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Blockade of Receptor for Advanced Glycation End-
Products Restores Effective Wound Healing in

Diabetic Mice
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Receptor for advanced glycation end-products (RAGE),
and two of its ligands, AGE and EN-RAGEs (members of
the S100/calgranulin family of pro-inflammatory cyto-
kines), display enhanced expression in slowly resolv-
ing full-thickness excisional wounds developed in ge-
netically diabetic db+/db+ mice. We tested the concept
that blockade of RAGE, using soluble(s) RAGE, the ex-
tracellular ligand-binding domain of the receptor,
would enhance wound closure in these animals. Admin-
istration of sRAGE accelerated the development of ap-
propriately limited inflammatory cell infiltration and
activation in wound foci. In parallel with accelerated
wound closure at later times, blockade of RAGE sup-
pressed levels of cytokines; tumor necrosis factor-o;
interleukin-6; and matrix metalloproteinases-2, -3, and
-9. In addition, generation of thick, well-vascularized
granulation tissue was enhanced, in parallel with in-
creased levels of platelet-derived growth factor-B and
vascular endothelial growth factor. These findings iden-
tify a central role for RAGE in disordered wound healing
associated with diabetes, and suggest that blockade of
this receptor might represent a targeted strategy to re-
store effective wound repair in this disorder. (Am J
Pathol 2001, 159:513-525)

Diabetes is associated with impaired wound healing. A
number of factors have been implicated in the predispo-
sition to nonhealing, slowly resolving, wounds observed
in this disorder, such as peripheral neuropathy; altered
red blood cell rheology, at least in part because of gly-
cation of cell membrane components; glycosylation of
hemoglobin and subsequent altered tissue delivery of
oxygen; impaired innate host response and immune
mechanisms; and peripheral microvascular disease. Irre-
spective of the specific etiological factor, however, it is
established that effective reparative responses are im-

paired in diabetes leading to the development of chronic,
nonhealing wounds." 3

The phases of wound healing, consisting of inflamma-
tion, proliferation, and maturation/remodeling, represent
a dynamic series of events that result in transformation of
an open wound, into newly formed, well-vascularized
granulation tissue with overlying skin enriched in collagen
and other structural elements of the extracellular ma-
trix.*® In diabetes, however, abundant evidence exists
that the phases of wound healing are disordered. In
homeostasis, an early inflammatory phase augurs egress
of neutrophils and mononuclear phagocytes from the
intravascular space. These inflammatory effector cells,
once released into the wounded tissue, engulf invading
bacteria and promote removal of necrotic foci. In diabe-
tes, however, decreased chemotaxis of inflammatory
cells into the wound, compounded by decreased phago-
cytosis and intracellular killing, leads to diminished avail-
ability of factors critical for effective wound repair.26-8

These observations, together with those suggesting
that diabetic wound healing is associated with dimin-
ished formation of granulation tissue and collagen, led to
the premise that impaired wound healing resulted from
inadequate levels of inflammatory cell-derived growth
factors, such as platelet-derived growth factor (PDGF)
and basic fibroblast growth factor.®'®* A view has
emerged, however, that although influx of inflammatory
cells into wounded tissue is inadequate in the initial pe-
riod after wounding, once established, potent inflamma-
tory forces unique to the diabetic environment arise that
sustain the generation of pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-«, and the produc-
tion of tissue destructive matrix metalloproteinases
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(MMPs), thereby sharply limiting effective wound clo-
sure. ™7

It was in this context that we speculated a role for
receptor for advanced glycation end-products (RAGE) in
the pathogenesis of impaired wound healing in diabetes.
RAGE, a multiligand member of the immunoglobulin su-
perfamily of cell surface molecules,'®'® displays en-
hanced expression in diabetic tissues, such as blood
vessels, atherosclerotic lesions, infected periodontal tis-
sue, and glomeruli.?°=2® Two of the classes of RAGE’s
ligands, advanced glycation end-products (AGEs), in
particular, carboxy(methyl) lysine (CML) adducts of pro-
teins/lipids, and EN-RAGEs, members of the S100/cal-
granulin family of pro-inflammatory cytokines, modulate
pro-inflammatory responses in a receptor-dependent
manner.'®2425 Specifically, on endothelial cells, ligand-
RAGE interaction results in induction of the procoagulant
initiator tissue factor; enhanced monolayer permeability;
and expression of adhesion molecules, such as VCAM-1,
and cytokines, such as interleukin (IL)-6.2*72® On mono-
nuclear phagocytes (MPs), ligation of RAGE by AGEs or
EN-RAGEs modulates chemotaxis and haptotaxis of
these RAGE-bearing cells, and increases generation of
cytokines, such as TNF-a, IL-6, and IL-1.24252930 |n
addition, engagement of RAGE on fibroblasts results in
diminished generation of collagen.®’

Taken together, these considerations led us to hypoth-
esize that the inevitable accumulation of AGEs within
diabetic skin®*3* provides a means, via RAGE, to tran-
siently trap MPs and other inflammatory cells, thereby
delaying their entry into wound foci. Once these cells
gain access to the wound, however, we hypothesize that
RAGE-bearing inflammatory cells, endothelia, and fibro-
blasts engage AGEs and EN-RAGES, thereby setting in
motion a cascade of events eventuating in sustained
influx, activation, and delayed egress of inflammatory
effector cells from the wound. We speculate that en-
hanced interaction of RAGE with its pro-inflammatory
ligands within the diabetic milieu provides a mechanism
for sustained generation of cytokines and tissue-degra-
dative MMPs, and diminished accumulation of collagen.
In the present study, we tested the concept that blockade
of RAGE in a model of impaired wound healing in genet-
ically diabetic, do+/db+ mice might limit exaggerated
pro-inflammatory responses, thereby abetting effective
repair and wound closure.

Materials and Methods

Animals and Creation of Wounds

Genetically diabetic, male C57BLKS/J-m+/+Lepr®™ mice
(stock number 000642; Jackson Laboratories, Bar Har-
bor, ME) were used. Animals were maintained in a con-
ventional animal facility with a 12-hour light/dark cycle.
Water and standard rodent laboratory chow were pro-
vided ad libitum. At the age of 10 weeks, mice were
placed in individual cages and subjected to wounding.
After induction of deep anesthesia by intraperitoneal in-
jection of ketamine (100 mg/kg; Fort Dodge, Fort Dodge,

IA) and xylazine (10 mg/kg; Bayer Corporation, Shawnee
Mission, KS), the hair on the surface of the mouse’s back
was shaved and the skin was washed with povidone-
iodine solution and alcohol. A sterilized template (1.5
cm X 1.5 cm) was placed on the midback and a full-
thickness excisional wound was created by removal of
the skin and panniculus carnosus. Tincture of benzoin
compound (Professional Disposables, Orangeburg, NJ)
was applied outside the perimeter of the wound. A semi-
permeable transparent dressing (Tegaderm; 3M Health
Care, St. Paul, MN) was placed over the wound and
sealed at the edges by benzoin. On completion of the
surgical procedure, animals were injected with 1 ml of
NaCl (0.9%) by intraperitoneal route. Beginning on day 3
after wounding through day 10, diabetic mice were
treated with murine soluble (s) RAGE. Murine sSRAGE was
prepared, purified, characterized, and rendered devoid
of detectable endotoxin as previously described.?° Con-
trol animals received equal amounts of vehicle, murine
serum albumin (MSA) (Sigma, St. Louis, MO). Murine
sRAGE or MSA was applied in sterile, endotoxin-free,
phosphate-buffered saline (PBS), directly under the Te-
gaderm dressing; total volume, 0.1 ml/dose. In other
experiments, sSRAGE or MSA was administered by intra-
peritoneal route (50 ug/day) beginning on day 3 through
10 after wounding. After induction of deep anesthesia,
blood was withdrawn from the inferior vena cava on the
day of sacrifice. Levels of glycosylated hemoglobin from
red blood cell lysates were determined using a kit from
EG&G, Wallac, Inc. (Akron, OH). All procedures were
conducted in accordance with the policies of the Institu-
tional Animal Care and Use Committee of Columbia Uni-
versity.

Serial Analysis of Wound Closure

On the indicated days of, and, after wounding, the edge
of the wound was traced onto a glass microscope slide.
A tracing was made immediately after creation of each
wound to serve as the reference point for the original
area. Wound area was determined by planimetry using
NIH Image 1.60 software, and reported as percent
closed as calculated by the following formula: percent
closure = {(area on day O — open area)/area on day 0} X
100. Wounds were considered closed if moist granulation
tissue was no longer apparent, and the wound appeared
covered with new epithelium. In all cases, to exclude
pathological bacterial contamination, immediately before
sacrifice, wound fluid was plated onto MacConkey Il
(gram-negative bacteria) and mannitol salt (gram-posi-
tive bacteria) agar plates (Becton-Dickinson and Co.,
Cockeysville, MD). Animals were excluded from study if
any bacterial growth on these plates was observed. In
our experiments, <5% of the animals were excluded from
analysis because of bacterial contamination of the
wound.

Tissue Collection and Preparation

At the time of sacrifice, immediately after final tracing of
the wound edges, the entire wound, including a margin of



~5 mm of unwounded skin, was excised down to the
fascia. Tissue was immediately frozen and stored at
—80°C. In other cases, tissue was placed in buffered
paraformaldehyde (4%) for fixation.

Preparation of Lysates for Immunoblotting and
Zymography

Lysates were prepared from wound tissue by homogeni-
zation in Tris-buffered saline (Tris, 0.02 mol/L, pH 7.4,
and NaCl, 0.150 mol/L) containing complete protease
inhibitors (Boehringer Mannheim, Indianapolis, IN) using
a homogenizer from Brinkmann (Westbury, NY). Lysates
of wound tissue for gelatin zymography were prepared
by homogenization in buffer containing Tris, 0.05 mol/L,
pH 7.4; NaCl, 0.075 mol/L; and phenylmethylsulfonyl flu-
oride, 1 mmol/L. Protein concentrations were measured
using an assay from Bio-Rad (Hercules, CA).

Immunoblotting

Protein extracts were prepared as described above and
subjected to sodium dodecyl! sulfate-polyacrylamide gel
electrophoresis (Novex/Invitrogen, Carlsbad, CA). Equal
amounts of protein were placed in each lane. After elec-
trophoresis, contents of the gels were transferred to ni-
trocellulose membranes (Novex/Invitrogen). Nonspecific
binding sites on the membranes were blocked by incu-
bation with nonfat dry milk (5%) in Tris-buffered saline
containing Tween 20 (0.1%) (blocking buffer) for 3 hours
at room temperature. Primary antibody was incubated
with each membrane for 16 hours at 4°C in blocking
buffer. After incubation, membranes were washed in Tris-
buffered saline containing Tween 20 (0.1%), followed by
incubation with the appropriate peroxidase-labeled sec-
ondary antibody (diluted in blocking buffer) for 1 hour at
room temperature. Membranes were washed in washing
buffer and sites of antibody binding were identified using
a chemiluminescence detection system (ECL; Amersham
Pharmacia, Piscataway, NJ). Molecular weights (approx-
imate) of the bands were identified by simultaneous elec-
trophoresis of rainbow molecular markers (Amersham
Pharmacia). Antibodies for immunoblotting included:
goat anti-mouse IL-6 1gG (1 ng/ml; R&D Systems, Inc.,
Minneapolis, MN); goat anti-mouse TNF-a IgG (2 wg/ml;
R&D Systems, Inc); rabbit anti-mouse PDGF-B IgG (0.4
wng/ml; Santa Cruz Biotechnology, Santa Cruz, CA); goat
anti-mouse vascular endothelial growth factor (VEGF)
IgG (2 ng/ml; R&D Systems, Inc.); rabbit anti-mouse
RAGE, prepared and characterized as previously de-
scribed®® (2 pg/ml); mouse anti-human MMP-3 IgG (re-
acts with murine MMP-3) (0.1 pg/ml; Oncogene Re-
search Products, Cambridge, MA); mouse anti-human
MMP-9 1gG (reacts with murine MMP-9) (0.1 pg/ml; On-
cogene Research Products); and rabbit anti-S100 IgG
(2.5 pg/ml; Sigma). Bands were scanned into a laser
densitometer and quantification was performed using Im-
ageQuant software (Molecular Dynamics, Foster City,
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CA). Pixel units obtained from blots in MSA-treated mice
were arbitrarily assigned a value of 1.0. Values for bands
obtained from sRAGE-treated wound lysates were re-
ported relative to the values obtained for MSA treatment.

Gelatin Zymography

Wound extracts were mixed with sodium dodecyl sulfate
sample buffer (Novex/Invitrogen) and electrophoresed
without boiling under nondenaturing conditions and
placed onto gelatin-laden gels (Novex/Invitrogen). After
electrophoresis, gels were incubated in renaturing buffer
for 30 minutes with gentle agitation at room temperature,
and then equilibrated in developing buffer for 30 minutes.
Following these procedures gels were incubated in fresh
developing buffer for 16 hours with gentle agitation at
37°C. Gels were stained with GELCODE Blue Stain re-
agent (Pierce, Rockford, IL). Areas of gelatinase activity
on the gels were evident as clear bands against a dark
blue background. Bands were scanned into a laser den-
sitometer and quantification and reporting of results was
performed as above.

Histology and Immunohistochemistry

Wound tissue was fixed in buffered paraformaldehyde
(4%) for 16 hours, followed by paraffin-embedding and
generation of sections (5 wm thick). Certain sections were
stained with hematoxylin and eosin (H&E) or Direct Red
80 mixed with picric acid (Sigma) to yield Picrosirius red
stain for collagen. In other cases, immunohistochemistry
was performed using the following antibodies: goat anti-
mouse 1gG as above (1 png/ml); goat anti-mouse TNF-«
IgG (10 ug/ml; Santa Cruz Biotechnology); rabbit anti-
mouse RAGE IgG (2 ug/ml); rabbit anti-EN-RAGE 19G,
prepared and characterized as previously described®* (2
wpg/ml); affinity-purified anti-CML 1gG, prepared and
characterized as previously described®® (0.37 ug/ml);
and rat anti-mouse Mac-3 IgG (5 wg/ml; PharMingen,
Franklin Lakes, NJ). In all cases, respective controls with
the indicated species of nonimmune 1gG were used. No
specific immunostaining with control IgG was observed
(not shown). Quantification of immunohistochemistry was
performed as follows: multiple sections (at least four ar-
eas per slide, and at least 10 slides per condition) (n = 3
mice/condition) were selected by a blinded observer and
imaged using a Zeiss microscope and an attached Sony
video camera. For quantification of immunohistochemis-
try on day 10, sites for study were chosen at the edge of
the wound, at the margin between normal and wounded
skin. For quantification of immunohistochemistry on days
21 and 35, sites for study were selected at the center of
the granulation tissue. For quantification of collagen con-
tent using Picrosirius red staining, sites were selected
just below the epithelium to encompass the granulation
tissue/healing wound observed on each slide. Images
were analyzed by staining intensity on a Macintosh com-
puter using the NIH Image program (version 1.62) by a
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Figure 1. Administration of soluble RAGE accelerates wound healing in db+/db+ mice. Full-thickness excisional wounds (1.5 X 1.5 cm) were created on the
backs of male genetically diabetic db+/db+ mice, age 10 weeks. On days 3 to 10 after wounding, murine sRAGE or serum albumin (MSA) was administered
topically (a—h) or systemically (intraperitoneal) (i). Wound edges were traced onto glass microscope slides and image analysis performed to determine wound
closure (%). Percent wound closure is reported as the mean * SE. a—g: Time course. On days 3 through 10 after wounding, mice were treated with either MSA
or sSRAGE (25 pg). The following numbers of mice were used: day 7: MSA, 14; sSRAGE, 17; day 10: MSA, 20; sRAGE, 17; day 14: MSA, 10; sRAGE, 17; day 21: MSA,
10: SRAGE 17; and day 35: MSA, 5; sSRAGE, 4 mice. Scale bar, 1.2 cm (b—g). h: Dose response. Mice were treated with the indicated dose of SRAGE or MSA. Wounds
were assessed on days 10, 14, and 21 for closure (%). The following numbers of mice were used: day 10: MSA, 20; SRAGE (2.5 pg), 12; sSRAGE (10 ug), 8; sSRAGE
(25 pg), 17 mice; day 14: MSA, 10; sRAGE (2.5 pg), 10; SRAGE (10 ng), 10; sSRAGE (25 ug), 17 mice; and day 21: MSA, 10; sSRAGE (2.5 pg), 8; sSRAGE (10 ug),
6; SRAGE (25 ug), 17 mice. i: Systemic administration of SRAGE. On days 3 to 10 after wounding, sRAGE or MSA (50 ug) was administered daily to db+/db+
mice intraperitoneally. Percent wound closure was recorded on the indicated days. The following numbers of mice were used: MSA, 7 = 4 mice; and sRAGE, n =
7 mice. a and iz *, P < 0.05; and **, indicates P < 0.01.

blinded observer. Specifically, on each section. a density but with few fibroblasts, capillaries or collagen deposition

range was set to reflect the areas stained positively with
chromogen. In the case of Picrosirius red stain, bright
red-staining areas were highlighted. In all cases, the
number of pixels in the positive-staining sections was
then divided by the total number of pixels in each field.
The mean = SE is shown for each experimental point.

Histological Score

Histological scores were determined according to previ-
ously published methods™ by one of the investigators
blinded to the experimental conditions by assessment of
H&E-stained sections: 1-3, none to minimal cell accumu-
lation and granulation tissue or epithelial travel; 4-6, thin,
immature granulation dominated by inflammatory cells

and minimal epithelial migration; 7-9, moderately thick
granulation tissue, ranging from being dominated by in-
flammatory cells to more fibroblasts and collagen depo-
sition. This score includes extensive neovascularization;
epithelium can range from minimal to moderate migra-
tion; and 10-12, thick, vascular granulation tissue domi-
nated by fibroblasts and extensive collagen deposition.
Epithelium may partially to completely cover the wound.

Statistical Analysis

Data are reported as mean = SE. Data were analyzed by
analysis of variance. Where indicated, data were sub-
jected to post hoc comparisons using a two-tailed t-test.
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Figure 2. a—h: Administration of soluble RAGE accelerates formation of granulation tissue, re-epithelialization, and neovascularization in db+/db+ mice. Sections
from wounds of db+/db+ mice treated with either SRAGE or MSA were stained with H&E and photomicrographs were prepared. On days 10 and 14, wound
margins are shown, and on days 21 and 35, wound midsections are illustrated. Scale bar, 60 wm. i: Histological score. H&E sections from MSA- and sRAGE-treated
wounds were assessed for histological score, defined as: 1-3, none to minimal cell accumulation and granulation tissue or epithelial travel; 4—6, thin, immature
granulation dominated by inflammatory cells but with few fibroblasts, capillaries, or collagen deposition and minimal epithelial to 7-9, moderately thick
granulation tissue, ranging from being dominated by inflammatory cells to more fibroblasts and collagen deposition. This score includes extensive neovascu-
larization; epithelium can range from minimal to moderate migration; and to 10-12, thick, vascular granulation tissue dominated by fibroblasts and extensive
collagen deposition. Epithelium may partially to completely cover the wound. On days 10, 14, 21, and 35, n = 3 sSRAGE-treated mice per group. The following
numbers of MSA-treated mice were used: day 10, 5; day 14, 6; day 21, 4; and day 35, 3.

Results

Effect of SRAGE on Wound Closure in Diabetic
Mice

To test the role of RAGE in diabetic wound healing, we
used the genetically diabetic db+/db+ mouse, a well-
established model of insulin resistance, hyperglycemia
and impaired wound healing.'®3%36 Wound healing in
these mice, primarily characterized by granulation tissue
formation and re-epithelialization (~60%), differs from
that observed in nondiabetic heterozygous control (m+/
db+) mice, in which wound closure ensues mostly be-
cause of contraction (=90%).'? To examine comparable
molecular mechanisms of wound closure in the context of
RAGE and its ligands, we limited our studies to db+/db+
mice. RAGE blockade in diabetic mice was achieved by
administration of purified murine sSRAGE, the extracellular
ligand-binding domain of RAGE that binds up ligands
such as AGEs and EN-RAGEs, thereby limiting engage-
ment of cell surface receptor?®-2"2427:37 - Control mice
received vehicle (MSA). Murine sRAGE or MSA, 25 g
per day, was administered topically underneath the Te-

gaderm dressing from days 3 through 10 after wound
creation.

Full-thickness excisional wounds were created on the
backs of diabetic mice using a sterile template, 1.5 X 1.5
cm. Wound closure (percent) was assessed serially in
mice treated with sSRAGE or MSA. Beginning on day 7
after wounding, administration of SRAGE, 25 ug per day,
accelerated processes leading to wound closure. Mice
treated with sSRAGE displayed 23.4 + 1.5% closure com-
pared with 18.5 * 1.9% closure in MSA-treated animals
(P = 0.02; Figure 1a). On day 10, compared to mice
treated with MSA, animals treated with sSRAGE displayed
accelerated wound closure (19.2 = 1.8% versus 35.5 =+
2.1%; P = 0.01) (Figure 1a). Similarly, on days 14, 21,
and 35 after wounding, wound closure in sSRAGE-treated
mice (47.9 = 3.6%,; 66.1 = 3.9%; and 99.1 + 0.3%,
respectively) was significantly improved compared with
mice treated with MSA (34.8 = 1.9%; 48.7 + 2.6%; and
75.2 = 5.9%, respectively) (Figure 1a). On days 21 and
35 after wounding, inspection of the wounds created in
mice treated with MSA revealed thin, sparse granulation
tissue; on day 35, wounds were not closed (Figure 1, d
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and f, respectively). In contrast, however, wounds in mice
treated with sRAGE displayed thicker granulation tissue
on days 21 and 35. By day 35, wounds were primarily
healed (Figure 1, e and Q).

The effects of topically applied sRAGE were dose-
dependent. No significant improvement in wound closure
was observed in diabetic mice treated with sRAGE, 2.5
wg per day, compared with mice receiving MSA at any
time point after wounding, (Figure 1h). In contrast, mice
receiving sRAGE, 10 or 25 ug per day, displayed signif-
icantly improved wound healing compared with mice
treated with MSA on days 10, 14, and 21 (Figure 1h). The
effects of sSRAGE were not because of restoration of
normoglycemia. At sacrifice, the mean level of glycosy-
lated hemoglobin in mice treated with sRAGE, 8.1 *
1.0%, did not differ from that observed in diabetic mice
treated with MSA, 7.7 = 0.5%. In contrast, levels of gly-
cosylated hemoglobin in nondiabetic m+/db+ mice (n =
6) were 3.4 + 0.2% (P < 0.00001 versus sRAGE/MSA-
treated db+/db+ mice).

Importantly, systemic administration of SRAGE, 50 ug
per day, by the intraperitoneal route, improved wound
healing in a time-dependent manner, comparable to that
achieved with topically applied soluble receptor (Figure
1i). By day 21 after wounding, sRAGE-treated db+/db+
mice displayed 65.7 = 5.3% wound closure compared
with 44.8 = 5.0% closure observed in MSA-treated ani-
mals (P = 0.01). This observation suggests that conse-
quent to systemic administration, SRAGE in the circula-
tion rapidly gains access to the wound, as would be
expected for a site of dramatically increased vascular
permeability. In addition, we hypothesize that sSRAGE in
the bloodstream functions as a decoy preventing patho-
logical activation of circulating cells, such as monocytes,
that are likely to impact on reparative mechanisms oper-
ative in the wound.

Influx of Inflammatory Cells and Formation of
Granulation Tissue in db+/db+ Mice: Effect of
SRAGE

These observations led us to dissect the molecular mech-
anisms by which blockade of RAGE accelerated wound
closure in diabetic mice. Analysis of H&E sections scored
based on extent of inflammatory cell infiltration, neovas-
cularization, collagen deposition, and re-epithelializa-
tion'? provided important clues to the mechanisms un-
derlying the effects of sSRAGE. On day 10, wounds
retrieved from mice treated topically with MSA displayed
minimal influx of inflammatory cells at the margin between
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unwounded and wounded skin (Figure 2iia). In contrast,
in mice treated locally with sSRAGE, an extensive inflam-
matory cell infiltrate was noted at the wound margin on
day 10 (Figure 2b). Mean histological scores on day 10 in
wounds retrieved from MSA- versus sRAGE-treated mice
indicated that sSRAGE accelerated inflammatory and re-
parative responses within the diabetic wound (2.4 + 0.3
versus 6.7 = 0.4, respectively; P = 0.00004) (Figure 2i).
On days 14 and 21, wounds retrieved from sRAGE-
treated mice displayed extensive numbers of inflamma-
tory cells, epithelial travel, and formation of new blood
vessels (Figure 2, d and f). In contrast, wounds retrieved
from MSA-treated mice continued to display fewer num-
bers of inflammatory cells and thin granulation tissue at
these time points (Figure 2, ¢ and e). On day 14, histo-
logical scores in wounds retrieved from mice receiving
sRAGE or MSA were 7.7 = 0.4 and 4.3 = 0.4, respec-
tively; P = 0.0004 (Figure 2i). On day 21, quantitative
analysis revealed significantly diminished scores in mice
treated with MSA versus sRAGE, 4.7 = 0.3 versus 9.7 =
0.4, respectively; P = 0.00007 (Figure 2i). By day 35,
wounds retrieved from mice treated with MSA began to
demonstrate increased numbers of inflammatory cells,
along with new blood vessel formation and collagen dep-
osition at the midsection. Re-epithelialization, although
underway, was not nearly complete in these mice (Figure
2g). In contrast, on day 35, midsections of sRAGE-
treated wounds displayed diminished numbers of inflam-
matory cells, extensive re-epithelialization, neovascular-
ization, and collagen deposition (Figure 2h). Consistent
with these observations, histological scores remained de-
creased in MSA- versus sRAGE-treated mice on day 35
(8.3 = 0.4 versus 11.0 = 0.0, respectively; P = 0.001)
(Figure 2i). These findings supported the hypothesis that
blockade of RAGE restored effective wound healing mech-
anisms by forging an appropriately limited period of inflam-
mation, followed by effective proliferation and repair.

Expression of RAGE and Its Ligands in Wounds
of db+/db+ Mice

Consistent with a role for RAGE in diabetic wound repair,
immunohistochemistry using anti-RAGE IgG revealed
fewer numbers of RAGE-bearing inflammatory cells at the
wound margins on day 10 in mice treated with MSA
versus sRAGE (Figure 3, a and b). In MSA-treated
wounds, a very thin area of granulation tissue was
formed. However, in sRAGE-treated wounds, an exten-
sive layer of granulation was in place bearing increased
numbers of RAGE-expressing cells (~1.5-fold greater

Figure 3. Expression of RAGE, EN-RAGEs, Mac-3, and CML epitopes in wound tissue. a—i: RAGE expression. On the indicated day after wounding, wounds from
MSA- and sRAGE-treated mice (topical administration) were retrieved and immunohistochemistry performed with anti-RAGE IgG. In a and b, wound margins are
shown; and in d, e, g, and h, midsections are illustrated. Representative sections from at least three mice per group are shown. Quantification was performed and
is reported in ¢, f, and i. j-s: EN-RAGE expression. j: Immunoblotting was performed on lysates retrieved from MSA- and sRAGE-treated wounds. Representative
bands from three mice per group are shown. k—s: Imnmunochemistry. On the indicated days, MSA- and sSRAGE-treated wounds were retrieved and immunostaining
performed with anti-EN-RAGE IgG. In k and 1, wound margins are shown and in n, o, q, and r, midsections are illustrated. Representative sections from at least
three mice per group are shown. Quantification was performed and is reported in m, p, and s. t=bb: Mac-3 epitopes. ml-hh: CML-epitopes. On the indicated
days, MSA- and sRAGE-treated wounds were retrieved and immunostaining performed with anti-Mac 3 IgG or affinity-purified anti-CML IgG. In t and u, wound
margins are shown; and in w, X, z, aa, ml, dd, ff, gg midsections are illustrated. Representative sections from at least three mice per group are shown.
Quantification was performed and is reported in v, y, bb, ee, and hh. Scale bars: 100 um (a, b, k, L, t, and w); 30 um (d, e, g, h, n, 0, q, r, W, X, Z, aa, ml, dd,

ff, and gg).
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Figure 4. Expression of TNF-a and IL-6 in wound tissue. a and k: Immunoblotting was performed on lysates retrieved MSA- and sRAGE-treated wounds using
anti-TNF-a IgG (a) or anti-IL-6 IgG (k). Representative bands from at least three mice per group are shown. b—j and I-t: Immunohistochemistry. On the indicated
days, MSA- and sSRAGE-treated wounds were retrieved and immunostaining performed using anti-TNF-a IgG (b—j) or anti-IL-6 IgG (I=t). In b, ¢, 1, and m wound
margins are shown; and in e, f, h, i, o, p, r, and s, midsections are illustrated. Quantification was performed and is reported in d, g, j, n, q, and t. Representative
sections from at least three mice per group are shown. Scale bars: 100 um (b, ¢, 1, and m); 30 um (e, f, h, i, o, p, r, and s).

than in MSA-treated wounds by quantitative immunohis-
tochemistry; P = 0.01) (Figure 3c). On day 21 after
wounding, in parallel with increased wound closure and
histological evidence of repair, levels of RAGE antigen
were significantly decreased in sRAGE-treated wounds
compared with those receiving MSA (Figure 3, e and d,
and Figure 3f; P = 0.00001). By day 35, consistent with
ongoing cellular activation and lack of effective closure in
MSA-treated wounds, numbers of RAGE-expressing cells
were increased ~3.3-fold in the presence of MSA at the
midsection, compared with those treated with sRAGE
(Figure 3, g and h, and Figure 3i; P = 0.00001). Because
multiple studies have suggested that expression of RAGE
is enhanced at sites of ligand deposition, we assessed
levels of EN-RAGEs. EN-RAGEs, members of the family
of S100/calgranulin pro-inflammatory cytokines, are ex-
pressed in a range of cell types, especially inflammatory
cells, such as MPs, neutrophils, and lymphocytes.?*
Wound margins from sRAGE-treated mice on day 10
displayed increased EN-RAGE antigen by immunoblot-
ting compared with mice treated with MSA (Figure 3j). As
MPs are a principal cell type within the wound that pro-
mote the inflammatory response, we assessed levels of
this key effector cell in the wound tissue. Consistent with

the concept that blockade of RAGE accelerated the inflam-
matory response within the wound, increased numbers of
MPs (=~1.6-fold), as assessed by Mac-3 antigen, were ob-
served in margins of sRAGE-treated wounds on day 10
compared with MSA (Figure 3, u and t, and Figure 3v; P =
0.0007). By day 21, consistent with enhanced inflammation
in vehicle-treated wounds, and decreased cellular activa-
tion in the resolving sRAGE-treated wounds, levels of EN-
RAGE antigen by immunoblotting were increased in MSA-
treated wounds compared with those wounds to which
sRAGE had been applied (Figure 3j).

Immunohistochemical analysis revealed an ~1.6-fold
increase in EN-RAGE epitopes on day 21 in MSA- versus
sRAGE-treated wounds (Figure 3, n and o, and Figure 3p;
P = 0.00001). By day 35 after wounding, levels of EN-
RAGE antigen by immunoblotting, were increased ~1.3-
fold in mice treated with MSA versus sRAGE (Figure 3j).
Immunohistochemical studies confirmed these observa-
tions. On day 35, wounds from MSA-treated mice dis-
played an ~1.9- and 2.5-fold increase in EN-RAGE and
Mac-3 antigens in wound midsections (Figure 3, g and s,
and z and bb, respectively), compared with sRAGE-
treated wounds (Figure 3, r and s, and aa and bb, re-
spectively).
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As studies have indicated that levels of AGE epitopes
are increased in diabetic skin,®>34 and that administra-
tion of sSRAGE effects reduced levels of AGE epitopes in
vivo in murine models,?® we assessed levels of AGE/CML
epitopes in wound tissue of db+/db+ mice by immuno-
histochemistry using affinity-purified anti-CML IgG.?> On
day 21 after wound creation, levels of CML epitopes in
sRAGE-treated wounds were reduced =~1.4-fold com-
pared with wounds receiving MSA (Figure 3, dd and cc,
and Figure 3ee; P = 0.05). By day 35, levels of CML
epitopes were ~2.5-fold greater in MSA-treated wounds,
within the granulation tissue, blood vessels, and cellular
elements at the wound midsection, compared with
wounds treated with sRAGE (Figure 3, ff and gg, and
Figure 3hh; P = 0.002). In sRAGE-treated wounds, newly
formed epithelium, cellular elements, blood vessel struc-
tures, and collagenous deposits were primarily free of
CML epitopes (Figure 3gg).

Expression of Cytokines and MMPs in Wound
Tissues: Effect of SRAGE

Taken together, these observations suggested that al-
though influx of inflammatory cells into vehicle-treated
diabetic wounds was delayed, once in place, sustained
cellular activation followed, leading to failure of remodel-
ing and wound closure by day 35. Indeed, by day 21 after
wounding, the tide appearing already turning in sRAGE-
treated wounds, in that levels of RAGE and its ligands
were already receding. To test the effects of blocking
ligand-RAGE axis on levels of tissue-destructive mole-
cules within the wound, we assessed levels of two potent
pro-inflammatory cytokines. On day 10, there was no
difference in expression of TNF-« in wounds treated with
sRAGE or MSA (Figure 4, a—d). However, on days 21 and
35, levels of TNF-a antigen were increased ~1.8- and
1.4-fold by immunoblotting in mice treated with MSA
versus sRAGE, respectively (Figure 4a). Levels of TNF-a-
expressing cells were increased ~1.6-fold in MSA-
treated wounds compared with those wounds receiving
sRAGE on day 21 (Figure 4, e and f, and Figure 4g; P =

0.000001). Further, by day 35 after wounding, an ~1.6-
fold increase in levels of TNF-a was observed in MSA-
versus sRAGE-treated wounds at the midsection (Figure
4, h and i, and Figure 4j; P = 0.001). Additional support
for this concept was evident on assessment of levels of
IL-6 in diabetic wounds. Although there was no appre-
ciable difference in levels of IL-6 at 10 days after wound-
ing in MSA- versus sRAGE-treated mice (Figure 4, k-n),
on days 21 and 35, immunoblotting revealed increased
expression of IL-6 antigen in MSA-treated wounds versus
those diabetic wounds treated with sSRAGE (=~1.3- and
1.4-fold, respectively) (Figure 4k). Similarly, IL-6 antigen-
expressing cells in the midsections of wounds on day 21
were increased ~1.5-fold in MSA-treated wounds versus
those treated with sRAGE (Figure 4, o and p, and Figure
4q; P = 0.000001). Similarly, by day 35 after wounding,
levels of IL-6 were increased ~1.9-fold in mice treated
with MSA versus sRAGE (Figure 4, r and s, and Figure 4t;
P = 0.0002).

These observations suggested that once established,
inflammatory responses in the diabetic wound were sus-
tained. An important function of TNF-« in the inflammatory
response is the generation of activated forms of MMPs.3®
Once activated, MMPs mediate destruction of newly
formed collagen, as well as other structural matrix ele-
ments and molecules within the wound milieu. Immuno-
blotting studies revealed that levels of MMP-3 antigen
were reduced ~1.3-fold in sSRAGE-treated versus MSA-
treated wounds on day 21 (Figure 5a), and, by day 35,
levels of MMP-3 antigen were increased =~5.0-fold in
wounds retrieved from mice treated with MSA versus
sRAGE (Figure 5a). In addition, levels of MMP-9 antigen,
nearly identical on day 10 after wounding in both groups,
were elevated ~1.5-fold and =~2.0-fold in MSA-treated
wounds versus those receiving sRAGE on days 21 and 35
after wound creation, respectively (Figure 5b). Analogous
to these findings at the antigen level, zymography re-
vealed an =~1.4-fold and =~1.9-fold increase in active
MMP-9 on days 21 and 35 in MSA- versus sRAGE-treated
wounds, respectively (Figure 5c¢). Furthermore, levels of
MMP-2 activity were enhanced in MSA-treated wounds
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Figure 7. Blockade of RAGE restores effective wound healing in db+/db+ mice. In diabetes, influx of inflammatory cells such as PMNs and MPs into wound foci
is markedly delayed. RAGE-bearing inflammatory cells are trapped by AGEs within the dermis (arrows; red segments). Once they gain access to the wound
(arrows; yellow = green segments), however, inflammatory cells such as MPs, along with other RAGE-bearing effector cells (such as fibroblasts and endothelial
cells), interact with AGEs and EN-RAGEs. Activation of RAGE initiates a cascade of cellular activation, typified by generation of cytokines and MMPs (green
arrows). Delayed egress of inflammatory cells portends ongoing stimulation of RAGE, sustained inflammation, and failure of reparative/remodeling processes.
We speculate that blockade of RAGE both hastens and appropriately limits the inflammatory phase of wound healing in diabetes, thereby promoting closure.

on day 35 (Figure 5d). Consistent with the concept that
diminished MMP antigen and activity were evident at the
later stages of wound repair in mice treated with sRAGE,
Picrosirius red staining revealed significantly increased
collagen in wounds treated with sSRAGE compared with
MSA on days 21 (Figure 5, f and e, and Figure 5g; P =
0.008) and 35 (Figure 5, i and h, and Figure 5j; P = 0.02).

Expression of PDGF-B and VEGF in Diabetic
Wounds: Effect of SRAGE

An essential role of inflammatory cells infiltrating wounded
skin is to promote generation of growth factors. These
factors, critical for a wide array of functions designed to
limit inflammation, enhance neovascularization, and
modulate the laying down of new collagen, are dimin-
ished in diabetic wounds, at least in part, because of
diminished influx of inflammatory effector cells in the first
days after wounding.'? Consistent with the premise that
blockade of RAGE accelerated beneficial inflammatory
responses in diabetic wounds, immunoblotting of lysates
prepared from sRAGE-treated wounds on day 10 re-
vealed an ~1.5-fold increase in PDGF-B epitopes com-

pared with wounds treated with MSA (Figure 6a). In ad-
dition, epitopes for VEGF in lysates prepared from
sRAGE-treated wounds on days 10 and 21 were en-
hanced ~2.2-fold, and =~1.5-fold, respectively, by im-
munoblotting, compared with wounds treated with MSA
(Figure 6b).

Discussion

Recent observations from clinical and experimental mod-
els of diabetes underscore the concept that sustained
inflammation underlies, in large part, the failure of dia-
betic wounds to heal. For example, although acute hu-
man wounds in the euglycemic milieu were found to be
virtually devoid of MMPs, fluids retrieved from diabetic
nonhealing wounds displayed very high levels of
MMPs.3° In db+/db+ mice subjected to full-thickness
excisional wounds, enhanced activity of MMP-2 and
MMP-9 were observed on day 25 after wounding com-
pared with nondiabetic controls.*® In other studies, high
levels of TNF-a and proteases in the wound were identi-
fied as key biochemical/molecular factors predictive of
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failure of closure in human wounds.*" In addition to ex-
aggerated generation of pro-inflammatory factors, recent
observations suggested that blunted apoptosis of inflam-
matory cells within the wound contributes to, en balance,
sustained pro-inflammatory forces within the diabetic
wound.*#43

It is thus not surprising that recent strategies aimed at
introducing pharmacological levels of growth factors
such as PDGF-BB and basic fibroblast growth factor into
diabetic wounds have been met with equivocal suc-
cess.* 8 In this context, the molecular targets of MMPs
are myriad, and include not only elements of the extra-
cellular matrix, but also growth factors and other
polypeptides within the wound milieu. Thus, the observa-
tion that human and murine diabetic chronic wounds are
enriched in MMPs provides support for the premise that
impaired growth factor availability may limit effectiveness
of this strategy. Further, the observation that chronic di-
abetic wounds are best characterized by a sustained
inflammatory response’~'7 suggests that exogenous
application of single or combinations of growth factors
may not address the fundamental impairment in the dia-
betes.

Taken together, these considerations underscore the
concept that in wound healing, a fine balance must be
struck between appropriately limited inflammatory re-
sponses, and those that, when sustained, portend ongo-
ing tissue degradation. Our findings place RAGE at the
center of a cascade of events that disturbs the equilib-
rium between beneficial and injurious inflammation in the
diabetic wound. We speculate that chronic accumulation
of AGEs within the skin and subcutaneous elements
serves as a temporary glue, delaying the entry of blood-
and tissue-derived inflammatory cells such as MPs into
the wound site. Once in the wound, however, RAGE-
bearing MPs and other cellular effector cells, such as
lymphocytes, endothelial cells, and fibroblasts, interact
with AGEs and EN-RAGEs (the latter released from in-
vading inflammatory cells) in a sustained manner. These
events prime a spiraling cascade of cellular activation,
and a vicious cycle of cytokine and MMP generation,
mediated, at least in part, by delayed egress of activated
inflammatory cells from the wound milieu (Figure 7).
Blockade of RAGE restores physiological migration of
inflammatory cells into, and then out of, inflamed foci, as
well as their limited activation, thereby re-setting molec-
ular cues within the wound leading to effective inflamma-
tion and wound repair. Indeed, on day 10 after wounding,
administration of sRAGE accelerated the inflammatory
response, as indicated by increased levels of RAGE and
EN-RAGEs, macrophages, and pro-inflammatory media-
tors compared with vehicle-treated wounds. However, by
days 21 and 35, in parallel with increasing wound closure
and histological evidence of thick granulation tissue and
re-epithelialization, levels of RAGE, its ligands, macro-
phages, and pro-inflammatory/tissue-degradative mole-
cules were reduced in wounds treated with sSRAGE com-
pared with those to which MSA had been applied.

These findings highlight the premise that in contrast to
therapeutic strategies interfering with distinct distal effec-
tor pathways, such as specific growth factors, blockade

of RAGE exerts a more proximal and global effect on the
biology of the diabetic wound, affecting expression/acti-
vation of growth factors, cytokines, and MMPs. Taken
together, RAGE blockade re-sets the balance between
effective and deleterious inflammation, thereby promot-
ing wound closure.
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