBCre
(FVB background), LyzCre (C57BL/6 background), and TNF-R1KO
(C57BL/6 background) mice were purchased from The Jackson Labora-
tory. Fsp1Cre (C57BL/6 background) mice were a gift from N.A. Bhow-
mick (Vanderbilt University, Nashville, Tennessee, USA; ref. 26), and
K5Cre (FVB background) mice were a gift from D.G. Johnson (University
of Texas MD Anderson Cancer Center, Smithville, Texas, USA) (25). Ani-
mal protocols and usage were approved by the University of Rochester
Committee on Animal Resources, and the mice were kept in a specific
pathogen-free environment at the animal facility of the University of
Rochester. pWPI-mAR was generated by inserting the full-length mouse
Ar gene into pWPI vectors. pGL3-TNF (-1,203 to +2) was a gift from
J.S. Schorey (University of Notre Dame, Notre Dame, Indiana, USA;
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ref. 68). pGL3-TNF (-1,203 to +122) was generated by inserting the
-1,203 to +122 promoter region of the murine Tnfa gene into pGL3-Luc
basic vector. pGL3-mCCR2 was generated by inserting the -2,058 to +27
promoter region of the murine Ccr2 gene into pGL3-Luc basic vector.
ASC-J9 and vehicle cream were gifts from AndroScience Corp., which
developed and prepared the cream.

Creation of cutaneous wounds and DHT restoration. To create the excisional
wounds, 8- to 12-week-old male mice were anesthetized and the dorsal
skin was shaved. After sanitizing with 70% ethanol, 2 or 6 full-thickness
wounds were created on the dorsal skin using 4-mm-diameter dermal
biopsy punches (Miltex Inc.). Wound closure was temporally monitored by
planimetric measurement, in which photographs of each wound taken at
various time points were analyzed by ImageJ (NIH) to calculate the wound
areas using the edges of dermis as the wound edges. In DHT restoration
experiments, DHT (5 mg/pellet, 60-day release; Innovative Research of
America) or placebo pellets were subcutaneously implanted into WT and
GARKO mice 2 weeks before creating wounds.

Histology and immunobistochemistry analysis. To determine re-epithelializa-
tion rates, day 3 wound tissues were excised from mice, fixed in 10% neu-
tralized formaldehyde for 24 hours, and subjected to paraffin section at
5 um thickness and subsequent H&E staining. Photographs of the wound
sections were used to measure the width between 2 epithelial edges and the
width between 2 wound edges (dermis edges) by Image]J software. To mea-
sure re-epithelialization (epithelium closure), we calculated the percentage
of wound width (distance between the opposing dermis edges) covered by
epithelium, using the following formula: re-epithelialization = ([distance
between opposing dermis edges - distance between opposing epithelium
edges|/distance between opposing dermis edges) x 100%.

To detect proliferating epithelial cells in wound sections, day 3 wounds
were harvested and subjected to paraffin sectioning. Two hours before
harvest, BrdU (150 ug/g body weight) was intraperitoneally injected into
each mouse. Sections of 5 um were collected and subjected to Zymed BrdU
Staining Kit (Invitrogen) according to the manufacturer’s manual. The
total number of proliferating (BrdU*) epithelial cells in the wound area of
each wound section was counted. To detect collagen deposition, 10-um
paraffin sections of wounds were subjected to Masson’s Trichrome Stain-
ing (Sigma-Aldrich) according to the manufacturer’s manual. Using this
method, collagen fibers stained blue, nuclei stained black, and cytoplasm
and muscle fibers stained red. To quantify collagen deposition, micro-
scopic photos of trichrome staining sections were analyzed by Image]
software to compare the relative blue color intensity in granulation tis-
sues and the adjacent dermis. To detect the infiltrating macrophages and
myeloid cells, day 3 wounds were excised, fixed in 4% paraformaldehyde
for 30 minutes, and subjected to cryosection. Sections of 5 um were sub-
jected to immunohistochemistry with anti-F4/80 and anti-CD11b pri-
mary antibodies (eBioscience). After washing, the samples were incubated
with biotinylated secondary antibodies, followed by incubation with avi-
din-HRP solution. The samples were then developed with DAB solution
(0.06% DAB in 0.05M Tris/pH 7.6 with 0.03% H,O;) and counterstained
with hematoxylin. Five photographs were randomly taken under x400
magnification in each wound area, and the number of cells with positive
staining was counted per area.

Bone marrow transplantation. Six-week-old mice were y-irradiated (10-12
Gy) and adoptively transferred with donor bone marrow cells (5 x 10¢/
mice) 24 hours after irradiation. Donor bone marrow cells were given 6
weeks to repopulate, and mice were treated with antibiotic water contain-
ing 1.1 mg/ml neomycin and 850 U/ml polymyxin-B sulfate before wounds
were created on their skin. At the end point of wound-healing experiments,
the spleen, thymus, bone marrow cells, wound tissues, and non-wounded

skin were harvested for genomic DNA extraction. PCR was used to deter-
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mine the genotype of AR alleles in each tissue, as previously described, to
confirm the success of bone marrow transplantation (15).

RT-PCR to detect the expression of inflammatory mediators in wound tissues.
Non-wounded skin and day 3 wound tissues were excised by 6-mm-
diameter dermal biopsy punches and homogenized in 1 ml Trizol
reagent (Invitrogen). Total RNA extraction was performed according to
the manufacturer’s manual. RNA (5 ug) was used for reverse transcrip-
tion using SuperScript III Reverse Transcriptase (Invitrogen). The cDNA
was subjected to real-time PCR to detect mRNA level of Tnfa, Mcp1, Mip1,
Tgfbl, Inos, 111b, and E-selectin using SYBR GreenER (Invitrogen) and
iCycler system (BioRad).

ELISA to detect inflammatory mediators in the wound tissues. To detect
cytokine levels in wound tissues, 2 or 4 wounds from each mouse were
excised with 6-mm biopsy punches and homogenized in 0.7 ml homog-
enization buffer (1x PBS, 0.1% SDS, 1% Tween-20, 5 mM EDTA) contain-
ing protease inhibitor (Roche Diagnostics). Non-wounded skin samples
(2 or 4 pieces for each mice) excised by 6-mm punches served as controls.
The homogenized samples were centrifuged at 20,817 g for 10 minutes at
4°C, and the supernatant was transferred to a fresh tube to detect con-
centrations of TNF-a, MCP-1, IL-1f, IFN-y, IL-6, and the active form of
TGF-B1 using the ELISA kit (eBioscience) according to the manufacturer’s
manual. To detect total TGF-B1 concentration, 100 ul of the samples were
first treated with 20 ul 1N HCI for 20 minutes, followed by addition of
20 ul 1IN NaOH to neutralize the samples. Final concentrations were
adjusted by the dilution factor of 1.4.

Analysis of monocyte populations in PBMCs. Blood (1 ml) was drawn from
the left ventricle of each mouse with a heparin-rinsed syringe and dilut-
ed with 1 ml PBS. The diluted blood was carefully overlaid onto 3 ml
Histopaque 1077 (Sigma-Aldrich) and centrifuged at 800 g at room tem-
perature for 20 minutes without brake. Cells at the interface of the serum
and histopaque were carefully collected, washed twice with medium, and
subjected to staining for flow cytometry analysis. The antibodies used to
identify monocyte populations were anti-CD11b-APC, anti-F4/80-PECyS5,
anti-Gr1-PE, and anti-CD45-FITC (eBioscience). CD45* cells were gated
for monocyte population analysis.

Local TNF-o. restoration and ASC-J9 treatment. In TNF-o restoration experi-
ments, 50 ul of recombinant TNF-a (R&D Systems) was intradermally inject-
ed at various concentrations around each GARKO wound 24 hours after
creating the wounds. Injection of 50 ul PBS around the wounds served as
controls. For the ASC-J9 treatment, topical application of ASC-J9 (50 uM) or
control cream was applied daily to the wounds of WT C57BL/6 male mice.

Culture of BMMacs for chemotaxis assay and TNF-o. ELISA. Bone marrow
cells were harvested from femurs and tibias of mice, and 107 cells were cul-
tured in a 15-cm petri dish with 25 ml RPMI medium containing 20 ng/ml
M-CSF. BMMacs were harvested on day 3 for chemotaxis assays. Alterna-
tively, an additional 25 ml RPMI medium supplemented with 20 ng/ml
M-CSF were added to bone marrow cells on day 4, and BMMacs were har-
vested on day 6 for assessment of TNF-a. expression. For chemotaxis assays,
1.5 x 105 day 3 BMMacs were seeded onto transwell inserts (8-um pore
size; Corning Inc.) in 200 ul serum-free RPMI medium. The lower cham-
ber contained 600 ul RPMI-0.5% charcoal/dextran-treated FCS (RPMI-5%
CD) medium with 200 ng/ml MCP-1 (R&D Systems). Cells were incubated
for 2 hours at 37°C, fixed with 4% paraformaldehyde, and stained with
H&E, and cells that had crossed the membrane were counted. For mea-
suring TNF-a expression, 5 x 104 day 6 BMMacs were seeded into 96-well
plates in 200 wl RPMI medium overnight and treated with LPS for another
24 hours, and culture supernatants were collected for TNF-a ELISA.

Luciferase assay. NIH3T3 cells were cultured in RPMI-10% CD medium
and co-transfected overnight with pGL3 reporter plasmids and pWPI-AR
or pWPI vector using Lipofectamine 2000 (Invitrogen) according to the
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manufacturer’s manual. After treating with 10 nM DHT or ethanol for
24 hours, luciferase activity was measured by Dual-Luciferase Assay
(Promega) according to the manufacturer’s manual.

Statistics. The data are presented as mean = SEM unless specified. For

sorship Endowment.

parametric analyses, 2-tailed Student’s ¢ test or 1-way ANOVA were used.

For nonparametric analyses, Mann-Whitney U test or Kruskal-Wallis test
were used. A Pvalue less than 0.05 was considered statistically significant.
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