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KAJIAN AKTIVITI PENYEMBUHAN LUKA GEL TOPIKAL EKSTRAK
CURCUMA AROMATICA SALISB. (KUNYIT LIAR) DALAM MODEL

TIKUS DIABETES DIARUH STZ

ABSTRAK

Penyembuhan luka adalah proses biologi yang kompleks yang memerlukan
serangkaian fasa fisiologi serentak, seperti hemostasis, keradangan, proliferasi
(granulasi dan epitelisasi) dan pengubahsuaian (maturation). Proses penyembuhan ini
diselaraskan olen mekanisme selular dan molekul yang rumit melibatkan pelbagai
faktor pertumbuhan dan sitokin. Namun, penyakit metabolik kronik seperti diabetes
mellitus diketahui menyebabkan luka kronik yang tidak sembuh seperti ulser kaki
diabetes dan ulser tekanan. Patofisiologi luka kronik sering melibatkan
ketidakseimbangan redoks dan disfungsi laluan keradangan, kadangkala dengan
jangkitan mikroba serentak. Ketidakseimbangan redoks adalah fenomena yang
meningkatkan pengeluaran radikal bebas dan mengurangkan mekanisme pertahanan
antioksidan dalam badan, seperti yang dilihat dalam ulser kaki diabetes dan ulser
tekanan di mana antioksidan endogen seperti glutation dan tokoferol berkurangan
dengan ketara atau tiada, menunjukkan ketidakseimbangan oksidatif yang teruk yang
menyebabkan kecederaan tisu dikenali sebagai tekanan oksidatif melalui peroksidasi
lipid membran dan pengoksidaan protein dan enzim penting. Oleh sebab itu, terdapat
minat yang semakin meningkat dalam kajian farmaseutikal penyembuhan luka baru
yang mengandungi ekstrak tumbuhan dengan sebatian yang mempunyai sifat
penyingkiran radikal bebas yang boleh memperbaiki penyembuhan luka dengan
berkesan dan ketara serta melindungi daripada tekanan oksidatif. Penyelidikan

semasa ini memberi tumpuan kepada pembangunan dan penilaian gel ekstrak rizom
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Curcuma aromatica (C. aromatica) untuk penyembuhan luka dalam model tikus
diabetes dan bukan diabetes. Kajian ini juga menilai aktiviti antioksidan,
antibakteria, dan penyembuhan luka ekstrak tersebut. Ekstrak kasar etanol
menunjukkan aktiviti penyingkiran radikal DPPH, ABTS dan FRAP yang lebih
tinggi berbanding ekstrak kasar heksana, mungkin disebabkan oleh kandungan
fenolik dan flavonoid total yang lebih tinggi. Ekstrak kasar etanol menunjukkan
aktiviti antibakteria yang bergantung kepada kepekatan terhadap bakteria Gram-
negatif dan Gram-positif, termasuk P. aeruginosa, MRSA, dan MSSA. Namun, E.
coli adalah tahan. Penyembuhan luka in vitro sel Hs27 yang dirawat dengan pelbagai
kepekatan ekstrak mentah C. aromatica dan kawalan yang tidak dirawat
menunjukkan bahawa kepekatan terendah ekstrak mentah etanol secara signifikan
merangsang migrasi sel dan menunjukkan penyembuhan lengkap 24 jam selepas
rawatan. Namun, ekstrak mentah heksana menunjukkan aktiviti migrasi dan
proliferasi yang lebih perlahan, menunjukkan toksisiti yang tinggi. Kaedah penunjuk
kestabilan HPLC-UV fasa terbalik isokratik yang dibangunkan untuk penentuan
serentak curcumin, demethoxycurcumin, dan bisdemethoxycurcumin dalam ekstrak
etanol mentah rimpang C. aromatica telah disahkan mengikut garis panduan ICH
dan digunakan buat kali pertama dalam penentuan serentak kurkuminoid dalam
ekstrak rimpang C. aromatica. Kaedah ini menunjukkan kekhususan yang tinggi dan
keupayaan penunjuk kestabilan, berjaya mengenal pasti puncak analit dan produk
penguraian. Kaedah HPLC yang dibangunkan adalah mudah, kos efektif, dan sesuai
untuk analisis rutin formulasi atau produk kurkuminoid. Ekstrak etanol dari rizom C.
aromatica menunjukkan aktiviti farmakologi yang kuat in vitro dan oleh itu
digunakan dalam formulasi gel ekstrak topikal untuk rawatan penyembuhan luka.

Pangkalan gel Carbopol 940 adalah yang paling konsisten dan telus daripada semua
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polimer penggelling yang diuji dan oleh itu digunakan dalam penyediaan formulasi
gel ekstrak. Formulasi gel ekstrak, F3-1% dan F3-10% yang mengandungi 1% dan
10% ekstrak rimpang C. aromatica, telah dipilih untuk penilaian lanjut. Formulasi
gel ekstrak mengekalkan hampir 100% kandungan ubat setiap gram gel selama tiga
bulan, memastikan potensi penyembuhan luka mereka. Formulasi gel ekstrak diuji
pada kulit tikus untuk penilaian kerengsaan kulit akut, menunjukkan tiada bengkak
yang ketara, reaksi keradangan, eritema, pembentukan eschar, atau anomali lain.
Keberkesanan in vivo bagi formulasi gel ekstrak yang diformulasi telah dinilai
dengan merawat luka eksisi pada tikus diabetes dan bukan diabetes dengan formulasi
tersebut sekali sehari. Kajian mendapati bahawa formulasi gel ekstrak C. aromatica
mempercepatkan penyembuhan luka dengan ketara pada tikus diabetes dan bukan
diabetes berbanding dengan tikus yang tidak dirawat dan tikus kawalan formulasi.
Kompaun fenolik dalam ekstrak, khususnya kurkuminoid, telah dikenalpasti sebagai
kompaun aktif utama dalam ekstrak etanol C. aromatica yang dikaji dan berpotensi
bertanggungjawab terhadap aktiviti penyembuhan luka formulasi gel ekstrak
tersebut. Kajian histologi terhadap biopsi eksisi luka kulit pada hari ke-14 untuk
kumpulan tikus diabetes dan hari ke-10 untuk kumpulan tikus bukan diabetes
menunjukkan struktur kulit yang diperbaiki dengan epitelialisasi normal, pemulihan
folikel rambut, dan fibrosis dermis yang ketara dalam kumpulan F3-1% dan F3-10%,
serta kumpulan yang dirawat dengan povidone-iodine, menunjukkan penyembuhan
yang lengkap. Formulasi gel ekstrak yang dibangunkan adalah sesuai untuk rawatan
penyembuhan luka yang berkesan pada tikus diabetes dan bukan diabetes. Sejauh
pengetahuan kami, kajian ini adalah penyelidikan saintifik sistematik pertama

mengenai aktiviti penyembuhan luka ekstrak etanol rizom C. aromatica dan
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formulasi hidrogelnya yang mengesahkan dakwaan tradisional penyembuhan luka C.

aromatica.
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INVESTIGATION OF THE WOUND HEALING ACTIVITY OF TOPICAL
GEL EXTRACT OF CURCUMA AROMATICA SALISB. (WILD TURMERIC)

IN STZ- INDUCED DIABETIC MICE MODEL

ABSTRACT

Wound healing is a complex biological process that requires a series of
concurrent physiological phases, such as haemostasis, inflammation, proliferation
(granulation and epithelialisation) and remodelling (maturation). This healing
process is coordinated by complicated cellular and molecular mechanisms involving
different growth factors and cytokines. However, chronic metabolic diseases such as
diabetes mellitus are known to cause chronic, non-healing wounds such as diabetic
foot ulcers and pressure ulcers. Chronic wound pathophysiology often involves redox
imbalance and inflammatory pathway dysregulation, sometimes with concurrent
microbial infection. Redox imbalance is a phenomenon that increases free radical
production and decreases the antioxidant defence mechanism in the body, as seen in
diabetic foot ulcers and pressure ulcers where endogenous antioxidants like
glutathione and tocopherols are significantly reduced or absent, indicating a severe
oxidative imbalance causing tissue injury known as oxidative stress via lipid
peroxidation of membranes and oxidation of essential proteins and enzymes. For this
reason, there is a growing interest in the study of new wound-healing
pharmaceuticals containing plant extracts having compounds with free radical
scavenging properties that can effectively and significantly improve wound healing
and protect against oxidative stress. This current research focuses on developing and
evaluating an extract gel of Curcuma aromatica (C. aromatica) rhizomes for wound

healing in diabetic and non-diabetic mice models. The study also evaluated the
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extracts' antioxidant, antibacterial, and wound-healing activities. The ethanolic crude
extract demonstrated higher DPPH, ABTS and FRAP radical scavenging activity
than the hexane crude extract, possibly due to its higher total phenolic and flavonoid
content. The ethanolic crude extract showed a concentration-dependent antibacterial
activity against Gram-negative and Gram-positive bacteria, including P. aeruginosa,
MRSA, and MSSA. However, E. coli was resistant. In vitro wound healing of Hs27
cells treated with different concentrations of C. aromatica crude extracts and
untreated control showed that the lowest concentration of the ethanolic crude extract
significantly stimulated cell migration and exhibited complete healing 24 hours post-
treatment. However, the hexane crude extract showed slower migration and
proliferation activity, demonstrating high toxicity. The developed isocratic reverse-
phase HPLC-UV stability-indicating method for the simultaneous determination of
curcumin, demethoxycurcumin, and bisdemethoxycurcumin in the crude ethanolic
extract of C. aromatica rhizomes was validated as per ICH guidelines and applied for
the first time in the simultaneous determination of curcuminoids in the rhizome
extract of C. aromatica. The method demonstrated high specificity and stability-
indicating capability, successfully identifying analyte and degradation product peaks.
The developed HPLC method was simple, cost-effective, and suitable for routine
analysis of curcuminoid formulations or products. The ethanolic extract of C.
aromatica rhizome demonstrated potent pharmacological activity in vitro and thus
was used in topical extract gel formulations for wound healing treatment. Carbopol
940 gel base was the most consistent and transparent of all the gelling polymers
tested and was therefore used in extract gel formulation preparation. The extract gel
formulations, F3-1% and F3-10% containing 1% and 10% C. aromatica rhizome

extract, were selected for further evaluation. The extract gel formulations retained
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nearly 100% drug content per gram of gel over three months, ensuring their wound-
healing potential. The extract gel formulations were tested on mice skin for acute
skin irritation evaluation, showing no visible swelling, inflammatory reactions,
erythema, eschar formation, or other anomalies. The in vivo effectiveness of the
formulated extract gel formulations was evaluated by treating an excision wound on
diabetic and non-diabetic mice with the formulation once a day. The study found that
the C. aromatica extract gel formulations significantly accelerated wound healing in
diabetic and non-diabetic mice compared to untreated and formulation control mice.
The phenolic compounds in the extract, specifically curcuminoids, were identified as
the main active compounds in the investigated ethanolic extract of C. aromatica
rhizomes and could potentially be responsible for the wound-healing activity of the
extract gel formulation. The histological study of a skin wound excision biopsy on
day 14 for diabetic and day 10 for non-diabetic mice groups showed repaired skin
structures with normal epithelialisation, hair follicle restoration, and significant
dermis fibrosis in the F3-1% and F3-10%, and povidone-iodine-treated groups,
indicating complete healing. The developed extract gel formulation is suitable for
effective wound-healing treatment in diabetic and non-diabetic mice. To the best of
our knowledge, this study is the first systematic scientific investigation of the wound-
healing activity of C. aromatica rhizome ethanolic extract and its hydrogel

formulation that validated the traditional wound-healing claim of C. aromatica.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Background

Wounds are injuries due to physical, chemical or microbial agents that disrupt the
normal anatomic structure and cause loss of tissue function (Singh et al., 2017).
Thus, proper wound healing is necessary to restore tissue integrity and physiological
function. Wounds are classified as open or closed wounds (based on aetiology) and
acute or chronic wounds (based on the physiology of the healing process). In open
wounds, the skin is cut, exposing the underlying tissue to the outside environment,
making the wounds vulnerable to infection. Examples of open wounds include
incised wounds, lacerations or tear wounds, abrasions or superficial wounds,
avulsions, puncture wounds, penetration wounds and gunshot wounds. In contrast,
closed wounds are the opposite, but the damage can still affect the underlying tissues,
muscles, internal organs, and bones. Closed wounds include bruises, blood tumours,

crush injuries, and many more (Percival, 2002; Lazarus et al., 1998).

An acute wound is a tissue injury that quickly activates and passes through
coordinated physiological wound-healing phases (haemostasis, inflammation,
proliferation and tissue remodelling). In contrast, a chronic wound is a tissue injury
that demonstrates a delayed or prolonged healing process in most cases due to
pathological inflammation (Lukanc et al., 2018; Singh et al., 2017), thereby
preventing the wound from progressing into the proliferative phase (Wang et al.,
2018). Hence, this results in delayed wound healing, consequently causing reduced
quality of life, leading to increased morbidity and mortality rates and poor cosmetic

outcomes (Sami et al., 2019; Singh et al., 2017). Wounds are termed chronic if they



do not heal within three months (Singh et al., 2017; Tricco et al., 2015) after the

onset of the wound.

Most chronic wounds are ulcerative, including vascular, diabetic, and
pressure ulcers (Singh et al., 2017; Wong et al., 2015). Studies by Aly (2012) and
Guo and DiPietro (2010) discovered that systemic factors such as diabetes mellitus,
age, obesity, smoking, alcoholism, medication, and nutrition deficiency might impair
wound healing. People with diabetes are more prone to wound infection, and it has
been reported that the incidence is 11% higher than in the general population (Nagori
and Solanki, 2011). This claim is worrying because of the enormous increase in the
diabetic adult population annually, as contained in a 2016 World Health
Organization (WHO) report that more than 420 million adults were living with
diabetes in 2014, as against the 108 million in 1980, reported by Muniandy et al.

(2018).

Diabetes mellitus is becoming more common due to an ageing population. It
is estimated that approximately 617 million people globally are 65 years old or older.
That equates to more than 8.5 per cent of the global population (Ariyanchira, 2017).
This figure is predicted to rise to 1.6 billion by 2050. It is also reported that chronic
wounds are commonly found among elderly patients aged 65 years and above (Sen,
2023). Diabetic foot ulcers and necrotising fasciitis in the elderly are among the
leading causes of hospitalisation in the older population, necessitating intensive

wound care and prolonged wound dressing (Ariyanchira, 2017).

Management of chronic wounds is one of the significant public health
challenges, and little is known about their actual burden on the healthcare system

(Singh et al., 2017); such wounds will continue to have a severe impact on quality of



life, cost of healthcare to patients and healthcare institutions around the globe with
the ever-growing population (Agyare et al., 2016). It is estimated that about 1 to 2%
of the population of high-economy countries will have a chronic wound during their
lifetime (Jarbrink et al., 2016; Nussbaum et al., 2018). Interestingly, in the United
States of America (USA) alone, it is estimated that over 6.5 million people (i.e. about
2 % of the total population) suffer from chronic wounds (Lordani et al., 2018;
Mathieu et al., 2006; Menke et al., 2007; Mohanty and Sahoo, 2017). In contrast to
the United Kingdom (UK), Denmark, and Sweden, 1% of their population has a

chronic wound, as Walton (2014) reported.

As a result, North America has spent over US$25 billion per year on the
management of chronic wounds (Shedoeva et al., 2019), while over £5 billion is
spent annually by the National Health Service (NHS) in the UK on the care of
patients with chronic wounds (Ahmajarvi et al., 2019; Guest et al., 2015, 2017).
Similarly, Australia's annual cost of managing three common chronic wounds
(pressure, leg, and diabetic foot ulcers) is US$2.85 billion (Kapp and Santamaria,
2017). In Denmark, chronic wound care poses a financial burden of €99 million per
year and is expected to rise by 30 % in the next decade (Hjort and Gottrup, 2010).
Furthermore, in developing countries like Malaysia, the Ministry of Health estimated
that the annual expenditure for chronic wound care in Malaysia is around US$5
million (Ariyanchira, 2017). The figure is expected to be more prominent in the
coming years due to the slow but steady increase in the Malaysian diabetic

population, reportedly around 3.5 million (Muniandy et al., 2018).

Globally, wound care costs averaged US$2.8 billion annually as of 2014 and
are anticipated to reach US$3.5 billion in 2021 (Settipalli, 2015). However,

according to a market research report in 2018, the global market for wound closure
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products will surpass US$15 billion before the end of the year 2022, and by 2024, the
market for advanced wound care aimed at chronic ulcers and surgical wounds is
projected to exceed US$22 billion as reported by Sen (2019). Thus, it has become
evident that chronic wound treatment has a significant economic impact on the

public and warrants more attention.

Traditional medicines produced from indigenous plants, animals, and natural
products are the mainstay of wound care for millions throughout Asia, Africa, the
Middle East, and Latin America (Shedoeva et al., 2019). For this reason, Traditional
and Complementary Medicine (TCM) has gained wide acceptance even amongst the
elite conventional medical practitioners as a vital component of the current primary
healthcare system in many developing and developed countries. For example, Siti et
al. (2009) reported that 69.4% of Malaysians use TCM daily in Malaysia. Hence, the
Ministry of Health Malaysia has implemented proactive policies to promote TCM
incorporation in the healthcare scheme to complement conventional medications and
urge research institutions to research the safety and efficacy of TCM (Siti et al.,
2009). For example, in 2001, the Malaysian government expressed its determination
to promote and regulate TCM by publishing the National Policy on
Traditional/Complementary Medicine. In the Policy, the government declared the
institutionalization, professionalization, and integration of TCM into the national
health care system (NHS) in the name of quality and safety (Park et al., 2022).
Similarly, the World Health Organization (WHO) mentioned that ethnomedicinal
plant research merits more attention (Benzi and Ceci, 1997) due to the plethora of
natural bioactive constituents of plant origin proven to possess therapeutic effects in

managing a broad spectrum of diseases.



Undeniably, herbal therapy has been pivotal in wound healing and other skin
ailments (Agyare et al., 2016). In addition, plants with wound-healing properties
have served as alternative forms of treatment in managing wounds, particularly in
rural settings (Sabale et al., 2012). In this study, one folkloric medicinal plant,
Curcuma aromatica Salisb (C. aromatica), used in traditional medicine, will be

explored for pharmacological validation of its efficacy in treating diabetic wounds.

C. aromatica is a Zingiberaceae family member, genus Curcuma. C.
aromatica is an annual herb with a light yellow rhizome found throughout the tropics
and subtropics of the world. It is cultivated chiefly for its rhizomes in Asian
countries, including China, India, and Japan (Umar et al., 2020). In English, C.
aromatica is known as wild turmeric, whereas in Hindi, it is called Jangli Haldi and
Yujin in Chinese. The rhizomes of C. aromatica are used in traditional medicine to
treat blood stasis, slow ageing, alleviate pain, and protect against liver disease
(Dosoky and Setzer, 2018). The rhizomes are also consumed as a tonic and
carminative and are also applied topically for various skin diseases, such as sprains
and bruises, as an antidote for snake venom, and to enhance the complexion tone
(Ahmad et al., 2011; Dosoky and Setzer, 2018; Preethi et al., 2010; Xiang et al.,
2017). In the North-Eastern portion of India, aqueous extracts and paste (made with
milk) of C. aromatica rhizomes and leaves are, among other things, used to treat
indigestion, rheumatism, diarrhoea, used topically for wound healing and prevention

of helminth infections (Sikha et al., 2015).

1.2 Research Problem

Chronic metabolic diseases such as diabetes mellitus are known to cause chronic,

non-healing wounds such as diabetic foot ulcers. It is estimated that the lifetime



probability of people with diabetes developing a chronic foot ulcer is around 10-25%
(Dargaville et al., 2013; Margolis et al., 2011). It is also worth noting that diabetes is
the leading cause (90%) of nontraumatic leg amputations in the USA (Dargaville et
al., 2013). Apart from diabetes, the global prevalence of pressure ulcers in critical
and intensive care patients is also increasingly alarming and reported to be around
33%, and about 50-80% of such cases were hospital-acquired (Anthony et al., 2019;
Dreifke et al., 2015; Shahin et al., 2008). Diabetic foot and pressure ulcers are the
root cause of morbidity, and their care is a massive financial burden (Dreifke et al.,
2015). Therefore, the progressive increase in diabetes mellitus, an ageing population,
and the high demand for wound care have renewed interest in investigating new,

affordable, safe, and effective healing therapies from natural sources.

1.3 Research Hypothesis

Chronic wound pathophysiology often involves redox imbalance and inflammatory
pathway dysregulation, sometimes with concurrent microbial infection. Endogenous
antioxidants like glutathione and tocopherols are significantly reduced or absent,
indicating a severe oxidative imbalance causing tissue injury known as oxidative
stress via lipid peroxidation of membranes and oxidation of essential proteins and
enzymes (Johnson et al., 2021; Shetty, 2012). Redox imbalance is a phenomenon
that increases free radical production and decreases the antioxidant defence
mechanism in the body (Cheeseman, 1993). Oxygen-free radicals are produced
principally in inflamed or ischemic tissues during the inflammatory response (S.
Singh et al., 2017). This activity is seen in diabetic foot ulcers and pressure ulcers as
they are always accompanied by hyperglycemia and hypoxia, which increase

oxygen-free radicals concentrations (Guo and DiPietro, 2010).



Our research hypothesis is that topical applications of compounds with free
radical scavenging properties can effectively and significantly improve wound

healing and protect against oxidative stress.

1.4  Plants as wound healing agents

Plants containing carotenoids and polyphenolic flavonoids have potent antioxidant
and wound-healing properties (Agyare et al., 2016). Furthermore, as natural free
radical scavengers, flavonoids have been reported to inhibit lipid peroxidation and
promote vascular relaxation to accelerate wound healing (Govindarajan et al., 2004;
Shetty, 2012). Lastly, many polyphenols have antibacterial properties, which can
help prevent or resolve local wound infections (J. B. Johnson et al., 2021). Some of
these plants' acute wound-healing activity has been scientifically screened and
evaluated in various pharmacological models. However, most of these medicinal
plants' potential in chronic wound healing has yet to be explored (Chopda and
Mahajan, 2009), and active chemical constituents were identified only in a couple of
cases (Ahmad et al., 2011; Govindarajan et al., 2004).

Previous studies have reported beneficial pharmacological properties of C.
aromatica, such as antioxidant, antimicrobial, anti-inflammatory, anticancer,
antidiabetic, antitussive, antiobesity, antiangiogenic and immunological effects
(Birdane et al., 2018; Pant et al., 2013; Preethi et al., 2010; Revathi and Malathy,
2013). However, to our knowledge, no scientific data has been reported to support its
traditional wound-healing activity. Therefore, C. aromatica was selected as the plant

of interest in this study because of its multi-therapeutic potential.



1.5

Research Question

This research investigates whether extract gels of C. aromatica rhizomes can

effectively and safely cure cutaneous wounds in a diabetic mice model.

1.6

Aims and Objectives of the Study

1.6.1 Aims of the Study

This research aims to formulate an extract gel of C. aromatica rhizomes and assess

its wound healing activity on the excision wound model in induced diabetic and non-

diabetic mice models to verify and validate the traditional wound healing claim of C.

aromatica.

1.6.2 Objectives of the Study

The objectives of the study are:

To produce crude extracts of C. aromatica rhizomes using different solvents
(n-hexane and ethanol), perform phytochemical analysis of the crude extracts,
and develop and validate a new HPLC technique for quantification of
curcuminoids in the rhizome extract.

To perform in vitro screening of the crude extracts for the evaluation of
potential wound healing activity: (a) antimicrobial activity, (b) antioxidant
activity, (c) in vitro cell proliferation and viability assay using MTT, and (d)
in vitro wound scratch assay (fibroblast bioassay).

To screen polymers, formulate and characterise the extract gels of the most
promising crude extract of C. aromatica rhizomes.

To perform acute skin irritation tests for the selected formulated extract gel

on mice.



Vi.

To induce streptozotocin (STZ) diabetes in mice and perform in vivo studies
on the induced diabetic and non-diabetic mice models to evaluate wound
healing effects of the selected extract gel formulations on excision wounds.

To perform histological studies to examine the extent of healing (re-
epithelisation, vascularisation, and collagen deposition) of the tested
formulated extract gels on the excised healed skin area of diabetic and non-

diabetic mice.



CHAPTER 2

LITERATURE REVIEW

2.1  Anatomy and function of the human skin

The skin, the body's delicate outermost layer, is one of the largest human
organs in terms of surface area and weight. It covers the whole human body, has a
surface area of around 2 m? and accounts for 15-16% of the body's weight in adults,
estimated at around 3.6 kg (Kolarsick et al., 2011; Nafisi and Maibach, 2018).
Among other skin functions, it serves various critical tasks, including protection from
external physical, chemical, and biological threats, preventing excessive body water
loss, and assisting in temperature control (Nafisi and Maibach, 2018). It is also
crucial for vitamin D production, maintaining homeostasis, and serving as a sensory
organ for sensing various stimuli (Mullen, 2004; Proksch et al., 2008). The skin is a
dynamic organ that constantly changes throughout life, as outer layer cells are shed
and replaced by inner layer cells, and it comprises three structural layers (Figure 2.1):
the epidermis, dermis, and hypodermis. Important skin derivatives include hair, nails,
sebaceous, and sweat glands (Proksch et al., 2008). Skin thickness varies according
to an individual's anatomical location, gender, and age. For example, the palms and
soles have the thickest skin, about 4 mm thick, whereas the eyelids and postauricular
regions have the thinnest, approximately 0.05 mm thick (Madison, 2003). Children's
skin is thinner than adult skin, and this is because skin thickens gradually until the
40" or 50" decade of life, at which point it begins to thin. This thinning is
predominantly a cutaneous phenomenon characterised by losing elastic fibres,

epithelial appendages, and ground material (Fore, 2006).
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Figure 2.1: A cross-section of the skin structure showing the three layers of the skin
(epidermis, dermis, and hypodermis) and its derivatives (hair, sebaceous, and sweat
glands). Adapted from Umar et al. (2021).

2.1.1 Structure of the Skin
2.1.1.(a) The epidermis layer

The epidermis is the superficial layer of the skin and varies in thickness from the
eyelid (0.5 mm) to the palms and soles (1.5 mm) (Nafisi and Maibach, 2018; Ribeiro
et al., 2017). It is a non-vascular tissue composed of four layers of keratinocytes in
different differentiation phases (Figure 2). Namely (from the deepest to the most
superficial) are the basal cell layer, the spinous or squamous layer, the granular cell
layer, and the stratum corneum (Honari and Maibach, 2014). The first three layers
comprise the epidermis's nucleated portion, the Malpighian layer (Proksch et al.,

2008). The stratum corneum, also called the horny cell layer, is predominantly (80%)
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made up of fully keratinised cells that are no longer alive yet contribute significantly
to the epidermis's homeostasis (Gilaberte et al., 2016). The basal layer keratinocytes
are the least differentiated and the only keratinocytes in the epidermis with
reproductive ability, acting as a cell reservoir and continuously providing
keratinocytes to higher layers of the epidermis such as stratum spinosum, stratum

granulosum, and stratum corneum through cell division and migration.

However, other non-keratinocyte cell populations of the epidermis include
melanocytes, Langerhans cells, and Merkel cells (Goldsmith et al., 2012; Kolarsick

et al., 2011), which will be discussed later in this chapter.

[ ————— Dead cells filled

with keratin

Stratum corneum

Stratum lucidum

Stratum granulosum
Lamellar granules

- fl'\\\, =i ;
Stratum spinosum i7—7—— Keratinocyte

—

Stratum basale
Merkel cell

Melanocyte

Figure 2.2: The four main layers of the epidermis's keratinocyte and other non-
keratinocyte cells. Adapted with slight modification from the Wikimedia Commons
(the free media repository).
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The process of differentiation that happens as the cells move from lower to
higher layers of the epidermis (i.e. from the basal layer to the stratum corneum)
results in the formation of keratin, a component of the cytoskeleton of the cell (Chu,
2012). Multipacks of these keratin filaments congregate on and terminate at the
plasma membrane to form what is known as desmosomes (intercellular attachment
plates) (James et al., 2011). Skin secondary structures, such as nails, pilosebaceous
apparatuses, and sweat glands, are derived from the epidermis (Chu, 2012; Kolarsick

etal., 2011).

As a constantly renewing tissue, the epidermis must sustain a constant cell
count while regulating epidermal cell interactions and junctions. The adhesion of
keratinocytes to one another, their interactions with migrant cells, the adherence of
the basal lamina to the inherent dermis, and terminal differentiation to generate
corneocytes (keratinocytes without nuclei and cytoplasmic organelles) must all be
controlled as cells migrate throughout life and during development (Simpson et al.,
2011). Morphogenesis of the epidermis and differentiation are partly influenced by
the underlying dermis, which is vital for the upkeep of postnatal structure and
function. The epidermal-dermal junction is also a critical location for developing

epidermal appendages.

The ability of epidermal cells to go through apoptosis (a programmed cell
death) also plays a role in maintaining a constant epidermal thickness. Apoptosis is
characterised by an ordered sequence of morphological and biochemical alterations
that result in cell death without causing damage to the neighbouring cells, as
frequently observed in gangrene (Escobar et al., 2015; Walter, 2018). Numerous
cellular signalling molecules, such as growth factors, cytokines, and hormones,

regulate this critical homeostatic mechanism. Apoptosis is critical in the skin for
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developmental remodelling, cell number regulation, and defence against virus-
infected, mutated, or differently damaged cells (Nagata, 2018; Shapouri-Moghaddam
et al., 2018). Furthermore, terminal differentiation is an apoptotic process that
transforms the keratinocyte into a defensive corneocyte (Costanzo et al., 2015).
Disruption of the dynamic equilibrium that maintains the epidermal thickness
constant can lead to psoriasis (Zhang et al., 2015), while dysregulation of apoptosis

is frequently observed in skin tumours (Koff et al., 2015; Su et al., 2015).

2.1.1.(a)(i) Stratum germinativum

The stratum germinativum, also called the basal layer, comprises column-
form keratinocytes that bind to the basement membrane area perpendicular to the
dermis via their long axis. These basal cells form one layer through desmosomal
junctions, bind to each other, and bind to the more superficial squamous cells
(Losquadro, 2017). Additionally, basal cells are distinguished by their stretched
nuclei or dark-staining oval and the existence of melanin pigment transmitted from

the neighbouring melanocytes (Mauldin and Peters-Kennedy, 2015).

This basal layer of the epidermis is the hub of mitotic cells that differentiate
into the outer epidermal layer's cells. Nevertheless, not every basal layer cell can
divide (Zhang, 2018). In normal circumstances, stem cells of the epidermis in the
basal layer are long-lived, self-renewing progenitor cells (clonogenic cells) that
progress very slowly through the cell cycle (Yousef and Sharma, 2018). By
stimulating stem cell division, hyperplasiogenic conditions like wounds can raise the
number of epidermal cycling cells (Yang et al., 2019). DNA damage caused by
carcinogens may result in mutations in cell proliferation machinery and may, as well,
alter the speed of cell division (Kohnken et al., 2015). In humans, a cell in the basal
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layer takes a minimum of 14 days to migrate from the basal to the cornified layer and
a further 14 days from the latter (cornified layer) to reach the outermost epidermis

(Sullivan and Myers, 2022).

2.1.1.(a)(ii) Stratum Spinosum (squamous cell layer)

Covering the aforementioned basal layer is a 5 to 10-cell thick epidermal
layer called the stratum spinosum, also called the squamous cell layer (Yousef and
Sharma, 2018). The name stratum spinosum derives from the spine-like form of the
countless desmosomes on the cell borders (S. Agarwal and Krishnamurthy, 2019).
This squamous layer comprises numerous cells varying in subcellular properties,
shape, and structure according to location. For instance, suprabasal spinous cells
have a rounded nucleus and are polyhedral in shape, while cells in the upper spinous
layers are usually quite bigger, flatten out as they approach the skin's surface, and
have lamellar granules (Hargis and Myers, 2017). These granules are membrane-
bound organelles containing a variety of acid hydrolases, such as proteases,
glycosidases, acid phosphatases, and lipases, and also contain glycoproteins,
phospholipids, and glycolipids. Due to many hydrolytic enzymes, the lamellar
granules appear to be a kind of lysosome. Lamellar granules act mainly in cells at the
boundary between the cornified and granular layers and, in addition, act in the upper
spinous layer cells, delivering precursors or source materials of the stratum corneum

lipids into the intercellular space (Freeman and Sonthalia, 2019).

Keratin fibrils in the cytoplasm are organised coaxially around the nucleus
and are adhered to desmosomal plaques at one edge but unbounded at the other edge
closest to the nucleus (Hatzfeld et al., 2017; Moch et al., 2020). These desmosomal
plagues comprise six polypeptides on the cell membrane's cytoplasm that regulate
the calcium necessary for desmosomal assembly and upkeep (Hegazy et al., 2021,
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Moch et al., 2020; Stahley et al., 2014). Desmosomes bridge the intercellular spaces
between spinous cells, fostering mechanical coupling amongst epidermal cells and
resisting physical stresses (Johnson et al., 2014). Another type of epidermal cell
connection is the gap junction. These junctions enable physiologic communication
through chemical signalling, which is critical for controlling cell metabolism,
growth, and differentiation (Mathews and Levin, 2017; Nielsen et al., 2012) by

forming an intercellular pore.

2.1.1.(a)(iii) Stratum Granulosum (granular cell layer)

The granular layer, also known as the stratum granulosum, amongst the
epidermis's layers, is the most superficial layer containing living cells (Gilaberte et
al., 2016). The granular layer comprises flattened cells containing plenty of
keratohyalin granules in their cytoplasm. These cells are required to modify and
synthesise keratinisation-related proteins further (Freeman and Sonthalia, 2019). The
thickness of the granular layer varies proportionally to the thickness of the
superimposed cornified layer. For instance, the granular layer beneath thin cornified
layer areas might only be 1 to 3 cell layers thick, while the granular layer beneath the
palms and soles may be 10-fold this thickness (Menon, 2015). However, the absence
or presence of a thinly granular layer can result in extensive parakeratosis, whereby
keratinocyte nuclei persist as the cells migrate into the stratum corneum, which
results in a chronic skin disease called psoriasis, characterised by dry red patches

covered with scales (Mauldin and Peters-Kennedy, 2015).

Keratohyalin granules are highly basophilic and have an irregular size and
shape; they are needed for the formation of both the interfibrillar matrix that helps

keep the keratin filaments in concert and the horny cells' inner lining (Freeman and
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Sonthalia, 2019). The enzymatic action of keratohyalin granules produces soft
keratin in the epidermis by cutting keratin filaments periodically. On the other hand,
hair and nails lack keratohyalin granules, and as disulphide bonds are incorporated,
the tonofibril filaments that traverse the cell cytoplasm harden, resulting in hard-

keratin in those structures (Feng and Coulombe, 2015).

Also, because the granular layer is the epidermis keratogenous area,
lysosomal enzymes are abundant in this layer and exist only in trace amounts in the
stratum basalis and stratum spinosum (Nancy Ann Monteiro-Riviere, 2020).
Additionally, the dissolution of cellular organelles occurs here as the granular layer
cells experience a sudden terminal differentiation process into a horny cell of the

cornified layer (Khiao In et al., 2015).

2.1.1.(a)(iv) Cornified layer

The corneocytes (horny cells) of the cornified layer offer a mechanical
protective cover for the inherent epidermis and protect against invasion by foreign
substances and water loss (Monteiro-Riviere, 2010). Corneocytes, which are protein-
rich but low in lipids, are encased in a continuous extracellular lipid matrix (Ptnnel
and Lunter, 2021; Woo, 2019). These horny cells, flat, large, and polyhedral in
shape, have lost their nuclei during terminal differentiation and are technically
considered dead (Joffe et al., 2020; Mohamed and Hargest, 2022). In this layer,
desmosomes are proteolytically degraded as cells protrude to the outside,
contributing to the corneocyte shedding during desquamation (Evora et al., 2021).
Cell biochemical and physical properties in the cornified layer vary depending on the
position to promote desquamation outward. For example, the middle layer cells have

a more remarkable ability for water binding than cells in the deeper layers, owing to
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the elevated level of unbound amino acids in their cytoplasm. The deep cells are
much more compressed and exhibit a wide variety of intercellular attachments than

those in the more superficial layers (Mauldin and Peters-Kennedy, 2015).

2.1.1.(b) Nonkeratinocyte cells of the epidermis
2.1.1.(b)(i) Merkel cells

The Merkel cells are oviform and connected to the epidermis's basal
keratinocytes via desmosomal junctions (Rickelt et al., 2011; Sidhu et al., 2005).
These cells function as type-I mechanoreceptors and are found in areas of high tactile
sensitivity, including lips, fingers, hair follicles-outer root-sheath, and oral cavity,
and occasionally assembled into specialised structures called touch domes or tactile
discs (Woo et al., 2015). Merkel cells are concentrated in certain parts of the body,
like fingertips, resulting in some smaller, concentrated receptive fields and increased
tactile sensitivity and resolution (Corniani and Saal, 2020). Merkel cells release a
chemical signal in response to relatively minor deformations of adjacent
keratinocytes, which causes activity in the adjacent sensory neuron, which transmits

the signal to the brain (Abraham and Mathew, 2017).

2.1.1.(b)(ii) Langerhans cells

Langerhans cells are antigen-presenting dendritic cells participating in several
T-cell responses (Honda et al., 2019). These cells originate from the bone marrow
and move to a suprabasal position (which lies directly above the basal layer) in the
epidermis's early stage of embryonic development, where they circulate and
repopulate the epidermis throughout life (Clayton et al., 2017). Langerhans cells are
dendritic and lack cellular junctions with adjacent cells. These cells account for 2 to

8 % of the overall epidermal cell population and retain virtually constant cell
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numbers and distributions in a given area of the body (Seneschal et al., 2012).
Langerhans cells are predominantly and primarily distributed in the squamous and
granular layers of the epidermis (Clausen and Kel, 2010). Apart from the epidermis,
they are also found in other squamous epithelia, such as the vagina, oral cavity,

oesophagus, normal dermis and lymphoid organs (Deckers et al., 2018).

2.1.1.(b)(iii) Melanocytes

Melanocytes are dendritic pigment-producing cells originating from the
neural crest and are found primarily in the basal layer of the skin (Ali and Naaz,
2015; Cichorek et al., 2013). The melanocyte's extension comes into contact with
keratinocytes without forming cellular junctions as they branch into more superficial
layers (Wang et al., 2016). Melanocytes synthesise and transport the pigment
melanin to keratinocytes (Moreiras et al., 2021). Melanin is synthesised and stored in
the melanosome, a unique intracellular organelle produced by pigment cells in the
skin, through a sequence of hormone-stimulated, enzyme-catalysed, receptor-

mediated reactions (Maranduca et al., 2019).

As reported by several authors, these melanosomes aggregate into membrane-
bound melanosome complexes with two or three melanosomes in pale-skin
individuals, while melanosomes are removed quickly from these complexes in
keratinocytes from dark skin. Intensely pigmented skin may be the consequence of
increased melanosome production, a higher level of melanisation, the existence of
bigger melanosomes, better dispersion of melanosomes within keratinocytes, or a
reduced rate of melanosome degradation (Benito-Martinez et al., 2021; D'Alba and
Shawkey, 2019; Hurbain et al., 2018; Tadokoro and Takahashi, 2017; Thong et al.,
2003).
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2.1.2 The Dermal-Epidermal Junction

The dermis and epidermis are connected by a porous basement membrane
zone that enables fluid and cell exchange and keeps the two layers together (Fenner
and Clark, 2016). The dermal-epidermal junction structures are primarily composed
of basal keratinocytes, and to a small extent, dermal fibroblasts are also involved
(Roig-Rosello and Rousselle, 2020). The basal lamina is a layer composed primarily
of collagen type-1V, anchoring filaments, and dermal microfibrils synthesised by
basal cells of the epidermis. It encompasses the lamina lucida, an electron-lucent
area, and the lamina densa (Joffe et al., 2020; Menon, 2015). Basal cells' plasma
membranes are connected to the basal lamina through hemidesmosomes, which
distribute tensile or shear forces throughout the epithelium. This dermal-epidermal
junction serves as structural assistance for the epidermis, helps establish cell polarity
and growth direction, guides the cytoskeleton arrangement in the basal cells,
transmits developmental signals, and acts as a semi-permeable membrane amongst
layers (Aleemardani et al., 2021; Briggaman and Wheeler, 1975; Burgeson and

Christiano, 1997).

2.1.3 The Dermis

Just below the epidermis layer (Figure 2.1) is a thick incorporated layer of
amorphous, filamentous, and fibrous connective tissue known as the dermis that
allows macrophages, mast cells, fibroblasts, vascular and nerve networks, and
epidermally derived appendages to gain entry in response to stimuli. Also, other
blood cells, such as plasma cells, lymphocytes, and other types of leukocytes, get
into the dermis in reaction to many different stimuli. The dermis represents a large

percentage of the thickness of the skin and is responsible for its tensile strength,
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flexibility, and elasticity. It defends the body against mechanical damage, holds
water, helps in thermoregulation, and contains sensory receptors. The dermis and
epidermis work together to maintain the properties of both tissues. During
development, the two zones cooperate on the morphogenesis of the epidermal
appendages and dermal-epidermal junction and collaborate to repair and remodel the
skin as wounds heal. Although the dermis cannot differentiate in the same way as the
epidermis, thus the structure and arrangement of connective tissue components are
entirely predictable and depth-dependent. Collagen and elastic connective tissue
components of the matrix also differ in depth and undergo turnover and remodelling
in pathologic state, normal skin, and responding to an external stimulus (Brown and

Krishnamurthy, 2019; Yousef and Sharma, 2018).

Almost all dermis components are of mesodermal origin, except for nerves,
which originate from the neural crest, just like the melanocytes. Until around the
sixth week of foetal development, the dermis is nothing more than a collection of
dendritic-shaped cells containing the precursors of fibroblasts, known as acid
mucopolysaccharides. Fibroblasts actively produce collagen, reticulum fibres, and
elastic fibres by the 12'" week. By week 24, the vascular network had developed, and
fat cells emerged below the dermis, eventually forming the hypodermis. The infant
dermis comprises small collagen bundles, whereas the adult dermis comprises larger
collagen bundles. Numerous fibroblasts exist within the dermis of infants, but only a
couple survive into adulthood (Lindberg and Lamps, 2018; Sullivan and Myers,

2022).

The dermis primarily comprises collagen (type-1 collagen is the most
abundant), a fibrous protein family with no fewer than 15 distinct genetic types in the

human skin. Collagen is the main structural protein throughout the human body and
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is found explicitly in the dermis, ligaments, tendons, and bone lining. Collagen
constitutes 70% of the skin's dry weight and is the skin's primary stress-resistant
material (Brown and Krishnamurthy, 2019). However, elastic fibres contribute to
skin flexibility and elasticity but offer little resistance to deformation and tearing
(Baumann et al., 2021; Schmelzer and Duca, 2021), whereas proteoglycans provide
hydration and viscosity (Ruiz Martinez et al., 2020). This extracellular matrix (ECM)
of the dermis is constantly being degraded by a family member of proteases known
as matrix metalloproteinases (MMPs), which are enzymes that, via a process called
proteolysis, catalyse the cleaving of proteins into smaller peptide fractions and amino
acids, and are replaced by new matrix constituents. These MMPs are zinc-dependent
extracellular proteinases responsible for EMC remodelling (Cabral-Pacheco et al.,
2020; Jabtonska-Trypuc et al., 2016). Collagenases, gelatinases, and stromelysins are
the three major classes of MMPs. Collagenases are enzymes that cleave interstitial
collagen, including MMP-1, MMP-8, MMP-13, and MMP-18, with MMP-1 being
the most abundant. Gelatinases, including MMP-2 and MMP-9, degrade basement
membrane collagens and are responsible for the denaturation of structural collagens.
At the same time, stromelysins such as MMP-3, MMP-10, MMP-11, and MMP-19
are responsible for the degradation of matrix glycoproteins, proteoglycans, and
basement membrane collagens as well (Almalki and Agrawal, 2016). Many authors
observed that MMPs are increasingly produced in various physiological and
pathologic processes, including tumour invasion, skin ageing, and wound healing
(Azevedo et al., 2014; Caley et al., 2015; Freitas-Rodriguez et al., 2017; Rohani and
Parks, 2015; Zhang et al., 2017a). As recently reported, keratinocytes, fibroblasts,
mast cells, and neutrophils are the primary producers of these MMPs (Pittayapruek et

al., 2016; Sharma et al., 2020; Stunova and Vistejnova, 2018). The balance between
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MMPs and tissue inhibitors of MMPs is critical for dermal matrix structure
maintenance (Cabral-Pacheco et al., 2020; Keane et al., 2018; Masciantonio et al.,
2017). Transforming growth factor-beta (TGF-B) is a critical regulator of MMP
expression, as reported in the literature (Krstic and Santibanez, 2014; Santibanez et

al., 2018).

2.1.3(a) The Dermis Vasculature

Blood and lymph vessels perform critical homeostatic functions, including supplying
nutrients to the skin and regulating the immune responses (Breslin et al., 2019).
Blood vascularisation of the dermis is divided into a superficial horizontal plexus
containing capillaries and a lower plexus (Brown and Krishnamurthy, 2019; Pichol-
Thievend et al., 2018; Strong et al., 2017). Also, two plexuses are formed by the
lymph vessels adjacent to the blood vascular system (Lund et al., 2016). The
superficial lymph vessel plexus supplies the dermal papilla and drains into the larger
lymph vessels to supply the lower dermis (Martinez-Corral et al., 2015). While the
blood vessels are positioned directly beneath the epidermis, the lymph vessels are

deeper inside the dermis (Breslin et al., 2019).

2.1.3(b) Muscles

Arrector pili (AP), the muscle fibres of arteries and veins, and the glomus
bodies are the skin's involuntary (smooth) muscles (Gilaberte et al., 2016). The AP
fibres are attached to the hair follicle underneath the sebaceous gland, pulling it
vertically during contraction, and are situated in the upper dermis (Torkamani et al.,
2017, 2014). Glomus bodies comprise an arteriovenous shunt encased in a smooth

muscle cell capsule located on the fingers, toes, soles, and palms. Their prominent
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role is to control the body temperature by diverting blood away from the skin's
surface in cold conditions, avoiding heat loss, and enabling the maximal blood flow
to the skin in hot temperatures, allowing heat to disperse (Nancy Ann Monteiro-

Riviere, 2020).

Furthermore, voluntary muscles are found in the face skin, where they control
facial gestures, and in the neck skin, where they are recognised as platysma, a broad
sheet of muscle fibres that extend from the collarbone to the jaw angle (Hoerter and

Patel, 2020; Westbrook and Varacallo, 2018).

2.1.3(c) Nerves

The autonomous nervous system is critical in preserving dermal homeostasis
by controlling glandular secretions, pilomotor activities, and vasomotor functions.
The skin is a vital sensory organ because it serves as the primary interface with the
environment. The sensory nerve network enables the sensations of temperature,
touch, itch, and pain to be perceived (Cardinali, 2018; Chokroverty and Bhat, 2021,
Mota-Rojas et al., 2021; Smith and Johnson, 2016). In the skin, nerves are composed
of both myelinated and unmyelinated fibres. Myelinated fibres are efferent neurons
that connect to skeletal muscles and comprise a sub-group of afferent neurons,
whereas unmyelinated fibres are autonomic and sensory fibres. Once the myelin
sheaths are lost, dermal nerves end as free nerve endings, perhaps as peculiar nerve-

end organs or in combination with receptors (Truini et al., 2015).

Meissner corpuscles are situated in the dermal papilla and are primarily found
on the ventral sides of the hands and feet. Meissner corpuscles, which appear in
abundance on the hands and are even more concentrated in the fingertips, help

mediate touch sensing (Gill et al., 2017). Vater-Pacini corpuscles are large nerve-end
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