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SUMMARY: The treatment of chronic wounds has become a public health issue in recent years mainly due to comorbidities
associated with an older population and bacterial resistance. Honey has emerged as an alternative treatment for chronidagkunds
of knowledge of its mechanism of actionin the treated tissue and low quality of evidence in clinical triads has distaredidathe m
community from honey as a possible treatment. One of the main processes that is altered in chronic wounds is re-epithelializati
mediated by keratinocytes, where proliferation and migration processes are altered. Markers of proliferation, migraticatiancbact
keratinocytes, such as adhesion molecules, growth factors, membrane receptors, signal translating proteins, transcargption facto
microRNAs, among others are deregulated in this process. In general, honeys from different floral origins have a potsitive effec
markers of proliferation and migration in keratinocytes. In conclusion there are still few studies that focus on the actiecuttr
honey in keratinocytes and fail to report details on the honey used not allowing to achieve the same results.
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INTRODUCTION

The treatment of chronic wounds (CW) has a gre@nd parameters studied, in addition to the low specification
impact on public health since the evolution of these woun@$ the honey used. The authors comment on the low quality
is slow and dizzying, along with the increase in bacteri@f the evidence (Juét al, 2015).
resistance, has led the medical community to seek alternative
therapies in the treatment of these wounds. Any wound has ~ Histologically, CW are characterized by
the ability to heal successfully or evolve to CW, dependingyperproliferative and non-migratory epidermis, permanent
on the associated comorbidities, such as diabetes mellitliflammation, bacterial infection and presence of biofilm,
immobilization, postoperative infection, among others. Th@ecreased of angiogenesis and remodeling of the
scientific community has put its interest in honey as @xtracellular matrix (ECM) and fibrosis. A variety of cells
treatment for CW since the healing properties of honey f@fe involved in this process, platelets, neutrophils, fibroblasts,
the treatment of wounds have been known since antiquifjyofibroblasts, keratinocytes, endothelial cells and
this knowledge was not always accompanied by qualifjpacrophages, however, molecular mechanisms involved in
research on the properties of honey, so it can not be guarante@esistence of chronic wounds are poorly understood. One
that the effect of the product will be replicable over timehechanisms described being dysregulation of
which has caused resistance in the medical community for ietalloproteinases (MMP) and their inhibitors (Emétg
use. A systematic review, which included 10 triads of patien@d., 2014).
with CW, the authors stated that it is difficult to draw general
conclusions about the effects of honey as a topical treatment ~ Scientific evidence has argued in favor of ability of
for wounds due to the heterogeneous nature of the patieRghey to interact with the complex cellular and molecular
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machinery to carry out wound healing (Schenekal, of keratinocytes and pERK (Tscharntke al., 2007).
2013). However, lack of information on quality andStojadinovicet al (2008) wanted to verify the idea that
categorization of honey as treatment in wounds, togethailure in processes of activation and differentiation of
with lack of knowledge of molecular mechanisms involvetteratinocytes would have a role in the generation of CW.
in the process, make it difficult to reproduce the results they studied expression profile by microarray (Affymetrix)
ensure their therapeutic effect. of skin from unhealed edge of venous ulcers and healthy
skin, finding 1557 differentially regulated genes. There was

The healing process is divided in 3 stages that overlapcreased expression in markers of early activation of
inflammation, proliferation and remodeling, involvingkeratinocytes, keratins 6, 16 and 17. They observed an
different cell types, cytokines and growth factors at eadmbalance in genes related to cell cycle with a decrease in
stage. In the inflammatory stage, immune system cells suekpression of retinoblastoma proteins family (Rb, p107 and
as neutrophils, monocytes-macrophages, lymphocytes gntB0 ) and increase expression of CDC2, cyclin B1, cyclin
platelets are protagonists, in the proliferative stag®2, cyclin A2, cyclin F and cyclin M4, promoting increase
keratinocytes, fibroblasts and endothelial cells are importawf, the complexes CDC2 / cyclin B1 and CDC2 / cyclin A2
macrophages still present, and in the remodeling stage thesgich promote transitions G1 /S and G2/ M in cell cycle,
is presence of fibroblasts, myofibroblasts and macrophagedded to the decrease in the expression of CHES1 and
(Gonzalezet al, 2016; Sorget al, 2017). During the WEEL, both regulatory points of cell cycle, the authors
proliferative stage a fundamental event occurs so that thbserved expression profile of genes that promote
healing process is successful, the keratinocytes of the woumgperproliferative phenotype. There was a decrease in
margins proliferate, migrate and differentiate to close thexpression of K1 and K10, early markers, and of filaggrin
wound and restore the integrity of the epidermis by a procemsd trichohialin, late markers, of keratinocytes. They also
called re-epithelialization (Pastar al, 2014). observed decrease in expression of genes from tight

junctions, TJ protein 3, spectrin 1, InaD type protein,

One of the signs of evolution to CW is failure inClaudin 5 and 8, occludin and the components of the
process of re-epithelialization, a process that is studiedpolarity complexes PARD and CDC42. The authors
vivo andin vitro models of acute wounds since there arebserved dysregulation of genes encoding
no animal oin vitro models to study chronic wounds but itdesmosromasomal cadherin proteins, increased expression
suggests that the mechanisms involved in refdesmocolin 2 and desmoglein 3 and decreased expression
epithelialization process would will be similar (Emiagg of desmocolin 3 and desmoglein 2, also desmoplakin and
al.). Thus, the objective of study was to describe moleculplakophilin 2 decreased their expression. The authors state
mechanisms in Kkeratinocytes involved in rethat keratinocytes in venous ulcers initiate process of
epithelialization process and molecular effects of honaifferentiation but fail to successfully complete this process
on these cells. and prevent formation of an epidermal barrier.

Molecular mechanisms in wound healing in keratinocytes In order for an efficient re-epithelialization process,
desmosomal adhesion complexes must be modified so that
During healing process there is a high number @higration of keratinocytes from the unhealed edges of
molecules and cells involved, keratinocytes play amvound occurs first and subsequent epidermal restructuring
important role in homeostasis of the skin throughbccurs. The desmosomes in epidermis of adult mice showed
proliferation and differentiation that allows during the first strongly adhesive "Hyperadhesive"*Cmdependent
stage of healing restore the integrity of skin by a proceptenotype and desmosomal adhesion after a wound
called re-epithelization, where keratinocytes from unhealdscomes Cadependent and less adhesive, who regulates,
edges of wound, proliferate, migrate and differentiate ta part this, is PK@. The inhibition of PK@: significantly
close the wound (Singer & Clark, 1999). Althoughdecreases wound closurevitro and re-epithelialization
molecular mechanisms involved in this process are niot vivo, and its increase, accelerates re-epithelialization
completely known in recent years, progress has been malecess. Decrease in the "hyperadhesive" phenotype of
in understanding molecules involved in proliferation andesmosomes was observed in presence of inhibitor and in
migration of keratinocytes. knockout mouse for PKe&, demonstrating importance of
PKCa in regulation of desmosomal adhesion. In biopsies
A dominant negative mutant for expression of Racaf unhealed edges of CW, abundance of "hyperadhesive”
in keratinocytes showed a significant delay in redesmosome phenotype was observed, unlike acute wounds,
epithelialization compared to wild type mouse, concludingshich would explain decrease in epidermal migration
that inhibition of Racl decreased proliferation, migratiofThomasoret al, 2012; Walliset al., 2000).
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Connective tissue growth factor (CCN2) regulateand STAT3 signaling pathways and decrease expression
migration of keratinocytes by activation of Ras-MEK-ERKimpairs healing process due to sustained inflammation and
signal translation pathway, belonging to MAPKs familydeficiency in proliferation of keratinocytes. miR-483-3p
which would allow closure of wound through union fromincreases expression and decreasing the proliferation of
keratinocytes to fibronectin throug Integrina receptor aStKeratinocytes at end of re-epithelialization (Bertetal,
and activation of local adhesion kinase (FAK). Transforming011).
growth factor3 (TGH3) stimulates expression of CCN2 in
hyperproliferative keratinocytes (Kiwanule al, 2013a; Effects of honey at the molecular level in the process of
Kiwanukaet al, 2013b). Overexpression of Src acceleratag-epithelialization during wound healing
wound healing by promoting migration of keratinocytes and
mechanism involved would be through increase in Proliferation and migration of keratinocytes is one
expression of MMP- 2 via signaling path ERK 1/ 2 (&/u of pillars of the re-epithelialization process being crucial in
al., 2016). wound healing, so knowledge of effect of honey on molecular

mechanisms involved in these functions is an important study

Transcription factor FOXO1 is involved in regulationobjective.

ECM. In keratinocytes and mice with FOXO1 deletion there
was a decrease in the formation of the collagen matrix, As Figure 1 shows, honey induces an increase in the
fibroblasts and myofibroblasts, and a decrease in tlegpression of IL-1b, TNFa and TGFb from keratinocytes
expression of TGEFand CCN2 was also seen. Activation ofMajtanet al, 2010). These three molecules are important
the transcription factor FOXO1 would induce release ah the keratinocyte activation cycle: IL-1b diminishes the
TGFB by keratinocytes to stimulate process of reexpression of the basal keratins K14 and K19, while TNFa
epithelization and remodeling of ECM by increasingeeps the keratinocytes in an activated state (Freedberg
expression of CCN2 that stimulates fibroblastsal., 2001), promoting the expression of keratin K6. After
myofibroblasts and cells that express mesenchymal cahy skin wound, the keratinocytes at the margin of the wound
markers (Ponugott al, 2013; Zhangt al, 2017). express the keratins K6, K16 and K17 these are markers of
activated keratinocytes, which are hyperproliferative and are
MicroRNAs involved in the re-epithelialization process found in the suprabasal layers of the epidermis, providing
expressed in keratinocytes the necessary mechanical characteristics for the migration
process (Molkt al, 2008). A study in the keratinocytes of

MicroRNAs are a new focus of study in process oflouble mutant mice for Kéa and K6b showed that the
wound healing. miR-21 attenuates migration o#&bsence of this keratin increased the epithelization potential,
keratinocytes, and in cells that overexpress it there isbacause the migratory capacity of the keratinocytes increased
decrease in expression of inhibitor of metalloproteinase(8/ong & Coulombe, 2003). Likewise, over-expression of
(TIMP3) and protein for the induction of metastasis an8rc accelerates wound healing by promoting keratinocyte
invasion of T-lymphoma (TIAM1) (Yangt al, 2011). miR- migration, and the mechanism involved would be through
31 increased its expression in keratinocytes of unhealetreased MMP-2 expression by the signalling pathway
edges of wound during inflammatory and proliferative phadseRK1/2 (Wu, 2016). Rotty and col postulate that K6
and positively influenced proliferation and migration oexpression and its union with Src protein kinase is a
these. Bioinformatic analysis showed that epitheliahechanism to regulate the activity of this protein, which
membrane protein (EMP-1) was a target of miR-31 aridcreases in the absence of K6 (Rotty & Coulombe, 2012).
overexpression of it, decreased expression of EMP-Thus increased K6 expression would restrain the action of
increased expression of TGFand TGB2 and proliferation Src and therefore the expression of MMP-2, which is
of keratinocytes (Let al, 2015a). Overexpression of miR-necessary for successful wound healing. There is evidence
155 resulted in acceleration of healing process and rat honey increases MMP-2 and ERK1/2 expression
epithelialization, improving migration of keratinocytes, with(Ranzatoet al, 2012), so the mechanism may function
overexpression of MMP-2 and decreased expression of itsough Src expression; in this case K6 expression would
inhibitor TIMP-1 (Yanget al, 2017). Liet al (2015b) act as a regulation point to restrain the action of MMP-2.
confirmed increase of miR-31 and miR-155 by analysis of Bhis molecule is necessary in the first instance for
total of 754 microRNAs expressed in skin and added to miReratinocyte migration, but its action needs to be restrained
32 as a microRNA not overexpressed in keratinocytes imthe following stage of cicatrization for this to be successful.
response to TEFL and TGIB2 during wound healing
process, miR-32 inhibits NF-kB signaling pathway and Ranzatoet al. studied effect of three types
promotes proliferation of keratinocytes through EGFR, ERKionofloral honeys, Acacia HonelR@binia pseudacacja
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Fig. 1. Molecular action mechanisms of honey in keratinocytes. The molecular action mechanisms of honey in
keratinocytes are shown with scientific evidence (black arrow), and hypotheses of the possible molecular action
of honey in keratinocytes (dotted blue arrow). The red lines show the inhibition mechanism.

Buckwheat Honey (gentgopyrum and Manuka Honey expression of this particular keratin, or the keratin profile
(New Zealand teatred,eptospermum scoparignfor in general.
several molecular markers involved in wound healing. All
honeys showed significant wound closure (Scratch test) but ~ Multifloral honey combined with alginate matrix
there were significant differences in molecular marker$1AF) showed faster wound closure compared to control
evaluated. Decrease in wound closure was observedaimd alginate matrix alone. At 48 hours of Scratch assay
presence of BAPTA, inhibitor of intracellular CaThey only HAF produced total closure of wound. Expression of
observed increase in expression of MMP-9 with all honey&67 (cell proliferation marker) was high in group treated
used, MMP-3 was slightly elevated in cells treated witlvith HAF at 12 h and at 24 h they lowered their level,
Manuka honey while MMP-10 and 13 and TIMP-4which agrees with decrease in proliferation process and
decreased their expression in cells treated with acacia hoimatiation of re-epithelialization. Decrease of Ki67 and up-
and buckwheat respectively. All honeys activated CDK2egulation of p53 and E-cadherin at 24 h indicates reduction
cyclin-dependent kinase involved in the G1-S transitioof epithelial cell proliferation and initiation of cell cell
and proliferation of keratinocytes, and local adhesion kinaaehesion. The authors conclude that presented evidence
(FAK) and rasGAP SH3 binding protein 1, both involvedghows that presence of honey in alginate matrix improves
in cellular locomotion. Acacia and Buckwheat honeynolecular events associated with re-epithelization process
increased expression of vimentin (mesenchymal phenotygigarui et al., 2013).
marker) and decreased expression of keratin 14 and 19
(epithelial phenotype marker). Honey increases expression  Chaudhanet al.(2015) used honey of Indian origin,
of syndecan-4, an important protein involved in celvithout specifying floral origin, on HaCaT cells and observed
adhesion and migration which is present in adhesion fdabiat a dilution of 0.1% of honey increased expression of p63,
(Ranzatcet al); syndecan-4 in turn activates PECLim, indicative of cell proliferation, which was associated with a
et al, 2003). wound closure more rapid, together with a cytoplasmic
expression of E-cadherin afietatenin suggesting migration
The keratins K6/K17, expressed in activateaf cells during wound closure.
keratinocytes, can increase PHG@xpression, also
promoting loss of the desmosome junction (Losatksd, An uncicatrized wound is an environment rich in
2016). Although it has been shown that K6 expression fisactive oxygen species, which are deleterious for the cells;
associated with changes in the keratinocytes which promdtewever, these molecules, especially hydrogen peroxide
the formation of its activated phenotype, to date there a(t¢,0,), can act as intermediaries in the intracellular signal
no studies which show directly whether honey increaséansduction pathways. Honey increases the expression of
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Aquaporin 3 (APQ3), a transmembrane channel presentYanget al, 2011, 2017) agree that increase in the expression
keratinocytes which can transport water, glycerol and othef TGH3 regulates expression of microRNAs and promotes
small molecules, including @, (Hara-Chikumat al, 2015).  migration of keratinocytes, an essential process for a nor-
When AQP3 expression increases, the entry,6f iito the  mal wound healing.
cell also increases, activating transient receptor potential
melastatin 2 (TRM2) and Orail channels, inducing calcium During re-epithelialization process, keratinocytes
entry with a consequent increase in intracellular*Camust detach from basement membrane, secreting
(Martinotii et al, 2019). Keratinocytes express the enzymmetalloproteinases (MMPSs), including MMP-9, which de-
NADPH oxidase (Nox) types 1 and 2; Nox2 induces thgrades type IV collagen and elastin. Magaal and Ranzato
formation of extracellular kD, by stimulating TN, which et al observed an effect of honey on this type of molecules
enters the cell through AQP3 (Hara-Chikwgtaal). It is  and their inhibitors.
known that the HD, present in honey is due to the action of
the glucose oxydase enzyme on the glucose, generang H Honey has been studied as a whole and also isolated
and glucoronic acid as a product, on the other hand, thad purified proteins of the same honey, not finding a
keratinocytes are also capable of producing extracelly@y H significant difference in effects seen. Majetral found no
in the presence of TNFE Thus we can hypothesise that thesignificant difference in molecular markers studied when
contact of honey with keratinocytes during cicatrization couldsing acacia honey or purified protein of this MRJP1.
increase extracellular B, levels by increasing expression
of the enzyme NADPH oxydase 2 through stimulation of In reviewed studies (Bareit al; Chaudharet al;
TNFa. So honey has two mechanisms for enhanddajtanet al; Ranzateet al) information on type of honey
intracellular HO,, by increasing AQP3 expression and TNF used was very basic, referring only if itis mono or multifloral,
expression. Increased AQP3 expression promotes cedtinform pollen percentage in the case of monofloral honey,
proliferation and release of TFby the notch signalling which could be a relevant data in case of wanting to repro-
pathway (Gueet al, 2013), keeping the keratinocytes in arduce the results, even in the case of the study carried out by
activated, undifferentiated state. In contrast, the silencing tife Chaudargt al., they only comment that the honeys used
AQP3 increases levels of activated notch significantly, alsre from India and that according to physical and chemical
increasing the expression of K1, a differentiation markegnalysis, honey A was chosen to carry out the study. Only
this shows that increased AQP3 expression promotes \w&hen Manuka honey was used was information "Unique
undifferentiated proliferative phenotype (Geioal), which Manuka Factor" (UMF) index given that accounts for a type
is necessary in the first stage of re-epithelization. of categorization of this type of honey. Ranztal mention
the importance of the botanical origin of honey but in their
study they do not specify characteristics of the honeys used.

DISCUSSION Although Ranzatet al carried out an extensive study
in relation to molecules involved in re-epithelialization
process of keratinocytes, their study was rather descriptive
Molecular actors involved in wound healing arewithout postulating any mechanisms of honey action.
almost innumerable and involve a variety of molecules and
cells at different stages of healing process, resulting in a There were differences in controls used in the Scratch
complex network of underlying mechanisms. Moleculesial to evaluate cell migration, some authors used controls
related to function that keratinocytes have in this proce#izat promoted wound closure as a platelet lysate (Raetzato
are also quite and not fully understood, including growthl.), while others used a control without any additive to
factors, cytokines, membrane receptors, adhesion molecul@®mmote migration or wound closure (Chaudhetrgl), and
signal translating proteins and microRNAs. could vary the perception of wound closure. A positive aspect
derived from the present review is that most of the studies
Stojadinovicet al. and Thomasoet al agree that carried out to analyze the effect of honey on keratinocytes
molecules involved in cell-cell adhesion, such awere performed on the HaCaT immortalized human skin
desmosomes, would play an important role in migratiokeratinocyte cell line, which provides an important point of
process of keratinocytes and subsequent restructuringcoimparison between the studies (Batal; Chaudharget
epidermis as a barrier, failure of these mechanisms beinglg Ranzatet al), however, to evaluate honey as a possible
possible cause of chronic wounds. treatment for chronic wounds, an animal model is needed
that resembles the characteristics of a chronic wound (Eming
The studies focused on microRNAs étial, 2015a; et al).
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