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Dermal Wound Healing Is Subject to Redox Control

Sashwati Roy,1 Savita Khanna,' Kishore Nallu," Thomas K. Hunt,? and Chandan K. Sen'*

"Laboratory of Molecular Medicine, Department of Surgery, Comprehensive Wound Center, Davis Heart & Lung Research Institute,
The Ohio State University Medical Center, Columbus, OH 43210, USA
2Department of Surgery, University of California at San Francisco, San Francisco, CA 94143, USA

*To whom correspondence and reprint requests should be addressed at 512 DHLRI, OSU, 473 W. 12th Avenue, Columbus, OH 43210, USA.
Fax: +1 (614) 247 7818. E-mail: sen-1@medctr.osu.edu.

Available online 26 August 2005

Previously we have reported in vitro evidence suggesting that that H,0, may support wound healing
by inducing VEGF expression in human keratinocytes (C. K. Sen et al., 2002, J. Biol. Chem. 277, 33284
33290). Here, we test the significance of H,0, in regulating wound healing in vivo. Using the Hunt-
Schilling cylinder approach we present the first evidence that the wound site contains micromolar
concentrations of H,0,. At the wound site, low concentrations of H,0, supported the healing
process, especially in p47P"°*. and MCP-1-deficient mice in which endogenous H,0, generation is
impaired. Higher doses of H,0, adversely influenced healing. At low concentrations, H,O, facilitated
wound angiogenesis in vivo. H,O, induced FAK phosphorylation both in wound-edge tissue in vivo
and in human dermal microvascular endothelial cells. H,O, induced site-specific (Tyr-925 and Tyr-
861) phosphorylation of FAK. Other sites, including the Tyr-397 autophosphorylation site, were
insensitive to H,0,. Adenoviral gene delivery of catalase impaired wound angiogenesis and closure.
Catalase overexpression slowed tissue remodeling as evidenced by a more incomplete narrowing of
the hyperproliferative epithelium region and incomplete eschar formation. Taken together, this
work presents the first in vivo evidence indicating that strategies to influence the redox environment
of the wound site may have a bearing on healing outcomes.
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INTRODUCTION

Disrupted vasculature limits the supply of oxygen to the
wound site. Compromised tissue oxygenation or wound
hypoxia is viewed as a major factor that limits the healing
process as well as wound disinfection [1]. The general
consensus is that, at the wound site, oxygen fuels tissue
regeneration [2] and that oxygen-dependent respiratory
burst is a primary mechanism to resist infection [3]. We
postulated that oxygen-derived reactive species at the
wound site not only disinfect the wound but contribute
directly to facilitating the healing process [4].

Wound healing commences with blood coagulation
followed by infiltration of neutrophils and macrophages
at the wound site to release reactive oxygen species (ROS)
by an oxygen-consuming respiratory burst. In 1999, the
cloning of mox1 (later named Nox1) marked a major
progress in categorically establishing the presence of
distinct NADPH oxidases in nonphagocytic cells [5].
These data taken together, the wound site has two clear
sources of ROS: (i) transient delivery of larger amounts by
respiratory burst of phagocytic cells and (ii) sustained
delivery of lower amounts by enzymes of the Nox/Duox

family present in cells such as the fibroblasts, keratino-
cytes, and endothelial cells. Recent studies show that, at
low concentrations, ROS may serve as signaling messen-
gers in the cell and regulate numerous signal trans-
duction and gene expression processes [6]. Inducible
ROS generated in some nonphagocytic cells are impli-
cated in mitogenic signaling [7]. A direct role of NADPH
oxidases and ROS in facilitating angiogenesis has been
proven [8]. In line with these observations we have
previously reported that at the wound site, ROS may
promote wound angiogenesis by inducing vascular endo-
thelial growth factor (VEGF) expression in wound-related
cells such as keratinocytes and macrophages [9]. In this
study, we tested the significance of ROS in the healing of
experimental dermal wounds.

REsSULTS

Wound-Site H,O,: Generation and Significance

We present the first evidence demonstrating that wound
fluid contains micromolar concentrations of steady-state
H,O, (Fig. 1). Of note, we detected H,O, levels in both
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FIG. 1. Presence of reactive oxygen species at the wound-site. (A) H,O,
concentration in wound fluid. Hunt-Schilling cylinders were implanted in each
of 10 8- to 10-week-old C57BL/6 mice. On days 2 and 5, fluid was collected.
Plasma: even in the presence of 200 mM NaNj3 (added to inhibit peroxidase
activity) H,O, was below detection limits (ND, not detectable). Day 02 and
day 05: to discern the H,O,-sensitive component of the signal detected in
wound fluid 0.03 ml of the azide-free fluid was treated with 350 units of
catalase. The catalase-sensitive component was interpreted as H,O,. Standard
curve was generated using authentic H,O, tested for UV absorbance. n = 4,
*P < 0.01 compared to plasma value, {P < 0.01 compared to day 02. (B)
Superoxide production in normal skin and wound edge tissue. The skin or
wound edge samples (n = 3) were harvested at 12 h after wounding and
immediately frozen in OCT. Fresh 30-um sections were incubated with DHE
(0.01 mM, 20 min) to detect O, . To demonstrate the specificity of DHE
signal, superoxide dismutase (10 U/ml) was added while the wound edge
samples were incubating with DHE. (i) DHE (red) signal in excised skin tissue,
(ii) DHE signal in dermal wound edge 12 h after wounding, (iii) phase contrast
image of ii, (iv) DHE signal in wound edge in the presence of 10 U/ml
superoxide dismutase, (v) phase contrast image of iv. Scale bar, 100 pm.

inflammatory and postinflammatory phases, i.e., days 2
and 5 postwounding. In the murine model of full-thickness
excisional wounds, macrophage infiltration is known to
peak at day 3 postwounding [20]. The H,O; levels in the
wound fluid were significantly higher during the inflam-
matory phase (day 2) compared to the postinflammatory
phase (day 5). Utilizing enzymatically intact frozen
wound-edge tissue sections we compared the superoxide
production between intact skin and the edge tissue of the
excisional dermal wound. Superoxide production in the
wound-edge tissue was markedly more than that generated
by the intact skin (Fig. 1B). Next, we sought to determine
the functional significance of H,O, at the wound site. We
observed that topical application of low-dose H,O, accele-
rated wound closure (Fig. 2A). H,O, at relatively high
concentrations is known to be a wound disinfectant. Thus,
we were led to question whether the beneficial effect of
H,0, wasindeed wholly or partly mediated by the ability of
H,0, to cleanse the wound. Even under the stringent
surgical conditions used in our study, a low bacterial load
colonized the superficial dermal wound tissue. Impor-
tantly, H,O, treatment did not affect such infection status.
No bacterial infection was noted in the deep wound tissue
(Fig. 2B). In surgical practice, the use of a strong solution
(3%, v/v) of H,O, to cleanse the wound has been common.
H,0, at high levels is capable of inciting oxidative tissue
damage and complicating regeneration of nascent tissue
[21]. We observed that, indeed, application of alow volume
of 3% H,0, to the wound significantly delayed wound
closure (Figs. 2C and 2D). The use of an even stronger
solution resulted in overt tissue damage, leading to severe
injury and death of mice (not shown). Taken together,
these findings emphasize the significance of the strength of
H,0, applied topically to wounds.

H,0;-Induced Angiogenic Responses

Simultaneous study of a set of angiogenic genes using the
quantitative ribonuclease protection assay approach
demonstrated that VEGF and its receptor VEGFR-1 or
Flt-1 is rapidly induced in response to healing. The
inducible expression of these two genes was clearly
specific, rapid, and sustained (Fig. 3A). Topically applied
low-dose H,O, potentiated wound-induced VEGF and
Flt-1 expression in the wound edge (Fig. 3B). Repeated
topical treatment of one of the paired excisional dermal
wounds improved blood flow (Fig. 3C). Immunohisto-
logical studies of the wound-edge tissue for the presence
of endothelial cells provided consistent evidence support-
ing that low-dose H,O, treatment was associated with
increased abundance of endothelial cells (Fig. 3D) and
vascularity (Fig. 3E) at the wound edge.

H,0,-Induced Site-Specific Phosphorylation of Focal
Adhesion Kinase (FAK)

FAK plays a central role in driving angiogenesis [22]. We
observed that FAK phosphorylation is H,O, inducible
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(Fig. 4A). Upon stimulation, FAK is phosphorylated on six
tyrosine residues: Tyr-397, Tyr-407, Tyr-576, Tyr-577, Tyr-
861, and Tyr-925 [23]. Each of these sites has a specific
functional significance and is subject to site-specific
phosphorylation [24]. Tyr-925 phosphorylation of FAK
within focal adhesions is known to support angiogenic
responses [25]. In human dermal microvascular endothe-
lial cells (HMEC), the Tyr-925 and Tyr-861 sites were
specifically phosphorylated in the presence of low con-
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centrations of H,O, (Fig. 4B). H,O, also induced FAK
phosphorylation in the wound edge in vivo (Fig. 4C).

Physiological H,O,-Delivery Systems

Mice are very aggressive healers, closing dermal defects as
large as over 10% of their total body surface within 2
weeks’ time [9]. Thus, it is apparent that the basal healing
machinery is highly efficient, leaving little room for
further acceleration of healing in wild-type mice. Dermal
wounding results in rapid induction of genes encoding
chemokines that recruit inflammatory cells to the wound
site (Fig. 5A). Specific genetically altered mice that suffer
from impaired healing serve as useful models to study the
effects of agents that may promote wound closure and
healing. Monocyte chemotactic protein-1 (MCP-1)-defi-
cient mice suffer from impaired wound angiogenesis and
healing [26]. In tissues, macrophages are known to be
significant producers of H,O, by the NADPH oxidase-
dependent respiratory burst mechanism [27]. We
hypothesized that insufficient H,O, production at the
wound site of MCP-1-deficient mice was one factor that
compromised wound angiogenesis and healing. Indeed,
treatment of excisional dermal wounds in MCP-1-defi-
cient mice with low-dose H,O, completely corrected the
rate of wound closure (Fig. 5B).

NADPH oxidase is a key source of H,O, in inflam-
matory cells [27]. A defect in the expression of any of
the essential subunits of NADPH oxidase, e.g., p47°"°%,
is expected to compromise respiratory burst-dependent
oxidant production. Mutations in p47P"°* are a cause of
chronic granulomatous disease (CGD), an immune-
deficient condition characterized by an impaired healing
response, in humans [28]. Consistently, p47°"°*-defi-
cient mice suffer from impaired healing. The abnormal
wound closure in p47P"*.deficient mice was completely
corrected in response to low-dose topical H,O, treat-
ment (Fig. 5C). Keratin 14 supports epidermal differ-
entiation and regeneration [29] and its expression is

FIG. 2. Topical H,O, and wound closure. Two 8 X 16-mm full-thickness
excisional wounds (A, inset, day 0) were made on the dorsal skin of mice. Each
of the two wounds was topically treated with either H,O, or saline. (A) Low
dose of H,0, (1.25 umol/wound, or 0.025 ml of 0.15% or 50 mM solution/
wound, once daily, days 0-4) treatment facilitated closure moderately
compared to placebo saline-treated side. n = 6, *P < 0.05. (B) Low dose
H,0, treatment does not influence wound microflora. For determination of
surface microflora, wounds (treated with either 1.25 pmol H,O,/wound or
saline) were swabbed (24-48 h postwounding. For deep tissue wound
microflora, 48 h after wounding eschar tissue was removed, wound bed
tissue underneath the eschar was sampled, and quantitative assessment of
bacterial load was performed. Values shown represent means + SD of CFU of
three observations. (C) High dose (25 pmol/wound, or 0.025 ml of 3%
solution) versus low (1.25 pmol/wound, or 0.025 ml of 0.15%), once daily on
days 0-4, of H,O, adversely affected closure. *P < 0.05; compared to low-dose
H,O, treatment. (D) Comparison of the outcomes of high-dose H,O,
treatment (C) with those of placebo-treated wounds (A) in different mice.
Compared to placebo saline (once daily on days 0-4) treatment, high dose
H,0, (0.025 ml of 3% H,0,) adversely affected closure. n = 6, *P < 0.05.
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triggered by dermal wounding [30]. In intact skin,
keratin 14 is present as a narrow margin in the basal
layer epidermis, whereas in healing tissue keratin 14 is
expressed as a broader band at the hyperproliferative
epithelium [30]. Postclosure sampling of regenerated
skin from the wound site of p47P"°*.deficient mice

revealed that not only did the low-dose H,O,-treated
side close faster but the regenerated skin resembled the
keratin 14 distribution in intact skin. In contrast, the
regenerated skin of the placebo saline-treated side
showed signs of incomplete healing at a matched time
point (Fig. 5D).
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FIG. 4. H,0,-induced phosphorylation of focal adhesion kinase (FAK) in
microvascular endothelial cells and wound edge tissue. HMEC-1 were treated
with H,O, for the indicated dose and duration (n = 3). Phosphorylation of FAK
was detected using Western blot and phosphorylation-site-specific antibodies
against FAK. Native FAK was blotted to show equal loading. (A) Effect of dose
of H,0, treatment on phosphorylation (Tyr-925) state of FAK. (B) Kinetics of
site-specific phosphorylation of FAK in HMEC cells following H,0, (0.1 mM)
treatment. (C) Paired excisional wounds (Fig. 2) were treated with either
placebo saline or H,O, (1.25 umol/wound). Wound-edge tissue (n = 3) was
collected 30 min after wounding.

Decomposition of Endogenous Wound-Site H,O,
Impairs Wound Healing

In vivo catalase gene transfer represents one productive
approach to down-regulating tissue H,O, levels [31].
Overexpression of catalase (Fig. 6A) down-regulated
inducible early phase VEGF expression at the wound
edge (Fig. 6B), consistent with our observations that H,O,
is a potent and prompt inducer of VEGF both in vitro
[9] and in vivo (Fig. 3B). Such early phase effect of
catalase expression did impair wound angiogenesis on
a long-term basis. AdCat-treated wound tissues had

compromised blood flow (Fig. 6C) compared to the
AdLacZ-treated control wounds. Impairment of wound
angiogenesis caused by catalase overexpression clearly
limited wound closure (Fig. 6D) comparable to the
kinetics of wound closure in p47PP°*.deficient mice
(Fig. 5C). Histological analysis of wound-edge tissue by
trichrome staining substantiated not only that catalase
overexpression limited angiogenesis and slowed wound
closure but also that the quality of regenerating tissue was
distinctly affected. Catalase overexpression slowed tissue
restructuring as evident by a more incomplete narrowing
[9] of the hyperproliferative epithelium zone and incom-
plete eschar formation in the time-matched postheal
tissue (Fig. 6F).

DiscussIiON

Interest in the role of oxygen in wound healing spiked
when Jacques Cousteau’s divers had anecdotally reported
that they healed their work wounds significantly better
when they lived in an undersea habitat about 35 feet
under the surface of the Red Sea [32]. Research during the
past 4 decades led to the consensus that limited supply of
oxygen to the wound site represents a key limiting factor
for healing. More recent research during the past decade
substantiate that, in biological tissues, oxygen generates
reactive derivatives commonly referred to as reactive
oxygen species. While earlier works primarily focused
on the damaging aspects of excess ROS, current research
builds a compelling case supporting the role of ROS as
diffusible signaling messengers [6]. The phagocytic
(phox) and nonphagocytic (Nox) NADPH oxidases rep-
resent one of the most significant sources of deliberate
ROS production in biological tissues. Respiratory burst in
phagocytic cells results in transient generation of excess
ROS designed to kill pathogens [4]. In contrast, Nox
generates low levels of ROS in fibroblasts on a sustained
basis to drive a wide variety of biological processes,
including angiogenesis [33]. This work provides the first
estimation of ROS concentration at the wound site in
vivo. Our observation that the wound site is enriched in
H,0, is consistent with previous observations in plants

FIG. 3. Wound- and H,0,-induced changes in angiogenesis-related genes, vascularization, and wound-edge blood flow. Paired excisional wounds (Fig. 2) were
treated with either placebo saline or H,O, (1.25 pmol/wound, days 0-4, once daily). (A) Ribonuclease protection assay showing kinetics of angiogenesis-related
mRNA expression in a placebo saline-treated wound. Densitometry data (means + SD, n = 4) are shown for Flt-1 and VEGF. *P < 0.05 compared to 0 h. (B) Low-
dose H,0, treatment (1.25 pmol/wound, once at day 0) to wounds further augmented wound-induced Flt-1 and VEGF mRNA expression as determined from
wound-edge tissue harvested 6 h after wounding and H,O, treatment. Densitometry data (means + SD, n = 4) are shown. *P < 0.05 compared to control. (C)
Blood flow imaging of wounds was performed noninvasively using laser Doppler. An image reflecting the blood flow (right) and a digital photo (region of
interest; left) from postheal (1 day after complete wound closure) tissue are shown. Means + SD (n = 3) are presented (bar graph; *P < 0.05). (D) Day 8
postwounding, the wound edge was cryosectioned and vascularization was estimated by staining for CD31 (red, rhodamine) and DAPI (blue, nuclei); the higher
abundance of CD31 red stain in the section obtained from the H,O,-treated side (right) demonstrates better vascularization versus control (left). Bar graph
presents image analysis outcome (means = SD, n = 3). *P < 0.05 compared to control. (E) Before sacrifice of mice on day 8 postwounding, space-filling
carboxylate-modified fluorescent microspheres were injected into the left ventricle of the beating heart to visualize neovascularization in the healing wound.
Cryosections (10 um) fixed in acetone and stained with DAPI (nuclei, shown here in contrast red) were analyzed by fluorescence microscopy. The appearance of
the green microspheres at the wound edge represents wound vascularity. Bar graph presents image analysis outcome (means + SD, n = 3). *P < 0.05 compared
to control.
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FIG. 5. Role of H,0, in MCP-1- and p47P"*.deficient mice. Two excisional
wounds (Fig. 2) were made on the dorsal skin of wild-type, MCP-1~"~, or
p47P"°* =/~ mice. Each of the two wounds was treated with either saline or
H,0, (1.25 pmol/wound; days 0-4). (A) RPA showing kinetics of monocyte/
macrophage chemotactic protein-related mRNA expression in placebo saline-
treated wounds of wild-type mice (n = 3). (B) Wound closures in saline-treated
wounds of C57BL/6 mice and H,O,- or saline-treated MCP-1~/~ mice are
shown. n = 7, *P < 0.05 compared to C57BL/6 saline treatment. #P < 0.05
compared to KO saline treatment. (C) Wound closures in saline-treated
wounds of C57BL/6 mice and H,O,- or saline-treated wounds of p47ph°" KO
mice are shown. *P < 0.05; compared to C57BL/6 saline treatment. #P < 0.05
compared to KO saline treatment. (D) Keratin 14 (green fluorescence)
expression in murine skin. (E and F) Keratin 14 expression in skin of p47°Ph
KO mice harvested from wound sites after closure on day 18 postwounding.
Note higher expression of keratin 14 in control side (E) compared to H,O,-
treated side (F), indicating healing is ongoing on the control side, while the
H,0,-treated side shows keratin 14 expression comparable to that of normal
skin (D). For orientation (see histological identifying characteristics in Fig. 6C):
Es, eschar; G, granulation tissue; HE, hyperproliferative epithelium.

recording that endogenous H,O, levels increase in
wounded leaves [34].

The wound site starts to be occupied by the granulation
tissue approximately 4 days after injury. New capillaries
primarily contribute to the granular appearance. Macro-
phages, fibroblasts, and blood vessels are major compo-
nents of the granulation tissue. Guided by products
contributed by macrophages wound angiogenesis picks

up its pace. Basic fibroblast growth factor (FGF2) and
VEGF are two key facilitators of wound angiogenesis.
Other growth factors such as platelet-derived growth
factor, TGF-pB, and insulin-like growth factor 1 prepare
the fibroblasts to participate in the formation of gran-
ulation tissue [4]. H,O, enhances the affinity of FGF2 for
its receptor [35]. In addition, ROS induce FGF2 expression
[36]. H,O, induces VEGF expression in wound-related
cells [9]. VEGF is believed to be the most prevalent,
efficacious, and long-term signal that is known to
stimulate angiogenesis in wounds [37]. Recently it has
been demonstrated that Nox1-derived ROS is a potent
trigger of the angiogenic switch, increasing vascularity
and inducing molecular markers of angiogenesis. Nox1
also induces matrix metalloproteinase activity, another
marker of the angiogenic switch. Nox1-dependent induc-
tion of VEGF is eliminated by coexpression of catalase,
indicating that H,O, signals for the switch to the
angiogenic phenotype [33]. Vascular endothelial growth
factor receptors are considered essential for angiogenesis.
The VEGFR-family proteins consist of VEGFR-1/Flt-1,
VEGFR-2/KDR/Flk-1, and VEGFR-3/Flt-4. In contrast to
VEGF and its receptor VEGFR-2, placental growth factor
and its receptor VEGFR-1 have been largely neglected.
VEGFR-1 plays an important role in the angiogenic
switch. VEGFR-1 or Flt-1 is effective in the growth of
new and stable vessels in cardiac and limb ischemia
through its action on endothelial, smooth muscle, and
inflammatory cells and their precursors [38]. Our results
indicate that the expression of VEGFR-1 in the wound-
edge tissue is sensitive to low-dose H,O, treatment. This
observation is consistent with the report demonstrating
that the expression of VEGFR-1/Flt-1 is highly induced in
H,0,-rich vascular cells in Nox1-expressing tumors [33].

FAK is a positive regulator of both cell motility and cell
survival and may contribute to the development of a
stable neovasculature. FAK signaling results from its
ability to become highly phosphorylated in response to
external stimuli. The major site of autophosphorylation,
tyrosine 397, is a docking site for the SH2 domains of Src
family proteins. The other sites of phosphorylation are
phosphorylated by Src kinases. We observed that both in
HMEC and in the wound-edge tissue, tyrosine 925 in FAK
is specifically phosphorylated in response to low-dose
H,0O,. This observation is consistent with the established
finding that c-Src kinase activity is H,O, inducible [39].
FAK is subject to site-specific phosphorylation [24]. Our
observation that H,O,-induced phosphorylation of FAK
is site specific is in agreement. Previously it has been
reported that stimulation of FAK by low-density lip-
oprotein results in specific phosphorylation of Tyr-925,
surpassing the phosphorylation of the other residues,
including Tyr-397 [24]. Our studies with HMEC point
toward Tyr-925 and Tyr-861 as being sensitive to H,O,.
Indeed, site-specific phosphorylation of FAK at the 861
and 925 Tyr sites has been observed to share common
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FIG. 6. Catalase overexpression impairs healing. (A)
Western blot of infected (10'" CFU) skin showing
catalase overexpression in the side treated with
AdCatalase (AdCat) virus compared to the side treated
with control AdLacZ virus. Blots were reprobed with p-
actin to confirm equal loading of samples. Activity
assay demonstrated that the AdCat approach was
effective in significantly (*P < 0.05) increasing catalase
activity in the tissue compared to the AdLacZ control.
(B) VEGF protein expression in wound edge on day 1
postwounding. (C) Blood flow at the wound site on
day 6 postwounding. Blood flow imaging of wounds
was performed noninvasively using a laser Doppler
blood flow imaging device as described in the legend
to Fig. 3C. (D) Dotted line represents standard
healing curve of saline-treated C57BL/6 mice without
viral infection. *P < 0.05 compared to LacZ-treated
side. (E) Masson trichrome staining was performed on
formalin-fixed paraffin sections of regenerated skin at
the wound site sampled on the day both wounds
closed. AdCat side (right) shows broader HE region
indicative of incomplete (vs control on left) regene-
ration of skin, consistent with slower closure. The
wound edge is marked with an arrow. Es, eschar; G,
granulation tissue; HE, hyperproliferative epithelium.
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mechanisms [40]. Activation of FAK may support angio-
genesis by a number of mechanisms, including the
formation of actin stress fibers/focal adhesions [41],
strengthening of the endothelial barrier [42], facilitating
VEGEF signaling [43,44], and mediating integrin-sensitive
signaling pathways [23]. Recently, direct proof that
vascular defects in FAK™/~ mice result from the inability
of FAK-deficient endothelial cells to organize themselves
into vascular networks was reported [22].

Just hours after injury, the wound site recruits inflam-
matory cells. MCP-1-deficient mice recruit fewer phag-
ocytic macrophages to the injury site [45]. In addition,
the macrophages that are recruited suffer from compro-
mised functionality [26]. MCP-1 is angiogenic in vivo [46].
At the wound site, macrophages deliver numerous
angiogenic products [47], including H,O, [27]. Our
observation that impairment of dermal wound healing
in MCP-1-deficient mice [26] may be completely abro-
gated by topical low-dose H,O, treatment points toward

a central role for inflammatory cell-derived H,O, in
promoting wound closure. Supporting data from experi-
ments with mice containing defective NADPH oxidase,
the primary enzyme responsible for H,O, generation by
inflammatory cells, lend additional strength to the
notion that endogenously generated H,O, at the wound
site is a key factor in wound healing. Mutations in
p47P"°% are a cause of CGD in humans. CGD is an
immune-deficient condition characterized by impaired
healing response [28]. The p47PP°* =/~ mouse exhibits a
phenotype similar to that of human CGD [48]. p47P"ox
deficiency impairs NADPH oxidase-dependent H,O, for-
mation [49]. We have observed that wild-type mice are
capable of generating significant amounts of H,O, at the
wound site. Thus, the beneficial effects of additional
topical H,O; in such mice were only modest. However, in
p47P°*_deficient mice suffering from compromised abil-
ity to generate wound-site H,O, the effects of topical
0.15% H,O, were more striking. In vivo catalase gene
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transfer is one approach by which the effects of endog-
enous H,O, are assessed. Catalase-dependent removal of
endogenous H,O, at the wound site resulted in a clear
adverse effect on the healing outcome. This observation,
taken together with the result that topical H,O, facili-
tates dermal wound healing, points toward a clear role for
H,0, as a messenger for dermal wound healing.

Over the counter, H,O, is commonly available at a
strength of 3%. Historically, at such strength H,O, has
been clinically used for disinfection of tissues [50]. The
use of H,O, to disinfect wounds continues today with
a valid concern that at such high doses H,O, may hurt
nascent regenerating tissues [21]. Indeed, we observed
no beneficial effect of 3% H,0O,. This work presents the
first evidence suggesting that at the wound site, low
levels of H,O, are generated. At such micromolar
levels, H,O, drives redox-sensitive signaling mecha-
nisms. Although the current work focuses on H,O,-
sensitive mechanisms underlying wound angiogenesis,
it is important to note that redox-sensitive mechanisms
may influence numerous aspects of dermal wound
healing [4]. Topical application of 0.15% H,O, favor-
ably influenced wound angiogenesis. Chronic wounds
are typically hypoxic and thus limited in their ability
to generate endogenous H,O,. In addition, CGD
patients are clearly impaired in their ability to generate
endogenous H,0O,. For such cases, therapeutic strategies
based on targeting the wound-site redox state may
deliver.

MATERIALS AND METHODS

Materials

AdLacZ and AdCatalase viral vectors were provided by Dr. John F.
Engelhardt of Iowa University. CDC-HMEC-1 cells (SV40 T antigen-
transformed human microvascular endothelial cells) were provided by the
Centers for Disease Control (Atlanta, GA, USA) [10]. The p47P"°* KO mice
were provided by Dr. S. Holland, NIAID, NIH, and MCP-1"/" mice were
obtained from Dr. B. J. Rollins (Mount Sinai School of Medicine, New
York, NY, USA). Unless otherwise stated all other chemicals and reagents
were obtained from Sigma Chemical Co. (St. Louis, MO, USA) and were of
the highest grade available.

Secondary-Intention Excisional Dermal Wound Model

Young male (8 weeks of age) C57BL/6 mice were used. Two 8 X 16-mm
full-thickness excisional wounds [9] were placed on the dorsal skin,
equidistant from the midline and adjacent to the four limbs (Fig. 2). The
animals were killed at the indicated times and wound edges were
collected for analyses. For wound-edge harvest, 1-1.5 mm of the tissue
from the leading edge of the wounded skin was excised around the entire
wound.

Hunt-Schilling cylinder for wound fluid collection. The implantation of a
wire mesh cylinder (stainless steel; 2.5-cm length and 0.8-cm diameter)
and wound fluid harvest were performed as described previously [11].
While this approach is a powerful tool to investigate wound fluid
composition, most studies have used it for wound fluid studies with time
points of 1 to 3 weeks following implantation. This is because of
limitations in the volume of wound fluid available for harvest at earlier
time points. We have standardized techniques to harvest wound fluid as
soon as day 2 after implantation.

Catalase gene transfer. Because of potential hazards involved in viral
gene delivery to open wounds, intact skin in each of the two wound sites
was subcutaneously injected (10'' CFU) using a Hamilton gas-tight
syringe with a 28-gauge needle [12] with either AdCat (catalase) or
AdLacZ (control) 5 days prior to wounding. All animal protocols were
approved by the Institutional Lab Animal Care and Use Committee of the
Ohio State University.

Determination of wound area. Imaging of wounds was performed using a
digital camera (Mavica FD91, Sony). The wound area was determined
using WoundMatrix software as described previously [9].

ROS Detection in Wounds

0" detection. Freshly frozen, enzymatically intact, 30-um-thick sec-
tions of wound edge were incubated with DHE (10 uM) in PBS for 30
min at 37°C protected from light. DHE, oxidized to ethidium, was
detected using a confocal microscope equipped with a 543-nm He-Ne
laser and 560-nm long-pass filter [13]. This approach has been
effectively utilized to test superoxide production in intact tissue
sections, which in turn may also be interpreted as a measure of NADPH
oxidase in the tissue [13].

Direct H,0, measurements. H,O, levels in wound fluid were measured
using a real-time electrochemical H,O, measurement as described [14].
The Apollo 4000 system (WPI, Sarasota, FL, USA) was used for analysis.
H,0, was measured using the ISO-HPO-2 2.0-mm stainless steel sensor,
with replaceable membrane sleeves and an internal refillable electrolyte.
This electrode technology includes a H,O,-sensing element and
separate reference electrode encased within a single Faraday-shielded
probe design (WPI). Catalase-sensitive signal provided a measure of
H,0,.

Assessment of Microbial (Bacterial) Growth in Wounds

Superficial bacterial load. Twenty-four or 48 h after wounding, the
surface was swabbed for 20 s using an alginate-tipped applicator. Serial
dilution of quantitative swabs was performed and plated on sterile agar
medium. After 24 h at 37°C in air, the plates were examined and colonies
were counted [15].

Deep tissue bacterial load. The superficial eschar tissue was removed. The
wound-bed tissue underneath the eschar was excised aseptically, weighed,
homogenized, serially diluted, and cultured on agar plates as described
above [16].

Cells and Cell Culture

HMEC-1 were cultured in MCDB-131 growth medium (GIBCO BRL)
supplemented with 10% FBS, 100 IU/ml penicillin, 0.1 mg/ml strepto-
mycin, 2 mol/L L-glutamine [17].

RNase Protection Assay

Total RNA was isolated from wound-edge tissue and snap frozen in liquid
nitrogen using Trizol reagent according to standard instructions provided
by the manufacturer (Gibco BRL). RNase protection assay was performed
utilizing DNA templates from BD Pharmingen (BD RiboQuant; San Diego,
CA, USA) and standard procedures [9].

Wound-Site Functional Angiogenesis

Wound vascularity. Before sacrifice of mice, space-filling carboxylate-
modified fluorescent microspheres (FluoSpheres, 0.2 um, 10'? particles/
ml) were injected into the left ventricle of the beating heart [18]. Wound-
edge tissues were embedded in OCT. Cryosections (10 pm) fixed in
acetone were analyzed by fluorescence microscopy.

Blood flow imaging. The MoorLDI-Mark 2 laser Doppler blood perfusion
imager (Moor Instruments Ltd., UK) was used to map tissue blood flow.

Protein Analyses

Wound-edge tissue was ground in liquid nitrogen and homogenized using
a Teflon homogenizer in ice-cold RIPA lysis buffer containing protease
inhibitor cocktail (Sigma) and 1 mM Na3zVO,. The homogenate was
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centrifuged at 16,000g at 4°C for 15 min. The supernatant was collected for
further analyses. For preparation of cytosolic protein extract from mono-
layer cells, the culture medium was aspirated and replaced by ice-cold
phosphate-buffered saline. Monolayers were scraped using a cell lifter. The
lifted cells were centrifuged at 4500¢ for 5 min at 4°C. After the supernatant
was aspirated, RIPA lysis buffer containing protease inhibitor cocktail and 1
mM Na3VO, was added to the pellet. The suspension was vortexed and
centrifuged for 10 min at 16,000g. The supernatant cytosolic extract was
frozen at —80°C for further analyses. For catalase, FAK, and phospho-FAK
immunoblots, wound-edge tissue protein extract or cellular cytosolic
extracts were separated on a 10% SDS—polyacrylamide gel under reducing
conditions, transferred to nitrocellulose, and probed with anti-catalase
(1:30,000; Rockland, Gilbertsville, PA, USA), anti-FAK (1:1000 dilution;
Upstate Biotech, Lake Placid, NY, USA), or anti-site-specific phospho-FAK
antibody (1:1000 dilution; Upstate Biotech). VEGF protein expression was
determined using ELISA [9]. Catalase activity was assayed by monitoring
the loss of absorbance of H,O, at 240 nm. An extinction coefficient of
39.4 M~! cm ™! was used for calculation of enzyme activity [19].

Histology

Formalin-fixed wound edges embedded in paraffin were sectioned. The
sections (4 pm) were stained with hematoxylin and eosin using standard
procedures or immunostained with the following primary antibodies:
keratin14 (1:500; Covance, Berkeley, CA, USA) or CD31 (1:200; BD
Pharmingen). To enable fluorescence detection, sections were incubated
with the appropriate Alexa Fluor 488- (Molecular Probes, Eugene, OR,
USA) conjugated secondary antibody (1:250 dilution).

Fluorescence Image Analyses

Tissue sections were analyzed by fluorescence microscopy (Axiovert
200M, Zeiss, Germany). Image analysis software (Axiovision 4.3, Zeiss,
Germany) was used to quantitate fluorescence intensity (fluorescent
pixels) of CD31 or fluorosphere positive areas (expressed as per mm? area).

Statistics

In vitro data are reported as means + SD of at least three experiments. In
vivo data from one wound of a mouse was compared to the other wound
on the same mouse using paired t test. Comparisons among multiple
groups were made by analysis of variance. P < 0.05 was considered
statistically significant.
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