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Foreword

Natural products, particularly from microbial and plant origin have been used
for centuries by people as a source of an unlimited range of chemically diverse
structures. The interest for new, natural compounds is renewed as a result of the
growing resistance of microorganisms to commonly used drugs. Thus, nosocomial
infections have become great public health problems. The selection of plantsis a first
research step based on certain criteria such as ethnobotanical and
ethnopharmacological approaches, including information about the traditional use
of plants to treat specific diseases. Also, many studies explore chemotaxonomic
approach, which relay on the study of plants from the same family or genus of a
species from which active compounds have been already isolated.

The volume 3 of Natural Products: Research Reviews edited by Dr. V. K. Gupta
includes twenty two chapters devoted to the identification and isolation of bioactive
components with antimicrobial and antioxidant properties and also chapters related
to the potential application of natural products in cardiovascular, cancer and
neurodegenerative disorders. Drawing upon the collective wisdom of traditional
medical systems and modern science, this book identifies the revered herbs from
around the world that can comprehensively inhibit pathologic conditions. It discusses
the challenges of using traditional medicines for diseases where access to modern
medicine is limited, and the research areas needed to improve quality, safety, and
efficacy for enhancing healthcare. It is a pleasure for me to recommend this volume to
all researchers in the field of natural products and I believe that the book will attract
the attention of great number of readers.

Prof. Nina Ivanovska






Preface

Natural products have been investigated and utilized to alleviate disease since
early human history. Medicine among the ancient civilizations was a blend of religion
and science. Nature produces a large number of chemical compounds whose structure
and properties are of great interest and fascination for the majority. These are organic
compounds formed by living system and are emerging from the cocoon of organic
chemistry. The term ‘natural products’ is applied to materials derived from plants,
microorganisms, invertebrates and vertebrates, which are the fine biochemical
factories for biosynthesis of these metabolites and over 40 per cent of medicines, have
origin from these compounds. Natural products are the cornerstone of modern
therapeutics. Building on the discovery of morphine from poppy seeds in the 1800s
and penicillin from mold in the 1920s, natural products have been a key source of
new therapeutics. Natural products are currently used to treat cancer, high levels of
cholesterol, fungal infections, bacterial infections, and parasitic diseases. As of 1990,
nearly 80 per cent of all drugs in use were natural products or natural product
derivatives. In developing countries, the search for biologically active compounds
obtainable from locally available plants is also important to reduce public health.

Despite the great successes already achieved, we have barely begun to tap the
potential of our molecular diversity and just 5-15 per cent of the 2,50,000 species of
higher terrestrial plants in existence have been pharmacologically investigated in
systematic fashion. The percentage of insects, marine organisms and microbes
investigated is far lower still. In the case of microbes, it is estimated that 95 to 99 per
cent of existing species are currently not even known, never mind analyzed. Even
with all the challenges facing drug discovery, natural products isolated from natural
sources can be predicted to remain an essential component in the research for new
medicines.

It was with this approach that this volume “Natural Products: Research Review
Vol. 3" has been compiled. The contributions made by some of the worlds leading
scientists in the field should prove of wide interest to the readers. Thisis a timely and



X

interesting collection of review articles covering a very wide range of biologically
active natural products. The book is produced to the high standard that we have
come to expect of this volume. It contains a good subject index. There is a great deal of
information in these chapters which should be of interest not just to the natural
product chemist but also to those in the pharmaceutical and agrochemical industries
who are interested in potential leads for structure activity studies. The book can be
recommended to all who are interested in biologically active natural products.

VK. Gupta
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Essential Oils and their
Use in Skin Wound Healing

L.F.S. Gushiken!, A.L.Rozza!, A.]. Vieira!, F.P. Beserra®
and C.H. Pellizzon™*

ABSTRACT

Skin is a barrier that protects organisms against physical, chemical and biological agents
as well as playing a role in thermoregulation and impermeability. If the skin integrity is
disturbed, the process of wound healing is initiated, which involves molecular and cellular
mechanisms in the inflammatory, proliferative and remodeling phases. Medicinal plants and
other natural products are widely used in wound healing, especially in the pharmaceutical
industry. Essential oils are secondary metabolites of aromatic plants, which have produced
promising results in preclinical studies of wound healing. This manuscript reviews the use of
essential oils in the skin wound healing process, with the aim of identifying the main
mechanisms from which essential oils operate and promoting novel studies for plant-derived
natural products that can be successfully used in the treatment of skin wounds.

Keywords: Essential oil, Inflammation, Medicinal plants, Natural products, Re-epithelization,
Skin wound healing, Terpenes.

Introduction

Skin is a barrier that covers the body surface and is formed by the epidermis,
which is an epithelial barrier of ectodermal origin, and the dermis, which is the
connective portion of mesoderm. Separating these two layers is a network of

1 Morphology Department, Biosciences Institute, UNESP - Sdo Paulo State University,
Botucatu/SP, Brazil.

2 Distrito de Rubido Junior, sn. P.O. Box 510, Zip Code 18618-970, Botucatu/SP, Brazil.
*  Corresponding author: E-mail: claudia@ibb.unesp.br
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extracellular matrix proteins known as the basal membrane. The epidermis has many
layers comprised primarily of keratinocytes, melanocytes, Langerhans cells and
Merkel cells. The dermis is formed by the reticular and papillary layers, with the
predominance of extracellular matrix compounds such as collagen I, elastin (which
promotes tissue tensile strength) and fibroblasts, which play a role in the organization
of the dermis matrix (Evans et al., 2013). Skin is the largest organ of human body and
represents approximately 16 per cent of the total body weight. Skins serves as a vital
barrier for vertebrates to protect the organism in many environments, including
exposure to antigens, solvents, ultraviolet light, detergents, microorganisms, toxins,
nanoparticles and local physical variations (Guo and Dipietro, 2010; Benedetto et al.,
2012). Moreover, the skin is impermeable to water and electrolytes because of the
lipid covering produced by epidermal cells (Benedetto et al., 2012).

Skin integrity is lost when an injury occurs that results in the opening or rupture
of the skin, which is commonly referred to as an ulcer or lesion (Fikru et al., 2012). This
type of open wound can be caused by trauma, extreme heat or cold, radiation, corrosive
materials or circulatory problems (Morin et al., 2012). In response to this damage, the
organism initiates the wound healing process, which is complex and involves a
sequence of interdependent and overlapping stages: the inflammatory or exudative
phase, the proliferative or reconstruction phase and the remodeling or epithelization
phase. All of these stages depend on cellular, molecular and physiological processes
for the structural and physiological restoration of the injured area (Martins et al.,
2006; Aratjo, et al., 2010; Agha et al., 2011).

The inflammatory phase is the initial process of response after the formation of
alesion (0 to 3 days) in which the priority is the restoration of local hemostasis, with
subsequent clearance of dead tissue and prevention of infection. At the edges of the
wound, a hemostatic clot forms upon fibrin deposit to block blood efflux and promote
platelet retention, which activates local vascular alterations (Gurtner, 2007; Profyris
etal., 2011). In this stage, the dilation of vessels occurs near the injured area due to the
release of vasoactive amines (histamine and serotonin). There is also an increase in
vessel permeability, which facilitates leukocyte migration to the injured region -
a primary hallmark of the inflammatory process. Upon tissue destruction,
keratinocytes in the region release interleukin 1 (IL-1) and ‘tumor necrosis factor
(TNF-a), which are essential cytokines to the inflammatory process that recruit and
activate local leukocytes. Platelets release vesicles containing growth factors such as
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), transforming-
B growth factor (TGF-B) and chemokines (Kondo and Ishida, 2010). During the first
five days, neutrophils invade the lesion area, which contains abundant levels of
fibrin, and promote the elimination of bacteria and degradation of dead tissue via
phagocytosis and secretion of proteases. Three days after the lesion first forms,
macrophages migrate to the region as part of the increasing inflammatory response,
which is maintained by the presence of cellular debris and release of growth factors
(FGF - fibroblast growth factor, EGF, TGF-p and PDGF), chemokines and pro-
inflammatory cytokines (IL-1 and IL-6). These mitigating factors coordinate events
that will manifest into the proliferative phase of wound healing (Profyris et al., 2011).
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The proliferative phase is characterized by the deposition of granulation tissue,
which contains macrophages, fibroblasts and newly formed vessels. This phase lasts
between 4and 21 days and can be observed by the decrease in clot size (formed upon
initial skin breakage). The primary mediators during this phase are PDGF, TGF-81
and FGF, which determine fibroblast proliferation in the basal layer and initiate the
synthesis of collagen III and other extracellular matrix proteins such as fibronectin
and proteoglycans. ECM protein provides support for endothelial cell proliferation,
which is mediated by release of VEGF, and aids in the formation of new vessels and
organization of the granulation tissue (Kondo and Ishida, 2010; Profyris et al., 2011).
This re-epithelization process is important to establishment of the tissue integrity.
The keratinocytes at the wound edges migrate towards the surface because of the
cellular dedifferentiation and reorganization of adhesion molecules. The loss of
adhesion with other keratinocytes and the basal membrane are critical in promoting
wound closure (Profyris et al., 2011).

The remodeling phase is an important process to avoid aberrations left by
scarring, such as keloids. Granulation tissue formation is interrupted by cellular
apoptosis, and collagen III is degraded by metalloproteinases released from
macrophages, fibroblasts and endothelial cells to form collagen I, which has higher
tensile strength and can better support new epithelium growth (Kondo and Ishida,
2010). Furthermore, the tissue receives a contractile response from myofibroblast
activity because these cells connect to the collagen at multiple points, which facilitates
the retraction of the wound area (Profyris et al., 2011).

Due to the possibility of physical disability, psychosocial consequences or even
death, skin injuries require significant attention in public health and would benefit
from increased investments from public resources (Bayat et al., 2003; Guo and Dipietro,
2010). An important aspect of wound healing by secondary intention is the decrease
of the cellular response time to reconstruction of the tegmental system. For this,
identifying elements that promote wound healing, such as the use of biological agents,
is one of the oldest medicinal practices of humanity. Plants have been used for the
treatment of diseases for thousands of years,and the utilization of natural products
for the treatment of disorders has increased over the past few decades (Fabricant and
Farnsworth, 2001; Veiga Jr et al., 2005; Gurib-Fakim, 2006; Ganeshkumar et al., 2012).

Essential oils are volatile, lipid-soluble secondary metabolites of aromatic plants
that can be synthetized from all parts of the plant and are characterized by their
strong odor. In nature, essential oils have important antibacterial, antifungal and
antiviral activities, as well as insecticide activity, which can repel herbivores and
attract insects for the dispersion of pollen and seeds. In addition to their use in the
perfume industry for fragrances, essential oils have medicinal properties, including
their ability to function as antimicrobial, analgesic, sedative, anti-inflammatory,
spasmolytic and local anesthetic agents. They are comprised of a mixture of
components and characterized by the major compounds that, generally, determine
the biological properties of the essential oil. These compounds include two groups:
terpenes and aromatic compounds. Terpenes are molecules that are formed by various
combinations of isoprene (C;H,), and are classified according to the number of
carbons, including monoterpenes (10 carbons), sesquiterpenes (15 carbons) and
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diterpenes (20 carbons) among others. Monoterpenes (C, H, ) and sesquiterpenes
(C,;H,,) are the primary terpenes present in essential oils and are formed by two and
three isoprene units, respectively. The aromatic compounds are molecules derived
from phenylpropane and exist at a lower percentage in essential oils compared to
terpenes (Bakkali et al., 2008).

This review aims to highlight the role of essential oils in skin wound healing
with the intention of promoting novel and extensive studies to identify improved
treatments.

Materials and Methods

Searches for this review were performed using primary literature accessible from
PubMed through April 2014. The words “essential 0il”, “wound healing” and
“medicinal plants” were used in PubMed and Scopus searches. Moreover, we selected
original articles written in English from the previous ten years without Ayurveda
research. The results are expressed in Table 21.1 and discussed below.

Results and Discussion

Table 21.1 shows all of the plant species and their respective primary compounds
used in skin wound healing studies described in the literature. Twenty-five species
of plants belonging to eight different families were studied, and the parts of the
plants used to obtain the essential oils were the leaves, trunk, cones and aerial parts.

Skin wound healing is a highly complex process that starts the moment a lesion
manifests, which determines the partial or complete tissue repair and involves a
series of interdependent and overlapping stages classified in three phases:
inflammatory, proliferative and remodeling (Martins et 4l., 2006).

Selection of the proper experimental model for skin wound healing studies is
essential to analyze the biological mechanisms involved in the process. In the analyzed
manuscripts, the most commonly implemented experimental models to quantitatively
and qualitatively evaluate the healing process were excision, linear incision and
wound dead space. The excision model is employed to determine lesion retraction in
wound healing by secondary intention. A surgical “punch” is used to induce a
lesion on the back of the animal, which allows for the measurement of daily wound
retraction as well as molecular and histopathological analysis to determine the healing
mechanisms during the different phases. The second model mentioned is performed
by introducing paravertebral linear incisions equidistant of spinal column, which
are subsequently sutured, to evaluate the primary closure. Incisions are analyzed
with a densitometer {o evaluate the tissue tensile strength. The wound dead space
model is used to analyze the granulation tissue synthesis during the proliferative
phase of wound healing. A cellulose sponge pellet is implanted under the skin in the
back of animals and, after apre-determined number of days corresponding to the
different phases of the healing process, the granulation tissue formed in the pellet is
removed and weighed. Therefore, the skin excision and linear incision models are
used to directly evaluate the three phases of skin wound healing, but the wound
dead space model has emerged as an alternative to analyze the parameters of
granulation tissue formation during the proliferative stage.



505

Essential Oils and their Use in Skin Wound Healing

~pIU0D
€102 /8 18 uswin] OAJOSJJOU|  UOISIOX9/UOISIOU Jesur] J01pao juniy  oeadessasdnd euguIbHA sniadiunp
uojjewio}
anss|} SAIO3UUOD Ui
asealouyAlorewwejul uoISIoXa
1102 “fe Jo Jewuns -juB/|eIqo.IaIIuY JuoIsIou] Jeaur 9j0aul-g'L ru 9E30BIWET eqoju} BIAES
uonew.o}
onssl} SA}O3UUOD Ul
asealouyAloreuwe|jui
1102 ‘' jo Jewng -ljUe/[eIqOIdILIUY  UOISIOXS/UOISIOU] Jeaur] |oIoBAIRD ru QeaoBIWE]  wWinoynnuiw wnuebuo
uojiew.o}
aNssi} 9AN08UU0D Ul
asealouyioreusweul
1102 “Je jo Jeuns -IJUB/[EIGOIOIUIIUY  UOISIOXD/UOISIOUl Jedurt joioBAIRD ru orooRILE] euelofew wnuebuo
[elqosoiunue (jo1dAjeona)
y10g ‘e 1o rewnbng JRorewuwB juL-UY UOISIOXT sjoauld-g‘| ru aeaoeuip sningojb smdAjeang
sioqy uabejoo
pue uonendod
2102 “fe 19 nuedjeAe)  S|SB|qoIq)) Ul SSedidy) uoIsIoX3  9joyleue-suely soAee]  oeadeiqioydng uauuyez uojoiD
uonejndod 1sejqoiqy
u| aseasuluonsodsap
€102 “fe jo seuswiy usbejjoouonezpyida-ai aoeds pesp sjoduD-8‘|L
Jle1qosonuuy punomyuoisioxy  /louabna-|Ayew soAes|  oeddeiqioydng snuyuewepe UojoiD
uolezjayida-as apAyspleweuuid wnojueifoz
€102 “e 18 ysoyy Jlelqosounuy uoisIoxg -sueJy/jousabng SaAes| aeaveINe wnwioweuul)
uonoy punoduwod weld 8yl
ousidjey 40 wisjueyssy 1opony Awolepy Jo ued Ane4 se10ads eld

juewes) | BulesH PUNOM UBIS Ul pasn SIIO 1enusssT :1°0¢ aiqeL



Research Reviews Vol. 3

Natural Products

506

D00

2loe ‘e jo seuns OAIJO3)OU|  UOISIOXd/UOISIOUI Jeaur] ru $9U0YD oeaoceuld BlnIq snuld
S9U0D

1102 “Je 1@ uawn] ELVEEYIEN I'u  SNOIB|UOYD oeaoeuld SijelusLIO BadId
uonezijaynde-al
JAigeauusd Aiejjides

jo uowqiyuyyyibuais S9U00

1102 /e Jo uawn} 9|ISUD] U] 9SBAIOU|  UOISIOXS/UOISIOU] JBaul] I'u  SNoISjUOD aeadeuld ueqy srupan)

SOU0d euejuueWpIoy *dsqns

110g ‘18 1o uawn} uonjezijeyyds-ay  UOISIOXS/UOISIOU! JBaul] I'u  SNOIBJUOY seadeuld BUBIUUBLUPIOU SBIQY

uonezipylida-aiyibuans SOU0D pueLignuiLoq *dsgns

1102 “/e 1o uswin] 9|ISUD) Ul 8SBBIOU]  UOISIOX3/UOISIOU} Jeaul I'u  SNOJBHUOYD 9B80BUId puBlUUBWIPIOU SOIQY

S2U0D uelon-inba ‘dsgns

1102 “/e 38 uswin] uonezijeynda-ay I'u  SnoIdjlUOD 9ed08BUId BUBIUUBWIDIOU SBIQY
Amgesuuad Aejided

jo uomquuiyIbuans SOU0D eopIy "dsqns

1102 /e jo uswn| O[ISUS) Ul 8SBBIOU|  UOISIOXD/UOISIOUl Jeaur] 'u  SNOJdB|UOYD seageUld BII0II0 SaIqy

2102 e 1o ueddebepn ERURETIED] uoisioxy  audjjAydoAren-d S3Aed| aesoeiny Hbsoy efeuny
asuodsas Alojeuiwe|ul

¥102 “fe 18 eiaAl0 Aydure/eigosounuy uojsiox3 JowAys SOAB9| oB30BURGISA sopjiopis eiddr]

900¢ ‘I 18 Agsn ETNEETIET uoisioxg ajodud-g‘| ru areoRIWET] HPIEJJE X BINPUBAET

€102 “Je 1o uawn] OAIIOB)OU|  UOISIOXS/UOISIOU JEaul aussdolny) yunijp  aeaosessaidny 18yse sruadunp
1uBluod aujoldAxoipiy
ybiyybuans syisusy ul
aseasouylioreusueyu

€10¢ /e 18 uswn) -jue/UORBZIdDUNda-9Y  UOISIOXS/UOISIOU Jeaur] 101p3o yurgy  oeeoessaidng  syejusprooo smusdiung

uonoy punoduio) weld syl
8ouaiafey JO wsjueyoayy 19po Awofepy J0 yed ey $9109d8 el

pPIuoD—1"0g siqel



507

Essential Oils and their Use in Skin Wound Healing
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Essential oils are substances comprised of volatile and fat-soluble secondary
metabolites, which can be extracted from different parts of the plant. Secondary
metabolites present in essential oils can have biological activity on the healing
mechanism by decreasing the retraction time and helping in wound healing. Many
essential oils with reported healing activities have terpenes as their primary
compounds, which are hydrocarbons whose chemical formula is derived from one or
more isoprene molecules (C,;H,). . Regarding the plant species identified in our search,
the majority have either monoterpenes (a molecule derived from two isoprenes with
chemical formula C ;H, ) or sesquiterpenes (a hydrocarbon with formula C ;H, ) as
their primary compound, which suggests a possible relationship between this group
of molecules and the mechanisms involved in skin wound healing. However, some
species such as Juniperus virginiana, Juniperus ashei (Tumen et al., 2013), Lavandula
allardii (Lusby et al., 2006), Murraya koenigii (Nagappan et al., 2012) and Pinus sylvestris
(Siintar et al., 2011), which have the terpenes cedrol, thujopsene, 1,8-cineole,
B-caryophyllene, and a-pinene, respectively, as their major compounds, had no
healing activity. Therefore, it is possible that the terpene concentrationsin the studied
samples are a determining factor for its ability to promote healing. There is also the
possibility of a synergistic effect between the different compounds in essential oils
instead of only one major compound or isolated substances acting on the healing
pathways. Furthermore, skin lesions treated with essential oils from Cinnamomum
zeylanicum (Ghosh et al., 2013) and Croton adamantinus (Ximenes et al., 2013), which
have the phenylpropanoids eugenol and methyl-eugenol, respectively, as their primary
compounds, demonstrated wound healing activity. Phenylpropanoids are molecules
consisting of phenolic compounds and derived from the aromatic amino acids
phenylalanine and tyrosine; these organic compounds have been shown to exert
antimicrobial and antioxidant activities and may help in the healing process (Korkina,
2007). Cavalcanti et al.(2012) showed that the animals treated with Croton zehntneri
and trans-anethole essential oils presented similar results in wound healing,
demonstrating a likely relationship between the primary compound present and the
overall essential oil.

Skin wound healing involves molecular, cellular and physiological mechanisms
that play a role in either partial or complete tissue repair (Agha et al., 2011). The
process may be divided into three interdependent and overlapping phases: the
inflammatory, proliferative and remodeling phases. The inflammatory phase begins
with the coagulation cascade to maintain hemostasis and promote of local
inflammation; the proliferative phase is characterized by the deposition of granulation
tissue (macrophages, fibroblasts and newly formed vessels), lesion contraction and
re-epithelization; and the remodeling phase is marked by the replacement of collagen
III for collagen I, which provides increased tensile strength of the tissue, complete
epithelization and synthesis of the new dermis connective tissue (Rodero and
Khosrotehrani, 2010; Kondo and Ishida, 2010). During the inflammatory phase after
the lesion initially forms, the injured keratinocytes release IL-1 and TNF-a, which are
cytokines responsible for the recruitment of neutrophils and macrophages to promote
bacterial degradation and dead tissue clearance. The antimicrobial activity observed
in essential oils from Cinnamomum zeylanicum (Ghosh et al., 2013), Croton adamantinus
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(Ximenes et al., 2013), Eucalyptus globulus (Sugumar et al., 2014), Origanum majorana,
Origanum minutiflorum, Salvia triloba (Suntar et al., 2011) and Lippia sidoides (Oliveira
et al., 2014) play an important role in wound healing, preventing infections and the
consequent delay in the process. Inflammatory mediators such as IL-1 and TNF-a
play a vital function in tissue reconstruction (Midwood et al., 2004). Inflammation
could cause destruction of the extracellular matrix, cell senescence and delays in
wound healing (Oliveira et al., 2014). Ahanger et al. (2010) showed that a decrease in
TNF-a synthesis accelerated skin wound repair. Therefore, the anti-inflammatory
activity of the essential oils from Eucalyptus globulus (Sugumar et al., 2014), Origanum
majorana, Origanum minutiflorum, Salvia triloba (Suntar et al., 2011) and Juniperus
occidentalis (Tumen et al., 2013) enabled a decrease in the local edema and prevented
loss of tissue function normally observed upon exacerbated inflammation. However,
in cases of an attenuated inflammatory response after injury, there is a risk of infection
risk due to the delayed recovery of damaged skin. There are studies demonstrating
the positive modulatory effects of TNF-o and other inflammatory cytokines in healing
as this pro-inflammatory cytokine synthesis influences the expression of other growth
factors. Therefore, a decrease or complete abolishment of this cytokine synthesis
process could impair the mechanisms involved in the proliferative and remodeling
phases (Lim et al., 2006). Oliveira et al.(2014) showed the beneficial effects amplifying
inflammation in skin wounds treated with the essential oil from Lippia sidoides at 6
per centand 12 per cent concentrations, suggesting the use of this oil as an alternative
treatment for skin wound.

After initiation of fibrin clot synthesis and the inflammatory process, chemical
mediators and growth factors such asPDGF, EGF, TGF-B1, FGF and VEGF determine
specific alterations of the proliferative phase, including re-epithelization and
granulation tissue synthesis (Kondo and Ishida, 2010). In the analyzed papers, the
essential oils of some species from thePinaceae family described by Siintar et al. (2011)
and Tumen et al.(2011), as well as the Cinnamomum zeylanicum (Ghosh et al., 2013),
Croton adamantinus (Ximenes et al., 2013) and Juniperus occidentalis (Tumen et al., 2013)
plant species, showed increased re-epithelization of the injured tissue, which occurs
by the restructuring of the cell adhesion molecules near the wound edge keratinocytes.
The loss of adhesion with other keratinocytes and basement membrane proteins
allows for migration of these cells to aid in closing the lesion (Tziotzios et al., 2012).
Granulation tissue, which is comprised of macrophages, fibroblasts and newly formed
vessels, plays an important role in skin wound healing because it initiates the synthesis
of new extracellular matrix compounds (collagen III, proteoglycans and fibronectina)
and provides support for the new tegument development (Kondo and Ishida, 2010;
Tziotzios et al., 2012). Subsequently, fibroblasts differentiate into myofibroblast, which
are involved in the wound edge contractile response and consequently decrease the
size of the injured area (Rodero and Khosrotehrani, 2010). Thus, substances that
induced an increase in the number of cells in the granulation tissue could result in
decreasing the healing time by promoting extracellular matrix compound synthesis,
deposition of collagen fibers and retraction of the injured surface by myofibroblasts,
as demonstrated by the essential oils from Origanum majorana (Siintar et al., 2011),
Croton adamantinus (Ximenes et al., 2013) and Croton zehntneri (Cavalcanti ef al., 2012).
Migration and cell proliferation are important during the proliferative phase of wound
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healing. Hyaluronic acid is one of the primary extracellular matrix constituents and
helps in proliferation and cellular migration 6-mechanisms (Stern, 2004). Thus,
compounds that have anti-hyaluronidase activity may contribute to wound healing
process, such as the Pinus pinea and Pinus halepensis (Stintar et al., 2012) and the
Juniperus occidentalis essential oil (Tumen et al., 2013).

During the remodeling phase, collagen Il synthetized by fibroblasts is degraded
by metalloproteinase and replaced with collagen I, which has greater tensile strength
and can support the new epithelium (Kondo and Ishida, 2010). Collagen is the major
component of the extracellular matrix, which contains the amino acid hydroxyproline-
this component is critical in providing the tensile strength of collagen as well as
aiding in the remodeling of injured tissue (Ganeshkumar et al., 2012). Thus,
hydroxyproline is used as biochemical marker for measuring collagen levels in a
sample (Kumar et al., 2006). Some essential oils from the Pinacege family species (Siintar
et al., 2012) and Juniperus occidentalis (Tumen et al., 2013) showed high hydroxyproline
content, indicating higher collagen levels in the tissue samples. Increased levels of
collagen, especially collagen 1, correlate to improved tensile strength in the linear
incision models as shown by essential oils of aforementioned species.

Conclusions and Future Directions

Most of the essential oils from the species studied in this review presented
promising results in skin wound healing, by influencing the mechanisms involved
in the inflammatory, proliferative and remodeling phases. Furthermore, among the
studied species, the primary compounds classes identified were monoterpenes and
sesquiterpenes, suggesting a possible healing effect of either these isolated compounds
or a synergic effect among the secondary metabolites within the essential oils. These
observations reinforce the importance of ethnopharmacological studies in skin wound
healing and encourage the development of future studies in this field.

References

Abu-Al-Basal, A.M. (2010). Healing potential of Rosmarinus officinalis L. on full-
thickness excision cutaneous wounds inalloxan-induced-diabetic BALB/c
mice. | Ethnopharmacol., 131: 443-450.

Agha, R., Ogawa, R., Pietramaggiori, G., and Orgill, D.P. (2011). A Review of the role
of mechanical forces in cutaneous wound healing. Journal of Surgical Research,
171: 700-708.

Aratjo, L.U., Grabe-Guimaraes, A., Mosqueira, V.C.F., Carneiro, C.M., and Silva-
Barcellos, N.M. (2010). Profile of wound healing process induced by allantoin.
Acta Ciriirgica Brasileira, 25: 460-466.

Bayat, A., Mcgrouther, D. A., and Ferguson, M. W. (2003). Skin scarring. BM]., 326: 88-
92,

Bakkali, F., Averbeck, S., Averbeck, D., and Idaomar M. (2008). Biological eects of
essential oils — A review. Food and Chemical Toxicology, 48: 446-475.

Benedetto, A., Kubo, A., and Beck, L.A. (2012). Skin barrier disruption: A requirement
for allergen sensitization? Journal of Investigative Dermatology, 132: 949~963.



Essential Oils and their Use in Skin Wound Healing | 511

Cavalcanti, ].M., Leal-Cardoso, J.H., Diniz, L.R.L., Portella, V.G., Costa, C.O., Linard,
C.F.BM.,, Alves, K.,Rocha, M.V.A.P., Lima, C.C., Cecatto, V.M., and Coelho-De-
Souza, A.N. (2012). The essential oil of Croton zehntneri and trans-anethole
improves cutaneous wound healing. | Ethnopharmacol., 144: 240-247.

Evans, N.D., Oreffo, R.O.C., Healy, E., Thurner, P.J., and Man, Y.H. (2013). Epithelial
mechanobiology, skin wound healing, and the stem cell niche. Journal of the
Mechanical Behavior of Biomedical Materials, 28: 397-409.

Fabricant, D.S., and Farnsworth, N.R. (2001). The value of plants used in traditional
medicine for drug discovery. Environ Health Perspect., 109: 69-75.

Fikru, A,, Makonnen, E., Eguale, T., Debella, A., and Mekonnen, G.A. (2012). Evaluation
of in vivo wound healing activity of methanol extract of Achyranthes aspera L.
Journal of Ethnopharmacology, 143: 469-474.

Ganeshkumar, M., Ponrasu, T., Krithika, R., Iyappan, K., Gayathri, V.S., and Suguna,
L. (2012). Topical application of Acalypha indica accelerates rat cutaneous wound
healing by up-regulating the expression of Type I and III collagen. |
Ethnopharmacol., 142: 14-22.

Ghosh, V., Saranya, S., Mukherjee, A., and Chandrasekaran, N. (2013). Antibacterial
microemulsion prevents sepsis and triggers healing of wound in Wistar rats.
Colloids and Surfaces B: Biointerfaces, 105: 152-157.

Guo, S., and Dipietro, L.A. (2010). Factors affecting wound healing. | Dent Res., 89:
219-229,

Gurib-Fakim, A. (2006). Medicinal plants: traditions of yesterday. Mol. Aspects Med.,
27:1-93.

Kondo, T. and Ishida, Y. (2010). Molecular pathology of wound healing. Forensic
Science International, 203: 93-98.

Korkina, L.G. (2007). Phenylpropanoids as naturally occurring antioxidants: from
plant defense to human health. Cellular and Molecular Biology, 53: 15-25.

Kumar, R., Katoch, S.S., and Sharma, S. (2006). Adrenoreceptor agonist treatment
reverses denervation atrophy with augmentation of collagen proliferation in
denervated mice gastrocnemius muscle. Indian Journal of Experimental Biology,
44: 371-376.

Lim, Y., Levya, M.A., and Bray, T.M. (2006). Dietary supplementation of N-
acetylcysteine enhances early inflammatory responses during cutaneous
wound healing in protein malnourished mice. The Journal of Nutritional
Biochemistry, 17: 328-336.

Lusby, P.E., Coombes, A.L., and Wilkinson, J.M. (2006). A comparison of wound
healing following treatment with lavandula x allardii honey or essential oil.
Phytother. Res., 20: 755-757.

Martins, N.L.P., Malafaia, O., Ribas-Filha, ].M., Heibel, M., Baldez, R.N., Vasconcelos,
P.R.L., Moreira, H., Mazza, M., and Nassif, P.A.N. (2006). Andlise comparativa
da cicatrizagio da pele com o uso intraperitoneal de extrato aquoso de Orbignya
phalerata (babacu). Estudo controlado em ratos. Acta Cir Bras., 21: 66-75.



512 | Natural Products: Research Reviews Vol. 3

Midwood, K.S., Williams, L.V., and Schwarzbauer, J.E. (2004). Tissue repair and the
dynamics of the extracellular matrix. The International Journal of Biochemistry
and Cell Biology, 36: 1031-1037.

Morin, C., Roumegous, A., Carpentier, G., Barbier-Chassefiere, V., Garrigue-Antar, L.,
Caredda, S., and Courty, J. (2012). Modulation of inflammation by Cicaderma
ointment accelerates skin wound healing. ] Pharmacol Exp Ther., 343: 115-124.

Nagappan, T., Segaran, T.C., Wahid, M.E.A., Ramasamy, P., and Vairappan, C.5.
(2012). Efficacy of carbazole alkaloids, essential oil and extract of Murraya
koenigii in enhancing subcutaneous wound healing in rats. Molecules, 17: 14449-
14463.

QOliveira, M.L.M., Bezerra, BM.O., Leite, L.O., Girdo, V.C.C., and Nunes-Pinheiro,
D.C.S. (2014). Topical continuous use of Lippia sidoides Cham. Essential oil
induces cutaneous inflammatory response, but does not delay wound healing
process. | Ethnopharmacol., 153: 283-289.

Profyris, C., Tziotzios, C., and Do Vale, I. (2012). Cutaneous scarring: Pathophysiology,
molecular mechanisms, and scar reduction therapeutics: Partl. The molecular
basis of scar formation. Journal of the American Academy of Dermatology, 66: 1-10.

Rodero, M.P., and Khosrotehrani, K. (2010). Skin wound healing modulation by
macrophages. Int | Clin Exp Pathol., 3: 643-65.

Stern, R. (2004). Hyaluronan catabolism: a new metabolic pathway. European Journal
of Cell Biology, 83: 317-325.

Sugumar, S., Ghosh, V., Nirmala, M.J., Mukherjee, A., and Chandrasekaran, N. (2014).
Ultrasonic emulsification of eucalyptus oil nanoemulsion: Antibacterial activity
against Staphylococcus aureus and wound healing activity in Wistar rats.
Ultrasonics Sonochemistry, 21: 1044-1049.

Suntar, I., Akkol, E.K., Keles, H., Oktem, A., Baser K.H.C.B., and Yesilada, E. (2011). A
novel wound healing ointment: A formulation of Hypericum perforatum oil and
sage and oregano essential oils based on traditional Turkish knowledge. |
Ethnopharmacol., 134: 89-96.

Suntar, L., Tumen, L, Ustun, O., Keles, H., and Akkol, E.K. (2012). Appraisal on the
wound healing and anti-inflammatory activities of the essential oils obtained
from the cones and needles of Pinus species by in vive and in vitro experimental
models. | Ethnopharmacol., 139: 533— 540.

Tumen, L., Akkol, EXK., Suntarb, I, and Keles, H. (2011). Wound repair and anti-
inflammatory potential of essential oils from cones of Pinaceae: Preclinical
experimental research in animal models. | Ethnopharmacol., 137: 1215-1220.

Tumen, L, Suntar, 1., Eller, F.J., Keles, H., and Akkol, EXK. (2013). Topical wound-
healing effects and phytochemical composition of heartwood essential oils of

Juniperus virginiana L., Juniperus occidentalis Hook., and Juniperus ashei J.
Buchholz. Journal of Medicinal Food, 16: 48-55.



Essential Oils and their Use in Skin Wound Healing | 513

Tziotzios, C., Profyris, C.,and Do Vale, I. (2012). Cutaneous scarring: Pathophysiology,
molecular mechanisms, and scar reduction therapeutics: PartI. The molecular
basis of scar formation. Journal of the American Academy of Dermatology, 66: 1-10.

Veiga Jr, V.F., Pinto, A.C., and Maciel, M.A M. (2005). Plantas medicinais: cura segura?
Quim Nova, 28: 519-28.

Ximenes, R.M., Nogueira, L.M., Cassundé, N.M.R,, Jorge, R.J.B., Dos Santos, SM.,
Magalhdes, L.P.M.,, Silva, M.R., Viana, G.S.B., Aradjo, R.M., De Sena, K X.E.R.,
De Albuquerque, J.F.C., and Martins, R.D. (2013). Antinociceptive and wound
healing activities of Croton adamantinus Mull. Arg. essential oil. Journal of natural
medicines, 67: 758-64.






