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Abstract  

Skin aging is associated with the loss of the structural collagens and the elastin fiber components that form the  

 extracellular matrix  (ECM). It is associated with reduced transforming growth factor-β   (TGF-β ), angiogenesis and  

increased oxidative stress. Copper has been incorporated into cosmetics for anti-skin aging. This research investi- 
gated the mechanism for the anti-skin aging effect copper ions, from cuprous oxide powders. Dermal fibroblasts were  

exposed to copper and examined for expression (protein and/or promoter levels) of types I, III, V collagen, heat shock  

protein-47 (HSP-47), elastin, fibrillin-1, and fibrillin-2, TGF-β 1, vascular endothelial growth factor (VEGF), and in addi- 

 tion for membrane damage and lipid peroxidation. The direct antioxidant activity of copper was also determined. The 

research indicates that copper’s anti-skin aging and skin regeneration potential is through its stimulation of ECM pro- 
teins, TGF-β 1, VEGF, and inhibition of oxidative stress effects at physiological concentrations; and supports its use in 

cosmetics. 
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 INTRODUCTION With skin aging there is loss/atrophy of structural ECM, 

reduced expression of TFG-β , and clinical manifesta- 
The  structural  integrity  of  the  extracellular  matrix 
(ECM) is compromised in skin aging. The structural 

ECM proteins are primarily fibrillar collagens, in order 

of predominance types I, III, and V that provide struc-

 ture; and elastin fibers, formed of elastin and fibrillins 

that  give  firmness  and  elasticity  to  skin [1-4].  The 

dermal fibroblasts are primarily responsible for the syn- 

thesis of the ECM proteins  [1-5]. The formation of 

collagen is closely associated with the expression of heat  

 shock protein-47 (HSP-47) [6,7]. HSP-47 is a collagen- 

specific chaperone that is essential for the formation of 

its triple helical structure, as well as its maturation and 

secretion  [6,7]. Further, collagen formation is closely 

associated with the expression of HSP-47  [7]. A pri-

 mary regulator of the ECM proteins is TGF-β , which 

stimulates  ECM  formation,  and  that  of  angiogenesis 

is vascular endothelial growth factor (VEGF) [2-5,8]. 

tions of wrinkles, diminished structural integrity, and  

impaired wound healing [1-5,9,10]. 

The essence of copper to ECM structure has been  

in association with its role as a cofactor to lysyl oxi- 

dase, which oxidizes lysine and hydroxyllysine residues 

in collagen and elastin for the formation of cross-links  

[11-14]. An alteration in the expression of lysyl oxi- 

dase  is  associated  with  abnormalities  in  the  ECM,  

TGF-β  activity, aging, and senescence  [12-14]. Cop- 

per  in  a  complex  with  a  matrix-derived  tripeptide  

(glycyl-histidyl-lysine or GHK)  (Cu-GHK) stimulates   

expression of collagen and elastin in vivo and in vitro, 

inhibits clinical manifestation of skin aging, and exhibits 

anti-inflammatory  actions [15-18].  Copper  chloride 

stimulates total collagenous proteins in oral fibroblasts,  

and copper oxide nanoparticles promote formation of    
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elastin matrices in vascular smooth muscle cells [19,20]. 

Wound dressings with copper oxide particles are safe  

and  induce  the  expression  of  proangiogenic  factors,  

including TGF-β  and VEGF, in diabetic mice wounds  

[21,22]. Copper is absorbed from topical applications  

of copper-containing ointments, and the use of copper  

oxide-containing pillow cases improves skin appearance  

through the release of copper ions in the presence of  

moisture [23,24]. 

Copper is a trace metal, with physiological relevance  

in  nM  concentrations,  and  has  clinical  in  vivo  anti- 

skin aging effects  [22,25]. The primary hypothesis of  

this research was the anti-skin aging potential of cop- 

per through the beneficial regulation of the expression  

of the predominant structural ECM genes in dermal  

fibroblasts, which are the primary cells responsible for  

the maintenance of the ECM. Specifically, we evaluated  

the efficacy of copper ions, from copper oxide parti- 

cles, in nM concentrations to  (1) increase expression  

of types I, III and V collagens, and HSP-47; (2) stim- 

ulate  expression  of  elastin,  fibrillin-1,  and  fibrillin-2;  

(3) enhance expression of TGF-β 1 and VEGF; and (4)  

inhibit membrane damage and lipid peroxidation. 

 

EXPERIMENTAL DESIGN AND METHODS 

Cell Culture and Dosing 

Human neonatal dermal fibroblasts from three donors  

(Cascade  Biologics)  were  cultured  in  complete  Dul- 

becco’s  Modified  Eagle’s  Medium  (DMEM)  supple- 

mented with 10% heat-inactivated fetal bovine serum,  

1% penicillin/streptomycin (P/S), and 1% L-glutamine.  

Four  independent  experiments,  in  replicates  of  3-4,  

were performed by exposing dermal fibroblasts at pas- 

sages 19-21  (in  vitro  aged)  in  experimental  media 

(DMEM  containing  1%  serum  replacement  and  1% 

P/S) (10) with or without copper ions from copper oxide 

particles. 

Our  initial  studies  were  with  copper  ions  released  

from suspensions of cuprous oxide particles of differ- 

ent sizes  (22,  2.5,  1  μ m: SCM Metal Products Inc.,  

Research  Triangle  park,  NC,  USA;  Yogi  Dye  Chem  

Pvt. Ltd., Mumbai, India) or from 1 μ m copper oxide  

containing  wound  dressing  (polypropylene  nonwoven  

fabric: Cupron Scientific, Israel) in experimental media.  

The concentration of the released copper ions was mea- 

sured by several procedures, which include those that  

had been used in our previously reported work with  

copper  in  which  the  quantitation  of  copper  was  not  

described:  electrogravimetric  analysis;  QuantiChrom  

copper  assay  kit  (BioAssay  Systems);  in-house  spec- 

trophotometric measurement following reactions with  

2,2′  -biquinoline (Sigma) or bicinchoninic acid (Thermo  

Fischer Scientific Inc.), and copper test strips  (EMD  

Chemicals) (4). The results were similar from the differ- 

ent procedures to measure the concentration of copper  

ions; and hence the copper concentrations of the exper- 

imental  dilutions  were  determined  using  copper  test 

 

strips  in  further  experiments (EMD  Chemicals).  In 

addition, initial research indicated similar effects of the  

copper ions released from the copper particles of the  

different  sizes  or  from  the  copper  dressing,  into  the  

experimental  media,  on  the  regulation  of  the  ECM  

proteins  in  fibroblasts.  Further  research  studies  were  

performed with the 1 μ m copper oxide powder that has  

been carefully analyzed, of more than 99% purity, and  

has been incorporated into wound dressing and pillow- 

cases, shown to have anti-skin aging effects in vivo (22,  

24). 

The  experiments  consisted  of  seeding  fibroblasts  

in at 2 × 10
5
  cell density in 33 mm dishes overnight,  

transfecting each dish with  5  μ g each of type I colla- 

gen or elastin promoter-reporters and  0.5  μ g control  

(TK)  promoter-reporter  complexed  with  ESCORT  

(Sigma,  7  μ g  per  dish)  for  24  hr  before  treatment  

with  0-0.5  nM  of  copper  for  24  hr;  and  examining  

for cell viability {CellTiter 96
®

  Aqueous One or MTS  

assay  [tetrazolium compound  (3-(4,5-dimethylthiazol- 

2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 

2H-tetrazolium, inner salt; MTS) + electron coupling  

reagent (phenazine ethosulfate; PES)] (Promega)}, and  

the expression of the reporters for promoter activity.  

The experiments also consisted of seeding fibroblasts  

at  2  ×  10
5
  cell density in  33  mm dishes for  2  days,  

treatment  with  0-0.5  nM  of  copper  for  24  hr;  and  

examining  for  cell  viability,  and  the  expression  of  

fibrillar collagen (types I, III, V) proteins, elastin fiber  

proteins (elastin, fibrillins), TGF-β 1, VEGF and HSP- 

47 proteins, membrane damage, and lipid peroxidation.  

The cell viability was not altered at these concentrations  

of copper, which has been reported (4). 

The direct antioxidant activity of the copper ions was 

measured through the inhibition of ABTS oxidation. 

 

Collagen (Types I, III, V), HSP-47, Elastin, Fibrillins (1, 2), 

TGF-β 1, and VEGF Protein Levels 

The protein levels in the media or cell lysates of fibrob- 

lasts that had been dosed with 0, 0.05, 0.3, and 0.5 nM 

copper ions were determined using ELISA (Kirkguaard 

and Perry Laboratories Inc., Millipore, Stressgen, R&D 

Systems) [1-5]. One hundred microliter of aliquots of 

media or cell lysates from each sample, and respective 

standards were added to independent wells of 96 well 

plates for  24  hr at  4◦ C. The wells were blocked with 

bovine serum albumin and then incubated with respec- 

tive  antibodies [(Millipore—type  I  collagen:  CC050, 

AB745,  AB758B;  type  III  collagen:  CC054,  AB747;  

type V collagen: CC077, AB763P), (KPL Lab. Inc.—  

protein detector ELISA kit, 55-81-10), (Elastin Prod- 

ucts Co.—Elastin: GH421, PR 533, PR 938; Fibrillin- 

1:  PR  217;  Fibrillin-2:  PR 225), (Stressgen—HSP- 

47: SPA-40), (R&D Systems—TGF-β : DY240; VEGF:  

DY293B)] for  1  hr at room temperature. The plates  

were washed with wash buffer, incubated with respec- 

tive secondary antibodies linked to peroxidase or biotin  

for 1 hr at room temperature, washed, and subsequently 
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incubated with peroxidase substrate until color devel-

 opment, which was measured spectrophotometrically at 

405 nm. The absorbance data were quantitated through 

respective  standards  [1-5].  The  types  I  and  III  col- 

lagens are coordinately regulated; their standards are 

90% pure,  <10% cross-contaminated; and with  <1%  

 of other collagens or non-collagen proteins (Millipore). 

The type V collagen standard is of 95% purity, and with 

<2% contaminants of each of the collagens or 0.5% of 

the non-collagen proteins (Millipore). There was no sig- 

nificant cross-reactivity of the respective antibodies for  

 each collagen type with the standards of other collagen 

or non-collagen proteins in our assays. 
 
 

Type I Collagen, and Elastin Promoter Activity 

Fibroblasts    were    co-transfected    with    COL1α 1 

promoter-firefly  luciferase  or  elastin  promoter-firefly  

 luciferase  (pGL4  vector)  (gifts  from  Dr.  Joel  Rosen- 

bloom,  School  of  Dental  Medicine,  University  of 

Pennsylvania,  PA,  USA)  and  thymidine  kinase  (TK) 

promoter-hRenilla luciferase plasmids  (Promega)  (for 

normalization  of  transfection  efficiency)  using  Escort  

 (Sigma)  for  24  hr  prior  to  dosing  with  or  without 

copper for  24  hr  [1,2]. The cells were measured for 

luminescence sequentially, in each sample, from firefly 

(collagen or elastin promoters) and renilla (control TK 

promoter) luciferase activities, normalized for luciferase  

 values, and quantitated using recombinant luciferase as 

a  standard  (Promega:  Dual  luciferase  reporter  assay, 

E1910) [1,2]. 
 
 

Membrane Damage 

The  membrane  damage  was  determined  by  testing  

 the  media  of  fibroblasts  dosed  with  0-0.5  nM  cop- 

per ions for lactate dehydrogenase  (LDH), indicative 

of membrane damage (Sigma). An LDH reaction mix- 

ture  (substrate,  enzyme,  and  a  tetraxolium  dye)  was 

added to aliquots of media at  1:2  ratio, incubated at  

 room temperature for 30 min, and the LDH-mediated 

conversion of the tetraxolium dye to a colored prod- 

uct was measured spectrophotometrically at  490  nm. 

The absorbance data were converted to percentage of 

control. 

 

 

 Lipid Peroxidation 

Lipid hydroperoxides, indicative of lipid peroxidation, 

were measured using the K-Assay (Kamiya Biomedical 
 Company). Reagent 1 (ascorbic oxidase and lipoprotein 

lipase) was added to media or cell lysates at 1:1 ratio and  

 incubated for 10 min at 30◦ C. Equal volume aliquots of 

reagent 2 (methylene blue derivative and hemoglobin) 

were subsequently added, the color change due to the 

formation of methylene blue by the lipid hydroperoxides 

determined spectrophotometrically at 660 nm, and the  

 data converted to percentage of control. 
 
© 2012 Informa Healthcare USA, Inc. 
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Data Analysis 

The significant effects of copper were analyzed relative to  

control  (without  copper)  by  ANOVA  and  student 

t-tests at 95% confidence interval [1-5]. 

 

RESULTS  

Copper Stimulates Expression of Fibrillar Collagens and 

HSP-47 

Copper, at each of the concentrations  0.05,  0.3, and  

0.5 nM, significantly stimulated the expression of fib- 

rillar collagens (types I, III, V), and HSP-47 in dermal  

fibroblasts (Figure 1A-1E). 

The stimulation of type I collagen by copper was at  

the protein and promoter levels. Copper at  0.05,  0.3,  

and  0.5  nM stimulated type I collagen protein levels 

to  200%  (p  =  0.005),  214%  (p  =  0.003), and  228%  

(p = 0.001) of control (100%: 0.7 μ g/ml); and type I  

collagen promoter activity to 169% (p = 0.011), 247%  

(p = 0.016), and 225% (p = 0.003) of control (100%: 

750 μ g/ml) (Figure 1A and >1B). Copper at 0.05, 0.3,  

and 0.5 nM stimulated type III collagen protein levels  

to  167%  (p  =  0.012),  200%  (p  =  0.006), and  200%  

(p  =  0.007) of control  (100%:  0.3  μ g/ml); and type  

V collagen protein levels to 200% (p = 0.016), 150% 

(p = 0.019), and 150% (p = 0.04) of control (100%:  

0.2 μ g/ml) (Figure 1C and >1D).   

Copper stimulated HSP-47 protein at 0.3 nM, and 

0.5 nM to 220% (p = 0.001), and 160% (p = 0.04) of 

control (100%: 5 μ g/ml) (Figure 1E). 

Copper Stimulates Expression of Elastin, Fibrillin-1, and  

Fibrillin-2   

Copper significantly stimulated the expression of elastin 

protein and promoter activity from 0.05 to 0.5 nM; and 

fibrillin-1 and  fibrillin-2  proteins  at  0.3  and  0.5  nM 

(Figure 2). 

Copper stimulated elastin protein levels at 0.05, 0.3,  

and 0.5 nM to 230% (p = 0.004), 207% (p = 0.021),  

and  207%  (p  =  0.004) of control  (100%:  70  μ g/ml);  

and  elastin  promoter  activity  to  191%  (p  =  0.003), 

195% (p = 0.014), and 186% (p = 0.001) of control  

(100%:  400  μ g/ml)  (Figure  2A  and  2B).  The  stim- 

ulation  of  fibrillin-1/fibrillin-2 by  copper  at  0.3  and 

0.5 nM was to 180% (p = 0.02)/206% (p = 0.01) and 

360% (p = 0.01)/251% (p = 0.01) of respective con- 

trols (100%:  0.5  μ g/ml, fibrillin-1;  100%:  35  μ g/ml, 

fibrillin-2) (Figure 2C and 2D).  

 

Copper Stimulates Expression of TGF-β  and VEGF  

The  protein  levels  of  TGF-β 1  and  VEGF  were  sig- 

nificantly  stimulated  by  copper  at 0.3 and  0.5  nM 

(Figure 3). 

Copper significantly stimulated TGF-β 1 protein lev- 

els to 147% (p = 0.03) and 216% (p = 0.04) of control  

(100%: 1000 pg/ml); and VEGF protein levels in der- 

mal fibroblasts at 0.3 and 0.5 nM to 199% (p = 0.04) 

and  143%  (p  =  0.02) of control  (100%:  750  pg/ml)  

(Figure 3A and 3B).    
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Figure 1. Stimulation of fibrillar collagens and HSP -47 by copper. Fibroblasts were dosed with 0, 0.05, 0.3, or 0.5 nM copper for 24 hr  

and examined for type I collagen protein level (A), type I collagen promoter activity (B), type III collagen protein level (C ), type V collagen 

protein level (D), and HSP 47 protein level (E); ∗ p < 0.05 relative to control; Error bars represent standard deviation,  n = 4. 

 

Copper Inhibits Reactive Oxygen Species, Membrane 

Damage, and Lipid Peroxidation 

Copper significantly inhibited cellular membrane dam- 

age, and lipid peroxidation (Figure 4A and 4B).  

 Copper  at  0.05,  0.3,  and  0.5  nM  inhibited  cel- 

lular  membrane  damage  to  56%  (p  =  0.001),  59% 

(p =   0.004),  and 50%   (p =   0.008)  of  control 

(Figure 4A).  Copper  at 0.3 and 0.5 nM  slightly, 

though  significantly,  inhibited  cellular  lipid  peroxida-

 tion: the lipid hydroperoxides in media/cells were 90% 

(p = 0.01)/92% (p = 0.02) and 91% (p = 0.01)/88% 

(p = 0.01) of respective controls (100%: 10 nmol/ml, 

media; 100%: 20 nmol/ml, cells) (Figure 4B). 

 

DISCUSSION 

 This research associates the anti-skin aging potential of 

lower concentrations of copper through the stimulation 

of fibrillar collagens, HSP-47, elastin fiber components, 

 

TGF-β 1, VEGF, and inhibition of cellular membrane 

damage and lipid peroxidation. However, the in vivo  

validity  of  these  concentrations  of  copper  on  reach- 

ing the dermal fibroblasts through the epidermis would 

need to be investigated. 

Copper  stimulated  the  expression  of  types  I,  III,  

and V collagens at  0.05-0.5  nM, and HSP-47  at  0.3  

and  0.5  nM in dermal fibroblasts. The stimulation of  

type I collagen protein levels and promoter activity by  

copper  was  similar,  suggesting  transcriptional  regula- 

tion. We have previously reported that the expression of 

matrixmetalloproteinase-1  (MMP-1),  which  degrades  

fibrillar collagens, is not altered by these lower concen- 

trations of copper, suggesting a net beneficial effect of  

copper in nM concentrations on ECM structure  [4].  

The stimulation of collagen synthesis or total collage- 

nous  proteins  by  GHK-Cu  has  been  reported  to  be  

between  1  pM and  1  nM and by copper chloride in  

oral fibroblasts between 0.1 and 50 μ M [15,19]. The 
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Figure 2. Stimulation of elastin and fibrillins by copper. Fibroblasts were dosed with 0, 0.05, 0.3, or 0.5 nM copper fo r 24 hr and examined for 

elastin protein level (A), elastin promoter activity (B), fibrillin -1 protein level, and (C) fibrillin-2 protein level (D); ∗ p < 0.05 relative to 

control; Error bars represent standard deviation; n = 4.  

 

co-stimulation  of  HSP-47  with  fibrillar  collagens  by  
copper, which has not been previously reported, sug- 

gests improved collagen fibril formation in the presence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3. Stimulation of growth factors by copper. Fibroblasts  

were dosed with 0, 0.05, 0.3, or 0.5 copper for 24 hr and exam- 

ined for TGF-β  protein (A) and VEGF protein (B); ∗ p < 0.05  

relative to control; Error bars represent standard deviation;  n = 4. 
 
 
 

© 2012 Informa Healthcare USA, Inc. 

of copper.  

Copper stimulated the elastin protein and promoter  

activity similarly at 0.05-0.5 nM, indicating transcrip- 

tional regulation; and fibrillin-1 and fibrillin-2 at 0.3- 

0.5 nM; suggesting formation of proper elastin fibrils by  

copper. While the in vitro promotion of the formation  

of cross-linked elastin matrices by copper ions released  

from copper oxide particles has been demonstrated, the  

regulation of elastin or fibrillin in dermal fibroblasts has 

not been previously reported  [20]. Elastin is reduced  

with intrinsic aging and is associated with loss of skin  

firmness and resiliency [1]. In addition, the reduction  

in  fibrillins  that  form  microfibrils  in  the  epidermal- 

dermal  junction  as  well  as  elastin  fibers  with  elastin 

are reduced with skin aging [1,27]. The research indi- 

cates dual strengthening of the ECM integrity through  

collagen  and  elastin  fibrils  by  copper  at  its  lower 

concentrations. 

Copper stimulated the expression of TGF-β 1 in der- 

mal  fibroblasts  at  0.3  and  0.5  nM.  While  GKK-Cu  

does not stimulate TGF-β , copper oxide-incorporated  

dressings stimulate TGF-β  in diabetic wounds [16,24].  

The regulation of TGF-β 1 by copper in dermal fibrob- 

lasts  has  not  been  previously  reported.  TGF-β   is 

the  predominant  regulator  of  collagen  and  elastin  
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Figure 4. Inhibition of membrane damage and lipid peroxidation  

by copper. Cellular inhibition of membrane damage (A) and lipid 

hydroperoxides in media (straight blue line) or cells (dash red line)  

(B) by copper at 0, 0.05, 0.3, or 0.5 nM;  ∗ p < 0.05 relative to 

control; Error bars represent standard deviation; n = 4. 

 

 

 in  dermal  fibroblasts  [2,28].  Hence,  the  mechanism 

of  copper’s  induction  of  the  fibrillar  collagens  and 

elastin fiber components may include the stimulation of 

TGF-β 1. 

Copper induced the expression of VEGF in dermal  

 fibroblasts. Copper has been associated with angiogen- 

esis  through  VEGF  and  interleukin-8  in  tumors  and 

vascular tissue as well as in epidermal keratinocytes and 

diabetic wounds  [22,29-31]. The induction of VEGF 

has  been  associated  with  oxidative  stress  and  induc-

 tion of oxidative associated pathways and genes [24,31]. 

However, the induction of VEGF in this research may 

be through the induction of TGF-β 1 and not through 

the generation of reactive oxygen species for the copper 

ion-exhibited antioxidant properties [31]. 

 Copper, including its increased ratio to zinc, has been 

associated with oxidative stress, increased lipid perox- 

ides, and degenerative diseases [32]. Conversely, copper 

at the lower concentrations exhibited antioxidant prop- 

erty as inferred from the cellular inhibition of membrane  

 damage and lipid peroxidation. The direct antioxidant 

potential could be from the redox of cuprous to cupric 

ions. The cellular antioxidant properties may be from 

copper’s  role  as  cofactor  to  superoxide  dismutase  or 

cytochrome c oxidase [33,34]. 

 

 

 

CONCLUSION  

Copper at lower concentrations  (0.05-0.5  nM) stim- 

ulated types I, III, and V collagens, HSP-47, elastin, 

fibrillin-1 and  fibrillin-2,  TGF-β ,  and  VEGF,  while 

inhibiting cellular membrane damage and lipid perox- 

idation in dermal fibroblasts. Conversely, skin aging is  

associated with the reduced expression of these predom- 

inant structural ECM proteins and growth factors, and  

increased oxidative stress effects. Hence this research 

supports the use of copper in low concentrations in cos- 

metics, and further research to validate its biosafety as  

well as its regulation of ECM components in anti-skin 

aging and wound healing pathways. 

Declaration of interest: The authors report no con- 

flicts of interest. The authors alone are responsible for  

the content and writing of the paper.   

 

REFERENCES 

[1] Philips,  N.,  Samuel,  M.,  Arena,  R.,  Chen,  Y.,  Conte,  J., 

Natrajan, P., Haas, G., and Gonzalez, S. (2010). Direct inhibi - 

tion of elastase and matrixmetalloproteinases, and stimulation  

of biosynthesis of fibrillar collagens, elastin and fibrillins by  
xanthohumol. J. Cosmet. Sci. 61:125-132. 

[2] Philips, N., Conte, J., Chen, Y., Natrajan, P., Taw, M., Keller,  

T.,  Givant,  J.,  Tuason,  M.,  Dulaj,  L.,  Leonardi,  D.,  and 

Gonzalez, S. (2009). Beneficial regulation of matrixmetallopro- 

teinases and its inhibitors, fibrillar collagens and transforming  
growth factor-β  by P. leucotomos, directly or in dermal fibrob- 

lasts, ultraviolet radiated fibroblasts, and melanoma cells.  Arch. 

Dermatol. Res. 301:487-495. 

[3] Philips,  N.,  Keller,  T.,  Hendrix,  C.,  Hamilton,  S.,  Arena,  

R., Tuason, M., and Gonzalez, S.  (2007). Regulation of the  
extracellular matrix remodeling by lutein in dermal fibroblasts,  

melanoma cells, and ultraviolet radiation exposed fibroblasts.  

Arch. Dermatol. Res. 299:373-379. 

[4] Philips, N., Hwang, H., Chauhan, S., Leonardi, D., and Gon- 

zalez, S. (2010). Stimulation of cell proliferation, and expres-  
sion of matrixmetalloproteinase-1  and interluekin-8  genes in 

dermal fibroblasts by copper. Connect. Tissue Res. 51:224-229.  

[5]  Philips, N., Keller, T., and Gonzalez, S.  (2004). TGF-β  like 

regulation of matrix metalloproteinases by anti transforming 

growth factor-β  and anti transforming growth factor-β 1  anti-  
bodies in dermal fibroblasts: Implications to wound healing.  

Wound Rep. 12:53-59. 

[6] Ishida,   Y.,   Kubota,   H.,   Yamamoto,   A.,   Kitamura,   A.,  

Bächinger, H.P., and Nagata, K.  (2006). Type I collagen in  

Hsp47-null cells is aggregated in endoplasmic reticulum and  
deficient in N-propeptide processing and fibrillogenesis. Mol. 

Biol. Cell. 17:2346-2355. 

[7] Ogawa, Y., Razzaque, M.S., Kameyama, K., Hasegawa, G.,  

Shimmura, S., Kawai, M., Okamoto, S., Ikeda, Y., Tsubota,  

K., Kawakami, Y., and Kuwana, M. (2007). Role of heat shock  
protein  47,  a  collagen-binding  chaperone,  in  lacrimal  gland 

pathology in patients with cGVHD. Invest. Ophthalmol. Vis. Sci. 

48:1079-1086. 

[8] Harris, E.D., Rayton, J.K., Balthrop, J.E., DiSilvestro, R.A.,  

and Garcia-de-Quevedo, M. (1980). Copper and the synthesis  
of elastin and collagen. Ciba Found. Symp. 79:163-182.  

[9]  Uitto, J., Fazio, M.J., and Olsen, D. (1989). Molecular mecha - 

nisms of cutaneous aging. J. Am. Acad. Dermatol. 21:614-622.  

[10]  Mori, Y., Hatamochi, A., Arakawa, M., and Ueki, H. (1998).  

Reduced expression of mRNA for transforming growth factor -  
beta (TGF  beta)  and  TGF  beta  receptors  I  and  II  and  

 

Connective Tissue Research  



 
 
 
 
 

decreased TGF beta binding to the receptors in in vitro-aged 

fibroblasts. Arch. Dermatol. Res. 290:158-162. 

[11] Smith-Mungo, L., and Kagan, H. (1998). Lysyl oxidase: Prop- 

 erties, regulation and multiple functions in biology. Matrix Biol. 

16:387-398. 

[12] Szauter, K.M., Cao, T., Boyd, C.D., and Csiszar, K. (2005).  

Lysyl  oxidase  in  development,  aging  and  pathologies  of  the 

skin. Pathol. Biol. (Paris) 53:448-456. 

 [13] Rucker,  R.B.,  Kosonen,  T.,  Clegg,  M.S.,  Mitchell,  A.E.,  

Rucker, B.R., Uriu-Hare, J.Y., and Keen, C.L. (1998). Copper,  

lysyl  oxidase,  and  extracellular  matrix  protein  cross-linking. 

Am. J. Clin. Nutr. 67:996S-1002S. 

[14] Atsawasuwan,  P.,  Mochida,  Y.,  Katafuchi,  M.,  Kaku,  M.,  

 Fong, K.S.K., Csiszar, K., and Yamauchi, M.  (2008). Lysyl  

oxidase  binds  transforming  growth  factor  and  regulates  its  

signaling  via  amine  oxidase  activity.  J.  Biol.  Chem. 283: 

34229-34240. 

[15] Maquart,   F.X.,   Pickart,   L.,   Laurent,   M.,   Gillery,   P.,  

 Monboisse, J.C., and Borel, J.P.  (1988). Glycyl-L-histidyl-L- 

lysine (GHK) is a tripeptide with affinity for copper(II) ions.  

FEBS Lett. 238:343-346. 

[16] Maquart, X., Bellon, G., Chaqour, B., Wegrowski, J., Leonard,  

M.,  Patt,  T.,  Ronald,  E.,  Trachy,  M.J.C.,  Chastang,  F.,  

 Birembaut, P., Gillery, P., and Borel, J.P. (1993). In vivo stim- 

ulation  of  connective  tissue accumulation  by  the  tripeptide- 

copper complex glycyl-L-histidyl-L-lysine-Cu2+ in rat experi- 

mental wounds. J. Clin. Invest. 92:2368-2376. 

[17] Pickart, L.  (2008). The human tri-peptide GHK and tissue 

 remodeling. J. Biomater. Sci. Polym. Ed. 19:969-988. 

[18] Pollard,  J.D.,  Quan,  S.,  Kang,  T.,  and  Koch,  R.J.  (2005). 

Effects  of  copper  tripeptide  on  the  growth  and  expression  

of growth factors by normal and irradiated fibroblasts. Arch. 

Facial Plast. Surg. 7:27-31. 

 [19] Trivedy,  C.,  Meghji,  S.,  Warnakulasuriya,  K.A.,  Johnson, 

N.W., and Harris, M. (2001). Copper stimulates human oral  

fibroblasts in vitro: A role in the pathogenesis of oral submu- 

cous fibrosis. J. Oral Pathol. Med. 30:465-470. 

[20] Kothapalli, C., and Ramamurthi, A. (2009). Copper nanopar- 

 ticle cues for biomimetic cellular assembly of crosslinked elastin 

fibers. Acta Biomaterialia. 5:541-553. 

[21] Gorter, R.W., Butorac, M., and Cobian, E.P. (2004). Exami- 

nation of the cutaneous absorption of copper after the use of  

copper-containing ointments. Am. J. Ther. 11:453-458. 

 [22] Borkow,  G.,  Gabbay,  J.,  Lyakhovitsky,  A.,  and  Huszar,  M.  

(2009). Improvement of facial skin characteristics using cop- 

per  oxide  containing  pillowcases:  A  double-blind,  placebo- 

controlled,  parallel,  randomized  study.  Int.  J.  Cosmet.  Sci. 

31:437-443. 

 [23] Borkow, G., Okon-Levy, N., and Gabbay, J. (2010). Copper 

oxide impregnated wound dressing: Biocidal and safety studies.  

Wounds 22:301-310. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2012 Informa Healthcare USA, Inc.

 

Beneficial Regulation by Copper in Dermal Fibroblasts 7 
 

[24] Borkow,  G.,  Gabbay,  J.,  Dardik,  R.,  Eidelman,  A.I.,  Lavie, 

Y.,  Grunfeld,  Y.,  Ikher,  S.,  Huszar,  M.,  Zatcoff,  R.C.,  and  

Marikovsky, M.  (2010). Molecular mechanisms of enhanced  
wound healing by copper oxide-impregnated dressings. Wound 

Repair Regen. 18:266-275. 

[25] Voruganti, V.S., Klein, G.L., Lu, H.X., Thomas, S., Freeland- 

Graves, J.H., and Herndon, D.N. (2005). Impaired zinc and  

copper status in children with burn injuries: Need to reassess  
nutritional requirements. Burns 31:711-716. 

[26] Watson,  R.E.,  Griffits,  C.E.,  Craven,  N.M.,  Shuttleworth,  

C.A.,  and  Kielty,  C.M. (1999).  Fibrillin-rich  microfibrils  
are  reduced  in  photoaged  skin.  Distribution  at  the  dermal- 

epidermal junction. J. Invest. Dermatol. 112:782-787.  
[27] Philips, N., Tuason, M., Chang, T., Lin, Y., Tahir, M., and  

Rodriguez, S.G. (2009). Differential effects of ceramide on cell  

viability and extracellular matrix remodeling in keratinocytes 

and fibroblasts. Skin Pharmacol. Physiol. 22:151-157. 

[28] Sen,  C.K.,  Khanna,  S.,  Venojarvi,  M.,  Trikha,  P.,  Ellison,   
E.C., Hunt, T.K., and Roy, S.  (2002). Copper-induced vas- 

cular endothelial growth factor expression and wound healing. 

Am. J. Physiol. Heart Circ. Physiol. 282:1821-1827. 

[29] Moriguchi,  M.,  Nakajima,  T.,  Kimura,  H.,  Watanabe,  T., 

Takashima,  H.,  Mitsumoto,  Y.,  Katagishi,  T.,  Okanoue,  T.,   
and  Kagawa,  K.  (2002).  The  copper  chelator  trientine  has 

an antiangiogenic effect against hepatocellular carcinoma, pos- 

sibly  through  inhibition  of  interleukin-8  production.  Int.  J. 

Cancer 102:445-452. 

[30] Pan,  Q.,  Kleer,  C.G.,  van  Golen,  K.L.,  Irani,  J.,  Bottema,  
K.M., Bias, C., De Carvalho, M., Mesri, E.A., Robins, D.M., 

Dick, R.D., Brewer, G.J., and Merajver, S.D.  (2002). Cop- 

per deficiency induced by tetrathiomolybdate suppresses tumor  

growth and angiogenesis. Cancer Res. 62:4854-4859. 

[31] Willems-Widyastuti,  A.,  Alagappan,  V.K.,  Arulmani,  U.,  
Vanaudenaerde,  B.M.,  de  Boer,  W.I., Mooi,  W.J.,  Verleden, 

G.M., and Sharma, H.S. (2011). Transforming growth factor- 

beta 1 induces angiogenesis in vitro via VEGF production in 

human airway smooth muscle cells. Indian J. Biochem. Biophys. 

48:262-269.  
[32] Mezzeti, A., Pirdomenico, S.D., Costantini, F., Romano, F.,  

De Cesare, D., Cuccurullo, F., Imbastaro, T., Riario-Sforza, 

G., Di Giacomo, F., Zuliani, G., and Fellin, R. (1998). Cop- 

per/zinc ratio and systemic oxygen load: Effect of aging and 

aging-related  degenerative  diseases.  Free  Radic.  Biol.  Med.  
25:676-681. 

[33] Abreu,   I.A.,   and   Cabelli,   D.E. (2010).    Superoxide 

dismutases—A  review  of  the  metal-associated  mechanistic 

variations. Biochim. Biophys. Acta 1804:263-274. 

[34] Zuo, X., Xie, H., Dong, D., Jiang, N., Zhu, H., and Kang, Y.J.   
(2010). Cytochrome c oxidase is essential for copper-induced 

regression of cardiomyocyte hypertrophy. Cardiovasc. Toxicol. 

10:208-215.



 


