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1.1 The blue LED device 
  In this work, we studied the effects of the blue LED device on the wound 

healing process and skin fibrosis. For this purpose, we performed in vivo 

experiments in mice models and in vitro tests on human keloid fibroblasts. 

 The blue LED device is based on the use of a commercially available 

LED (Light Emitting Diode), emitting at around 420 nanometers (nm) with 1 

Watt (W) optical emission power. The device is fiber-coupled: it consists in a 

benchtop device furnished with a flexible polymeric fiber, 1.2 meters (m) in 

length, equipped with a touch screen where it is possible to control all the 

irradiation parameters (Fig. 1), such as irradiation time and power. The 

illuminated area corresponded to a circle 5 millimeters (mm) in radius. The 

resulting power density was 1.2 W/cm2. The intensity distribution of the light at 

the tissue surface was homogeneous, as from a top hat intensity light source.1 

 

 
Fig. 1. The blue LED light device 

 

 

 The blue LED light device was designed at the Institute of Applied 

Physics – Italian National Research Council (CNR) and was originally 

developed as a photocoagulator, i.e. a device that can induce photoemostasis 

on superficial abrasions. The underlining mechanism is due to the specific 

absorption of the blue light by the haemoglobin in the bleeding wound. Indeed, 

haemoglobin shows narrow absorption peaks in the blue range, i.e. at 410 nm 

and 430 nm for oxygenated and non-oxygenated haemoglobin, respectively. 

This particular property of haemoglobin was used to ensure local temperature 
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increase able to induce haemostasis through a photo-thermo-coagulation 

process.  

The use of the proper irradiation settings in terms of dose or fluence, 

irradiation time, target spot area and emission pattern allows to induce a local 

temperature rise above the threshold for protein denaturation within the blood, 

resulting in a fast coagulation effect.1 

 

1.1.1 What is Biophotonics 
Biophotonics deals with interactions between light and biological matter; 

it is a multidisciplinary research area, embracing all light-based technologies 

applied to the life sciences and medicine. 

The use of light for medical purpose dates back to ancient Egyptians 

when phototherapy was empirically prescribed for a number of medical 

disorders ranging from skin pathologies to asthma, behavioral disorders and 

wounds. More recently, developments in human physiology, which clarified 

several of the mechanisms behind the interaction between the organism and 

light, added many new dimensions to this field.2  

Notwithstanding its extensive application, especially in the last twenty 

years, phototherapy was only recently defined in its several components. This 

allowed the separation from the utilization relying on the thermal effects of light 

to the application from the ones that are non-thermal and suggest an 

interaction of light with endogenous photoacceptors.3 Wound healing was 

probably one of the first and most important areas of interest in which 

phototherapy was applied.4  

 

1.1.2 The properties of light 
In physics, light has been described from either “classical” or “quantum” 

viewpoint. In classical theory, light is considered to be an oscillating 

electromagnetic field that can have a continuous range of energies, whereas, 

in the quantum model, light is considered packets, (quanta) of energy called 

“photons”.5  

The electromagnetic waves consist of two waves oscillating 

perpendicular to one another; one of the waves is an oscillating magnetic field, 
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the other is an oscillating electric field. Wavelengths have a basic property: a 

trough, the lowest point, and a crest, the highest point; the vertical distance 

between the tip of a crest and the central axis of the wave, is known as its 

amplitude and is associated with the intensity of the wave. The horizontal 

distance between two consecutive troughs or crests is known as the 

wavelength of the wave and is measured in nm (Fig. 2). Waves oscillate in 

space: the number of full wavelengths that pass by a given point in space for 

every second is known as the frequency of the wave. The wavelength and 

frequency are inversely proportional: shorter wavelengths have a higher 

frequency and higher wavelengths have a shorter frequency. The period of the 

wave is the length of time that employs for one wavelength to pass by a given 

point in space: from a mathematical point of view, the period is the reciprocal 

of the frequency.6  

 

 
Fig. 2. The basic characteristics of a wave, including amplitude and wavelength. From 

https://www.khanacademy.org/ and UC Davis ChemWiki.6 
 

 

  The electromagnetic waves can be classified and organized according 

to their different wavelengths/frequencies; this classification is known as the 

electromagnetic spectrum (Fig. 3).6 
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Fig. 3. The electromagnetic spectrum. From https://www.khanacademy.org/ and UC Davis 

ChemWiki.6 
 

 

 The visible spectrum (VIS), i.e. the light observable with the eyes, is 

only a little fraction of the different types of radiation that exist. To the right of 

the VIS spectrum, there are waves lower in frequency and longer in 

wavelength respect to visible light. These kinds of light include infrared rays, 

microwaves and radio waves and they are usually referred to as IR spectrum. 

These wavelengths surround us constantly but, thanks to their lower 

frequency, corresponding to lower energy, are not dangerous for health. To 

the left of the VIS spectrum, ultraviolet spectrum (UV) is shown: these types of 

radiation include ultraviolet rays, X-rays and gamma rays. They present high 

frequency and thus high energies, making them very health-damaging.6 

 

1.1.3 Tissue optical properties 
  When the matter is exposed to light, three main effects occur, i) 

reflection, ii) scattering, iii) absorption. These light-effects strongly depend on 

the properties of tissue and together determine the total transmission of the 

tissue at a certain wavelength (Fig. 4). Each biological tissue has different 

optical properties that have important implications on the use of lasers and 

light-based technologies in the medical field. 
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Fig. 4. The geometry of reflection, absorption, scattering and transmission of light. From 

“Laser-Tissue Interaction fundamentals and applications” Niemz, Markolf, 2nd edition, 
Springer.7  

 

 

  Reflection is defined as the returning of electromagnetic radiation by 

surfaces upon which it is incident; this phenomenon occurs when two materials 

have two different refraction index, such as air and tissue.7  

  Scattering is a general physical process where some forms of radiation, 

such as light, sound, or moving particles, are forced to deviate from a straight 

trajectory by one or more paths, and this is due to localized non-uniformities in 

the medium through which they pass.7 

  Absorption can be described as the transfer of the energy from an 

incident electromagnetic wave to matter, as the wave passes through it. In 

particular, during the passage, the energy of the wave is attenuated by the 

absorption of the medium. From a physical point of view, absorption is due to 

a partial conversion of light energy into heat motion or certain vibrations of 

molecules of the absorbing material. When considering biological tissues, only 

the cornea is highly transparent to the visible light: meaning that the total 

radiant energy entering and emerging is almost the same. At the same time, 

the cornea appears opaque in the infrared spectral region: it means that the 

terms transparent and opaque are wavelength-dependent.7  

  As regards dermis, the depth of light penetration into this tissue 

depends on the wavelength and, as previously stated, is limited by scattering 

and absorption. Moreover, each skin layer has different optical properties, so 
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that in skin the penetration depth depends on light wavelength and optical 

properties of the layer. In Fig. 5 it is possible to observe the different 

penetration depths and that the blue light, i.e. the light in the range from 410 

to 430 nm, has a poor penetration capability. 

 

 
Fig. 5. The blue light penetration capability. From https://www.bioopticsworld.com.8 

 

 

1.1.4 Chromophores 
In biological tissue, the absorption of light is principally due to specific 

molecules named chromophores, i.e. molecules which absorb light at specific 

wavelengths.  

Chromophores may be classified as endogenous or exogenous, in 

respect to the considered biotissue. Moreover, chromophore can absorb in the 

VIS, in the UV and in the IR spectrum. Chromophores UV-absorber are nucleic 

acids ( deoxyribonucleic acid, DNA, and ribonucleic acid, RNA), some amino 

acids (such as Tryptophan, Phenylalanine and Tyrosine) and proteins. In the 

VIS spectrum, the principal absorbers are the molecules which contain Fe-

protoporfin IX, a chemical group precursor of Heme group, such as 

cytochrome C and haemoglobin. Other endogenous chromophores are flavins 

and additional coloured-natural compounds. In the IR spectrum, the main 

chromophores are melanin, a pigment contained in skin melanocytes, and 

water, the major constituent of all biological tissues. 
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Taking into account the spectra of the main endogenous chromophores, 

it is possible to identify an optical therapeutic window, ranging from 680 to 

1200 nm, exploitable for medical applications of light sources. In this spectral 

range, the radiation penetrates the biological tissues with a limited energy loss, 

thus enabling the treatment of deeper tissue structures9-10 (Fig. 6). This 

window is currently a relatively narrow range of the wavelengths that can 

actually interact with photoacceptors; it is located near the IR portion of the 

spectrum of the VIS light and is named near-infrared (NIR) light.  

Water is one of the most important constituents of the biological tissue 

and for this reason, plays a fundamental role in absorption phenomenon: in 

the VIS region, the absorption coefficient of water is low, whereas is higher in 

the IR region (Fig. 6). Moreover, also oxygenated haemoglobin (Fig. 6) exhibits 

an absorption peak in the VIS spectrum. In particular, oxygenated 

haemoglobin shows a narrow absorption peak around 410 nm, while 

deoxygenated haemoglobin about 430 nm. The absorption peak of human 

melanin is in the UV region, around 335 nm (Fig. 6) and is almost completely 

attenuated for wavelengths longer than 700 nm. 

 

 
Fig. 6. Optical therapeutic window with reported some of the most important photoacceptors: 

water, haemoglobin, oxyhaemoglobin and melanin. From Schindl, et al., 2000.8 
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1.1.5 Light-tissue interactions 
  Several studies were conducted in order to investigate the interaction 

between lasers and LED sources with targeted-tissue. Beyond the unlimited 

number of possible combination of the experimental parameters, three 

categories of interaction types are classified: i) photochemical interactions, ii) 

photothermal interactions, iii) photomechanical interaction (photoablation, 

plasma-induced ablation and photodisruption) (Fig. 7). The prevalence of one 

phenomenon strongly depends on irradiation conditions, and in particular on 

the light dose, i.e the power density and the interaction duration, that has to be 

compared with the thermal relaxation time of the tissue.11 Thus, when 

developing clinical applications of lasers and LEDs, exposure energy, 

exposure volume, and exposure time shall be selected with very close 

attention.11 

 

 
Fig. 7. Map of laser-tissue interactions. From “Laser-Tissue Interaction fundamentals and 

applications” Niemz, Markolf, 2nd edition, Springer. Modified from Boulnois (1986).7 
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Photochemical interactions 
  This kind of interaction was observed when the light induces chemical 

effects and reactions in tissues, just like occurs in photosynthesis. Clinically, 

this type of interaction plays a fundamental role in photodynamic therapy 

(PDT), a medical application which falls within the larger field of biostimulation. 

  A new application especially used in esthetic and dermatological fields 

is photobiomodulation therapy (PBMT), which is most consistently described 

in 1.3.  

 

Photothermal interactions 
  In this group are included all the applications where it is possible to 

observe a local increase of temperature; in particular, depending on the 

duration and the peak value of the reached tissue temperature, different effects 

such as coagulation, vaporization, carbonization and melting can be observed. 

As concern medical applications, it is clear that the provided energy, and 

consequently the temperature increase, must be chosen very carefully in order 

to avoid irreversible tissue damages.  

The first thermal effect that is observable at low temperature increase 

can be attributed to changes in molecules structure, in particular bonds 

destabilization and destruction, and in cells modifications, e.g. in membrane 

alterations. These kinds of modifications occur when the temperature ranges 

from 42°C to 50°C, in a state named hyperthermia. When hyperthermia state 

persists for several minutes, tissues become necrotic. From 50°C to 60°C, 

measurable reduction in enzyme activity is observed, resulting in reduced 

energy transfer within the cell. At 60°C, denaturation of proteins and collagen 

occurs, whereas, at 100°C, water molecules contained in most tissues start to 

vaporize. The large vaporization heat of water is advantageous since the 

vapour generated carries away excess heat and helps to prevent any further 

increase in the temperature of adjacent tissue. Due to the large increase in 

volume during this phase transition, gas bubbles are formed inducing 

mechanical ruptures and thermal decomposition of tissue fragments. When 

temperatures exceed 100°C, carbonization takes place and it is evidenced by 
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the blackening of adjacent tissue and the escape of smoke. Finally, beyond 

300°C melting can occur, depending on the target material (Fig. 8 A and B). 

 

 

 
  

 

Fig. 8. A: Location of thermal effects inside biological tissue. B: Association with local 
temperature and tissue effects. From “Laser-Tissue Interaction fundamentals and 

applications” Niemz, Markolf, 2nd edition, Springer.7 
 

 

 Thermal damage not only depends on temperature but also on its 

temporal duration: e.g. 60°C lasting for at least 6 seconds, provokes 

irreversible damage. Carbonization, vaporization and coagulation induce 

irreversible tissue damages, whereas hyperthermia can be both irreversible 

and reversible process (Fig. 9).  
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Fig. 9. The critical temperature for the occurrence of cell necrosis. From “Laser-Tissue 

Interaction fundamentals and applications” Niemz, Markolf, 2nd edition, Springer.7 
 

 

Photomechanical interactions 
 Photomechanical effects become evident when short laser pulses are 

used to treat biological targets. As the laser pulse duration becomes shorter 

than a few microseconds, beside the purely thermal effects, there may appear 

significant photomechanical effects, such as pressure pulses propagating both 

in the air above the irradiated surface and inside the tissue. Depending on the 

type of interaction, the pressure pulse can be an acoustic pulse, i.e. a low 

pressure perturbation propagating at sound speed, or a shock wave, 

characterized by a high instantaneous pressure peak, propagating at 

ultrasound speed.11  

 If tissue irradiation is performed under heat confinement conditions, 

very high temperatures may develop in a short time within a limited target 

volume, thus inducing significant photomechanical effects, such as 

fragmentation of hard tissues as kidney stones, or to enable highly precise 

cutting of tissues.11 
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1.2 Effects of blue LED light: in vivo studies on wound healing 
 Ten years ago the research staff from the Biophotonics and 

Nanomedicine Lab (BPNLab) of the Institute of Applied Physics – Italian  

National Research Council, started a study on the effects of the blue light in 

wounds. The project was conducted in close collaboration with the European 

Laboratory of Nonlinear Spectroscopy (LENS) and the Small-Medium 

Enterprise Light4Tech.  

 The first step of the study was to estimate the optimal wavelength and 

treatment time, in order to obtain an immediate coagulation effect in bleeding 

wounds. To this aim, a modelling study of the photothermal process was set 

up. Using Finite Element Model (FEM) it was possible to study the temperature 

dynamics in the tissue and the characteristics of the device so that at the end 

of the theoretical study a compact blue LED light device was designed.  

After the theoretical study, the identified parameters and light sources 

were tested on superficial dermoabrasions performed on the back of rats and 

a thermal camera was used to measure the superficial temperature: during the 

treatment a temperature enhancement of around 13°C was measured, 

confined in the bleeding surface. After irradiation, the treated wound regained 

a temperature below 45°C in about 10 seconds and no thermal damages were 

observed. Moreover, at eight days after surgery, all the abraded areas were 

healed (both LED-irradiated and control skin) and in 30% of the treated rats 

the photocoagulated areas had a reduced healing time when compared to the 

control areas in the same animal.12 

 The blue LED device was then further optimized (Fig. 10), thanks to the 

support of Regional and European fundings; the studies were focused on the 

capability of the blue light to improve the healing process.1,13-14-15-16-17-18-19 

 

 

Fig. 10. The blue LED light device developed in the framework of different regional and 
European projects, in order to study the effects of treatment in animal and human and to 

provide a marketable device. 
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1.2.1 Effects of blue LED light: in vivo animal model of wound 
healing 
The first in vivo experiments set up with the purpose to investigate the 

improvement of the healing process was performed on four abrasions on the 

back of 10 rats.20 In this experiment, the treatment time was set at 30 seconds, 

corresponding to a fluence of 20.6 J/cm2: the treatment was performed 

immediately after the lesion in two wounds, whereas the other two were left 

naturally recover (Fig. 11 A). After 7 days from the lesion, when the wounds 

were healed, four biopsies were harvested and the samples were subjected to 

a different analysis. By haematoxylin and eosin (H&E) staining, an early and 

complete recovery in the skin was evidenced in the treated wounds in respect 

to the untreated ones (Fig. 11 B), 7 days after the treatment: while in the 

treated wound group every layer of the epidermis was totally regenerated (Fig. 

11 F), in the untreated group the stratum corneum was still to be formed (Fig. 

11 G).  

 

 
Fig. 11. A: Representation of different steps during the study of epithelialization: grossly 

evaluation of wounds soon after the treatment. B: Representation of different steps during 
the study of epithelialization: grossly evaluation of wounds 7 days after treatment. C. H&E 

images of control. D, E: H&E images of an abrasion evoked by initial treatment with a 
consequent disappearance of the epidermis in the untreated or treated wound. F, G: H&E 

images of the appearance of the epidermis in treated but not in the untreated wound.  
Corneum stratum (CS), granular stratum (GS) and spinous stratum (SS) are evident in C and 

G, only GS and SS in F. Modified from Cicchi et al., 2016.20 
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Similar results were obtained by the evaluation of the cellular infiltrate: 

the stained-section of the dermis in the untreated tissue showed a rich cellular 

infiltrate (Fig. 12 B-D) in comparison to the treated wound tissue which showed 

a significant decrease of inflammatory cellular infiltration (Fig. 12 C-E).20  

 

 
Fig. 12. Histological examination. A: H&E images of the subpapillary cell infiltrate in control. 
B-D: H&E images of the subpapillary cell infiltrate in the wounds. C-E: H&E images of the 

subpapillary cell infiltrate in the treated skin. In the images both epidermis (e) and dermis (d) 
are visible. From Cicchi et al., 201620 

 

 

The Authors demonstrated also that in the treated wound the number of 

fibroblasts and myofibroblasts were similar to that found in healthy skin (Fig. 

13 A) but reduced in comparison to untreated wound (Fig. 13 B).  

 
 

Fig. 13. A: Bar graphs representing mean±standard error (SE) of heat shock protein-47 
(HSP47) in untreated or treated wounds. B: Bar graphs representing mean±SE of alpha-
smooth muscle actin (α-SMA) in untreated or treated wounds. From Cicchi et al., 2016.20  

 

 

Furthermore, by using two-Photon Fluorescence (TPF) microscopy 

coupled with Second-Harmonic Generation (SHG) microscopy it was possible 

to point out that collagen distribution is more sparse in the untreated wound 

area, whereas is more uniform in the treated wound area, where collagen 

almost fill the dermal space, as commonly occurs in the healthy dermis (Fig. 

14 G)20. Moreover, collagen orientation in the treated wound showed more 
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isotropic distribution of collagen fiber bundles with several intersections in 

comparison to the untreated wound where intersections are not clearly 

identifiable.20 

 

 
Fig. 14. Combined TPF-SHG imaging. A, D, G: Combined TPF-SHG images of thin tissue 

cross-sections excised from untreated wound areas (A), treated wound areas (D), and 
normal skin (G). Fluorescence is coded in green colour scale and SHG is coded in the blue 

colour scale. B, E, H: TPF images of thin tissue cross-sections excised from untreated 
wound areas (B), treated wound areas (E), and normal skin (H). C, F, I: SHG images of thin 
tissue cross-sections excised from untreated wound areas (C), treated wound areas (F), and 

normal skin (I). Scale bars: 40 μm. From Cicchi et al., 2016.20 
 

 

All together, these results suggest that fibroblasts appear as a cellular 

type very sensitive to the blue LED light irradiation. Starting from these bases, 

part of the present study was dedicated to the investigation of the effects of 

the same blue LED light in human cultured fibroblasts cells isolated from keloid 

scars, a form of skin fibrosis. 
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1.2.2 Effects of blue LED in human chronic wounds 
Recently, the results obtained by an Italian multi-centric study 

demonstrated the beneficial effects of the blue LED light on inferior limbs 

ulcers, unresponsive to standard care.21 In this study, the clinician applied a 

standard cleansing procedure to the lesion, and then the patient was treated 

with the blue LED light for 1 minute covering the entire wounded skin area.21 

Soon after the blue LED light treatment, the appropriate medication and 

dressing for the type of lesion were applied according to the required 

standard.21 The blue LED light treatment on these patients was well accepted 

and tolerated, and there were no reports of side effects or other adverse 

events.21 Moreover, dermatologists reported the improvement of the wound 

bed, a reduction of the lesion depth and a revitalization of the perilesional skin 

with a general increase of patients compliance21 (Fig. 15).  

 

 
Fig. 15. Three patients treated with the blue LED light device. From Lasagni, et al., 

“Blue LED light medical device therapy in the treatment of unresponsive leg ulcers: case 
series”. Poster presented at the European Wound Management Association Congress 2019, 

Gothenburg, Sweden. 
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1.3 Photobiomodulation therapy 
 Recently, physical therapy regained an important role in the 

management of wounds, and new technologies and devices have been 

developed. “Physical therapy”, refers to the interaction between the wound and 

a physical system in which there is a transfer of energy to/from the wound and 

this can translate into observable and measurable modifications in the system 

as well as in the wound. Among these new therapies, shock waves, 

electromagnetic fields and photobiomodulation therapy are considered.  

In 2015, the terms “photobiomodulation therapy” have been included in 

the Medical Subject Headings (MeSH) index of the National Library of 

Medicine.3 PBMT is defined as “a form of light therapy that utilizes non-ionizing 

forms of light sources, including lasers, LEDs and broadband light, in the 

visible and infrared spectrum. It is a non-thermal process which involves 

endogenous light-absorbing molecules (chromophores, see 1.1.4 paragraph) 

that elicit photophysical and photochemical events at various biological scales. 

This process results in beneficial therapeutic outcomes including, but not 

limited to, alleviated pain or inflammation, immunomodulation, and promoting 

of wound healing and tissue regeneration” (From the Journal of Wound Care 

vol 27 no 6 EWMA document 2018).3 

Some authors reported that photobiomodulation, especially using a red 

light source, has also been shown to stimulate hepatocyte proliferation and 

metabolism,22-23 fibroblast proliferation, and wound healing24 in animal models 

or human trials.25 

Although the underlying mechanisms of red light photobiomodulation 

are not well understood, it had been postulated that mitochondrial Cytochrome 

C Oxidase is activated due to its preferential absorption of red light,23 and the 

increased cyclooxygenase (COX) activity leads to increase of adenosine 

triphosphates (ATPs), cyclic adenosine monophosphates (cAMPs), 

mitochondrial membrane potential, nitric oxide (NO), and calcium ion 

concentration.26-22-23,27 ATPs and cAMPs participate in G‐protein‐coupled 

receptor signalling pathways and activate the downstream cAMP‐dependent 

protein kinase A, leading to upregulation of responsive genes.27-28 
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Among the several factors which influence the interaction between light 

and biological tissue, a fundamental role is played by the source of light. The 

light sources for medical purposes may be either LED or LASER. In the case 

of LED-generated light, the emission is not unidirectional while LASER-

generated light is unidirectional and coherent, reaching much higher intensity 

with the same amount of energy, concentrating the area of application.29  

To exert its effect, light has to interact with the structures of our cells. 

Although there are still some controversies regarding the possible targets for 

this interaction, cytochrome C (Cyt C) oxidase appears to be the best 

candidate as the principal photoacceptor. This is due to its conformation with 

four possible sites of photoacception, the two copper centres (CuA and CuB) 

and the two iron centres (HemeA and HemeB). These are all involved in the 

transfer of electrons in the respiratory chain on the mitochondrial membrane 

of the eukaryotic cells.30 Other candidates, possibly with complementary roles, 

are flavoproteins and porphyrins, which are implicated in the generation of 

reactive oxygen species (ROS) after an interaction with photons.31 In all these 

cases, and eventually, in the other cases, in which light may interact with 

biological structures, this has to be considered a so-called primary reaction. 

The secondary reactions include the effects that the first interaction 

induces within the metabolism of the cells and the tissue by transduction and 

amplification of the original signal, leading to a photoresponse.32 Secondary 

reactions consist of the production of NO, the intracellular increase of ROS, 

the increase in permeability of cell membrane, the increase of intracellular 

calcium levels, the increase in cell metabolism, the increase of acids nucleic 

synthesis, fibroblast proliferation, activation of lymphocytes, macrophages and 

mast cells, and increased synthesis of interleukins and growth factors.33 

Photobiomodulation therapy has now accumulated evidence of positive 

action on all phases of wound repair from the first inflammatory phases to the 

remodeling phase.10 

A non-secondary positive aspect of the PBMT is the reduction of the 

number of applications and the time required for effectively obtaining a 

therapeutic effect on wound healing, which allows for containment of the costs 

of management for these typically very costly chronic pathologies. This is both 

in terms of reduced use of antibiotics and of a better use of resources.34  
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Despite the fact that the field of PBMT is one of the most stimulating 

and rich among the physical therapies for wound healing, some debates and 

reservations remain both from a methodological and a clinical point of view. 

There are numerous reasons for this: among them, the main reasons are 

referred to the partial understanding of the PBMT mechanism of action and the 

great variability as regards the use of the optical parameters in different studies 

that makes difficult the comparison between results.  

 

1.3.1 Light in wound healing and in skin fibrosis 
Currently, it is well documented that the treatment with red or infrared 

light with less than 200 mW/cm2 irradiance and with wavelength in the range 

of 600 nm to 1000 nm promotes the repair process of the skin in experimental 

animal and human wounds.35-36-37-38 The evidence indicates that red and NIR 

light advance tissue repair by enhancing fibroblast migration and proliferation, 

collagen synthesis,39-40-41-42 and by modulating the timing and release of 

growth factors and cytokines, including basic fibroblast growth factor (bFGF), 

interleukin (IL)- 6 and IL-10.43 

At the same time, accumulating evidence indicates that light in the 

wavelength range from 400 to 480 nm, commonly referred to as blue light, is 

antimicrobial at long irradiation times, and has been shown to suppress 

Staphylococcus aureus, including methicillin-resistant Staphylococcus 

aureus,42-43-44-45 Propionibacterium acnes,46-47 Pseudomonas aeruginosa,43 

Salmonella Entiriditis, Serovars, Typhimurium and Heidelberg48 and other 

bacteria.47,49-50 Also, blue light has been shown to improve tissue perfusion by 

the release of NO from nitrosyl complexes with haemoglobin in a skin flap 

model in rats.51 Since NO formation leads to vasodilatation and subsequent 

increase microcirculatory blood flow, the use of blue light might be of great 

importance for wound healing of diabetic and venous ulcers.52 Moreover, blue 

light has been shown to enhance angiogenesis53 and to be anti-

inflammatory.46,54  

These findings suggest that the combination of red/NIR light and blue 

light could promote healing and suppress wound infection simultaneously.  
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Other studies reported that VIS and NIR light can induce a significant and 

versatile range of changes in cell transcriptome, with numerous gene 

expression pathways affected, leading to alterations in proliferation, 

differentiation, and collagen production.55-56-57-58-59-60 

However, the full spectrum of cell biological effects triggered by light still 

remains to be elucidated: the main reason is that they are highly dependent 

not only on the wavelength and dose of light but also on other biological factors 

such as the extracellular environment.61-62-63 

One conclusion seems to be widely accepted: long VIS and NIR 

wavelengths are associated with neutral and stimulatory effects, while short 

visible wavelengths are most frequently reported to exert inhibitory effects.56,63-

64-65 This statement is confirmed by several studies, in which blue light was 

applied in vitro experiments to analyze the effects on viability, metabolism, 

migration and proliferation rate and, in general, the effects on the wound 

healing process.  

Mignon et al.,66 demonstrated that repeated exposures to light at 450, 

500, and 530 nm have a remarkably similar modal shape: an inhibitory phase, 

where metabolic activity was reduced to low- to mid-level doses (≤ 30 J/cm2), 

and a steep decrease of metabolic activity associated with cytotoxic effects at 

higher dose levels (> 30 J/cm2). The dose-response curve at 450 nm was 

qualitatively similar to a biphasic dose-response model with two inflexion 

points, i.e. a classical dose-response curve models from chemical drug 

research,67 suggesting similarities between the action of light and chemical 

drugs on cells. Moreover, the obtained dose-curves had a very strong 

dependence on the energy of photons: the shorter the wavelength, the higher 

the impact on metabolic activity, at one fixed-dose parameter. 

Studies conducted by Masson-Meyers group,68 indicate that irradiation 

with 470 nm blue light at low fluences of 3, 5 and 10 J/cm2 does not adversely 

affect healing in an in vitro scratch model of wound healing. Whereas fluences 

as high as 55 J/cm2 may slow the rate of wound closure, lower fluences, such 

as 5 J/cm2 promote cell migration and faster fibroblast repopulation of the 

scratch wound. Furthermore, fluences in the range of 3 to 10 J/cm2 significantly 

diminished IL-6 concentration. 
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Chronic wounds and skin fibrosis are two sides related to an aberrant 

wound healing: they are often associated with abnormal cytokine profiles, 

which may interfere with Alpha-Smooth Muscle Actin (α-SMA) induction by 

Transforming Growth Factor Beta (TGF-β).69 In addition, ischaemic and 

hypoxic conditions induced impaired myofibroblast differentiation.70 As 

concern myofibroblasts, these cells are considered to be the final effector cell 

responsible for scarring, contraction and excessive collagen production,71 in 

all fibrotic conditions. Thus, blocking myofibroblast differentiation, proliferation 

and activity may represent a useful strategy for the prevention or reduction in 

pathological fibrotic conditions. Taflinsky et al.,72 demonstrated that 

myofibroblast differentiation can be blocked in vitro by blue light.  

In vitro studies conducted by Mamalis et al.,58 show that blue LED light 

at 415±15 nm can inhibit fibroblast proliferation in a dose-dependent manner 

without causing significant effects on viability at fluences of 10, 15, 30, and 80 

J/cm2. These alterations in final cell count may have resulted from modulation 

of cell cycle, increase in autophagy, and/or apoptosis. Furthermore, the blue 

LED irradiation with fluences of 5, 30, 45 and 80 J/cm2 decreased fibroblasts 

migration speed compared to matched bench control in a dose-dependent 

manner. This evidence takes on an important meaning in the pathogenesis of 

skin fibrosis.73-74 Specifically, the increased migration speed of fibroblasts may 

contribute to increased local recruitment of fibroblasts to the affected skin and 

recurrence or maintenance of fibrotic conditions.73-74  

Soo Lee et al.,75 demonstrated that irradiation at 410 nm light using 10 

J/cm2 fluence inhibited collagen synthesis in keloid fibroblasts in vitro and 

suggested that photobiomodulation might be effective in preventing keloid 

formation at the initial stage. 
 Taken all data together, it is quite difficult to compare various studies 

and truly discriminate the biological effects of different wavelengths within the 

visible light spectrum, considering all possible light sources. 
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1.4 Human skin: roles and structure 
Skin is the largest organ of the integumentary system and covers the 

entire external surface of the human body. It is a dynamic, complex and 

regenerating organ that comprises about 15% of the total body weight.76 Skin 

has a remarkable plasticity and provides key roles including protective 

functions such as mechanical, photoprotection and immunosurveillance, but it 

is responsible also of sensation, temperature regulation, and insulation from 

environmental agents.77 Despite the constant exposure to physical, 

biochemical, and radiation injury, a functional integumentary system is able to 

counteract these forces and maintain a dynamic balance that leads to a relative 

state of homeostasis.77  

From the anatomical point of view, the skin is divided into three 

functionally interdependent layers: epidermis, dermis and hypodermis whose 

composition and thickness depend by anatomical site, the level of hydration 

and other factors including sex, age and ethnicity (Fig. 16).78 

 
Fig. 16. Anatomy of the skin. Skin is composed of three layers, starting with the outermost 

layer: the epidermis, dermis, and hypodermis. The epidermis is a stratified squamous 
epithelium that is divided into four layers, starting with the outermost layer: stratum corneum 
(SC), stratum granulosum (SG), stratum spinosum (SS), and stratum basale (SB). Outer root 

sheath of the hair follicle is contiguous with the basal epidermal layer. Stem cell niches 
include the basal epidermal layer, base of the sebaceous gland, hair follicle bulge, dermal 
papillae, and dermis. From Wikicommons. Author: Wong, et al., Skin tissue engineering 

(March 31, 2009). Derivative work: Anka Friedrich 
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1.4.1 Epidermal layer 
The epidermis is a stratified squamous epithelium with a thickness 

varying from 0.04 mm on the eyelids to 1.6 mm on the palms and soles of the 

feet, with a turnover rate of about twenty-eight days.76 

The majority of the epidermis (at least 80%) is composed by 

keratinocytes. These cells originate from the basal layer and produce keratin, 

a protein responsible for the formation of epidermal water barrier by lipid 

secretion; moreover, keratinocytes also regulate the calcium absorption 

modulating the activation of cholesterol precursors. The remains of the 

epidermis consist in a small subpopulations of melanocytes (cells with neural 

crest origin that produce a pigment called melanin), the Langerhans cells (the 

first line defenders and dendritic antigen-presenting cells), and the Merkel cells 

(cells with both neuroendocrine and epithelial features that synapse with the 

unmyelinated dermal sensory axons that are sensitive to mechanical stimuli, 

especially pressure). In addition to the epidermal layer, there are three different 

types of appendages: the sweat glands (which serves as thermoregulators), 

the pilosebaceous follicles (that produce the hair and sebaceous excretions), 

and the nails which cover the distal phalanges.79  

The keratinocytes move progressively from the attachment to the 

epidermal basement membrane towards the skin surface; this event produces 

five histologically-subdivided layers: from the deepest portion, stratum basale, 

stratum spinosum, stratum granulosum, stratum lucidum and stratum 

corneum, the outer layer80 (Fig. 17).  
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Fig. 17. Epidermidis subdivided into five layers and dermis. From the outer to deepest. 

Stratum Corneum, Stratum Lucidum, Stratum Granulosum, Stratum Spinosum and Stratum 
Basale. From Wikicommons. Author: Wbensmith. 

 

 

1.4.2 Dermal layer 
The dermis is an integrated system of fibrous, filamentous and 

amorphous connective tissue, it provides pliability, elasticity and tensile 

strength of the skin and overall is 15 to 40 times thicker than the epidermis, 

depending on the anatomic site. Structural components of the dermis are 

collagen, elastic fibers and extracellular matrix (ECM); moreover, the dermis 

houses the sweat glands, hair, hair follicles, muscles, sensory neurons, and 

blood vessels.81 Due to its architecture, the dermal layer governs the general 

mechanical behaviour of skin.82 

The principal component of the dermis is collagen with at least fifteen 

genetically distinct types in human skin. The predominant form of collagen that 

we found in the human dermis is type I collagen (about 70% of overall).83  

The dermis is connected with the epidermis by basement membrane 

and is composed of two histologically-identified layers: the papillary dermis and 

reticular dermis which merge together without clear demarcation. The papillary 

dermis is the superficial area adjacent to the epidermis; it is thin and has a 
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loosely arranged fine meshwork of connective tissue fibers. The reticular 

dermis is the deeper layer, it is thick, less cellular, and consists of dense 

connective tissue/bundles of collagen fibers much thicker and has coarser, 

more compacted connective tissue fibers that run in various directions, but in 

a general plane parallel with the skin surface.84 

In the papillary dermis there appear to be more fibroblasts than in the 

reticular dermis, and these papillary fibroblasts seem to be more active.85 

Recent studies have pointed out what accounts for the differences in the 

papillary dermis and reticular dermis:86 the two layers of the dermis are formed 

by two different families of dermal fibroblasts. The first family of fibroblasts 

originated from the dermal papillae which regulate the growth of hair follicles 

and erector pili muscles, whereas the second family form the reticular dermis 

and the underlying adipose layer called hypodermis.  

Reticular fibroblasts are generally described as being essentially 

quiescent despite exhibiting significant metabolic activity. This is in contrast to 

the papillary fibroblasts, depicted as potentially proliferative but less 

metabolically active.86-87 Additionally, while the reticular and papillary 

fibroblasts belong to the same histological cell type, they are known to have 

significant differences in functions reflected by their transcriptome.88  

As such, photobiomodulation might have a differential effect on these 

cell subpopulations, potentially leading to specific treatments targeting reticular 

and papillary fibroblasts differently: e.g. some evidence suggests that scarring 

occurs due to the dominant action of the reticular fibroblasts and suppressed 

activity of the papillary fibroblasts during the first wave of wound healing,89 

which highlights a need in differential treatment. 

 

1.4.3 Hypodermal layer  
 The hypodermis is the innermost layer of the skin, and indeed it is 

named also “subcutaneous tissue”. This layer is composed by adipocytes, 

which originate from lobules of fat tissue, and house large blood vessels, 

nerves and hair follicle roots. The connective tissue is poor and the major part 

is involved in the separation of the fat lobules. The thickness is very different 
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among people and fully depends on nutritional habits and diet; moreover, also 

the distribution depends on the gender.90  

The principal function is fat storage and energy reserve: its adipocytes 

shrink or swell depending on the needs. Other important functions of the 

hypodermal layer are the regulation of the body temperature, by insulating the 

body, and the protection of bones, muscles and deep organs from external 

trauma. From a clinical point of view, the hypodermis represents an important 

route of drug administration.91  

 
1.5 Classification of wounds 

The “wound” is defined as an interruption of a typical anatomical 

structure and function.92-93-94  

There is no standard classification for wounds, but there are several 

ways in which wounds can be categorized. The issues of greatest relevance 

in the assessment are the following: i) the nature of the injury leading the 

wound, ii) the timing, iii) acute or chronic wound and iv) the depth of injury and 

underlying tissues involved in the wound.95 

 

1.5.1 Acute wounds 
The term “acute” refers to those wounds such as burns, surgical and 

traumatic injuries that heal with a physiological healing process without 

interruption and in a relatively short time. In human, the inflammatory phase 

typical of acute wounds lasts for around two weeks and the recovery is full. 

The healed-tissue shows a characteristic scar consisting of newly synthesized 

type I collagen and lighter surface colour than the surrounding unwounded 

skin. 

 

1.5.2 Chronic wounds 
In this category of wounds, the inflammation persists for months or 

years and assumes the characteristics of chronicity. Some types of wounds 

which belong to this group are diabetic wounds, such as diabetic foot, and 

venous wounds, such as ulcers at the inferior limbs. These not-healing lesions 
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provoke a prolonged inflammatory response into the wound site and abrogate 

tissue repair.  

Chronic inflammation often occurs when a wound is contaminated with 

pathogens or covered by foreign material that cannot be phagocytized or 

solubilized during the cellular response. The chronic inflammatory response 

may not be characterized by the canonical signs of inflammation, but in some 

cases, the body responds to the presence of persistent foreign material and 

possible infection by local proliferation of mononuclear cells. In particular, 

macrophages with ingested exogenous material become able to attract 

fibroblasts that produce collagen, leading to a slowly forming encapsulated 

mass of fibrous tissue, a granuloma.  

 

1.5.3 Hard-to-heal wounds 
The hard-to-heal, are wounds in which the standard management and 

appropriate care fail. In this case, the main objective is to identify as early as 

possible when a wound is slow to heal. Indeed, despite the advances and 

increasing knowledge in the healthcare and management of wounds, the 

clinicians often encounter wounds where the healing is prolonged or never 

achieved. This event depends by a complex combination and interaction of 

four factors, inside and outside the wound: i) patient-related factors, ii) wound-

related factors, iii) healthcare professional and iv) resource treatment-related 

factors.96 The last two factors are beyond the purpose of this work and are not 

further considered.  

 The patient-related factors are the issues that can affect the wounded 

patients, such as diabetes mellitus, obesity, malnutrition, old age, decreased 

perfusion, organ failure etc; all these factors can delay the healing process.  

Among the wound-related factors, which can increase the failure of the 

typical care, we found: wound healing duration and/or senescence, size, 

wound bed condition, ischemia, inflammation and/or infection, anatomical site 

and treatment response. In particular, the measurement of the area and depth 

of the wound, by evaluating the epithelial advancement (also called “wound 

edge effect”) is important to predict potentially hard-to-heal wounds. 
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1.6 The wound healing 
From a clinical point of view, a wound can manifest itself with several 

different appearances: from a simple break in the epithelial integrity in the skin, 

such as a scratch, until an injury at subcutaneous tissue, with damages to other 

structures, not only muscles, tendons and vessels but also organs.  

Skin represents a protective barrier against several environmental 

agents: for this reason, solution of continuity in it must be repaired in a fast and 

efficient way; indeed, a loss of integrity of skin or deficiency in wound closure 

leads to severe pathologies and even death.  

 Wound healing is a dynamic and complex process, but at the same time 

interactive and it is composed of four coordinated and overlapped phases i) 

haemostasis, ii) inflammation, iii) proliferative stage and iv) tissue remodeling 

(Fig. 18). In each of these phases, different types of cells, several kinds of 

soluble mediators, blood cells, extracellular matrix and tissues play a 

fundamental and established role (Fig. 19). 

 

 
Fig. 18. Physiological wound healing phases 
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Fig. 19. Phases of physiological wound healing. Limits vary within faded intervals, mainly by 

wound size and healing conditions. From Wikicommons, Author: Häggström, 2014. 
 

 

 Beyond the canonical description of the wound healing process, it’s a 

matter of fact that the process of repair starts immediately after an injury, 

independently on injury site and that all wounds go through similar phases of 

healing. Only specialized organ such as the liver and the eye, or tissue such 

as the skeletal tissue have distinctive forms of regeneration and repair and 

follow a separate pathways.97-98-99  

 
1.6.1 Haemostasis 

Usually, a tissue injury provokes blood vessels damage, their disruption 

and haemorrhage, resulting in extravasation of blood constituents; the 

haemostasis is the physiological process to induce stop bleeding after wound 

injury (Fig. 20). Haemostasis is a highly adaptive and self-defence process 

having two principal aims: the one is preventing the exsanguination, protect 

the vascular system keeping it intact and avoid damage to vital organs 

throughout the formation of an aggregate of thrombocytes and platelets in a 

fibrin network. The second aim is providing a matrix for invading cells that are 

needed in the later phase of healing100-101-102 and, at the same time, forming a 

barrier against the invasion of microorganism.103 The phase of haemostasis is 

divided into three distinct part: i) primary haemostasis, ii) plasma coagulation 

and iii) fibrinolysis.104  
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Fig. 20. The platelet activation, the formation of platelet plug and its development in a clot. 

From  http://ib.bioninja.com.au.105 Author: Cornell, B. 
 

 

 Primary haemostasis is the result of numerous and complex interactions 

among the vascular walls, platelets and adhesive proteins (Fig. 19-20). The 

vascular wall is a non-interrupted monolayer of hexagonal endothelial cells, 

which controls selective exchanges between blood molecules and 

extravascular tissues.106 The luminal surface of blood vessels shows 

antithrombotic properties, such as i) expression of negatively charged heparin-

like glycosaminoglycans, ii) synthesis, exposure and secretion of platelet 

inhibitors and iii) coagulation inhibitors and fibrinolysis activators. In case of 

activation, usually by thrombin or inflammatory cytokines, endotoxin or 

hypoxia, the antithrombotic properties of endothelial cells convert to 

prothrombotic ones, characterized by i) exposure of anionic phospholipids on 

the outer of the cell membrane, ii) secretion of platelet-activating agents, 

exposure of coagulation factor receptors and secretion of inhibitors of 

fibrinolysis.104 By contrast, the layer underlying the endothelium contains 

highly thrombogenic components and other molecules involved in platelet 

adhesion.  

 After an injury, the muscular contraction in the endothelial layer is the 

first response which compromises the integrity of blood vessels (Fig. 20). At 

the same time, activated platelets adhere to various substrates, such as 
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collagen exposed to blood, fibrin and atherosclerotic plaques. After platelets 

adhesion, a series of events that lead them to shape-modified are started: from 

discoid, platelets became spherical, the internal granules migrate at the centre 

of platelet and pseudopodia emerge to help the anchoring of the platelets to 

substrate on the endothelial wall. In the granules, platelet synthesizes several 

pharmacological-active molecules, such as thromboxane A2 and platelets-

activating factor: these molecules can bind to a specific receptor site on the 

membrane of other platelet and allow a new platelets recruitment.  

The fundamental event that leads to platelet aggregation and fibrin clot 

forming, is the expression and activation of GPIIb-IIIa receptors, which can 

bind fibrinogen, a precursor of fibrin molecule.107 During this time, the 

phospholipids on platelets membrane translocate and negatively charged of 

phosphatidylserine is expressed on the outer membrane: these negative 

charges create a catalytic point on platelet membrane surface to stimulate the 

coagulation factors to work.108 Moreover, the accumulation of 

phosphatidylserine induces an increase of microvesicles release which 

probably plays a role in the disseminating platelets procoagulant activity.109 

The modifications occurred in platelet contribute to induce plasma 

coagulation by coagulation cascade. This event is more complicated and there 

exist two distinct ways that gather at the end: extrinsic and intrinsic pathways.  

Many pathologies can lead to a coagulation disorder acting on one of 

these ways or both, however, the plasma coagulation is finely regulated by 

some factors, mainly synthesized in the liver and circulating in the bloodstream 

as zymogens. The inactive zymogens can be processed by a specific enzyme 

with serine-protease cleavage activity that leads the molecule into an active 

form: e.g. the conversion of prothrombin in thrombin and the polymerization of 

fibrinogen into fibrin, both necessary to form the haemostatic plug. Moreover, 

some of these factors need vitamin K to be fully active.104 

 The last step of haemostasis is fibrinolysis. This is an enzymatic 

process leading to fibrin clot solubilization by plasmin originating from fibrin 

bound plasminogen.110 Plasminogen is synthesized by hepatocytes and has a 

high affinity for fibrin, through peptidic loops called “kringles”. Plasmin is 

generated by cleavage of a peptide bond by plasminogen activators. The 

principal plasminogen activator is tissue plasminogen activator (t-PA or PLAT), 
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which also exhibits two kringle loops. The fibrinolytic system is not only able to 

proteolyze fibrin clots but also plays a critical role in vessel wound repair, in 

the remodeling processes and in angiogenesis, through the degradation of the 

ECM. 

 In the cytoplasm, platelets contain α-granules filled with growth factors 

and cytokines, such as TGF-β, platelet-derived growth factor (PDGF), 

epidermal growth factor (EGF) and insulin-like growth factors (IGFs).97 These 

molecules act as promoters in the wound healing process by triggering and 

attracting neutrophils, macrophages, endothelial cells and fibroblasts.101-102-111 

Platelets also contain vasoactive amines, such as serotonin, that cause 

vasodilation and amplified vascular permeability and the migrations of cells 

and growth factors in the site of the lesion.112-113  

 

1.6.2 Inflammation 
 The cellular inflammatory response in wounds follows the haemostasis 

step and coincides with the classical signs of inflammation: swelling, redness 

and heat.114 It is a highly ordered process orchestrated by numerous cytokines, 

growth factors and cells types, including neutrophils, leukocytes, macrophages 

and fibroblasts. The inflammation process aimed at destroying pathogens, 

fighting local infections and phagocytosing local debris and damaged 

connective tissue, with the purpose to restore healthy functional conditions and 

improve wound healing outcomes.115-116-117 The inflammatory response is 

divided into two distinct separate phases: an early inflammatory and late 

inflammatory phase.98 

 The early inflammatory phase starts when haemostasis is near to the 

conclusion. This step has several functions, the first of which is the recruitment 

of neutrophils in the site of the lesion. Neutrophils are attracted in the wound 

site within 24-36 hours after injury and play the fundamental role to 

phagocytise bacteria and remove not only the residue of damaged tissue but 

also exogenous fragments (Fig. 21). The main chemoattractive agents 

including TGF-β, some peptides generated by bacteria and platelet 

products.118 In this early phase, the adhesion molecules on the neutrophils 

surface are subject to alterations: the cells become sticky and can adhere to 
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the endothelial cells surrounding the wound.97-98 After that, the neutrophils roll 

along the endothelium driven by the blood flow. Both adhesions and rolling 

mechanisms are led by selectin-dependent interactions that provoke a weak 

attachment.98-112 This event induces the endothelial cells to secrete 

chemokines that quickly stimulate a stronger adhesion of neutrophils, in this 

case, integrins-mediated99-112 neutrophils break rolling and migrate out of the 

venules, squeezing between the endothelial cells by a process named 

“diapedesis”. The neutrophils activity progressively reduces within a few days 

after injury and at the end of their activity, the residual neutrophils are 

eliminated from the wound both by apoptotic mechanism and phagocytosis by 

macrophages.119-120-121-122-123 

Another important type of cell which plays a pivotal role in this phase 

are the mast cells. Mast cells are essential not only in inflammatory phase but 

also in haemostasis, angiogenesis, fibroblasts proliferation, wound contraction 

and remodeling. In the inflammatory phase, resident mast cells released 

chemokines and cytokines that are important to recruiting neutrophils and 

monocytes,124 while, in early wound healing, during their degranulation 

process, are responsible for the release of histamine, prostaglandins and 

leukotrienes. Histamine acts on histamine receptor 1 and provokes the 

dilatation or arterial and increased permeability of venules,114 leading to 

increasing the infiltration of neutrophils and other inflammation mediators.125 

Mast cells are also implicated in disease processes where there is excessive 

fibrosis of the dermis where it resides, such as scleroderma126 and 

hypertrophic scars.127 

 Late inflammatory phase began at 48-72 hours after lesion when 

macrophages appear in the wound site attracted by several chemoagents, 

(Fig. 21) such as TGF-β, PDGF, Tumor Necrosis Factor-alpha (TNF-α) and IL-

4 and IL-13. Macrophages released a potent tissue growth factors, in 

particularly TGF-β, transforming growth factor-alpha (TGF-α), heparin - 

fibroblasts growth factor (FGF) and activated keratinocytes, endothelial cells 

and fibroblasts.128-129-130-131  

Macrophages are heterogeneous and versatile cells; during healthy 

conditions, resident macrophages play a key role in tissue development, in the 

immune response to pathogens and surveillance about tissue changes, 
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maintaining the homeostasis.132 On the basis of the genic expression profile, 

macrophages can be classified into two distinct subpopulations: M1 or 

“classically activated” and M2 or “alternatively activated”. The M1 phenotype 

is characterized by the expression of high levels of proinflammatory mediators 

and cytokines, such as IL-1 and TNF-α. Moreover, shows also a high 

production of reactive nitrogen and oxygen intermediates and promotion of T-

helper1 (Th1) response.133After the acute phase of tissue injury, M1 phenotype 

switch in M2 thanks to the signalling mediated by IL-4 and IL-13, also 

recognized as immunomodulatory and profibrotic signal.134  

 

 
Fig. 21. Summary of early inflammation phase, with activation of leukocytes, neutrophils and 

macrophages. From Wikicommon. 
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1.6.3 Proliferative phase 
 The proliferative phase starts on the third day after injury and lasts for 

the two weeks thereafter; during this time the wound goes towards tissue 

repair. The main events that occur in this stage are i) the restoring an intact 

epidermis after injury, in a process named reepithelialization, ii) the 

establishment of adequate blood source through angiogenesis and iii) the 

strengthening of the injured dermal tissue (named fibroplasia).114 (Fig. 19). 

 Re-epithelialization is a complex process that involves several steps, 

including the migration of keratinocytes into the wound, their proliferation and 

the differentiation in a stratified epidermis. About 12 hours after injury, 

keratinocytes are subject to several events, such as changes in shape, 

expression of lamellipodia, loss of cell-to-cell junctions and matrix contacts; 

moreover, during the migration, keratinocytes inhibit their proliferative 

potential. Using the integrin receptor on the surface, keratinocytes are able to 

connect with the temporary fibrin matrix; throughout this time, keratinocyte 

produces metalloproteinases (MMPs), a proteolytic enzyme, in particularly 

MMPs-9 and MMPs-1, which are able to degrade type IV collagen and laminin 

in the basement membrane.114,135 Once reached the wound site, keratinocytes 

recover their proliferation activity, stimulated by EGF, keratinocytes growth 

factor (KGF) and TGF-α. 

 Dermal reconstitution begins approximately four days after damage and 

it is characterized by granulation tissue formation, angiogenesis and 

fibroplasia, the accumulation of fibroblasts. 

Fibroplasia is described such as a process in which fibroblasts 

proliferate and migrate into the fibrin clot, where they produce new collagen 

and other matrix protein to originate the granulation tissue. The collagen 

deposition is performed by an activated phenotype of fibroblasts: the 

myofibroblasts, specialized contractile cells characterized by the expression of 

α-SMA, a splice variant of fibronectin.117,136-137 These cells can migrate in the 

wound site from the healthy surrounding tissue attracted by TGF-β and PDGF 

released in the previous phases.130 

Fibroblasts cells are responsible of the type III collagen deposition, in 

order to synthesize the granular tissue, a new and temporary stroma, that will 
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be substituted with a definitive new ECM composed by type I collagen.103 

Around two weeks after damage, the remodeling of the ECM starts. During this 

time, excess collagen fibers are removed and the residual are re-organized in 

order to promote wound contraction.92,138 Initial collagen degradation is 

performed by collagenase enzyme and, after partial degradation, collagen 

fragments undergo additional breakdown by MMPs. These enzymes are 

secreted by fibroblasts, macrophages, endothelial cells and epidermal cells. 

Elevation in MMP levels may lead to excess collagen breakdown, resulting in 

the development of chronic wounds.139-140 Another way to reduce the 

fibroblasts in excess is via the apoptotic way. Dysregulation of these processes 

occurs in fibrotic pathologies, such as keloids, scleroderma and morphea.141  

Another important event achieved in this third phase of the wound 

healing process is angiogenesis, a growth of new vessels by the sprouting of 

preexisting ones in the healthy tissue adjacent to the wound. Several pro-

angiogenetic factors, such as FGF, vascular endothelial growth factor (VEGF), 

PDGF and other ones, are released during the haemostatic and inflammatory 

phase and act on endothelial cells. All these factors give a contribution to 

promoting endothelial cells proliferation and their migration in the wound site. 
142-143-144-145-146 The endothelial cells can produce proteases in order to 

degrade the basal lamina of the vessel, induce chemotaxis, proliferation from 

an injured surrounding vessel, differentiation and remodeling. After these 

series of events, within a few days, a new microvascular network composed of 

several capillaries is originated. Newly formed vessels participate in 

granulation tissue formation and provide nutrition and oxygen to growing 

tissues.114 

 

1.6.4 Remodeling phase 
 Remodeling phase is the last stage of the wound healing process, in 

which a new epithelial layer is synthesized and scar tissue is formed. The 

synthesis of the new ECM is has begun in the previous phase, and correspond 

with the granulation tissue production.  

The remodeling of the wound is closely controlled with the purpose of 

preserving a delicate equilibrium among degradation and synthesis, leading to 
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normal healing. The collagen degradation process is due to the MMPs 

enzymes, produced in the previous phases not only by neutrophils and 

macrophages, but in particular from fibroblasts cells. The activity of MMPs are 

finely regulated and are significantly involved also in ECM remodeling.  

 The bundles of initial collagen deposition are highly disorganized and 

the new collagen matrix becomes more and well oriented over time. Towards 

the final step of the remodeling phase, the wound completes the contraction 

and the underlying connective tissue allows the closing of the wound edges of 

the wound. This process is regulated by several factors, such as PDGF, TGF-

β and bFGF.147-148-149  

When the wound healing process reaches the end, the density of 

fibroblasts and macrophages is reduced by apoptosis, the growing of 

capillaries is blocked, blood flow to the area decays and metabolic activity at 

the wound site decreases.147,150-151 Collagen fibers can recover nearly 80% of 

the original strength compared with unwounded tissue and the final strength 

depends on the site of the repair and its duration, but the original strength of 

the tissue can never be regained.147-148  

The end of the remodeling phase is a fully matured scar with a 

decreased number of cells and blood vessels and a high tensile strength152 

(Fig. 19). 

 Clinically, this phase is manifested as a palpable softening of the scar 

and the changing of its hue from pink to pale.117,153 

 

1.7 Fibrosis 
 As described above, after skin wounding, the repair begins immediately. 

Several factors can bring to interferences with the healing process and when 

the fragile equilibrium of the reparative process has been disturbed, the wound 

healing process can migrate towards two radically different extremes. On the 

one hand, in the poor healing process, the injury stops the restorative 

development and becomes a chronic wound or classified such as a hard-to-

heal wound. On the other hand, in excessive healing, an exaggerated matrix 

deposition can lead to scar ranging from hypertrophic scar to keloid94 (Fig. 22). 
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Fig. 22. Any disturbance of the delicate balance of normal wound repair leads to a disruption 
of anatomical structure and function. From Bran et al. 2009.94 

 

 

Fibrosis is described as the degeneration of connective tissue in which 

excessive accumulation of fibrillary, collagen-rich ECM replaces functional 

tissue, can occurs in organs or body tissues not only after lesion but also 

subsequently to a pathologic condition. In both cases, the typical structure and 

architecture about organs parenchyma or tissue are subject to changes and 

accompany a loss of function.154-155  

 Even if we gained a great knowledge about fibrotic disorders and their 

several effects, the mechanisms of fibrosis are still partially unclear and the 

need for anti-fibrotic treatment remains. Despite that, the hypothesis on the 

general mechanism of fibrosis are reported in the scientific literature: the 

principal mechanisms are described in the followings. The injured cells recruit 

several regulators of fibrosis such as cytokines, chemokines, PDGF, VEFG 

and caspases. These regulators recruit endogenous cells such as neutrophils, 

macrophages, T and B-lymphocytes that release profibrotic growth factors, for 

instance, TGF-β, PDGF and connective tissue growth factor (CTGF).156 

 T helper cells, also known as CD4+ cells or Th cells, produce some 

cytokines and were the first to be documented to have strong profibrotic 

features. Typical cytokines released from Th-2 cells are IL-4, IL-5, IL-10, IL-13 

and IL-21. Four of them, IL-4, IL-5, IL-13 and IL-21, are related to fibrosis 
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development. Moreover, IL-4 cytokine is closely associated with 

myofibroblasts collagen deposition to form ECM.156-157 

 Myofibroblasts are the key cellular mediator of fibrosis and are activated 

not only by cytokine but also by paracrine signals derived from i) lymphocytes 

and macrophages, ii) autocrine molecules released by the same 

myofibroblasts and iii) pathogens-associated molecular patterns produced by 

pathogenic organisms that interact with toll-like receptors on fibroblast cells. 

Myofibroblasts can be derived from multiple sources. Today two mechanisms 

are known: the epithelial-mesenchymal transition (EMT) and, most recently, 

endothelial-mesenchymal transition (End-MT). Moreover, fibroblast-like cells 

derive also from bone marrow stem cells and expressed a myofibroblasts-

phenotype.  

This scenario suggests that several subpopulations of myofibroblasts 

exist, and these are activated and/or recruited by different pathways that 

involve cytokines and play a fundamental role in different fibroproliferative 

disease. The possibility to interrupt their development, activation or enrollment, 

could be a potential therapeutic approach in the treatment and management 

of various fibrotic diseases.156 

 

1.7.1 Fibrosis in skin 
 The basics of wound healing process appear to be deciphered, but the 

precise mechanism in which the wound healing process is regulated is still 

enigmatic. 

 In adult human wounded tissue, the normal repair occurs when there is 

a re-established equilibrium between scar formation and scar remodeling: in 

healthy subjects, this reaction represents the typical response to skin injuries. 

The perfect scar should be comparable to a thin line with a similar pigmentation 

about to the neighbouring unwounded tissue. 

From a clinical point of view, scars ranging from asymptomatic to scars 

with evident issues may be accompanied by functional limitation and frequently 

cause significant cosmetic problems. 

Scars are categorized in plastic surgery literature describing main 

groups of wounds ranging from normal mature scars to major keloids, with 



____________________________________________________Introduction 

42 
 

linear and widespread hypertrophic scars placed somewhere near the 

middle.94-158-159 Despite the obvious clinical manifestations, pathological and 

biochemical differences, hypertrophic scar and keloid remain a therapeutic 

challenge. Until a few years ago, was popular to think that hypertrophic scars 

and keloids represent two different manifestations about the same skin 

problem and the terms were often used interchangeably. 

Actually, as concern the scar management, one of the first challenges 

is the differential diagnosis, clinical instruments to clearly define the 

hypertrophic scar from keloid, in order to apply specific clinical approaches. 

There are also other fibrotic pathologies that affect the skin, such as 

systemic sclerosis and scleroderma, but they are out of the scope of the 

present work. 

 

1.7.2 Hypertrophic scars 
 Hypertrophic scars are a frequent complication of burn injuries, but can 

also originate after a piercing, tattoo or even acne. In women, one of the major 

causes is the caesarian section. However, extensive data are lacking.160 

This kind of scars are typically hoisted, light red or pink in colour and 

usually can be itchy, painful and in the worst cases, lead to the restriction of 

the movements. Usually, this kind of scar occurs soon after injury, evolves over 

a limited period of time that is longer than normal scar, but usually less than a 

year and often spontaneously regress without recurrence. 

From a histological point of view, the hypertrophic scar contains chiefly 

type III collagen. This collagen is organized in flatter and less demarcated 

bundles with a wavier pattern; the orientation is parallel to epithelial surfaces, 

such as in unwounded tissue. Moreover, they exhibit nodular structures that 

inclose collagen, fibroblasts and myofibroblasts α-SMA+, which play a 

fundamental role in the pathogenesis of contraction.155-157 Studies conducted 

between the years 1970 and 1990, comparing hypertrophic scars and keloids 

from a morphological and histological point of view, showed that only in the 

hypertrophic scar myofibroblasts were present.94,161-162 More recent studies, 

as this work, show instead that myofibroblasts are also present in keloid 

tissue.163-164-165 
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Hypertrophic scars do not grow beyond the margins of the original 

wound: this is the principal characteristic of hypertrophic scars and one of the 

most important features to distinguish them from keloids166 (Fig. 23). 

A wide range of therapeutic options is available. The majority of the 

current treatments aim at help flatten and shrink the scar and the most lesions 

are responsive to treatment.  

 

 
Fig. 23. Four weeks hypertrophic scars. From Wikicommons. Author Cgomez447. 

 

 

1.7.3 Keloid scars 
 In 1817 Alibert was the first one to use the term “keloid” to describe the 

lesions as cancroid and later “crab claw-like appearance”, as the original 

meaning in ancient greek, to define the lateral expansion of an excessive scar 

into the surrounding healthy tissue (Fig. 24).166-167 Many years later, Mancini 

(1962) and Peacock (1970) described in different manner keloids and 

hypertrophic scars, distinguished from each other.168  

Today keloids are classified such as benign fibro-proliferative dermal 

tumours and, as a contrary of hypertrophic scar, grow beyond the boundaries 

of the original wounded tissue and do not exhibit a tendency to regress. In 

literature it is also used a time-scale to define the types of scarring: at least 

twelve months-scar, with an extension of the original site, can evolve into a 

keloid.169 From a clinical point of view, keloid scars are refractory to the 

treatments and have a high rate of recurrence. 
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Regarding epidemiology, keloids are closely related to dark-skinned 

people, which is fifteen times more likely to develop keloids than those with 

lighter skin. Indeed, the incidence peak is 4.5-16% in south Americans and 

Hispanic populations,170,160 while the frequency is equally distributed in both 

sexes171-172 at any age.173-174 

 Keloid manifests peculiar features: the dimension can be ranging from 

millimetres to several centimetres, also depending on the site of the lesion. 

The surface is smooth and shiny, with different thickness, with compactness 

ranging from mildly tender to the firm. The borders are well-demarcated, but 

irregular in outline. The colour can vary from purple to pink, generally it is 

always more pigmented respect the healthy surrounding skin; moreover, 

keloids are associated with persistent itching, intermittent pain and a 

contraction sensation. Excessive scarring also affects the quality of life of 

patients, not only physically, (e.g. impending facial muscular movement) but 

also from the physiological perspective, causing cosmetic annoyance. 

The anatomic sites most involved in keloids formation include ears, 

back, chest, shoulders, upper arms, upper back and cheeks. Many authors 

also refer to the importance of the mechanical skin tension,175-176 in particular, 

the attention has focused on the distinct site-specific shapes that reflect the 

predominant direction of the mechanical forces on the wound. Nevertheless, 

other authors have different opinions.177 

 The aetiology is still partially unclear. Several factors including the 

anatomic site of the lesion and the genetic background may predispose 

subjects to develop keloids. Numerous types of injuries can lead to keloid scars 

in incline individuals: surgery, burns, tattoo, piercing, needle sticks, 

vaccinations, insect bites, but also some skin inflammatory process such as 

varicella, folliculitis, acne and herpes zoster infection. Infrequently, keloid can 

occur also spontaneously. The inflammation in keloids, and in scars generally, 

is incessant. Moreover, is confined for the major part in the reticular dermis, 

where it is also accelerated the angiogenetic process and collagen deposition. 

These findings suggest that the cause of keloid is an aberration of the 

physiological wound healing process in dermal skin layer.178 
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Keloid formation is also associated with endocrine factors: indeed, 

frequently keloid seems to appear during puberty, and in women an onset or 

increase during pregnancy has been reported.179-180 

 Keloid-derived fibroblasts show an increased level of fibronectin 

biosynthesis compared to normal skin fibroblasts. Fibronectin is involved and 

plays a fundamental role in the development of the granulation tissue and re-

epithelialization process.181-182 As concern the collagen type, the predominant 

one in keloids are type I and type III, with minor quantities of type IV and type 

V. Regarding the collagen synthesis in keloids, it is estimated to be twenty 

times higher than in unwounded tissue and three times greater in respect to 

hypertrophic scars.160 To explain this evidence, in literature it is reported that 

both pre-transcriptional and post-transcriptional mechanisms of type I collagen 

expression and synthesis do not work efficiently.183 

 As described above, during scar formation and contraction an essential 

contribution is due to growth factors. In particular, TGF-β and PDGF. 

Transforming growth factor-β is the major factor that stimulates fibroblasts to 

secrete protein of ECM in the site of the lesion. Typically, the TGF-β activity is 

extinguished when the healing process is complete, but not in fibrotic diseases, 

where the TGF-β synthesis is poorly regulated. Indeed, it was demonstrated 

that keloid fibroblasts secrete increased levels of TGF-β.184 

 

 
Fig. 24. Watercolour drawing of keloid of Alibert on the chest, in the site of scars of acne 

vulgaris. From Wikicommons. 
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1.7.4 Keloid scars management and treatments 
Nowadays, efficient keloids treatment is still a challenge. The reasons 

are probably due to several factors, such as the long therapy duration, the lack 

of guarantee of good results and the clinical difficult to obtain an early and clear 

diagnosis. 

There is a wide range of therapies that are used in keloid treatment, 

some of which are applied also in hypertrophic scars, others are selective for 

keloids. Keloid approaches can be grouped into three main categories: 

pharmacological therapies, non-pharmacological therapies and new therapies 

under investigation.117,185 

Given the large number of existing treatments and also the possibility of 

using them in combination, a need for clinicians to elucidate the treatment to 

be applied depending on the type of lesion was manifested. In 2014, 

international guidelines based on an algorithm were published: in this work, 

preferential treatment has been correlated to manage a specific type of keloid 

or hypertrophic scar. For a minor keloid, the first choice is the treatment with 

silicone gel/sheet application with corticosteroids injection, followed by the use 

of an ablative pulsed-dye laser. In case of unresponsiveness, the second 

choice is surgical excision with the use of intralesional injections or 

antiproliferative agents. As concern a large keloid o hypertrophic scars, the 

treatment starts with corticosteroids injection followed by the use of 

antiproliferative agents and finally the pulsed-dye laser. If the lesion is 

unresponsive, surgery is recommended.186 

 

1.7.5 Pharmacological therapies 
 These treatments have the purpose to reduce scar tissue and revert 

collagen architecture, also trying to prevent the scar recurrence. In this group 

there are the most traditional intralesional-administered treatments, such as 

corticosteroids, 5-Fluorouracil, Bleomycin, and Interferon, but also topically 

drugs, like Mitomycin C, onion extract and heparin applications.  

The therapies mentioned above are just some of the numerous 

pharmacological treatments available for the management of keloids and 

hypertrophic scars. Indeed, other drugs are also used in the clinic such as 
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Imiquimod, Tacrolimus, Sirolimus, Doxorubicin, Verapamil, retinoic acid, 

Tamoxifen, and botulinum toxin. 

Due to the lack of complete and in-depth studies, or to unsatisfactory 

results, these treatments are not used as a single therapy but are often 

administered in combination, after surgery or in association with the use of 

compression dressings. 

 

Corticosteroids 
The first-line therapy is certainly corticosteroids, such as hydrocortisone 

acetate, dexamethasone, methylprednisolone and triamcinolone (TAC),187 that 

are able to induce the flattening of the keloid and symptomatic relief. The 

injection is made directly inside the scarred tissue and represents the 

traditional therapy since the second half of the 20th century; previously, topical 

administrations were used, but the efficacy was lower.188-189 

The principal pharmacological effect of corticosteroids is to suppress 

the inflammatory response by acting on the immune system of the patient; 

moreover, they can reduce both the collagen and glycosaminoglycan 

synthesis, through activation of the nuclear receptor, and the proliferation rate 

of fibroblasts, modulating their gene transcription.187-190-191 Despite the long-

time of clinical utilization in keloid scars, the mechanism of action of 

corticosteroids is still partially unclear, just like the correct preparation and 

dosage. The approaches employ different concentrations, depending on the 

size and the site of the keloid besides the age of the patients. Typical 

concentration are 10, 20, 30 and 40 mg/mL, to repeat for subsequent 

treatments at intervals of three or four weeks until clinical resolution is achieved 

or the side effects prohibit the use.192 

Corticosteroids show side effects such as the atrophy and hyper- or 

depigmentation of the surrounding unscarred tissue; to avoid this event the 

injection should be made in the middle dermis. Moreover, it can lead to glucose 

intolerance and rare cases of Cushing’s syndrome are reported. Other side 

effects are osteoporosis, glaucoma, necrosis of tissue, telangiectasias and 

ulcerations; it is also known that it provokes painful sensations in the site of 
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the injection and topical anaesthesia by lidocaine is frequently needed.117-189-

190 

 

5-Fluorouracil (5-FU) 
This antineoplastic agent is used in clinics since 1990, in order to 

counteract the hypermetabolic state that characterized keloids. 

5-FU is a fluorinated pyrimidine analogue with antimetabolite activity: 

intracellularly, this molecule is incorporated into DNA, thus inhibiting DNA 

synthesis and cell proliferation. Cells with fast metabolism and proliferation, 

such as keloid fibroblasts, are preferentially targeted and have led to apoptosis 

without provoking tissue necrosis.185,193 

Several studies have confirmed that 5-FU is effective in the treatment 

of keloid scars.194-195 Among them, in 1999, Fitzpatrick was the first one to 

describe the results of a 9 years study on the effects of the 5-FU on 1000 

patients, showing the successful results obtained with the intralesional use of 

this molecule, in association or alone.168,196 When used with other therapies, 

5-FU is administrated in association with corticosteroids injection: after keloid 

excision, the use of 45 mg/mL of 5-FU in association with 4 mg/mL of TAC, for 

eight times, reduces the recurrence rate to 4-19%.197 

In the other randomized clinical trial, weekly intralesional injections of 

50 mg/mL of 5-FU for twelve weeks, induces a reduction of the scar size of at 

least 50% of the majority of patients, without symptoms recurrence in a period 

of two years.168,198 Adverse effects are rare, but include superficial skin 

irritation, ulceration, often accompanied by burning and painful sensations.  

Despite the scientific debate regarding its use, the intralesional 

treatment with 5-FU is considered safe, indeed the toxic effects are associated 

only with intravenous administration and not with subcutaneous injections. 

 

Bleomycin 
Bleomycin was obtained from Streptomyces verticillus and in its sulfate 

form it is used to anticancer treatments in several types of malignancy. It was 

firstly investigated as a scar reducing agent in the mid of 1990.199 This 

molecule can inhibit collagen synthesis by the reduction of TGF-β1 trigger and 
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other findings have shown the capability to block the cell cycle in G2 phase.200 

The use of Bleomycin is still poor clear in keloid clinical management, but the 

recommended dosage starts at 0.1 mL (1.5 units/mL) until 6 mL to repeat from 

three to five times per month. Whit this treatment, a regression of the 69.4% of 

keloids was observed.201 The side effects of Bleomycin derived both from its 

toxicity, even if the systemic toxic effects with intralesional injections seem to 

be rare, and occasionally can also induce hyperpigmentation and dermal 

atrophy.  

 

Interferon (INF) 
This cytokine is secreted by T-helper cells and different forms are used 

in keloid treatment, in particular, INF-α, INF-β and INF-γ. INF is involved in 

several scars originated-processes and has antiproliferative, antifibrotic and 

antiviral effects. In particular, in keloid scars, IFN can reduce fibroblasts 

proliferation rate, collagen synthesis and ECM production modulating TGF-β1 

signalling.202 

From a clinical point of view, the results obtained with intralesional 

injections of INF are inconclusive and the improvements are minimal. 

Moreover, the therapy is often expensive and side effects such as flu 

symptoms and pain in the site of the injections are frequently. 

 

Mitomycin C (MMC) 
Mitomycin C is a derivate from Streptomyces caespitosus, isolated in 

1958 by Wakaki. MCC is an antibiotic molecule whit antiproliferative and 

antineoplastic property and the first application is against pterygium. MCC is 

an alkylating agent and can form crosslinking at guanine and adenosine 

nucleotides in DNA molecules. 

Several studies have performed on this molecule: both in vitro and in 

vivo findings show that MCC can suppress the proliferation in cultured 

fibroblasts and reduce the percentage of wound contraction in mice. 

In the study performed by Bailey on a group of 10 patients, 1mg/ mL of 

MCC was topically applied for 3 minutes on keloids and the treatment was 

repeated after three weeks. During a six months follow-up, in which the keloid 
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scars were photographed, a satisfaction questionnaire was proposed and 

about the 80% of the patients were satisfied by the results.203 

 

Onion extract and heparin applications 
The exact mechanism through which this therapy reduces scar 

formation and development is still unclear. The onion extract has fibroblasts-

inhibiting activities and increases the expression of MMPs. Moreover, the 

onion extract containing Quercetin and Kaempferol flavonoids reduces the 

synthesis of collagen.204 Heparin, instead, have a robust capability to bind 

collagen molecules, forming intramolecular interaction and weakening the 

molecule.  

 

1.7.6 Non-pharmacological therapies  
 This kind of treatment has more advantages, and most of all this therapy 

is delimited in the skin fibrosis area. 

 The main treatments included in this category are compression therapy, 

silicone gel sheet applications, surgery, cryotherapy, radiotherapy, laser 

therapy. Also in these cases, fibroblast cells are the principal targets and they 

have to reduce their proliferation rate, as collagen synthesis is the main goal. 

  

Compression therapy 
Compression therapy became a popular treatment in the 1970s and 

was used as a standard option in the management of hypertrophic scars due 

to burns. Currently, it is still the preferred conservative management for 

prophylaxis of hypertrophic scars and keloids. 

The mechanism of action of pressure therapy is still poorly understood, 

but a plausible hypothesis is that the permanent pressure limit the supply of 

blood, nutrients and oxygen to the scar tissue inducing a decrease in collagen 

synthesis and increase in fibroblasts apoptotic process.205-206-207 

Special garments are designed for an individual patient with the purpose 

to guarantee a direct and continuous pressure on the scar for 8-24h a day for 

at least the first six months of the wound healing process, but to obtain more 

satisfactory results, the treatment must be applied continuously up to one year 
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or even more. The recommended pressure is 15-40 mmHg, but for several 

reasons this value is not always achieved in all the anatomical districts.175,208 

Unfortunately, this type of treatment often creates many discomforts for 

the patient, and this determines poor diligence in following the therapy and a 

compliance reduction.190,209-210-211 

 

Silicone gel sheet applications 
Liquid silicone was introduced in the 1970s to treat both hypertrophic 

scars and keloids. In the early 1980s, the liquid formulation has been replaced 

with silicone sheets and the clinical efficacy was improved.212 The mechanism 

of action is still partially unclear, but the evidence suggests that silicone 

probably forms an impermeable membrane that keeps the skin hydrated, as 

well as it might the stratum corneum, reducing both capillary hyperemia, 

oedema and fibroblasts activity.213-214 Other authors, instead, support the idea 

that the silicone is inert with no effects on fibroblasts, but rather that acts on 

keratinocytes increasing the release of growth factors that would stimulate 

fibroblasts and modulate collagen synthesis.208,212,215 

Currently, topical silicone gel either as a topical gel or as an 

impregnated elastic sheet is widely used, particularly in the management of 

hypertrophic scars with daily applications ranging from 12 to 24 hours from one 

month until one year. This treatment plan can improve the colour and 

thickness, pain and itching due to the scar, while no significant results are 

obtained for elasticity. The side effects are a few: for these reasons, this kind 

of therapy is recommended as prophylaxis and in case of a scar younger than 

three months, in which it is easier to obtain satisfactory results.  

 

Surgery 
Surgery is still the traditional treatment to remove keloids and 

hypertrophic scars, but with a fundamental difference between them.  

In case of keloid-prone patients, it is well-known that if surgical excision 

is provided alone, the recurrence rate ranges from 45 to 100%: adjuvant 

therapies, such as intralesional corticosteroids, radiotherapy or cryosurgery 

are typically used in order to obtain a more pleasing results.190,216-217 Indeed, 
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recent studies have demonstrated that the combination of surgery with steroid 

treatment reduces the recurrence rate to less than 50%.185 

As concern the type of surgical removal, different opinions are reported: 

the total excision of keloid, could increase the collagen synthesis and induces 

a rapid regrowth of a larger keloid; as a contrast, an intramarginal excision 

does not stimulate collagen synthesis and the recurrence rate is lesser.218-219 

However, the surgery of keloids remains the second-line therapy for lesions 

unresponsive to pharmacological treatments or compressive therapies.160 

 

Cryotherapy 
Cryotherapy is used as monotherapy and owes its success on changes 

in the microcirculation provoked by freezing: the extremely low temperatures 

induce vascular damage, and blood stasis in the keloid tissue lead to cellular 

hypoxia.  

In association with TAC, cryotherapy is the most popular treatment of 

small keloids and hypertrophic scars, such as acne scars. Quickly and 

repeatedly applications of NO Liquid are typically used with success rate 

ranging from 30 to 75%, but a hypopigmentation and different degree of 

atrophy are common side effects.192 

Recently, an intralesional-needle cryoprobe method has assessed: a 

cryo-needle is introduced into the long axis of the scar in order to maximize 

the volume of the scar tissue needed to be frozen. The inserted cryo-needle is 

connected to a cryogun filled with NO and introduced into a cryoprobe, which 

leads to freezing scar. This method gives the surgeons the ability to freeze any 

hypertrophic or keloid scar to an adequate depth.185,220 

 

Radiotherapy 
The principal use to radiotherapy is as an adjunctive measure after 

surgical excision. In this case, the success rate is between 65 and 99% when 

compared to excision alone. The effects of radiotherapy are mediated through 

inhibition of fibroblasts proliferation and inducing apoptosis. This event leads 

to decreased collagen synthesis.  
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The recommended dose is 15-20 Gray (Gy) to be administered in five 

or six treatments. This procedure may decrease the fibroblasts number, such 

as in physiological wound healing process, and prevent the adverse effects 

such as telangiectasia, atrophy and erythema. Although cancer development 

post-radiotherapy on keloid scars is uncommon, the risk to induce malignancy, 

particularly in breast and thyroid area, discourage this kind of treatment that 

should be handled with caution from specialized operators.168,185,190 

 

Lasertherapy 
The introduction of laser in the treatment of keloid is dated in the mid-

1980s and starting from this period, the therapeutic use of the laser with 

different wavelengths was intensively investigated.  

In one of the first study in which the laser was used on keloid scar, 

conflicting results were reported: using a CO2 laser, only one out of thirteen 

patients showed improvement.221-222  

Other studies show that the keloid excision alone with CO2 laser does 

not provide an advantage in respect to surgical removal. Moreover, the 

recurrence rate, about 50%, is similar in both techniques.223-224 

Another type of laser which is used both in keloids and hypertrophic 

scars management is the pulsed dye laser (PDL). In particular, in studies with 

a 585 nm PDL, they demonstrated a reduction in collagen synthesis and 

fibroblast proliferation rate in keloids.225 However, the high absorption by 

melanin limits the use of the PDL in darker-skinned subjects, the same which 

have the major risk to form keloids.192  

Currently, the laser therapy treatment recommends fluences ranging 

from 6.0 to 7.5 J/cm2 or from 4.5 to 5.5 J/cm2, with 7 mm and 10 mm in spot 

dimension respectively.226 From two to six treatments are necessary to 

improve the scar colour, pliability and texture.227 The common side effects are 

hyper- or hypopigmentation and postoperative purpura, which can persist until 

seven days. 
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1.8 Adenosine 
 Adenosine is a purine nucleoside indispensable for DNA synthesis: it is 

formed by an adenine and ribose molecule joined through an N9-glycosidic 

bond, which, in the nervous system, is continuously formed both at intracellular 

and extracellular level (Fig. 25). 

 

 
Fig. 25. Ball-and-stick model of the adenosine molecule. Black: carbon (C). White: hydrogen, 

(H). Red: oxygen (O). Blue: nitrogen (N). Author Jynto. From Wikicommons. 
 

 

Adenosine plays an essential role as neuromodulator also in 

biochemical processes and signal transduction, correlating with molecules 

such as ATP, ADP (adenosine diphosphate) and AMP (adenosine 

monophosphate). At the central level, it carries out numerous actions: acts as 

an endogenous anticonvulsant, influences control of motility, pain, learning 

and memory.228 Moreover, adenosine has a further crucial role in the 

modulation of emotional states, conditioning social interactions and aggressive 

behaviours. 

In physiologic conditions, extracellular adenosine exercises an 

inhibition on synaptic transmission and this makes adenosine a highly 

protective neuromodulator. At the extracellular side, adenosine is produced 

from AMP which is dephosphorylated by the enzyme 5'-nucleotidase (5’-NT). 

Adenosine can also be formed through the breakdown of nucleotides which 

are released into extracellular space. The 5’-NT is inhibited by ATP and it has 

an elevated affinity towards AMP: for this reason, when the cell is exposed to 

an intense metabolic activity with increased ATP consumption and consequent 

elevated production of AMP.228 Adenosine is a paramount chemical mediator 
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which can activate determined biologic responses and its action mainly occurs 

through purinergic receptors activation. These every receptor is structurally 

composed of seven amphipathic α-helices (TM 1-7), which consist of a 

sequence of 20-25 hydrophobic amino acids (Fig. 26). 

 

 
Fig. 26. Seven transmembrane domain receptor (TM) coupled with a G-protein. The Gα, 

binding GTP, release itself and activates a biologic response. From Cristalli, G. et al. 
2008.229 

 

 

 The N-terminal portion is located at the extracellular level whereas the 

C-terminal exposes toward the intracellular side; all the 7 domains are strictly 

interconnected via 3 intracellular (IL 1-3) and 3 extracellular loops (EL 1-3).229 

The seven transmembrane domain receptors are always associated, at the 

intracellular side, with specific transduction heterotrimeric protein, defined G 

protein, which is activated after the interaction between the receptor and 

substrate.  

The purine receptors have been classified into two categories by 

Burnstock in 1978, P1 and P2 (X, Y) receptors, the latter ones activated by 

ATP.230 This distinction helped to clarify the incredible variety and complexity 

of purine-mediated effects observed till then and the ubiquitous presence of 

ecto-ATPases, enzymes catalysing extracellular nucleotides degradation. The 

presence of these enzymes on cell membranes incredibly complicated the 

scenario by forming ADP, AMP and adenosine from extracellular ATP,231 so 

that some of the actions of ATP were directly due to P2 receptor activation, 

whereas others were due to the indirect action of adenosine on P1 receptors. 
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Both P1 and P2 subfamilies which later recognised to be further divided into 

different subtypes. P1 receptors were initially distinguished into two classes (A1 

and A2 receptors) on the basis of their excitatory or inhibitory actions on 

adenylyl cyclase.232 Later work defined four different subtypes of P1 receptors: 

A1, A2A, A2B and A3.233 P2 receptors appeared to be more heterogeneous, with 

P2T, P2Z and P2U subtypes being proposed from different authors.234-235 The 

definitive classification came from Abbracchio and Burnstock236 who proposed 

that P2 purinoceptors should belong to two major families: P2X ligand-gated 

ion channel receptors and P2Y G-protein-coupled receptors (GPCR). Cloning 

experiments supported this classification and helped to subdivide P2 receptors 

into seven P2X and eight P2Y subtypes.237  

To date, it is well recognised that purinergic signalling plays a 

fundamental role in several biological systems, from invertebrates to 

mammals, and purinergic-mediated effects including both short-term - 

neurotransmission, endothelial-mediated vasodilatation, platelet aggregation - 

and long-term - cell proliferation, differentiation, migration and death - 

phenomenon have been demonstrated. 

 

1.8.1 Purinergic receptors 
Receptors for both ATP and adenosine are widely distributed in the 

nervous system as well as in other tissues. The notion that there are purinergic 

receptors, that is, proteins on the surface of cells that bind and respond to 

purines, was slow to evolve. The first evidence was the observation of the 

cardiovascular physiological effects of purines. Drury and Szent-Gyorgyi,238 

first noted effects of adenine nucleotides on cardiac and vascular tissues in 

1929. Thirty-four years later, Berne239 identified a physiological role for 

adenosine as a mediator of coronary vasodilation in response to myocardial 

hypoxia. In the 1970s, adenosine was found to stimulate cyclic adenosine 

monophosphate (cAMP) formation in brain slices. Subsequently, the 

physiological effects of adenosine on almost all tissues have been described. 

Based on the responses of various tissues to purines, Burnstock230 proposed 

that there are distinct receptors that bind adenosine or ATP, designated P1 and 

P2 receptors, respectively (Fig. 27). The existence of adenosine receptors was 
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not widely accepted until the 1980s when saturable binding sites for 

radioactive adenosine analogues were demonstrated in brain. The existence 

of adenosine receptors was proved unequivocally when the first adenosine 

receptors were cloned in 1990.240 

Originally, the “P” in P1 and P2 was meant to designate purinergic 

receptors. However, it has been discovered that some of the P2 receptors bind 

pyrimidines, UTP or UDP, preferentially over the purine, ATP. Hence, the “P” 

in P2 is now used to designate purine or pyrimidine. Despite these exceptions, 

P1 and P2 receptors collectively are still generally referred to as purinergic 

receptors. In addition to adenosine, various synthetic adenosine analogues 

activate P1, but not P2, receptors and synthetic ATP or Uridine Triphosphate 

(UTP) analogues activate P2, but not adenosine, receptors. However, not all 

purines activate P1 or P2 receptors. For example, adenine, guanosine and uric 

acid do not activate P1 receptors. Inosine, the purine nucleoside product of 

adenosine deamination, generally has weak activity at P1 receptors but does 

activate A3 adenosine receptors in ischemic tissues, particularly in rodent 

species.241 The development of synthetic compounds that activate P1 or P2 

receptors has been important for elucidating how these receptors function 

because some of these compounds are more powerful and selective than the 

parent purines and most are more stable than the short-lived endogenous 

compounds adenosine and ATP. 
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Fig. 27. Schematic overview of purinergic/ATP signalling. Intracellular ATP is released into 

the extracellular space in response to various stimuli. The released ATP is rapidly 
metabolized to ADP, AMP, and adenosine, and these metabolites bind with P2X, P2Y, and/or 

P1 receptors, respectively, and activate receptors with a different concentration, leading to 
downstream signalling. ATP indicates adenosine triphosphate; ADP, adenosine diphosphate; 

AMP, adenosine monophosphate; P2, purine 2. From Kojima et al., 2017.242  
 

 

P1 receptors 
Molecular cloning and pharmacological studies have identified four 

subtypes of adenosine P1 receptors: A1, A2A, A2B and A3 receptors.233 All of 

them have already been cloned at least from rat, mouse and human. Structural 

data report a close similarity between adenosine receptors of the same 

subtype among mammalian species, except for A3 receptors. This subtype is 

the most recently discovered one, being cloned only in the last 15 years,243 

and presents the largest variability. For instance, almost 30% difference in the 

amino acid sequence is found between humans and rats.233  

All P1 receptors are metabotropic GPCR. Hence, A1 and A3 subtypes 

are associated with Gi activation, adenylyl cyclase inhibition and decrease of 

intracellular cAMP levels, while A2A and A2B receptors are linked to Gs proteins 

that activate the same enzyme increasing cAMP concentration in the cytosol. 

However, adenosine receptors have also been reported to couple to other G-
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proteins than Gs, modulating different second messenger systems. For 

instance, in addition to their effects on adenylate cyclase (and contrary to 

adenosine A2A receptors) adenosine A1, A2B and A3 receptors are also 

characterized by their stimulatory effect on phospholipase C (PLC).244-245 

Furthermore, A1 and A3 receptors can also activate phospholipase D (PLD).233 

Several types of Ca2+ and K+ channels are also activated (either by a direct G 

protein-channel interaction or by second messenger systems) after adenosine 

receptor stimulation, such as the G-protein-coupled Inwardly Rectifying 

Potassium (GIRK) channel Kir3.0 that is positively modulated by adenosine A1 

receptor activation.246 The A1, A2A and A3 receptors present a particularly high 

affinity for the endogenous ligand, being activated by nanomolar 

concentrations of adenosine.233 On the other hand, the affinity values of A2B 

receptors for adenosine in binding and functional experiments are higher than 

1 μM.247 Under physiological conditions, extracellular adenosine 

concentrations are estimated to be in the range of 30 to 200 nM.248-249 These 

levels are sufficient to activate A1, A2A and A3 receptors subtypes, but not A2B, 

which require higher concentrations (micromolar range) of adenosine to be 

activated. Such higher adenosine concentrations are only reached under 

pathological conditions, such as during hypoxia or ischemia in vivo250 and in 

vitro.251 

 

Pharmacology of P1 receptors  
Since adenosine receptors have been studied for a long time, there are 

several useful pharmacological tools available at present. Numerous 

adenosine analogues have been developed that selectively bind one of the 

four different subtypes of P1 receptors. In human, rat and mouse tissues, the 

A1 full agonist  2-Chloro-N-cyclopentyladenosine (CCPA) (and to a lesser 

extent CPA) and the antagonist 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX) 

are highly selective compounds active at nanomolar concentrations. Allosteric 

enhancers for this receptor subtype (such as PD81723 and analogues) are 

also available and increase the agonist binding and its effects.252-253  

The 5'-N-Ethylcarboxamidoadenosine (NECA) was long considered to 

be a selective A2 agonist but it has been largely demonstrated that it is an 
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unselective agonist at all P1 receptors, only slightly preferring A2A subtypes.233 

However, based on evidence that 2-substitution of NECA molecule increased 

selectivity, the 2-(4-(2-Carboxyethyl)phenethylamino)-5'-N-

ethylcarboxamidoadenosine (CGS21680) was developed as an A2A selective 

agonist.254 This compound is less potent and selective in humans than in 

rats,255 but it has been replaced by another recently developed A2A agonist, 

the 4-(3-[6-amino-9-(5-ethylcarbamoyl-3,4-dihydroxy-tetrahydro-furan-2-yl)-

9H-purin-2-yl]-prop-2-ynyl)-cyclohexanecarboxylic acid methyl ester (ATL-

146e), which is 50 fold more potent than CGS21680 at the human receptor.256 

Among the numerous A2A antagonists, the most selective so far are the 2-(2-

Furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

amine (SCH58261) and SCH442416 and the structurally related ZM241385.257  

Potent A2B agonists with affinity values in the low nanomolar range have 

been lacking till recently, when a new class of non-adenosine compounds 

(pyridine derivatives) has been synthesised by Beukers and colleagues.258 

Among them, the 2-Amino-4-(4-hydroxyphenyl)-6-[(1H-imidazol-2-

ylmethyl)thio]-3,5-pyridinecarbonitrile (LUF5835) is a full agonist with an EC50 

of 10 nM at human A2B adenosine receptors expressed in CHO cells. 

Unfortunately, its selectivity towards A1 adenosine receptors and A2A 

adenosine receptors is not adequate to discriminate between them in native 

tissues. The situation is somewhat more favourable for antagonists, as some 

potent and relatively selective compounds have been found among anilide 

derivatives of xanthines with Ki values in the low nanomolar range, such as 

the N-(4-Cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-

purin-8-yl)phenoxy]-acetamide (MRS1754),259 that is over 200-fold selective 

for A2B vs all other P1 receptors.260  

An emblematic feature of the adenosine A3 adenosine receptors, the 

most recently discovered one, is its insensitivity to the antagonistic actions of 

methylxanthines, such as caffeine and theophylline, the traditional blockers of 

adenosine receptors.261 Hence, most A3 antagonists are dihydropyridines, 

pyridines and flavonoids.262 Another class of highly selective compounds are 

isoquinoline and quinazoline derivatives, such as the N-(2-Methoxyphenyl)-N-

[2-(3-pyrindinyl)-4-quinazolinyl]-urea (VUF5574) that presents a Ki value of 4 

nM vs human A3 adenosine receptors but not vs the rat isoform.263 In this 
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regard, it is worth noticing that significant species differences in the affinity of 

adenosine A3 receptor antagonists have been noted, as expected from the 

high structural inter-species variability already mentioned. The affinity values 

of several A3 blockers are typically more than 100-fold greater on human than 

rat receptors, as described for N-[9-Chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-

c]quinazolin-5-yl]benzene acetamide (MRS1220). The unique rat-selective 

compound is the A3 agonist propyl 6-ethyl-5-ethylsulfanylcarbonyl-2-phenyl-4-

propylpyridine-3-carboxylate (MRS1523). In contrast, the affinity of the most 

widely used A3 agonist, the  1-[2-Chloro-6-[[(3-iodophenyl)methyl]amino]-9H-

purin-9-yl]-1-deoxy-N-methyl-β-D-ribofuranuronamide (2-Cl-IB-MECA), does 

not vary beyond an order of magnitude between the species examined, at least 

among mammals. The high affinity (low nanomolar range) and selectivity 

(more than 100-fold vs A1 adenosine receptors and A2A adenosine receptors) 

of this compound towards A3 adenosine receptors turns it into the most used 

pharmacological tool for investigating A3-mediated effects.264  

 

Distribution of P1 receptors  
Receptor distribution provides helpful information on whether the 

endogenous agonist will exert significant effects in the intact organism. Thus, 

in this case, the rather low levels of adenosine present under basal 

physiological conditions and the 3-fold difference in receptor affinity for the 

agonist between the four P1 subtypes might suggest adenosine acts as a tonic 

modulator of normal cell functions or whether its role only becomes relevant 

during pathological conditions. Highest levels of A1 adenosine receptors are 

present in the central nervous system (CNS)265 with well known regional 

distributions266 that will be examined in detail. High levels are also found in 

adrenal glands, eye and atria. Intermediate levels are also found in skeletal 

muscles, liver, kidney, adipose tissue, gastrointestinal smooth muscles and 

bronchi. Lung and pancreas present low level of A1 adenosine receptors 

expression.233  

The A2A adenosine receptors are highly present in spleen, thymus, 

immune cells (leukocytes and granulocytes) and platelets. Lower levels are 

also found in the heart, lung and blood vessels. The A2B subtype is particularly 
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abundant in the gastrointestinal tract, mainly in caecum, colon and urinary 

bladder. Other regions are lung, blood vessels and adipose tissue.  

The A3 subtype is mainly found in rat testis267 and mast cells, in 

accordance with the fact that for a long time the unique role assigned to this 

receptor have been mast cell degranulation and histamine release. 

Intermediate levels are also found in the lung, spleen, thyroid and liver.268-269 

Low levels of A3 adenosine receptors are found in the brain.265  

 

Role of P1 receptors  
P1 receptors exert important pathophysiological roles in a variety of 

tissue, from the cardiovascular system to the brain. At systemic level, 

adenosine acts as a negative chronotropic, inotropic and dromotropic 

modulator on heart functions by activating A1 adenosine receptors. These 

effects are mainly due to the attenuation of the stimulatory actions of 

catecholamines on the heart functions carried on by A1 adenosine receptors 

activation.270 In contrast, the hypotensive effects exerted by adenosine in the 

periphery are attributed to A2A adenosine receptors activation, causing 

vasodilatation of blood vessels269 and led, in the ‘60s-‘70s, A2A agonists to be 

tested in clinical trials as antihypertensive drugs. In addition, A2A adenosine 

receptors receptor stimulation also inhibits platelet aggregation and exhibits 

marked anti-inflammatory activities by inhibiting T-cell activation and 

proliferation, by reducing pro-inflammatory cytokine production and enhancing 

anti-inflammatory cytokine levels.271-272  

Less is known about the roles of A2B and A3 adenosine receptors in the 

periphery. One of the first described biological effects of adenosine A3 

adenosine receptors stimulation was degranulation of mast cells,273 

suggesting a pro-inflammatory role of this receptor subtype. This hypothesis 

has been confirmed by subsequent studies demonstrating that A3 adenosine 

receptors activation facilitates antigen-dependent histamine release from mast 

cells.269 In addition, it has a demonstrated irritant effect in asthmatic lung 

mediated by A3 adenosine receptors stimulation,274 probably partnered, in 

eliciting this effect, by A2B adenosine receptors stimulation, that also mediates 
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bronchoconstriction.274 For this reason, mixed A2B and A3 antagonists have 

been proposed as candidates for the treatment of asthma.275 

 

1.8.2 The involvement of adenosine in wound healing and 
fibrosis processes 
Adenosine, acting on its receptors, promotes the formation of 

granulation tissue276-277-278 and is implicated in normal or aberrant wound 

healing as well as in fibrosis (for a review see: Shaikh and Cronstein 2016).279 

In particular, the Gs-coupled A2A and A2B subtypes are the most involved in 

fibrosis, as demonstrated by the fact that A2A receptor deletion in transgenic 

mice causes the formation of more disorganized granulation tissue and a 

reduction in new vessel formation in the wounds, while A2A agonists promote 

neo-angiogenesis in wild type littermates.278 

Stimulation of A2B receptors increases VEGF, bFGF and IL-8 in human 

microvascular endothelial cells (HMEC-1) through phospholipase C 

activation.276 In addition, A2A receptor blockade reduces thrombospondin-1 

(TSP-1) expression in endothelial cells and the latter suppresses in vitro 

angiogenesis in endothelial cells.280 Recently, knowledge has been added to 

this issue by showing that A2A and A2B receptor stimulation promotes 

angiogenesis through enhanced TSP-1 production by human macrophages.281 

Collagen is the main constituent of the extracellular matrix. The 

deposition of collagen from fibroblasts is an essential part of wound healing 

and also contributes to the pathological remodeling of organs; however, 

excessive cell stimulation can lead to aberrations. A2A receptors stimulate 

fibroblasts in the production of type I and type III collagen and at the same time 

regulate the MMPs 9, 2 and 14, involved in the breakdown of collagen.282 In 

bleomycin-induced fibrosis in the mouse, A2A stimulation promotes widespread 

production of collagen and this effect is abolished in A2A knockout mice or in 

wild type mice treated with A2A selective antagonist;282 again with respect to 

adenosine, mice genetically deficient of the adenosine degradation enzyme 

adenosine deaminase are also protected by dermal fibrosis.283 

Overall, these data suggest that adenosine and the A2A and A2B 

receptors are involved in the pathogenesis of fibrosis. Modulation of these 
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receptors could help in reducing inflammation and promoting wound healing, 

but their excessive activation could lead to architectural disturbances and loss 

of tissue integrity in a variety of fibrosis disorders. So, another objective of this 

research project will be to characterize the possible involvement of purinergic 

P1 receptors in fibrosis processes. 
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The blue LED light device was developed about 10 years ago as a 

photocoagulator, in order to induce haemostasis on superficial skin abrasions. 

It proved to be effective in accelerating the wound healing of skin tissues from 

patients and animal models.  

 

Starting from these bases, in the first part of this work we decided to 

extend this knowledge by studying the effects of blue LED light irradiation on 

the healing process of acute wounds. To this aim, the effects of blue LED light 

were investigated, by studying the expression of several markers of 

inflammation in the irradiated (treated) or untreated skin abrasion in different 

strains of mice using histological analysis and immunofluorescence staining. 

In the next series of experiments, the effects of the blue LED light irradiation 

were also evaluated in an animal model of chronic wound. The effects on 

several markers of inflammation, such as TNF-alpha, bFGF, MMPs 1 and 9, 

VEGF and EGF, were investigated by using a multiparametric ELISA assay. 

 

It has been observed in a previous study20 that the blue LED light effects 

are mediated by direct modulation of fibroblasts and myofibroblasts activity 

and inflammatory infiltrate at the tissue level. In the second part of this work, 

in order to better clarify the cellular mechanism underlying the beneficial 

effects of the blue LED light on wound healing, we studied the effects of the 

blue LED light irradiation on human fibroblasts cells, isolated from keloid scars, 

a type of skin fibrosis. Keloids are due to an exaggerated collagen deposition 

by fibroblast cells; up to now no definitive treatment for this pathology is 

available. The results were compared to those obtained in experiments 

performed on fibroblasts isolated from healthy or keloid perilesional tissues. 

To this purpose, we used biochemical, electrophysiological and Raman 

spectroscopy techniques.  
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3.1 In vivo experiments 
 
3.1.1 Animal procedures 

All animal procedures were conducted according to the Italian 

Guidelines for Animal Care, DL 116/92, application of the European 

Communities Council Directive (86/609/EEC), and approved by the Committee 

for Animal Care and Experimental Use of the University of Florence. All the 

adult male mice (15-20 g, Envigo, Milan, Italy) were held under controlled 

conditions, including constant temperature, allowing free access to regular 

chow and 3-stage filtered water.  

After 1 week of acclimatization, mice were randomized, weighted and 

anaesthetized by Ketamine (80-100 mg/kg i.p.) and Xylazine (10 mg/kg i.p.) 

that were purchased from Sigma-Aldrich (Milan, Italy). After anaesthesia, the 

dorsal skin was gently stretched to required dimensions and one or two 

superficial wounds, about 1 cm in diameter, were produced with an abrasor in 

each animal. The abrasor consists of a drill with an extension for manual work 

that mounts a cylinder head of commercial sandpaper (KWH Mirka Ltd, Jeppo, 

Finland, 68 μm particle size). The wounds have been realized with the abrasor 

set at a speed of 200 rpm. The rotating abrasive cylinder was brought into 

contact with the skin of the mice to remove it without exerting any pressure. 

We stopped the procedure when the underlying layer of the skin with its gaping 

and gushing capillaries could be observed.  

After the experimental procedure, the animals were housed in 

regulation cages in controlled lighting (12/12 light and dark) and temperature 

facility and had free access to water and standard rodent diet ad libitum.  

In all cases, the wound was immediately treated after the end of surgical 

intervention, as following described: the blue LED light energy density was set 

at 20.6 J/cm2 (corresponding to 30 seconds of treatment) keeping the fiber tip 

at a constant distance (about 2 mm) from the target, in continuous slow motion. 

During the whole experiment, the animals were kept at a constant temperature 

(37.5 °C) to reduce stress due to anaesthesia. A topical application of a small 

amount of Streptosil (Boehringer Ingelheim Italia spa, Milan, Italy) was applied 

after treatment to each induced-wound in order to prevent the onset of 



___________________________________________Materials and Methods 

73 
 

infections. With the purpose to avoid accidental thermal damages and to 

control the temperature dynamics during the treatment, the entire procedure 

was monitored by an infrared thermal camera (InfReC, Nippon Avionics Co., 

Ltd., Japan).  
At specific follow up times, the animals were sacrificed and the dorsal 

skin promptly excised, as described in Table I. The excised patches (1 cm, as 

shown in paragraph 1.3) were immediately included in a cryopreserved matrix 

(Killik, Bio-Optica, Milan, Italy) and frozen at -80 °C. Each biopsy was cut by 

the use of the cryostat (Leica AgProtect 1950, Milan, Italy) and the obtained 

sections, 10 μm in thickness, were collected on a microscope slide (Superfrost 

Plus, Thermo Fisher Scientific, Bio-Optica, Milan, Italy), post-fixed in cold 

acetone and stained with haematoxylin and eosin (H&E) for microscopic 

examination or stored at -20°C for successive analysis.  

 

3.1.2 Mice models 
In order to investigate the wound healing process in healthy and 

pathologic conditions and the possible involvement of TRPV1 channel and 

Adenosine in the blue LED light mechanism of action, five different mice 

models were used. In particular, we examined acute wounds in healthy mice, 

acute and chronic diabetes in diabetes-induced mice, a coagulophatic mice 

model, Trpv1 knock/out and capsazepine-treated mice and Suramin treated 

mice.  

 

Model Mice strain N° of wounds Follow-up 
Acute wound 

 
CD1 

 
2 (rostral and caudal) 0-1-3-6-12-18-

24 hours 
Acute diabetes  

CD1 
 

1 (central) 
 

2 (rostral and caudal) 

6-15 days 
 

3-7 days 
Chronic 
diabetes 

CD1 1 (central) 3-15 days 

P2 antagonists 
treated 

CD1 
 

1 (central) 6 hours 

Coagulopathies CD1 1 (central) 6-24-72 hours 
 

Table I. Mice models used to study the effects of blue LED light in wound healing. 
 



___________________________________________Materials and Methods 

74 
 

Mice model of acute wounds 
Twenty-seven mice were used. All the procedures were performed as 

previously described in 1.1 paragraph of this section and shown in Fig. 28. 

 

 
Fig. 28. CD1 mice model of superficial abrasion. The image represents CD1 mice with two 

wounds. 
 

 

Acute diabetic mice model 
Twenty-four mice were used. Diabetes was induced by injections of 40 

mg/kg i.p. of Streptozotocin (STZ) (Sigma-Aldrich, Milan, Italy) for five 

consecutive days. Glycaemia was measured every day with a blood glucose 

monitor and specific strips (GL 50, Beurer Medical Italia, Milan, Italy) in order 

to maintain the values higher than 270 mg/dL. Mice were considered acute 

diabetes-affected when glycaemia was above the value of 270 mg/dL. The 

animals were used for the experiments immediately following the end of the 

treatment with STZ.  

As reported in Table I, we performed two different groups of acute 

diabetic model: 12 mice with one wound and other 12 mice with two wounds. 

In Fig. 29 an example of an animal with one wound is depicted. 
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Fig. 29. CD1 acute diabetic mice model with one superficial wound. 

 

 

Chronic diabetic mice 
Twelve mice were used. Chronic diabetes in mice was induced by STZ 

likewise in an acute diabetic model. These mice were considered chronic 

diabetes-affected when glycaemia remained above 270 mg/dL for at least one 

week after induction.19 Thus, the experiments were performed not until one 

week after the last dose of STZ.  

 

Purinergic P2 receptor antagonist treated 
Fifteen mice were used to investigate the possible involvement of 

purinergic receptor in the wound healing process. Suramine (Tocris 

Bioscience, Milan, Italy) were used. The compound was intraperitoneal 

administered (25 mg/Kg) one hour before irradiation. Mice were randomized 

and subdivided into 4 different groups on the basis of wound treatment:  

1. Untreated 

2. 20.6 J/cm2 of blue light application 

3. Suramin  

4. Suramin + 20.6 J/cm2 of blue light application 
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Coagulopathies mice model  
Nine mice were used to evaluate the effect of the blue LED light when 

coagulopathies occur. Mice were administered intraperitoneal sterile and 

nonpyrogenic heparin (Sigma-Aldrich, Milan, Italy) at 200 units/kg or diluent 

(placebo) 25 minutes before the induction of abrasions. Abrasion procedure 

and anaesthesia where administered as previously described.  

The animals were divided into three groups and underwent a different 

sacrifice-time: i) 6 hours, ii) 24 hours, iii) 72 hours after treatment, respectively. 

 

Trpv1 Knock-out mice model 
In this work, we tested the TRPV1 channel using Capsazepine (CZP) 

(Sigma-Aldrich, St. Louis), a competitive antagonist of the TRPV1 receptor.19 

Thirty mice were used with the purpose of evaluating a possible role of vanilloid 

channel family in a blue light-mediated faster healing. To this purpose, the 

animals were treated 30 minutes before the blue LED light treatment with 3 

mg/Kg i.p of Capsazepine.  

The animals were randomized and divided into 3 groups (Fig. 30): 

1. Trpv1 knock-out 

2. Capsazepine treated 

3. Control group, in which a physiological solution was administered  

 

 
Fig. 30. C57BL/6 Trpv1 knock-out mouse with two wounds. 
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3.1.3  Summary of mice models 

 
Fig. 31. A: Schematic drawing of a mouse with one wound and corresponding groups under 
investigation. B: Schematic drawing of a mouse with two wounds and corresponding groups 

under investigation. 
 

 

3.1.4. Haematoxylin and eosin staining 
Haematoxylin and eosin ready-to-use solutions (Sigma-Aldrich, Milan, 

Italy) were used to study the inflammatory infiltrate and to perform qualitative 

investigations on different mice models. 

Images were taken with a Leica optical microscope DM500 (Milan, 

Italy), equipped with a camera (Leica, IC50, Milan, Italy) connected to a PC, 

and images visualized with ProgRes Capture Basic software (Jenoptik, Jena, 

Germany) or a WWR international PBI light microscopy plugged with a tablet 

camera system (Bergamo, Italy). 

 

3.1.5 Immunofluorescence staining 
All these experiments were conducted in the laboratory of the 

Department of Clinical and Experimental Medicine, Research Unit of Histology 

and Embryology, University of Florence, directed by Doctor Stefano Bacci. 
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Immunofluorescent stains were also performed to assess expression levels of 

different inflammatory markers during wound healing.  

Sections from each wound (one section per staining, ten microscopic 

fields for each sample) were labelled with the following antigens: anti-Ly6g for 

granulocytes, anti-CD68 for M1 macrophages, anti-CD206 for M2 

macrophages (purchased from Abcam, Cambridge, UK) and rhodaminated 

avidin to stain mast cells and their granules (Sigma-Aldrich, Milan, Italy). All 

these monoclonal antibodies were diluted 1:50. Appropriate fluorescein 

isothiocyanate labelled polyclonal antibodies from rabbit or mouse, diluted 

1:32 (Sigma-Aldrich, Milan, Italy) were used as secondary ones. Primary 

antibodies were applied overnight at 4 °C, secondary ones for 2 hours at 37°C. 

Control samples from healthy back mice skin were also used for 

immunofluorescence examination. The omission of the primary antibody and 

substitution with an irrelevant one was used as a control for the 

immunofluorescence reactions. 

 

Epifluorescence microscopy 
Photomicrographs were taken with an Axiophot microscope (Zeiss, 

Berlin, Germany) equipped with epifluorescence, through a digital photo 

camera (Zeiss, Berlin, Germany) connected with a personal computer (ED, 

Rome, Italy) hosting the software Axiovision 4 (Zeiss, Berlin, Germany). 

All measurements were performed at the end of the experiment in a 

blinded manner by researchers not involved in wound preparation and 

treatment.  

 

3.1.6 Statistical analysis 
Cellular infiltration as shown in H&E-stained sections was graded on a 

0-3 arbitrary scale for each biopsy site.284  

Immunostained sections were placed on the microscopic stage; 

adjacent, not overlapping fields were photographed separately for the dermis, 

at magnification 40X. Positive cells were counted using the software image 

analysis ImageJ (imagej.nih.gov/ij) as it follows. The background grey level 

was measured, the threshold was set at 1.5 times the background and the 
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structures in the dermis that were brighter (i.e. more intensely fluorescent) than 

the threshold were counted by the software. Each image of the shape of 

positive cells was subtracted from a background image to compensate for any 

unevenness in the illumination and camera response. The resulting image was 

converted into a binary image by selecting a threshold level. The image was 

then compared with the original optical image and any selections not 

corresponding to single cells were removed.285 The counts were obtained for 

spots larger than 50 pixels, which were assumed to represent whole cells. For 

each comparison, the average value for each specimen was assumed as a 

sample unit. Data obtained was expressed mean±SEM (standard error of 

mean). All differences were subjected to analysis of variance (including 

Bonferroni-corrected t-tests or Tukey HSD tests), assuming p<0.05 as 

significant, using StatView 512+ (Abacus Concepts, Berkeley, CA) or StatPlus 

(AnalystSoft, Walnut, CA) programs. In case of significant result of the analysis 

of variance among all experimental groups, the values at each time point were 

compared with controls by Student t-test for unpaired values with two tails, 

assuming p<0.05 as significant.286 

 Data obtained from ELISA assay was expressed as mean±SD 

(standard deviation). Each measure is repeated in triplicate. Statistical analysis 

was performed using unpaired T-test between corresponding treated or 

untreated samples.  

 

3.1.7 Mice model of chronic wounds 
Sixty-three mice were used. Each mouse was randomized and weighed 

before the treatment. The anaesthesia was performed by Ketamine (80-100 

mg/kg i.p.) and Xylazine (10 mg/kg i.p.). All the animals were randomized and 

divided into three groups: GI, GII and GIII. In GI and GII groups one full-

thickness wound was performed on the shaved back, with a 4 mm large punch 

(Paramount Surgical Ltd, Delhi, India), while in GIII group two full-thickness 

wounds were induced (Fig. 32).287 

The animals of the GI group and only one lesion of GIII group were 

treated with a single application of 20.6 J/cm2 blue LED light, while the GII 

group were left to naturally recover. 
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Fig. 32. CD1 mice model of a chronic wound. A: Mouse with two full-thickness wounds. 

B: Mouse with one full-thickness wound. 
 

 

The animals were sacrificed at different times after the induction of the 

wound; the selected times were: 1, 3, 6, 9, 24 hours and 7 and 14 days.  

Immediately after the sacrifice, skin biopsies from the back were 

obtained. When the healing process was still incomplete and the regenerated 

tissues were also absent, the perilesional tissue was harvested. This 

happened at all follow-up times, with the exception of 7 and 14 days.   

 

3.1.8 Enzyme-Linked Immunoadsorbent Assay 
An Enzyme-Linked Immunoadsorbent (ELISA) assay enabled to study 

bFGF, EGF, TNF-α, VEGF, MMP-2 and MMP-9 at different postoperative time 

points. This multiplex sandwich ELISA-based quantitative platform 

(Quantibody® Custom Array, RayBiotech, Norcross, GA, USA) enabled us to 

accurately determine the concentration of multiple cytokines simultaneously. 

Each skin sample was homogenized by TissueLyzer II® (Qiagen, Milan, Italy) 

in Radioimmunoprecipitation assay buffer (RIPA buffer) in which an 

appropriate dilution of Protease Inhibitor Cocktail (Sigma-Aldrich, Milan, Italy) 

was added, to inhibit serine, cysteine, acid proteases, and aminopeptidases. 
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After that, the samples were centrifugated and the supernatant was used to 

measure the total proteins contain using the bicinchoninic acid assay (BCA) 

(Thermo-Fisher Scientific, Waltham, MA USA), in accordance to manufacturer 

instructions. The determination of the protein concentration was obtained by 

absorbance measured at 570 nm, using a 96-well spectrophotometer (LT-4000 

Labtech, Heathfield, East Sussex, England) compared to a standard curve 

obtained with serial dilutions with BSA. The ELISA assay was performed in 

accordance with manufacturer instructions. 

 

3.2 In vitro experiments 
 

3.2.1 Keloid scars 
Keloid samples were obtained from seven patients subjected to 

aesthetic surgeries performed at the AOU Città della Salute e della Scienza in 

Turin (Italy). From four out of seven patients, we also obtained keloid 

perilesional tissue. This study was approved by the Local Hospital Ethical 

Board (protocol n° 0073787 on 25th July 2017). All the experiments were 

performed in accordance with the Helsinki declaration and in conformity with 

Good Clinical Practice (GCP). 

The general characteristics of excised-keloid tissues are depicted in 

Table II. 

 

 ID Patient/ 
Fitzpatrick 

scale 
Date of 

birth/sex 
Dimension 

(cm) Onset/ethiology Date/type of 
surgery 

 

1 / IV 2004/M 
8x4 cm + 
boundary 

tissue 
2012/skin burn 

2017/ 
surgical 

removal and 
cover with 

INTEGRA™, 
followed by 
dermal skin 

grafting (IDE) 

 

2 / II 1972/M 1.5x1 cm 

2016/piercing  
granuloma by foreign 

body  surgical 
removal  keloid 

2017/ 
cryoexcision 
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Table II. Characteristics of keloid and perilesional tissue used to prepare primary cultures of 

human fibroblasts. 
 

3.2.2 Healthy skin 
The healthy human skin samples were obtained from two patients 

subjected to aesthetic surgeries performed at the AO in Perugia. The study 

was approved by the Hospital Ethical Board (protocol n° 16806/19/AV on 

17th/07/2019). All the experiments were performed in accordance with the 

Helsinki declaration and in conformity with GCP. 

 

 

3 / II 1975/F 1x1 cm 

2016/piercing  
granuloma by foreign 

body  surgical 
removal  keloid 

2017/ 
cryoexcision 

 

4a / II 1987/M 
6x7 cm + 
boundary 

tissue 

2012/spontaneous 
growth  2014 surgical 
removal and suture 

keloid 

2017/ surgical 
removal and 
application of 
skin from the 

Skin Bank 

 

4a / II 1987/M 
5x5 cm + 
boundary 

tissue 

2012/spontaneous 
growth  2014 surgical 
removal and suture 

keloid 

2017/ surgical 
removal and 
application of 
skin from the 

Skin Bank 

 

5 / V 1980/F 
4x2 cm + 
boundary 

tissue 

2001/piercing   keloid 
 2011 surgical 

removal and suture  
new keloid tissue 

2017/ 
cryoexcision 

 

7/ V 1980/M 

12x7 cm 
7a: pars 
distale 

7b: pars 
intermedia 
7c: pars 

prossimale 

2010/piercing   
surgical removal  
2017/keloid relapse 

2017/excision 
and application 
of INTEGRA™ 

dual layer 

 

8 a/VI 1989/M 1x1.5 cm 

2015/Spontaneous 
growth  2016 laser 
removal  03.2017 

keloid relapse 

2017/ 
cryoexcision 

 8 b/VI 1989/M 1x1 cm 

2015/Spontaneous 
growth  2016 laser 
removal  03.2017 

keloid relapse 

2017/ 
cryoexcision 

 8 c/VI 1989/M  

2015/Spontaneous 
growth  2016 laser 
removal  03.2017 

keloid relapse 

2017/ 
cryoexcision 
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3.2.3 Primary cultures of human fibroblasts 
Keloid, perilesional and healthy tissues were maintained in Dulbecco 

Modified Eagle Medium (DMEM) at 4°C and used within 5 hours from the 

excision. Each sample was subjected to eight vigorous washes, in order to 

remove hair and blood residue. Then, dermal and epidermal portions were 

dissected with scalpels or scissors to obtain sections of about 4-6 mm 

diameter. Fragments were disposed on scratch-Petri dishes and were 

maintained semi-opened into the laminar flow for 40 minutes to allow adhesion 

to the dish.288 After this procedure, DMEM low glucose (1.5 g/L) medium (Pan-

React Applichem, Milan, Italy) supplemented with 10% Foetal Bovine Serum 

(FBS), 1% of Glutamine and 1% Penicillin-Streptomycin (EuroClone, Milan, 

Italy) was added and cells maintained at 37°C and 5% CO2 (Fig. 33 A). Within 

three weeks from the preparation, fibroblasts migrated from the tissue to the 

bottom of the dish (Fig. 33 B-D). When an adequate number of cells were 

obtained, fibroblasts were detached by Trypsin-EDTA solution (Sigma-Aldrich, 

Milan, Italy), collected in a centrifuge tube, centrifuged and pellet seeded in 

T75 flask (Greiner Bio-One, GmbH). Fibroblasts were maintained under 

standard culture conditions (37°C; 5% CO2), medium refreshed every 48 

hours. Cells were splitted when reaching about 80% of confluence. 

 

 
Fig. 33. A: Preparation of human fibroblasts primary cultures. B-D: Human cultured 

fibroblasts at different times. 
 

 

3.2.4 Confocal microscopy 
Confocal analysis was performed with a 63x (NA 1.40 Plan) oil 

immersion objective using a confocal laser scanner microscope (TCS SP8, 

Leica Microsystems CMS, GmbH, Mannheim, Germany). LASX (Leica 

Microsystems CMS, GmbH, Mannheim, Germany) software was used to 

visualize and process acquired-images.  
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Cells were seeded in treated-glass bottom dishes (Ibidi, GMBH, 

Martinsried, Germany) and an immunostaining protocol was performed as 

follows. Cells were permeabilized using 0.25% Triton X100 (Sigma-Aldrich, 

Milan, Italy) in PBS (Pan-React Applichem, Milan, Italy). Unspecific sites were 

blocked by incubation in 1% of BSA (Sigma-Aldrich, Milan, Italy) in PBST (PBS 

plus 0,1% of Tween20) (Sigma-Aldrich, Milan, Italy). Anti-Alpha-smooth 

muscle actin (α-SMA), anti-HSP47 and anti-cytokeratin antibodies were diluted 

1:250, while anti-type I collagen antibody was diluted 1:500. All secondary 

antibodies, AlexaFluor555, AlexaFluor488 and AlexaFluor647, were diluted 

1:400. All antibodies were purchased from AbCam (UK, Cambridge) and used 

accordingly to the manufacturer instructions. DAPI (Sigma-Aldrich, Milan, Italy) 

was added to stain cell nuclei. 

 
3.2.5 Blue LED light applications 

All the experiments were performed applying the blue LED light with the 

fiber-device previously described in 1.1. The fluence values which correspond 

to different doses of blue light directly applied to cultured cells are reported in 

Table III. 

Fluence values were calculated taking into account the dimension of the 

well and of the irradiation spot, at the maximum energy provided by the device. 

All the irradiation parameters were measured using a photodiode energy 

sensor (Ophir, Darmstadt, Germany). 

 

Time (s) Fluence (J/cm2) 

5 3.43 

10 6.87 

20 13.7 

30 20.6 

45 30.9 

60 41.2 
 

Table III. Doses of blue light used to perform the experiments. 
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3.2.6 Cell viability assay 
Cell viability was assessed by using Trypan Blue solution 0.4% (Sigma-

Aldrich, Milan, Italy), a dye used to label dead cells. Trypan Blue is not 

absorbed by healthy and viable cells, but stains, in blue or light blue, cells with 

a damaged membrane. This technique was used to discriminate the presence 

of necrotic cells in the culture after blue LED light treatment. Fibroblasts were 

seeded in four p35 dishes for each experimental condition and maintained in 

low glucose DMEM for 24 h. The day after, two out of the four dishes prepared 

were treated with the blue LED light applying 41.2 J/cm2, the remaining two 

dishes were used as control (untreated cells). The treatment was performed in 

DMEM SFM. Dishes were divided into two groups and Trypan Blue staining 

was evaluated 24 or 48 hours after irradiation. After removal of SFM DMEM, 

two washes in PBS were performed and Trypan Blue diluted 1:4 in PBS was 

applied for 6 min to all the dishes. After two additional washes in PBS, cells 

were observed under an inverted optical microscope and images were 

acquired by using a 5-megapixel photo-camera (Eurotek Orma, INV100T). 

 

3.2.7 Evaluation of cell apoptosis 
In order to evaluate apoptosis induced by blue LED light treatment, 

DAPI staining was performed to analyze eventual nuclear fragmentation.  

Fibroblasts, irradiated following the procedure described above, were 

fixed at 24 or 48 hours after irradiation by paraformaldehyde 3.6% in PBS for 

6 minutes. After two washes in PBS, cells were permeabilized by Triton X-100 

for 10 minutes on a mechanical shaker. After two washes in PBS, one drop of 

DAPI was applied on each sample before mounting on a coverslip. 

Quantification of fragmented, picnotic, nuclei was performed by using a 

confocal microscope (TCS SP8, Leica Microsystems CMS, GmbH, Mannheim, 

Germany) with 40x objective (NA 0.75 Plan) water-immersed and images were 

processed by ImageJ software. 

 

3.2.8 WST-8 assay 
The tetrazolium reduction assay measures some aspects of general 

metabolism or an enzymatic activity as a marker of viable cells.289 
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CCK-8 was purchased from Sigma-Aldrich (Milan, Italy). CCK-8 use 

WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-

2H-tetrazolium, monosodium salt), which produces a water-soluble formazan 

dye upon bioreduction in the presence of an electron carrier, 1-Methoxy PMS. 

WST-8 is bioreduced by cellular dehydrogenases to an orange formazan 

product that is soluble in the tissue culture medium.  

Fibroblasts were counted by using Neubauer chamber and 5x103 cells 

were seeded in 96-multiwell plate (Greiner Bio-One, GmbH) and maintained 

for 24 hours in standard culture conditions, before the experiments. The day 

after, DMEM was replaced with SFM (Serum-Free Media) before treatment 

and then cells were irradiated (3 replicas considered) by blue LED light at 3.43 

– 6.87 – 13.7 – 20.6 – 30.9 and 41.2 J/cm2. This protocol enabled us to study 

the dose of irradiation that can provide the best modulation of fibroblasts if any. 

For each experiment, three wells were left untreated and used as a control. 

The irradiation was performed by holding the fibre steadily 1 cm far from the 

bottom of each well. Each treatment was performed in SFM without red phenol 

to avoid light absorption from the cell medium. Measurements were performed 

24 and 48 hours after irradiation: absorbance at 450 nm was read and a 

reference wavelength at 630 nm was used, with an automatic microplate 

absorbance reader (LT-4000 Labtech, Heathfield, East Sussex, England), 

processing the values with a specific commercial software (GraphPad Prism, 

San Diego, CA, USA). Each experiment was independently performed in 

triplicate. 

 

3.2.9 Sulforhodamine B assay 
Cell proliferation was measured by SRB (Sulforhodamine B) based 

Assay purchased from Sigma-Aldrich (Milan, Italy) which binds 

stoichiometrically to proteins under mildly acidic conditions and then can be 

extracted under basic conditions; thus, the amount of bound dye can be used 

as a proxy for cell mass, which can then be extrapolated to measure cell 

proliferation.290-291-292  

Experiments were performed as described in 2.8. Measurements were 

performed 24 and 48 hours after irradiation: the absorbance at 570 nm, 
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coupled with a reference wavelength at 630 nm was used, and with an 

automatic microplate absorbance reader (LT-4000 Labtech, Heathfield, East 

Sussex, England), processing the values with a specific commercial software 

(GraphPad Prism, San Diego, CA, USA). Each experiment was independently 

performed in triplicate. 

 
3.2.10 Electrophysiological recordings 

Whole-cell patch-clamp recordings were performed in -60 mV clamped-

cells as described 293-294. The following solutions were used: standard K+-

containing extracellular solution (mM): NaCl 147; KCl 4; MgCl2 1; CaCl2 2; 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 10; D-glucose 

10 (pH 7.4 with NaOH). Standard K+-based pipette solution (mM): K-gluconate 

130; NaCl 4.8; KCl 10; MgCl2 2; CaCl2 1; Na2-ATP 2; Na2-GTP 0.3; EGTA 3; 

HEPES 10 (pH 7.4 with KOH). For K+-replacement experiments, extracellular 

and intracellular K+ were substituted with equimolar Cs+.  

Confluent cells were suspended, plated into 13 mm diameter coverslips 

and allowed to adhere for at least 2 hours before starting electrophysiological 

recordings. Each coverslip was then transferred to a 1 ml recording chamber 

mounted on the platform of an inverted microscope (Olympus CKX41, Milan, 

Italy) and superfused at a flow rate of 1.5 ml/min by a three-way perfusion 

valve controller (Harvard Apparatus). Borosilicate glass electrodes (Harvard 

Apparatus, Holliston, MA) were pulled with a Sutter Instruments puller (model 

P-87) to a final tip resistance of 3–5 MΩ. Data were acquired with an Axopatch 

200B amplifier (Axon Instruments, CA), low-pass filtered at 10 kHz, stored and 

analysed with pClamp 9.2 software (Axon Instruments, CA).  

All the experiments were carried out at room temperature (RT: 20–

22°C) and the treatment with Blue LED light was carried out for 30 s. Series 

resistance (Rs), membrane resistance (Rm), and membrane capacitance (Cm) 

were routinely measured by fast hyperpolarizing voltage pulses (from -60 to -

70 mV, 40 ms duration). Only cells showing a stable Cm and Rs before, during, 

and after Blue LED light application were included in the analysis. Immediately 

after seal breaking-through, cell resting membrane potential was determined 

by switching the amplifier to the current-clamp mode. A voltage ramp protocol 
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(800 ms depolarization from -80 to +80 mV) was used to evoke overall voltage-

dependent currents before, during, and after Blue LED light treatments. The 

equilibrium potential for K+ (EK) and Cl- (ECl) ions was calculated by applying 

Nernst equation as follow: E=E0-(RT/nF) ln([K+]o/[K+]); were R = ideal gas 

constant = 8.314 J/mol(K); F = Faraday's constant = 95,484.56 C/mol; 

ln([K+]o/[K+]in) = natural log of the ion concentration quotient across cell 

membrane. Data were expressed as mean±SEM. 

 
3.2.11 Raman spectroscopy measurements 

Raman spectroscopy can serve as an efficient and rapid tool to 

determine the redox state of the photosensitive species in the cell, before and 

after the blue LED light exposure. In particular, through proper choice of the 

excitation wavelength, Raman spectroscopy can be used to reveal the redox 

conditions of the biomolecular species throughout the mitochondrial electron 

chain transport, i.e. the cytochromes, directly from cells or tissues.295 

Raman experiments were carried out on a micro-Horiba Xplora coupled 

to a 532 nm wavelength laser for the excitation. The spectrograph used 1200 

grooves mm-1 grating with a confocal microscope in backscattering geometry 

and a 2D-CCD camera. The backscattered light was collected by a 100X 

microscope objective with 0.9 NA, which generated a ≈1 μm large laser beam 

waist. An integration time of 5 seconds and a laser power value of 5 mW on 

the sample were employed for Raman measurements on fibroblast cells.  

Firstly, we performed experiments on Cyt C pure solutions (Sigma-

Aldrich, Milan, Italy), in order to obtain information about the possible effect of 

blue light on the redox state of this molecule. Samples were prepared by drop-

casting of 3 μl of an aqueous Cyt C solution at 0.1 mM concentration on the 

gold mirror support (ME1S-M01; Thorlabs, Inc., Newton, NJ). Upon 

evaporation of the solvent, a circular coffee-ring stain of Cyt C was formed on 

the support. Raman measurements were performed on 5 different points of the 

Cyt C ring stain for each sample. Raman spectra were recorded on samples 

without treatment and after the irradiation with 20.6 J/cm2 and 41.2 J/cm2 blue 

LED light.  
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After that, fibroblasts were detached by using Trypsin EDTA, 

centrifugated (1000 rpm for 6 minutes) in PBS and the pellet was used to 

Raman analysis. Typically, for a single Raman measurement, a volume of 2 μl 

of the pellet was drop-casted onto a gold mirror support and Raman spectra 

were immediately recorded on samples without treatment (control) after 20.6 

J/cm2 and 41.2 J/cm2 of blue LED irradiation. For each sample at least 5 

individual cells were inspected while carefully avoiding cell dehydration.  

 
3.2.12 Drugs 

We used two selective adenosine A2A receptor antagonists: 4-(2-(7-

amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-ylamino)ethyl)phenol 

(ZM241385, Tocris, Milan, Italy) and NPD150, a new A2A selective antagonist 

synthesized by the group of pharmaceutical chemists directed by Professor 

Vittoria Colotta, Dept. of NEUROFARBA, Section of Farmaceutica e 

Nutraceutica, University of Florence. The compound was recently identified as 

belonging at the class of 8-amino-1,2,4-triazolo[4,3-a]pirazin-3-oni series. All 

drugs were dissolved in dimethyl sulphoxide (DMSO). Stock solutions, of 

1000–10.000 times the desired final concentration, were stored at -20°C. The 

final concentration of DMSO (0.1%) used in our experiments did not affect cell 

proliferation (data not shown). Each drug was applied at the desired 

concentration directly in the culture medium for 15 minutes at 37°C and 

maintained for all the experiment.  

 

3.2.13 Statistical analysis  
Data were expressed as mean±SEM. Student’s paired or unpaired t-

tests and one-way ANOVA followed by Dunnett’s multiple comparison test 

analysis were performed. Statistical significance was set at *p < 0.05. Data 

were analysed by using software package GraphPad Prism (GraphPad 

Software, San Diego, CA, USA).
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4.1 Results obtained on mice models of acute wound 
The skin inflammatory infiltrate is a typical response to wound healing 

which is possible to study using histological analysis. Indeed, each inflamed 

tissue shows typical histological characteristics, as demonstrated in many 

animal models and human subjects.296 

 
4.1.1 Blue LED light irradiation reduces early inflammatory 

infiltrate in the mouse skin acute wounds 
These series of experiments aim to investigate the role of different 

inflammatory cells in the process of wound healing in CD1 mice subjected to 

superficial abrasions. In particular, we carried out two abrasions on the skin. 

One was treated by applying a dose of 20.6 J/cm2 of blue LED light, while the 

other one did not receive any treatment. Microscopic evaluation20,297 of 

histological samples colored with H&E indicates a more pronounced 

inflammatory infiltrate in treated wounds if compared to corresponding 

untreated wounds at 3 and 18 hours from the wound induction (Fig. 34). At a 

longer follow up, the differences in the inflammatory infiltrate level in treated 

and not treated wounds decreases. 

 

 
Fig. 34. Changes in the level of inflammatory infiltrate in mouse biopsies of acute wounds in 
the absence or after blue LED light exposure. Data, calculated at different times from wound 

induction, are expressed as mean±SEM. N=3 for each experimental condition. Statistical 
analysis: *p< 0.05, unpaired T-test between corresponding treated or untreated groups. 
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We further analyzed in more detail the cell types involved in the 

formation of the inflammatory infiltrate in untreated and treated wounds. 

Since the granulocyte neutrophils show high motility, the phagocytic 

activity was first considered. This population of cells was identified by the use 

of the anti-Ly6G antibody revealed by epifluorescence microscopy. As shown 

in Fig.35, the number of Ly6G+ cells was similar along different times, both in 

treated and untreated wounds, while at 24 hours from skin abrasion, a 

significant increase in the number of Ly6G+ cells was observed only in the 

untreated groups (Fig. 35). These results suggest that at 24 hours the treated 

wound shows a modest level of these cells that could represent a more 

controlled inflammatory response to injury.  

 

 
Fig. 35. Quantitative analyses of granulocytes neutrophils (Ly6G+ cells) in mouse biopsies of 

acute wounds in the absence or after blue LED light exposure at different times from skin 
abrasion. Data are expressed as mean±SEM, calculated at different times from wound 

induction. N=3 for each experimental condition. Statistical analysis: *p< 0.05, unpaired T-test 
between the treated and corresponding untreated group at 24 hours time point. 

 

 

Another type of cells which play a role in inflammatory infiltrate are mast 

cells. They are involved in the first stages of inflammatory infiltration and 

organization of tissue repair processes. Mast cells, by the release of various 

mediators, regulate the functions of many cell types, such as dendritic cells, 

macrophages, T and B lymphocytes, fibroblasts, endothelial cells and 
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epithelial cells.298 Thereafter, mast cells represent a key-regulators in the 

control of wound healing events.298  

In the first inflammatory phase, the blue LED light irradiation did not 

significantly affect mast cells density in the treated wounds in comparison to 

corresponding untreated (Fig. 36).  

As a contrast, mast cells degranulation index is significantly increased by blue 

light in the range from 1 to 3 hours from skin abrasion (Fig. 37). 

 

 
Fig. 36. Changes in the mast cell density in mouse biopsies of acute wounds in the absence 

or after blue LED light exposure. Quantitative analyses of avidin-rhodamine conjugated 
positive cells in the two experimental groups at different times from skin abrasion. Data are 

expressed as mean±SEM. N=3 for each experimental condition. 
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Fig. 37. Changes in the mast cell degranulation index in mouse biopsies of acute wounds in 

the absence or after blue LED light exposure. Quantitative analyses of avidin-rhodamine 
conjugated positive cells in the two experimental groups at different times from skin 
abrasion. Data are expressed as mean±SEM. N=3 for each experimental condition. 

Statistical analysis: *p< 0.05, unpaired T-test between the treated and corresponding 
untreated groups at 1 and 3 hours time point. 

 

Macrophages are one of the most important cells involved in the 

inflammatory response in wound healing. Two different macrophages 

phenotypes, i.e. M1 or pro-inflammatory and M2 or pro-healing, have been 

described. The investigation about the polarization of these cells gives 

important information about the wound environment. For these reasons, we 

carried out a morphological examination on macrophages populations and 

specific fluorescent markers were used to localize the morphofunctional 

passage of these cells. In particular, anti-CD68 and anti-CD206 antibodies 

were used to reveal macrophages density per unit of the surface with 

epifluorescence M1 and M2 subpopulation respectively.  

In untreated samples, the M2 subpopulation increased in a closely 

related manner during the 24 hours from the lesion (Fig. 38), while in treated 

samples, this macrophage phenotype reached two peaks at the 6th and the 9th 

hours after treatment (Fig.39). In particular, these increases are accompanied 

by a reduction in M1 phenotype only in treated tissue compared to untreated 

(Fig. 39 and Fig. 38, respectively). In any case, after 24 hours from the 
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induction of the wounds, M2 subpopulation density is increased in all, treated 

and untreated, tissues.  

 

 
Fig. 38. Immunofluorescence analysis indicating the switch of macrophages from M1 

to M2 phenotype in the untreated sample of mouse biopsies of acute wounds after different 
times from wound induction. Data are expressed as mean±SEM. CD68+ cells (orange 

column) represents M1 phenotype; CD206+ cells (green column) represents M2 phenotype. 
CD68+ and CD206+ cells are macrophages with both stainings. M1 appears more abundant 
in the early inflammatory phase (0, 3, 6 hours) while M2 predominates in the late phase (18, 

24 hours). N=3 for each experimental condition. 
 

 
Fig. 39. Immunofluorescence analysis indicating the switch of macrophages 

subpopulations from M1 to M2 phenotype in blue LED light treated sample of mouse 
biopsies of acute wounds after different times from wound induction. Data are expressed as 
mean±SEM. CD68+ cells (orange column) represents M1 phenotype; CD206+ cells (green 
column) represents M2 phenotype. CD68+ and CD206+ cells represent macrophages with 

M1 and M2 characteristic. M2 phenotype is evident from 6 hours from wound induction. N=3 
for each experimental condition. 
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We conducted a new series of experiments to evaluate the wound 

healing process after the blue LED light irradiation, in different pathological 

models. For reaching this purpose, we decided to use histological 

investigations and to compare skin biopsies obtained from untreated mice with 

the biopsies from treated mice.  

 

4.1.2 Streptozotocin-induced acute diabetic mice 
Induction of one skin abrasion in acute diabetic mice 

Haematoxylin and eosin staining performed on acute diabetic mice 

biopsies enabled us to observe qualitative differences into the wound healing 

process between wounds in which 20.6 J/cm2 were applied and untreated 

mice. In this model, we evaluated the healing process in a time range from 

three days to seven days.  

In this set of experiments, the effects of the blue LED light were 

observed on a skin abrasion and compared to the healing process in an 

untreated abrasion in the same animal (Fig. 40 A-D). As shown in Fig.40, at 

the 3rd day post-treatment, the treated tissue (Fig. 40 C) exhibits a better 

collagen disposition respect to the untreated tissue (Fig. 40 A). Seven days 

after the lesion, both the treated (Fig. 40 D) and the untreated tissue (Fig. 40 

B), show a restored collagen morphology and similar skin tissue architecture. 
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Fig. 40. H&E staining of skin sample of mouse acute wounds biopsies obtained from acute 

diabetic mice (10X magnification) in different experimental conditions. A, B: Untreated 
samples analyzed at 3 and 7 days after wound induction, respectively. C, D: Wounds treated 

with a single dose of blue LED light, 3 and 7 days after treatment, respectively. Scale bar 
calibration: 50 μm. 

 

 

Induction of two skin abrasions in mice 
In this set of experiments, the effects of the blue LED light were 

observed on a skin abrasion and compared to the untreated lesion, in the same 

animal. (Fig. 41 A-D). Histological analysis did not evidence remarkable 

differences in tissue architecture and collagen morphology (Fig.41).  
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Fig. 41. Haematoxylin and eosin staining of skin sample of mouse acute wounds biopsies 
obtained from acute diabetic mice (10X magnification) in different experimental conditions. 

A, B: Untreated samples analyzed at 3 or 7 days after wounds induction. C, D: Analysis 
performed at the same time in the corresponding wound treated by a single dose of Blue 

LED light. Scale bar calibration: 50 μm. 
 

 

4.1.3 Streptozotocin-induced chronic diabetic mice 
 Haematoxylin and Eosin staining analysis, performed on chronic 

diabetic mice, demonstrated that at the 3rd day from the abrasion there are no 

evident changes either in the untreated or in the treated samples (Fig. 42 A, 

C). On the contrary, the morphology of the dermal layer after 15 days from the 

lesion appeared more organized than the corresponding untreated wound (Fig. 

42 B, D). 
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Fig. 42. Haematoxylin and eosin staining of skin sample of mouse acute wounds biopsies 

obtained from chronic diabetic mice (10X magnification) in different experimental conditions. 
A, B: Untreated samples analyzed at 3 and 15 days after wound induction, respectively. C, 

D: Analysis performed at the same time in the corresponding wound treated by a single dose 
of blue LED light, at 3 and 15 days after abrasion. Scale bar calibration: 50 μm. 

 

 

4.1.4 Purinergic P2X and P2Y receptors involvement in wound 
healing process 

 The role exerted by ATP in the wound healing process has been clearly 

established299 and recent studies demonstrated that suramin, non-selective P2 

purinergic receptor antagonist, suppresses the expression of proinflammatory 

cytokines300 suggesting a role of P2 receptors in inflammation during the 

healing process. In our work, mice were intraperitoneally treated with suramin 

(25mg/Kg) (Fig. 43) or with PPADS, another unselective P2 receptors 

antagonist (25mg/Kg, not shown). Thereafter, the two superficial abrasions 

were produced and the effects of light were observed after 6 hours, when the 

maximal inflammatory infiltrate in treated tissue was reached (Fig. 34).  
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It appears that the tissue treated with a combination of suramin and blue 

LED light showed a less inflammatory infiltrate (Fig. 43 D) when compared with 

the other images (Fig. 43 A-C). However, additional experiments will be 

necessary to confirm these results. 

 

 
Fig. 43. H&E staining of skin sample of mouse biopsies of acute wounds (10X magnification) 

obtained after 6 hours from skin abrasion in different experimental conditions. A: Staining 
was performed in tissue taken from control mice (in the absence of any pharmacological or 

light treatments). B: Staining was performed in tissue taken from mice pre-treated with 
suramin. C: Staining was performed in tissue taken from Blue LED light treated- mice. D: 

Staining was performed in tissue taken from mice pre-treated with Suramin which also 
received light treatment. Scale bar calibration: 50 μm. 

 

 

4.1.5 Coagulopathies-induced mice 
 As described in the introduction (see paragraph 1.1), the blue LED light 

having a wavelength in the range 410÷430 nm acts on protoporphyrin IX 

contained in haemoglobin molecules and its photothermal effects are revealed 

by the coagulation of blood in superficial abrasions. On these bases, we 

performed the heparin-induced coagulopathy in mice with the purpose to 

observe the possible interactions with early haemostasis and improving wound 

healing.  

From H&E staining, we can observe differences in the early phase of 

the wound healing process, in particular in a time range from 6 to 72 hours in 

not-irradiated and in irradiated tissues. After 6 hours from treatment (Fig. 44 
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B), an increased number of cells appeared enrolled in the healing process in 

comparison to untreated tissue at the same time (Fig. 44 A). At the following 

considered times (Fig. 44 C-F) treated and untreated wounds showed a similar 

healing process, both ending with new epithelial layer formation under the 

crust (Fig. 44 C-F). 

 

 
Fig. 44. H&E staining of skin sample in coagulopathy mice (10X magnification). A-C: 

Histology of skin taken from untreated wounds after 6, 24 and 72 hours from abrasion. D-F: 
Images taken from corresponding treated wounds with blue LED light at the same times.  

Scale bar calibration: 50 μm. 
 

 

4.1.6 Capsazepine-treated mice 
Transient Receptor Potential cation channel (TRP channels) are a large 

group of ion channels consisting of six proteins family sensitive to different 

range of temperature. Recently, one of these receptor families was discovered 

to be involved in inflammation due to atopic dermatitis.301  

In order to study the possible involvement of TRPV1 channel in the 

signalling pathway of the blue LED light, we used Trpv1 knock-out mice (Trpv1 

-/-) and Capsazepine, a selective TRPV1 receptor antagonist. We also tested 

the vehicle, a standard physiologic solution in which both drugs are diluted.The 

histology at 6 days after the wound induction in the untreated and the treated 
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samples, did not show significant differences in the vehicle and transgenic 

mice groups (Fig. 45 A, B and E, F respectively). On the contrary, only in the 

Capsazepine-treated mice coupled with the blue LED light treatment, a new 

epithelial layer was evident, when compared with the capsazepine-treated 

animals, but in the absence of the blue LED (Fig. 44 C, D). 

 

 
Fig. 45. H&E staining of skin sample in Capsazepine-treated mice (10X magnification). A: B: 
untreated and treated wounds with mice injected with vehicle. C, D: untreated and blue LED 
light application in mice Capsazepine-treated wounds, respectively. E, F: untreated and blue 
LED light application in transgenic mice (Trpv1 -/-)-treated wounds, respectively. Scale bar 

calibration: 50 μm 
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4.2 The blue LED light modulates wound healing in mice 
model of chronic wounds 

 Biological markers are usually used as a clear indicator of normal 

biological processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention.302 On these bases, in this work, we analyzed the 

levels of bFGF, EGF, TNF-α, VEGF, MMP-2 and MMP-9 involved in wound 

healing process (Table IV) in mice in which full-thickness297 wounds were 

performed.  

 

 
Table IV. bFGF: basic Fibroblasts Growth Factor. EGF: Epidermal Growth Factor. TNF-α: 

Tumor Necrosis Factor-alpha. VEGF: Vascular Endothelial Growth Factor. MMP2: 
metalloproteinase 2. Pro-MMP9: pro-metalloproteinase-9. Data are expressed mean±SD. 

Each measure is repeated in triplicate. Statistical analysis: *p < 0.05; **p < 0.01;  
***p < 0.001; unpaired T-test between corresponding treated or untreated tissues.  

 

 

After 1 hour from the wound induction, a significant increase in Pro-

MMP-9 levels was found in treated wounds when compared to the untreated; 

this effect recovered significant levels at 7 days, (Fig. 46 D) where MMP-2 

levels (Fig. 46 D) highly increased only in treated wounds.  

In addition, we observed a significant decrease in bFGF and VEGF 

levels in the treated wounds after 6 and 24 hours from the wound induction 

(Fig. 46 B, C). Finally, a significant increase of EGF was found only at 24 hours 

from the wound induction in treated tissue (Fig. 46 C).  
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Fig. 46. Blue LED light significantly modulates MMP-2 and MMP-9, bFGF, and VEGF. bFGF: 

basic Fibroblasts Growth Factor. EGF: Epidermal Growth Factor. TNF-α: Tumor Necrosis 
Factor-alpha. VEGF: Vascular Endothelial Growth Factor. MMP2: metalloproteinase 2. Pro-
MMP9: pro-metalloproteinase-9. Data are expressed mean±SD. Each measure is repeated 

in quadruplicate; N=3 animals for each experimental condition. Statistical analysis: *p < 0.05; 
**p < 0.01; ***p < 0.001; unpaired T-test between corresponding treated or untreated tissues.  
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4.3 Confocal microscopy characterization of cultured 
fibroblasts 

 Cultured fibroblasts were characterized by using immunofluorescence 

staining revealed by the confocal microscopy before starting all the 

experiments.  

From our investigations, we observed that until the 5th passage cell 

culture, the cultured fibroblasts expressed a cytosolic precursor of type I 

collagen (marked with anti-HSP47 antibody (Heat shock protein-47)) or type I 

collagen (revealed by anti-Coll I antibody) (Fig. 47 A, B). At the same time 

points, a small number of other cells also expressed the typical marker of 

myofibroblasts, alpha-SMA (Fig. 48). This demonstrated, as shown in Fig. 47 

A, B and Fig. 48, that in our cultures two different cell populations, fibroblasts 

and myofibroblasts are present, in line with the literature163. Conversely, 

starting from the 6th passage in cell cultures, fibroblasts cells became alpha-

SMA+ and co-localized with type I collagen (Fig. 49). 

 

 
Fig. 47. A: Immunofluorescence staining in cultured fibroblasts isolated from keloid tissue 
which expresses HSP47 (red), a typical cytosolic precursor of type I collagen. Cells nuclei 

were colored in blue (DAPI). B: Immunofluorescence staining in cultured fibroblasts isolated 
from keloid tissue which expresses type I collagen (red). Cells nuclei were colored in blue 

(DAPI). Scale bar calibration: 75 µm. 
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Fig. 48. Immunofluorescence staining in cultured fibroblasts isolated from keloid tissue which 
expresses alpha-SMA (red), a typical marker of myofibroblasts. Cells nuclei were colored in 

blue (DAPI). Scale bar calibration: 75 µm.  
   

 

 
Fig. 49. Immunofluorescence staining in cultured fibroblasts isolated from keloid tissue in 

which alpha-SMA (red) co-localized with type I collagen (green). Cells nuclei were colored in 
blue (DAPI). Scale bar calibration: 50 µm. 
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4.4 Effects of blue LED light on cell metabolism of cultured 
fibroblasts 

 
4.4.1 Healthy fibroblasts 

After 24 hours from the treatment, fibroblasts isolated from healthy 

donors did not change significantly their metabolism at all the treatment time 

tested, in comparison to the untreated sample. Forty-eight hours after the 

treatment, the metabolism showed a significant increase strictly dependent on 

irradiation times (Fig. 50). 

 

 
Fig. 50. Blue LED light effects on cell metabolism of healthy cultured fibroblasts. Data are 

expressed as mean±SEM. Each measure is repeated in duplicate at 24 hours and in 
triplicate at 48 hours after treatment. Statistical analysis: *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001 vs control (not irradiated), one-way ANOVA followed by Dunnett’s multiple 
comparison test. Note the increase in cell metabolism induced by blue LED light 48 hours 

after irradiation. 
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4.4.2 Keloid fibroblasts 
Fibroblasts from keloid tissues 

Differently from what observed in healthy fibroblasts, treatment with the 

blue LED light induces a significant decrease in keloid fibroblasts metabolism. 

This effect is dose-dependent, starts at 24 hours from irradiation, and becomes 

more pronounced after 48 hours. In particular, at 24 hours after treatment, the 

decrease reached significant levels at fluence values ranging from 6.87 to 41.2 

J/cm2; while at 48 hours after the treatment, a significant decrease was 

reached at fluences from 13.7 to 41.2 J/cm2 (Fig. 51). 

 

 
Fig. 51. Effects of blue LED light on cell metabolism in human keloid fibroblasts. Data are 

expressed as mean±SEM. Each measure is repeated in triplicate at 24 hours and in 
duplicate at 48 hours after treatment. Statistical analysis: *p < 0.05; ****p < 0.0001 vs control 
(not irradiated), one-way ANOVA followed by Dunnett’s multiple comparison test. Note the 

decrease in keloid cell metabolism induced by blue LED light applying different doses.  
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Fibroblasts from keloid perilesional tissues 
The results achieved in fibroblasts from keloid perilesional tissues 

showed that the absorbance of WST-8 decreases at increasing fluence. In this 

case, only the radiation doses of 30.9 and 41.2 J/cm2 induced a significant 

reduction in WST-8 absorbance at 24 hours whereas, at 48 hours after the 

treatment, significant values were achieved by applying doses ranging from 

20.6 to 41.2 J/cm2 (Fig. 52).  

 

 
Fig. 52. Effects of blue LED light on cell metabolism in cultured perilesional fibroblasts. Data 

are expressed as mean±SEM. Each measure is repeated in triplicate at 24 hours and in 
duplicate at 48 hours after treatment. Statistical analysis: **p < 0.01; ***p < 0.001;  

****p < 0.0001 vs control (not irradiated), one-way ANOVA followed by Dunnett’s multiple 
comparison test. Note that blue LED light reduces cell metabolism at 24 and 48 hours from 

the treatment, depending on the fluence.  
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4.5 Effects of blue LED light on cell proliferation of cultured 
fibroblasts 

 
4.5.1 Healthy fibroblasts 

Twenty-four hours after the irradiation with the blue LED light, the 

absorbance of SRB did not show significant changes in comparison to the 

untreated samples. On the contrary, 48 hours after the treatment, light doses 

of 30.9 and 41.2 J/cm2 induce a significant decrease in comparison to the 

control (Fig. 53). 

 

 
Fig. 53. Effects of blue LED light on cell proliferation in cultured healthy fibroblasts. Data are 

expressed as mean±SEM. Each measure is repeated in duplicate at 24 hours and in 
triplicate at 48 hours after treatment. Statistical analysis: *p < 0.05; ****p < 0.0001 vs control 
(not irradiated), one-way ANOVA followed by Dunnett’s multiple comparison test. Note that 

blue LED light reduces cell proliferation only 48 hours after the treatment, in correspondence 
of the two higher doses of blue LED light.  
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4.5.2 Keloid fibroblasts 
Fibroblasts from keloid tissues 

Cultured fibroblasts isolated from keloid tissue reduced their 

proliferation rate starting at 24 hours, with an irradiation dose in the range 

20.6÷41.2 J/cm2. This effect is also evaluated and is more pronounced at 48 

hours after the treatment when the SRB absorbance decreases in 

correspondence of fluence in the range 13.9÷41.2 J/cm2 (Fig. 54). 

 

 
Fig. 54. Effects of blue LED light on cell proliferation in cultured fibroblasts isolated from 

keloid tissues. Data are expressed as mean±SEM. Each measure is repeated in triplicate at 
24 hours and in duplicate at 48 hours after treatment. Statistical analysis: *p < 0.05; ***p < 
0.001; ****p < 0.0001 vs control (not irradiated), one-way ANOVA followed by Dunnett’s 
multiple comparison test. Note that blue LED light reduces cell proliferation at 24 and 48 

hours from the treatment, depending on fluence. 
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Fibroblasts from keloid perilesional tissues 
 Results obtained in fibroblasts from keloid boundary tissues 

demonstrated a reduction in the absorbance of SRB at both after 24 hours and 

48 hours. Concerning data collected at 24 hours, only the higher dose of 

irradiation with blue LED light induces a decrease in SRB absorbance, while 

at 48 hours, the doses of 20.6, 30.9 and 41.2 J/cm2 are able to significantly 

reduce SRB absorbance (Fig. 55). 

 

 
Fig. 55. Effects of blue LED light on cell proliferation in cultured fibroblasts isolated from 

keloid perilesional tissues. Data are expressed as mean±SEM. Each measure is repeated in 
triplicate at 24h and in duplicate at 48h after treatment. Statistical analysis: *p < 0.05;  

****p < 0.0001 vs control (not irradiated), one-way ANOVA followed by Dunnett’s multiple 
comparison test. Note that blue LED light reduces cell proliferation only with the higher dose 

of blue LED light after 24 hours and in a dose-dependent manner at 48 hours from the 
treatment. 

 

 

4.6 Trypan Blue staining 
All these results indicate that blue LED light induces a reduction in cell 

metabolism and proliferation, especially in keloid tissue and after 48 hours 

from the irradiation. This effect was in particularly evident in a range of fluences 

from 20.6 to 41.2 J/cm2 and never observed in fibroblasts from healthy tissue, 

in which an opposite effect on cell metabolism was observed. However, in 
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order to avoid a possible cytotoxic effect induced by blue LED light on 

fibroblasts viability, we performed a Trypan Blue staining in keloid fibroblasts 

irradiated with 41.2 J/cm2 of blue LED light, after 24 and 48 hours.  

The Fig. 56 A-D shows that cultured fibroblasts did not appear blue-

colored, indicating cellular membrane integrity. These results demonstrated 

the lack of a necrotic process. The same experimental procedures were 

performed in healthy fibroblasts, in fibroblasts from keloids and in fibroblasts 

isolated from perilesional tissue. In all these cases, the experiments 

demonstrated the same results.  

In order to obtain a positive control, the same experiments performed in 

cells treated with 70% ethanol for 30 minutes. As shown in Fig. 57, cell damage 

was evidenced by Trypan Blue staining.  

 

 
Fig. 56. Bright field representative photomicrographs of cultured human keloid fibroblasts 

(10X magnification) stained with Trypan blue, in different experimental groups. A, B: 
untreated cells; C, D: treated with a 41.2 J/cm2 blue light dose. Note that all the cells are 

alive since they appear colourless. Scale bar calibration: 50 μm. 
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Fig. 57. Bright field representative photomicrograph of cultured human keloid fibroblasts 

(10X magnification) stained with Trypan blue, after ethanol treatment. Note that all cells are 
dead since they are stained in blue. Scale bar calibration: 50 μm. 

 

 

4.7 DAPI staining 
DAPI staining was performed after irradiation with 41.2 J/cm2 blue LED 

light at 24 and 48 hours and repeated at least in triplicate. This experimental 

procedure was performed in healthy fibroblasts, in fibroblasts from keloids (Fig. 

58) and in fibroblasts isolated from perilesional tissue. Blue LED light at 41.2 

J/cm2 did not affect apoptosis, estimated as the number of pycnotic nuclei in 

the culture until 48 hours after irradiation (Fig. 58 A-D) in all tissues examined.  

No significant differences in the number of pycnotic nuclei were found 

in all experimental groups (Table V).  
 

 24 hours 48 hours 

CTRL Blue LED light CTRL Blue LED light 

Keloid fibroblasts 3.53±2.3 2.06±2.08 2.33±1.52 3.33±1.5 

Boundary 

fibroblasts 

4.86±3.78 3.31±2.08 3.66±2.08 4.12±3.37 

Healthy 

fibroblasts 

2.96±1.15 4.23±3.51 4.33±2.51 3.33±1.52 

Table V. Each value represents the number of pycnotic nuclei in cultured fibroblasts 
obtained from different tissues. Data are expressed as mean±SD and are calculated at least 

in triplicate for each sample. 
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Fig. 58. A-D: Cultured human keloid fibroblasts at confocal microscopy (40X magnification) 
acquired in different experimental conditions and at different times from irradiation. Nuclei 
are colored with DAPI in blue. Arrows indicate the apoptotic-stained nuclei, which is also 

shown in the corresponding inset at higher magnification. Calibration bars: 75 µm.  
 

 

4.8 Selective adenosine A2A receptors antagonists and 
fibroblasts proliferation 
The analysis performed with SRB demonstrated that the blue light 

induces a decrease in keloid fibroblast proliferation in a dose-dependent 

manner. In the next series of experiments, we evaluated the effects of light 

(20.6 J/cm2) on cell proliferation in cultured fibroblasts in the presence of 

selective A2A adenosine receptors antagonists. We have chosen this fluence 

on the basis of our previous results (see Fig. 54). Indeed, it appears as the 

minimal efficacious fluence able to significantly affect fibroblast proliferation.  

In Fig. 59, a summary of the effects induced by 20.6 J/cm2 blue LED 

light dose on cell proliferation is reported.  
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Fig. 59. Blue LED light effects on proliferation rate in human fibroblasts isolated from 

different tissues. Each column represents the mean±SEM of proliferation rate, expressed as 
the percentage of respective untreated tissue. KF: keloid fibroblasts; BKF: boundary keloid 
fibroblasts; HF: healthy fibroblasts. Statistical analysis: *p < 0.05; **p < 0.01; ****p < 0.0001 
vs respective untreated tissue, one-way ANOVA followed by Dunnett’s multiple comparison 

test. 
 

 

We further studied the effects of adenosine A2A receptors in blue LED 

light effect-induced on cell proliferation. The analysis was performed 24 hours 

after the application of 20.6 J/cm2 alone or in cells pre-incubated with A2A 

antagonists. As shown in Fig. 60, a modest but significant reduction of cell 

proliferation was observed 24 hours after irradiation. 

The NPD150, applied at a concentration of 100 nM, was ineffective in 

modifying fibroblasts proliferation when applied alone and failed to prevent the 

reduction in SRB absorbance induced by the blue LED light.  

ZM241385, the other selective adenosine A2A receptor antagonist 

tested, significantly reduced cell proliferation. However, the compound was 

unable to modify the effect induced by blue LED light on this parameter. 
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Fig. 60. Effects of blue LED light on the proliferation rate in cultured fibroblasts isolated from 
keloid tissue in the absence or in the presence of selective adenosine A2A antagonists. SRB 

assay results are obtained in keloid fibroblasts after 24 hours from light irradiation at a 
fluence of 20.6 J/cm2. Data are expressed as mean±SEM. Each measure is repeated in 

triplicate. Fibroblasts were cultured in the absence of any treatments (KF). Each selective 
A2A antagonist was applied alone or in combination with light irradiation. NPD150: 100 nM; 

ZM241385: 1 µM. Statistical analysis: *p < 0.05, vs KF, one-way ANOVA followed by 
Bonferroni multiple comparison test.  

 

 

4.9 Electrophysiological recordings 
Electrophysiological recordings were performed on 43 fibroblasts 

isolated from different human tissues. Human keloid fibroblasts showing, on 

average, a Vm of -54.6±3.6 mV, a Cm of 47.0±8.3 pF and a Rm of 467.6±144.0 

MΩ; healthy fibroblasts presented a Vm of -63.7±4.7 mV, a Cm of 47.0±13.4 

pF and a Rm of 460.0±113.1 MΩ; boundary keloid fibroblasts presented a Vm 

of -50.9±7.6 mV, a Cm of 66.0±27.2 pF and a Rm of 159.2±68.1 MΩ. 

As shown in Fig. 61 A, we applied a voltage ramp protocol (from -80 to 

+80 mV, 800 ms duration: middle inset) in cultured human keloid fibroblast 

before and 3 minutes after the treatment with a 21.6 J/cm2 dose of blue LED 

light. This dose of irradiation was chosen on the basis of previous results 
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obtained on cell metabolism and proliferation. We observed that the light 

increased the outward currents. Light-sensitive current, obtained by 

subtraction of the ramp recorded in control condition from the ramp recorded 

after the light application was a voltage-dependent outward conductance (Fig. 

61 B). Ramp-evoked outward currents were absent, as well as the effect of 

light, when extra- and intracellular K+ ions were replaced by equimolar Cs+, 

demonstrating that blue LED light activation increases voltage-dependent K+ 

currents in cultured keloid fibroblasts (data not shown). The maximal effect of 

the blue light was reached within the first 5 min application (Fig. 61 C) and was 

statistically significant in 18 cells investigated (Fig. 61 D, from 35.3 ± 6.6 pA/pF 

before to 40.6±6.5 pA/pF after 3 min of blue LED light application). According 

to the increase in K+ currents, blue LED light caused a modest, but not 

significant, change in membrane potential in keloid fibroblasts (from -54.6±3.6 

mV before to -56.3±3.4 mV at 3 minutes after irradiation, n=9). 

Similar experiments were conducted on fibroblasts isolated from 

boundary keloid tissues and from healthy skin biopsies. No significant effect 

was produced by blue LED light applying at 20.6J/cm2 on outward potassium 

currents elicited by ramp protocol in both boundary and healthy fibroblasts 

(Fig. 62 C-F). The percentage of the current amplitude measured (at +80 mV) 

5 minutes after the application of blue LED light was of 98.4±5.7% when 

compared to those recorded immediately before light, in boundary fibroblasts 

and of 100.7±8.2 % in healthy fibroblasts. At the same times, the percentage 

of outward potassium currents, calculated at +80 mV, was of 125.0±7.5% in 

keloid fibroblasts. All together, these results indicate that blue LED light is able 

to modulate ionic potassium currents only in fibroblasts isolated from keloid.  

It is well established that selective adenosine A2A receptor stimulation 

promotes the synthesis of collagen type I and type III, mediators of fibrosis and 

scarring.282 Conversely, blockade or deletion of this adenosinergic receptor in 

mice protects against bleomycin-induced dermal fibrosis, a murine model of 

scleroderma. Adenosine deaminase (ADA) is the principal catabolic enzyme 

for adenosine in vivo, and its deficiency leads to the spontaneous development 

of pulmonary fibrosis in mice.283 The A2A receptor stimulation modulates 

collagen balance via cAMP/PKA/p38-MAPK/Akt pathways. 
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For this reason, we perform a further series of experiments in which the 

effect of light on outward potassium currents in keloid fibroblasts was 

evaluated in the presence of ZM241382, a selective adenosine A2A antagonist. 

As depicted in Fig. 63 A, B, the increase in outward currents induced by the 

irradiation was reduced in the 3 cells pre-incubated with the A2A antagonist. 

 

 
Fig. 61. Blue LED light increases outward currents in cultured human keloid fibroblasts. A: 
Original whole-cell patch-clamp current traces evoked by a voltage ramp protocol (from -80 

to +80 mV, 800 ms, inset) in a keloid fibroblast (KFC), before (baseline: bsl) or after the 
application of 20.6 J/cm2 of the blue LED light (BLL: 3 min). B: Net BLL-sensitive current, 

obtained by subtraction of the trace recorded in control from the BLL ramp in the same cell. 
C: time course of ramp-evoked currents at +80 mV in the same cell shown in A. D: Pooled 

data of ramp sensitive currents measured at +80 mV after blue LED light irradiation  
***p < 0.001; Student-t test, n=18 are the number of observations. 
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Fig. 62. Blue LED light irradiation increases outward potassium currents only in keloid 

fibroblasts. A: Original whole-cell patch-clamp current traces evoked by a voltage ramp 
protocol (from -80 to +80 mV, 800 ms) in a typical keloid fibroblast cell (KFC) before 

(baseline: bsl) or after the application of 21.6 J/cm2 of Blue LED Light (BLL, 5 min). B: Time 
course of ramp-evoked currents at +80 mV in KFCs cells before, during and after irradiation, 

(mean±SEM, n=9). C: Original whole-cell patch-clamp current traces evoked by a voltage 
ramp protocol (from -80 to +80 mV, 800 ms) in a boundary fibroblast (BKFC) before 

(baseline: bsl) or after the application of 21.6 J/cm2 of Blue LED Light (BLL, 5 min). D: Time 
course of ramp-evoked currents at +80 mV in boundary keloid fibroblasts (BKFCs) cells 
before, during and after irradiation (mean±SEM, n=5). E: Original whole-cell patch-clamp 

current traces evoked by a voltage ramp protocol (from -80 to +80 mV, 800 ms) in a typical 
healthy fibroblast (HFC) before (baseline: bsl) or after the application of 21.6 J/cm2 of blue 

LED Light (BLL, 5 min). F: Time course of ramp-evoked currents at +80 mV in HFCs before, 
during and after irradiation (mean±SEM, n=8).  G: Each column bar represents the 

percentage increase in ramp-evoked outward potassium currents in different experimental 
groups. #p < 0.05 vs KF, one-way ANOVA, Bonferroni post-test.  
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Fig. 63 The selective antagonism of adenosine A2A receptors reduces the increase in 

outward potassium currents induced by blue LED light in keloid fibroblasts. The recording 
was performed in the presence of 100 nM ZM241385 (ZM), a selective adenosine A2A 

antagonist. A: Original whole-cell patch-clamp current traces evoked by a voltage ramp 
protocol (from -80 to +80 mV, 800 ms) in a typical keloid fibroblast (KFC) before or after the 
application of 21.6 J/cm2 of blue LED Light (BLL +ZM, 5 min) in the presence of 100 nM ZM. 

B: Time course of ramp-evoked currents recorded at +80 mV in KFCs before, during and 
after irradiation applied in the presence of 100 nM ZM (mean±SEM, n=3). 

 

 

4.10 Raman spectroscopy 
Since Cyt C contains a heme group that absorbs light in the 510-550 

nm range, the resonant Raman scattering of Cyt C can be distinctly observed 

using a 532 nm wavelength for Raman excitation, allowing label-free detection 

of Cyt C in living cells. A free Cyt C solution at 100 µM concentration was 

measured as a reference sample to elucidate the contribution of Cyt C in the 

Raman spectrum of the whole fibroblast cells (Fig. 64 B). Specifically, this 

experiment enabled the identification of Cyt C peaks and provided a picture of 

the spectral variation occurring on Cyt C signals by the blue LED irradiation. A 

coffee ring stain of the Cyt C solution (Fig. 64 A) was inspected under the 

micro-Raman and Raman spectra were acquired in different points of the 

sample using 20.6 and 41.2 J/cm2 fluences of the blue LED illumination.  
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Fig. 64. A: Cyt C coffee ring stain sample prepared for Raman measurements. B: Fibroblast 

pellet sample prepared for Raman measurements.  
 

 

The excitation laser used for Raman measurements was focused on 

different areas of the cell and for each point, a single spectrum was acquired. 

By working at low power laser intensities we did not observe any possible 

photoreduction or photo-oxidation of Cyt C during the Raman spectrum 

acquisition. 

In Fig. 65 the Raman spectrum of a typical fibroblast sample is shown, 

that is averaged over five different measured cells on the fibroblast pellet. The 

main assignment of the peaks in the spectrum is reported in Table VI. 

 

 
Fig. 65. Raman spectrum of the fibroblast pellet averaged over 5 different cells. 
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The measured spectrum contains intense peaks that are known to occur 

in biological samples, such as the ring breathing of phenylalanine, CH2 

deformation and Amide I vibrational mode of peptide bonds.303-304-305-306 In 

addition to these typical Raman shifts, strong peaks appear at 750, 1125, 1335 

and 1585 cm-1 that can be assigned to vibration modes of Cyt C.307 

 

 
Table VI. Peak assignments of the Raman spectrum reported in Fig.58. Modified from Zhu, 

2011.308 
 

 

The spectral region of interest for the Cyt C redox state is reported for 

all the samples not irradiated and irradiated (Fig. 66). The Raman peaks at 

1125 and 1335 cm-1 show an enhancement of intensity upon LED irradiation. 

Since these peaks are reliable Cyt C redox indicator and are mostly contributed 

by the reduced form of Cyt C, this result proves that their intensity increase 

induced by LED treatment is due to reduction of Cyt C. As shown in Fig. 60, 

the same trend is found for the 1125 and 1335 cm-1 Raman peaks in the free 

Cyt C sample, indicating that the blue LED light has a direct and specific effect 

on Cyt C molecules. 
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Fig. 66. Raman spectra of free Cyt C and fibroblast cell upon blue LED irradiation. The 
graphs show not irradiated samples (black line); 20.6 J/cm2 dose-treated samples (light blue 

lines); 41.2 J/cm2 dose-treated sample (dark blue line). 
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The wound healing effects of low-dose laser treatments were first 

described over 50 years ago.309 Various doses and wavelengths ranging from 

405 to 1000 nm appear to provide therapeutic benefits for a broad range of 

chronic wounds.309 Currently, the uptake of energy-based devices for medical 

treatment is increasing rapidly, due to the appeal of their practicality, simplicity 

of use and reported efficacy.310 Within this trend, skin health attracts particular 

interest, underlined by the large burden of skin diseases, from the healing 

stimulation of chronic and hard-to-heal wounds to a new approach in the 

treatment of fibrotic pathologies such as keloids.311 The non-invasive nature of 

light, free of potential systemic side effects, makes it a very attractive treatment 

modality, where skin interaction with light with subsequent photochemical, 

photothermal and photomechanical processes drive the therapeutic 

effects.63,312 

In this work, we use a new based-blue LED light device that emittes in 

the VIS spectrum ranging from 410 to 430 nm. The beneficial effects of this 

device in the wound healing process has been demonstrated, both in 

physiological healing and in several pathological conditions, also in humans.20-

21 However, the cellular mechanism/s underlying these effects are not well 

characterized. 

Concerning the cellular and molecular mechanisms responsible of the 

therapeutic effects of photobiolomodulation in wound healing, many 

information have been proposed by in vitro experiments in which several cell 

types (fibroblasts, lymphocytes, osteoblasts, stem cells, and smooth muscle 

cells) were used.313-314-315-316-317-318-319-320-321 In all these works, it has been 

indicated mitochondria as important players able to initiate beneficial 

processes in wound healing.322-323 These processes starting with the 

absorption of specific wavelengths of light by components of the mitochondrial 

respiratory chain such as Cyt C, and flavin dehydrogenases. This primary 

absorption stimulate a cascade of secondary reactions at cellular level 

involving intracellular signalling and leading to stimulation of cytokine 

reactions, NO production,314-315 release of growth factors;324-325-326 up-

regulation of ATP,27,327 increased cellular metabolism and therefore cell 

proliferation.27,33,323,327 As concern the absorption of the light by specific 

molecules, in our work we conducted a Raman spectroscopy investigation 
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about Cyt C measured directly on single fibroblast cell. Accordingly with the 

literature,32-33,328 our results indicate that the blue LED light directly affects the 

Cyt C, inducing a change in the redox status of this molecule.  

Our results, obtained using in vivo different rodent models of wound 

healing, demonstrate that the blue LED light treatment accelerates the wound 

healing process by modulating the number of neutrophils, the mast cells 

degranulation and promoting the macrophages switch from M1 to M2 

phenotype.  

We demonstrate that the blue LED light-treated wounds show a 

significant increase of inflammatory cell infiltrate starting 1 hour after abrasion 

and reaching the maximum significant level at 6 hours from treatment. Also 

neutrophils increase their levels at 24 hours from the wound induction in the 

untreated wound in comparison to the treated ones. These data suggest an 

acceleration of the inflammatory process in the treated wound in our 

experimental conditions. In addition, we observe a modulation by the blue LED 

light in mast cells degranulation.329 Differently from De Castro et al.,330 that 

identify a decrease in the number of mast cells after application of 10 J/cm2 

(630 ± 10 nm), we do not observe differences in the number of these cells, but  

an increase in their granulation activity after irradiation. Mast cells and 

macrophages can be stimulated by the light to release growth factors and other 

substances which play a role in the proliferation of fibroblasts, endothelial cells, 

and keratinocytes maintained in adverse conditions. Moreover, also the 

development of granulation tissue is mainly controlled by growth factors 

released by macrophages.331 At the times considered, our findings 

demonstrate that macrophages M2 subpopulations reached high levels in the 

treated samples, but not in the untreated, accordingly with literature.332 Taken 

together, our observations, demonstrate that the blue LED light induces an 

improvement of the acute wound healing process, allowing an early onset into 

the inflammatory phase, and overall the reduction of the healing time in 

superficial skin abrasions. 

As concern our study in vivo model of chronic wound, we demonstrated 

that the blue LED light affects pro-MMP-9 and MMP-2 at the early stage (1 

hour) and at the later stage (7 days) from the wound induction, respectively. 

The involvement of MMP-2 and MMP-9 in wound heling has been 
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demonstrated.333 The MMP-2 is expressed at the edge of the acute wounds, 

moreover it is linked with the appearance of laminin-332 and with the increase 

in keratinocytes migration,334 indeed MMP-9 knockout mice display a delay in 

the wound closure,335 demonstrate that the MMP-9 is necessary in the final 

phase of the wound healing process. Accordingly with literature, our findings 

demonstrate that both the pro-MMP-9 and MMP-2 levels are increased at the 

initial and in the final stage of the wound healing process. We suppose that at 

early times after the wound induction, the blue LED light induces an increase 

of matrix degradation with the purpose to prepare the wound bed to a new 

collagen deposition while, at later time in the healing process, this increase 

may become an indicator both of the angiogenetic process and the closure of 

the wound. The angiogenesis is an important process during wound healing, 

with the generation of blood vessel-rich granulation tissue, a critical step in 

tissue regeneration. Both MMP-2 and MMP-9 play a role in regulating 

angiogenesis during wound healing through the activation of proangiogenic 

cytokines, including TNF-α.336-337-338 In our results TNF-α is modulated by the 

blue LED light and it appears significantly increased at 24 hours in the treated 

samples if compared to the untreated.Surprisingly, we found that blue LED 

light reduces the levels of bFGF and VEGF in chronic wounds. We suppose 

that these effects may be linked to an accelerating of inflammation in treated 

wounds, if compared to the untreated and a different time-courses of these 

growth factors during the our observations.  

A cellular type surely involved in the wound healing process and in the 

blue LED light effect, are fibroblasts.338 Our experiments conducted on 

cultured human fibroblasts demonstrate that the blue light can modulate both 

cell metabolism and proliferation in concentration-dependent manner just after 

24 hours from the irradiation. In particular, in fibroblasts isolated from keloid 

tissue, both cell metabolism and proliferation are subjected to a decrease, 

while in fibroblasts obtained from healthy donors, this effect is not evident at 

24 hours and, surprisingly, after 48 hours cell metabolism increases its levels. 

In this work we used a WST-8 reagent as an indicator of cell metabolism 

because cell viability was indirectly determined by measuring metabolic 

activity; this test is coupled with SRB assay to study cell proliferation. The 

results obtained from both assays are supported by Trypan Blue and DAPI 
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stainings, which excluded cell necrosis and apoptosis, respectively. Taken 

together, the results obtained by all these procedures demonstrate that the 

decrease in cell metabolism cannot be ascribed to cytotoxic effect; 

furthermore, the same doses of light produce an increase in metabolism of 

fibroblasts isolated from healthy skin.  

We suppose that the decrease in cell metabolism mainly observed in 

keloid fibroblasts are related to a reduction in their cellular energetic state and 

ATP synthesis. Recently, it has been reported that blue light irradiation exerts 

a suppressive effects on human dermal fibroblasts, including reduction of 

mitochondrial activity, metabolism, cell motility, proliferation, TGFβ1 levels, and 

type I collagen synthesis.28 Our results are in line with the literature:28 we found 

a clear reduction in cell metabolism and proliferation in keloid fibroblasts, while 

this decrease is less pronounced in fibroblasts obtained from boundary tissue 

and is never evident in fibroblasts isolated from healthy donors. All these data 

suggest that the irradiation with the blue LED can be a potential treatment for 

the prevention and reduction of tissue fibrosis, such as hypertrophic scar and 

keloids, as also reported in literature.339,58,75  

Patch clamp experiments performed in this work demonstrate that the 

blue LED light is able to increase outward potassium current only in keloid 

fibroblasts; this effect is coupled to modest and not significant membrane 

hyperpolarization. The increase in potassium conductance may sustain the 

effect on cells proliferation accordingly with Yun et al.340 Currently, we have 

not determined the nature of the potassium outward current involved in the 

light effect. It is well established that in non-excitable cells, such as fibroblasts, 

the modulation of potassium currents is strictly dependent to the variation of 

membrane potential and to cell cycle341 that subsequently can influence the 

fibroblasts proliferation rate. Actually, we do not have data about a possible 

modulation of the cell cycle induced by the blue LED light and further 

experiments will be necessary to investigate this essential question. 

In response to cellular stress, ATP is released into extracellular space 

and subsequently dephosphorylated to adenosine by ecto-nucleotidases 

including ectonucleoside triphosphate diphosphohydrolase 1 (CD39) and 

Ecto-5′-nucleotidase (CD73).249 Adenosine plays a principal role in the wound 

healing process. Under physiologic conditions, extracellular adenosine level in 
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cells and tissue fluids are in the nanomolar range, while adenosine rises 

substantially during different forms of cellular distress.342 Adenosine 

orchestrates the cellular response by acting on its specific receptors, named 

A1, A2A, A2B, and A3, of which A2A has emerged as an important mediator of 

fibrosis and tissue remodeling.283 All of the cellular subtypes involved in wound 

healing (macrophages, epidermal cells, fibroblasts, and microvascular 

endothelial cells) express functional adenosine receptors.343 

Interestingly, the selective antagonism of adenosine A2A receptors 

reduces cell proliferation of keloid fibroblasts at 24 hours after treatment and 

this effect is not further modified in the presence of blue LED light application. 

The antagonist of A2A adenosine receptors, ZM 241385, when applied in 

combination to blue LED light reduces the increase in outward potassium 

currents induced by irradiation in keloid fibroblasts. The involvement of 

adenosine A2A receptors in cell proliferation and differentiation by the 

modulation of outward potassium currents is already described for other 

cellular types.344 Therefore, there is a necessity to further characterize the A2A  

adenosine receptors interacting with blue LED light effects in skin fibrosis. 

In conclusion, we hypothesized that adenosine A2A receptors may be 

involved in aberrant fibrotic progression and that the block of adenosine A2A 

receptors would therefore reduce chronic scarring. These findings suggest that 

topical administration of an adenosine A2A antagonist in combination with blue 

LED light treatment, will diminish scar size and scar recurrence in patients with 

keloid.  

At the end of this first part of this work, we would like to highlight the 

limitations of this study, related to the use of in vitro cultures. Such a basic 

model does serve as a very relevant tool, enabling us to study the impact of 

the blue LED light on fibroblasts in a simple way. However, at the same time it 

is still not clear to what extent the same experimental outcomes can be directly 

extrapolated to the in vivo case, where intercellular communication and 

extracellular environment interactions play a significant role. Cultured dermal 

fibroblasts lack the environmental conditions, such as the interaction with 

epidermal keratinocytes, the extracellular matrix, the blood and interstitial fluid 

flows. At the same time, the translation from in vitro to in vivo requires 

consideration of light propagation in a scattering and absorbing medium of 
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complex geometry such as human skin, blood- and melanin-free cellular 

monolayer of dermal fibroblasts. Indeed, the propagation of photons in the skin 

is strongly altered by the presence of pigments and diffracting structures. In 

the blue spectrum, already along the path from the top of the papillary dermis 

to the bottom of the reticular dermis, light will be strongly attenuated: while 

80% of the input photons will reach the top of the papillary dermis, only 10% 

will interact with the bottom of the reticular dermis. Moreover, the attenuation 

of light will naturally depend on the skin type and individual physiology.345 This 

is an important consideration to take into account when attempting to apply 

optical treatment parameters, found effective in vitro, to in vivo model.  

This study does open up new opportunities for developing therapies for 

different skin fibrosis conditions, but additional steps need to be followed while 

translating the findings obtained using in vitro cell culture of dermal fibroblasts 

to in vivo case both from the biological and from biomedical optics 

perspectives.
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1.1 Introduction 
Oligodendrocyte progenitor cells (OPC) are a population of cycling cells 

which persist in the adult central nervous system (CNS) where, under 

opportune stimuli, they differentiate into mature myelinating oligodendrocytes 

(OL). During brain injury or demyelinating pathologies, OPCs are massively 

recruited to the site of lesion to remyelinate damaged axons. Growing 

evidence shows that failure of myelin formation in myelin diseases arises from 

the disruption of OPC differentiation. For this reason, therapeutic strategies 

aimed at fostering this process could be of interest in brain damage or 

demyelinating pathologies such as multiple sclerosis (MS).  

OPC differentiation is a postnatal process characterized by the loss of 

proliferative activity and by the acquisition of a multidendritic morphology.346-

347-348-349-350 On the basis of the expression of distinct stage-specific surface 

antigens, three phases of differentiation are distinguished: i) proliferating, 

bipolar OPCs, ii) post-mitotic, multi-branched O4+ pre-oligodendrocytes (pre-

OLGs) and iii) mature, highly arborized myelinating myelin oligodendrocytes 

(OL) which are positive for associated glycoprotein (MAG) and/or myelin basic 

protein (MBP).351-352 

During their maturation, oligodendroglial cells display profound changes 

in the expression of voltage-gated ion channels including inward and outward 

rectifying K+ channels,353 Na+ and Ca2+ channels.354 Immature OPCs show a 

remarkable expression of outward delayed rectifier K+ currents (IK) 

characterized by low voltage- and time-dependent inactivation.348 About 60% 

of OPCs also express a rapidly activating, transient outward current (IA), 

showing clear time-dependent (approximately 50 ms) and voltage-dependent 

(above -40 mV) inactivation.348 During development, membrane outward K+ 

conductances (both IK and IA) are strongly downregulated up to almost 

complete disappearance while a parallel increase of inwardly rectifying Kir 

current amplitude develops until they become the main conductance in mature 

OLs.344,355 Among all these voltage-dependent currents, IK are of crucial 

importance in oligodendrogliogenesis since their pharmacological blockade by 

tetra-ethyl-ammonium (TEA) in OPC cultures is sufficient to delay the 

expression of mature OL markers such as MBP and MAG.344,356 Hence, 
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treatments aimed at modulating these currents may affect 

oligodendrogliogenesis. 

Adenosine is an endogenous neuromodulator that recently emerged as 

a most pervasive mechanism for intercellular communication in the nervous 

system. Its actions are mediated by the activation of four metabotropic P1 

purinergic receptors: the Gi-coupled A1 and A3 receptors and the Gs-coupled 

A2A and A2B subtypes.247 The P1 receptors are known to be expressed at all 

maturational stages of oligodendroglial cells357 where they exert a role in cell 

development. Furthermore, the expression by oligodendrocytes of the 

equilibrative nucleoside transporters ENT1 and ENT2, as well as adenosine 

degrading enzymes such as adenosine deaminase and adenosine kinase 

suggests a major role of purinergic signalling in oligodendrogliogenesis.357 

 

1.1.2 Demyelinating diseases: Multiple Sclerosis  
Multiple Sclerosis (MS) is a chronic disease of the CNS that mainly 

presents in young adults, creating a substantial health-care burden at 

individual, family and community levels.358 MS is primarily considered to be an 

immune-mediated disease and is characterized by focal areas of inflammatory 

demyelination that spread in the brain and in the spinal cord with time, driven 

by infiltration of lymphocytes. According to this view, the first years of 

relapsing-remitting MS (RRMS), the form of MS that many individuals with the 

disease initially develop, are characterized by recurrent episodes of 

neurological dysfunction from which the individual usually recovers, and the 

frequency of such episodes can be even markedly reduced by treatments that 

modulate or suppress the immune system.359  

The classic pathological hallmark of MS was long considered to be the 

presence of focal white matter demyelinating lesions. However, with time, it 

became clear that pathological changes are also detectable in normal-

appearing white matter, as well as in the CNS grey matter, with the presence 

of focal grey matter lesions and grey matter atrophy.360 Neuronal axons are 

affected in the early stages of MS.361 Over time, axonal damage and diffuse 

microglial activation dominate MS-related pathological changes and are 

accompanied by progressive, mostly untreatable, accumulation of neurological 
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disability affecting many functional domains from mobility to cognition. 

Neuropsychological dysfunction, despite its precocious identification by 

Charcot, was overlooked for a long time in individuals with MS.362 However, in 

the past three decades, cognitive impairment has been increasingly 

investigated and it is now recognized to be a core feature of the MS clinical 

picture, with a negative influence on physical independence and competence 

in daily activities.363-364  

Current available MS therapies target immune modulation with some 

efficacy, however, concomitantly with adverse side effects.365  

Oligodendrocytes are the myelin-producing cells in the CNS. Damaged 

oligodendrocytes no longer generate myelin and remyelination requires the 

generation of new mature oligodendrocytes from the differentiation of OPCs.366 

These cellular resources are especially active after demyelinating episodes in 

early phases of MS. Indeed, OPCs actively proliferate, migrate to and 

repopulate the lesioned areas. Ultimately, efficient remyelination is 

accomplished when new oligodendrocytes reinvest nude neuronal axons, 

restoring the normal properties of impulse conduction. As the disease 

progresses, this fundamental process fails. Multiple causes seem to contribute 

to such transient decline, including the failure of OPCs to differentiate and 

enwrap the vulnerable neuronal axons. For example, the observation that 

OPCs are present in MS lesions but fail to differentiate into mature 

oligodendrocytes367-368 suggests that the remyelination process is blocked at 

a premyelinating stage in demyelinating lesions.  

Unfortunately, despite its high prevalence and considerable impact, the 

precise mechanisms underlying cognitive impairment in MS are still largely 

unknown, and efficacious treatments for this aspect of the disease are lacking. 

Pathological changes in CNS white matter and specific neuronal grey matter 

structures could play a crucial role in the pathogenesis of MS-related cognitive 

impairment.369 Alterations in the physiological crosstalk between the immune 

and nervous systems might also have a role, as such crosstalk modulates 

synaptic transmission and the induction of synaptic plasticity in the CNS.370 
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1.1.3 Oligodendrogenesis  
Stroke-induced oligodendrogenesis in the ischemic brain has not been 

broadly studied.371 Oligodendrocytes, myelin-forming cells in the CNS, are 

vulnerable to cerebral ischemia.371-372 Stroke acutely induces mature 

oligodendrocyte damage, leading to loss of myelin, which is associated with 

loss of axons.371-372  

However, during stroke recovery, there is a significant increase in the 

generation of oligodendrocyte progenitor cells OPCs and some of them 

become mature myelinating oligodendrocytes in peri-infarct gray and white 

matter where sprouting axons are present.373  

An increase in mature myelinating oligodendrocytes observed after 

stroke in the adult brain likely result from new oligodendrocytes differentiated 

from OPCs. During development, mature OLs are generated by cells of the 

embryonic ventricular zone in the brain and spinal cord, giving rise to OPCs 

that proliferate and migrate throughout the CNS.374 These OPCs can then 

terminally differentiate into mature OLs during a step-by-step process 

characterized by the downregulation of precocious markers (such as the 

membrane chondroitin sulfate proteoglycan, neural/glial antigen 2 (NG2), the 

PDGF receptor-alpha and the acquisition of immature OL antigens such as 

O4, followed by myelin-specific structural proteins (i.e., myelin basic protein 

(MBP)). Furthermore, early undifferentiated bipolar OPCs acquire a more 

complex morphology with many branched processes, culminating in the 

formation of membrane sheaths that wrap around axons.375 It has been 

demonstrated that NG2+ OPCs (also called polydendrocytes) are still present 

in the adult CNS generating a lot of interest on these cells as a reservoir of 

OLs to repair demyelinated lesions.376-377 It has been indeed reported that, 

under specific conditions, NG2 cells can give rise to neurons and astrocytes.378 

This indicates that polydendrocytes exhibit additional properties apart from 

their assumed functions as OPCs, although this concept is currently a highly 

debated topic. The NG2+ cells have been also demonstrated to make multiple 

contacts with the axonal membrane at nodes of Ranvier379 and with synaptic 

terminals,380 suggesting a role in surveillance of neuronal activity and raising 

the question of whether adult NG2+ cells may be capable of responding to or 
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influencing neuronal activity.381-382-383 In this respect, several data indicate that 

similar to mature OLs, these cells respond to neuronal activity and to 

neurotransmitters.382  

 

1.1.4 Purinergic signalling in oligodendrogenesis  
Purinergic signalling (exerted by adenosine and ATP) has recently 

emerged as one of the main pathways that regulate myelination in both the 

peripheral nervous system (PNS) and CNS. In the CNS, neurons and multiple 

types of glia are in close proximity, so that a signal such as ATP released by a 

neuron could exert effects on many nearby cells (Fig. 1).  

The OLs have an essential role in efficient neurotransmission in the 

CNS. Myelin sheaths produced by differentiated OLs wrap and insulate axon 

segments, and small, electrically conductive nodes of Ranvier are spaced 

between myelin internodes. This arrangement allows rapid saltatory 

conduction of action potentials along myelinated axons and is crucial for proper 

nervous system development and function. Impaired myelination has been 

implicated in neuropsychiatric disorders and cognitive disabilities.346 

Furthermore, the extensive physical interaction between OLs and axons allows 

for pre-OLGs to be involved in maintaining neuronal homeostasis. OLs assist 

with axonal energy metabolism by exporting lactate, an energy substrate; 

through myelin membranes.384  

In addition to OLs, OPCs also contact axonal segments in the CNS. 

Ultrastructural studies have revealed synapse‐like structures between axons 

and OPCs, with synaptic vesicles in the axon and structures resembling 

postsynaptic densities in the OPC process.385  

More recently, live, in vivo imaging has demonstrated synaptic vesicle 

accumulation along with axonal segments during contact with OPC 

processes.386 In this study, synaptic vesicle release along unmyelinated axon 

segments promoted myelin sheath formation. Growing evidence points to 

neuronal activity and neurotransmitter release affecting OPC proliferation, 

migration, and differentiation, as well as myelin formation.387-388-389 

Furthermore, continuous myelin remodeling throughout adulthood points to a 

need for continuous communication between neurons, OPCs, and OLs.390 
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Since ATP is released from neurons in an activity‐dependent manner, ATP (or 

its derivatives ADP and adenosine) may be involved in the ongoing 

communication between neurons and myelinating glia.  

In the CNS, myelination is regulated by extracellular signals and 

intracellular factors acting on both the various steps of OL maturation and 

axonal activity.391 In detail, adenosine has been reported to inhibit OPC 

proliferation in the presence of the mitogenic agent PDGF and to promote cell 

differentiation towards premyelinating oligodendrocytes, thus globally 

increasing myelination, as shown by the rise of MBP+ oligodendrocytes in 

DRG/OPC treated co-cultures. Of note, the percentage of myelinating MBP+ 

oligodendrocytes was lower in co-cultures treated with the adenosine receptor 

antagonists alone, suggesting that endogenous sources of adenosine are 

sufficient to promote differentiation effects.392  

 

 
Fig. 1. Overview of purinergic signalling in CNS cells. Schematic of CNS neuron/glial 

interactions and purinergic receptor expression. It should be noted for neurons and glial 
cells: expression of receptor subtypes varies across brain regions and with development. 

From Welsh and Kucenas, 2018.393 
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Role of P1 receptors in oligodendrogenesis  
Evidence for the role of purinergic signalling in regulating OPCs, OLs, 

and myelination comes largely from in vitro studies.  

Concerning oligodendrocytes, it has been demonstrated that purines exert 

multiple effects including increased motility, proliferation and differentiation of 

cultured OPCs.394 Among purines, adenosine is a neuromodulator of the CNS, 

where it acts on four subtypes of P1 purinergic receptors (A1, A2A, A2B, A3).247 

It is known that OPCs express all these receptors (Table I), as detected by 

real-time PCR in cultured OPCs, including A2B adenosine receptors (Fig. 2).392  

To date, a functional role has been attributed only to A1 and A2A 

adenosine receptors.392 We elucidated the role of A2A adenosine receptors on 

oligodendrogenesis, demonstrating that their selective activation decreases 

outward rectifying, sustained, IK currents and inhibits in vitro OPC 

differentiation towards mature, myelinating oligodendrocytes, without affecting 

cell division.293 Conversely, adenosine, through the activation of A1 adenosine 

receptor seems to be a primary activity-dependent signal inhibiting the 

proliferation and promoting differentiation of premyelinating progenitors into 

myelinating oligodendrocytes392 and stimulating OPC migration.395 The 

functional role of the A2B adenosine receptor in oligodendrocytes has not yet 

been clarified. Among adenosine receptors, the A2B adenosine receptor is the 

least studied and still remains the most enigmatic adenosine receptor subtype 

because of the relatively low potency of adenosine at this receptor (EC50 value 

of 24 μM)247 and the very few specific agonists that have been described so 

far. 

However, there is a growing interest in A2B adenosine receptors in 

recent years, as it has been shown to play a role in inflammation and cancer 

and is even considered a promising new pharmacotherapeutic target. Of 

particular note is that in the brain during different pathological conditions, such 

as cerebral ischemia, extracellular adenosine is elevated to levels sufficient for 

A2B adenosine receptor activation.396  
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Fig. 2. Developmentally regulated expression of A1 and A2B receptors in the OLG lineage. 

From Welsh and Kucenas, 2018.393 
 

 

Testing the hypothesis that axonally released adenosine mediated OPC 

proliferation and calcium signalling, Stevens396 demonstrated calcium 

responses in OPCs either via electrical stimulation of co‐cultured neurons, or 

by directly applying the P1 agonist NECA to OPC monocultures. Additionally, 

P1 antagonists blocked the activity‐dependent calcium response; supporting 

the conclusion, that adenosine released from firing neurons stimulates calcium 

signalling in OPCs. Adenosine and the P1 agonist NECA also inhibited 

proliferation and promoted differentiation and myelin production. The 

conclusions from cell culture are supported by evidence in cerebellar slices 

that adenosine inhibits proliferation and increases differentiation of OPCs.396 

More recently, in vitro pharmacology experiments tested the roles of specific 

P1 agonists, but with some conflicting results. For example, multiple studies 

have reported that adenosine inhibits OPC proliferation.392,397 However, 

selective agonists for A1 and A2A adenosine receptors did not have any effect 

on OPC proliferation.293,395In another example of conflicting results, one study 

found that the A1 agonist N6‐cyclopentyladenosine (CPA) promoted OPC 

migration in a dose‐dependent manner, whereas another study reported that 

neither adenosine nor CPA had any effect on OPC migration.395,397  

Stevens et al.,392 observed that adenosine promotes differentiation of 

OPCs and myelination. However, the A2A agonist CGS21680 was reported to 

inhibit differentiation, and the A1 agonist CPA had no effect on OPC 

differentiation.293,395  
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 Expression-
OPCs 

Expression-
mature OLs 

Migration Proliferation Differentiation 

A1 Y (RTPCR) 
Y (IHC) 

Y (RNAseq) 

Y (RTPCR) 
Y (IHC) 

Y (RNAseq) 

(+) 
no effect 

No effect 
 

No effect 
 

A2A Y (RTPCR) 
N (RNAseq) 

Y (RTPCR) 
N (RNAseq) 

 No effect 
 

(‐) 
 

A2B Y (RTPCR) 
Y (RNAseq) 

Y (RTPCR) 
N (RNAseq) 

   

A3 Y (RTPCR) 
N (RNAseq) 

Y (RTPCR) 
N (RNAseq) 

   

P1  n/a n/a No effect (‐) (+) 

Table I. P1 receptor expression and function in OL lineage cells Expression‐OP. 

 

 

1.1.5 A2B adenosine receptors 
A2B adenosine receptors show a low affinity for adenosine (EC50 = 5-

20 μM)233,398-399 and are associated, as the A2A adenosine receptors to Gs 

protein; for these reasons, they were initially considered a receptor subtype 

with a little physiological importance.400 

Recently we are beginning to understand the importance of this receptor 

and how much they are involved in many diseases. Moreover in physiological 

conditions, for their low affinity to adenosine, they are not activated; of the 

contrary, they are activated in pathological conditions when adenosine 

reaches concentrations of micromolar order, therefore it represents an 

interesting therapeutic target. In addition to being coupled to Gs protein, the 

A2B adenosine receptor can be coupled to Gq protein,401-402-403 to the  mitogen-

activated protein kinase (MAPK) and arachidonic acid pathway and to regulate 

the channels membrane ion probably through the βγ subunit of G protein.404-

405  

In general, A2B adenosine receptors are widely expressed in numerous 

tissues and organs, including the vascular system, smooth muscle, 

gastrointestinal tract, brain tissue and bladder.406-407 However, the presence of 

these receptors is influenced by environmental stimuli, such as inflammation, 

cellular stress, trauma and hypoxia, which may increase their 

expression.233,408-409-410-411-412 
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In vitro studies on OPC cultures demonstrate that adenosine, by 

stimulating A1 adenosine recetor, promotes OPC maturation392 and 

migration.395 Our group contributed to depict the role of purinergic signalling in 

oligodendrogliogenesis by demonstrating that selective A2A adenosine 

receptor activation in cultured OPCs prevents oligodendrocyte maturation by 

inhibiting IK currents,293 whereas the activation of the Gi coupled purinergic 

P2Y-like receptor GPR17 by its agonist UDP-glucose increases IK currents 

and, hence, promotes OPC differentiation.344 To date, no evidence exists 

concerning the functional role of A2B adenosine receptor in OPC cells.  

 

Thus, the aim of the present study was to unveil the still unknown 

functional role of A2B adenosine receptor activation in cultured OPCs. We thus 

investigated the effects of A2B adenosine receptor ligands on: i) outward K+ 

currents and ii) myelin basic protein (MBP) and myelin-associated glycoprotein 

(MAG) expression at different times in cultures by using patch-clamp 

recordings coupled to Real-Time PCR. 
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3.1 Cell cultures of OPCs  

Purified cortical OPC cultures were prepared as described 

elsewhere.293 Wistar rat pups (postnatal day 1-2) were killed and cortices 

removed, mechanically and enzymatically dissociated, suspended in DMEM 

medium containing 20% fetal bovine serum (FBS), 4 mM L-glutamine, 1 mM 

Na-pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin (all products are from 

EuroClone, Milan, Italy), and plated in poly-D-lysin coated T75 flasks (1 flask 

per animal). After 2-3 days in culture, OPCs growing on top of a confluent 

monolayer of astrocytes were detached by 5 hours of horizontal shaking. 

Contaminating microglial cells were eliminated by a 1 hour pre-shake and by 

further plating of detached cells on plastic culture dishes for 1 hour. OPCs, 

which do not attach to plastic, were collected by gently washing the dishes and 

replated onto poly-DL-ornithine-coated (final concentration: 50 µg/ml, Sigma-

Aldrich) 13 mm-diameter glass coverslips laid in 24 multiwell chambers (104 

cells/well: electrophysiological and immunocytochemical experiments), poly-

DL-ornithine-coated 25 mm-diameter glass coverslips laid in 6 multiwell 

chambers (2x104 cells/well) or poly-DL-ornithine-coated 6 cm tissue culture 

dishes (3.5 x 105 cells/dish: western-blot experiments). OPC cultures were 

maintained in Neurobasal medium (Thermo Fisher Scientific) containing 2% 

B27, 4 mM L-glutamine, 1 mM Na-pyruvate, 100 U/ml penicillin, 100 U/ml 

streptomycin, 10 ng/ml platelet derived growth factor (PDGF-BB) and 10 ng/ml 

basic fibroblast growth factor (bFGF; both grow factors were purchased from 

PeproTech EC Ltd, London, UK) to promote cell proliferation (proliferating 

medium: PM).  
 

3.2 OPC differentiation 
In the whole text, the term “OPCs” (oligodendrocyte precursor cells) 

refers to undifferentiated bipolar or tripolar cells grown in PM. In some 

experiments, cells were allowed to differentiate to mature oligodendrocytes, 

indicated as “OLs”, by switching to a Neurobasal medium lacking growth 

factors (differentiating medium: DM). The day at which cells were switched 

from PM to DM is indicated as t0. In order to study the effect of A2B receptor 

signalling on oligodendroglial maturation, OPCs were grown in DM in the 
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absence or presence of different pharmacological treatments for 7 days (from 

t0 to t7). 

 
3.3 Electrophysiological experiments 

Whole-cell patch-clamp recordings were performed on purified primary 

OPC cultures as described.344 Cells grown on a poly-DL-ornithine-coated 13 

mm-diameter glass coverslip were transferred to a small chamber (1 ml 

volume) mounted on the platform of an inverted microscope (Olympus CKX41, 

Milan, Italy) and superfused at a flow rate of 2 ml/min with a standard 

extracellular solution containing (mM): HEPES 5, D-glucose 10, NaCl 140, KCl 

5.4, MgCl2 1.2, and CaCl2 1.8 (pH adjusted to 7.3 with NaOH). In all 

electrophysiological experiments, the following adenosine receptor 

antagonists were added to the extracellular solution in order to prevent non-

specific adenosine receptor activation upon the superfusion with various A2B 

receptor agonist: DPCPX, SCH58261 and MRS1523, all at 100 nM 

concentration, in order to block A1, A2A and A3 receptors respectively. 

Borosilicate glass electrodes (Harvard Apparatus, Holliston, Massachusetts 

USA) were pulled with a Sutter Instruments puller (model P-87) to a final tip 

resistance of 4–7 MΩ. Standard pipette solution contained (in mM): K-

gluconate 130, NaCl 6, MgCl2 2, Na2-ATP 2, Na2-GTP 0.3, EGTA 0.6, HEPES 

10 (pH adjusted to 7.4 with KOH). The calculated liquid junction potential (LJP) 

was 14.5 mV and this value was subtracted from all experiments. Data were 

acquired with an Axopatch 200B amplifier (Axon Instruments, CA, USA), low-

pass filtered at 10 kHz, stored and analyzed with pClamp 9.2 software (Axon 

Instruments, CA, USA). All the experiments were carried out at room 

temperature (RT: 20–22°C).  

Unless otherwise stated, cells were voltage-clamped at –70 mV. Series 

resistance (Rs), membrane resistance (Rm) and membrane capacitance (Cm) 

were routinely measured by fast hyperpolarizing voltage pulses (from -70 to -

75 mV, 40 ms duration). Only cells showing a stable Cm and Rs before, during, 

and after drug application were included in the analysis. Immediately after 

breakthrough into whole-cell configuration, cell resting membrane potential 

(Vrest) was determined by switching to the current-clamp mode. A voltage ramp 
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protocol (800 ms depolarization from -120 to +80 mV) was recorded every 15 

s to evoke a wide range of overall voltage-dependent membrane currents 

before, during and after drug treatments. Variations in membrane potential 

(Vm) induced by drug treatments were measured by calculating the reversal 

potential (the “zero current” potential) of ramp-evoked currents before, during 

and after drug application. Outward K+ currents were evoked by a depolarizing 

voltage-step protocol: 10 depolarizing voltage steps (10 mV steps from -40 to 

+80 mV, 200 ms each) were preceded by a 60 ms pre-step potential (Vpre) at 

–80 mV. This protocol activates a mixture of outward IK and IA currents in 

cultured OPCs. Current-to-voltage relationships (I-V plots) of IK or IA currents 

were obtained by measuring current amplitude at the steady state (200-250 

ms after step onset) or as a peak (1-20 ms after step onset), respectively. 

Current amplitude (measured as pA) was normalized to respective cell 

capacitance (Cm, measured in pF) and expressed as current density (pA/pF) 

in averaged results. All drugs were applied by superfusion with a three-way 

perfusion valve controller (Harvard Apparatus, Holliston, MA USA) after a 

stable baseline of ramp-evoked currents was obtained. A complete exchange 

of bath solution in the recording chamber was achieved within 28 seconds. 

PCR, Western Blot and electrophysiological experiments were run in parallel 

in order to correlate the current profile with maturation stages of cultured cells. 

 

3.4 Real-Time Polymerase Chain Reaction (Real-Time PCR) 
Gene expression analysis was performed by Real-Time PCR, using 2^(-

ΔΔCT) comparative method of quantification.413 Briefly, total RNA (500 ng), 

extracted with GenElute™ Mammalian Total RNA Miniprep (Sigma-Aldrich, 

Milan, Italy) was reverse transcribed using iScript™ Advanced cDNA 

Synthesis Kit for RT-qPCR (Bio-Rad Laboratories S.r.l., Segrate (MI), Italy) 

according to the manufacturer's instructions. The design of MAG, MBP and 

A2B probes was performed employing Primer Express® Software v3.0.1 

(Thermo Fisher Scientific INC. Monza, Italy) that provides customized 

application-specific documents for absolute and relative quantitation. Rat 

oligonucleotide primers employed in gene expression studies are listed in 

Table 3. The quantification of target gene mRNA levels was performed 
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employing PowerUp™ SYBR™ Green Master Mix (Bio-Rad Laboratories 

S.r.l., Segrate (MI), Italy). Each measurement was carried out in triplicate, 

using the automated ABI Prism 7500 Sequence Detector System (Thermo 

Fisher Scientific INC) as previously described,414 by simultaneous 

amplification of the target gene together with the housekeeping gene (β-actin 

and GAPDH) in order to normalize expression data. Results were analysed by 

ABI Prism Sequence Detection Systems software, version 1.7 (Applied 

Biosystems, Foster City, CA). The 2^(−ΔΔCT) method was applied as a 

comparative method of quantification415 and data were normalized to beta-

actin expression. 

 
3.5 Drugs  

2-[[6-Amino-3,5-dicyano-4-[4-(cyclopropylmethoxy)phenyl]-2-

pyridinyl]thio]-acetamide (BAY 60-6582); 8-cyclopentyl-1,3-dipropylxanthine 

(DPCPX); 3-propyl-6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine 

carboxylate (MRS1523); 2-(2-furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (SCH58261); 8-(4-(4-(4-

chlorophenyl)piperazide-1-sulfonyl)phenyl)-1-propylxanthine, 8-[4-[[4-(4-

Chlorophenyl)-1-piperazinyl]sulfonyl]phenyl]-3,9-dihydro-1-propyl-1H-purine-

2,6-dione (PSB603); N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-

1,3-dipropyl-1H-purin-8-yl)phenoxy]-acetamide (MRS1754); tetraethyl 

ammonium (TEA), 4-amino-pyridine (4-AP) and forskolin were purchased from 

Sigma-Aldrich, Milan, Italy. N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-

dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]-acetamide (MRS1754) and N-(4-

acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-

yl)phenoxy]acetamide (MRS1706) were purchased from Tocris Bioscence, 

Milan, Italy. Tetrodotoxin (TTX) was purchased from Alomone labs, Jerusalem, 

Israel. All drugs were stored at -20°C as 103 to 104 times more concentrated 

stock solutions in dimethylsulfoxide (DMSO) and dissolved daily in the 

extracellular solution to the final concentration and applied by bath 

superfusion. TTX, apamin and TEA stock solutions were prepared in distilled 

water. All other compounds were dissolved in dimethyl sulphoxide (DMSO). 

Control experiments performed in the present research demonstrated that the 

https://www.sigmaaldrich.com/catalog/substance/8cyclopentyl13dipropylxanthine3043910214607611
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maximal DMSO concentration used in the present work (0.1%) was inactive in 

modulating membrane currents or OPC differentiation in our experimental 

conditions. 

 

3.6 Statistical analysis 
Data are expressed as mean±SEM (standard error of mean). Student’s 

paired or unpaired t-tests or One-way ANOVA followed by Bonferroni’s post-

hoc test analysis were performed, as appropriate, in order to determine 

statistical significance (set at p<0.05). Data were analyzed using software 

package GraphPad Prism (GraphPad Software, San Diego, CA, USA).



 

162 
 



 

163 
 

 

 

 

 

 

 

4. RESULTS



 

164 
 



_______________________________________________________Results 

165 
 

4.1 Selective A2B adenosine receptor stimulation inhibits 
outward K+ currents in cultured OPCs 
Electrophysiological recordings were performed on 189 cells showing, 

on average, a Vm of -60.8 ± 1.6 mV, a Cm of 7.2 ± 0.3 pF of and a Rm of 840.1 

± 49.7 MΩ. All experiments were done in the continuous presence of the A1, 

A2A and A3 receptor antagonists DPCPX, SCH58261 and MRS1523, 

respectively (all 100 nM). 

As shown in Fig. 3 A, we applied a voltage ramp protocol (from -120 to 

+80 mV, 800 ms duration: middle inset of Fig. 3 A, B) in cultured OPCs in the 

absence or presence of the selective A2B receptor agonist BAY60-6583 (10 

µM) and we found that the compound reversibly inhibited ramp-evoked 

outward currents. BAY60-6583-inhibited current, obtained by subtraction of the 

ramp recorded in the presence of BAY 60-6583 from the control ramp, is a 

voltage-dependent outward conductance (Fig. 3 B). These results are in line 

with immunofluorescent data showing A2B receptor expression on NG2+ cells 

(Fig. 3 C). The maximal effect of BAY60-6583 was reached within 5 min 

application (upper inset of Fig. 3 A) and was statistically significant in 51 cells 

investigated (Inset Fig. 4 A: 41.9 ± 2.8% current inhibition). Of note, ramp-

evoked outward currents were absent, as well as the effect of BAY60-6583, 

when extra- and intra-cellular K+ ions were replaced by equimolar Cs+ (Fig. 4 

A), demonstrating that A2B receptor activation inhibits voltage-dependent K+ 

currents in cultured OPCs. 

The effect of BAY60-6583 on K+ currents was concentration-dependent, 

with an EC50 = 0.6 µM (Fig.2 B: confidence limits: 0.04–9.4 µM), and prevented 

by the selective A2B receptor antagonist MRS1706 (10 µM: Fig. 4 C). In 

accordance to K+ current inhibition, BAY60-6583 caused a concentration-

dependent depolarization in cultured OPCs and the effect was prevented by 

the A2B adenosine receptor antagonist MRS1706 (Fig. 4 D). 

We further investigated which subtype/s of K+ currents are targeted by 

A2B receptors. OPCs are known to express two distinct K+ currents: a 

sustained, delayed rectifying, IK currents and a transient, rapidly inactivating, 

IA conductance.416 By applying a voltage-step protocol (from -40 to +80 mV, 

200 ms step duration, Vh= -80 mV: lower inset in Fig. 5 A) we activated either 
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IA and IK in the absence or presence of 10 µM BAY60-6583. As shown in Figure 

5 A, both currents were inhibited in the presence of the A2B receptor agonist, 

with a significant decrease in peak IA (Fig. 5 B, left panel) or steady state IK 

(Fig. 5 B, right panel) starting from 0 mV. 

Above data were obtained in OPCs at t0, which correspond to the period 

at which most cells are immature NG2+ OPCs.344-293 We also tested BAY60-

6583 effects on mature OLs, grown in differentiating medium up to 10-15 days 

(t10 - t15). At this stage, as we previously shown,293,344 oligodendroglial cultures 

are mostly composed by highly ramified, MBP+ and MAG+ oligodendrocytes 

expressing inwardly rectifying Kir channels.348,355 As shown in Figure 4, BAY-

60-6583 (0.1-30 µM) still inhibited outward K+ currents in mature OLs and 

presented a concentration-dependence similar to what observed in immature 

OPCs (Fig. 6 A-E). 

Similar effects to those induce by the prototypical A2B receptor agonist 

BAY60-6583, were observed in the presence of unselective adenosine agonist 

NECA. The compound was applied, as in all other experimental groups, in the 

continuous presence of the A1, A2A and A3 receptor antagonists DPCPX, 

SCH58261 and MRS1523 (all 100 nM), respectively. As shown in Fig. 7 A, B, 

NECA (50 µM) mimicked BAY60-6583-mediated inhibition of ramp-evoked K+ 

currents. The effect was significant in 8 cells tested (Fig. 7 B), prevented by 

the selective A2B receptor antagonist PSB603 (10 µM: Fig. 7 C, D) and 

concentration-dependent, with an EC50=1.9 µM (confidence limits: 0.4–9.0 µM: 

Fig. 7 E). 

In order to confirm the involvement of IA and IK current in the A2B 

receptor-mediated effect, we applied BAY60-6583 in the presence of a 

combination of the IA blocker 4-AP (500 µM) and the IK blocker TEA (3 mM: 

Fig. 8 A).417 We have previously shown that, in cultured OPCs, 3 mM TEA 

inhibits delayed rectifier IK currents, whereas 500 µM 4-AP is a selective 

blocker of transient IA conductances.293,396 As shown in Fig. 8 B, only a co-

application of both compounds was able to prevent BAY60-6583-mediated 

effect. 

Concerning the intracellular mechanism by which the Gs-coupled A2B 

receptor mediates ramp current inhibition, we tested the hypothesis of 

intracellular cAMP being involved, in accordance with previous data showing 
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that increased levels of this intracellular metabolite decreases steady-state 

outward K+ conductances in ovine OPCs.418 Similarly to what observed in the 

presence of the A2B receptor agonist BAY60-6583, the adenylyl cyclase 

activator forskolin (FSK; 20 µM) inhibited outward ramp-evoked K+ currents in 

cultured OPCs and occluded the effect of a subsequent application of BAY60-

6583 (Fig. 8 C, D). 

 
Fig. 3. The A2B adenosine receptor agonist BAY60-6583 inhibits IK and IA outward K+ 

currents in cultured OPCs. A: Original whole-cell patch clamp current traces evoked by a 
voltage ramp protocol (from -120 to +80 mV, 800 ms: upper inset) in a typical OPC before 

(baseline: bsl) or after the application of BAY60-6583 (BAY: 10 µM; 5 min). Inset: time 
course of ramp-evoked currents at +80 mV in the same cell. B: Net BAY60-6582-inhibited 

current, obtained by subtraction of the trace recorded in BAY60-6583 from the control ramp, 
in the same cell. C: Confocal image of immunofluorescence staining for A2B adenosine 

receptors (green) and NG2 (red) in OPC cultures (at t0). Cell nuclei are marked with DAPI 
(blue). Scale bar: 25 µm. All experiments were performed in the presence of the A1, A2A and 

A3 receptor antagonists DPCPX, SCH58261 and MRS1523, respectively (all 100 nM). 
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Fig. 4. The A2B adenosine receptor agonist BAY60-6583 inhibits outward K+ currents in 

cultured OPCs. A: Averaged ramp-evoked currents, and pooled data at +80 mV (mean ± 
SEM), recorded in the absence (bsl) or presence of 10 µM BAY60-6583 (BAY) under control 

conditions (K+; n=51) or in Cs+-replacement experiments (n=5). ***p < 0.001 vs respective 
ctrl, paired Student's t-test. B: Concentration-response curve of BAY60-6583 effect on ramp 
currents at +80 mV in cultured OPCs. EC50 = 0.6 µM, confidence limits = 0.04 - 9.4 µM. C: 
Averaged time courses of BAY60-6583 (BAY) effect on ramp currents at +80 mV in cultured 
OPCs under control conditions (ctrl: red circles; n=51) or in the presence of the selective A2B 
adenosine receptor antagonist MRS1706 (10 µM: open diamonds: n=7). D: Pooled data of 
membrane potential depolarization induced by different concentrations of BAY60-6583 in 
cultured OPCs. **p < 0.01; §p < 0.01 vs 0.1 µM BAY60-6583; #p < 0.01 vs 10 µM BAY60-

6583, one-way ANOVA, Bonferroni post-test. Number of observation is written in the 
columns. All experiments were performed in the presence of the A1, A2A and A3 receptor 

antagonists DPCPX, SCH58261 and MRS1523, respectively (all 100 nM). 
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Fig. 5. The A2B adenosine receptor agonist BAY60-6583 inhibits IK and IA outward K+ 
currents in cultured OPCs. A: Left panel: original current traces recorded evoked by a 
voltage-step protocol (from -40 to +80 mV, pre-step -80 mV; 200 ms: lower panel) in a 

representative OPC before (bsl: black traces) or after (red traces) the application of BAY60-
6583 (BAY, 10 µM; 5 min). Right panel: net BAY60-6583-inhibited current, obtained by 

subtraction of the traces recorded in BAY60-6583 from respective control traces in the same 
cell. B: Averaged current-to-voltage relationship (I-V plot) of the peak, transient, IA currents 
(left panel) or steady-state, sustained, IK currents (right panel) recorded in the absence (bsl: 
filled circles) or in the presence (red circles) of 10 µM BAY60-6583 in 16 cells investigated. 

*p < 0.05; **p < 0.01 paired Student's t-test. All experiments were performed in the presence 
of the A1, A2A and A3 receptor antagonists DPCPX, SCH58261 and MRS1523, respectively 

(all 100 nM) 
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Fig. 6. The selective stimulation of A2B adenosine receptors reduces outward potassium 

currents in mature OL. A: Original whole-cell patch clamp current traces evoked by a voltage 
ramp protocol (from -120 to +80 mV, 800 ms) in different experimental conditions: before 

(baseline: bsl) or after the application of various BAY60-6583 concentrations (BAY: 5 min). 
Inset: time course of ramp-evoked currents at +80 mV in the same cell. B: Net BAY60-6583-
inhibited current, obtained by subtraction of the trace recorded in 10 µM BAY60-6583 from 

the control ramp, in the respective cell. C: Averaged ramp-evoked currents, and pooled data 
at +80 mV (mean±SEM), recorded before (baseline: bsl) or after BAY60-6583 (10 µM) 

application (5 min) in 5 OPCs tested. *p < 0.05, paired Student’s t-test. D: Pooled data of 
ramp current inhibition induced by different concentrations (in µM) of BAY 60-6583 (BAY, 0.1 
µM, n=3; 10 µM, n=4; 30 µM, n=3;). E: Concentration-response curve of BAY60-6583 effect 

on ramp currents at +80 mV in cultured mature OL. EC50 = 2.1 µM,  
confidence limits = 0.17 – 23.6 µM. 
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Fig. 7. The effect of BAY60-6583 on ramp-evoked K+ currents is mimicked by the 

unselective adenosine receptor agonist NECA. A: Original whole-cell patch clamp current 
traces activated by a voltage ramp protocol (from -120 to +80 mV, 800 ms) in a typical OPC 
before (baseline: bsl) or after the application of NECA (50 µM; 5 min). Inset: time course of 

ramp-evoked currents at +80 mV in the same cell. B: Pooled data (mean±SE) of ramp 
current at +80 mV in the absence (bsl) or presence of 50 µM NECA in 8 cells tested.  
**p < 0.01, paired Student’s t-test. C: Averaged NECA-inhibited currents, obtained by 

subtraction of the trace recorded in NECA from the control ramp in each cell, measured in 
the absence (control: ctrl; n=8) or in the presence of the A2B adenosine receptor antagonist 
PSB603 (PSB, 10 µM; n=5). D: Pooled data of ramp current inhibition measured at +80 mV 
in the presence of NECA at different concentrations (in µM) or at 50 µM in the presence of 

the adenosine A2B receptor  antagonist PSB603. *p < 0.05; §p < 0.05 vs 0.1 µM NECA;  
#p < 0.05 vs 50 µM NECA, one-way ANOVA, Bonferroni post-hoc test. The number of 

observations is written in the columns. E: Concentration-response curve of NECA effect on 
ramp current inhibition at +80 mV. EC50 = 1.9 µM, confidence limits = 0.4 – 9.0 µM. All 
experiments were performed in the presence of the A1, A2A and A3 receptor antagonists 

DPCPX, SCH58261 and MRS1523, respectively (all 100 nM). 
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Fig. 8. The effect of BAY60-6583 on ramp-evoked K+ currents is prevented by a combination 
of the K+ channel blockers TEA and 4-AP and by the adenylyl cyclase activator forskolin. A: 

Averaged time course of ramp currents measured at +80 mV in cultured OPCs before or 
after the application of a combination of the IK blocker tetraethylammonium (TEA; 3 mM) plus 

the IA blocker 4-aminopyridine (4-AP; 500 µM) or during the subsequent application of 
BAY60-6583 (BAY; 10 µM). Upper panel: original ramp current traces recorded in a typical 

OPC at representative time points: in control conditions (bsl; black trace); after 3 min of 
TEA+4-AP (TEA+4-AP; dotted grey trace) or after 5 min of 10 µM BAY60-6583 applied in the 

presence of TEA+4-AP (TEA+4-AP +BAY; dotted grey trace). B: Pooled data of ramp 
current inhibition measured at +80 mV in the presence of BAY60-6583 applied alone in 

matched controls (control: ctrl), in the presence of 3 mM TEA (+TEA) or in the combination 
of 3 mM TEA + 500 µM 4-AP (+TEA+4-AP). *p < 0.05; one-way ANOVA, Bonferroni post-hoc 
test. Number of observations is written in the columns. C, D: Averaged time course (C), and 
pooled data (mean±SE: D), of ramp currents measured at +80 mV in cultured OPCs before 
or after the application of the adenylyl cyclase activator forskolin (FSK; 20 µM) or during the 

subsequent application of BAY60-6583 (BAY; 10 µM). Lower panel in C: original ramp 
current traces recorded in a typical OPC at representative time points: in control conditions 
(baseline: bsl; black trace); after 3 min of FSK (dotted grey trace) or after 5 min of 10 µM 
BAY60-6583 applied in the presence of FSK (FSK+BAY; dotted grey trace). **p < 0.01;  

##p < 0.01, paired Student’s t-test, n=6. All experiments were performed in the presence of 
the A1, A2A and A3 receptor antagonists DPCPX, SCH58261 and MRS1523, respectively (all 

100 nM). 
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4.2 The A2B receptor activation modulates oligodendrocyte 
maturation in vitro 

To study oligodendroglial cell maturation in vitro, OPCs were lead to 

differentiate into mature OLs by growing for 3, 7 and 10 days in DM (mitogen-

free medium). As shown in Fig. 9 A and B, a significant and time-dependent 

increase in MAG and MBP expression was found, compared to OPC (open 

bar), that was maximal at 7 days (black bar). Moreover, we dissected the time-

dependent expression of A2B receptor in OL compared to control OPC and 

found out that the expression of the receptor increases by the time of 

incubation with DM (Fig. 9 C).  

We finally investigated the involvement of A2B receptor agonists in 

oligodendroglial cell maturation in vitro, alone or in combination with A2B 

selective antagonist. According to the results reported in Fig. 9 A, we selected 

7 days of DM as the reference time to analyze OL differentiation under different 

conditions. At 7 day incubation in DM in the presence of the A2B receptor 

agonist BAY60-6583 (10 µM), dramatically reverted the increase of either MAG 

or MBP (Fig. 10 A, B red bar compared to open bar), indicating that A2B 

receptor stimulation counteracts OPC maturation towards OLs. These effects 

were reduced in the presence of 10 µM MRS1706, a selective A2B receptor 

antagonist. 
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Fig. 9. Time course of oligodendrocyte marker expression, A2B adenosine receptor during 

differentiation from OPC to OL. Gene expression analysis of oligodendrocyte differentiation 
markers MAG (A) and MBP (B) was performed by Real Time-PCR in OPC and 3, 7 and 10 
day-differentiation (OL 3d, 7d, 10d) employing specific rat primers using SYBR green probe. 
Each measurement was carried out in triplicate. The 2^(−ΔΔCT) method was applied as a 
comparative method of quantification and data were normalized to b–actin expression. C: 
A2B adenosine receptor expression, analyzed employing specific rat primers and SYBR 

Green probe, was reported in OPC and after 3, 7, 10 days (t3, t7, t10) of DM, as 2^(-ΔΔCT) 
normalized to β–actin and compared to the control OPC. Data are means±SEM of three 

independent experiments performed in triplicate. Statistical analysis was performed using 
One-way ANOVA, followed by Bonferroni post-hoc test, **p < 0.01, ***p < 0.001. 

 

 
Fig. 10. A2B adenosine receptor-mediated effects on oligodendrocyte differentiation in vitro. 
Gene expression analysis of oligodendrocyte differentiation markers MAG (A) and MBP (B) 

by Real time-PCR in OPC and after 7 days of DM (t7 OL) in the absence or presence of: 
BAY60-6583 (10 µM) alone or in combination with MRS1706 (MRS, 10 µM), a selective A2B 
adenosine receptor antagonist. The quantification of MAG and MBP mRNA was performed 

by Real-Time PCR employing specific primers as reported in the materials and methods 
section using SYBR green probe. Each measurement was carried out in triplicate. The 

2^(−ΔΔCT) method was applied as a comparative method of quantification and data were 
normalized to β–actin expression. Data are means±SEM of three independent experiments 
performed in triplicate. Statistical analysis was performed by One-way ANOVA followed by 

Bonferroni post-hoc test **p < 0.01; ***p < 0.001.
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The present work provides the first description of A2B receptor-mediated 

effects in oligodendroglial cell cultures. We demonstrate here that the selective 

A2B receptor activation inhibits IK and IA currents and delays maturation of 

cultured OPCs. 

Adenosine participates to a number of OPC functions, from cell 

migration to myelin production.394,419 It has been recently demonstrated344 that 

A2A receptor stimulation counteracts oligodendroglial cell differentiation in vitro 

by inhibiting TEA-sensitive IK currents, whose block is known to impair OPC 

maturation.348  

In the present work, we demonstrated that similar effects are achieved 

upon selective A2B receptor stimulation. However, differently from A2A 

receptors, A2B receptor activation not only inhibits IK conductances but also IA 

transient currents. In accordance to K+ channel inhibition, and similarly to A2A 

receptor activation, the A2B receptor agonist BAY60-6583 also significantly 

depolarized cell membrane and inhibited in vitro OPC differentiation when 

added for 7 days in the culture medium of these cells. 

The inhibition of TEA-sensitive IK current in cultured OPCs is known to 

prevent OPC differentiation.394,416,420-421-422 A2B receptor-mediated IK inhibition 

was obtained in the present work by using two different A2B receptor agonists: 

the prototypical, commercially available, selective A2B receptor agonist BAY60-

6583, and the unselective adenosine receptor agonist NECA. All compounds 

were applied in the continuous presence of saturating concentrations of A1, 

A2A and A3 receptor antagonists to avoid nonspecific effects on other 

adenosine receptor subtypes. On these bases, we claim that the 

electrophysiological effect observed in the presence of the above-mentioned 

compounds is A2B receptor-mediated. 

We also investigated the intracellular pathway by which A2B receptors 

modulate K+ currents in cultured OPCs. Our previous data showed that the Gs-

coupled A2A receptor decreases ramp-evoked K+ currents in purified OPCs,394 

whereas the Gi-coupled GPR17 receptor increases293 the same conductances. 

So, we tested the hypothesis of intracellular cAMP being involved in this effect. 

Indeed, direct activation of adenylyl cyclase by forskolin application decreased 

ramp-evoked currents and occluded the effect of a further application of 

BAY60-6583, demonstrating that cAMP rise is involved in A2B receptor-
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mediated effect. Furthermore, an increase in intracellular cAMP level could be 

responsible also for the inhibition of oligodendroglial maturation observed in 

the present work upon A2B receptor activation, since previous observations 

show that forskolin inhibits in vitro myelination.423  

An additional proof that A2B receptors are critical modulators of OPC 

maturation resides in the fact that this receptor subtype is clearly upregulated 

during cell differentiation, we hypothesize that, under demyelinating conditions 

where OPC migration is required, adenosine A2B receptor antagonists could 

facilitate OPC recruitment to the injured area. 

In conclusion, we demonstrated for the first time that A2B receptors 

inhibit TEA-sensitive K+ currents by increasing intracellular cAMP levels in 

cultured OPCs and inhibit OPC differentiation. Adenosine A2B receptors may, 

therefore, represent a new molecular target for drugs useful in demyelinating 

pathologies, such as MS or in different demyelinating conditions induced by 

stroke and brain trauma.
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