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a  b  s  t  r  a  c  t

Wound  tissue  repair  is  a complex  and  dynamic  process  of  restoring  cellular  structures  and  tissue  layers.
Improvement  of this  process  is  crucial  for several  pathologies  characterized  by chronic  delayed  wound
closure  such  as  diabetes,  and  the  investigation  of new  approaches  aimed  to  ameliorate  the  wound  healing
process  is under  continuous  evolution.  Recently,  the  usage  of  vegetable  matrices  in  the  form of ozonated
oils has  been  proposed  and  several  researchers  have  shown  a  positive  effect  in the  wound,  based  on  their
bactericidal,  antiviral,  and  antifungal  properties.  The  present  study  was  undertaken  to compare  the  effect
that  different  ozonated  oils (olive,  sesame  and  linseed)  with  the  same  level  of  ozonation  have on  wound
healing  rate  in SKH1  mice.  Several  histological  parameters  and  the  level  of key  proteins  such as  VEGF  and
PCNA have  been  analyzed.  Only  treatment  with  ozonated  sesame  oil  shows  a faster  wound  closure  in the
first  7  days.  This  effect  paralleled  with  the  increased  VEGF  and  PCNA  levels,  NF�B  nuclear  translocation
and  4-HNE  formation.  The  present  study  shows  that  not  only  the  ozonation  grade  is of  importance  for
the  improvement  of wound  healing  process  but  also  the  typical  composition  of  the oil.

© 2013 Published by Elsevier B.V.

1. Introduction23

In normal skin, the epidermis (outermost layer) and dermis24

(inner or deeper layer) exists in a steady-state equilibrium, form-25

ing a protective barrier against the external environment. Once the26

protective barrier is broken, a set of complex biochemical events27

takes place in a closely orchestrated cascade to repair the dam-28

age. Such a process defined wound healing (WH) is immediately29

set in motion to prevent infectious events. The closure of cutaneous30

wounds involves complex tissue movements such as haemorrhage,31

inflammation, re-epithelization (proliferation), granulation tissue32

formation, and the late remodelling phase of repair (Werner and33

Grose, 2003).34
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Previous studies have demonstrated that endogenous factors 35

are able to modulate and coordinate the healing process, such as 36

vascular endothelial growth factor (VEGF), transforming growth 37

factor � (TGF�), platelet-derived growth factor (PDGF), cellular 38

cycle proteins and even reactive oxygen species (ROS). All these fac- 39

tors are released and expressed from different cells involved in the 40

WH process such as macrophages, fibroblasts, and keratinocytes 41

at the site of injury and they participate in the regulation of re- 42

epithelization, granulation tissue formation, collagen synthesis and 43

neovascularization (Barrientos et al., 2008; de Melo et al., 2011). 44

The ability to modulate the levels and the release of the men- 45

tioned growth factors can influence the WH process. In addition, 46

infection of the wound will delay the wound closure (Edwards and 47

Harding, 2004). 48

Ozone (O3) is widely recognized as one of the best bactericidal, 49

antiviral, and antifungal molecules used in the therapy of chronic 50

wounds. The beneficial effects of O3 on WH might be assumed to be 51

due to decreased bacterial infection, ameliorated dermal WH  rate 52

and increased oxygen tension by O3 exposure in the wound area 53

(Valacchi et al., 2012). In an aqueous environment, O3 does not pen- 54

etrate the cells but it instantaneously reacts with the double bonds 55

of polyunsaturated fatty acids (PUFA) leading to the formation of 56
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ROS and bioactive products such as aldehydes (Pryor and Church,57

1991). These “second messenger” of O3 reactivity, via the activa-58

tion of redox transcription factors such as nuclear factor-kappaB59

(NF�B), can induce the synthesis of growth factors and accelerate60

the cell cycle.61

Recently, it has been suggested that ozonated oils could be func-62

tional matrices to slowly deliver O3 messengers and improve WH63

due to the ability of the oil to stabilize O3 in a suitable chem-64

ical form (Travagli et al., 2010). Moreover, in an experimental,65

well-characterized skin lesion in mice it had been demonstrated66

that the repeated application of ozonated sesame oil (ozSO) was67

able to significantly accelerate the first phase of the wound clo-68

sure which is more susceptible to infections (Valacchi et al., 2011).69

This effect was mainly observed at a certain level of ozonation,70

emphasizing that the peroxidation grade is an essential parameter71

to keep under consideration in the modulation of wound closure72

process. In fact, the peroxide value is an indirect outcome of the73

1,2,4-trioxolane moiety that represents the active compound of74

the ozonated vegetable matrices (Travagli et al., 2009). Apparently,75

when this annular ozonide comes into contact with the altered skin76

in the presence of exudates at the body temperature, it decomposes77

to reactive ozone derivatives, which readily dissolve in the aqueous78

biological milieux generating both hydrogen peroxide and a vari-79

ety of oxidized compounds that improve the local metabolism and80

enhances healing, even in the presence of skin infectious diseases.81

In the present paper, the relevance of three different oils such as82

olive oil, sesame oil and linseed oil at a specific degree of ozonation83

in a wound healing model using SKH1 mice had been studied in84

terms of: (i) wound closure rate; (ii) skin structure; (iii) activation85

of the transcription factor NF�B, together with the expression of key86

proteins involved in the wound healing process such as VEGF (vas-87

cularization) and proliferating cell nuclear antigen (PCNA) as well88

as the levels of oxidative stress markers such as 4-hydroxynonenal89

(4-HNE).90

2. Materials and methods91

2.1. Animals92

Hairless female SKH-1 mice (6 weeks old) were purchased93

from Orient Bio Inc. (Gyeonggi-do, Korea) and lodged in individual94

plastic cages at temperature- and humidity-controlled conditions95

(22 ± 1 ◦C, RH 50–60%, 12 h light/dark cycle) with allowed access96

to distilled water and food. Mice were acclimated for 10 days97

before initiation of the treatment. Mice (n = 36) were divided in 498

groups, one group (n = 9) for each time-point (d0, d3, d7 and d14, as99

reported in Section 2.3). The animals were randomly selected at the100

start of the experiment and they were used in accordance with ani-101

mal  protocols approved by the Kyung Hee University Institutional102

Animal Care and Use Committee.103

2.2. Wound biopsy and measurement of wound closure104

The skin was pinched and folded on the dorsum (anaesthetiza-105

tion with isoflurane, sterile biopsy punch 3.5 mm diameter, Miltex106

Instrument Company, York, PA), below the shoulder so as to obtain107

height circular wounds identical in size, as previously described108

(Lim et al., 2006).109

This area was selected for wounding as it cannot be reached110

by the mice thereby preventing self-licking and wound irritation.111

Wounds in individual mouse were photographed digitally every112

day, beginning on the day of wounding (d0) with a standard dot113

equivalent to the initial wound area placed beside the wound.114

The quantification of wound closure was performed as previously115

described (Lim et al., 2006). Wound closure was quantified by116

Canvas 11SE software (Deneba, Miami, FL). The rate of wound 117

closure was expressed as the % ratio of wound area (each day 118

after wounding) compared with the initial wound area. Decreased 119

wound ratio indicates the amelioration of wound closure. 120

As to concern the immunohistochemical analysis skin samples 121

were harvested at the following time points: days 0, 3, 7, and 14 122

(d0, d3, d7, and d14, respectively). 123

2.3. Ozonated oil and topical application 124

Olive oil (OO), sesame oil (SO), and linseed oil (LO) of pharma- 125

ceutical grade were purchased from Galeno Srl (Comeana, Italy). 126

Table 1 summarizes the main chemical–physical properties of the 127

different samples used. Specifically, the oils have been selected for 128

their compositions in terms of n-3, n-6 as well as n-9 fatty acids. 129

The real percentages as stated in the manufacturer’s data sheet 130

compared to the intervals reported in the literature (in brackets) 131

have been reported (Crews et al., 2006; European Pharmacopoeia, 132

2010, 2011). Ozonated samples of olive oil (ozOO), sesame oil 133

(ozSO), and linseed oil (ozLO) were obtained according to Zanardi 134

et al. (2008) and Sega et al. (2010).  The ozonation has been con- 135

ducted until a peroxide value of about 1500 was reached. Physical 136

characterization has been performed by viscosity measurements 137

(Viscomate VM-10AL, CBC Europe) at both the temperatures of 22 138

and 35 ± 0.2 ◦C. Eight microlitres of untreated or ozonated oil was 139

applied twice a day on the corresponding wound. As control groups, 140

nothing was applied on the seventh and eight wound. 141

2.4. Immunohistochemical analysis 142

Surgical excision of the wounded area was  performed at days 0, 143

3, 7, and 14 (d0, d3, d7, and d14, respectively) in each group. Skin 144

tissue was immersion fixed in 10% NBF (neutral-buffered forma- 145

lin) for 24 h at RT and embedding in paraffin block. Sections (4 �m) 146

were deparaffinized in xylene and rehydrated in alcohol gradients 147

(Sticozzi et al., 2012). For immunohistochemistry, after dewax- 148

ing, sections were incubated overnight at 4 ◦C with the following 149

antibodies: VEGF (polyclonal antibody; Millipore, Milan, Italy; dilu- 150

tion factor 1:300; 0.05% trypsin–CaCl2 buffer pH 7.8 pretreatment 151

for 10 min  at 37 ◦C, for antigen retrieval); NF�B (polyclonal anti- 152

body; Santa Cruz, DBA, Milan, Italy; dilution factor 1:100; Na-citrate 153

buffer pH 6 pretreatment for 10 min  at 95 ◦C); PCNA (polyclonal 154

antibody; Biovision, Milan, Italy; dilution factor 1:100), and 4- 155

HNE (polyclonal antibody; Millipore, Milan, Italy; dilution factor 156

1:200). Then the slides were washed three times with PBS and 157

endogenous peroxidase was  blocked with 3% hydrogen peroxide 158

in distilled water for 10 min  at RT. Finally, after aspecific bind- 159

ing block, they were incubated with the EnVision + System-HRP 160

(DAKO, Glostrup, Denmark) for 1 h at RT. The reaction products 161

were stained with diaminobenzidine (DAB), counterstained with 162

Mayer’s Haematoxylin and after drying were mounted with Eukitt 163

mounting medium. The semi-quantitative analysis was performed 164

by measuring the saturation of reaction by using Thresold colour 165

HSB of ImageJ software. 166

2.5. Preparation of total and nuclear extracts for Western blotting 167

For Western blotting analysis, the tissue was homogenized and 168

lysed in radioimmunoprecipitation assay (RIPA) buffer supple- 169

mented with protease and phosphatase inhibitors for total protein 170

extracts, as previously described (Valacchi et al., 2009). 171

For nuclear extracts, tissue was homogenized and then lysed 172

in hypotonic buffer containing 10 mM  HEPES (pH 7.9), 10 mM 173

KCl, 1.5 mM MgCl2, 0.3% Nonidet P-40, 0.5 mM dithiothreitol, 174

0.5 mM phenylmethylsulphonyl fluoride, protease inhibitor cock- 175

tail, 1 mM orthovanadate, 5 mM �-glycerophosphate. The lysates 176
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Table 1
The main chemical–physical properties of the different samples used.

Sample Chemical composition Peroxide value (mEq/kg) Viscosity (mPa s)

n-3 content n-6 content n-9 content 22 ± 0.2 ◦C 35 ± 0.2 ◦C

Olive Oil (OO) 0.6% (max 1.2%)a 8.8% (3.5–20%)a 72.9% (56.0–85.0%)a 143 ± 3 78.7 ± 1.2 37.5 ± 0.5
Sesame  Oil (SO) 0.5% (0.2–1.0%)b 48.1% (36.9–46.8%)b 43.1% (34.1–44.7%)b 198 ± 9 59.9 ± 1 34.2 ± 0.3
Linseed  Oil (LO) 53.7% (35.0–65.0%)c 14.3% (11.0–24.0%)c 21.5% (11.0–35.0%)c 163 ± 7 55.9 ± 0.5 30.8 ± 0.1
Ozonated Olive Oil (ozOO) n.a.d n.a.d n.a.d 1612 ± 146 980 ± 23 470 ± 15
Ozonated Sesame Oil (ozSO) n.a.d n.a.d n.a.d 1543 ± 44 108 ± 1.3 61.3 ± 0.3
Ozonated Linseed Oil (ozLO) n.a.d n.a.d n.a.d 1535 ± 78 81.3 ± 0.5 38.2 ± 0.2

a European Pharmacopoeia (2011).
b Crews et al. (2006).
c European Pharmacopoeia (2010).
d Not available.

were incubated for 15 min  on ice and then centrifuged at 1500 × g177

for 5 min  at 4 ◦C for collection of the supernatants containing178

cytosolic proteins. Pellets containing crude nuclei were resus-179

pended in extraction buffer containing 20 mM  HEPES (pH 7.9),180

1.5 mM MgCl2, 0.6 M KCl, 0.2 mM EDTA, 20% glycerol, and 0.5 mM181

phenylmethylsulphonyl fluoride, protease inhibitor cocktail, 1 mM182

orthovanadate, 5 mM �-glycerophosphate and then were incu-183

bated for 30 min  on ice. The samples were centrifuged at 10,000 × g184

for 15 min  to obtain supernatants containing nuclear fractions.185

2.6. Western blot analysis186

Briefly, 60 �g boiled protein was loaded onto 10% sodium dode-187

cyl sulphate-polyacrylamide electrophoresis gels and separated by188

molecular size. Gels were electro-blotted onto nitrocellulose mem-189

branes and then blocked for 1 h in Tris-buffered saline, pH 7.5,190

containing 0.5% Tween20 and 5% milk. Membranes were incu-191

bated overnight at 4 ◦C with either VEGF (Millipore Corporation,192

Billerica, MA,  USA) or �-actin (Cell Signalling; Celbio, Milan, Italy),193

and with either p65 subunit (Santa Cruz, CA, USA) or laminin 194

B (Cell Signalling; Celbio, Milan, Italy). The membranes were 195

then incubated with horseradish peroxidase-conjugated secondary 196

antibody for 1 h, and the bound antibodies were detected by chemi- 197

luminescence (BioRad, Milan, Italy). �-actin was used as loading 198

control. 4′,6-diamidino-2-phenylindole dihydrochloride hydrate 199

(DAPI, 1:10,000, Sigma–Aldrich D9642) was used to counterstain 200

the nuclei. Images of the bands were digitized and the densitometry 201

analysis was  performed using Image-J software. 202

2.7. Histological evaluation of wound healing 203

Histological qualitative assessment of wound healing on skin 204

biopsies was performed using 4 �m thick H&E-stained sections. 205

They were examined for the presence of the following features: 206

ulceration, necrosis, re-epithelization, inflammatory cells, myofi- 207

broblasts, vascularization, mastocytes, and collagen fibre bundle 208

organization. VEGF and PCNA-positive cells were counted in 209

immunostained sections in five to ten high power fields (HPFs).

Fig. 1. Effects of ozonated oils on PCNA levels. PCNA staining at d3, d7 and d14 of murine skin after the different treatments. (A) A higher number of PCNA-positive nuclei of
keratinocytes are evident in basal/suprabasal epidermal layers in ozSO, when compared to the other groups (original magnification, ×200; scale bar: 100 �m). Left diagram
reports  the number of cell PCNA positive in epidermis. (B) A higher number of PCNA-positive nuclei of fibroblasts/myofibroblasts are evident in dermal layers in ozSO (black
arrows) with respect to control and SO treatment, where it is observed a persistence of inflammatory cells (white arrows; original magnification, ×400; scale bar: 50 �m).
Right  diagram reports the number of cell PCNA positive in dermis. Values represent mean ± SEM for three separate experiments. *P < 0.05.
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2.8. Picrosirius red staining of collagen fibres210

Picrosirius red staining was performed on paraffin embedded211

sections. The sections were deparaffinized and rehydrated through212

five changes of decreasing gradient ethanol and the nucleus stained213

with Weigert’s haematoxylin. Then, the sections were incubated214

in a solution containing picrosirius red 0.1% (Sigma–Aldrich Inc.)215

for 1 h at RT. Sections were then washed in two changes of acidi-216

fied water, dehydrated in absolute ethanol, cleared in xylene, and217

mounted with Permount (Fisher Scientific Company). The sections218

were observed under light and polarization microscopy (Zeiss).219

2.9. Statistical analysis220

The results of quantitative parameters were statistically ana-221

lyzed. The Kolmogorov–Smirnov test was applied to verify the222

normal distribution of sample data. In each group, the mean value223

per field was considered for epidermal thickness and microvessel224

density, and the median value per field for all the other param-225

eters, for which a normal distribution was not observed. The226

Kruskal–Wallis and the paired Student’s t-test were applied. A sig-227

nificance level of p < 0.05 was chosen.
228

3. Results229

3.1. Effect of different ozonated oils on wound closure rate230

Wound area was calculated from day 0 (d0) until complete clo-231

sure of wound (d14), in terms of original wound size. As shown232

in Table 2 at d14 a wound closure greater than 90% was reached233

in all cases. It is evident that ozSO showed a significant increase234

in closure rate compared to SO already at d1 and it was statistical235

significant from d3 to d7 (p < 0.05). In detail, the increased WH rate236

was about 18% at d3, 42% at d4 and d5, 65% at d6 and 57% at d7. As237

far as ozOO, there was a similar trend observed for ozSO, but the238

wound closure rate was not statistically significant with respect to239

both air and OO controls. On the other hand, ozLO did not show any240

effect on wound closure rate.241

3.2. Effect of ozonated oil on PCNA expression242

Being WH process characterized by cellular proliferation, we243

have performed immunohistochemistry (IHC) analysis for PCNA, a244

marker of cellular proliferation and wound repair (Moldovan et al.,245

2007). As shown in Fig.  1, ozSO was able to clearly increase skin246

PCNA levels as also reported by the semi-quantification of posi-247

tive keratinocytes (panel A) and fibroblasts/myofibroblasts (panel248

B). This increase was statistically significant at d3 (2.5-fold increase,249

p < 0.05) and at d7 (2-fold increase, p < 0.05) for keratinocytes and at250

d7 for fibroblasts/myofibroblasts (p < 0.05) going back to the con-251

trol levels in the latest time points. Both ozOO and ozLO did not252

show any significant effect on PCNA levels, although ozLO seems to253

induce PCNA levels in the last part of wound healing process (data254

not shown).255

At the end of the wound healing process (d14) while in ozSO256

the skin presents a normal architecture with only few inflamma-257

tory cells, in control the reparative phenomena is still evident with258

persistence of inflammatory cells as well as of myofibroblasts and259

fibroblasts (panel B).260

3.3. Effect of ozonated oils on VEGF levels261

VEGF has been shown to be the main player in the regulation262

of all the phases of the wound closure process. As shown in Fig.  2,263

both ozSO and ozOO increased VEGF production in the first 7 days264 Ta
b
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Fig. 2. Effects of ozonated oil on VEGF levels. (A) Vascular endothelial growth factors (VEGF) staining at d3, d7 and d14 of murine skin after the different treatments. VEGF
positivity was  observed in all the ozonated oils groups (ozOO, ozSO and ozLO) at d3, and only for ozOO and ozSO for d7 (original magnification, ×200; scale bar: 100 �m).
The  diagram reports the number of cell VEGF positive. Values represent mean ± SEM for three separate experiments; *P < 0.05. (B) Western blot for VEGF protein at d3, d7
and  d14 of murine skin after the different treatments (ozOO, OO, ozSO, SO, ozLO and LO). Shown is a representative blot from three independent experiments; �-actin was
used  as loading control.

of the wound closure process. The induction of VEGF by ozOO was265

more evident than the ozSO at d7 (5-fold and 1.7-fold, respectively)266

while the effect was similar for d3 (circa 2-fold) (bottom panel).267

On the other hand, ozLO significantly induced VEGF levels at d3 (3-268

fold). These data were confirmed by Western blot analysis for VEGF269

protein, as shown in panel B.270

3.4. Effect of ozonated oils on cutaneous 4-HNE protein adducts271

Wound healing is a redox controlled process, where oxidative272

stress, ROS and lipid peroxidation products play a key role in its273

modulation (Moseley et al., 2004). Therefore, as a marker of lipid274

peroxidation and an index of oxidative stress (Uchida et al., 2004),275

we evaluated the levels of 4-HNE by IHC analysis during the wound276

closure. As shown in Fig.  3, ozSO showed the highest level of 4-HNE277

during the 14 days of wound closure. Cytoplasmic positivity to 4-278

HNE was mainly observed in suprabasal epidermal layers and this279

was much evident than in the samples treated with ozOO and ozLO.280

Untreated OO, SO and LO did not shown any difference from the 281

controls. 282

3.5. NF�B activation 283

NF�B is a redox transcription factor, modulated by oxidative 284

stress and peroxidation products and the role of 4-HNE in the acti- 285

vation of NF�B has been studied in several cells type (Ruef et al., Q2286

2001; Ali and Sultana, 2012; Meng et al., 2012). Since the levels of 287

4-HNE were increased only with the ozSO treatment, the activation 288

of NF�B (p65 subunit) has been performed by both IHC and West- 289

ern blot analysis only in the samples treated with ozSO. As shown 290

in Fig.  4, ozSO induced a clear activation of NF�B  in cutaneous tis- 291

sues. NF�B nuclear positivity (short arrow) is detected, mainly in 292

the upper epidermal layers at d3; it decreases at d7, and almost dis- 293

appears on d14; in addition, several inflammatory/reparative cells 294

in the dermis also show nuclear positivity to NF�B (long arrow). 295

On the other hand, the control samples did not show a clear NF�B 296
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Fig. 3. Effect of ozonated oils on 4-HNE levels. At d3, as well as at d7 and d14, a cytoplasmic positivity to 4-HNE is mainly observable in suprabasal epidermal layers, with
ozSO  stronger than ozOO and ozLO (original magnification, ×400; scale bar: 50 �m).

nuclear positivity in the epidermis, whereas in the dermis positive297

nuclei were present in few inflammatory/reparative cells; further-298

more, several inflammatory/reparative cell nuclei in the dermis are299

also positive to NF�B (long arrow). These data were also confirmed300

by Western blot analysis for p65 nuclear translocation using tissue301

nuclear extracts.302

3.6. Effect of different ozonated sesame oil on skin collagen303

structure304

As shown in Fig.  5 collagen fibre organization and morphology305

was examined by picrosirius red stained sections of wound clo-306

sure skin in both ozSO and control wounds. The wounds treated307

with ozSO showed a less extension of the injury at d3 and d7 com-308

pared to the control (arrow). It was possible to note that in ozSO309

the wound closure rate is faster than in the control as indicated by310

the collagen fibres (star symbol). Furthermore, under polarization311

microscopy, the wounds treated with ozSO showed a most amount312

of type I collagen fibres (yellow/orange appearance) with respect313

to control. On the other hand, in the wounds treated with SO it is314

observed a persistence of type III collagen fibres (green appearance) 315

characterizing the granulation tissue. 316

4. Discussion 317

This work is the continuance of our previous study where we 318

have shown that only a specific level of peroxidation (expressed 319

as peroxide value about 1500) of ozonated sesame oil is able to 320

significantly accelerate the first phase of wound healing in SKH1 321

mice (Valacchi et al., 2011). Therefore, this study was performed to 322

evaluate the wound healing properties of different ozonated oils, 323

such as olive oil, sesame oil and linseed oil with the same peroxide 324

values. The question is: is the peroxidation level the only factor 325

responsible for the wound healing properties of ozonated oils? 326

In general, our data agreed with our previous report, show- 327

ing the beneficial effect of ozSO on the first phase of the wound 328

healing process (Valacchi et al., 2011). However, the same effect 329

was not appreciable in the other oils used in the present study. 330

The ozOO treatment has to some extent, a similar trend of ozSO, 331

but it was not statistical significant. This is partially in agreement 332
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Fig. 4. Effect of ozSO on NF�B activation. (A) In ozSO, an NF�B nuclear positivity (short arrow) is detected, mainly in the upper epidermal layers at d3; it decreases at d7,
and  almost it disappears on d14; several inflammatory/reparative cells in the dermis also show nuclear positivity to NF�B (long arrow). In the control, no NF�B nuclear
positivity is observable in the epidermis, whereas in the dermis positive nuclei are detectable in few inflammatory/reparative cells (long arrow). DAPI was  used to blue stain
the  cell nuclei (original magnification, ×400; scale bar: 50 �m).  (B) Activation of NF-�B was  determined by the translocation in the nucleus of p65 subunit after the ozSO or
SO  treatments of murine skin at d3, d7 and d14. Shown is a representative blot from three independent experiments; �-actin was used as loading control. (For interpretationQ3
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with the work of Kim et al. (2009) where the therapeutic effects of333

commercial ozonated olive oil was evaluated in cutaneous wound334

healing using guinea pigs as an animal model. It is anyway very dif-335

ficult to compare the two studies since in the study from Kim et al.336

(2009) the ozonation levels of the olive oil is not indicated. As pre-337

viously reported (Valacchi et al., 2011), the peroxidation levels of338

the ozonated oil is one of the main factors that seems to be involved339

in the wound healing process. However, the data presented in the340

present paper only partially confirm our idea of the role of perox-341

ides in skin reparative events. In fact, based in our hypothesis, all342

the ozonated oils should have had the same effect on WH,  since343

they have the same amount of peroxide.344

One reason of the different effect on wound healing from the345

ozonated oils used could be their different composition in PUFA.346

In fact, there is a clear difference in the level of n-6 and n-3 fatty347

acids among the three oils, with almost 3 times more n-6 in the348

sesame oil compared to the OO and LO (Table 1). Different rhe-349

ological behaviours due to inherent differences in the molecular350

configuration of unsaturated acyl chains after ozonation could pro-351

vide further explanation for the differences observed on the wound352

parameters. It has been demonstrated that ozone easily reacts with353

PUFA of the vegetable oils firstly forming the trioxolane moiety that354

when an ozonated oil is applied on the wound containing exudates355

it decomposes releasing its derivative products such as aldehydes356

and H2O2 (Travagli et al., 2009, 2010). In our study we have shown357

that the levels of 4-HNE in the skin treated with ozSO was  higher358

compared to the other treatments and this could be the conse-359

quence of the higher level of n-6 present in SO compared to OO360

and LO (Crews et al., 2006; European Pharmacopoeia, 2010, 2011).361

In fact, 4-HNE derives mainly from the oxidation of n-6 PUFA, essen- 362

tially arachidonic and linoleic acid (Poli et al., 2008). 4-HNE is an 363

unusual compound containing three functional groups that in many 364

cases act in concert explaining its high reactivity and because of its 365

electrophilic nature, 4-HNE can form adducts with cellular protein 366

nucleophiles. Indeed, the reactivity of 4-HNE explains its potential 367

involvement in the modulation of enzymes activity, signal trans- 368

duction and gene expression (Poli et al., 2008). 4-HNE is also an 369

efficient cell signalling molecule able to modulate the expression 370

of several genes and therefore it may  influence important cellular 371

functions such as cell growth, differentiation, and angiogenesis all 372

process involved in wound healing (Leonarduzzi et al., 2004). An 373

increasing bulk of literature indicates that 4-HNE, depending on 374

its concentration, can have opposite effects: activating or inhibit- 375

ing stress response mechanisms, such as mitogen-activated protein 376

kinases (MAPKs), modulating redox-sensitive transcription factors 377

such as NF�B (Amma  et al., 2005; Lee et al., 2008). The activation 378

of NF�B observed in the ozSO treated skin is most likely a conse- 379

quence of the increased levels of 4-HNE. Among its several function, 380

NF�B has been shown to be critical in modulating the healing 381

process in injury (Sen and Roy, 2008). Fakhrzadeh et al. (2004) 382

have reported that overexpression of superoxide dismutase not 383

only prevents O3 related changes in bronchoalveolar lavage fluid 384

protein, macrophage number and hydroxyalkenal levels but also 385

O3-dependent activation of NF�B. These results associate therefore 386

O3 exposure to NF�B activation and parallel with our pioneering 387

work where we have demonstrated that ozone exposure is able to 388

activate NF�B in cutaneous tissue using the same animal model 389

(SKH1 mice) (Valacchi et al., 2004). It should be mentioned that 390
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Fig. 5. Wound repair was  analyzed by using Picrosirius staining. Under polarization microscopy, type I fibres are radiant yellow/orange while type III fibres are green. In the
ozSO  at d3, as well as at d7, the extent of injury (the area starting from the arrow) is less than in controls (SO and control), wound healing occurring more rapidly in ozSO (the
white star symbol indicates the normal dermis, in which collagen fibres are stained in red by Picrosirius observed under light microscopy). At d14, in ozSO the dermis returns
to  be normal (green star symbol), with well-oriented Picrosirius red-stained collagen fibres. Instead, in the control the reparative phenomena are still evident, there are less
collagen fibres than in ozSO (original magnification, ×100; scale bar: 200 �m).  (For interpretation of the references to colour in this figure legend, the reader is referred to
the  web  version of this article.)

the dose-dependent effect relationship between level of oxida-391

tive stress (4-HNE) and NF�B exhibits a biphasic profile, consistent392

with the hormesis dose–response model (Calabrese, 2013): while393

a moderate levels of �, �-unsaturated aldehydes can activate NF�B394

through an I�B kinase independent mechanism, extremely high395

levels of �, �-unsaturated aldehydes have been shown to inhibit396

NF�B  activation by blocking I�B� phosphorylation (Byun et al.,397

2002; Valacchi et al., 2005).398

This could be the case for the delayed effect of highly ozSO399

(peroxidation levels of circa 3000), where the high levels of per-400

oxidation had an inhibitory effect on the wound healing process.401

Such an effect could be a consequence of NF�B inhibition (Valacchi 402

et al., 2011). This hypothesis would parallel previous work where 403

exposure of aged mice to ozone would delay wound healing process 404

because the high oxidative levels derived from both ozone expo- 405

sure and the increased physiological oxidative stress present in the 406

old animals (Lim et al., 2006). 407

NF�B activation has been also associated with VEGF and PCNA 408

induction and this explains the increased levels of both proteins in 409

the tissue treated with ozSO. In general, the events that characterize 410

the wound healing process can be summarized as the inflammation 411

stage (Phase I); proliferation with synthesis of extracellular matrix 412
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(Phase II) and the remodelling stage (Phase III) in which the scar413

is transformed to the healed wound. During this well coordinated414

process there is the appearance of several cell types that follow415

a specific order (platelets, neutrophils, macrophages, lymphocytes,416

fibroblasts and angiogenesis) and it has been shown that VEGF plays417

a critical role the regulation of all these events (Bates and Jones,418

2003; Bao et al., 2009). Interestingly, although only the treatment419

with ozSO had a significant effect on the wound closure rate, VEGF420

was up-regulated also by ozOO treatment. This is in line with the421

previous work by Kim et al. (2009) where ozOO was  able to clearly422

induce VEGF together with other growth factors (PDGF, TGF� and423

FGF). It is possible that, in our experimental procedure, the treat-424

ment with ozOO is not able to activate all the pathways involved in425

the wound healing process. In addition, the increased level of VEGF426

did not parallel the eventual new vessels formation in the tissue,427

since there was not any difference in terms of angiogenesis with428

the control group. This discrepancy could be a consequence of the429

low level n-6 present in olive oil, and therefore the lower level of430

the “bioactive products” such as 4-HNE involved in this process. In431

fact, only the treatment with ozSO was able to significantly activate432

the proliferative biomarker PCNA. Re-epithelialization is a process433

of restoring the epidermis and consists of proliferation and migra-434

tion of cutaneous cells to the wound edge to resurface epidermal435

defects (Li et al., 2007) and therefore the induction of PCNA explains436

the increased wound healing rate observed in the animal treated437

with ozonated sesame oil. In addition, it has been shown a direct438

correlation between NF�B activation and PCNA regulation and this439

is in support of our findings where we have detected an increased440

NF�B nuclear translocation in the tissue treated with ozSO.441

In conclusion, these results demonstrate that application of442

ozonated oils, especially the ozonated sesame oil with a peroxi-443

dation value around 1500, can improve acute cutaneous wound444

repair in the SKH1 murine model by affecting the early phases of445

the process. Taken together, the data within presented suggest that446

topical application of specific vegetable matrices in the form of447

ozone derivatives may  be considered as an alternative therapeutic448

modality to enhance cutaneous wound healing.449
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