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Chronic ischemic wounds presenting at wound clinics are heteroge-
neous with respect to etiology, age of the wound, and other factors
complicating wound healing. In addition, there are ethical challenges
associated with collecting repeated biopsies from a patient to develop
an understanding of the temporal dynamics of the mechanisms un-
derlying chronic wounds. The need for a preclinical model of ische-
mic wound is therefore compelling. The porcine model is widely
accepted as an excellent preclinical model for human wounds. A
full-thickness bipedicle flap approach was adopted to cause skin
ischemia. Closure of excisional wounds placed on ischemic tissue was
severely impaired resulting in chronic wounds. Histologically, ische-
mic wounds suffered from impaired re-epithelialization, delayed mac-
rophage recruitment and poorer endothelial cell abundance and orga-
nization. Compared with the pair-matched nonischemic wound,
unique aspects of the ischemic wound biology were examined on days
3, 7, 14, and 28 by systematic screening of the wound tissue tran-
scriptome using high-density porcine GeneChips. Ischemia markedly
potentiated the expression of arginase-1, a cytosolic enzyme that
metabolizes the precursor of nitric oxide L-arginine. Ischemia also
induced the SOD2 in the wound tissue perhaps as survival response of
the challenged tissue. Human chronic wounds also demonstrated
elevated expression of SOD2 and arginase-1. This study provides a
thorough database that may serve as a valuable reference tool to
develop novel hypotheses aiming to elucidate the biology of ischemic
chronic wounds in a preclinical setting.
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THE PUBLIC HEALTH IMPACT OF chronic wounds is staggering. An
estimated 1.3 million to 3 million US individuals are believed
to have pressure ulcers; and as many as 10-15% of the 20
million individuals with diabetes are at risk of developing
chronic ulcers. Many more have venous ulcers or wounds that
result from arterial disease. Treating these wounds costs an
estimated $5 billion to $10 billion each year (33). Animal
wound healing models are important biological tools to under-
stand basic processes of tissue repair and to develop and
validate strategies for clinical treatment. Over the years, basic
and clinical research has revealed much about the individual
molecular and cellular processes involved in wound healing,
but attempts to accelerate and/or improve wound healing by
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enhancing, inhibiting, or modifying isolated aspects of the
wound healing process have met with only limited success.
According to the National Institute of General Medical Sci-
ences, a major sponsor of wound healing research in the United
States, research to advance wound care is handicapped by the
limitations of animal model systems in mimicking human wound
healing (http://grants.nih.gov/grants/guide/rfa-files/RFA-GM-06-
002.html) (50). Although small mammals such as the mouse,
rat, rabbit, and guinea pig are frequently used in wound healing
studies, relevance of such models to the human wound is
questionable. These small mammals have several anatomical
and physiological characteristics that are in sharp contrast with
the human skin. Examples include a dense layer of body hair
and thin epidermis and dermis, and most importantly these
small mammals close their wounds primarily through contrac-
tion as opposed to re-epithelialization noted in humans. It is
therefore not surprising that results from such small mammal
studies show only 53% concordance with human studies. In
contrast, wound healing studies in pigs show a striking 78%
concordance with human studies (58). Anatomically as well as
physiologically, pig skin closely resembles human skin (40,
58). Pig skin and human skin share similar patterns of hair
follicles and blood vessels. Biochemically, pig skin contains
dermal collagen and has a dermal elastic content that is more
similar to humans than other commonly used mammals (23).
Additionally, pigs and humans have similar physical and mo-
lecular responses to various growth factors (5). The porcine
model is thus generally accepted as an excellent tool to study
wound healing (4, 40, 54, 58, 63, 64).

Vascular complications commonly associated with problem-
atic wounds are primarily responsible for wound ischemia.
Ischemia limits the supply of blood-borne products, including
nutrients, oxygen, and circulating cells, to the wound site,
thereby severely impairing the healing response (41, 51).
Development of mechanism-based understanding of the ische-
mic wounds in humans is limited by a number of complicating
factors. First, most humans suffering from an ischemic wound
also suffer from several other comorbid conditions that make
research design to address a pointed hypothesis highly chal-
lenging. Second, chronic ischemic wounds presenting at
wound clinics are heterogeneous with respect to etiology, age
of the wound, and other factors complicating wound healing. In
addition, there are ethical challenges associated with collecting
repeated biopsies from a patient to develop an understanding of
the temporal dynamics of the mechanisms underlying chronic
wounds. Taken together, while the study of ischemic wounds
in a clinical setting is highly valuable, the need for a preclinical
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model of ischemic wound is compelling. Given the unique
advantages of the porcine model to study wound healing as a
preclinical approach, we sought to develop and characterize the
first porcine model of ischemic wound utilizing current imag-
ing as well as functional genomic technologies.

MATERIAL AND METHODS
Porcine Ischemic Excisional Wound Model

A total of 20 (n = 4 X 5 time points, see Fig. 7) domestic white
pigs were used in this study. All experiments were approved by the
Ohio State University Institutional Laboratory Animal Care and Use
Committee (ILACUC). Pigs (70—80 1b) were anesthetized with Tela-
zol followed by isoflurane. The dorsal region was shaved. The skin
was surgically prepared with alternating Betadine and alcohol scrubs.
Under such aseptic conditions, four full-thickness bipedicle skin flaps
measuring 15 X 5 cm were developed on each animal by means of
parallel incisions as shown in Fig. 1. The incisions were made using
electrocautery. The dermal flap was elevated from the underlying
subcutaneous tissue. Precut (same as that of the dimensions of the
flap), sterilized 0.01-inch-thick Sil-Tec medical-grade sheeting (Tech-
nical Products Inc. of Georgia, Decatur, GA) was then placed under-
neath the flap to prevent readherence and reperfusion of the flap from
the underlying tissue (18). The skin flap incisions and silicon sheet
were sutured into position using 3-O Ethilon continuous sutures.
Ischemia of the flap tissue was verified by laser Doppler imaging (Fig. 2)
of blood flow.

Wounding

Full-thickness excisional wounds were developed in the middle of
each flap using a 8§ mm disposable biopsy punch. Six more wounds
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PRECLINICAL MODEL OF CHRONIC ISCHEMIC WOUND

were developed similarly on nonischemic skin (Fig. 1). The flap
incisions were dressed with VAC Drape (KCI). The dressing was
changed every 3 days, and any accumulating wound fluid was drained
as needed. The ischemic and nonischemic wounds were digitally
imaged for collection of wound closure data. On designated time
points, the entire wound tissue (1.5 X 1.5 cm with the 8 mm wound
at the center) was harvested for tissue analyses (RNA, protein, and
histological analyses). After the completion of experiments, pigs were
either euthanized or transferred to another ILACUC-approved proto-
col.

Determination of wound area. Imaging of wounds was performed
with a digital camera (Canon PowerShot G6). The wound area was
determined using WoundMatrix software as described previously (52).

Skin Perfusion Pressure

Skin perfusion pressure (SPP) (67) was measured using a Sensi-
Lase system (Visamed, Eden Prairie, MN). The test measures skin
perfusion with a laser Doppler sensor assembly (LSA) located beneath
a pressure cuff for application and release of pressure to limb or
specified area. During the measurement, the pressure cuff is automat-
ically inflated until the LSA determines that perfusion beneath the cuff
has stopped. The pressure is then automatically released at a con-
trolled rate while the cuff pressure and skin perfusion pressure are
measured. A graph displays pressure and perfusion during cuff defla-
tion and indicates the pressure at which the skin perfusion resumes
(Fig. 1, C and D).

Laser Doppler Blood Flow Imaging

The MoorLDI-Mark 2 laser Doppler blood perfusion imager (res-
olution: 256 X 256 pixels in the region of interest; each pixel being an
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Fig. 1. Wounding approach and skin perfusion pressure. A, B: 4 bipedicle flaps (15 X 5 cm) were developed on the back of domestic white swine. The flaps
were freed from the underlying muscle and a sterile silicone sheet (15 X 5 cm) was placed under it to prevent readherence. The incised edges of the flap were
sutured to the adjacent skin incorporating the silicone. Full-thickness excisional wounds were developed in the middle of each flap (filled circles) using a 8 mm
disposable biopsy punch. Six additional paired wounds were developed similarly in the adjacent nonischemic skin (open circles). Arrows in A indicate direction
of blood flow. Scale: the paper strip above the left lumbar flap in B is 10 cm long. C: skin perfusion pressure (SPP) was measured at locations adjacent to the
ischemic as well as paired nonischemic wounds. ¢, The cuff pressure where subcutaneous microcirculation was restored. D: SPP from nonischemic and ischemic

wounds. Data are means = SD (n = 3); *P < 0.01.
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Fig. 2. Characterization of wound-site ischemia and hypoxia. A: photographic (fop) and Doppler (bottom) images of the back of swine with ischemic flaps and
skin with intact perfusion. Nonischemic (2) and ischemic wound (1, 3) locations are marked; B: laser Doppler image of an ischemic flap on day 0 postwounding.
C: wound tissue oxygen saturation and oximetry performed using a hyperspectral scanner (C, D) or OxyLite (E). C: representative photographic (left) and
corresponding hyperspectral images (right) from nonischemic (fop) and ischemic (bottom) wounds captured using a OxyVu2 hyperscpectral imaging system. The
white circle and black arrows represent the hyperspectral target used for imaging. D: quantification of tissue oxygen saturation values from nonischemic and
ischemic wounds as shown in C. Data are means = SD (n = 4); *P < 0.01. E: wound-bed tissue PO, was measured using OxyLite based on fluorescence

quenching principle. d, Day. Data are means * SD (n = 4), *P < 0.05.

actual measurement) employs a visible red laser beam (633 nm) to
map tissue blood flow and enable quantification (Fig. 2A).

Hyperspectral Imaging

Medical hyperspectral imaging is a novel noninvasive technique
that utilizes visible light for the spectral analyses of tissue oxyhemo-
globin and deoxyhemoglobin and calculates the oxygen saturation
based on their relative abundance (6, 30, 56). Hyperspectral imaging
was performed using OxyVu-2 system (Hypermed, Burlington, MA)
according to the manufacturer’s instructions.

Tissue Partial Pressure of Oxygen Determination

Tissue Po, measurements were estimated on the basis of fluores-
cence quenching using the OxyLite tissue oximetry device (Oxford
Optronics, Oxford, UK) and by applying a needle (23 G) encased
oxygen sensor as described previously (13).

Histology

Formalin-fixed paraffin-embedded or OCT-embedded frozen wound-
edge specimens were sectioned. The paraffin sections were deparaf-
finized and stained with hematoxylin and eosin and Masson’s
Trichrome staining by standard procedures. Immunohistochemical
staining of paraffin or frozen sections was performed as described
earlier (46) using the following primary antibodies: anti-macrophage,
L1 calprotectin (1:200; MAC387; Neomarker, Fremont, CA); K14
(1:100; Covance, Emeryville, CA); von Willebrand factor (VWF,
1:200; Dako Cytomation, Carpinteria, CA); anti-arginase 1 (1:100,

BD Biosciences, San Jose); and anti-superoxide dismutase 2 (SOD2,
1:100; Abcam, Cambridge) after heat-induced epitope retrieval where
necessary. Secondary antibody detection and counterstaining were
performed as described previously (46). The area of stain was quan-
titated with Adobe Photoshop 6.0 by a color subtractive process (62).
We determined re-epithelialization from Masson’s trichrome-stained
images by measuring the original width of the wound (W) and then
measuring the portions of the wound that had re-epithelialized (E).
Percent-repithelialized was calculated as: (E/W) X 100.

GeneChip Probe Array Analyses

To identify clusters of transcripts differentially expressed during
the temporal course of healing, the GeneChip high-density microarray
approach was adopted (45-50). Total RNA was extracted (TRIzol,
GIBCO-BRL) from wound tissue on 0, 3, 7, 14, and 28 (postheal
tissue in the case of closed wounds) days after wounding. Further
clean-up of RNA was performed using the RNeasy kit (Qiagen). The
quality of RNA thus obtained was examined using the Agilent 2100
Bioanalyzer. Targets were prepared for microarray hybridization ac-
cording to previously described protocols (45-50). To assess the
quality of hybridization, samples were hybridized for 16 h at 45°C to
GeneChip test arrays. Satisfactory samples were hybridized with the
GeneChip Porcine Genome Array (Affymetrix) for the screening of
over 24,000 probe sets. The arrays were washed, stained with strepta-
vidin-phycoerythrin, and were then scanned with the GeneArray
scanner (Affymetrix) in our own facilities as described earlier (45—
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50). Data were collected from four pigs (n = 4) in each time point for
paired nonischemic and ischemic wound samples (Fig. 7).

Data analyses. Data acquisition and image processing were per-
formed using Gene Chip Operating Software (Affymetrix). Raw data
were collected and analyzed using a Stratagene ArrayAssist Expres-
sion Software v. 5.1 (Stratagene). Additional processing of data was
performed using dChip software (v. 1.3, Harvard University) (46, 50).
GC-RMA was applied for data normalization. Differentially ex-
pressed genes were identified using a two-class r-test where signifi-
cance level was set at P < 0.05 with Benjamin-Hochberg correction
for false discovery rate (45-50). All wound-responsive genes that
were significantly changed (P < 0.05 with Benjamin-Hochberg cor-
rection) at any single time point compared with 0 h prewound skin
samples were subjected to hierarchical clustering (Fig. 8, A and B).
Major clusters of genes that changed during the course of healing
were identified. The genes from the cluster were subjected to func-
tional analysis using DAVID [Database for Annotation, Visualization
and Integrated Discovery; National Institute of Allergy and Infectious
Diseases, National Institutes of Health (NIH)] and gene ontology. To
study wound-responsive genes that were differentially expressed in
ischemic wounds compared with paired nonischemic wounds at any
given time point, hierarchical clustering and subclustering were per-
formed (Fig. 9 and Supplemental Table S1'). Select, differentially
expressed candidate genes were verified by quantitative real-time
PCR (Fig. 10). Cell-specific sources of genes listed in Supplemental
Table S3 are listed with references in Supplemental Table S2.

Reverse Transcription and Quantitative Real-time PCR

Tissue mRNA was quantified by real-time or quantitative (Q) PCR
assay using the double-stranded DNA binding dye SYBR Green-I as
described previously (45-50). The primer set used for the individual
genes are listed below. 3-Actin was used as a reference housekeeping
gene.

Pig PON3 F: 5'-GGGGCAGGATGCCATCCTAAT-3’, Pig PON3 R:
5'-CAGAGCTGCCCTGAAGCACAG-3', Pig_SOD2 F: 5'-GCAGCTC-
GAGCAGGAATCTGG -3', Pig_SOD2 R: 5'-TTGTTCACGTAGGC-
CGCGT-3', Pig_TIMP1 F: 5'-CAAGCGTTATGAGATCAAGATGACC-
3’, Pig_TIMP1 R: 5'-TCCACAGTTGTCCAGCTATGAGAA-3’,
Pig MCP-1 F: 5'-CAGTAAGAAGATCTCGATGCAGCG-3',Pig MCP-
1 R: 5-TTCTTGTCCAGGTGGCTTATGG-3', Pig IL8 (AMCF1) F:
5'-CCTGCTTTCTGCAGCTCTCTGTGA-3', Pig IL8 (AMCFI) R: 5'-
GTACAACCTTCTGCACCCACTTTT-3', Pig IGF1 F: 5-CACAGGG-
TACGGCTCCAGCA-3', Pig_ IGF1 R: 5'-TTGGGCATGTCCGTGT-
GGC-3'; Human_SOD2 F: 5'-GGTATCTGGGCTCCAGGCAGAA-3',
Human_SOD2 R: 5'-TGGGTTCTCCACCACCGTTA-3', Human_ARGl1
F: 5'-AGTATTGAGAAAGGCTGGTCTGCTT-3’, Human_ARGI R: 5'-
CGTTCTTCTTGACTTCTGCCACCTT-3'.

Human Subjects

Subjects with chronic wounds were recruited from the Ohio State
University Comprehensive Wound Center outpatients’ clinics as de-
scribed (50). Skin samples were obtained from individuals without
any chronic wounds. Protocols were approved by the Ohio State
University’s Institutional Review Board. Wound-edge skin (50) (at
the wound perimeter) or intact skin biopsies (3 mm) were obtained
from individual subjects and immediately frozen in liquid nitrogen
until further analysis.

Statistics

Results are presented as means = SD. Difference between means
was tested by Student’s 7-test or ANOVA as appropriate. A value of
P < 0.05 was considered statistically significant. Microarray data
processing is described above under GeneChip Probe Array Analyses.

! The online version of this article contains supplemental material.
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RESULTS

Survival of skin flaps is known to depend on their dimen-
sion, which in turn determines the graded levels of ischemia
throughout the flap tissue (18, 27, 28). We chose to force skin
ischemia by adopting a full-thickness bipedicle flap approach
as shown in Fig. 1A. The goal was to generate an ischemic
piece of skin tissue that would survive over a period of at least
4—6 wk. First, we focused on optimizing the dimensions of the
flap (20). Initially, we observed that the bipedicle flaps were
very aggressive in recruiting blood supply from the underlying
muscle tissue (not shown). Such response was in conflict with
our intent to maintain ischemia in the raised skin tissue over
weeks. We addressed this by choosing to insert a sterile
silicone sheet between the skin and the muscle. Suturing of the
skin flap incision was performed such that the silicon sheet was
included in the sutured skin edges. This measure helped main-
tain long-term flap ischemia, as intended. Our efforts to iden-
tify the appropriate dimensions of the flap led to the observa-
tion that for bipedicle flaps in pigs, a length/breadth ratio of 3:1
results in long-term ischemia in surviving flaps. We selected 15
cm length and 5 cm breadth as the final dimension because this
helped us place four such flaps on the back of each adult pig
(Fig. 1A). Among a number of noninvasive diagnostic meth-
ods, measurement of the SPP has proven utility for assessing
the severity of ischemia at the wound site. Measurement of
SPP represents an objective approach to assess the severity of
peripheral arterial disease or for predicting wound healing (53,
67). SPP measurements from the above-described bipedicle
flaps and comparison with SPP measured from the adjacent
intact skin demonstrated that the bipedicle flaps had an SPP
consistent with the SPP of chronic nonhealing wounds (Fig. 1,
C and D). The pair-matched SPP recorded in the intact pig skin
tightly matched the values seen in healing wounds (67). Full-
thickness biopsy wounds were placed on the ischemic tissue or
adjacent nonischemic tissue as shown in Fig. 1, A and B.

Further characterization of the state of tissue ischemia was
performed by applying three additional technologies: laser
Doppler imaging, hyperspectral scanning, and tissue oximetry
(Fig. 2). Laser Doppler imaging is an useful technique for
measuring microvascular perfusion in wounds because it in-
volves no contact and produces a color image representing flow
distribution over an area of tissue (29). Close-up images shown
in Fig. 2A demonstrate a clear contrast in blood flow between
the flap and adjacent intact skin. The flaps on both sides are
markedly ischemic compared with the intact skin separating
the two flaps (Fig. 2A). Laser Doppler image of the entire flap
demonstrates lack of blood supply to the flap from the inci-
sional edges and graded ischemia in the flap with the centre
(wound site) being the most ischemic (Fig. 2B). Hyperspectral
scanning technology has recently emerged as being productive
in characterizing tissue ischemia by noninvasively monitoring
tissue oxyhemoglobin and deoxyhemoglobin ratio (30). It has
enabled the detection of early changes in the skin microcircu-
lation in patients (19). The hypoxia component of tissue
ischemia was characterized by hyperspectral scanning (Fig.
2C). Compared with the intact skin, the flaps clearly suffered
from hypoxic challenge as illustrated in Fig. 2C. Quantitative
analyses of the images demonstrated that the tissue oxygen
saturation at the ischemic wound site was one-third of the
values collected from the adjacent intact skin (Fig. 2D). Direct
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measurement of tissue oxygen tension utilizing an oximetry
approach provided consistent results (Fig. 2E). The oxygen
tension at the ischemic wound site closely matched the values
reported from ischemic wounds in patients. Clinically, in
nondiabetics chronic wounds are known to result when the
wound site Po, value is <10 mmHg (2, 12, 22). Consistently,
in our model we noted that the closure of ischemic wounds
with Po, <10 mmHg were significantly impaired (Fig. 3A),
resulting in chronic wounds that did not close in 30 days
(Fig. 3B).

Pair-matched histological characterization of the wound
healing biology resulted in the observation that ischemic
wounds suffered from impaired re-epithelialization (Fig. 4).
Wound-edge tissue, as demarcated by open boxes in Fig. 4A,
were stained for keratin-14, the type I cytokeratin that forms
the cytoskeleton of epithelial cells. While the nonischemic
healing wound showed clear presence of the anticipated hy-
perproliferative epithelium, development of a hyperprolifera-
tive epithelium was severely compromised in the pair-matched
ischemic wounds (Fig. 4, B and C).

The macrophages in the tissue sections were detected using
antibody against leukocyte L1 protein. In porcine tissue, this
antibody has been reported as reliable marker for infiltrating
macrophages (8). The antigen also known as calprotectin, a
myelomonocytic protein, has been also shown to be expressed
by neutrophils (24). Infiltration of macrophages into the wound
site represents a key component of the acute inflammatory
phase of wound healing (46). Macrophage infiltration was
rapid in nonischemic wounds with a peak at 3 days postwound-
ing. The number of macrophages at these wound sites de-
creased on day 7 postwounding (Fig. 5). In contrast, pair-
matched ischemic wounds drew in macrophages very slowly,
resulting in a delayed inflammatory phase (Fig. 5). Such
observation was associated with the finding that ischemic
wounds suffered from impaired vascular development. vVWF is
a large multimeric glycoprotein produced constitutively in the
endothelium. On day 7 postwounding, nonischemic wounds
displayed organized vVWF™ cellular structures indicative of
vascular formation. These structures were much more promi-
nently displayed on day /4 postwounding (Fig. 6). In sharp
contrast, wound tissue from pair-matched ischemic wounds
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showed scattered and disorganized presence of endothelial
cells suggestive of impaired vascular formation (Fig. 6).

The microarray study and data analysis design is illustrated
in Fig. 7 and was modeled on the basis of our previously
published studies (45, 46, 48, 50). A total of 24,124 probe sets
were utilized to comprehensively screen the porcine transcrip-
tome. Pair-matched nonischemic and ischemic wounds were
examined in five different time points (Fig. 7). Subcluster
analyses were performed to identify wound-responsive genes
at any given time point. Next, further data mining was per-
formed to identify the list of wound-responsive genes at any
given time point that were also sensitive to ischemia. Results
illustrated at the bottom of Fig. 7 show that compared with the
transcriptome of the intact skin on day 3, the expression of 930
transcripts changed in response to wounding. Fifty-six of these
930 transcripts (i.e., 6%) were sensitive to ischemia. On day 7,
the number of transcripts whose expression changed in re-
sponse to wounding sharply raised to 1,956, roughly twice the
corresponding number on day 3. Roughly 5% of these wound-
responsive genes were sensitive to ischemia on day 7. On day
14, only 960 wound-responsive transcripts were detected. Of
these, just over 15% of the transcripts were sensitive to ische-
mia. On day 28, the total number of wound-responsive genes
detected was 987. Of these, ~4% of the transcripts were
sensitive to ischemia (Fig. 7). To further mine the data, the
focus was first set on the temporal study of nonischemic
wounds (Fig. 8, Supplemental Table S1). Hierarchical cluster
analyses identified six major clusters of transcripts (Fig. 84,
a—f) that were upregulated. Transcripts belonging to each
cluster are listed in Supplemental Table S1, a—f. All the
transcripts that were downregulated in response to wounding
clustered into one set as shown in Fig. 8B (Supplemental Table
S1g). Next, we sought to analyze the wound-responsive genes
that were sensitive to ischemia (Fig. 9). On days 3, 7, and 14,
wound-responsive ischemia-sensitive transcripts fell into two
clusters for each day. On day 28, wound-responsive ischemia-
sensitive transcripts fell under three different clusters (Fig. 9, g,
h, and 7). A complete list of genes represented by these nine
clusters over four different time points after wounding is
presented in Supplemental Table S3. To test the robustness of
our microarray analyses, select candidate genes identified by

Fig. 3. Impaired wound closure in ischemic wounds. A: closure in nonischemic (®) and paired ischemic () wounds. Data are shown as percentage of the initial
wound area. Data are means = SD (n = 4). *P < 0.05 compared with time zero postwounding. B: images of skin containing nonischemic (/eft) and paired

ischemic (right) wound 31 days after wounding.
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Fig. 4. Impaired re-epithelialization of ischemic wounds. Wound-edge tissues were collected at the indicated time points after wounding. Formalin-fixed
paraffin-embedded wound biopsies were sectioned (5 wm) and stained using the following approaches: A: Masson’s trichrome procedure. This results in
blue-black nuclei and blue collagen and cytoplasm. Epidermal cells appear reddish. Mosaic images showing nonischemic and ischemic wounds on days 3 and
7 after wounding. The mosaic images of whole wounds were collected under X20 magnification guided by MosaiX software (Zeiss) and a motorized stage. Each
mosaic image was generated by combining 12—15 images. Boxed area marks the wound-edge region of the tissue shown in B. HE, hyperproliferative epithelium;
FP, fibrin plug. B: keratin 14 (K14) immunofluorescence staining. K14 (green) is known to specifically stain keratinocytes (basal layer). Marked impairment of
re-epithelialization was noted in ischemic wounds in both days 3 and 7 postwounding compared with corresponding non ischemic wounds. C: quantitation of
re-epithelialization in Mason trichrome stained ischemic and nonischemic wounds on days 3 and 7 postwounding. Re-epithelialization was determined by
measuring the original width of the wound (W) and then measuring the portions of the wound that had re-epithelialized (E). Using the re-epithelialized area as
the numerator and the original width as the denominator and multiplying by 100 gives the percentage of the wound re-epithelialized (E/W) X 100 = percent

re-epithelialization. Data are means = SD (n = 3); *P < 0.05.

the microarray approach were validated by QPCR. Results of
the microarray study were observed to be in tight agreement
with findings from the quantitative assay of single candidate
genes (Fig. 10). Wounding was noted to markedly induce the
expression of arginase-1 (Fig. 9, cluster a; Supplemental Table
S3A), a cytosolic enzyme that catalyzes the fifth and final step
in the urea cycle, converting L-arginine into L-ornithine and
urea. L-arginine is a key substrate for the synthesis of the major
vasoregulatory signaling molecule, nitric oxide (10, 69).
Wound-responsive induction of arginase-1 gene expression
was markedly enhanced in ischemic wounds. Immunohisto-
chemical staining of the wound tissue sections consistently
demonstrated that indeed ischemic wound tissue possesses a
higher abundance of Arg-1 (Fig. 11, A—C). Consistent with
findings in our porcine model of chronic wound, elevated
expression of SOD2 as well as Arg-1 was noted in human
chronic wound tissue (Fig. 11, G and H). Colocalization
studies with porcine tissue recognized endothelial cells at the
wound site as one of cell type expressing Arg-1 (Fig. 12).
SOD2 or mitochondrial SOD is known to be markedly induced

in response to oxidative stress (66). Akin to Arg-1, wounding
induced SOD?2 and such gene expression was markedly higher
in ischemic wounds, perhaps as a survival response of the
challenged tissue. Immunohistochemical assay for SOD2 dem-
onstrated a significantly higher abundance of SOD2 in the
ischemic wound tissue compared with that in pair-matched
nonischemic wound tissue (Fig. 11, D-F). Taken together,
results from the QPCR as well as immunohistochemical studies
effectively validate the microarray analyses performed in this
study.

DISCUSSION

Ischemic wounds are known to be associated with great loss
of both limb and life (43, 55). Thus, clinically presented
ischemic wounds do not readily lend themselves to the study of
biological mechanisms because the collection of tissue biopsies
at multiple time points from the same wound poses ethical
challenges. The need for preclinical models of ischemic
wounds is therefore compelling. Skin flaps represent a proven
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Fig. 5. Dysregulated macrophage infiltration in ischemic wounds. Wound-edge tissues were collected at the indicated time points after wounding. Formalin-fixed
paraffin-embedded biopsy tissues were sectioned (5 wm) and stained using L1 macrophage/calprotectin immunostaining (brown). A: representative images of
ischemic (right) and nonischemic (leff) wounds showing macrophages (brown). The tissue sections were counterstained with hematoxylin (blue). HE,
hyperproliferative epithelium; GT, granulation tissue; WE, wound-edge orientation; B: kinetics of macrophage infiltration in the nonischemic (solid line, #) and
ischemic wounds (dotted line, m). Relative quantification (arbitrary units) of macrophages in the tissue sections obtained 3-28 days postwounding was performed

using an image processing tool kit. Data are means * SD (n = 3). *P < 0.05.

classical approach to induce ischemia (14, 27, 28, 37, 60). In
this study, the flap dimensions were optimized such that the
tissue was ischemic but not necrotic. Such approach enabled
the pair-matched long-term study of a full-thickness wound
placed at the most ischemic site of the skin tissue compared
with a similar wound placed on the adjacent perfused skin of
the same pig. Ischemia is defined by lowered blood supply to
the tissue and therefore compromised microcirculation. Limitations

A

a7 B

di4 &

non-ischemic

ischemic
Fig. 6. Endothelial cell abundance is limited in ischemic wounds. Wound-edge tissues were collected at the indicated time points after wounding. Formalin-fixed
paraffin-embedded biopsy tissues were sectioned (5 pm) and stained using von Willebrand Factor (brown) and counterstained with hematoxylin (blue). Compared
with nonischemic wounds, ischemic wounds showed fewer organized endothelial cell clusters (A). In addition, endothelial cell abundance was poorer in the
ischemic wounds (solid bars) compared with nonischemic (open bars) at both time points studied (B). Data are means = SD (n = 3). *P < 0.05.

in the ability of the vasculature to deliver O,-rich blood to the
wound tissue leads to, among other consequences, hypoxia.
Tissue hypoxia reflects a reduction in oxygen delivery below
tissue demand, whereas ischemia is a lack of perfusion, char-
acterized not only by hypoxia but also by insufficient supply of
other blood-borne products including nutrients (51). In this
study, the ischemic wounds had significantly lower blood flow
as measured by laser Doppler imaging. SPP, a measure of
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Fig. 7. GeneChip data analysis scheme used to identify the kinetics of differentially expressed genes in nonischemic and ischemic wounds. Image acquisition
and processing was performed using GCOS (GeneChip operating software, Affymetrix). GC-RMA was applied for data normalization. ArrayAssist v. 5.1
software was used to identify significant (P < 0.05; false discovery rate corrected) differentially expressed genes in nonischemic wound tissue compared with
skin (0 h). The list of wound-sensitive genes thus obtained was queried for differential expression under ischemic vs. nonischemic conditions. The numbers of
such wound-responsive ischemia-sensitive transcripts are indicated at the bottom together with a percentage value that represents the fraction of the total number
of wound-responsive transcripts that were ischemia-sensitive for the corresponding time point after wounding.

microcirculation and a proposed predictor of wound healing
(53, 67), was significantly compromised in the ischemic
wounds. Consistently, the ischemic wounds were hypoxic. The
extent of hypoxia was comparable to that noted in problematic
ischemic wounds presented clinically (2, 12, 22). The Center
for Medicare and Medicaid Services of the United States
Department of Health and Human Services defines chronic
wounds as nonhealing cutaneous wounds that persist for 30
days or longer and fail to properly complete the healing process
(7). Wound closure in the ischemic pig skin tissue was severely
impaired, resulting in wounds that persisted for 30 days or
longer. The developed model, therefore, provides an opportu-
nity to understand the biology of chronic wounds in a preclin-
ical setting.

Wound closure is the single-most important outcome as
viewed by the United States Food and Drug Administration
(FDA) while evaluating wound related therapeutics. FDA de-
fines complete wound closure as skin re-epithelialization with-
out drainage or dressing requirements confirmed at two con-
secutive study visits 2 wk apart (11). Keratinocyte migration
and proliferation both play a role in covering skin wounds by
the process of re-epithelialization. Defects in this function are
associated with the clinical phenotype of chronic nonhealing
wounds. Ischemia is known to limit re-epithelialization (32, 35,
59). In the current study, ischemic wounds suffered from
impaired re-epithelialization. Ischemic conditions clearly com-
promised the formation of hyperproliferative epithelium. Adult

cutaneous tissue repair is accompanied by a robust recruitment
of inflammatory cells to the wound site (46). Timely recruit-
ment of macrophages is necessary for wound healing (34, 39).
In the nonischemic wounds, macrophage recruitment was
rapid, peaking on day 3 and subsiding on day 7 postwounding.
Such response is consistent with a timely resolution of inflam-
mation. In contrast, macrophage recruitment to the ischemic
wound was significantly delayed. Macrophages and their de-
rivatives support angiogenesis (17). Compared with pair-
matched nonischemic wounds, the angiogenic response in
ischemic wound was clearly blunted. In addition to a lower
abundance of endothelial cells, ischemic wounds had fewer
organized endothelial cell clusters, which are viewed as a
component of the angiogenic response.

Acute response to wounding included differential induction
of a specific set of genes on day 3 in the ischemic wound. This
set of 33 genes whose expression was significantly more
induced than the response in pair-matched nonischemic
wounds was led on a fold-change basis by genes that regulate
macrophage, platelet, and nitric oxide biology. Ischemic
wounds overexpressed genes encoding neutrophil chemotactic
factors. Human alveolar macrophage-derived chemotactic fac-
tor (AMCF) for neutrophils amplify the inflammatory pro-
cesses seen in many acute and chronic diseases (25). CXCL2
or macrophage inflammatory protein 2-alpha (MIP2-a), an-
other chemotactic factor for polymorphonuclear leukocytes,
was also overexpressed in ischemic wounds as was CCR1, the
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Fig. 8. Heat map illustrating cluster of transcripts that were wound-sensitive in nonischemic wounds. All wound-sensitive transcripts were subjected to
hierarchical clustering. A: 6 major clusters (a—f) of transcripts that were upregulated during the temporal course of healing were identified. B: 1 major cluster
of genes that was downregulated during the temporal course of healing was also identified. Annotated (according to Affymetrix and Gene Ontology) members

of these clusters are listed in Supplemental Table S1. N, nonischemic.

receptor for MIP1-a. While neutrophil influx is an early
inflammatory response that is essential for the clearance of
bacteria and cellular debris during cutaneous wounding, neu-
trophil overload at the site of injury is known to adversely
influence wound healing. Accelerated wound closure has been
shown in neutrophil-depleted mice (9). Inhibition of neutrophil
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recruitment improves the survival of experimental skin flaps
(61). Excessive recruitment of neutrophil to ischemic wound
sites is known to take place in other organs (42). In an open
wound site such as in the skin, oxidative killing of pathogenic
microorganisms represents a major role of infiltrating neutro-
phils. Thus, an overload of neutrophils at the ischemic wound

do  d14(N) d14(IS) do  d28(N) d28(IS)

123412341234 123412341234
\ 3

rG

day 28

day 14

Fig. 9. Heat map illustrating cluster of wound-responsive transcripts that were sensitive to ischemia. All wound-sensitive transcripts were subjected to
hierarchical clustering. Nine (a—i) major clusters of transcripts were identified over the 4 different time points studied. Annotated (according to Affymetrix and
Gene Ontology) members of these clusters are listed in Supplemental Table S3. IS, ischemic.
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Fig. 10. Validation of ischemia-sensitive candidate genes derived from microarray analyses. Expression levels of selected genes identified using GeneChip
analyses were independently determined using real-time quantitative (Q) PCR. Simple regression was used to examine the relationship between QPCR and
microarray data. Data obtained from microarray analysis is plotted against QPCR results for each candidate. The regression is derived from the mean of data
obtained from ischemic and nonischemic wounds from all 4 time points. All data represent means = SD (n = 4). IL-8, interleukin-8; IGF-1, insulin-like growth
factor-1; PON3, paraoxonase 3; MCP-1, monocyte chemoattractant protein 1; SOD2, superoxide dismutase 2, mitochondrial; TIMP1, matrix metalloproteinase,

tissue inhibitor 1; ARG-1, arginase-1.

site is likely to cause oxidative stress (21). Tissue oxidative stress is
known to result in the induction of SOD2 or mitochondrial superox-
ide dismutase as a defense response (65). Indeed, SOD2 was more
potently induced in the ischemic wounds.

In the nonischemic wounds, inflammation started subsiding
after 7 days of wounding. While macrophage count at the
nonischemic wound site started to come down, the count of
macrophages in the ischemic wounds was on the rise at this
time point. This contrasting feature between the two wound
types lays the rationale to hypothesize that wound-induced
gene expression would not be the same in the pair-matched
ischemic vs. nonischemic wounds. Indeed, two clusters of
genes with differential expression profiles were identified. One
cluster consisted of genes that were induced in the nonische-
mic, but not in the ischemic. The second cluster represented a
set of genes that were induced in the ischemic but not in the
nonischemic wounds. Based on fold-change, this second set of
genes was most striking. AMCF, CXCL2, CCRI1, and Arg-1
were among the genes that were heavily overexpressed in
ischemic wounds. As discussed above, these genes are likely to
be involved in overrecruitment of neutrophils and depletion of

L-arginine at the wound site, a major substrate for the synthesis
of the signaling gas nitric oxide. Consistent with our observa-
tions in pigs as well as humans, elevated levels of arginase has
been reported in chronic venous ulcer tissues (1).

Two weeks after wounding, when the nonischemic wounds
were nearly completely closed, the ischemic wounds had
closed less than one-quarter of their initial wound size. Fur-
thermore, this was the time point when closure of the ischemic
wounds seemed to stall. Transcriptome analysis of the wound
tissue identified two clusters of differential expressed genes.
The first cluster consisted of genes that were uniquely induced
in the nonischemic wounds. The second cluster was made up of
genes, highly expressed in the prewound skin, which were
being shut down in response to wounding. The nonischemic
wounds expressed a higher abundance of the microtubule-
specific protein tubulin-a. Microtubules represent components
of the cytoskeleton that play a key role in epithelial migration
as well as in wound contraction (3, 38). Overt limitations in
both re-epithelialization as well as in overall closure of the
ischemic wounds lead to the hypothesis that microtubular
assembly and function are limited in cells of the ischemic
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Fig. 11. Immunohistochemical validation of 2 ischemia-sensitive candidate genes Arg-1 and mitochondria superoxide dismutase (SOD2). Wound-edge tissues
were collected on day 3 (SOD2) or day 7 (Arg-1) after wounding. Formalin-fixed paraffin-embedded biopsy tissues were sectioned (5 wm) and immunostained
[diaminobenzidine (DAB) detection with hematoxylin counterstain] with antibodies against either arginase 1 (anti-Arg-1) or SOD2 (anti-SOD?2) after
heat-induced epitope retrieval. The brown coloration indicates positive staining (A and B, D and E). C, F: the area of DAB stain was estimated using Adobe
Photoshop 6.0 employing a color subtractive process. Data are means = SD (n = 3). *P < 0.05. Expression of Arg-1 (G) and SOD2 (H) in human skin and
wound-edge tissue collected from chronic wounds. Quantitative real-time PCR was performed. Data are mean = SD (n = 4). *P < 0.05.

wound. Members of the second cluster of genes included naling pathways, as well as fatty acid oxidation and glucose
adiponectin receptor 2 (ADIPOR2). ADIPOR2 serves as a uptake by adiponectin. PPAR-a helps resolve skin inflamma-
receptor for globular and full-length adiponectin and triggers tion (57), and PPAR-a-deficient mice are known to suffer from
peroxisome proliferator-activated receptor (PPAR)-alpha sig- impaired healing (36). Disruption of ADIPOR abolishes adipo-

co-localization

Fig. 12. Localization of arginase-1 in wound vessels. Wound-edge tissues were collected on day 7 after wounding. OCT-embedded frozen biopsy tissues were
sectioned (10 pwm) and immunostained simultaneously with antibodies against arginase 1 (anti-arg-1, green) and von Willebrand factor (vWF; endothelial cells,
red). A: representative immunostained section of a wound showing blood vessels (red) and Arg-1 staining (green). The scale bar = 50 wm. B: a zoomed image
of VWF-stained (red) blood vessel as shown in A with white arrow. C: expression of Arg-1 (green). D: merged (vWF and Arg-1) image showing colocalization
of Arg-1 in VWF-positive areas. E: to have a better visualization of the colocalization, the section was also imaged in the Z-plane (1 pwm increments). The
Z-images were stacked, and the merged red and green channels were visualized in 3 dimensions using Axiovision Inside4D module (Zeiss).
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nectin binding and actions, resulting in increased tissue triglyc-
eride content, inflammation, and oxidative stress, and thus
leading to insulin resistance and marked glucose intolerance.
ADIPOR2 downregulation is noted in obesity, a condition
known to be associated with impaired healing (68). A func-
tionally related gene in this category was hormone-sensitive
lipase (LIPE). LIPE is responsible for lipolysis of the subcu-
taneous fat (44). LIPE expression was markedly lower in the
ischemic wounds. Activated by catecholamines, LIPE plays a
vital role in the mobilization of free fatty acids from adipose
tissue by controlling the rate of lipolysis of the stored triglyc-
erides. LIPE regulates energy homeostasis by catalyzing the
rate-limiting step in adipose tissue lipolysis. Genes encoding
the bone morphogenetic proteins (BMP) were also downregu-
lated in the ischemic wounds compared with that in the
nonischemic wounds. Developmental studies have long impli-
cated the canonical BMP pathway in hair follicle determination
and differentiation. Loss of BMP signaling is known to deplete
a specific stem cell pool in the skin (31). Genes encoding
several proteins of the metallothionein family were also down-
regulated in the ischemic wounds more than they were in the
corresponding nonischemic wounds. Metallothioneins are a
class of ubiquitously occurring low-molecular-weight cys-
teine- and metal-rich proteins that serves to defend the tissue
against a variety of stressful conditions. In the skin, metallo-
thioneins are known to play a central role in wound re-
epithelialization (26).

Four weeks after wounding, the nonischemic wounds were
closed, but the ischemic wounds remained less than half
closed. Thus, while postclosure remodeling was in progress in
the nonischemic wounds, the ischemic wounds were still at-
tempting to re-establish barrier function. This contrast was
evident in the transcriptome of tissues taken from the nonische-
mic and ischemic wounds. The largest cluster of genes that was
differentially expressed in this time point was represented by a
set of genes that were expressed at a low level on the intact
skin. This cluster of genes was heavily overexpressed in the
open ischemic wound tissue, while the expression was much
lower in the closed nonischemic wounds. Chronic inflamma-
tion is commonly associated with ischemic wounds. Overex-
pression of CCR1 in ischemic wounds is likely to be respon-
sible for chronic inflammation (16). Indeed, the abundance of
gp91phox as well as transforming growth factor-B1 in the
ischemic wounds is consistent with chronic inflammation.
During tooth morphogenesis, epithelial cells differentiate into
enamel-secreting ameloblasts. The matrix protein ameloblastin
is expressed by differentiating ameloblasts (15). Interestingly,
the ischemic wound tissue expressed high levels of aminoblas-
tin. This observation leads to the question whether derailed
epithelialization of the ischemic wounds is followed by differ-
entiation of epithelial cells to ameloblasts.

In summary, the current work reports the development and
characterization of the first preclinical model of ischemic
cutaneous wounds. Proven advantages of the porcine approach
to model human cutaneous wounds, a simple surgical ap-
proach, and direct functional characterization of the blood flow
and tissue oxygenation represent the fundamental strengths of
the preclinical model reported herein. Results from the system-
atic temporal screening of the transcriptome of nonischemic
and pair-matched ischemic wounds provide objective rationale

PRECLINICAL MODEL OF CHRONIC ISCHEMIC WOUND

toward novel hypotheses that should help elucidate the biology
of ischemic cutaneous wounds comprehensively.
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