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Could chronic wounds not heal due to too low local
copper levels?
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Summary Copper is an essential trace element involved in numerous human physiological and metabolic processes. It
plays a key role in many of the processes that together comprise wound healing, including induction of endothelial
growth factor, angiogenesis and expression and stabilization of extracellular skin proteins. We hypothesize that in
individuals with diabetic ulcers, decubitus, peripheral vascular, or other wounds which might have compromised
circulation to the wound site, that part of the incapacity of the wounds to heal is due to low local copper levels.
Contamination of wounds is also an important factor causing impaired wound healing. Importantly, copper has potent
broad biocidal properties. In contrast, the risk of adverse skin reactions due to exposure to copper is extremely low.
We thus hypothesize that introducing copper into wound dressings would not only reduce the risk of wound and dressing
contamination, as silver does but, more importantly, would stimulate faster wound repair directly. This would be done
by the release of copper from the wound dressings directly into the wound site inducing angiogenesis and skin
regeneration.

�c 2007 Elsevier Ltd. All rights reserved.

Introduction

Wounds normally heal in a very orderly, efficient
and highly controlled method of repair distin-
guished by four distinct, but overlapping, phases:
hemostasis, inflammation, proliferation and
remodelling [1,2]. These highly complex phases,
characterized by high metabolic activity at the
wound site, demand a fluent supply of oxygen

and nutrients. The altered microenvironment
found in wounds, such as low pH, reduced oxygen
tension and increased lactate, actually initiate the
release of factors by epidermal cells, fibroblasts,
macrophages and vascular endothelial cells
needed to bring in new blood supply. This process
of neovascularisation is stimulated by vascular
endothelial cell growth factor (VEGF), basic fibro-
blast growth factor (bFGF) and transforming
growth factor (TGF)-b. Fibroblasts are responsible
for producing the new matrix needed to restore
structure and function to the injured tissue. Fibro-
blasts attach to fibrin and integrin cables and be-
gin to produce collagen, which then becomes
cross-linked [3,4].
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Ischemia in chronic wounds

The events of early wound healing reflect a finely
balanced environment leading to uncomplicated
and rapid wound healing. Chronic wounds or ‘‘com-
plex wounds’’ [5] which, for many reasons, have
lost this fine balance, are usually associated with
systemic pathologies that impair normal healing
causing wounds to fail to heal with simple care
and requiring special attention. Chronic wounds
are characterized by extensive loss of the integu-
ment, clear necrosis, or signs of circulation impair-
ment either localized or more extensive, usually in
the limbs, leading to extensive loss of substance. A
key characteristic common to chronic wounds is
ischemia, due to microangiopathic disease in dia-
betic patients [6], chronic venous insufficiency in
chronic venous ulcers [7], vasculitis in patients
with autoimmune disease or under immunosup-
pressive drug therapy [8] or necrosis of the integu-
ment in pressure sores [9].

Involvement of systemic copper in wound
healing

The function of many factors involved in the effi-
cient and highly controlled repair wound healing
mechanism is dependant on their interaction with
copper. The following supports this notion:

(i) Inducible VEGF expression is sensitive to cop-
per [10]. Among many known growth factors,
VEGF is believed to be the most prevalent,
efficacious, and long-term signal that is
known to stimulate angiogenesis in wounds.
In both in vitro and in vivo models, CuSO4

clearly promotes angiogenic responses. Topi-
cal copper sulphate accelerated the closure
of excisional murine dermal wounds. Histo-
logical analysis of wound-edge tissue substan-
tiated that CuSO4 treatment not only
accelerated wound closure but that the qual-
ity of regenerating tissue was distinctly dif-
ferent. CuSO4 treatment was associated with
more hyperproliferative epithelial tissue and
the density of cells in the granulation layer
of copper-treated wounds was clearly higher.
Immunohistochemical studies show that
wound edges of copper-treated wounds have
more prominent VEGF expression [10].

(ii) The export of fibroblast growth factor
(FGF)1 and interleukin (IL)-1a, two pro-
angiogenic polypeptides, is based on the
Cu2+-dependent formation of multiprotein
complexes containing the S100A13 protein.

The formation of a such a multiprotein
aggregate enables the release of FGF1 in
response to stress [11].

(iii) Furthermore, copper chelation represses the
vascular response to injury [12]. These obser-
vations have also led to the development of
anti-copper-based, anti-angiogenic strategies
for the treatment of cancer [13,14].

(iv) Integrins expressed by basal layer keratino-
cytes play an essential part in wound healing.
Copper modulates integrins expressed by
suprabasally differentiated keratinocytes dur-
ing the final healing phase [15].

(v) The stability of fibronectin mats (Fn-mat),
which have potential applications in tissue
engineering, is increased by treating themwith
micromolar concentrations of copper ions
[16]. Low concentrations of copper (1 lM) not
only caused significantfibronectin stabilisation
but the greatest amount of cell ingrowth was
observed for copper treated cables [17].

(vi) Expression of the metallothionein gene is up-
regulated in the skin following topical applica-
tion of copper, and in wound margins, particu-
larly in regions of high mitotic activity. The
action of metallothioneins in these processes
may result from the large number of zinc-
dependent and copper-dependent enzymes
required for cell proliferation and matrix
remodelling [18].

(vii) GHK, a tripeptide with high affinity for copper
ions that was isolated from human plasma,
potently reduces tissue oxidative damage
after injury and activates tissue remodelling
[19]. Topical application of GHK resulted in
accelerated wound healing in ischemic open
wounds [20]. Interestingly, the increase in
metalloproteinase-2 levels in conditioned
media of cultured fibroblasts GHK-Cu(2+),
could be reproduced by copper ions alone
but not by the tripeptide GHK alone [21], indi-
cating the crucial role of copper in the remod-
elling of extracellular matrix, a central step in
wound repair. Similarly, the copper tripeptide
accelerates the growth of normal and irradi-
ated fibroblasts to the point where treated
irradiated fibroblasts approximate the popula-
tion-doubling time of normal controls [22].
Accordingly, it was found that GHK incorpo-
rated collagen increases the copper concentra-
tion by nine fold at the wound site indicating
the wound healing property of GHK can also
be linked with copper localization [23].

As delineated above, copper ions play an
important role especially, but not only, during
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the proliferation and remodelling phases. It is
therefore not surprising that many over-the-coun-
ter treatments for wound healing contain copper
[24,25]. The importance of copper in wound heal-
ing is further demonstrated by the positive effect
of its administration in cases of severe burn trauma
in children [26] and in the management of phospho-
rus burns [27].

Copper and wound infections

It is established that infections may delay healing,
cause failure of healing, and even cause wound
deterioration [28]. Microbial pathogens delay
wound healing through several different mecha-
nisms: persistent production of inflammatory medi-
ators; metabolic wastes; toxins; tissue hypoxia;
rendering the granulation tissue hemorrhagic and
fragile; reducing fibroblast number and collagen
production; damaging reepithelization [29,30];
maintaining the activated state of neutrophils,
which produce cytolytic enzymes and free oxygen
radicals, and competing with host cells for nutri-
ents and oxygen necessary for wound healing
[31]. There is increasing evidence that bacteria
within chronic wounds live within biofilm communi-
ties, in which the bacteria are protected from host
defences and develop resistance to antibiotic
treatment [28]. Thus, keeping the wound aseptic
or maintaining a low bioburden is an important
aim in wound healing, especially when dealing with
chronic wounds.

Copper ions, either alone or in copper com-
plexes, have been used for centuries to disinfect
liquids, solids and human tissue. Several mecha-
nisms for the potent biocidal activity of copper
have been proposed, which include alteration of
proteins and inhibition of their biological assembly
and activity; plasma membrane permeabilization;
and membrane lipid peroxidation [32]. In contrast
to the resistant microbes that have evolved to anti-
biotics in less than 50 years of use, tolerant mi-
crobes to copper are extremely rare even though
copper has been a part of the earth for millions
of years. This lack of resistance to copper may be
explained by the capacity of copper to damage in
parallel many key factors in micro-organisms [32].

Contrary to the high susceptibility of micro-
organisms to copper, human skin is not sensitive
to copper and the risk of adverse reactions due to
dermal exposure to copper is extremely low
[33,34]. Copper is not only considered safe to hu-
mans, as demonstrated by the widespread and pro-
longed use by women of copper intrauterine
devices (IUDs) [35,36], but it is an essential metal

needed for normal metabolic processes. The Na-
tional Academy of Sciences Committee established
the US recommended Daily Allowance of 0.9 mg of
copper for normal adults [37].

The hypothesis

We hypothesize that in diabetic ulcers, decubitus,
and other wounds that occur in individuals with
potentially compromised blood supply to the
wound site, part of the incapacity of the wounds
to heal is due to low local copper levels, which oc-
cur due to the compromised blood circulation.

Taking together the potent biocidal activities of
copper and its roles in the wound healing process,
strongly supports the notion that the addition or
application of copper or copper containing prod-
ucts, such as Band-Aids and gauze containing cop-
per, to wounds, may significantly enhance the
wound healing process. Furthermore, in ischemic
patients, with poor local copper supply by the cir-
culatory system, exterior supplement of the copper
by elution from copper containing dressings, di-
rectly to the wounds, will result in healing where
conventional treatments fail.

References

[1] Richardson M. Acute wounds: an overview of the physio-
logical healing process. Nurs Times 2004;100:50–3.

[2] Diegelmann RF, Evans MC. Wound healing: an overview of
acute, fibrotic and delayed healing. Front Biosci 2004;9:
283–9.

[3] Sorrell JM, Baber MA, Caplan AI. Clonal characterization of
fibroblasts in the superficial layer of the adult human
dermis. Cell Tissue Res 2007;327:499–510.

[4] Gailit J, Clarke C, Newman D, Tonnesen MG, Mosesson MW,
Clark RA. Human fibroblasts bind directly to fibrinogen at
RGD sites through integrin alpha(v)beta3. Exp Cell Res
1997;232:118–26.

[5] Ferreira MC, Tuma Jr P, Carvalho VF, Kamamoto F.
Complex wounds. Clinics 2006;61:571–8.

[6] Bowering CK. Diabetic foot ulcers. Pathophysiology, assess-
ment, and therapy. Can Fam Physician 2001;47:1007–16.

[7] Abbade LP, Lastoria S. Venous ulcer: epidemiology, phys-
iopathology, diagnosis and treatment. Int J Dermatol
2005;44:449–56.

[8] Coelho S, Amarelo M, Ryan S, Reddy M, Sibbald RG.
Rheumatoid arthritis-associated inflammatory leg ulcers:
a new treatment for recalcitrant wounds. Int Wound J
2004;1:81–4.

[9] Cullum N, Nelson EA, Nixon J. Pressure ulcers. Clin Evid
2006:2592–606.

[10] Sen CK, Khanna S, Venojarvi M, et al. Copper-induced
vascular endothelial growth factor expression and wound
healing. Am J Physiol Heart Circ Physiol 2002;282:
H1821–7.

[11] Prudovsky I, Mandinova A, Soldi R, et al. The non-classical
export routes: FGF1 and IL-1alpha point the way. J Cell Sci
2003;116:4871–81.

612 Borkow et al.



Author's personal copy

[12] Mandinov L, Mandinova A, Kyurkchiev S, et al. Copper
chelation represses the vascular response to injury. Proc
Natl Acad Sci USA 2003;100:6700–5.

[13] Mandinova A, Soldi R, Graziani I, et al. S100A13 mediates
the copper-dependent stress-induced release of IL-1alpha
from both human U937 and murine NIH 3T3 cells. J Cell Sci
2003;116:2687–96.

[14] Voelker R. Copper and cancer. JAMA 2000;283:994.
[15] 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.

[16] Ahmed Z, Idowu BD, Brown RA. Stabilization of fibronectin
mats with micromolar concentrations of copper. Biomate-
rials 1999;20:201–9.

[17] 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.

[18] Lansdown AB. Metallothioneins: potential therapeutic aids
for wound healing in the skin. Wound Repair Regen
2002;10:130–2.

[19] Maquart FX, Bellon G, Chaqour B, et al. In vivo stimulation
of connective tissue accumulation by the tripeptide-copper
complex glycyl-L-histidyl-L-lysine-Cu2+ in rat experimental
wounds. J Clin Invest 1993;92:2368–76.

[20] Canapp Jr SO, Farese JP, Schultz GS, et al. The effect of
topical tripeptide-copper complex on healing of ischemic
open wounds. Vet Surg 2003;32:515–23.

[21] Simeon A, Emonard H, Hornebeck W, Maquart FX. The
tripeptide-copper complex glycyl-L-histidyl-L-lysine-Cu2+
stimulates matrix metalloproteinase-2 expression by fibro-
blast cultures. Life Sci 2000;67:2257–65.

[22] Pollard JD, Quan S, Kang T, Koch RJ. Effects of copper
tripeptide on the growth and expression of growth factors
by normal and irradiated fibroblasts. Arch Facial Plast Surg
2005;7:27–31.

[23] Arul V, Gopinath D, Gomathi K, Jayakumar R. Biotinylated
GHK peptide incorporated collagenous matrix: a novel
biomaterial for dermal wound healing in rats. J Biomed
Mater Res B Appl Biomater 2005;73:383–91.

[24] Pereira CE, Felcman J. Correlation between five minerals
and the healing effect of Brazilian medicinal plants. Biol
Trace Elem Res 1998;65:251–9.

[25] Schlemm DJ, Crowe MJ, McNeill RB, Stanley AE, Keller SJ.
Medicinal yeast extracts. Cell Stress Chaperones 1999;4:
171–6.

[26] 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.

[27] Chou TD, Lee TW, Chen SL, et al. The management of
white phosphorus burns. Burns 2001;27:492–7.

[28] Edwards R, Harding KG. Bacteria and wound healing. Curr
Opin Infect Dis 2004;17:91–6.

[29] Ovington L. Bacterial toxins and wound healing. Ostomy
Wound Manage 2003;49:8–12.

[30] Robson MC, Stenberg BD, Heggers JP. Wound healing
alterations caused by infection. Clin Plast Surg
1990;17:485–92.

[31] Laato M, Niinikoski J, Lundberg C, Gerdin B. Inflamma-
tory reaction and blood flow in experimental wounds
inoculated with Staphylococcus aureus. Eur Surg Res
1988;20:33–8.

[32] Borkow G, Gabbay J. Copper as a biocidal tool. Curr Med
Chem 2005;12:2163–75.

[33] Hostynek JJ, Maibach HI. Copper hypersensitivity: derma-
tologic aspects – an overview. Rev Environ Health
2003;18:153–83.

[34] Gorter RW, Butorac M, Cobian EP. Examination of the
cutaneous absorption of copper after the use of copper-
containing ointments. Am J Ther 2004;11:453–8.

[35] Bilian X. Intrauterine devices. Best Pract Res Clin Obstet
Gynaecol 2002;16:155–68.

[36] Hubacher D, Lara-Ricalde R, Taylor DJ, Guerra-Infante F,
Guzman-Rodriguez R. Use of copper intrauterine devices
and the risk of tubal infertility among nulligravid women. N
Engl J Med 2001;345:561–7.

[37] Trumbo P, Yates AA, Schlicker S, Poos M. Dietary reference
intakes: vitamin A, vitamin K, arsenic, boron, chromium,
copper, iodine, iron, manganese, molybdenum, nickel,
silicon, vanadium, and zinc. J Am Diet Assoc 2001;101:
294–301.

Available online at www.sciencedirect.com

Could chronic wounds not heal due to too low local copper levels? 613


