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Dr. Gadi Borkow, Hameyasdim 44, Kfar
Gibton 76910, Israel. Copper plays a key role in angiogenesis and in the synthesis and stabilization of
Tel: +972 546 611287, from extracellular matrix skin proteins, which are critical processes of skin formation.
USA: +1 866 317 4670; We hypothesized that introducing copper into wound dressings would enhance
Fax: +1972 8 9491254; wound repair. Application of wound dressings containing copper oxide to
Email: gadi@cupron.com wounds inflicted in genetically engineered diabetic mice (C57BL/KsOlaHsd-
Lepr®®) resulted in increased gene and in situ up-regulation of proangiogenic fac-
Manuscript received: June 1, 2009 tors (e.g., placental growth factor, hypoxia-inducible factor-1 alpha, and vascular
Accepted in final form: January 4, 2010 endothelial growth factor), increased blood vessel formation (p < 0.05), and en-
hanced wound closure (p < 0.01) as compared with control dressings (without
DOI:10.1111/1.1524-475X.2010.00573 x copper) or commercial wound dressings containing silver. This study proves the

capacity of copper oxide-containing wound dressings to enhance wound healing
and sheds light onto the molecular mechanisms by which copper oxide-impreg-
nated dressings stimulate wound healing.

Copper is postulated to be an essential element in many bearing restriction, and other basic approaches, often re-

wound-healing-related processes. ' It has been demon- sults in wound closure. However, many chronic wounds
strated to (a) enhance angiogenesis by inducing generdtlon fail to heal and novel treatments are needed. We have re-
of vascular endothelial growth factor (VEGF)* (b) in- cently reasoned that the incapacity of wounds to heal in
crease the expression of integrin’; (c) increase the stabili- patients with compromised circulation, particularly those

zation of fibrinogen and collagen*>; and (d) up-regulate
the activity of copper-dependent enzymes and polysaccha-
rides, important for matrlx remodeling, cell proliferation,
and reeplthehzdtlon Copper’s importance and benefit Efnal D

in wound healing have been further demonstrated by its E(;I?R Epi dr::rmal rowth factor receptor
systemic administration in cases of severe burn trauma in eNOS EE dotheli aIgNO synthase P
children’ and by its local admmlstratlon in the manage- FGFR Fibroblast growth factor receptor
ment of phosphorus burns.® Topical application of a  ggp Fibroblast growth factor

Frlpeptlde with high affinity for copper ions that was GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
isolated from human plasma resulted in accelerated wound Hif-a.  Hypoxia-inducible factor-1alpha

healing of diabetic ulcers. o hsp90 Heat shock protein-90alpha
The risk of adverse skm reactions due to copper expo- iNOS Inducible NO synthase
sure is extremely low.'® Copper is considered safe to hu- Kdr a receptor of VEGF

mans, as demonstrated by the widespread and prolonged LEPR Leptin receptor

use of copper intrauterine devices. Copper is an essential ~ Mmp  Matrix metalloproteinase
metal needed for normal metabolic processes.'' The an- ~ Nprl Natriuretic peptide receptor 1
cient Greeks discovered the sanitizing power of copper NP Neuropilin

thousands of years ago. Since then, copper has been used ~ PDGF  Platelet derived growth factor

by inhabitants of America, Africa, and Asia for treating -0 Placentalgrowth factor
12 SEM Scanning electron microscopy
sores and skin diseases.

Stab1 Stabilin 1
Venous and diabetic foot ulcers are among the most of- TGF Transforming growth factor

ten occurring chronic wounds, affecting millions of people Thbs Thrombospondins

annually worldwide, and frequently leading to impaired  Tofip2  TNF alpha-induced protein 2
mobility and amputation.”® Aggressive wound care, con- VEGF Vascular endothelial growth factor
sisting of infection control, sharp debridement, welght VEGFR-1 VEGF receptor-1
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Envelope

Figure 1. Scanning electron microscopy (SEM) and X-ray pho-
toelectron spectrum of the copper oxide-containing wound
dressing. The copper oxide wound dressing consists of two
layers. A nonstick spun-bond polypropylene envelope fabric
containing 2.3% copper oxide (w/w) impregnated in the fibers
(left panel) and an interior highly absorbent needle punch fabric
made of viscose/rayon fibers containing 3% (w/w) cellulose fi-
bers plated with copper oxide (right panel). SEM pictures and
X-ray photoelectron spectrum analysis of each layer are shown.

with diabetic ulcers, may be partially due to low copper
levels 1n the wound site resultmg from decreased blood
supply.! We thus hypothesized' that the slow release of
copper ions from wound dressings would enhance wound
repair by inducing angiogenesis and up-regulating specific
elements that are critical for the healing process.

Copper oxide is a nonsoluble form of copper, Wthh
slowly releases copper ions in the presence of moisture.
Our study was designed to evaluate the effect of a contin-
uous dermal application of copper oxide-containing
wound dressings (Figure 1) on the wound-healing pro-
cesses by studying full-thickness skin wounds inflicted in
genetically engineered diabetic mice.

MATERIALS AND METHODS

Test dressings

Based on recently develo 5ped technologies that introduce
copper oxide into fibers,'” a unique copper oxide-contain-
ing nonstick wound dressmg was designed (hereafter re-
ferred to as copper dressing). The copper dressing includes
an internal, highly absorbent (165 pL/cm?=165pL/10 mg)
needle punch fabric made of viscose/rayon (Galaxy®,
Kelheim Fibres GmbH, Kelheim, Germany) fibers of 1.4
denier and 38 mm in length and 3% of cellulose copper
oxide-plated fibers. The internal layer is enveloped with an
external hydrophobic spun bond layer made of poly-
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propylene fibers impregnated with 2.3% weight/weight
(w/w) copper oxide particles (Figure 1). The fibers were
examined using a Jeol JMS 5410 LV scanning electron mi-
croscope (JEOL, Tokyo, Japan), and the presence of cop-
per was determined using a Link IV, ISIS X-ray
photoelectron spectrum analyzer (Oxford Instruments,
Oxfordshire, UK), as shown in Figure 1.

Two additional wound dressings were tested. One, here-
after referred to as control dressing, is identical to the pad
described above, but without any copper. The second pad
is a commercially used absorbent wound dressing contain-
ing silver particles (Acticoat Absorbent Antimicrobial
Dressing; batch # 051115; Smith & Nephew, Largo, FL),
hereafter referred to as silver dressing.

Animal experiments

The potential wound-healing effects of copper dressings
were assessed bg using db/db diabetic mice (C57BL/
KsOlaHsd-Lepr®™; Harlan Sprague-Dawley, Indianapo-
lis, IN) 7-8 weeks of age at study initiation, following re-
view of the protocol by the Committee for Ethical
Conduct in the Care and Use of Laboratory Animals of
the Hebrew University, Jerusalem. The db/db mice have a
phenotype similar to diabetes type 2, which is achieved via
a homozygous point mutation on the leptin receptor
(LEPR) gene in the hypothalamus.'® These mice show sig-
nificant wound-healing impairment compared with wild-
type mice, "~ reaching complete closure of dorsal full-thick-
ness skin wounds 7-10 days later than wild-type mice.!”
The mice were acclimatized to laboratory conditions for 5
days before wounding. They were provided ad libitum
with a Harlan Teklad 2018S Global 18% Protein Rodent
Diet (Harlan, Rehovot, Israel). A temperature of 20-24 °C
and a 12:12 hours light:dark cycle were maintained
throughout the study. Animals were randomly assigned
to experimental groups.

An hour before the surgical wounding, all animals were
subjected to an opioid analgesic injection (Buprenorphine,
0.075 mg/kg, subcutaneously). The wounding was carried
out under general anesthesia by Isoflurane inhalation and
under sterile conditions. The fur covering the entire dor-
sum surface of the trunk was clipped, using an electric
clipper. Care was taken to avoid abrading the skin. The
clipped area was scrubbed with 4% w/v chlorhexidine glu-
conate (Septal Scrub®, Teva Medical, Ashdod, Israel) and
wiped with 70% ethanol A circular full- thlckness single
skin wound was created on the dorsum of each animal
with a disposable 6-mm skin biopsy punch instrument
(Acuderm, Inc., Fort Lauderdale, FL). The entire wound
site was then directly and continuously covered by 20x
20 mm copper dressing, control dressing, or silver dressing.
The dressings were held in contact with the skin with a
nonirritating tape, which was then bandaged by a semioc-
clusive dressing to continuously retain the pad/dressing
on the animal’s trunk. All the animals were subjected
to subcutaneous injections of Buprenorphine at a dose
level of 0.075mg/kg throughout the 48-hour period post-
wounding.

Experiment 1 lasted 17 days and included two groups of
mice (n=15/group). One group was treated with the con-
trol dressings and one group with the copper dressing.
One, 5, 10, 14, and 17 days postwounding, three animals
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per group were euthanized (CO, asphyxiation). Before
each respective scheduled termination, the dressings were
carefully removed from the animals assigned to the specific
scheduled termination time point. Concomitantly (exclud-
ing the first day postwounding), the dressings were care-
fully removed from all the animals for the purpose of
wound area measurements (detailed below). Following the
respective measurement, a fresh dressing was reapplied
and retained using the method described above. Removal
of dressings, wound measurement, and reapplication of
the test pads were carried out under general anesthesia, as
described above. Experiment 2, which also lasted 17 days,
was similar to Experiment 1, but included a third group of
mice (n=15/group) treated with silver dressings. In this ex-
periment, measurements were performed at 6, 12, and 17
days postwounding. Six and 12 days after wounding, three
mice per group were euthanized, with the remaining nine
mice euthanized 17 days after wounding.

The wound area (defined as open skin surface or skin
surface covered with granulation tissue, but not epitheliali-
zed skin surface) of each animal was measured immedi-
ately postwounding (i.e., baseline wound area, measured
before the application of the test pad) and thereafter
at various days postwounding as detailed above. Measure-
ments of the wound areas were carried out by outlining the
wound boundaries onto a transparency sheet, placed di-
rectly over the wound. Measurements were performed in
duplicate and the outlined wound areas in each animal
(mm?) were determined using a millimeter-grid paper.

The entire wound site and the surrounding ~0.5cm
skin area were surgically removed as soon as possible fol-
lowing the respective scheduled termination time point.
Each excised wound site was cut into two fragments: one
fragment was placed onto a cardboard and fixed in 10%
neutral-buffered formalin and paraffin-embedded. Four
um sections of this fragment were stained with hem-
atoxylin and eosin and routine histopathological analysis
was performed. The other fragment (of < 0.5cm in any
one dimension) was individually collected into five vol-
umes of RNA Save Stabilization Solution (Biological In-
dustries, Beit Haemek, Israel) for RNA extraction. The
samples collected into the RNA Save solution were stored
at —70 °C to —80 °C until analyzed for mRNA expression.

A third experiment was performed for the purpose of
performing immunohistochemical analysis of biopsy sam-
ples obtained shortly after wounding. It included two
groups of mice (n=6/group); one group was treated with
the control dressings and the second group was treated
with the copper dressings. Three mice per group were eu-
thanized 1 and 5 days postwounding, respectively. In this
experiment, the whole excised wound site was used for
immunohistochemical analysis.

Analysis of mRNA expression

Total RNA from pooled wound biopsies (three samples)
taken at various time points after wounding was extracted
by Trizol (Invitrogen, Carlsbad, CA). Total RNA samples
containing 2ug RNA were analyzed for expression of
genes using Real-Time PCR Array (Mouse Angiogenesis
Array—APMM-024A, Superarray, Frederick, MD) ac-
cording to the manufacturer’s instructions. Gene expres-
sion levels were analyzed by software provided by
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Superarray. The up-regulation of several genes (VEGF,
Leptin and fibroblast growth factor receptor 3 [FGFR3])
detected in PCR Array analysis was confirmed by con-
ducting standard RT-PCR analysis using the following
primers and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as a reference gene: VEGF-f 5'-cctccgaaaccatga
actttc-3’; VEGF-r 5'-cggggtactcctggaagatgte-3’; Leptin-f
5'-cggttectgtggetttggte-3'; Leptin-r 5'-ctcagaatggggtgaagee-
3’; FGFR3-f 5'-gttgagaacaagtttggcage-3’; FGFR3-r 5'-cac
tggatgtgtgectgtg-3’; GAPDH-f 5’-acagaccccagagacccttt-3/
and GAPDH-r 5’-ggcttctgaggaagcaagtg-3’.

Immunohistochemical analysis

For immunohistochemical analysis, antigen unmasking
was performed by pressure cooking in 0.6 M citrate buffer
(pH 6.0) for 18 minutes. Slides were quenched in 0.3% hy-
drogen peroxide in methanol for 10 minutes. The follow-
ing primary antibodies, final dilutions, time, and
incubation temperatures were used: Rabbit polyclonal to
Von Willebrand factor (vVWF) (ab6994, Abcam, Cam-
bridge, UK) at 1:200, overnight at 4 °C; rabbit polyclon-
al to placental growth factor (PLGF) (ab9542; Abcam)
at 1:500, overnight at 4 °C; mouse mAb to Vascular En-
dothelial growth factor (VEGF) (ab1316; Abcam) at
1:200, 1 hour at room temperature; and mouse mAb
to hypoxia-inducible factor-1 alpha (Hif-1a; abl; Abcam)
at 1:50, 1 hour at room temperature. Detection of primary
antibodies was performed using the SuperPicTure™
Polymer Detection Kit (Zymed Laboratories, Invitrogen
immunodetection, San Francisco, CA) and 3, 3-
diaminobenzidine (DAB) as a chromogen. Twenty-four
slides were carefully examined using high-power micros-
copy (Olympus BXS51 Microscope, Tokyo, Japan) and
photography (Olympus ColorView3U, Tokyo, Japan)
analysis. The wounded areas were distinguished from the
adjacent skin by an expert pathologist (M.H.) based on the
presence of reparative processes, such as granulation tissue
formation and ulceration. Blood vessels in the wounded
areas were detected by immunohistochemical staining for
vWf. Endothelial cells expressing vWf showed brown
staining of the cytoplasm. Vascularity in the wounds was
determined by light microscopy counting the number of
vWT positively stained endothelium lined vascular struc-
tures per high-power field.

Statistical analysis

Data of wound size and number of blood vessels were an-
alyzed using SigmaStat Version 2.0 (Systat Sowftware,
Richmond, CA) and GraphPad Instat® Version 3.02
(GraphPad Software, La Jolla, CA) and expressed as the
mean + SD. Significant differences between treatments were
evaluated using unpaired f-tests, two-tailed p value test,
one-way ANOVA, and Dunnett multiple comparisons test.

RESULTS
Wound area measurements
As shown in Table 1 and Figure 2A, the mean size of the

wound area in the first experiment was significantly
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Table 1. Mean group wound area (mm?) following full thickness surgical wounding and continuous dermal application of wound

dressings
Day after Number of mice
Experiment Dressings wounding (mean + SD) Wound area pvalues'
1 Control 0 15 33.7+1.24
1 3 34.3+0.58
5 12 28.7+3.6
10 9 21.78+6.1
14 6 14.5+5.75
17 3 10.2+3.33
Copper 0 15 33.6+1.51
1 3 34.34+2.02
5 12 26.0+3.67
10 9 14.1£6.1 < 0.05?
14 6 6.33+4.47 < 0.05?
17 3 4.7+2.93
2 Control 0 15 32.7+0.98
6 15 28.87 +£2.26
12 12 20.83+4.88
17 9 11.17+3.32
Silver 0 15 32.6+0.85
6 15 27.47 +£4.02
12 12 20.63+4.7
17 9 12.11+4.2
Copper 0 15 32.7+1.88
6 15 24.3+4.65 <0.01°
12 12 15.9+2.47 < 0.01% < 0.05% < 0.01*
17 9 7.78+2.88 < 0.05% < 0.05*

Tonly p values below 0.05 are shown.

2ys. control dressings (unpaired t-test, two-tailed p value test).
3,

4ys. silver dressings (unpaired t-test, two-tailed p value test).

smaller on days 10 and 14 after wounding in the group of
mice treated with copper dressings compared with the mice
treated with control dressings. In the second experiment,
the mean size of the wound area was significantly smaller
on days 6, 12, and 17 after wounding in mice treated with
copper dressings than with control dressings (Table 1 and
Figure 2B). In contrast, no significant differences were
found in the wound area of mice treated with control
dressings as compared with those treated with silver dress-
ings (Table 1 and Figure 2B). The mean wound area of the
copper dressing-treated group was also significantly lower
on days 12 and 17 as compared with the silver dressing-
treated group (Table 1).

Histopathological analysis

Histopathological analysis of skin specimens taken from
the wounded diabetic mice that were treated with control
dressings or copper dressings showed a similar normal
wound-healing process in both treated groups. This in-
cluded epidermal regeneration and granulation tissue for-
mation, with numerous new blood vessels, chronic
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vs. control dressings (one-way ANOVA, Dunnett multiple comparisons test).

inflammatory infiltrate, generation of new hair follicles
and sebaceous glands, and fibroplasia (Figure 3). There
were no signs of adverse reactions, precancerous changes,
or atypia of any kind in both groups of mice.

Gene expression analysis

The mRNA levels in the wound areas of 84 genes associ-
ated with angiogenesis and wound repair were determined
using real-time PCR gene-array analysis. The percent of
genes that were significantly up-regulated or down-regu-
lated in the copper dressing-treated group compared with
the control dressing group was 3.6%, 58%, 40%, 65%,
and 52% on days 1, 5, 10, 14, and 17, respectively (a differ-
ence of more than fivefold between both groups was
considered significant). On the first day following wound-
ing, only integrin-alpha 5, integrin-beta 3, and PLGF were
significantly up-regulated in the copper dressing group
compared with the control dressing group (by 5.3, 7.57,
and 21.7 fold, respectively). Figure 4 and Table 2 demon-
strate the quantitative differences in gene expression be-
tween the copper dressing and the control dressing-treated
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Wound Size; mm? (mean +/— SE)
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Days post wounding

0 2 4 6 8 10 12 14 16 18
Days post wounding

groups. The up-regulation of VEGF, leptin, and FGFR3
in the copper dressing-treated group was confirmed by
RT-PCR analysis (data not shown).

Immunohistochemical analysis

No differences in the number of blood vessels and PLGF,
VEGF, Hif-1a, and vWF were noted between mice treated
with copper dressings or control dressings on day 1 after
wounding. However, a significant increase in blood vessel
number, as determined by staining with vWF (which stains
capillaries), was noted on day 5 in the copper dressing-
treated mice (19 £2.65 vs. 12+3.5; p < 0.05) that paral-
leled a significant increase in staining for PLGF, Hif-1a,
and VEGF, as compared with the control-treated mice
(Figure 5). PLGF was only detected in newly formed
blood vessels (already existent and well-developed blood
capillaries were not stained) and in hair follicles. VEGF
was noted in all capillaries, both on the endothelial cells
and extracellularly. Hif-1a was expressed in the dermal
layer, apparently in macrophages, as determined by mor-
phological assessment (Figure 5).

DISCUSSION

Silver-containing wound dressings are widely used in
wound treatment to reduce the risk of wound and wound-
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~ (. Figure2. Copper oxide-containing
o, 3 wound dressings enhance wound
healing in diabetic mice. Following
circular full-thickness single skin
wounds surgically inflicted in the dor-
sum of the mice, the wounds were
directly and continuously covered
with control or copper oxide-contain-
o ing wound dressings (Experiment 1,
A) or silver-containing wound dress-
ings (Experiment 2, B). The mean
wound area +SE at several time
points following wounding is de-
picted. *Statistical difference (p val-
= ue < 0.05) between the mean
wound areas in the control dressing
and the copper dressing-treated
groups. Representative pictures of
the dorsal wounds after several days
of wounding are shown.

Copper

dressing contamination. However, their usefulness in pro-
moting wound healing is questlonable ? Copper also
has potent biocidal properties,”” but in contrast to silver,
copper is an essential trace element!! that plays a key role
in skin generation and angiogenesis.' ® We thus hypothe-
sized that the inability of wounds to heal in individuals
with compromised peripheral blood supply (e.g., diabetes?
is partially due to low levels of copper in the wound site.

We suggested that by introducing copper oxide particles
(known to slowly release copper ions ) into wound dress-
ings, the constant release of copper ions directly into the
wounds would enhance angiogenesis, skin regeneration,
and wound healing.

Our previous studies demonstrated that copper-impreg-
nated dressings, while possessing potent biocidal proper-
ties, did not cause any skin irritation in rabbits and no
local damage to open wounds or systemic pathological al-
terations in a porcine full-thickness wound model (unpub-
lished data).

The current study extended these findings by using a
murine diabetic model considered to be the most suitable
in diabetic wound-healing studies.'® Wounding and subse-
quent treatments were performed under sterile conditions,
so that the possible effects of the copper dressings would
not be related to the biocidal properties of copper, such
as reduction of bacterial contamination. This study dem-
onstrates that in wounds inflicted in diabetic (db/db) mice
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Control

Figure 3. Representative hematoxylin and eosin staining of
wound sites taken at days 6, 12, and 17 from mice treated with
the control and copper dressings. Scale bars=100 um.

Wound healing by copper oxide dressings

under sterile conditions and kept covered throughout the
study with sterile copper-impregnated dressings, there is a
statistically significant enhancement of wound closure. As
early as 6 days postwounding, the wounds were statisti-
cally significantly smaller in the copper dressing-treated
mice than in the control group. It should be pointed out
that the elimination of three animals at each scheduled ter-
mination day (in order to collect biopsies) in the first ex-
periment allowed only limited statistical evaluation of the
test results on day 17 in this experiment. However, in the
second experiment, nine animals per group were evaluated
on day 17 and the difference between the wound size in the
copper-treated and the control-treated groups was statisti-
cally significant. Enhanced wound healing was compara-
ble to what had been noted in wild-type mice, where
similar full-thickness dorsal skin wounds reach complete
closure 7-10 days earlier than in db/db mice.'” In contrast,
commercially used silver-containing wound dressings did
not accelerate wound healing in this model.

To better understand the mechanisms by which copper
induces enhanced wound healing, we analyzed the expres-
sion of 84 genes known to be involved in angiogenesis and/
or wound healing at the wound sites at various days after
wounding. Based on the gene analysis and known roles
and interactions of the various factors, Figure 6 describes
the possible mechanisms by which copper may accelerate
wound healing.
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Table 2. Gene expression at the wound site of selected analyzed genes’
Day after wounding

Name of protein Abbreviation 1 5 10 14 17
Ephrin A1 Efnal —1.89? 300.73 —8.72 —30.98 2.95
Epidermal growth factor Egf 2.79 -3.19 4.25 6.03 64.00
Fibroblast growth factor 6 Fgfé —1.56 27.22 -3.80 —8.91 8.76
Fibroblast growth factor receptor 3 Fgfr3 —-2.04 201.99 —-11.50 —-10.11 3.68
Hypoxia inducible factor 1, alpha subunit Hif1a -1.76 5.05 88.67 -10.74 17.55
Kinase insert domain protein receptor Kdr —-1.38 82.74 —7.35 —19.54 2.69
Leptin Lep —1.64 249.55 24.89 —168.69 —1.56
Matrix metallopeptidase 19 Mmp19 —-2.71 227.18 —-16.35 —-14.20 14.08
Matrix metallopeptidase 2 Mmp2 -3.17 433.19 —-1.72 —-38.75 26.02
Natriuretic peptide receptor 1 Npr1 —-1.84 804.12 —-4.30 -37.65 5.03
Neuropilin 1 Nrp1 -1.05 44.74 3.03 -5.70 2.47
Placental growth factor Plgf 21.76 —2.87 1.04 7.96 19.87
Stabilin 1 Stab1 —1.44 320.62 —52.54 —-11.75 3.00
Transforming growth factor, beta 1 Tafb1 —-1.15 33.49 6.84 20.06 22.61
Transforming growth factor, beta 2 Tgfb2 —-2.05 140.56 -1.62 56.53 1.57
Transforming growth factor, beta 3 Tgfb3 —-1.74 112.48 4.14 —7.08 2.71
Transforming growth factor, beta receptor | Tgfbr1 —2.38 32.03 3.47 17.54 1.26
Thrombospondin 1 Thbs1 —4.92 12.65 6.81 8.02 217
Thrombospondin 2 Thbs2 —4.24 450.14 8.11 —2.37 4.62
Tumor necrosis factor, a-induced protein 2 Tnfaip2 —2.54 370.62 —2.841 —3b6.57 2.43
VEGF A Vegfa -1.08 33.17 3.75 9.00 5.03

"Please see Supporting Information, Table S1 in order to see all genes analyzed.
2Gene expression is expressed as the ratio of the mean expression in mice treated with the copper oxide-containing wound dress-
ings and to that expressed in mice treated with control wound dressings.

One day postwounding, a five to sevenfold up-regula-
tion of integrins and a 22-fold up-regulation of PLGF in
the copper dressing-treated group (Figure 4 and Table 2)
was found. Integrins, transmembrane receptor proteins
that bind extracellular matrix proteins, transduce signals
pivotal for cell processes in wound healing.! Up- -regula-
tion of integrin by copper has been descr1bed in cultured
keratinocytes and in reconstituted skin.> PLGF, expressed
during cutaneous wound heahng, improves wound closure
by enhancing angiogenesis®> needed to sustain the meta-
bolic demand for skin regeneration and for recruitment of
inflammatory cells. Interestingly, PLGF induction has
been prev10usly shown to be markedly reduced in diabetic
wounds,? and treatment of diabetic wounds with PLGF
significantly improved granulation tissue formation, mat-
uration, vascularization, and recruitment of monocytes/
macrophages.>® Thus, our data, which clearly detect
PLGF in newly formed capillaries and hair follicles in
mice treated with the copper dressings (Figure 5), and al-
most none in mice treated with control dressings, confirm
the critical role of this copper-dependent factor. PLGF
binds and activates the VEGF receptor-l (VEGFR-1) and
potentiates VEGF activities.”> VEGFs are, in turn, key
angiogenic stimulants and the1r role in st1muldt1ng wound
healing was demonstrated.>> PLGF may thus be a key ini-
tial factor directly (Figure 6) or indirectly affected by cop-
per, responsible for the onset of subsequent processes in
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wound healing. Further studies are needed to substantiate
this postulation.

A very distinct pattern of gene expression was noted be-
tween control dressing and copper dressing-treated mice at
5 days and onward (Figure 4 and Table 2). Hif-1o was sig-
nificantly up-regulated following wounding (by 5- and 88-
fold at 5 and 10 days, accordingly) in the mice treated with
copper dressings (Table 2 and Figure 5). Hif-1a is the reg-
ulatory subunit of Hif-1 transcription factor, a protein in-
duced under various types of stress conditions, includin
oxidative stress and presence of reactive oxygen species.
Importantly, redox between CuO and Cu,O results in the
production of H>O, and hydroxyl radicals,”® explaining
the observed up-regulation of Hif-1a. Copper dependent
activation of Hif-1o has been demonstrated.?’ Notably,
Hif-1a protein levels are dramatically reduced in wounds
of db/db mice.”® Hif-1a plays a central role in activating
many genes involved in wound angiogenesis and wound
healmg Macrophages play a key role in inflammation,
angiogenesis, granulation tissue formation, and wound
healing. HIF-1a protein was shown to be abundantly ex-
pressed by macrophages in inflamed rheumatoid synovia
while being absent in healthy synovia.”” It was also dem-
onstrated that HIF-1a expression 1s strongly increased in
inflammatory cells from wounds.*® In addition, condi-
tional knockout of HIF-1a in macrophages and other my-
eloid lineage cells leads to impaired chronic cutaneous
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Figure5. Immunohistological analysis of biopsies taken from
the wound area of mice treated with control and copper dress-
ings. Positive staining for Von Willebrand factor (vWF), placen-
tal growth factor (PLGF), vascular endothelial growth factor
(VEGF), and Hypoxia-inducible factor-1alpha (Hif-1a) resulted in
brown coloration.

inflammation.®' After myocardial infarction, macrophag-
es are particularly densely stamed for HIF- loc protein at
the border of the infracted area.*”> Taken together, these
studies implicate HIF-1a as an important mediator of in-
flammatory responses in macrophages. HIF-1a protein
was recently demonstrated to be expressed in keratin-
ocytes in healing wounds.” Interestingly, in our hands,
Hif-1a protein staining was positive only in macrophages.
This may possibly be attributed to the intensity of protein
expression in macrophages as compared with the rest of
the tissue.

Several factors that were significantly up-regulated in
the copper dressing-treated mice on day 5 have been
shown to be up-regulated by Hif-1o in other studies. These
include: Ephrin Al (Efnal) (300-fold increase), which
stimulates dnglogen651s * VEGF (A, B and C) (33-fold in-
crease)—a major angiogenesis stimulant in wounds (im-

Wound Rep Reg (2010) 18 266-275 © 2010 by the Wound Healing Society
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portantly, the expression of VEGF was shown to be
reduced in diabetic wounds®’); matrix metalloproteinase 2
(Mmp2) (433-fold increase)—important in angiogenesis
and cutaneous wound healing’”; and transforming growth
factor (TGFD), including TGFbl, TGFb2, and TGFb3
and TGFbl receptor (33-, 140-, 112-, and 32-fold increase,
accordingly)—all of which were shown to be im Portdnt in
angiogenesis and extracellular matrix synthesis.

Possible additional wound-healing-enhancing factors,
not analyzed by us but shown by others to be up-regulated
by Hif-la, are (i) epidermal growth factor receptor
(EGFR) (copper actlvatlon of EGFR downstream signal-
ing has been shown®’); (ii) Inducible NO synthase (iNOS)
and endothelial NO synthase (eNOS); (iii) platelet-derived
growth factor (PDGF)-BB; (iv) interleukin §; and (v) heat
shock protein-90alpha (hsp90). Other factors important in
wound healing, such as the EGFR receptor ligand am-
phiregulin, are up- re§ulated under hypoxia in a Hif-1a-in-
dependent manner.

Other growth and angiogenic factors or receptors and
factors essential in healing wounds, which were signifi-
cantly up-regulated on day 5 in the copper dressing-treated
mice (Table 2 and Figure 4), were Natriuretic peptide re-
ceptor 1 (Nprl, by 804-fold); FGFR3 (by 202-fold); FGF6
(by 27-fold); Kdr (by 83-fold)—a receptor of VEGF ex-
pressed in endothelial cells; Leptin (Lep, by 250-fold),
which increases early incisional wound angiogenesis;
MMP19 (by 227-fold); Neuropilin 1 (Nrpl, by 45-fold), a
receptor of VEGFA; Stabilin 1 (Stabl, by 320-fold), ex-
pressed by macrophages during tissue remodeling;
thrombospondins (Thbs1 and Thbs2, by 13- and 450-fold,
respectively); and tumor necrosis factor alpha-induced
protein 2 (Tnfaip2, by 370-fold). In contrast, several fac-
tors were significantly down-regulated on day 5 in the
copper dressing-treated mice. The down-regulation of
several of these factors, such as CXCL2 and angiopoietin
(Supporting Information, Table S1), and the fluctuating
values observed for some genes, are not clear to us and
deserve further research. However, the down-regulation of
other factors, such as of interleukin 1 (by 14-fold), a cyto-
kine known to induce further tissue damage after injuries,
is in accordance with improved wound healing and with
previous reports.*

In addition, copper may play a role in remodeling of the
extracellular matrix because it increases fibronectin syn-
thesis in vitro and is a cofactor for proteins involved in ex-
tracellular matrix formation. Copper also induces the
assembly of a multiprotein aggregate implicated in the re-
lease of FGF1 in response to stress.

Additional studies are needed to further elucidate the
mechanisms by which copper stimulates wound healing. It
is clear, however, that copper directly or indirectly stimu-
lates many factors, some of which are impaired in diabetics
and are important for keratinocyte and fibroblast prolifer-
ation, epithelialization, collagen synthesis, extracellular
matrix remodeling, and angiogenesis, resulting in acceler-
ated wound healing. As established in this study, the pos-
itive effect of the copper oxide-containing dressings is not
related to its potent biocidal properties, which may also be
important in wound healing, but rather to the direct stim-
ulation of wound repair. Copper dressings appear to hold
significant promise in the clinician’s ongoing struggle to
heal both acute and chronic wounds, and, as such,
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Figure 6. Proposed mechanisms by
which copper oxide stimulates an-

prospective randomized, blinded studies should be con-
ducted to further validate the efficacy of topically applied
copper-impregnated dressings.

ACKNOWLEDGMENTS

This study was funded by Cupron Inc. Gadi Borkow is the
Chief Medical Scientist of Cupron. Jeffrey Gabbay is the
Chief Executive Officer of Cupron. Arthur I. Eidelman is
Cupron’s Medical Advisor. Moshe Marikovsky and Rima
Dardik served as consultants to this study.

REFERENCES

1.

Borkow G, Gabbay J, Zatcoff RC. Could chronic wounds not
heal due to too low local copper levels? Med Hypotheses 2008;
70: 610-3.

. Sen CK, Khanna S, Venojarvi M, Trikha P, Ellison EC, Hunt

TK, Roy S. Copper-induced vascular endothelial growth fac-
tor expression and wound healing. Am J Physiol Heart Circ
Physiol 2002; 282: H1821-7.

. Tenaud I, Sainte-Marie I, Jumbou O, Litoux P, Dreno B. In

vitro modulation of keratinocyte wound healing integrins by
zinc, copper and manganese. Br J Dermatol 1999; 140: 26-34.

. Ahmed Z, Briden A, Hall S, Brown RA. Stabilisation of cables

of fibronectin with micromolar concentrations of copper: in
vitro cell substrate properties. Biomaterials 2004; 25: 803—12.

. Harris ED, Rayton JK, Balthrop JE, DiSilvestro RA, Garcia-

de-Quevedo M. Copper and the synthesis of elastin and colla-
gen. Ciba Found Symp 1980; 79: 163-82.

. Rucker RB, Kosonen T, Clegg MS, Mitchell AE, Rucker BR,

Uriu-Hare JY, Keen CL. Copper, lysyl oxidase, and extracel-
lular matrix protein cross-linking. Am J Clin Nutr 1998; 67:
996S-10028S.

. Cunningham JJ, Leffell M, Harmatz P. Burn severity, copper

dose, and plasma ceruloplasmin in burned children during
total parenteral nutrition. Nutrition 1993; 9: 329-32.

. Chou TD, Lee TW, Chen SL, Tung YM, Dai NT, Chen SG,

Lee CH, Chen TM, Wang HJ. The management of white
phosphorus burns. Burns 2001; 27: 492—7.

274

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

giogenesis and wound healing.

. Mulder GD, Patt LM, Sanders L, Rosenstock J, Altman MI,

Hanley ME, Duncan GW. Enhanced healing of ulcers in
patients with diabetes by topical treatment with glycyl-I-his-
tidyl-l-lysine copper. Wound Repair Regen 1994; 2: 259-69.
Hostynek JJ, Maibach HI. Copper hypersensitivity: der-
matologic aspects—an overview. Rev Environ Health 2003;
18: 153-83.

Uauy R, Olivares M, Gonzalez M. Essentiality of copper in
humans. Am J Clin Nutr 1998; 67: 952S-9S.

Dollwet HHA, Sorenson JRJ. Historic uses of copper com-
pounds in medicine. Trace Elements Med 2001; 2: 80-7.
Reiber GE. Epidemiology and health care costs of diabetic
foot problems. In: Veves A, Giurini J, LoGerfo F, editors.
The diabetic foot: medical and surgical management. Totowa,
NJ: Humana Press, 2002: 35-8.

Neel EA, Ahmed I, Pratten J, Nazhat SN, Knowles JC.
Characterisation of antibacterial copper releasing degradable
phosphate glass fibres. Biomaterials 2005; 26: 2247-54.
Borkow G, Gabbay J. Putting copper into action: copper-
impregnated products with potent biocidal activities. FASEB
J 2004; 18: 1728-30.

Scherer SS, Pietramaggiori G, Mathews JC, Chan R, Fiorina
P, Orgill DP. Wound healing kinetics of the genetically dia-
betic mice. Wounds 2008; 20: 18-28.

Chan RK, Liu PH, Pietramaggiori G, Ibrahim SI, Hechtman
HB, Orgill DP. Effect of recombinant platelet-derived
growth factor (Regranex) on wound closure in genetically
diabetic mice. J Burn Care Res 2006; 27: 202-5.

Chambers H, Dumville JC, Cullum N. Silver treatments for
leg ulcers: a systematic review. Wound Repair Regen 2007; 15:
165-73.

Fredriksson C, Kratz G, Huss F. Accumulation of silver and
delayed re-epithelialization in normal human skin: an ex-vivo
study of different silver dressings. Wounds 2009; 21: 116-23.
Borkow G, Gabbay J. Copper as a biocidal tool. Curr Med
Chem 2005; 12: 2163-75.

Agren MS, Werthen M. The extracellular matrix in wound
healing: a closer look at therapeutics for chronic wounds. Int
J Low Extrem Wounds 2007; 6: 82-97.

Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle
V, De Mol M, Wu Y, Bono F, Devy L, Beck H, Scholz D,
Acker T, DiPalma T, Dewerchin M, Noel A, Stalmans I,

Wound Rep Reg (2010) 18 266-275 © 2010 by the Wound Healing Society



Borkow et al.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Barra A, Blacher S, Vandendriessche T, Ponten A, Eriksson
U, Plate KH, Foidart JM, Schaper W, Charnock-Jones DS,
Hicklin DJ, Herbert JM, Collen D, Persico MG. Synergism
between vascular endothelial growth factor and placental
growth factor contributes to angiogenesis and plasma
extravasation in pathological conditions. Nat Med 2001; 7:
575-83.

Cianfarani F, Zambruno G, Brogelli L, Sera F, Lacal PM,
Pesce M, Capogrossi MC, Failla CM, Napolitano M, Odor-
isio T. Placenta growth factor in diabetic wound healing:
altered expression and therapeutic potential. Am J Pathol
2006; 169: 1167-82.

Abaci A, Oguzhan A, Kahraman S, Eryol NK, Unal S, Arinc
H, Ergin A. Effect of diabetes mellitus on formation of cor-
onary collateral vessels. Circulation 1999; 99: 2239-42.
Romano DP, Mangoni A, Zambruno G, Spinetti G, Melillo
G, Napolitano M, Capogrossi MC. Adenovirus-mediated
VEGF(165) gene transfer enhances wound healing by pro-
moting angiogenesis in CD1 diabetic mice. Gene Ther 2002;
9: 1271-7.

McLaughlin K. HIF1{alpha} in hypoxia. Thorax 2008;
63:311.

Martin F, Linden T, Katschinski DM, Oehme F, Flamme I,
Mukhopadhyay CK, Eckhardt K, Troger J, Barth S, Came-
nisch G, Wenger RH. Copper-dependent activation of hypo-
xia-inducible factor (HIF)-1: implications for ceruloplasmin
regulation. Blood 2005; 105: 4613-9.

Mace KA, Yu DH, Paydar KZ, Boudreau N, Young DM.
Sustained expression of Hif-lalpha in the diabetic environ-
ment promotes angiogenesis and cutaneous wound repair.
Wound Repair Regen 2007; 15: 636-45.

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H,
Sakagami M, Nakanishi K, Akira S. Targeted disruption of
the MyD88 gene results in loss of IL-1- and IL-18-mediated
function. Immunity 1998; 9: 143-50.

Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. Unre-
sponsiveness of MyD88-deficient mice to endotoxin. Immu-
nity 1999; 11: 115-22.

Darnay BG, Ni J, Moore PA, Aggarwal BB. Activation of
NF-kappaB by RANK requires tumor necrosis factor recep-
tor-associated factor (TRAF) 6 and NF-kappaB-inducing
kinase. Identification of a novel TRAF6 interaction motif.
J Biol Chem 1999; 274: 7724-31.

Jurgensen JS, Rosenberger C, Wiesener MS, Warnecke C,
Horstrup JH, Grafe M, Philipp S, Griethe W, Maxwell PH,
Frei U, Bachmann S, Willenbrock R, Eckardt KU. Persistent
induction of HIF-1alpha and -2alpha in cardiomyocytes and
stromal cells of ischemic myocardium. FASEB J 2004; 18:
1415-7.

Wound Rep Reg (2010) 18 266-275 © 2010 by the Wound Healing Society

33.

34.

3s.

36.

37.

38.

39.

40.

Wound healing by copper oxide dressings

Fitsialos G, Bourget I, Augier S, Ginouves A, Rezzonico R,
Odorisio T, Cianfarani F, Virolle T, Pouyssegur J, Men-
eguzzi G, Berra E, Ponzio G, Busca R. HIF1 transcription
factor regulates laminin-332 expression and keratinocyte mi-
gration. J Cell Sc¢i 2008; 121: 2992-3001.

Cheng N, Brantley DM, Chen J. The ephrins and Eph recep-
tors in angiogenesis. Cytokine Growth Factor Rev 2002; 13:
75-85.

Baum CL, Arpey CJ. Normal cutaneous wound healing: clin-
ical correlation with cellular and molecular events. Dermatol
Surg 2005; 31: 674-86.

Czarkowska-Paczek B, Przybylski J. Mechanisms of tissue
repair. Przegl Lek 2004; 61: 39-42.

Filiz G, Price KA, Caragounis A, Du T, Crouch PJ, White
AR. The role of metals in modulating metalloprotease activ-
ity in the AD brain. Eur Biophys J 2008; 37: 315-21.
O’Reilly SM, Leonard MO, Kieran N, Comerford KM,
Cummins E, Pouliot M, Lee SB, Taylor CT. Hypoxia in-
duces epithelial amphiregulin gene expression in a CREB-de-
pendent manner. Am J Physiol Cell Physiol 2006; 290: C592—
600.

Vinci C, Caltabiano V, Santoro AM, Rabuazzo AM, Bus-
cema M, Purrello R, Rizzarelli E, Vigneri R, Purrello F.
Copper addition prevents the inhibitory effects of interleukin
1-beta on rat pancreatic islets. Diabetologia 1995; 38: 39-45.
Landriscina M, Bagala C, Mandinova A, Soldi R, Micucci I,
Bellum S, Prudovsky I, Maciag T. Copper induces the as-
sembly of a multiprotein aggregate implicated in the release
of fibroblast growth factor 1 in response to stress. J Biol
Chem 2001; 276: 25549-57.

Supporting Information

Additional supporting information may be found in the
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Table S1. Gene expression at the wound site. The ratio

between the gene expression in mice treated with the cop-
per oxide-containing wound dressings and those treated
with control wound dressings is shown.
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