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Abstract 
Skin aging and most age-related diseases are associated with a low-grade 
chronic inflammation. The nucleoside adenosine, a potent endogenous anti- 
inflammatory agent, is deeply involved in inflammatory diseases and, by in-
teraction with the adenosine A2 receptor (A2AR) it immediately promotes a 
mechanism of defence against the inflammatory damage. The aim of our 
study was to investigate whether polydeoxyribonucleotide (PDRN), a mixture 
of deoxyribonucleotides polymers of different lengths that like adenosine, 
binds the A2A receptor, can reduce the inflammatory state in the macrophage 
cell line. RAW264.7, murine macrophage cells, were incubated with PDRN in 
the presence and in the absence of lipopolysaccaride (LPS), which was the 
major component of the outer membrane of gram-negative bacteria and 
which acted as a strong macrophage activator. We assessed the production of 
nitric oxide and the secretion of inflammatory mediators (i.e., TNF-α, IL-10, 
IL-12 and VEGF-A). Our data showed that PDRN produced a significant de-
crease of inflammation in macrophages pre-stimulated with LPS, assessed in 
terms of the nitric oxide content (p < 0.001) and cytokines secretion (p < 
0.001). Moreover, PDRN stimulated the release of the vascular endothelial 
growth factor (VEGF-A), which promoted wound healing. Our study sug-
gested that PDRN, by binding the A2A receptor, contributed to a great extent 
towards reducing inflammation. 
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1. Introduction 

Aging is a multifactorial and progressive degenerative process defined as an ac-
cumulation of damage and is closely associated with inflammation. While the 
etiology of the aging process is not fully understood [1], chronic inflammation 
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clearly plays a major role, inextricably linking inflammation and aging. Indeed, 
the levels of inflammatory mediators increase typically with age even in the ab-
sence of acute infection or other types of physiologic stress [2]. 

Continuous up-regulation of pro-inflammatory mediators is induced during 
the aging process due to an age-related redox imbalance. It is likely that it is 
caused by the decisive effect of weakened anti-oxidative defence systems and the 
increased production of reactive oxygen species, such as hydrogen peroxide 
(H2O2) and reactive nitric oxide (NO) [2]. This imbalance that results in the low 
grade chronic pro-inflammatory state, is referred as inflammaging [3]. 

The process of skin aging is complex and results from a combination of in-
trinsic (or chronological) and extrinsic factors, i.e. UV radiation (or photoaging), 
cigarette smoking, air pollution and incorrect nutrition. Intrinsic aging is ac-
companied by cell loss, thinning of the dermis and fine lines. Inflammaged skin 
is wrinkled, is associated with dyspigmentation and shows proteolytic activation 
and degradation of collagen and elastic fibres in the dermis. Inflammation and 
the accumulation of Reactive Oxygen Species (ROS) are believed to be the main 
causes of skin aging [4] [5]. 

It has been suggested that monocytes and macrophages contribute towards in-
flammaging more than any other cell type. Macrophages are heterogeneous and 
are present in most tissues where they are responsible for numerous inflamma-
tory, immunological and metabolic processes [6]. Monocytes change with age 
and contribute to inflammaging by causing a functional shift towards a pro-  
inflammatory phenotype and reduced function [7]; indeed these cells increase 
the production of inflammatory cytokines and the lengthen of the immune re-
sponse [8]. 

One of the major pathways by which the oxidative damage produced by free 
radicals promotes inflammatory responses, involves the Toll-like-receptors 
(TLRs). TLRs are a family of ubiquitously expressed receptors that play an im-
portant role in the innate immune response, particularly in the initial interaction 
between the infecting microorganism and phagocytic cells, such as macrophages 
[9]. 

TLRs recognize molecules that are crucial for the integrity of the microorgan-
ism, but that are non-self molecules either due to their chemical composition or 
due to their cellular localisations [10]. Microbial cell-wall components such as 
lipopolysaccharides (LPSs), endotoxins from the outer membranes of gram- 
negative bacteria, lipopeptides and flagellar proteins are recognized at the 
plasma membrane of immune and epithelial cells by TLR4, TLR2 and TLR5, re-
spectively [11]. 

In particular, TLR4 activation by LPSs initiates an inflammatory response, 
whose key mediators are tumour necrosis factor-α (TNF-α) and interleukin-12 
(IL-12), and secrete nitric oxide (NO), a short-lived free radical, which mediates 
many biological functions such as host defence, neurotransmission, neurotoxic-
ity and vasodilation. In elderly persons, an increased level of these pro-inflam- 
matory cytokines is often observed both in the general circulation and in tis-
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sue-resident macrophages [12]. 
In addition to the resolution of inflammation in response to pathogens or tis-

sue damage, macrophages are also involved in the promotion of proper wound 
healing, by inducing the production of VEGF and angiogenesis. These specific 
physiological functions derive from the plasticity of macrophages that allow 
them to change their form and function in response to environmental signals. 
Current macrophage classification recognizes polarization according to two dis-
tinct phenotypes: classically (M1) or alternatively (M2) activated macrophages 
[13]. 

M1 macrophages are activated by pathogen-associated molecular patterns, 
such as LPS or by the T cell-secreted cytokine interferon gamma (IFNγ). They 
are of the pro-inflammatory phenotype, increasing the production of pro-    
inflammatory cytokines (e.g., IL-1, IL-6, IL-12 and TNF-α) and oxidative me-
tabolites (e.g., NO and superoxide) to promote host defence. 

M2 macrophages, on the other hand, are induced by a variety of stimuli (e.g., 
IL-4/IL-13 and glucocorticoids) and are of a phenotype involved in the promo-
tion of wound healing, tissue remodelling and the resolution of inflammation 
[13]. 

Recently, Grinberg and colleagues have defined a new sub-type of M2-like 
macrophages, induced by the co-stimulation of macrophages with TLRs and 
adenosine A2A receptor (A2AR) agonists; this stimulation switches macrophages 
from the M1 phenotype to a M2-like phenotype, known as M2d [14] [15]. 

The nucleoside adenosine is an endogenous anti-inflammatory agent and is a 
potent physiologic and pharmacologic regulator that is produced by cells in re-
sponse to stress due to the breakdown of ATP. In particular, activation of the A2A 
receptor is one of the most fundamental and immediate mechanisms for pro-
tecting tissues against inflammatory damage, altering the cytokines network by 
decreasing the secretion of inflammatory cytokines by macrophages in vitro 
[16]. 

Several studies have indicated that adenosine is involved in the modulation of 
the inflammatory process [17], e.g. A2AR agonists inhibit cartilage damage, by 
diminishing IL-8 expression [18] or reduce the inflammatory response in ar-
ticular chondrocytes [19]. 

Polydeoxyribonucleotide (PDRN) is a mixture of deoxyribonucleotides poly-
mers of different lengths and is an A2A receptor agonist. PDRN is commonly 
used in clinical settings for pre and post-surgical cutaneous treatments, diabetic 
foot ulcers and venous ulcers because it stimulates fibroblast metabolism and 
promotes an increase in dermal matrix component production [20]. Other 
clinical studies have also pointed out that PDRN promotes faster healing of 
autologous skin grafts at donor sites [21] [22]. 

The aim of this work was to investigate whether polydeoxyribonucleotide 
(PDRN), an A2A receptor agonist, can induce an anti-inflammatory phenotype in 
murine macrophage cells RAW264.7, endowed with high endogenous TLR4 ex-
pression, focusing on nitric oxide production and secretion of inflammatory 
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mediators. 

2. Materials and Methods 
2.1. PDRN 

Polydeoxyribonucleotide (PDRN, Mastelli srl, Sanremo, Italy) is a DNA fraction 
containing a mixture of deoxyribonucleotide polymers of different lengths, 
comprised between 50 and 2000 base pairs. It was obtained from fish for human 
consumption by using Mastelli’s peculiar methods, by means of purification and 
high-temperature sterilization procedures that ensure a very high percentage of 
purified DNA and the absence of active proteins and peptides [23]. 

2.2. Cell Culture and Experimental Treatments 

Murine peritoneal monocyte-macrophage cells (RAW264.7 line) were obtained 
from the Cell Bank of the Istituto Zooprofilattico della Lombardia e dell’Emilia 
Romagna (Brescia, Italy). The cells were routinely grown in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% Foetal Bovine Serum (FBS), 4 
mM glutamine and antibiotics (streptomycin, 100 µg∙ml−1; penicillin, 100 U∙ml−1) 
and kept in a humidified atmosphere of 5% CO2 at 37˚C. 

For nitric oxide determination, cells were seeded in 96-well plates, at a density 
of 30 × 103 cells per well. For cytokine and VEGF secretion, cells were seeded in 
24-well plates at a density of 15 × 104 cells per well. 24 h after seeding, the cell 
growth medium was replaced with fresh medium supplemented with PDRN 
(100 µg∙ml−1) in the presence and in the absence of LPS (from E. coli, O55:B5 
serotype) 1 ng∙ml−1 or 10 ng∙ml−1 (from 100× stock solutions in DMEM). The 
dose of PDRN was selected as suggested by previous research, reporting that, at 
the dose of 100 µg∙ml−1, A2A receptor agonists significantly suppressed LPS-in- 
duced inflammation [16]. Depending on the experimental setting, PDRN was 
added immediately (0 h) or after 1 h, 2 h or 3 h after the exposure to LPS and 
kept throughout the experiments. 

2.3. Cell Viability 

Cell viability was assessed with the resazurin method [24]. Resazurin is a non- 
fluorescent molecule which is converted by intracellular enzymes into the fluo-
rescent compound resorufin (λem = 572 nm). After 24 h of incubation, cell via-
bility was tested replacing the medium with a solution of resazurin (44 μM, Sig-
ma Aldrich) in serum-free DMEM. After 20 min, fluorescence was measured at 
572 nm with a multi-plate reader. 

2.4. Determination of NO Production 

Nitrite concentration in the culture media, as an indicator of NO production, 
was determined 24 h after treatments with PDRN by means of a fluorimetric 
approach, based on the production of the fluorescent molecule 1H-naphtho- 
triazole from 2,3-diaminonaphthalene (DAN) in an acid environment [25]. 100 
μl of medium were transferred to black 96-well plates with a clear bottom 
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(Corning, Cambridge, MA, USA). DAN (20 μl of a solution of 0.025 mg/ml in 
0.31 M HCl) was then added. After 10 min at room temperature the reaction was 
stopped with 20 μl of 0.7 M NaOH. Standards were tested in the same medium 
from a stock solution of 1 mM sodium nitrite. Fluorescence (λex 360 nm; λem 430 
nm) was determined with a Perkin Elmer Enspire multi-plate reader (Waltham, 
Massachussets, USA). 

2.5. Cytokine Secretion 

The presence of Tumour Necrosis Factor-alpha (TNF-α), Interleukin-12 (IL-12) 
and IL-10 in the culture media of RAW264.7 cells was determined with ELISA 
RayBio® kits (Ray Biotech, Norcross, GA, USA) following the manufacturer’s in-
structions. After the selected incubation times with PDRN (6 h for TNF-α and 
IL-10, 24 h for IL-12), 100 μl of medium were transferred into 96-well plates 
functionalized with anti-cytokine antibodies and incubated overnight at 4˚C. 100 
μl of biotinylated antibody were then added to each well and incubated for 1 h at 
room temperature, after which 100 μl of streptavidin solution were added. After 
45 min, the samples were incubated with 100 μl of the TMB One Step Reagent 
for 30 min. Absorbance was then immediately read at 450 nm with a plate reader. 
Standards were tested in the assay buffer from a stock solution (50 ng∙ml−1) of 
the recombinant cytokine. 

2.6. VEGF-A Secretion 

After 24 h of incubation with PDRN, the presence of Vascular Endothelia 
Growth Factor-A (VEGF-A) in the culture media of RAW264.7 cells was deter-
mined with ELISA RayBio® kits (Ray Biotech, Norcross, GA, USA) and per-
formed as above described. Standards were tested in the assay buffer from a 
stock solution (25 ng∙ml−1) of the recombinant protein. 

3. Materials 

Unless otherwise stated, all the reagents were provided by Sigma Aldrich, Milan, 
Italy. 

4. Statistical Analysis 

The results are expressed as means ± standard deviation (mean ± SD). Statistical 
analyses were performed using GraphPad Prism® software version 5.00 (Graph-
Pad Software Inc., San Diego, CA). The data were compared using one-way 
ANOVA tests and checked with Bonferroni’s post hoc tests. Results were consi-
dered significant at p < 0.05 compared to cells treated with LPS (positive con-
trol). 

5. Results 
5.1. Cell Viability 

The effects of PDRN, alone or in combination with LPS (1 - 10 ng∙ml−1), on the 
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viability of RAW264.7 cells were tested using the resazurin assay after exposure 
for 24 h. PDRN, both alone and with LPS (1 - 10 ng∙ml−1), did not significantly 
reduce cell viability, as shown in Figure 1. 

5.2. Nitric Oxide Production 

Figure 2 shows the data on the production of nitric oxide (NO), a major in-
flammatory mediator produced by activated macrophages, assessed on the basis 
of the nitrite concentration in the medium after 24 h of treatment of RAW264.7 
cells with LPS (1 - 10 ng∙ml−1) or with PDRN (100 µg∙ml−1). The effects of PDRN 
were more evident in the presence of LPS 10 ng∙ml−1 than that of 1 ng∙ml−1 and  
 

 
Figure 1. Effects of PDRN on cell viability in RAW264.7 cells. Cells, grown for 24 h in 
complete culture medium, were treated with 1 ng∙ml−1 (a) or with 10 ng∙ml−1 (b) of LPS 
plus PDRN (100 µg∙ml−1), added either simultaneously or 1 - 2 or 3 h after stimulation 
with LPS. 24 h after the treatment, cell viability was determined using the resazurin assay. 
The results are expressed as the means of three independent determinations ± S.D. 
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Figure 2. Effects of PDRN on NO production in RAW264.7 cells. Cells grown for 24 h in 
complete culture medium, were treated with 1 ng∙ml−1 (a) or with 10 ng∙ml−1 (b) of LPS 
plus PDRN (100 µg∙ml−1), added either simultaneously or 1 - 2 or 3 h after stimulation 
with LPS. 24 h after the treatment, the nitrite concentration was determined in the culture 
medium of the cells. The experiment was performed three times with comparable results. 
The results are expressed as the means of three independent determinations ± S.D. ***p < 
0.001 vs. positive control, cells treated with LPS. 
 
PDRN, added 2 and 3 h after stimulation with LPS, induce in a decrease in NO 
production of 30% compared with cells treated only with LPS (p < 0.001). 

5.3. Secretion of Pro- and Anti-Inflammatory Cytokines 

The secretion of the pro-inflammatory cytokines TNF-α, IL-12 and anti-in- 
flammatory cytokine IL-10 was quantified after the treatment of RAW264.7 cells 
with LPS (10 ng∙ml−1) plus PDRN (100 µg∙ml−1), added either simultaneously or 
2 h after stimulation with LPS, depending on the NO production results. 

TNF-α and IL-10 were determined 6 h after treatments while the production 
of IL-12 was assessed after 24 h after treatments with LPS and PDRN. 

As shown in Figure 3, the exposure to PDRN added after 2 h of stimulation 
with LPS produced a significant and marked decrease both of TNF-α and of  



C. Castellini et al. 
 

20 

 
(a)                                       (b) 

 
(c) 

Figure 3. TNF-α, IL-12 and IL-10 secretion in RAW264.7 cells. Cells grown for 24 h in 
complete culture medium, were treated with 10 ng∙ml−1 of LPS plus PDRN (100 µg∙ml−1), 
added either simultaneously or 2 h after stimulation with LPS. The cytokines indicated 
above were measured after 6 h for TNF-α (a) and IL-10 (c) and after 24 h of treatment for 
IL-12 (b). They were measured in the extracellular medium, as described in Materials and 
Methods. The results are expressed as the means of three independent determinations ± 
S.D. ***p < 0.001 vs. positive control, cells treated with LPS. 
 
IL-12, by 47% and 16% respectively (p < 0.001). 

Our results showing that PDRN inhibit TNF-α and IL-12 production suggest 
that the beneficial effects of PDRN in inflammatory processes or injury may be 
attributed partly to this inhibition. 

Moreover, PDRN produced a pronounced increase of IL-10 compared with 
stimulation with LPS (2-fold induction). 

Anti-inflammatory properties of IL-10 are well documented and include the 
control of TNF-α release in vitro and in vivo [26]. The present study showed 
that PDRN is able to increase IL-10 production after stimulation with LPS and 
this phenomenon contributed to TNF-α inhibition. 

5.4. Secretion of VEGF-A 

The effects of PDRN on VEGF-A production by RAW264.7 cells was evaluated 
24 h after treatment with LPS (10 ng∙ml−1) plus PDRN (100 µg∙ml−1), added ei-
ther simultaneously or 2 h after stimulation with LPS. As shown in Figure 4, 
PDRN markedly increases the secretion of VEGF-A by 42%. 

6. Discussion 

Age-associated low grade inflammation (inflammaging) is now recognized to be 
the driving force of many age-associated diseases [27]. 
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Figure 4. VEGF-A secretion in RAW264.7 cells. Cells grown for 24 h in 
complete culture medium were treated with 10 ng∙ml−1 of LPS plus PDRN 
(100 µg∙ml−1). After 24 h of treatment, VEGF-A was measured in the 
extracellular medium, as described under Materials and Methods. The re-
sults are expressed as the means of three independent determinations ± 
S.D. ***p < 0.001 vs. positive control, cells treated with LPS. 

 
As we age, the innate immune system becomes dysregulated and is character-

ized by persistent inflammatory responses that involve multiple immune and 
non-immune cell types. This dysregulation involves both elevated levels of basal 
inflammation and an associated impaired ability to mount efficient innate and 
adaptive immune responses [28]. 

It has recently been established that inflammation and innate immunity play 
roles in skin aging process. The immune system protects the skin from infection, 
removes damaged cells and prevents undesirable autoimmune reactions; it may, 
however, promote the aging process, due to intrinsic (or chronological) and ex-
trinsic factors, such as exposure to the sun, air pollution, cigarette smoking, bad 
nutrition and through the generation of Reactive Oxygen Species (ROS) genera-
tion released by macrophages [29]. 

Not only inflammatory states, but also ischaemia and tissue injury are patho-
logical conditions in which intracellular ATP metabolism is accelerated, leading 
to the accumulation of intracellular adenosine. 

Adenosine is a purine nucleoside that is released in response to metabolic 
stress and is a potent endogenous regulator, acting via four cell surface receptor 
subtypes (A1, A2A, A2B and A3). 

In particular, adenosine A2A receptors are present in the monocyte-macro- 
phage cell line [30] and, as a result of interaction with adenosine or agonists, 
these agents have been shown to be able to modulate macrophage functions, 
such as nitric oxide (NO) production, and to regulate cytokine production both 
in vitro and in vivo [16] [31]. 

In this paper, we study the effects of polydeoxyribonucleotide (PDRN), an 
adenosine A2 receptor (A2AR) agonist, on RAW264.7, a murine macrophage cell 
line. 

Our results showed that PDRN did not affect cell viability or cause a decrease 
in nitric oxide production when added to a macrophages pre-stimulated with 
relatively high doses of LPS (10 ng∙ml−1). Our data suggest that in an on-going 
state of inflammation PDRN has as anti-inflammatory effect. 

Our results were consistent with other studies [26] [32] [33] [34] [35], since it 
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was observed that PDRN markedly potentiated IL-10 production and induced a 
significant decrease of TNF-α and IL-12 secretion in LPS-stimulated macro-
phages. 

In addition to their anti-inflammatory effects, A2A receptor agonists promote 
faster wound closure in murine models [36]. During wound healing, macro-
phages play a key role in inducing angiogenesis, by producing the vascular en-
dothelial growth factor-A (VEGF-A). 

Regulation of the expression of VEGF-A via adenosine receptors has been 
demonstrated in several cell types, including endothelial cells and smooth mus-
cle cells [37] [38]. 

Leibovich and colleagues have shown that VEGF-A expression by murine 
macrophages was synergistically up-regulated by LPS together with adenosine or 
A2AR agonists [39]. Moreover, the synergistic up-regulation of VEGF-A expres-
sion did not occur in macrophages from mice that lacked the adenosine A2A but 
not the A3 receptor and the response did not occur in macrophages from mice 
that lack functional TLR4 receptors, indicating a critical role of the TLR4 recep-
tor in the signalling pathway. 

In view of the promising role of adenosine and adenosine receptors in im-
proving blood supply and wound healing [40] [41], we assumed that PDRN 
might exert an important role in angiogenesis. 

In an experimental model of ischaemic skin flaps, Polito and colleagues dem-
onstrated that PDRN improved blood flow by stimulating VEGF expression and 
restored tissue architecture: flaps treated with PDRN showed a complete re- 
epithelialization and well-formed granulation tissue rich in fibroblasts [42]. 

Moreover, PDRN significantly reduced the wound surface area and improved 
the condition of the pressure ulcers, healed graft donor site and diabetic foot ul-
cers by stimulating neoangiogenesis [21] [43] [44]. 

Our observations indicated that treatment of LPS-stimulated macrophages 
with PDRN strongly increase VEGF-A secretion to well above the level induced 
by PDRN or LPS alone. 

In view of this, binding of the A2A receptor is one of the most important 
mechanisms for the protecting tissue from inflammatory damage. An important 
finding of our study was, therefore, that triggering of the adenosine A2A receptor 
by PDRN may constitute a therapeutic strategy for counteracting and reducing 
inflammation and reactive species. 

7. Conclusion 

To conclude, PDRN may constitute a new, active and safe anti-inflammaging 
treatment, acting as an anti-inflammatory agent that can avoid or heal damage 
to the cellular and extracellular components. 

Conflict of Interest 

The authors have no conflict of interest to declare. 



C. Castellini et al. 
 

23 

Acknowledgements 

Thanks are due to Mastelli S. R. L. (Sanremo, Italy) for supplying PDRN and all 
the chemicals. 

References 
[1] Singh, T. and Newman, A.B. (2011) Inflammatory Markers in Population Studies of 

Aging. Ageing Research Reviews, 10, 319-329.  
https://doi.org/10.1016/j.arr.2010.11.002  

[2] Chung, H.Y., Cesari, M., Anton, S., Marzetti, E., Giovannini, S., Seo, A.Y., et al. 
(2009) Molecular Inflammation: Underpinnings of Aging and Age-Related Dis-
eases. Ageing Research Reviews, 8, 18-30. https://doi.org/10.1016/j.arr.2008.07.002 

[3] Franceschi, C., Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., et al. 
(2000) Inflamm-Aging: An Evolutionary Perspective on Immunosenescence. An-
nals of the New York Academy of Sciences, 908, 244-254.  
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x 

[4] Zhuang, Y. and Lyga, J. (2014) Inflammaging in Skin and Other Tissues—The Roles 
of Complement System and Macrophage. Inflammation & Allergy-Drug Targets, 
13, 153-161. https://doi.org/10.2174/1871528113666140522112003 

[5] Makrantonaki, E. and Zouboulis, C.C. (2007) Molecular Mechanisms of Skin Aging: 
State of the Art. Annals of the New York Academy of Sciences, 1119, 40-50.  
https://doi.org/10.1196/annals.1404.027 

[6] Plowden, J., Renshaw-Hoelscher, M., Engleman, C., Katz, J. and Sambhara, S. 
(2004) Innate Immunity in Aging: Impact on Macrophage Function. Aging Cell, 3, 
161-167. https://doi.org/10.1111/j.1474-9728.2004.00102.x 

[7] Shaw, A.C., Joshi, S., Greenwood, H., Panda, A. and Lord, J.M. (2010) Aging of the 
Innate Immune System. Current Opinion in Immunology, 22, 507-513.  
https://doi.org/10.1016/j.coi.2010.05.003 

[8] Baylis, D., Bartlett, D.B., Patel, H.P. and Roberts, H.C. (2013) Understanding How 
We Age: Insights into Inflammaging. Longevity & Healthspan, 2, 8.  
https://doi.org/10.1186/2046-2395-2-8 

[9] Gill, R., Tsung, A. and Billiar, T. (2010) Linking Oxidative Stress to Inflammation: 
Toll-Like Receptors. Free Radical Biology and Medicine, 48, 1121-1132.  

[10] Gay, N.J. and Gangloff, M. (2007) Structure and Function of Toll Receptors and 
Their Ligands. Annual Reviews Biochemistry, 76, 141-165.  
https://doi.org/10.1146/annurev.biochem.76.060305.151318 

[11] Gangloff, M. (2012) Different Dimerisation Mode for TLR4 upon Endosomal Acidi-
fication? Trends in Biochemical Sciences, 37, 92-98.  
https://doi.org/10.1016/j.tibs.2011.11.003 

[12] Cannizzo, E.S., Clement, C.C., Sahu, R., Follo, C. and Santambrogio, L. (2011) Oxi-
dative Stress, Inflamm-Aging and Immunosenescence. Journal of Proteomics, 74, 
2313-2323. https://doi.org/10.1016/j.jprot.2011.06.005 

[13] Martinez, F.O., Sica, A., Mantovani, A. and Locati, M. (2008) Macrophage Activa-
tion and Polarization. Frontiers in Bioscience, 13, 453-461.  
https://doi.org/10.2741/2692 

[14] Ferrante, C.J. and Leibovich, S.J. (2011) Regulation of Macrophage Polarization and 
Wound Healing. Advances in Wound Care, 1, 10-16.  
https://doi.org/10.1089/wound.2011.0307 

[15] Grinberg, S., Hasko, G., Wu, D. and Leibovich, S.J. (2009) Suppression of PLCβ2 by 

https://doi.org/10.1016/j.arr.2010.11.002
https://doi.org/10.1016/j.arr.2008.07.002
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.2174/1871528113666140522112003
https://doi.org/10.1196/annals.1404.027
https://doi.org/10.1111/j.1474-9728.2004.00102.x
https://doi.org/10.1016/j.coi.2010.05.003
https://doi.org/10.1186/2046-2395-2-8
https://doi.org/10.1146/annurev.biochem.76.060305.151318
https://doi.org/10.1016/j.tibs.2011.11.003
https://doi.org/10.1016/j.jprot.2011.06.005
https://doi.org/10.2741/2692
https://doi.org/10.1089/wound.2011.0307


C. Castellini et al. 
 

24 

Endotoxin Plays a Role in the Adenosine A2A Receptor-Mediated Switch of Macro-
phages from an Inflammatory to an Angiogenic Phenotype. American Journal of 
Pathology, 175, 2439-2453. https://doi.org/10.2353/ajpath.2009.090290 

[16] Hasko, G., Szabo, C., Nemeth, Z.H., Kvetan, V., Pastores, S.M. and Vizi, E.S. (1996) 
Adenosine Receptor Agonists Differentially Regulate IL-10, TNF-Alpha, and Nitric 
Oxide Production in RAW264.7 Macrophages and in Endotoxemic Mice. The Jour- 
nal of Immunology, 157, 4634-4640. 

[17] Palmer, T.M. and Trevethick, M.A. (2008) Suppression of Inflammatory and Im-
mune Responses by the A2A Adenosine Receptor: An Introduction. British Journal 
of Pharmacology, 153, S27-S34. https://doi.org/10.1038/sj.bjp.0707524 

[18] Cohen, S.B., Leo, B.M., Baer, G.S., Turner, M.A., Beck, G. and Diduch, D.R. (2005) 
An Adenosine A2A Receptor Agonist Reduces Interleukin-8 Expression and Glyco- 
saminoglycan Loss Following Septic Arthrosis. Journal of Orthopaedic Research, 23, 
1172-1178. https://doi.org/10.1016/j.orthres.2005.01.015 

[19] Campo, G.M., Avenoso, A., D’Ascola, A., Prestipino, V., Scuruchi, M., Nastasi, G., 
et al. (2012) Hyaluronan Differently Modulates TLR-4 and the Inflammatory Re-
sponse in Mouse Chondrocytes. Biofactors, 38, 69-76.  
https://doi.org/10.1002/biof.202 

[20] Sini, P., Denti, A., Cattarini, G., Daglio, M., Tira, M.E. and Balduini, C. (1999) Ef-
fect of Polydeoxyribonucleotides on Human Fibroblasts in Primary Culture. Cell 
Biochemistry and Function, 17, 107-114.  

[21] Rubegni, P., De Aloe, G., Mazzatenta, C., Cattarini, L. and Fimiani, M. (2001) 
Clinical Evaluation of the Trophic Effect of Polydeoxyribonucleotide (PDRN) in Pa- 
tients Undergoing Skin Explants: A Pilot Study. Current Medical Research and Opi- 
nion, 17, 128-131. https://doi.org/10.1185/0300799039117047 

[22] Valdatta, L., Thione, A., Mortarino, C., Buoro, M. and Tuinder, S. (2004) Evalua-
tion of the Efficacy of Polydeoxyribonucleotides in the Healing Process of Autolo-
gous Skin Graft Donor Sites: A Pilot Study. Current Medical Research and Opinion, 
20, 403-408. https://doi.org/10.1185/030079904125003116 

[23] Tonello, G., Daglio, M., Zaccarelli, N., Sottofattori, E., Mazzei, M. and Balbi, A. 
(1996) Characterization and Quantitation of the Active Polynucleotide Fraction 
(PDRN) from Human Placenta, a Tissue Repair Stimulating Agent. Journal of Phar- 
maceutical and Biomedical Analysis, 14, 1555-1560.  
https://doi.org/10.1016/0731-7085(96)01788-8 

[24] O’Brien, J., Wilson, I., Orton, T. and Pognan, F. (2000) Investigation of the Alamar 
Blue (Resazurin) Fluorescent Dye for the Assessment of Mammalian Cell Cytotoxi- 
city. European Journal of Biochemistry, 267, 5421-5426.  
https://doi.org/10.1046/j.1432-1327.2000.01606.x 

[25] Misko, T.P., Schilling, R.J., Salvemini, D., Moore, W.M. and Currie, M.G. (1993) A 
Fluorometric Assay for the Measurement of Nitrite in Biological Samples. Analyti-
cal Biochemistry, 214, 11-16. https://doi.org/10.1006/abio.1993.1449 

[26] Le Moine, O., Stordeur, P., Schandene, L., Marchant, A., de Groote, D., Goldman, 
M., et al. (1996) Adenosine Enhances IL-10 Secretion by Human Monocytes. Jour-
nal of Immunology, 156, 4408-4414. 

[27] De la Fuente, M. and Miquel, J. (2009) An Update of the Oxidation-Inflammation 
Theory of Aging: The Involvement of the Immune System in Oxi-Inflamm-Aging. 
Current Pharmaceutical Design, 15, 3003-3026.  
https://doi.org/10.2174/138161209789058110 

[28] Shaw, A.C., Goldstein, D.R. and Montgomery, R.R. (2013) Age-Dependent Dysre- 
gulation of Innate Immunity. Nature Reviews Immunology, 13, 875-887.  

https://doi.org/10.2353/ajpath.2009.090290
https://doi.org/10.1038/sj.bjp.0707524
https://doi.org/10.1016/j.orthres.2005.01.015
https://doi.org/10.1002/biof.202
https://doi.org/10.1185/0300799039117047
https://doi.org/10.1185/030079904125003116
https://doi.org/10.1016/0731-7085(96)01788-8
https://doi.org/10.1046/j.1432-1327.2000.01606.x
https://doi.org/10.1006/abio.1993.1449
https://doi.org/10.2174/138161209789058110


C. Castellini et al. 
 

25 

https://doi.org/10.1038/nri3547 

[29] Bennett, M.F., Robinson, M.K., Baron, E.D. and Cooper, K.D. (2008) Skin Immune 
Systems and Inflammation: Protector of the Skin or Promoter of Aging? Journal of 
Investigative Dermatology Symposium Proceedings, 13, 15-19.  
https://doi.org/10.1038/jidsymp.2008.3 

[30] Eppell, B.A., Newell, A.M. and Brown, E.J. (1989) Adenosine Receptors Are Ex-
pressed during Differentiation of Monocytes to Macrophages in Vitro: Implications 
for Regulation of Phagocytosis. Journal of Immunology, 143, 4141-4145. 

[31] Fredholm, B.B., Chern, Y., Franco, R. and Sitkovsky, M. (2007) Aspects of the Gen-
eral Biology of Adenosine A2A Signaling. Progress in Neurobiology, 83, 263-276.  
https://doi.org/10.1016/j.pneurobio.2007.07.005 

[32] Hasko, G., Kuhel, D.G., Chen, J.F., Schwarzschild, M.A., Deitch, E.A., Mabley, J.G., 
et al. (2000) Adenosine Inhibits IL-12 and TNF-[Alpha] Production via Adenosine 
A2a Receptor-Dependent and Independent Mechanisms. The FASEB Journal, 14, 
2065-2074. https://doi.org/10.1096/fj.99-0508com 

[33] Varani, K., Vincenzi, F., Tosi, A., Targa, M., Masieri, F.F., Ongaro, A., et al. (2010) 
Expression and Functional Role of Adenosine Receptors in Regulating Inflamma-
tory Responses in Human Synoviocytes. British Journal of Pharmacology, 160, 101- 
115. https://doi.org/10.1111/j.1476-5381.2010.00667.x 

[34] Bitto, A., Oteri, G., Pisano, M., Polito, F., Irrera, N., Minutoli, L., et al. (2013) Ade- 
nosine Receptor Stimulation by Polynucleotides (PDRN) Reduces Inflammation in 
Experimental Periodontitis. Journal of Clinical Periodontology, 40, 26-32.  
https://doi.org/10.1111/jcpe.12010 

[35] Bitto, A., Polito, F., Irrera, N., D’Ascola, A., Avenoso, A., Nastasi, G., et al. (2011) 
Polydeoxyribonucleotide Reduces Cytokine Production and the Severity of Colla- 
gen-Induced Arthritis by Stimulation of Adenosine A2A Receptor. Arthritis & Rheu- 
matology, 63, 3364-3371. https://doi.org/10.1002/art.30538 

[36] Montesinos, M.C., Gadangi, P., Longaker, M., Sung, J., Levine, J., Nilsen, D., et al. 
(1997) Wound Healing Is Accelerated by Agonists of Adenosine A2 (G Alpha S- 
Linked) Receptors. The Journal of Experimental Medicine, 186, 1615-1620.  

[37] Fischer, S., Knoll, R., Renz, D., Karliczek, G.F. and Schaper, W. (1997) Role of Ade- 
nosine in the Hypoxic Induction of Vascular Endothelial Growth Factor in Porcine 
Brain Derived Microvascular Endothelial Cells. Journal of Endothelial Cell Re- 
search, 5, 155-165. https://doi.org/10.3109/10623329709053395 

[38] Gu, J.W., Brady, A.L., Anand, V., Moore, M.C., Kelly, W.C. and Adair, T.H. (1999) 
Adenosine Up-Regulates VEGF Expression in Cultured Myocardial Vascular 
Smooth Muscle Cells. American Journal of Physiology, 277, H595-H602. 

[39] Leibovich, S.J., Chen, J.F., Pinhal-Enfield, G., Belem, P.C., Elson, G., Rosania, A., et 
al. (2002) Synergistic Up-Regulation of Vascular Endothelial Growth Factor Expre- 
ssion in Murine Macrophages by Adenosine A2A Receptor Agonists and Endotoxin. 
American Journal of Physiology, 160, 2231-2244.  
https://doi.org/10.1016/S0002-9440(10)61170-4 

[40] Hasko, G. and Cronstein, B.N. (2004) Adenosine: An Endogenous Regulator of In-
nate Immunity. Trends in Immunology, 25, 33-39.  
https://doi.org/10.1016/j.it.2003.11.003 

[41] Linden, J. (2005) Adenosine in Tissue Protection and Tissue Regeneration. Mole- 
cular Pharmacology, 67, 1385-1387. https://doi.org/10.1124/mol.105.011783 

[42] Polito, F., Bitto, A., Galeano, M., Irrera, N., Marini, H., Calo, M., et al. (2012) Poly- 
deoxyribonucleotide Restores Blood Flow in an Experimental Model of Ischemic 
Skin Flaps. Journal of Vascular Surgery, 55, 479-488.  

https://doi.org/10.1038/nri3547
https://doi.org/10.1038/jidsymp.2008.3
https://doi.org/10.1016/j.pneurobio.2007.07.005
https://doi.org/10.1096/fj.99-0508com
https://doi.org/10.1111/j.1476-5381.2010.00667.x
https://doi.org/10.1111/jcpe.12010
https://doi.org/10.1002/art.30538
https://doi.org/10.3109/10623329709053395
https://doi.org/10.1016/S0002-9440(10)61170-4
https://doi.org/10.1016/j.it.2003.11.003
https://doi.org/10.1124/mol.105.011783


C. Castellini et al. 
 

26 

https://doi.org/10.1016/j.jvs.2011.07.083 

[43] De Aloe, G.R.P., Biagioli, M., Taddeucci, P. and Fimiani, M. (2004). Skin Graft Do-
nor Site and Use of Polydeoxyribonucleotide as a Treatment for Skin Regeneration: 
A Randomized, Controlled, Double-Blind, Clinical Trial. Wounds, 16, 258-263 

[44] Squadrito, F., Bitto, A., Altavilla, D., Arcoraci, V., De Caridi, G., De Feo, M.E., et al. 
(2014) The Effect of PDRN, an Adenosine Receptor A2A Agonist, on the Healing of 
Chronic Diabetic Foot Ulcers: Results of a Clinical Trial. The Journal of Clinical 
Endocrinology & Metabolism, 99, E746-E753. https://doi.org/10.1210/jc.2013-3569 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Submit or recommend next manuscript to SCIRP and we will provide best 
service for you:  

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.  
A wide selection of journals (inclusive of 9 subjects, more than 200 journals) 
Providing 24-hour high-quality service 
User-friendly online submission system  
Fair and swift peer-review system  
Efficient typesetting and proofreading procedure 
Display of the result of downloads and visits, as well as the number of cited articles   
Maximum dissemination of your research work 

Submit your manuscript at: http://papersubmission.scirp.org/ 
Or contact abb@scirp.org 

https://doi.org/10.1016/j.jvs.2011.07.083
https://doi.org/10.1210/jc.2013-3569
http://papersubmission.scirp.org/
mailto:abb@scirp.org

	Anti Inflammatory Property of PDRN—An in Vitro Study on Cultured Macrophages
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. PDRN
	2.2. Cell Culture and Experimental Treatments
	2.3. Cell Viability
	2.4. Determination of NO Production
	2.5. Cytokine Secretion
	2.6. VEGF-A Secretion

	3. Materials
	4. Statistical Analysis
	5. Results
	5.1. Cell Viability
	5.2. Nitric Oxide Production
	5.3. Secretion of Pro- and Anti-Inflammatory Cytokines
	5.4. Secretion of VEGF-A

	6. Discussion
	7. Conclusion
	Conflict of Interest
	Acknowledgements
	References

