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Abstract:	Regeneration	and	tissue	repair	processes	consist	of	a	sequence	of	molecular	and	cellular	events	which	occur	after	
the	onset	of	 a	 tissue	 lesion	 in	order	 to	 restore	 the	damaged	 tissue.	The	exsudative,	proliferative,	 and	extracellular	matrix	
remodeling	phases	are	sequential	events	that	occur	through	the	integration	of	dynamic	processes	involving	soluble	mediators,	
blood	cells,	and	parenchymal	cells.	Exsudative	phenomena	that	take	place	after	injury	contribute	to	the	development	of	tissue	
edema.	The	proliferative	 stage	 seeks	 to	 reduce	 the	 area	of	 tissue	 injury	by	 contracting	myofibroblasts	 and	fibroplasia.	At	
this	stage,	angiogenesis	and	reepithelialization	processes	can	still	be	observed.	Endothelial	cells	are	able	to	differentiate	into	
mesenchymal	components,	and	this	difference	appears	to	be	finely	orchestrated	by	a	set	of	signaling	proteins	that	have	been	
studied	in	the	literature.	This	pathway	is	known	as	Hedgehog.	The	purpose	of	this	review	is	to	describe	the	various	cellular	
and	molecular	aspects	involved	in	the	skin	healing	process.
Keywords:	Cell	proliferation;	Hedgehog	proteins;	Inflammation;	Wound	Healing

Cutaneous wound healing is an essential physiological pro-
cess consisting of the collaboration of many cell strains and their 
products.¹	Attempts	to	restore	the	lesion	induced	by	a	local	aggres-
sion	begin	very	early	on	in	the	inflammatory	stage.	In	the	end,	they	
result	 in	 repair,	 which	 consists	 of	 the	 substitution	 of	 specialized	
structures	brought	about	by	the	deposition	of	collagen,	and	regener-
ation,	which	corresponds	to	the	process	of	cell	proliferation	and	pos-
terior differentiation through preexisting cells in the tissue and/or 
stem	cells.²	These	mechanisms	do	not	mutually	exclude	themselves,	
that	is,	after	a	skin	lesion,	in	the	same	tissue,	regeneration	and	repair	
can	occur,	depending	on	the	cell	strains	compromised	by	the	injury.

Tissue regeneration and repair processes occur after the 
onset of the lesion. Be that due to the trauma or resulting from a 
specific	pathological	 condition.	One	 lesion	 is	 created	by	all	of	 the	
stimuli	that	break	the	physical	continuity	of	functional	tissues.	The	
stimuli	that	cause	lesions	can	be	external	or	internal,	as	well	as	phys-
ical,	chemical,	electric,	or	thermal.	Moreover,	the	lesions	can	result	
in	damage	to	specific	organelles	or	to	cells	as	a	whole.¹

Tissue repair is a simple linear process in which the growth 
factors	 cause	 cell	 proliferation,	 thus	 leading	 to	 an	 integration	 of	
dynamic	 changes	 that	 involve	 soluble	mediators,	 blood	 cells,	 the	
production	of	the	extracellular	matrix,	and	the	proliferation	of	pa-
renchymal	cells.	The	skin	healing	process,	according	to	Mitchel	et al.,	

illustrates	the	principles	of	repair	for	the	majority	of	tissues.³
Cell and biochemical events in wound repair can be divided 

into	 the	 following	stages:	 inflammatory	reaction,	cell	proliferation	
and	synthesis	of	the	elements	which	make	up	the	extracellular	ma-
trix,	and	the	posterior	period,	called	remodeling.4 These stages are 
not	mutually	excluding,	but	rather	overlap	over	time	(Graph	1).3

This literature review aims to highlight the biological pro-
cesses	involved	during	wound	healing,	with	emphasis	on	the	cells,	
growth	 factors,	 and	 cytokines	 that	participate	 in	 the	 tissue	 repair	
process.

INFLAMMATORY STAGE

In	 a	 vascular	 inflammatory	 response,	 the	 lesioned	 blood	
vessels	contract	and	the	leaked	blood	coagulates,	contributing	to	the	
maintenance of its integrity. The coagulation consists of an aggregation 
of	thrombocytes	and	platelets	in	a	fibrin	network,	relying	on	the	ac-
tion	of	specific	factors	through	the	activation	and	aggregation	of	these	
cells.5	The	fibrin	network,	in	addition	to	reestablishing	homeostasis	
and	 forming	 a	 barrier	 against	 the	 invasion	 of	 microorganisms,	
organizes	the	necessary	temporary	matrix	for	cell	migration	(Figure	
1),	which	in	turn	restores	the	skin’s	function	as	a	protective	barrier,	
maintaining	the	skin’s	integrity.¹	This	also	makes	it	possible	for	cell	
migration	 to	 the	 lesion’s	microenvironment	 and	 the	 stimulation	 of	
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fibroblast	proliferation.	
Cell	response	in	the	inflammatory	stage	is	characterized	by	

the	 influx	 of	 leukocytes	 in	 the	wound	 area	 (Figure	 2).	 Such	 a	 re-
sponse	 is	 very	 quick	 and	 coincides	with	 the	 key	 signs	 of	 inflam-
mation,	which	are	revealed	by	the	edema	and	the	erythema	at	the	
location	of	the	lesion.	Normally,	cell	response	is	established	within	
the	first	24	hours	and	can	extend	for	up	to	two	days.	A	quick	acti-
vation	of	the	immune	cells	in	the	tissue	may	also	occur,	as	happens	
with	mastocytes,	 gamma-delta	 cells,	 and	Langerhans	 cells,	which	
secrete	chemokines	and	cytokines.	Inflammation	is	a	localized	and	
protective	tissue	response	that	 is	unleashed	by	the	lesion,	causing	
tissue	 destruction.	 Inflammatory	 cells	 play	 an	 important	 role	 in	
wound	healing	and	contribute	to	the	release	of	lysosomal	enzymes	
and	reactive	oxygen	species,	as	well	as	facilitate	the	clean-up	of	var-
ious cell debris.6

Buckley	argues	that	the	interaction	of	leukocytes	and	stro-
mal	cells	during	an	acute	 inflammatory	response	resolves	around	
the	 inflammatory	 focus.7 Neutrophils	 are	 known	 for	 expressing	
many	pro-inflammatory	cytokines	and	a	large	quantity	of	highly	ac-
tive	antimicrobial	substances,	such	as	reactive	oxygen	species	(ROS),	
cationic	peptides,	 and	proteases	 at	 the	 location	of	 the	 lesion.	The	
inflammatory	response	continues	with	the	active	recruitment	of	the	
neutrophils	in	response	to	the	activation	of	the	complement	system,	
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platelet	degranulation,	and	bacterial	degradation	products.8 These 
are	 attracted	 by	 many	 inflammatory	 cytokines	 produced	 by	
activated	platelets,	 endothelial	 cells,	 and	degradation	products	 of	
pathogenic agents.9	In	this	manner,	the	neutrophils	are	the	primary	
activated and recruited cells that play a role in the clean-up of the 
tissue,	as	well	as	contribute	to	the	death	of	invading	agents.3

Only	a	few	hours	after	the	lesion,	a	quantity	of	neutrophils	
transmigrate through the endothelial cells present in the blood capil-
lary	walls,	which	are	activated	by	pro-inflammatory	cytokines,	such	
as IL-1 β,	TNF-α	(tumor	necrosis	factor	alpha),	and	IFN-γ (interferon 
gamma)	at	 the	 location	of	 the	 lesion.	Such	cytokines	promote	 the	
expression of many classes of adhesion molecules. These adhesion 
molecules	are	a	determining	factor	for	the	diapedesis	of	neutrophils,	
including	selectins	and	integrins	-	(CD11a/CD18	(LFA-1);	CD11b/
CD18	(MAC-1);	CD11c/CD18	(gp150,	95);	CD11d/CD18)²	 -	which	
interact with those already present on the membrane surface of en-
dothelial	cells.	The	referent	cells	also	influence	many	other	aspects	
of	 tissue	 repair,	 such	 as	 the	 resolution	 of	 fibrin	 and	 extracellular	
matrix	 coagulation,	 the	 prompting	 of	 angiogenesis,	 and	 reepithe-
lialization.¹

As	of	48	hours	after	the	onset	of	the	lesion,	the	migration	of	
monocytes	from	neighboring	blood	vessels,	which	also	infiltrate	the	
lesion	area,	is	intensified,	and,	with	the	generation	of	the	new	gen-
ic	 expression	profiles,	 are	differentiated	 into	macrophages.	These,	
which	are	activated	 through	chemokine	signaling,	can	act	as	cells	
that present antigens and that aid neutrophils in phagocytosis.²

Thus,	 in	addition	to	resident	macrophages,	 the	main	pop-
ulation of macrophages in the lesion is recruited from the blood in 
response	 to	 chemotactic	 products,	 as	 can	 be	 seen	 in	 extracellular	
matrix	protein	fragments,	TGF-β,	MCP-1	(protein	1	chemotactic	for	
monocytes).10

Based	 on	 the	 profiles	 of	 genic	 expression,	 macrophages	
can	 be	 classified	 as	 classically	 activated	 (M1	 pro-inflammatory)	
and	alternatively	activated	 (M2	anti-inflammatory	and	pro-angio-
genic).11	These	macrophages	release	growth	factors,	such	as	PDGF	
and	VEGF,	which	are	 commonly	necessary	 for	 the	 triggering	and	
propagation	 of	 new	 tissue	 in	 the	 lesioned	 area,	 since	 animals	
with	a	depletion	of	macrophages	present	defects	in	wound	repair,	
conferring	 upon	 these	 cells	 a	 key	 role	 in	 the	 transition	 of	 the	
exsudative stage to the proliferative stage within the tissue repair graph 1:	Sequential	illustration	of	the	stages	involved	in	tissue	re-

pair

FIgure 1: 
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FIgure 2: 
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process.12

Macrophages perform the functions of muscular debris 
phagocytosis,	as	well	as	the	production	and	release	of	cytokines	and	
pro-angiogenic,	 inflammatory,	 and	 fibrogenic	 factors,	 and	 of	 free	
radicals.13	Moreover,	the	macrophages,	upon	secreting	chemotactic	
factors,	 attract	 other	 inflammatory	 cells	 to	 the	wound	 area.	 They	
also	produce	prostaglandins,	which	function	as	potent	vasodilators,	
affecting	 the	 permeability	 of	 micro-blood	 vessels.	 Together,	 such	
factors cause the activation of endothelial cells.14 These	cells,	accord-
ing	to	Mendonça	&	Coutinho	Netto,	also	produce	PDGF,	TGF	beta,	
FGF,	and	VEGF,	which	stand	out	as	the	main	cytokines	capable	of	
stimulating the formation of granulation tissue.15

PROLIFERATIVE STAGE

The aim of the proliferative stage is to diminish the lesioned 
tissue	area	by	contraction	and	fibroplasia,	establishing	a	viable	epi-
thelial	barrier	to	activate	keratinocytes.	This	stage	is	responsible	for	
the	closure	of	the	lesion	itself,	which	includes	angiogenesis,	fibro-
plasia,	and	reepithelialization.	These	processes	begin	in	the	micro-
environment	of	the	lesion	within	the	first	48	hours	and	can	unfold	
up to the 14th day after the onset of the lesion.14

Vascular	 remodeling	prompts	blood	flow	changes.	Angio-
genesis	is	a	coordinated	process,	involving	endothelial	cellular	pro-
liferation,	rupture	and	rearrangement	of	 the	basal	membrane,	mi-
gration	and	association	in	tubular	structures,	and	the	recruitment	of	
perivascular	cells.	For	some	time,	angiogenesis	has	been	described	
as	essential	 for	diverse	physiological	and	pathological	 conditions,	
such	as	embryogenesis,	tumor	growth,	and	metastasis.16

The	subsequent	development	of	the	blood	vessels,	accord-
ing to Gonçalves et al.,	 involves	 the	production	of	collateral	veins	
through two mechanisms: germination and cell division.17 The re-
sulting vascular plexus is remodeled to be differentiated in large 
and	small	blood	vessels.	The	endothelium	is	then	filled	with	both	
accessory and smooth muscle cells. The newly formed microvasu-
lature	makes	 it	possible	 to	 transport	fluid,	oxygen,	nutrients,	 and	
immune-competent cells to the stroma.18

In addition to the active participation of endothelial and 
lymphocyte	cells	in	this	biological	process,	pericytes	constitute	a	cell	
group stemming from the mesenchymal strain of smooth muscle 
cells,	described	many	decades	ago.19 The aforementioned cells appear 
as	solitary	entities,	sharing	the	basal	membrane	of	blood	vessels	and	
endothelial	 cells	 (Figure	 3).20 The pericytes are lightly-colored con-
nective tissue cells containing long and thin cytoplasmatic processes 
in a position immediately outside of the endothelium of the blood 
capillaries and small venules into which the capillaries empty them-
selves.	According	to	Ribatti	et	al.,	Charles	Rouget,	 in	1873,	was	the	
first	to	describe	such	non-pigmented	cells	that	presented	contractible	
elements.21 However,	 these	 authors	 were	 unable	 to	 stain	 them.	 By	
contrast,	Mayer,	in	1902,	using	methylene	blue	stain,	was	able	to	view	
these	cells,	which	were	defined	as	pericytes	by	Zimmermann	in	1923,	
due	to	their	position	on	and	around	the	blood	vessels,	with	their	pro-
cesses wrapped around the basal surface of the endothelium.

Through long cytoplasmatic extensions that stretch and sur-
round	the	endothelial	tube,	the	pericyte	makes	focal	contact	with	the	
endothelium	through	specialized	junctures.22	Additionally,	such	a	cell	

influences	the	stability	of	the	blood	vessel	through	the	deposition	of	
the matrix and/or the release and activation of signs that promote the 
differentiation or compliance of the endothelial cells.23,24

Pericytes are mural cells of micro-blood vessels involved in 
the	basal	membrane,	which	run	continuously	along	the	endotheli-
al	 basal	membrane.	 Some	pericytes	 are	most	 likely	mesenchymal	
or	progenitor	cell	strains	that	form	adipocytes,	cartilage,	bone,	and	
muscle.22 There is substantive evidence that the pericytes retain a 
mesenchymal potentiality during adulthood that is enough to create 
not	only	fibroblasts,	but	also	smooth	muscle	cells.25 These cell ele-
ments	can	present	pluripotent	cell	characteristics,	which	constitute	
an	important	“source	of	cell	reserve.”	Though	the	plasticity	of	peri-
cytes	has	yet	to	be	fully	studied,	Farrington-Rock	et al. reported its 
potential	 for	differentiation	 into	osteoblastos,	 chondrocytes,	fibro-
blasts,	 leiomyocytes,	 and	 adipocytes.26 This property seems to be 
quite	pertinent	 to	 tissue	 repair,	given	 that	 these	 cells	 can	offer	an	
overall	contribution	to	the	restocking	of	scar	tissue.

Granulation tissue begins to be formed approximately four 
days after the lesion. Its name is derived from the granular appear-
ance	of	the	recently-formed	tissue,	conferring	this	characteristic	to	
the	new	stroma.	According	to	Calin	et al.,	the	granulation	tissue	is	
formed	through	the	following	mechanisms:	an	increase	in	fibroblas-
tic	proliferation;	collagenous	and	elastic	biosynthesis,	which	creates	
a	three-dimensional	extracellular	network	of	connective	tissue;	and	
the	production	of	chemotactic	factors	and	IFN-beta	by	fibroblasts.27 
Fibroblasts	 and	 endothelial	 cells	 express	 integrin	 receptors	 and,	
through	these,	invade	the	coagulation	found	in	the	lesion	area.28

For	 the	 tissue	 repair	 process	 to	 be	 understood,	 one	must	
mention	 some	 particularities	 of	 the	 immune	 system,	 such	 as	 the	
participation	 of	 B	 lymphocytes	 and,	 more	 specifically,	 the	 multi-
functionality	of	T	lymphocytes.	Morphologically,	T	lymphocytes	are	
subdivided into functional populations: CD4 (auxiliary T lympho-
cytes)	and	CD8	(suppressor/cytotoxic	T	lymphocytes).	The	T	CD4	

FIgure 3:	Electromicrography	that	illustrates	the	pericyte	(arrow)	in	
close	contact	with	the	endothelial	cell	 (asterisk),	sharing	the	basal	
membrane	of	this	cell,	which	makes	up	the	blood	vessel	wall	(Scan-
ning	Electron	Microscopy	–	7,000X)
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cells	are	characterized	based	on	 their	profiles	of	cytokine	produc-
tion,	such	as	 the	subpopulation	of	Th1;	producers	of	 Il-2	and	IFN	
gamma;	Th2,	which	produces	IL-4,	IL-5,	and	IL-10;	and	Th17,	which	
is	characterized	by	the	production	of	IL-17. 2

When	a	tissue	lesion	occurs,	the	repair	process	is	modulated	
by	the	cell	activity	of	the	inflammatory	response	of	the	cells	on	the	
borders	of	the	lesion	(keratinocytes),	as	well	as	by	the	variety	of	cy-
tokines	and	growth	factors	that	 influence	migration,	proliferation,	
and local cell differentiation.29

Medrado et al.25	commented	that	fibroplasia	begins	with	the	
formation	of	granulation	 tissue,	characterized	by	 the	proliferation	
of	fibroblasts,	the	main	agents	responsible	for	the	deposition	of	the	
new	matrix	(Figure	4).	The	main	component	of	a	mature	connective	
tissue	 scar	 is	 collagen.	 Fibroblasts,	 producers	 of	 collagen,	 are	
recruited	from	the	dermis	of	the	border	of	the	wound	to	synthesize	
this	protein.	The	formation	of	an	 intact	basal	membrane,	between	
the	 epidermis	 and	 dermis,	 is	 essential	 for	 the	 reestablishment	 of	
its	 integrity	 and	 function.	 During	 this	 initial	 stage	 of	 repair,	 the	
type	III	collagen	is	predominant,	synthesized	by	fibroblasts	 in	the	
granulation tissue.30

Medrado et al.25	 observed	 that	 the	 wound’s	 contraction	
process	begins	at	this	stage,	performed	by	the	fibroblasts,	which	are	
rich	 in	 the	 alpha	 smooth	muscle	 actin,	 known	 as	myofibroblasts.	
Such	cells,	accumulated	on	the	wounds’	borders,	execute	contractive	
activities	and	contract	the	lesion’s	borders	toward	the	center.27

Angiogenesis	occurs	in	the	extracellular	matrix	of	the	wound	
bed with the migration and mitogenic stimulation of the endothelial 
cells.15	 Such	neovascularization	accompanies	 the	fibroblastic	 stage	
mentioned above. The good irrigation of the borders of the wound 
is	essential	for	wound	healing,	as	this	allows	for	an	adequate	supply	
of	nutrients	and	oxygen,	as	well	as	of	immune-competent	cells,	to	
the	stroma	(Figure	5).31,32

Parallel	 to	 all	 of	 the	aforementioned	events,	 the	 epithelial	
coating	 cells,	 through	 the	 action	 of	 specific	 cytokines,	 proliferate	
and migrate from the borders of the wound in an attempt to close 
it,	 which	 is	 called	 reepithelialization.	 The	 reepithelialization	 of	 a	
wound	 by	 keratinocytes	 is	 performed	 by	 the	 combination	 of	 the	
proliferative stage with the migration of cells near the lesion.14 The 
migration	of	keratinocytes	occurs	in	the	direction	of	the	remaining	
skin	of	the	lesion	to	its	extremities.

Epidermal	cells	of	hair	follicles	quickly	remove	the	coagu-
lation and damaged stroma. Li et al.14 reported that the epidermal 
germ	cells	of	 the	hair	 follicle,	which	create	 the	hair	bulb,	serve	as	
a	reservoir	for	keratinocytes	in	the	healing	process.	Approximately	
ten	hours	after	the	onset	of	the	lesion,	there	is	a	development	and	
stretching	of	the	pseudopod	projections	of	the	keratinocytes,	a	loss	
of	 the	 extracellular	 matrix-cell	 and	 cell-cell	 contacts,	 a	 retraction	
of	 the	 tonofilaments,	 and	 the	 formation	 of	 actin	 filaments	 in	
the	 extremities	 of	 its	 cytoplasms.	 When	 the	 migration	 ceases,	
possibly	 due	 to	 a	 result	 of	 the	 inhibition	 caused	 by	 contact,	 the	
keratinocytes	are	reconnected	to	 the	substrate	and	reconstruct	 the	
basal membrane. There is then the culmination of its differentiation 
process	to	generate	the	newly	stratified	epidermis	(Figure	6).14

REMODELING STAGE

The	third	phase	of	healing	consists	of	remodeling,	which	be-
gins	two	to	three	weeks	after	the	onset	of	the	lesion	and	can	last	for	
one year or more. The core aim of the remodeling stage is to achieve 
the	maximum	tensile	strength	through	reorganization,	degradation,	
and	resynthesis	of	the	extracellular	matrix.	In	this	final	stage	of	the	
lesion’s	healing,	an	attempt	to	recover	the	normal	tissue	structure	
occurs,	and	the	granulation	tissue	is	gradually	remodeled,	forming	
scar	tissue	that	is	less	cellular	and	vascular³	and	that	exhibits	a	pro-
gressive	 increase	 in	 its	 concentration	of	 collagen	fibers	 (Figure	7).	

FIgure 4: 
Electromicrog-
raphy present-
ing the part of 
the cytoplasm 
of	 a	 fibroblast	
that exhibits the 
hyperplasia of 
the endoplas-
matic reticulum 
and mitochon-
dria,	illustrating	
an intense syn-
thesis activity 
(Scanning Elec-
tron Microscopy 
–	12,000X).

FIgure 5: 
Neoangiogene-
sis demonstrat-
ed by an immu-
nomarker	 with	
an anti-alpha 
smooth muscle 
actin antibody 
in	 rat	 skin,	
three days after 
inducing the 
standard	 skin	
wound (Immu-
no-histochemi-
cal	-	100X).

FIgure 6: 
Fibroplasia area demon-
strating the absence of 
skin	annexes	in	the	extra-
cellular matrix and com-
plete	 reepithelialization	
of the epidermis (hema-
toxylin-eosin	–	100X)



This	 stage	 is	marked	 by	 the	maturing	 of	 the	 elements	with	 deep	
changes in the extracellular matrix and the resolution of the initial 
inflammation.	As	soon	as	the	surface	of	the	lesion	is	covered	by	a	
monolayer	of	 keratinocytes,	 its	 epidermal	migration	 ceases	 and	a	
new	stratified	epidermis	with	a	subjacent	basal	 lamina	 is	 reestab-
lished from the borders of the wound to its inner portion.5 At	this	
stage,	there	is	a	deposition	of	the	matrix	and	subsequent	change	in	
its composition.14	With	the	closure	of	the	wound,	type	III	collagen	
undergoes	degradation,	and	synthesis	of	type	I	collagen	increases.	
Throughout	the	remodeling,	there	is	a	reduction	in	the	hyaluronic	
and	 fibronectic	 acid,	 which	 are	 degraded	 by	 cells	 and	 plasmatic	
metalloproteinase,	 and	 the	 growing	 type	 I	 collagen	 expression	
mentioned above is concomitantly processed.17

Many	authors,	 such	as	 Sampaio	&	Riviti,	 have	 confirmed	
that,	 in	this	final	stage,	the	collagen	fibers	become	thicker	and	are	
placed	in	parallel,	resulting	in	an	enhanced	tensile	strength	for	the	
tissue.33 The resolution stage is essential for the restoration of func-
tionality	and	the	“normal”	appearance	of	the	lesioned	tissue.¹	This	
results	from	the	low	production	of	chemokines	by	anti-inflammato-
ry	cytokines,	such	as	IL-10	or	TGF-β1. The regulation of the collagen 
synthesis	 is	controlled	by	a	wide	range	of	growth	factors,	such	as	
TGF-β1	and	FGF,	which	cause	a	strong	effect	upon	the	genic	expres-
sion of this protein.

During	the	maturation	and	remodeling	processes,	the	ma-
jority	 of	 blood	 vessels,	 fibroblasts,	 and	 inflammatory	 cells	 disap-
pear	from	the	wound	area	due	to	emigration	processes,	apoptosis,	
or	other	unknown	mechanisms	of	cell	death.	This	fact	leads	to	the	
formation	of	a	scar	with	a	reduced	number	of	cells.	At	a	later	stage,	
the	fibroblasts	of	the	granulation	tissue	change	their	phenotype	and	
begin	to	temporarily	express	the	smooth	muscle	actin,	which	have	
received	the	specific	name	of	myofibroblasts.6,27

Myofibroblasts,	according	to	Calin	et al.27,	acquire	some	con-
traction	properties	from	smooth	muscle	cells,	moving	closer	to	the	

borders of the wound and becoming responsible for its contraction. 
In	this	manner,	 the	referent	cells	present	well-developed	bands	of	
contractible	microfilaments	composed	of	actin.	These	remain	joined	
through	 communication	 junctures,	 and	 their	 cytoplasmatic	 fila-
ments	of	actin	are	connected	by	integrin	receptors	to	the	fibronectin	
fibrils	 and	 to	 collagen	 I	 and	 III	 of	 the	 extracellular	matrix.1,14 It is 
important	to	note	that	the	myofibroblasts	are	the	main	producers	of	
the	extracellular	matrix	in	processes	of	fibrosis.31

According	to	Midwood	et al.34	and	Badylak35,	the	extracellu-
lar matrix is not a static element and is capable of playing a relevant 
role in this stage of tissue repair through the interaction between 
its structural components and the different cell types present in the 
tissue.	Such	structural	components,	represented	by	proteins	such	as	
collagen,	fibronectin,	fibrin,	 among	others,	 provide	 signs	 and	un-
leash	specific	cell	activities	in	the	wound	area.	The	fibronectin,	for	
example,	generates	a	framework	that	makes	the	adhesion	and	cell	
migration	feasible.	Another	adhesive	glycoprotein,	vitronectin,	can	
contribute to the contraction of the tissue mediated by the collagen 
produced	by	the	fibroblasts.	Due	to	the	existence	of	these	processes,	
the local control of the cell/matrix interactions have been the target 
of promising therapeutic approaches.

In	 all	 of	 the	 processes	 cited	 above,	 it	 is	 important	 to	 em-
phasize	that	exogenous	and	endogenous	factors	can	modulate	such	
events	and	influence	the	healing	process.	More	specifically,	systemic	
disorders,	such	as	diabetes,	immunosuppression,	venous	stasis,	as	
well	as	those	resulting	from	external	agents,	such	as	the	use	of	corti-
cotherapy	and	smoking,	can	hinder	the	early	closure	of	the	wound.	
In addition to these complicating factors is the appearance of hyper-
trophic	scars	and	keloids.36

EPITHELIAL-MESENCHYMAL INTERACTION IN 

HEALING

The epithelial cells undergo an epithelial-mesenchymal tran-
sition	(EMT)	and	migrate	to	the	organs	to	differentiate	themselves	in	
their	mesenchymal	components,	including	fibroblasts,	smooth	mus-
cle	cells	of	blood	vessels,	and,	even	more	likely,	pericytes.22

The	 skin,	 as	well	 as	 the	 intestines,	 liver,	 lungs,	 and	 glan-
dular	 tissues,	 contains	epithelial	 and	mesenchymal	 cells.	The	epi-
thelial	cells	firmly	adhere	one	to	another,	forming	layers	in	which	
the basoapical polarity can be observed. The mesenchymal cells are 
non-polarized	 and	 are	 capable	 of	 movement,	 such	 as	 individual	
cells due to the loss of intercellular connections.37

The biological process that occurs in the epithelial-mesen-
chymal	transition	makes	it	possible	for	a	polarized	epithelial	cell	to	
undergo	molecular	changes,	acquiring	a	mesenchymal	phenotype,	
with	 migratory	 capacity	 tthrough	 the	 extracellular	 matrix,	 resis-
tance	 to	 apoptosis,	 and	 increase	 in	 the	 production	 of	 the	 compo-
nents of the matrix.38

Though	 first	 studied	 in	 a	 tumor	 context,	 the	 expression	
of normal promotor and/or inhibitor regulatory genes from cell 
growth,	which	are	expressed	in	the	cells	present	in	the	extracellular	
matrix,	occurs	 in	 the	healing	process.	Liu	 et al. described that the 
epithelial-mesenchymal	transition	can	be	regulated	by	microRNAs,	
as	seen	in	miR-221,	as	well	as	by	other	oncogenes.	Tome-Garcia	et 
al. reported that the overexpression of the ras gene and the ERBB2 
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FIgure 7: Electromicrography showing collagenous beams in dif-
ferent	directions	in	the	extracellular	matrix,	indicating	the	begin-
ning	of	the	process	of	fibroplasia,	beginning	on	the	seventh	day	af-
ter	the	onset	of	a	skin	wound,	in	an	experimental	model	(Scanning	
Electron	Microscopy	–	12,000X)



Wound healing - A literature review  619

An Bras Dermatol. 2016;91(5):614-20.

resulted in an increase in cell mobility in the extracellular matrix 
and in the metastatic potential of prostate cancer. Though these al-
terations	have	been	described	in	the	tumor	microenvironment,	such	
results can be observed in the healing process as well.39,40

Three types of epithelial-mesenchymal transition are 
known.	Type	I	occurs	when	the	tissues	are	constructed	during	em-
bryogenesis,	as	can	be	seen	in	the	dermal	fibroblasts	of	the	connec-
tive	tissue,	which	provides	determining	signs	for	positioning,	types	
of	 skin,	 and	 other	 skin	 appendages	 that	 will	 differentiate	 them-
selves into the overarching epidermis.5 The epithelial-mesenchymal 
transition also occurs in adult tissues in reaction to the remodeling 
and	to	fibrosis	(type	II).38	The	metastatic	process	(type	III)	includes	
carcinoma	cells	that	undergo	phenotypical	conversion	and	acquire	
mobility,	 using	 the	 epithelial-mesenchymal	 transition	 program,	
which	normally	serves	to	generate	adult	fibroblasts.41

Type II epithelial-mesenchymal transition is associated with 
tissue	healing,	regeneration,	and	fibrosis.	Such	an	event,	 linked	to	
tissue	repair,	creates	fibroblasts	and	other	cells	related	to	the	objec-
tive	 of	 reconstructing	 tissues	 resulting	 from	 traumas	 and	 inflam-
mation.	This	type	of	epithelial-mesenchymal	transition,	associated	
with	inflammation,	ceases	as	soon	as	it	has	been	alleviated.41

Through	 molecular	 analyses,	 it	 was	 possible	 to	 identify	
the	majority	 of	morphogenic	 factors,	which	 include	 a	 network	 of	
signs	between	the	epithelium	and	the	mesenchyme,	including	Bmp,	
Wnt	 (wingless),	 Notch/Delta,	 and	 Hedgehog.42 The mechanisms 
of	Wnt	and	Notch	signaling	are	critically	involved	in	the	defining	
of	 the	 terminal	 differentiation	 of	 the	 cells	 that	 participate	 in	 skin	
tissue repair. Shi et al.43 conducted an experimental study in which 
the participation of these signaling pathways during healing was 
evaluated. The authors observed that the increment in the activity 
of	such	signaling	pathways	promoted	the	closure	of	skin	wounds	in	
the	studied	specimens,	and	their	inhibition	or	activation	can	affect	
the	 proliferation	 of	 stem	 cells,	 as	 well	 as	 the	 differentiation	 and	
migration	of	keratinocytes	and	the	regeneration	of	hair	follicles.

In	addition,	according	to	Sicklick	et al.,44 there are hypoth-
eses	 that	 microfibroblasts	 can	 produce	 the	 Hedgehog	 ligand,	 a	
transmembrane protein that also controls tissue construction and 
remodeling,	regulating	the	viability	and	migratory	activity	of	var-
ious responsive cell types to the referent ligand.

HEDGEHOG SIGNALING PATHWAY

Hedgehog	(Hh)	is	a	family	of	secreted	signaling	molecules	
that	are	involved	in	many	processes,	including	the	role	as	key	agents	
in	 the	 standardization	 of	 numerous	 tissues	 types.45 This family 
comprehends a cascade of proteins that regulate diverse biological 
processes,	 such	 as	 embryological	 development,	 homeostasis,	
tumorigenesis,	 and	 tissue	 repair.	 Considering	 that	 the	 hedgehog	
ligand	 can	 regulate	 angiogenesis,	 its	 signaling	 can	 also	 influence	
tissue remodeling.

The	 hedgehog	 gene	 was	 first	 identified	 in	 genetic	 works	
about the segmentation of the body in Drosophila melanogaster, the 
fruit	fly.	The	German	researchers,	Nüsslein	and	Wieschaus,	in	1980,	
studying the genetic control of the embryos of Drosophila melano-
gaster,	 identified	 that	 the	 loss	of	a	gene	caused	projections	within	
these.46	Such	a	mutating	phenotype	acquires	an	oval	form,	with	dis-

organized	denticles,	resembling	a	hedgehog.
The	equivalents	of	Hh	have	been	identified	in	many	inver-

tebrates	and	vertebrates	and	have	been	preserved,	playing	similar	
vital	 roles	 in	 the	 control	 of	 tissue	 standardization,	differentiation,	
and cell proliferation in the embryological development and control 
of germ cell behavior and homeostasis in adults.47 This pathway is 
of	utmost	importance	in	development,	especially	in	the	formation	of	
the limbs and neural tubes.48

Many	genes	have	been	identified	to	codify	cytoplasmatic	com-
ponents	of	the	transduction	machinery	of	Hh	signaling.	Three	equiva-
lents,	identified	in	vertebrates,	of	the	Hh	gene	were	designated	by	the	
following	prefixes:	Sonic	(Shh),	Indian	(Ihh),	and	Desert	(Dhh).49,50

The	Hh	pathway	can	be	initiated,	according	to	Omeneti	et 
al.,	by	autocrines,	paracrines,	and	endhocrines.51 The Hh ligands are 
synthesized	and	undergo	autocatalysis	 to	generate	 an	N-terminal	
fragment,	which	is	modified	by	the	addition	of	cholesterol	and	pal-
mitate,	before	being	released	into	the	extracellular	space.52

The activation of the hedgehog signaling pathway is per-
formed by the connection of one of the family members in the 12-
pass	 receptor	 in	 the	membrane,	 called	 Patches	 (Ptch).	 This	work	
was	associated	with	a	7-pass	co-receptor		in	the	membrane,	called	
Smoothened	 (Smo).53 In	 the	 absence	 of	 the	 hedgehog	 ligand,	 the	
Ptch	 receptor	 inhibits	 the	Smo	co-receptor,	which	 remains	 in	ves-
icles	at	the	base	of	the	primary	cilium	and,	therefore,	far	from	the	
transcription	factors	of	Gli-1,	2,	and	3,	which	are	abundant	on	the	
surface of this organelle.52 This forces the Gli-3 to be transported 
through	 microtubes	 to	 the	 proteasome,	 where	 it	 is	 partially	
degraded,	 forming	 a	 Gli-3	 repressor	 fragment	 that	 enters	 the	
nucleus and restricts the transcription of the target genes involved 
in	differentiation,	survival,	and	cell	proliferation.

The	 activation	 of	 Smo,	 through	 inhibition	 mediated	 by	
Ptch,	inhibits	the	proteolytic	processing	of	Gli-2	and	Gli-3,	in	turn	
releasing the product for transcriptional activation.43	 By	 contrast,	
when	Hh	is	connected	to	Ptch,	 the	 internalization	of	 this	receptor	
occurs,	releasing	the	Smo	co-receptor,	which	migrates	to	the	top	of	
the	primary	cilium,	where	it	activates	the	Gli	family	of	transcription	
factors.	 This	 includes	 the	 Gli-1,	 2,	 and	 3,	 which	 migrate	 to	 the	
nucleus,	activating	the	transcription	of	this	pathway’s	target	genes.47

The disorders of development in the hedgehog signal-
ing may well be due to inactivation or overactivation. Teglund 
& Tofgard48	 (2010)	 described	 that	 the	 inappropriate	 activation	 of	
hedgehog signaling contributes to various types of cancer and 
syndromes. Luo et al.54  showed that the activity of Sonic hedgehog 
(Shh)	is	necessary	for	normal	healing	and	that,	in	mice	with	diabe-
tes,	such	a	pathway	is	blocked,	given	that	the	exogenous	application	
of Shh accelerates the healing process by increasing the nitrous ox-
ide	(NO)	function.

Cutaneous	wound	healing	reproduces	the	majority	of	bio-
logical	phenomena	that	characterize	this	process	found	in	different	
tissues and constitutes an excellent model of study to evaluate the 
multiple	stages	of	tissue	repair.	These	stages	are	finely	regulated	by	
signaling molecules produced by a wide range of cells present in the 
extracellular matrix. New studies are warranted in an attempt to de-
tail the possible epithelial-mesenchymal interactions that contribute 
to the transformations of tissues affected by lesions.q
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