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Abstract

Background: Stabilized sodium hypochlorite solution at 4% (4% NaClO) is a product with healing properties but still
little studied scientifically. Here we evaluated the administration of 4% NaClO in a model of clean and infected skin
lesions.

Methods: Lesions were obtained on the dorsal region of Wistar rats. The wounds of some animals were inoculated with
Staphylococcus epidermidis (50uL, 10-7) and clean and infected lesions were treated with Trofodermin® or 4% NaClO
(diluted at 0.4%) as the following groups: Trofodermin®; S. epidermidis + Trofodermin®; 4% NaClO; S. epidermidis +
4% NaClO. Wounds sizes were daily measured and the excision of lesions was performed on day 8 for histopathological
evaluation and immunohistochemical studies of Annexin A1 (AnxA1), receptors for formylated peptides (FPR)1 and
FPR2 and vascular endothelial growth factor (VEGF). Levels of interleukin (IL)-1f and tumor necrosis factor (TNF)-a in
the supernatants of the macerated lesions were also measured.

Results: Wounds treated with 4% NaClO closed faster than those treated with Trofodermin®, especially in the infected
group. 4% NaClO reduced the expressions of AnxA1, FPR1, FPR2 and VEGF, as well as decreased the levels of IL-1f3.

Conclusion: These results pointed the potential of 4% NaClO in wound healing which opens the possibility for new
therapeutic strategies.
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1. Introduction

The skin healing involves a cascade of events that promotes wound healing and restores the anatomy of the skin. The
healing process is summarized in the phases of inflammation, proliferation and maturation (1). Several cells orchestrate
these phases and act through the release of proinflammatory factors, such as tumor necrosis factor-a (TNF-a),
interleukin-1f (IL-1fB) and anti-inflammatory mediators like the Annexin Al protein (AnxA1), related to the resolution
of the inflammation (2-4). In the tissue regeneration process, the growth factors such as the vascular endothelial growth
factor (VEGF) promote cell proliferation and differentiation. These factors restore blood flow to tissues and are essential
for granulation tissue formation after an injury (5).

The AnxA1 protein is a member of the annexin superfamily that exhibits affinity for Ca** and presents an unique N-
terminal portion for each member of the superfamily, which gives them specificity of action (3). In recent years, the
AnxA1 protein has been related to reparative and antifibrotic functions by regulating the fibroblast activity (2,4,6-10).
AnxA1 can act in an autocrine and paracrine way by binding with its formylated peptide receptors (FPR) 1 and 2, from
the class of G-protein-coupled receptors expressed by different cell types, including leukocytes, endothelial and
epithelial cells (3).

Although it is vital to the body, the healing process can lead to pathological scars (4,11). Therefore, laboratory models
are developed for the study of the healing process, for example, by cuts or excisions of the skin (12). Models of wounds
mainly infected by bacteria were also proposed for testing new therapies (13), since the infection by microorganisms is
one of the risk factors in patients.

In this context, chlorinated products like sodium hypochlorite (NaClO) is proven to be microbiocidal for disinfection of
surfaces (14-16) and in addition they have shown therapeutic applicability, as dental root canal irrigants (17), skin
decontamination (18,19) and wound healing (20-23).

Previous investigations showed that diluted solutions of sodium hypochlorite decontaminated human cadaveric skin

colonized by Staphylococcus aureus, Pseudomonas aeruginosa or Candida albicans with no significant effect on basal cell
viabilities (18,19). A research compared 3 topical treatments against spontaneous ulcerative dermatitis in C57BL/6
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mice and indicated better healing in the group treated with hypochlorite compared to the others treated with triple-
antibiotic ointment or povidone-iodine and sulfadiazine (21).

Other investigation pointed that human fibroblasts were viable after exposure to serial dilutions of unbuffered sodium
hypochlorite solutions, but the same dilutions of unbuffered sodium hypochlorite were bacterical to Pseudomonas
aeruginosa, Staphylococcus aureus and Streptococcus pyogenes (20).

Sodium hypochlorite (NaClO) wound irrigation solutions have gained increasing attention in daily clinical practice in
the prevention and treatment of low-level wound infections due to the lower cytotoxicity (24). Recently, in a case report
the administration of the hypochlorous acid to irrigate a horseshoe perianal abscess showed rapid fever subside and
wound closure, suggesting that this solution was able to adequately destroy the infecting microorganisms (23).

The 4% stabilized sodium hypochlorite solution (NaClO - 4%) has been applied in empirical use in veterinary clinics in
Brazil for its healing properties. Thus, the aim of this study was to evaluate the wound healing and microbiocidal
properties of 4% NaClO in induced wounds in the skin of rats, infected or not with Staphylococcus epidermidis, in an
attempt to reproduce and scientifically verify the method used in veterinary clinics, on the used dilution and
administration of the product.

2. Material and methods

2.1. Animals

Adult female Wistar rats (250-300 g) were obtained from the University Center Padre Albino (UNIFIPA) Catanduva, SP,
Brazil and divided into four groups (n=5/ group). The animals were kept in individual cages in a controlled environment
(24 to 25 °C) with water and food ad libitum. All experimental procedures were conducted in accordance with EU
Directive 2010/63/EU for animal experiments, the guidelines for biomedical research stated by the Brazilian Societies
of Experimental Biology and were approved by the Ethics Committees on Animal Use at UNIFIPA (Certificate No 04/18),
Brazil. Also, all experiments were performed in accordance with the National Institutes of Health (NIH). The
experiments were designed to minimize the number of animals used and their suffering during the execution of the
protocols and all animals were evaluated by the veterinarian of the institution.

2.2. Wound model and treatment protocols

The animals were anesthetized intraperitoneally with 0.2 mL/100g ketamine and 0,05mL/100g xylazine, then,
subjected to shaving and asepsis in the dorsal area to induce a lesion of 5 mm of diameter with a metal Punch. The
animals were given codeine (1mL/kg) by gavage immediately after lesion induction and, during the following days, the
analgesic was provided in water (30mg/L).

Cytotoxicity in glycosylated (5%) red blood cells (4%) solution
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Figure 1 Cytotoxicity analysis. Analysis of 4% NaClO cytotoxicity through hemolysis
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Two groups of animals had their wounds infected with S. epidermidis bacteria (Gram +), one of the most commonly
found microorganisms in skin disorders (25), by the inoculation of 50 uL of solution of the bacterial culture medium at
a concentration of 107 CFU/mL (26).

The clean and infected lesions were treated from day 1 of induction with Trofodermin® ointment (Pfizer, NY, USA),
which is considered a standard treatment, or 4% NaClO (Chemical Dioxide, SP, Brazil), setting the treatment groups:
Trofodermin®; S. epidermidis + Trofodermin®; 4% NaClO; S. epidermidis + 4% NaClO.

Prior administration, the product cytotoxicity was assessed in an in vitro hemolysis test. Different concentrations of 4%
NacClO diluted in physiological saline (0.2; 0.4; 0.6; 0.8; 1.0) were mixed with a glycosylated solution (5%) of human
blood (4%). The absorbance was read in a spectrophotometer (540 nm) (Figure 1). The concentration of 0.4% showed
only relative cytotoxicity and it was selected to be sprayed on the wounds of the animals in this experiment because it
is the empirically concentration used in veterinary clinics (Figure 2).

Eight days after the injury, the animals were euthanized by overdose of anesthetic (isoflurane) for excision of lesions.

Figure 2 Evolution of wound healing with daily application of 4% NaClO

To treat the extensive injuries caused by running over a dog, found abandoned on a farm. Daily applications of 4% NaClO
(diluted to 0.4%) were used as an experimental resource. A broad-spectrum antibiotic (Benzylpenicillin Procaine
15,000,000 IU, Benzylpenicillin Benzatin 10,000,000 IU, Dihydroestreptomycin 34.12 g, Vehicle qsp 100 mL) was
injected on the 1st day of admission to the veterinary clinic (1 mL / kg in a single dose).

2.3. Morphological, histopathological and immunohistochemical studies

The wounds of all animals were daily photographed and measured in order to monitor the wound healing process in
the different groups.

After euthanasia, lesion fragments were fixed in 4% formalin, processed for inclusion in paraffin and sectioned (4 pm).
The process of skin healing was evaluated histologically by hematoxylin-eosin staining (HE).
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FPR1, FPR2 and VEGF were detected by immunohistochemistry. The sections underwent antigen retrieval and
endogenous peroxidase activity blocking and were incubated for 3 hours, in a moist chamber at room temperature, with
the following primary antibodies diluted in 1% BSA: Rabbit anti-AnxA1 (Invitrogen, No. 71-3400, polyclonal, 1:600);
Rabbit anti-VEGF (Abcam, ab46154, polyclonal, 1:100); anti-FPR1 (Biorbyt, orb13410, 1:400) and anti-FPR2 (Abcam,
ab203129, 1:400).

The sections were then incubated with the biotinylated secondary antibody (Histostain Kit, Invitrogen) and immersed
in a conjugated streptavidin-peroxidase complex. The substrate diaminobenzidine (DAB Kit, Invitrogen) was used for
the development and, thereafter, the sections were stained with Hematoxylin.

For densitometric analysis, 20 different points of the epidermis and dermis in 5 different fields per slide were evaluated
to obtain an average related to the intensity of immunostaining. The values were obtained as arbitrary units (0 to 255)
by Leica image analyzer Image Analysis software (4).

2.4. Cytokines Levels

Fragments of lesions of all groups were macerated in liquid nitrogen and placed in Eppendorf tubes, in which 500 pL of
a solution containing protease inhibitors (Mini Complete EDTA-free, Roche Applied Science, Mannheim, Germany) and
phosphatase (PhosSTOP, Roche Applied Science, Mannheim, Germany) were added. The material was incubated for 1
hour at 4 °C under constant stirring, centrifuged at 14.000 rpm for 10 minutes at 4 °C and then the supernatants were
collected and immediately frozen at - 70 °C.

IL-18 and TNF-a levels were quantified in the supernatants of macerated lesions using the rat cytokine MILLIPLEX MAP
Kit (RECYTMAG-65K; Millipore Corporation, USA) and analyzed on LUMINEX xMAP MAGPIX equipment (Millipore
Corporation, USA). The concentration of the analytes was determined by MAGPIX xPONENT software (Millipore
Corporation, USA). Results were expressed as mean * standard error of the mean (S.E.M.) of cytokines concentrations

(pg/mL).

2.5. Statistical analysis

The results were previously submitted to a descriptive analysis and determination of normality. As the samples were
normally distributed, the Analysis of Variance (ANOVA) one way was used, followed by the Bonferroni test. All values
were expressed as mean = SEM. P values < 0.05 were considered statistically significant.

3. Results

3.1. The treatment with 4% NaClO was effective in wound healing

The morphological evaluations indicated that the lesions healed faster in the groups treated with 4% NaClO (diluted at
0.4%) compared to animals treated with Trofodermin®, especially in the group with infected lesions (Figure 3E). These
findings were corroborated by histopathological analysis that also showed faster reepithelization, rearrangement of the
dermis and reappearance of epithelial attachments by treatment with 4% NaClO (0.4%) compared to the groups treated
with Trofodermin® (Figure 3A-D).

3.2. AnxA1, FPR1, FPR2 and VEGF expressions were decreased by treatment with 4% NaClO (diluted at 0.4%)

Immunohistochemical studies showed expression of the protein AnxA1l in the epidermis and dermis of the lesions
(Figure 4). By densitometric evaluation, the immunostaining of this anti-inflammatory protein was decreased in the
epidermis of the 4% NaClO (0.4%)-treated-uninfected-group (Figure 4B and E). FPR1 and FPR2 receptors (Figure 4)
were expressed in the same regions observed for AnxA1l. FPR1 immunostaining was significantly reduced in the dermis
of the 4%-NaClO-treated-groups, mainly in the animals with infected lesions (Figure 5B). Differently, FPR2 expression
was decreased in both epidermis (Figure 5C) and dermis (Figure 5D), especially in the S. epidermidis + 4% NaClO group.

The expression of VEGF (Figure 6) was studied in the dermis and showed a significant reduction promoted by the

treatment with 4% NaClO (0.4%) (Figure 6E) in the infected (Figure 6D) and uninfected (Figure 6B) groups. The
specificity of the immunostaining was confirmed by the reaction controls (Figures 4G and 6F).
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Figure 4 AnxA1 expression in the healing process. AnxA1 expression in the epidermis and dermis of the Trofodermin®
(A); 4% NaClO (B); S. epidermidis + Trofodermin® (C); S. epidermidis + NaClO - 4% (D) groups. Counterstaining:
Hematoxilin. 50 um bars. Reaction control (G). Densitometric analysis. In the epidermis (E) and dermis (F). The data are
represented as mean # standard error of the mean (S.E.M), (n=5 / group)
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Figure 5 Expression of FPR receptors in the healing process. Densitometric analysis of FPR1 (A and B) and FPR2
expressions (C and D), respectively in the epidermis and dermis in the Trofodermin®; S. epidermidis + Trofodermin®;
4% NaClO; S. epidermidis + 4% NaClO groups. The data are represented as mean#standard error of the mean (S.E.M),
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3.3. Reduced levels of pro-inflammatory cytokines by 4% NaClO (diluted at 0.4%) administration

Similar to the immunohistochemistry results found for the expression of the proteins, the levels of the IL-1f (Figure 7A)
and TNF-a (Figure 7B) cytokines were also decreased with the treatment with 4% NaClO (0.4%), particularly for IL-13
(p <0.05)
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Figure 7 Levels of cytokines in the lesion supernatants. Interleukin (IL)-1 (A) and tumor necrosis factor (TNF)-a (B).
Trofodermin®; S. epidermidis + Trofodermin®; 4% NaClO; S. epidermidis + 4% NaClO groups. The data are represented
as meanz*standard error of the mean (S.E.M), (n=5 / group)

4. Discussion

In the present study, our group investigated the antibacterial and healing properties of the compound 4% NaClO
(diluted at 0.4%) in lesions infected or not with S. epidermidis. First we analyzed all the lesions morphologically and we
found faster healing in the 4% NaClO-treated groups, especially in the infected one.

NaClO has a broad antimicrobial spectrum and rapid bactericidal action (15,16). The effect of 0.04% NaOCI was shown
in maintaining the viability of remaining pulp cells in the revascularization of immature permanent teeth with apical
periodontitis while maintaining desirable antibacterial properties (27). Topical antimicrobials are one component in
burn wound care, because they suppress microbial growth and promote the balance in favor of keratinocytes and
wound healing (22). An unbuffered solution of NaClO with a concentration of 0.006% may be suitable for the topical
management of burn wound infections caused by common pathogens (20). These authors indicated that NaClIO at a
concentration of 0.006% was bactericidal to Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus
pyogenes but left 88% fibroblasts viable. Also the use of hypochlorous acid in an immunocompromised patient with a
horseshoe perianal abscess was proved to be better than diluted povidone-iodine to lavage the wounds. The irrigation
with hypochlorous acid was less painful and rapidly subside fever. The infection cleared within 2 weeks and final wound
closure was achieved after 6 weeks compared while in the irrigation with diluted povidone-iodine the final wound
closure was after 10 weeks (23). Therefore, the antimicrobial activity of NaClO may have helped to prevent the
development of S. epidermidis and inflammation as well as promoted the healing process in our study.

Continuing the research, the immunostaining of AnxA1 protein and its receptors, FPR1 and FPR2, which are related to
anti-inflammatory and reparative functions, was evaluated. In the groups treated with NaClO - 4%, it was observed a
reduction in the expression of AnxA1 and FPRs, showing a smaller magnitude of the inflammatory process and a better
tissue recovery capacity compared to the group treated with the standard ointment. Importantly, the uninfected group
treated with NaClO - 4% (0.4%), at the time of these analyzes, eight days after injury, had already showed scar tissue
and neogenesis of epithelial appendages. AnxA1 is an anti-inflammatory protein and is involved in several biological
processes such as proliferation and cell death (3), which could explain its lower expression in the groups in which the
wound healing occurred earlier. AnxA1 has also been related to antifibrotic and healing function in mucosal and skin
lesion models (4,12,28). Thus, the group treated with NaClO - 4% also had the advantage of faster tissue repair and
lower degree of fibrosis after treatment.

The role of AnxA1 in intestinal wound healing with participation of FPR1 and reduction of inflammation was evidenced
in experimental colitis in rats (28). In a study about induced pulmonary fibrosis, it was observed a greater deposition
of collagen in the lung of knockout mice for AnxA1 (9). In another model study on pulmonary fibrosis, the destruction
of lung architecture, increased inflammation and collagen accumulation were found in AnxA1l knockout mice (7).
Another investigation showed an increased expression of AnxAl and FPR2 in the animals with fibrotic nephropathy
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compared to their controls (10). Studies on models of cutaneous lesions showed the relation of AnxA1 and skin healing.
One of them pointed out that in the skin incisions treated with the mimetic peptide of AnxA1 the wound healing occurred
faster (12). In another investigation that was performed by our research group, it was observed higher AnxA1l
expression in skin scars of burns treated with standard commercial ointment and better healed compared to the
untreated group (4).

In relation to FPRs, these receptors are present in innate immunity cells, fibroblasts, endothelial and epithelial cells
(29,30) where they act as pattern recognition receptors (PRRs) recognizing thousands of types of bacterial peptides
(Pathogen-Associated Molecular Patterns - PAMPs). The binding of the FPR to their agonists is related to the immune
response after tissue injuries (22), since in knockout mice for FPR1 and FPR2 wound healing is slower (31). In this work,
we observed a reduction of FPR1 expression in the dermis while FPR2-immunostaining was decreased in the dermis
and epidermis of animals infected with S. epidermidis and treated with 4% NaClO (0.4%), suggesting an important
microbicidal activity of the tested compound. Among the FPRs analyzed in this study, FPR2 had a more reduced
expression after the treatment with 4% NaClO (0.4%) in infected wounds, showing greater involvement of this receptor.
The FPR1 recognizes a wide range of small bacterial peptides, while FPR2 is capable of binding to larger peptides and,
mainly, those derived from Staphylococcus (staphylococcal-derived phenol-soluble modulins) (30), the kind of bacteria
used in our model.

Confirming the data from the other immunostainings, VEGF expression was also reduced in animals treated with 4%
NaClO (0.4%), especially in the infected group. This growth factor is related to the initial phases of the healing process
when occur the formation of the granulation tissue (32). However, VEGF expression has also been found in more
advanced phases, on 7 days after the burn injury in mice (33) and rats (33,34). Despite the increased expression of
growth factors, which indicate good healing (35), the NaClO + S. epidermidis group had closed lesions at the time of
biopsy, while Trofodermin® group had open wounds, which may be explain the VEGF reduction in the groups treated
with 4% NaClO (0.4%) compared to standard treatment.

In complementary studies, we observed lower levels of IL-1f and TNF-a cytokines in the 4% NaClO (0.4%)-treated-
groups, with a significant reduction in IL-1B. Both cytokines are related to inflammatory and reepithelialization
processes and they are released by leukocytes, mainly overexpressed in the early stages of healing (4,32,33). The
reduction of the proinflammatory cytokines may be considered as a parameter for wound treatment; thus, the tested
treatment showed efficacy. In ulcerative dermatitis in mice, once-daily topical treatment with NaClO 0.005%
prevented further tissue damage by inhibiting excessive neutrophilic oxidative burst and, then, allowed tissue healing
(21). Also, topical hypochlorite ameliorates NF-kB-mediated skin diseases in mice (36). Our results corroborate these
works and point to the therapeutic wound healing potential of NaClO with protective effect against infection.

5. Conclusion

Our analysis showed faster healing in rats infected with the bacterium S. epidermidis and treated with 4% NaClO (diluted
at 0.4%) through measurements of lesion size, histological results, immunohistochemical studies of AnxA1, FPR1, FPR2
and VEGF as well as the quantification of pro-inflammatory cytokines. These data indicate that 4% NaClO (0.4%) has
healing properties and important microbicide profile and supports its therapeutic application.
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