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Abstract

Stress is an important condition of modern life. The successful wound healing requires the execution of three major overlapping
phases: inflammation, proliferation, and remodeling, and stress can disturb this process. Chronic stress impairs wound healing
through the activation of the hypothalamic—pituitary—adrenal axis, and the glucocorticoids (GCs) hormones have been shown to
delay wound closure. Therefore, the aim of this study was to investigate the effects of a GC receptor antagonist (RU486) treatment
on cutaneous healing in chronically stressed mice. Male mice were submitted to rotational stress, whereas control animals were
not subjected to stress. Stressed and control animals were treated with RU486. A full-thickness excisional lesion was generated,
and seven days later, lesions were recovered. The RU486 treatment improves wound healing since contraction takes place earlier
in RU486-treated in comparison to non-treated mice, and the RU486 treatment also improves the angiogenesis in Stress+RU486
mice when compared to stressed animals. The Stress+RU486 group showed a decrease in inflammatory cell infiltration and in
hypoxia-inducible factor-1a and inducible nitric oxide synthase expression; meanwhile, there was an increase in myofibroblasts
quantity. In conclusion, blockade of GC receptors with RU486 partially ameliorates stress-impaired wound healing, suggesting

that stress inhibits healing through more than one functional pathway.

Keywords: Chronic stress, glucocorticoids, wound healing, antagonist treatment, RU486

Experimental Biology and Medicine 2016; 241: 353-358. DOI: 10.1177/1535370215612940

Introduction

Wound healing requires the timely orchestration and effi-
cient execution of three major overlapping phases: inflam-
mation, proliferation, and remodeling.1 Many factors,
including stress, can disturb this process. Stress impairs
the course of the cutaneous healing”* through the activa-
tion of the hypothalamic-pituitary-adrenal axis (HPA) and
consequent secretion of glucocorticoids (GCs) and catechol-
amines.” A deregulation of GCs secretion provides one neu-
roendocrine pathway through which stress alters wound
healing,®” and GCs have been implicated in the impairment
of wound healing in restraint-stressed mice.®

After injury, neutrophils and macrophages leave the per-
ipheral blood to reach the wound site, where the appropri-
ate functions of these cells are crucial to evolution of the
healing process. A wide range of molecules are important
to regulate and coordinate the inflammatory phase during
healing. Hypoxia-inducible factor-1lo. (HIF-1a) is expressed
in skin wounds,”' as a mediator of cell response to inflam-
mation'! and nitric oxide (NO) is important to HIF-1o sta-
bilization and function.’? In proliferative and remodeling
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phases, fibroblasts proliferate and migrate to deposit a
collagen-rich matrix in the lesion area. A proportion of
fibroblasts differentiate into myofibroblasts, which are
responsible for wound contraction.’®> Thus, the wound-
healing process is affected when stress modulates neutro-
phil and macrophage recruitment and function'*'> and
also dermal fibroblast and myofibroblast activities.'®
Nonetheless, how GCs influences the stress response is
not completely understood. Therefore, the aim of this
study was to investigate the effects of a GC receptor block-
ade on healing of cutaneous lesions in stressed mice.

Methods
Animals, wounding, and macroscopic analyses

This study was approved by the Ethical Committee for
Animal Use of UER] (CEA/004/2010). Male Swiss mice
(25-35g) were maintained in a room at 22°C and with
12-h light/dark cycle. A set of animals was chronically
submitted to stress.'®'” Briefly, rotational stress was applied
daily by spinning the cages at 115rpm for 15min
every hour, beginning three days before wounding until
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euthanasia. The GC receptor antagonist treatment was
administered every day via intraperitoneal (IP) injection
of RU486 (20mg/kg; mifepristone, Sigma-Aldrich,
St. Louis, MO) in B-cyclodextrin (Sigma-Aldrich); control
groups received only B-cyclodextrin. The IP injection began
one day before wounding and continued until euthanasia.
One group of mice was only chronically stressed (Stress;
n=20), whereas another group was stressed and received
the RU486 treatment (Stress+ RU486; n=20). One group
was not submitted to any stress or RU486 treatment
(Control; n =20), and another group of control mice received
only the RU486 treatment (RU486; n =20). Three days after
beginning the stress protocol, mice were anesthetized IP with
ketamine (150 mg/kg) and xylazine (15mg/kg), and a full-
thickness excisional wound (1 cm?) was created.

To evaluate wound contraction, immediately after
wounding and four, seven, and 14 days later, the lesion’s
margins were traced on a transparent plastic sheet placed
over the wound; at the same time points, wounds were
inspected for re-epithelialization. The wound area was
measured using Image] software (NIH, Bethesda, MD).

Seven days after wounding, mice were anesthetized and
euthanized. Serum samples were frozen at —20°C, half of
the lesions were frozen at —70°C, and the other half, along
with the adjacent skin, were formalin-fixed and paraffin-
embedded.

Biochemical, microscopic, and molecular analyses

To confirm the presence of stress-induced physiological
alterations, norepinephrine levels were indirectly estimated
by measuring plasmatic normetanephrine levels to demon-
strate the overproduction of catecholamines.''®

The quantity of myofibroblasts was evaluated with
mouse  anti-alpha-smooth  muscle actin (DAKO,
Carpinteria, CA). To identify F4/80-positive cells and neu-
trophils, the sections were immunolabeled with mouse anti-
F4/80 (Serotec Inc., Raleigh, UK) and neutrophil marker
(Santa Cruz Biotechnology, Santa Cruz, CA), respectively.
The primary antibodies were detected using the EnVision
System (DAKO), and diaminobenzidine was used as
chromogen. No labeling was observed when the primary
antibody was omitted. To quantify myofibroblasts, F4/80-
positive cells, and neutrophils, and also to quantify the
blood vessels—in hematoxylin-eosin stained sections, 10
random fields per animal (15,000 um?) were analyzed in
the granulation tissue using a 40 x objective lens. The results
were expressed as the average number of positive cells/
mm? or blood vessels/mm?. All quantifications were per-
formed blindly.

The frozen wound fragments were homogenized, and
total protein concentration was determined using bicinch-
oninic acid protein assay (Pierce, Rockford, IL, USA).
Proteins (20 ng) were resolved by 8% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and were trans-
ferred to polyvinyl difluoride membranes. Membranes
were blocked with 5% bovine serum albumin (Sigma-
Aldrich) and probed with anti-HIF-1a, anti-inducible
nitric oxide synthase (NOS2), and anti-B-actin
antibodies (Santa Cruz Biotechnology) followed by biotin-
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conjugated antibody and streptavidin-conjugated horserad-
ish peroxidase developed by chemiluminescence (Santa
Cruz Biotechnology). Densitometry analysis was per-
formed using Image], and band intensities were normalized
to the corresponding band intensities of B-actin (arbitrary
units ratio).

Statistical analysis

For comparison between groups, data (mean 4 standard
error of the mean) were analyzed by using one-way analysis
of variance with Newman-Keuls or Kruskal-Wallis with
Dunns in GraphPad Prism software (GraphPad Prism 5.0,
San Diego, CA). A p value <0.05 was considered statistic-
ally significant.

Results

To confirm the stress-induced physiological alterations,
plasmatic normetanephrine levels were estimated to dem-
onstrate the overproduction of stress hormones. In Stress
and Stress+RU486 groups, the normetanephrine levels
were higher than in the non-stressed mice both seven
(Control: 12.76 £0.97ng/pl; RU486: 16.41+1.34ng/pl;
Stress: 24.76 +1.86ng/ pl; Stress +RU486: 24.54 +£1.17ng/pl;
p <0.0001) and 14 days after wounding (data not shown).
The normetanephrine levels were similar in Stress and
Stress + RU486 groups, indicating that RU486 treatment
has no effect over catecholamines secretion.

The treatment with RU486 initially ameliorates the
wound contraction. Seven days after wounding, the
wound area of the Stress +RU486 group was smaller than
the wound area of the Stress group. Moreover, 14 days after
wounding, the wound areas of both Stress and
Stress + RU486 groups were larger than the wound area of
the Control group and similar to each other (Figure 1).
During wound contraction, re-epithelialization also took
place earlier in RU486-treated groups. Eleven days after
wounding, more wounds were re-epithelialized in the
RU486-treated groups than in their respective control
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Figure 1 Analysis of wound contraction. Three days after beginning of the
stress protocol, a full-thickness excisional lesion (1 cm?) was generated in the
dorsal skin. The wound area was measured immediately after wounding (d0) and
seven (d7) and 14 (d14) days later. Wound contraction was estimated based on
lesion area at d7 and d14 in relation to lesion area at dO (% of original wound
area). Data are expressed as mean + SEM (*vs. Control group; #vs. Stress group)
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groups (Control: 22.2%; RU486: 61.1%; Stress: 30%;
Stress + RU486: 43.75%; p <0.0001). Fourteen days after
wounding, the percentage of re-epithelialization was simi-
lar between all of the groups (data not shown). Thus, GC
receptor blockade treatment is important to the early
response in the wound-healing process.

Once it was demonstrated that GCs have potent anti-
inflammatory properties,” we evaluated the influence of
RU486 on early inflammatory stage of wound healing.
Seven days after wounding, it was observed an infiltration
of inflammatory cells on wounds of all mice. Angiogenesis
was intense and similar between control groups, but the
Stress group showed a decrease in blood vessels number
that was reversed by RU486 treatment (Figure 2). The
inflammatory infiltrate (neutrophils and F4/80-positive
macrophages) was similar in the wound area of Control
and RU486 groups. The Stress group showed an increase
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Figure 2 Angiogenesis in granulation tissue. Three days after beginning of the
stress protocol, a full-thickness excisional lesion (1 cm?) was generated on the
dorsal skin. Histological sections of the wounds —recovered seven days after
wounding—were stained with hematoxylin-eosin and the presence of blood
vessels was evaluated to quantify the angiogenesis in the granulation tissue
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in inflammatory infiltrate, and the Stress +RU486 group
demonstrated a decrease in those cells when compared to
the Stress group (Table 1). It is noteworthy that neutrophils
and macrophages had a distinct distribution. In the deep
region, neutrophils were more abundant in the Stress
group, and the RU486 treatment affected the neutrophil
density in both RU486 and Stress+RU486 groups.
Meanwhile, macrophages were more abundant in the
Stress group in the superficial region when compared to
Control, Stress, and Stress + RU486 groups. Fusiform fibro-
blasts were present in low number and diffusely distributed
in the granulation tissue of all groups. As expected, myofi-
broblasts were more concentrated in the margins mainly in
the superficial region of granulation tissue. In this region,
the number of myofibroblasts was diminished in the Stress
and RU486 groups when compared to the Control group,
but RU486 treatment restores the myofibroblast density in
the Stress + RU486 group (Table 1).

Neutrophils and macrophages can regulate the expres-
sion of the HIF-1a which, in turn, regulates the expression
of a wide set of genes, including NOS2." To evaluate the
expression of these proteins in a stressful inflammatory con-
dition, western blot analyses were performed. In the Stress
group, the HIF-1o. and NOS2 expressions were increased in
comparison to both Control and RU486 groups, and the
RU486 treatment could reverse this effect (Figure 3).

Discussion

A meta-analytical study using diverse wound-healing
models and outcomes found that across studies, there was
an average correlation of —0.42 between psychological
stress and wound healimg.20 So, the relationship between
stress and wound repair is not only significant, but also
clinically relevant.®' Stress cause the release of several
stress hormones — primarily GCs (through the HPA) and
catecholamines (through the SNS),*** resulting in

Table 1 Effects of RU486 treatment on the distribution of granulation tissue cells seven days after wounding

Granulation Granulation Granulation
Measurement Groups tissue (S) tissue (D) tissue (total)
Neutrophils/mm? Control 853 + 140 344 £ 71 637 + 99
RU486 1402 + 176 132 + 60*# 767 + 156
Stress 967 + 62 566 + 53* 792 + 46*
Stress +RU486 921 + 54 202 + 50# 598 + 52#
F4/80-positive Control 153 + 32 567 + 43 360 + 35
macrophages/mm? RU486 209 + 35# 640 + 49 421 + 36
Stress 423 + 37 598 + 45 505 + 30*
Stress + RU486 80 + 17# 262 + 35"# 169 + 21°#
a-SMA-positive Control 350 + 41 25 +12 196 + 29
myofibroblasts/mm? RU486 141 + 27* 15 + 11 81+ 17"
Stress 157 + 27* 38 + 11 102 + 16*
Stress +RU486 257 + 394 59 + 16 161 + 24

Data shown as mean + SEM.
S: superficial region; D: deep region; a-SMA: alpha-smooth muscle actin; SEM: standard error of the mean.
*vs. Control group; #vs. Stress group.

ISSN: 1535-3702
Copyright © 2015 by the Society for Experimental Biology and Medicine

Experimental Biology and Medicine 2016; 241: 353-358



356 Experimental Biology and Medicine Volume 241 February 2016
(a) HIF-1a & - = (b) Nos2 ' " ' wd
- [ Bacn T8 N0 Ny 1 Control
T DY 2.5- x =@ RU486
‘ EE Stress
Z 2.0 Z 204 — = Stress+RU486
= =
o 7}
< 1.5 % 167 #
==Y A T
P ' ~ 1.0-
3 1.0 4 a
[ o
I 0.5- Z 0.5
0.0 0.0

Figure 3 HIF-1o and NOS2 expression in lesion tissue. Three days after beginning of the stress protocol, a full-thickness excisional lesion (1 cm?) was generated on
the dorsal skin. Seven days after wounding, lesion was collected and proteins were resolved by SDS-PAGE and immunoblotted for HIF-1a, NOS2, and B-actin. The
densitometry of the blots is expressed in arbitrary units to show the HIF-1a/B-actin ratio (a) and the NOS2/B-actin ratio (b). Data are expressed as mean &+ SEM (*vs.

Control group; #vs. Stress group)
NOS2: inducible nitric oxide synthase; HIF-1a: hypoxia-inducible factor-1a

simultaneously elevated plasma concentrations of GCs,
norepinephrine, and epinephrine.”” Elevated plasma
levels of normetanephrine and corticosterone were previ-
ously detected in restraint**® and rotational stress
models."””*” And the blockade of GCs receptors —including
with RU486 treatment—aid no change to the high plasma
corticosterone levels in restraint-stressed animals®****’ and
to the high plasma normetanephrine levels in our model.
Stress induces a downregulation of the early inflamma-
tory response in wound healing by an increase in serum
GCs levels.®” We recently demonstrated that in stressed
mice, the blockade of beta adrenoceptors restores normal
wound healing, highlighting the activation of beta-adrener-
gic signaling in mediating negative effects of stress in our
model.'***3! Tt was previously demonstrated that the
blockade of GCs receptors in restraint-stressed animals
resulted in healing rates that were similar to those of con-
trol-punch biopsy wounds.® The systemic administration of
RU486 normalized healing of tape stripping-induced
wounds??*? and of punch biopsy wounds in the face of
ongoing stress.>?® In our full-thickness excisional lesion,
we observed that the systemic administration of RU486
accelerates the initial healing rate, four and seven days
after wounding. At 14 days after wounding, the wound
size was similar between Stress groups, but larger than
those in Control. It was recently demonstrated that systemic
blockade of GC by RU486 treatment restores normal
wound-healing kinetics in a frustration model of stress,?°
which differs in time and intensity of stress induction. Thus,
the blockade of GCs receptors was not capable of com-
pletely restoring healing in our model of chronic stress
and full-thickness excisional wound, suggesting that
lesion size and the stress model —mostly due to stress per-
sistence —are important for the full recovery of wounds.
The healing process is a cascade, and success in the later
stages of wound repair depends to a large extent on initial
events. Inflammation is crucial for repair, and a delayed
inflammatory phase could compromise the success of
wound healing. RU486, as a known GC receptor antagonist,
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should ameliorate the negative effects of stress on wound
healing. Almost all immune cells have receptors for stress
hormones and specifically neutrophils and macrophages
express GCs receptors,* so cell recruitment could be modu-
lated by GCs receptor blockade.? Indeed, the higher number
of neutrophils and F4/80-positive macrophages present in
the Stress group was diminished in Stress + RU486. It was
described that stress led to an increased neutrophil accumu-
lation that is only reduced after stress removal." We recently
demonstrated that stress maintained neutrophil and macro-
phage mobilization in a wound, leading to disturb the granu-
lation tissue formation and delayed wound closure,'*'” as
also demonstrated herein.

Immune modulation by stress hormones might proceed
through two pathways: directly, through binding of the hor-
mone to its receptor; or indirectly, by deregulation of the
production of cytokines, such as interferon-y, interleukin-1
(IL-1), IL-6, and tumor-necrosis factor-alpha (TNF-).% Tt
has been demonstrated that proinflammatory cytokines
induce HIF-1 activity, which, in turn, upregulates proin-
flammatory cytokines expression, establishing a positive
feedback loop." HIF-1a is expressed in skin wounds,”*°
suggesting that the same protein mediates both response
to hypoxia and their ability to participate in inflammation.""
In the current study, mice from the Stress group exhibited
an increase HIF-1a expression that is totally abolished in
Stress + RU486 group. Additionally, the NOS2 expression
observed in Control and RU486 groups is also higher in
the Stress group and decreased in the Stress+ RU486
group. It was also previously described an increase in
NOS2 expression in stressed animals on the first days
post-wounding.>* Altogether, these results are consistent
with previous observations that NOS2-derived NO is
important to HIF-1a stabilization and function.'” To defini-
tively elucidate the NO and NOS2 role in wound healing
during stress, the blockade of NO production and action
should be performed.

To our knowledge, this is the first description of the roles
of HIF-1a. and NOS2 in skin wound healing regulated by
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stress. As neutrophils and macrophages are predominating
in the first days following injury and are increased in the
Stress group, HIF-1o accumulation in macrophages appears
rational. It is also reasonable that the downstream changes
observed in HIF-1oo and NOS2 expression could represent
compensatory responses to the delayed wound healing. We
clearly demonstrated that GCs are implicated in the stress
regulation of these molecules, since RU486 treatment pro-
motes the blockade of GC peripheral action and abolished
this response. We suggest that regulation of specific tran-
scriptional factors soon after injury and their sustained
expression until the later stages of the repair process are
crucial for wound healing in stress response.
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