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Abstract

Periodontal diseases, such as gingivitis and periodontitis, are amongst the most
common diseases affecting most of the population and have been highly associated
with dental plaque. The main strategy to prevent periodontal diseases is through
control of dental plaque via physical and chemical methods. However, currently used
anti-plaque agents have adverse effects such as tooth staining and taste alteration.
Whilst increased antimicrobial resistance is another issue in the management of
periodontal diseases. Therefore, the discovery of new alternative treatment agents is
necessary. Pomegranate rind extract (PRE) is a well-established folkloric medicine
and abundant with hydrolysable tannins, especially punicalagin, with beneficial health
properties. More recently, addition of Zn (II) to PRE exerted a synergistic
antimicrobial activity against microbes, including some bacteria and viruses. Thus, the
aim of this study was to investigate potential use of PRE, Zn (II) and PRE/Zn (II) in
relation to treating oral diseases. PRE (1-8 mg/mL), Zn (II) (0.39-6.25 mM) and
PRE/Zn (II) demonstrated a broad-spectrum antimicrobial activity in planktonic and
biofilm conditions against oral microbes. These agents also exhibited anti- adhesive
properties by reducing attachment of S. gordonii, S. mutans and C. albicans to glass
surfaces. Synergistic antimicrobial activity for PRE/Zn (II) was found against S.
gordonii and C. albicans, it was associated with an increased reactive oxygen species
(ROS) level which can be active against C. albicans. PRE and punicalagin were also
investigated for wound healing properties with and without Zn (II). Results indicated
that punicalagin had better antioxidant activity and addition of Zn (II) (0.1 mM) to
punicalagin (0.1 pg/mL) increased the migration of human primary gingival fibroblast
cells. Immunomodulatory activity of PRE and PRE/Zn (II) was evaluated using a P.
gingivalis biofilm infected 3D ex vivo rat mandible model. This treatment caused a
significant reduction in pro-inflammatory cytokines (IL-1b, IL-6 and TNF-a) in the
culture medium of the 3D infected ex vivo rat mandible model. This work has provided
a basis for using PRE and PRE/Zn (II) as a novel therapeutic system for periodontal
diseases, such as gingivitis and periodontitis. Moreover, PRE and PRE/Zn (II) could
be developed as cost-effective products with potential for improving oral health

globally.
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Chapter 1: General Introduction

1.1 Oral cavity

The oral cavity is a unique and dynamic environment, which comprises hard and soft
tissues as well as the oral microbiome. It continuously faces mechanical stresses (e.g.,
during mastication) and sudden temperature changes during food consumption.
Furthermore, rapid changes that happen in the local pH, sensory changes, reflexes such
as swallowing, and in salivary flow, further contribute to the complexity of the oral
cavity which includes tooth, gingiva, oral mucosa, and tongue (Squier and Kremer

2001; Squier and Brodgen 2010).

1.1.1 Teeth

The main function of the human teeth is mastication that mechanically prepares food
for digestion. Teeth also play a crucial role in speech. In addition to these primary
roles, teeth are important for people’s social life since the dentition is considered a
factor of attractiveness and general hygiene of a person (Eli et al. 2001). Humans
develop only two sets of teeth during their lifespan and thus the longevity of the second
set of permanent teeth is critically important. During development, epithelial cells
produce the hard, inert, acellular, hard enamel of teeth, that is supported by the
formation of the less mineralised, more resilient, and vital hard connective tissue of
dentine, which is made up of and supported by the dental pulp, a soft connective tissue
(Figure 1.1). To accomplish its role, the tooth must be firm and well-rooted. Tooth-
supporting connective tissues, which include cementum, periodontal ligament (PDL),
and alveolar bone, bind teeth to the jaw and offer adequate flexibility to withstand the

stresses of mastication (Nanci 2017).

1.1.1.1 Enamel

Enamel is a hard tissue that protects teeth from internal and/or external factors, that
could give damage to the tooth surface. It has a chemically distinct nature with various

non-collagenous matrix proteins expressed by ameloblasts, leading to the formation of



large hydroxyapatite mineral crystals. Ameloblasts are the cells responsible for enamel
formation, but they lose their viability when the tooth appears in the oral cavity.
Ameloblasts are lost via apoptosis and regression and the remaining cells are either
shed during tooth eruption or incorporated into the tooth's epithelial connection to the
oral gingiva (Lacruz et al. 2017). Enamel becomes a nonvital and insensitive matrix
when ameloblasts are lost, and it cannot be replaced or regenerated naturally if it is

removed by any means, such as wear or dental caries (Robinson et al. 2017).

Enamel has developed a high degree of mineralisation and a sophisticated organisation
to compensate for this inherent constraint. These structural and chemical
characteristics enable enamel to survive high masticatory stresses, as well as acid
attack from food and microorganisms. Enamel is the body's most mineralised tissue,
made up of more than 96% inorganic material in the form of hydroxyapatite crystals
and a trace of organic material. Although enamel is a dead tissue in a biological sense,
it is porous, allowing ionic exchange between the enamel and the oral cavity
environment, particularly with saliva. This results in enamel degradation and the
development of dental caries, one of the most common chronic disorders affecting

individuals worldwide (Selwitz et al. 2007).

Clinical crown

Figure 1.1: Anatomy of the tooth and surrounding tissue. Image adapted from Nanci

(2017).



1.1.1.2 Dentine

Dentine, another mineralised layer beneath the enamel, forms the mass of the tooth
and provides structural support. Dentine supports enamel as a resilient tissue since
enamel can be fractured because of its high mineral composition. This tissue is formed
by odontoblasts which, unlike ameloblasts, will continue to create dentine throughout
the lifetime of the tooth (Couve 1986; Sloan et al. 1998; Sloan and Waddington 2009).
Odontoblasts first secrete a predentine matrix, which is made up of collagenous
(mainly collagen type I) and non-collagenous proteins. Dentine is composed of 45 %
mineral hydroxyapatite, 33 % organic material (mostly type I collagen), and 22 % fluid
identical to plasma, including albumin, fibrinogen, and immunoglobulin G (Knutsson
et al. 1994; Marshall et al. 1997). Dentine and enamel are drastically distinct tissues,
due to the presence of odontoblasts. Dentine is a delicate tissue that can be repaired
because odontoblasts, or pulp cells, can be induced to deposit additional dentine during
tertiary (reactionary or reparative) dentinogenesis, when it is required (Nanci 2017).
Primarily, dentinogenesis happens during tooth development and involves the rapid
creation of dentine. Secondary dentinogenesis occurs after tooth eruption and is
marked by a slower rate of deposition and a different gene expression profile, which
includes the up-regulation of matrix proteins, such as osteocalcin and dentine matrix
acidic phosphoprotein-1 (DMP-1), and the downregulation of collagen type I and
dentine matrix acidic phosphoprotein-1 (DSSP-1) (Simon et al. 2009).

After dentin formation by odontoblasts, the process continues with tubule formation
within dentine. These long tubules ensure a hard, but porous, dentinal tissue. Fibrillar
structures are seen within tubules, which were once thought to represent odontoblast
processes' branches or ramifications (Szabo et al. 1984) but are now thought to anchor
the odontoblast processes inside the tubules (Garces- Ortiz et al. 2015). Moreover,
dentinal tubules can traverse the entire thickness of dentine and comprise cytoplasmic
projections of odontoblast cells that make dentine a vital tissue, which can respond to
external stimuli, such as pressure and temperature (Pashley et al. 1981; Camps and
Pashley 2003). This tubular characteristic is also important in terms of infection, since
it could be a means for bacteria and bacterial products to enter the dental pulp, where
they can induce immuno-inflammatory responses to infection (Love and Jenkinson

2002). Moreover, the protein rich form (especially type I collagen) of the dentine and



pulp can further act as a favourable environment for the attachment of bacteria that
have collagen-binding proteins, such certain streptococci (Ackermans et al. 1981;

Avilés-Reyes et al. 2017).

1.1.1.3 Dental pulp

The pulp is a non-mineralised connective tissue that lies in the pulpal chamber,
bordered by dentine at the centre of the tooth. In pulp tissue, most of the cells are
fibroblasts, with dentine-forming odontoblasts bordering the perimeter. Blood vessels,
neurons, and a variety of other cell types, including immune- inflammatory cells and
mesenchymal progenitor cells, are also present. Pluripotent progenitor cells can
develop into a variety of cell types, including odontoblasts that play a role in dentine
formation during a tooth’s lifespan (Gronthos et al. 2002; Mitsiadis et al. 2011; Nanci
2017).

The pupal extracellular matrix (ECM) is produced by pulp fibroblasts, and this largely
consist of types I and III collagen, and non-collagenous components, such as
proteoglycans, hyaluronan and glycoproteins (Goldberg and Smith 2004). While the
ECM provides a mechanical support for fibroblasts and acts to maintain vascular and
neural functionality within teeth, it can be also be a favourable environment for

bacterial attachment during inflammatory pulpitis (Hannas et al. 2007).

1.1.2 Periodontium

The periodontium is a unique supporting system for the teeth, and its complex structure
comprises both soft and hard tissues (Kinane et al. 2017). The primary actions of the
periodontium are to attach the teeth to bones and to preserve the nerves, blood vessels
and teeth from trauma. In addition, the periodontium acts like a barrier between
underlying structures and the oral microbiome. The gingiva, mucosa-, and PDL are
soft tissues, whereas the cementum and alveolar bone are hard tissues of the

periodontium (Hughes 2015).



1.1.2.1 Periodontal ligament

The PDL is a dense, fibrous tissue, which aids tooth attachment to the alveolar bone.
Attachment between the PDL and alveolar bone provides durability to teeth to
overcome the forces of mastication. Collagen fibre bundles provide this support, as
they transverse the extra cellular matrix (ECM) region between the bone and the tooth.
The main fibres of the PDL are type I collagen, located in the alveolar bone, as well
as the cementum of the tooth. As a result of their orientation, these fibres are called
oblique fibres. The PDL also plays a role in sensory function (Nanci 2017).
Furthermore, occlusal loads exerted on the teeth during mastication are absorbed and
dissipated by the PDL. The PDL's high elastin and hydrophilic proteoglycan serves to
provide major elastic forces. The outcome of occlusal loading on a tooth is to cause
hydraulic pressure that causes elastic rebound. Thus, they can move slightly and
dissipate some of the load to the surrounding alveolar bone. Hence in anatomical
places where the bone is particularly thin, such as the lower incisors, normal
physiological movement of a tooth can result in little but noticeable tooth mobility

(Hughes 2015).

1.1.2.2 Cementum

Cementum is produced by cementoblasts and is an avascular bond-like tissue that
covers the root of teeth. It has been reported that cementum has a lower mineralisation
rate, approximately 45 % inorganic material by weight; and thus, it is softer than other
mineralised tissues due to its high content of cementum matrix. Cementum has two
major functions: the first one is providing attachment to the tooth to the alveolar bone,
via the participation of PDL fibres. The second function is to protect the root from
resorption, during periodontium modelling (Hughes 2015). Moreover, it has been
reported that PDL fibroblasts also play a role in cementum formation by secretion of

extrinsic fibres (Bosshardt 2005).

Cementum is classified histologically into two types: acellular and cellular. Acellular
cementum covers the upper (cervical) part of the root and is also called primary
cementum. Cellular cementum covers the lower (apical) part of the root and is called

secondary cementum (Bosshardt and Schroeder 1990; Nanci 2017).



1.1.2.3 Alveolar bone

The alveolar bone is an important part of the maxillofacial skeleton and forms the tooth
socket surrounding teeth. The alveolar bone supports the teeth when mechanical stress
is applied, and it undergoes ongoing bone remodelling (Huang et al. 2020). Like other
bone tissues, osteoblasts and osteoclasts perform critical roles in the formation and
resorption of alveolar bone with other bone extracellular matrix components. A
complex cellular communication network, which includes osteocytes, macrophages,
monocytes, neutrophils, and adaptive immune cells such T helper 17 cells (Th17 cells),
also plays a significant role in maintaining tight bone coupling and alveolar bone
homeostasis (Gruber 2019). Alveolar bone remodelling is not only a part of the skeletal
system's bone turnover, but it also reflects skeletal bone state. It is reported that
alveolar bone demonstrates considerably dynamic remodelling, as it has been shown
that the rate of alveolar bone turnover in the mandible and maxilla is substantially
greater than in the femur. The strong relation between teeth and periodontium is
indicative of the highly dynamic remodelling of the alveolar bone (Huja et al. 2006;
Marx et al. 2007). Since the maintenance and preservation of the alveolar bone is tooth-
dependent, it is progressively resorbed down to the body of the jaw bones after tooth
extraction. Complete tooth loss causes gradual bone resorption, which can lead to
severe atrophy of the jaw bones, presenting major clinical challenges for implant

insertion and dental prosthesis design (Hughes 2015; Li et al. 2021).

1.1.3 Oral mucosa

Oral mucosa i1s a mucosal membrane, and is the term used to describe the moist tissue
of the oral cavity. Oral mucosa can be classified by three main structural features: oral
epithelium, lamina propria and submucosa. The oral mucosa displays two distinct
epithelial tissues, which are either keratinised or non-keratinised. Keratinised
epithelium comprises tissues, such as the hard palate and gingiva, whilst the non-
keratinised epithelium includes sublingual regions of the tongue and the buccal
mucosa. Additionally, there are structural variations within the oral mucosa, which can
be classified into three main types according to their main functions: masticatory

mucosa, lining mucosa and specialised mucosa. Lining mucosa comprises the largest



part of the oral mucosa, approximately 60% of the total area, followed by masticatory
mucosa and then specialised mucosa (Collins and Dawes 1987; Squier and Brodgen

2010).

Masticatory mucosa is comprised of hard palate and the gingiva, which is tightly
attached to the underlying tissues and consists of a strong keratinised tissue, which
gives an ability to resist damages associated with mastication. Lining mucosa includes
the generally non-keratinised areas like the cheeks, inner aspects of the lips, floor of
the mouth and ventral surface of the tongue. The dorsum of the tongue is specialised

mucosa since it has taste buds and sensory nerve endings (Squier and Brodgen 2010).

As mentioned above, the oral cavity is a complex environment which is constantly
exposed to potentially damaging factors. The fundamental role of the oral mucosa is
to protect the underlying tissues. The oral mucosa provides protection from
mechanical injuries and insults, resists the entry of microorganisms, and acts as a

barrier to the permeability of toxic substances (Squier and Brodgen 2010).

1.1.3.1 Gingiva

Gingiva is an oral mucosa that immediately covers an erupted tooth. According to its
functional aspect, gingiva can be classified into two parts: the region facing the oral
cavity consisting of masticatory mucosa and the other region that faces the tooth,
which is involved in attaching the gingiva to the tooth and forms part of the
periodontium (Fujita et al. 2018). This gingival tissue covers the coronal side of the
alveolar process and extends from the mucogingival line, which marks the boundary
with the non-keratinised buccal mucosa. The gingiva terminates at each tooth's cervix,
surrounds it, and connects to it by a specialised epithelial tissue, called the junctional
epithelium. This epithelial attachment provides a constant epithelial lining between the
oral cavity and the tooth surface. As the connection between the oral mucosa and the
tooth is porous, antigens can readily pass through and cause inflammation in the gum
tissue (marginal gingivitis) (Marsh et al. 2009; Clark and Clark 2018). Although the
colour of healthy gingiva is described as ‘salmon’ or ‘coral pink’, it can show
differences according to an individual’s ethnical origin (Solanki 2012). In addition, the

width of the attached gingiva could also show substantial differences between



individuals from 1 mm to over 10 mm. The gingiva can be divided into the following
sections: free marginal gingiva, the attached gingiva, the interdental gingiva, and the
gingival crevice/sulcus that runs from the marginal gingiva to the junctional epithelium
(Walmsley et al. 2007). A representation of dento-gingival area is presented in Figure

1.2.

The gingiva's junctional epithelium is the part of the gingiva that attaches the
connective tissue to the tooth surface. This attachment is in a constant renewal process
during its lifespan. The junctional epithelium has a faster turnover rate (4- 6 days), in
comparison to oral epithelium (6-12 days) (Vriens et al. 2008). The junctional
epithelium comprises non-keratinised cells and attaches to enamel via a basal lamina
and intercellular hemidesmosomes. This attachment between soft gingival tissue and
hard tooth tissue via the junctional epithelium has a critical importance for the
maintenance of periodontal health. Since even without a clinical gingivitis condition,
the junctional epithelium hosts many polymorphonuclear leucocytes (PMNs) moving
through it towards the sulcus. However, as it is also permeable, the junctional
epithelium could act as a pathway for diffusion of the metabolic products from plaque
bacteria, such as toxins, chemotactic agents, and antigens (Kinane and Lappin 2002;

Nakamura 2018).
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Figure 1.2: Dento-gingival region. Image adapted from Walmsley et al. (2007).
1.1.3.1.1 Gingival fibroblasts



Gingival fibroblasts help maintain the integrity of the dento-gingival tissues. They
function attachment between the tooth root and alveolar bone. Gingival fibroblasts
perform these functions by mediating ECM turnover and by preserving collagen fibre
attachments to the root surface. The production and remodelling of gingival fibre
attachment to the tooth root surfaces is mediated by gingival fibroblasts. The bulk of
the connective gingival tissue includes type I collagen secreted by fibroblasts. Since
type I collagen in periodontal tissue is rapidly turned over, deviations in the balance
between collagen production and degradation may result in loss of loss of collagen and
tissue architecture, leading to eventual tooth loss (Buckley et al. 2001; Nanci 2017).
The primary cellular component of gingival connective tissues are gingival fibroblasts.
Initial investigations of the innate immune responses of gingival fibroblasts have
shown that stimuli such as lipopolysaccharide (LPS) induce these cells to generate
different pro-inflammatory cytokines, such as interleukin (IL)-1, IL-6, and IL-8
(Takada et al. 1991; Tamura et al. 1992). Moreover, during wound re-epithelisation,
fibroblasts produce numerous growth factors that orchestrate the creation of granulated
tissue and re- epithelialisation, in addition to the production of a complex ECM,
following re- epithelalisation. fibroblasts proliferation and migration capacity are
directly related to all these processes (Haekkinen et al. 2000). It has been reported that
gingival fibroblasts are phenotypically unique in adult tissues, can facilitate rapid
healing of oral lesions with minimum gingival scarring, since gingival fibroblasts can

rearrange and degrade the ECM quickly (Frantz et al. 2010).

1.1.3.2 Hard palate

The hard palate is a keratinised masticatory mucosa that forms the roof of the oral
cavity. The palatine processes of the maxilla and the horizontal plates of the palatine
bones form the underlying bony structure of the hard palate, which makes it an
immovable hard bony segment. The hard palate is surrounded by mucoperiosteum,
that is continuous with the connected gingiva and firmly linked to the underlying bone
(Nanci 2017). One of the functions of the hard palate is it forms the floor of the nasal
cavity and the roof of the oral cavity, officially separating the oral cavity from the
nasal cavities. The ciliated pseudostratified columnar epithelium (respiratory mucosa)

covers the hard palate superiorly and stratified squamous epithelium covers it



inferiorly (oral mucosa). The hard palate comprises rugaes on the mucous membrane
of the anterior portion and facilitating the transfer of foods towards the pharynx.
Moreover, three foramina/canals in the hard palate function as pathways for important
neurovascular systems that feed the oral cavity. The hard palate provides a solid
bottom to the nasal cavity, preventing nasal passages from closing by changes in
pressure within the mouth. In addition, the hard palate also play role in phonation and
rugaes in the hard palate facilitate the mastication and digestion of food (Hourfar et al.

2015; Olszewska and Woodson 2019; Helwany and Rathee 2021).

1.1.3.3 Soft palate

The soft palate is a continuation of the hard palate that makes up the posterior third
part of the palate (Figure 1.3). Muscle fibres and connective tissue make up the soft
palate, which is protected by a mucus barrier made up of a stratified squamous
epithelium containing secretory salivary glands. In contrast to the hard palate, the soft
palate has a flexible form without any bony structures. The soft palate elevates the
nasopharynx, thereby blocking the oropharyngeal-nasopharyngeal connection. The
soft palate comprises five muscles that help in breathing, phonation, and swallowing.
The soft palate creates a vacuum in the oral cavity during swallowing, preventing food
from entering the respiratory tract. Swallowing causes a temporary cessation in
breathing due to the physical closure of the airway caused by elevation of the soft
palate. The soft palate protects the nasal canal by directing some secretions to the oral
cavity after a sneeze. In addition, the soft palate plays a part in the gag reflex; upon
contact (Shigeta et al. 2010; Cho et al. 2013; Grimaldi et al. 2015; Helwany and Rathee
2021).
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Figure 1.3: Representative illustration of the hard palate, soft palate, incisive papilla

overlying incisive fossa, palatine rugae and uvula (Helwany and Rathee 2021).

1.1.4 Tongue

The tongue is a muscle organ that is involved in food processing, sensory reception in
general and the sensory function of taste. The tongue's body is largely made up of
voluntary muscle, with highly specialised, keratinised mucosa containing taste buds.
Various papillae are distributed across the tongue's dorsal surface. On the dorsal
surface, filiform papillae are most abundant and present clinically as short, hair-like
projections. Large, pedunculated, mushroom-shaped fungiform papillae, which are
concentrated on the anterior tip and lateral surfaces of the tongue, are among the
filiform papillae. The circum vallate papillae are located near the intersection of the
tongue's anterior two-thirds and posterior one- third. Each of the 12 to 20 papillae is
bordered by a tiny depression and organised in an inverted V-shaped pattern. The
circumvallate papillae have many taste buds (Nanci 2017). Many tongue lesions are
unique to the tongue and are dependent on alterations in the tongue's specialised

epithelial coating, particularly the filiform papillae (Tyldesley and Field 1995).
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1.2 Oral microflora

1.2.1 Biofilm

Microorganisms are generally considered as simple life forms, when compared with
higher organisms such as plants, and animals. However, it has been found that
microorganisms have an ability for complex differentiation and behaviours (O’Toole
et al. 2000). Biofilms can be simply and broadly described as a community of matrix
enclosed microorganisms that are attached to a surface and/or each other (Geesey et
al. 1977). Biofilms can comprise a single microbial species or multiple microbial
species and can form on different biotic and abiotic surfaces. While multispecies
microbial biofilms are the most found, single species biofilm exist in a variety of
infections and on medical implant surfaces (Dickinson and Bisno 1993; Archibald and

Gaynes 1997).

Biofilm formation includes stable biological cycle steps; initiation (attachment),
maturation, maintenance, and dissolution (Figure 1.4). Adhesion is typically initiated
in suitably nutritious environment. In nutrition deficient situations, microbes can
detach from the surface and return to a planktonic form. This ability could allow

microbes to search for new sources of nutrients (Kolter et al. 1993).

It was suggested that biofilm formation influences microbial development, which
involves changes in metabolic activity that play a role in the life cycle of the organisms
(Shimkets and Brun 1999). In this context, biofilm formation influences microbial
development, although this effect could be subtle for some microorganisms (O’Toole
et al. 2000). It is well known that there are distinct differences in microorganisms in
their planktonic and biofilm states. Bacteria shows a transition from planktonic to
biofilm level in which it must interact with other cells in proximity. Differences are
observed in terms of cell functions, including physiology, cell surface composition and
resistance to environmental differences such as pH, temperature, osmolarity, and

oxygen (Henrici 1933).

Bacterial attachment to a biotic or abiotic surface is considered the first step of biofilm

formation and commences when a microbe finds a suitable environment that induces
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the microbe to start biofilm formation. Environmental factors involved include,
nutrients, temperature, osmolarity, pH, iron, and oxygen (Stanley 1983; Pringle and
Fletcher 1986; Palmer and White 1997; Wimpenny and Colasanti 1997; O’Toole and
Kolter 1998a; O’Toole and Kolter 1998b; Pratt and Kolter 1999; Stoodley et al. 1999;
O’Toole et al. 2000; Watnick and Kolter 2000). In addition to environmental factors,
an organism’s multiple genetic pathways play key roles in surface attachment (Fletcher
1996). Early attachment steps comprise cell-cell and cell-surface interactions, and then
maturation of biofilm begins. Early/initial attachment mechanisms have not been fully
elucidated, but some aspects have been investigated. In early studies, initial attachment
was explained using simple chemical models (Marshall et al. 1971; McEldowney and
Fletcher 1986; Fletcher 1996; Grasso et al. 1996). While these chemical steps
influence cell-surface interactions, the complexity of initial attachment should not be
ignored. Bacterial surface characteristics (such as pili) also contributes to initial
attachment. These bacterial surface characteristics may regulate attachment of bacteria
to an attachment surface. Moreover, surface characteristics can change according to

environmental conditions (O’Toole et al. 2000).

Planktonic Biofilm

(5) Detachment and reversion
to planktonic growth, starting a new cycle

(2) Formation of

(1) Attachment to _ monolayer and (3) Microcolony (4) Mature biofilm, with characteristic
Siirfaca = roduc‘t/'ion of — formation, multi- —> “mushroom” formed of
P layer polysaccharide

matrix

Figure 1.4: A schematic presentation of biofilm formation. (1) Biofilm formation starts
with the reversible attachment of planktonic cells (brown ovals) to a surface (grey

basement). (2) Microbial cells form a monolayer and produce an extracellular matrix
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that provides irreversible attachment to the surface. (3) Monolayer becomes
multilayer. (4) Biofilm changes to a mature biofilm and takes on a “mushroom” like
shape due to polysaccharides. (5) Some cells detach to start a new biofilm cycle.

Adapted from Vasudevan (2014).

After initial attachment, microbes adapt to live in a biofilm. When bacteria become
part of a biofilm, the production of extracellular polysaccharides (EPS) and
antimicrobial resistance increases. These features provide a protective environment for
microorganisms by increasing their survival capacities and inducing virulence factors.
In addition, bacteria in biofilms have other advantageous capabilities, such as
increased resistance to ultraviolet (UV) light, increased rates of genetic exchange,
enhanced biodegradative capabilities, and enhanced secondary metabolite production
(Zobell 1937; Marshall 1992; Goodman et al. 1994; Wolfaardt et al. 1994; Ascon-
Cabrera et al. 1995; Brazil et al. 1995; Gros and Logan 1995; Annachhatre 1996;
Karamanev et al. 1998; Sarra et al. 1999). However, the molecular mechanisms in

these changes have not yet been fully elucidated.

1.2.2 Dental plaque formation

The biofilm that forms on teeth is called dental plaque and comprises hundreds of
microbial species. Dental biofilms are exposed to challenging environments, as the
oral cavity can be a harsh place with regards nutrient availability (feast or famine),
aerobic to anaerobic transitions and sudden pH or temperature alterations. Moreover,
oral hygiene interventions may serve to regulate and manage biofilm communities
(Carlsson 1997). Dental biofilm formation starts with initial attachment, with the
surfaces in the mouth coated with glycoproteins, mucins and other proteins (commonly
known as acquired pellicle). After conditioning of the surface, initial attachment of
primary colonisers of dental plaque, occurs. Primary colonisers are mostly streptococci
and then followed by Actinomycetes (Socransky et al. 1977; Syed and Loesche 1978;
Nyvad and Kilian 1987; Bloomquist et al. 1994). The bacterial surface is one of the
main factors mediating attachment to the tooth surface, for instance pili, with outer
membrane proteins playing a key role in the interaction with the pellicle
(Ganeshkumar et al. 1988; Clark et al. 1989; Kolenbrander and Andersen 1990a;

Andersen et al. 1993). Streptococci, which are accepted as primary colonisers of dental
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plaque, have a capacity to bind various components in the pellicle, such as proline-rich

proteins and enzymes (Scannapieco et al. 1989; Gibbons et al. 1991).

Furthermore, streptococci play a role in cell-cell interactions or coaggregation, either
with themselves or other types of microbes (Kolenbrander and Anderson 1986;
Kolenbrander 1988; Kolenbrander and Anderson 1990a; Kolenbrander and Anderson
1990b). An example of this is with Type-I pili, playing a role in both the adherence to
pellicle and cell-cell interactions in some organisms (Weiss et al. 1988). The multiple
adhesion expression ability of early colonising bacteria provides an advantage over
other bacteria, which have a reduced receptor recognition ability (Jenkinson and
Lamont 2005). There are different mechanisms which play a role in the initial
attachment, such as oligosaccharide receptors by protein adhesins, protein-protein
interactions, ionic and hydrophobic interactions between microbial surface elements
and the attached surface (Jenkinson and Lamont 1997; Li et al. 2001; Ruhl et al. 2004).
Antigen I/II family polypeptides, which bind gp340, fibronectin and collagen, are
considered some of the main streptococcal adhesins (Heddle et al. 2003; Jakubovics

et al. 2005; Loimaranta et al. 2005).

Microbial interactions initiate rapidly after the initial attachment of primary colonisers
(Bloomquist et al. 1994, 1996; Liljemark et al. 1997). In dental biofilm formation, after
initial microbe-surface interactions, organisms show changes in gene expression. For
instance, S. mutans exerted a 10- to 70-fold increase in glucosyltransferase BC (g#/BC)
expression (which encodes a glucosyltransferase necessary to produce glucan
polymers) in the biofilm state compared to its planktonic counterparts, but the
expression of fructosyltransferases (fif) (also involved in polymer synthesis) decreased
approximately 100-fold (Burne et al. 1997). The microbial community starts to alter
based on the physiology of individual organisms. Fusobacterium species act as a
bridge between primary and later colonisers (Socransky et al. 1977; Kolenbrander and
Anderson 1985; Nyvad and Kilian 1987; Kolenbrander et al. 1989; Kolenbrander and
Anderson 1990a; Kolenbrander 1993).

The microbial composition of dental plaque is highly associated with the nature of the

foundations. For example, Streptococcus sanguinis colonisation at an early age is

correlated with the late colonisation of cariogenic Streptococcus mutans (Caufield et
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al. 2000). Therefore, relationship between pioneering and subsequently colonising
species could play an important role in dental plaque development (Palmer et al. 2003;
Foster et al. 2004; Jakubovics et al. 2005; Jenkinson and Lamont 2005; Socransky and
Haffajee 2005).

The microbial community varies between oral sites (Figure 1.5). After initial
attachment, the accumulation of bacteria commences and the biofilm becomes more
complex through recruitment of other community members and production of
metabolic signals or attractants. In addition, availability of adherent substrates and
deposited host salivary molecules is important in the formation of complex dental
plaque. The disease related bacteria such as Fusobacterium nucleatum and
Porphyromonas gingivalis are generally found in complex biofilm structures but are
rarely found in early colonised communities where streptococci, Actinomyces and
Veillonella are present. These pathogenic microorganisms, P. gingivalis and F.
nucleatum, need a suitable environment and attachment with other microbes in the
community for their colonisation. Studies showed that P. gingivalis colonisation could
depends on other bacteria. For instance, the multivalent co-adhesive between S.
gordonii and P. gingivalis has been established (Lamont et al. 1992; Love et al. 2000).
The P. gingivalis long fimbriae (FimA) bind the glyceraldehyde-3-phosphate
dehydrogenase which is found on the streptococcal surface, and the short fimbriae
(Mfa) binds streptococcal SspA and SspB (antigen I/IT) adhesins (Lamont et al. 2002).
Therefore, it is crucially important to understand the specific binding mechanisms
between oral bacteria and the shifting mechanism from microbiota in healthy states to

disease states.
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Figure 1.5: Microflora distribution at different sites in the oral cavity. Adapted from

Marsh et al. (2009).

1.2.3 Development of oral diseases

There are 10-fold more bacterial cells in the human body than human cells, and 100-
fold more bacterial genes than human genes (Turnbaugh et al. 2007; Yang et al. 2009).
The oral cavity contains a rich microflora and poor oral health has been associated
with systemic diseases, such as cardiovascular disease, diabetes, adverse pregnancy
outcomes, oral cancer and gastrointestinal diseases (Watabe et al. 1998; Mercado et
al. 2001; Seymour et al. 2007; Tezal et al. 2019). Thus, the microbiome and
interactions between it and host are crucially important to health and disease (Wikoff
et al. 2009; Archambaud et al. 2013). In addition to systemic effects, the most common
oral diseases (dental caries and periodontitis) are most seen in populations of

industrialised countries (Petersen and Lennon 2004).

Various hypotheses have been suggested to explain the shift in dental plaque between
health and disease. The main hypotheses are the Traditional and Updated Non-Specific
Plaque Hypothesis (NSPH), the Specific Plaque Hypothesis (SPH), the Ecological
Plaque Hypothesis (EPH) and the Keystone Pathogen Hypothesis (KPH) (Loesche
1976; Miller 1984; Theilade 1986; Marsh 1994; Hajishengallis et al. 2012).
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In traditional NSPH, the quantity of dental plaque is considered to play the primary
role in pathogenicity. However, differences in virulence factors between different
bacteria was not considered. It is suggested that the host has a limited capacity to
eliminate bacterial virulence products, and with dental plaque accumulation the host
cannot counter the increased level of bacterial products. This could result in infection
in the oral cavity. Therefore, oral diseases could be prevented using non-specific
mechanical removal of as much plaque as possible (Miller 1890; Black 1899; Theilade
1986; Loesche 1986). In SPH, disease- related microorganisms were investigated
using culture- based techniques and microscopy, due to improved techniques in
microbiology practices. This hypothesis suggested that use of antimicrobial agents
against specific bacterial species could be used as a treatment and prevention method
(Loesche and Nafe 1973; Loesche 1976,1977,1986). The updated NSPH suggested
that in addition to the specific pathogens, sometimes common bacteria in health could
cause the inflammation. Theilade (1986) suggested that any microbial colony could
cause gingivitis when it reached a sufficient level in the gingival crevice and it was
also stated that some subgingival bacteria can be more virulent than other bacteria by
having a role in colonisation, a destructive effect on defence mechanisms and inducing
inflammation and tissue destruction (Theilade 1986). In 1994, the EPH hypothesis was
proposed (Marsh 1994). It was suggested that oral diseases could be the result of an
altered homeostasis in the oral microflora caused by ecological stress. This ecological
stress can result in an increased number of oral pathogens or disease-related
microorganisms in the dental plaque. The new aspect of this hypothesis was that Marsh
considered the ecological factors, such as pH, redox potential, nutrients, and essential
factors, modulating in microbial composition (Marsh 1994, 2003). However, in this
hypothesis, the genetic factors of host and host-dependent effects, that have a crucial
role in dental plaque development and disease progression, were not considered
(Mason et al. 2013). In 2012, KPH was proposed (Hajishengallis et al. 2012). KPH
considers certain microbial pathogens, which can cause increased dental plaque
accumulation and unfavourable alterations in the microbial composition of dental
plaque. In the light of this hypothesis, Porphyromonas gingivalis, which has been
considered one of the main pathogenic microbes in dental plaque, is able to manipulate

both the host immune system and entire microbial community (Darveau 2010).
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All these hypotheses provided steps to enhance our understanding of the mechanism
of oral diseases, but they are not sufficient and need further investigation. It should
also be recognised that in addition to bacteria, the oral cavity comprises other microbes
such as viruses, protozoa, and fungi, which may have a significant role in the oral
cavity as co-inhabitants. Furthermore, with improved microbiological techniques and
methods, more data could be obtained related to pathogenic microbes and genetic
actions of the host. However, an all-encompassing hypothesis is needed and is
potentially only available when additional data is obtained from complex interactions

between the oral microbiota and the host innate immune system (Rosier et al. 2014).

1.2.4 Antimicrobial resistance of biofilms

It i1s well-known that the treatment of biofilm infections is challenging. Bacteria
become more resistant to antimicrobial agents when in a biofilm (up to 1000-fold
decrease in susceptibility), than their planktonic level counterparts in culture liquid
media (Costerton 1999; Costerton et al. 1999). Biofilm-related antimicrobial
resistance can be classified into two groups; those that are innate (due to growth in
biofilm) and those that are induced (resulting as a response to antimicrobial treatment).
There are several suggested mechanisms identified for increased antimicrobial
resistance of biofilms (Ayukebong et al. 2017). One of the mechanisms is associated
with the extracellular polymeric substances (EPS), which supports biofilm formation
and structure. However, evidence for this suggestion is conflicting. Since it has been
suggested that the biofilm EPS could also be a physical and chemical barrier to
antimicrobial agents. For instance, Pseudomonas aeruginosa biofilm resistance was
correlated with its mucoid properties. It was shown that mucoid biofilms of P.
aeruginosa were up to 1000 times more resistant to tobramycin than nonmucoid
biofilms, despite having similar minimum inhibitory concentrations (MICs) in
planktonic states (Ciofu et al. 2012). However, another suggestion related to the
biofilm EPS is that the matrix may not inhibit the penetration of antibiotics, but may
impede the antimicrobial penetration rate of antimicrobial agents for enough time to
induce expression of genes involved in antimicrobial resistance (Jefferson et al. 2005).
The conflict of suggested mechanism based on the biofilm EPS is raised from the

difference in biofilm formation ability of microbial cells and the difference in
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penetration and diffusion ability of antimicrobial agents (Anderl et al. 2000; Stone et

al. 2002; Walters et al. 2003).

The second suggested mechanism of increased biofilm resistance is the difference in
metabolic state of microorganisms. Biofilms have a three-dimensional architecture and
a certain depth depends on the maturation and age of the biofilm. Due to these
structural properties, some microorganisms are located in the deepest part of the
biofilm, where there is nutrient limitation. This lack of nutrition causes reduces the
growth of these microbes (Brown et al. 1988). Deprivation of nutrients and oxygen are
well-defined causes of retarded bacterial growth and could cause antimicrobial
resistance for many species (Brown et al. 1988; Field et al. 2005). Slow growing or
non-growing cells show reduced susceptibility to antimicrobial agents because they
are generally in the stationary-phase and rarely divide. As such, antibiotics such as
beta-lactams, become less effective as they exert their bactericidal activity on dividing

cells (Walters et al. 2003).

Persister cells are another fundamental factor in biofilm antimicrobial resistance
(Hobby et al. 1942). Persister cells are a subpopulation of bacterial cells in a dormant
state with extreme antimicrobial resistance (Wood et al. 2013). Persister cells have
been defined as phenotypic variants of bacteria as they have not undergone genetic
alteration (Lewis 2010). Persister cells are protected from elimination by the host
immune system due to their location within the biofilm and they contribute towards
the pathogenicity of biofilm infections (Lewis 2005, 2010). It has been reported that
persister cells remain in the biofilm after treatment with antibiotics, and these
remaining persister cells support biofilm formation and pathogenicity. The
repopulated biofilm does not show additional antimicrobial resistance compared to the
eradicated original biofilm cells and this has been accepted as supporting evidence for

persister cells being a phenotypic variant, rather than a mutant (Lewis 2001).

Another suggested resistance mechanism is the genetic adaptation of microbes to
different conditions. Microbes in a biofilm have a higher mutation rate than planktonic
counterparts (Driffied et al. 2008). In addition, several microbial genes play a role in
biofilm formation and some are expressed by biofilm-growing microorganisms

(Yadav et al. 2012; Szczuka et al. 2013). Microbes exhibit phenotypic differentiation
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when adapting to biofilm style and this phenotypic differentiation was described as a

biologically programmed response of cells on a surface (Costerton et al. 1994, 1999).

1.3 Oral microbiome related oral diseases

1.3.1 Dental caries

Dental caries/tooth decay is one of the most common global diseases, which causes
dissolution of the tooth structure due to increased acid levels by oral bacteria. This
increased acidic level, resulting in a decreased pH level, is a consequence of the
fermentation of carbohydrates by oral bacteria. In individuals who consume an excess
amount of carbohydrates, the increased acid production causes erosion to the tooth
structure, as the host becomes insufficient at increasing pH levels. Moreover, in this
situation, the oral cavity becomes more favourable for aciduric species and this causes
changes in the microbial composition of dental plaque (Tkahashi and Nyvad 2011).
Caries of enamel surfaces are generally common in ages up to 20 years and in later
years root surface decay is a growing concern because with the gingival recessions the
susceptible cement is exposed to microbial colonisation. The development of lesions
means disintegration of the enamel and the transfer into the surrounding environment
of calcium and phosphate ions. The earliest phases of caries are reversible and can be

remineralised, especially when fluoride is present (Marsh et al. 2009).

Enamel caries is linked to a change in the equilibrium of dental plaque bacteria,
especially the acid-tolerant species. Particularly streptococci and lactobacilli species
exerted a higher isolation frequencies and proportions in areas with carious diseases.
S. mutans has been widely studied because of its cariogenic properties including
biofilm formation ability in oral cavity, ability to survive in acidic environment and
specific interaction with other microorganism (Krzys$ciak et al. 2014). S. mutans has
been considered the primary pathogenic bacterium for dental caries. However, in
addition to S. mutans, there are many other microbes that produce acid from dietary
carbohydrates and could have roles in dental caries pathology. These species include
S. mitis, S. anginosus, S. salivarius, Enterococcus faecalis, Actinomyces naeslundii, A.
viscosus and lactobacilli. However, there is no evidence that one single species is

uniquely responsible for dental carious lesions, since dental caries can occasionally

21



develop when the S. mutans 1s absent. Moreover, sometimes these organisms can be

present without any signs of demineralisation (Marsh et al. 2009; Gross et al. 2010).
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Figure 1.6: Progress of infections of the tooth and supporting structures. Adapted from

Marsh et al. (2009).

1.3.2 Gingivitis

Chronic marginal gingivitis is probably the most common microbial infectious
disease, with a greater than 90% prevalence in adults worldwide (Coventry et al.
2000). This disease 1s defined as a non-specific, reversible response to dental plaque
involving the gingival margins. The excessive accumulation of dental plaque is
considered the primary reason for development of gingivitis (Nyvad and Kilian 1987).
In addition to excessive plaque accumulation, systemic factors also play a role in
gingival diseases. There is a diverse microflora at the sites of gingivitis, although none
of the taxa have been specifically associated with gingivitis. However, studies have

shown that certain microorganisms are found more commonly in subjects with
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gingivitis, with a rare existence in healthy subjects (Marsh et al. 2009). Gingivitis can
be reversed with regular oral hygiene and a variety of oral hygiene practices have been
used historically to remove the dental plaque, including brushing teeth with toothpaste
(Stuart 1997). When oral hygiene practices are done regularly, they maintain the dental
plaque in an immature state and in a relatively small quantity by preventing
accumulation. However, in the absence of oral hygiene, the proportion of pathogenic
microbes can increase and cause the dental composition to change. This situation
results in irritation and inflammation, due to increased endotoxins and other virulence
factors from microbes. Swollen, bleeding and inflamed gingivae are the symptoms of
gingivitis, which can be reversed with regular oral hygiene (Loe et al. 1965; Socransky

1977).

Not all cases of gingivitis progresses to more severe forms of periodontal disease,
although gingivitis is considered a precursor of periodontitis (Figure 1.7). A minor
proportion of the gingivitis microflora has been detected as being predominant in
periodontitis, and absent in healthy gingiva. This could indicate that the environmental
components that arise during gingivitis (such as blood ingestion, increased crevicular
fluid flow) may promote the growth of species that can induce periodontal diseases

(Marsh et al. 2009).
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Figure 1.7: An illustration showing the progression from gingivitis to periodontitis.
Periodontitis occurs when gums are inflamed or infected (gingivitis) and are not
treated. Infection and inflammation spreads to the periodontal ligament and bone,
which support the teeth from the gums (gingiva). Generally, the loss of this support

means that teeth are loosened and ultimately decay. Adopted from a dental blog, Share
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Dental Care, wunder the title of gum  disease, available at:

https://sharedentalcare.com/gingivitis-vs-periodontitis/.

1.3.3 Chronic periodontitis

Chronic periodontitis is the most common form of advanced periodontitis and is
considered the primary reason for tooth loss after the age of 25 years. Individuals with
untreated gingivitis may progress to experience periodontitis, which is an irreversible
inflammation of the periodontal tissue, resulting in loss of attachment between the
gingivae and teeth. In contrast to gingivitis, chronic periodontitis is an irreversible
inflammatory disease. Factors such as subgingival plaque accumulation, over- hanging
restoration and crowded teeth that improve plaque retention or hinder plaque clearance
may lead to chronic periodontitis (Marsh et al. 2009). The loss of attachment results
in the formation of periodontal pockets, which become colonised with primarily
anaerobic bacteria. The host immune response cannot induce an efficient response,
although host-derived factors such as proteases and reactive oxygen species (ROS)
cause extensive tissue damage (Waddington et al. 2000; Darveau 2010). The
progression of inflammation continues into the alveolar bone which supports the teeth,
inducing enhanced bone resorption by osteoclasts, leading to increased tooth mobility
and loss. In addition to environmental and genetic factors, a specific microbiota has
been associated with periodontitis (Van Dyke and Sheilesh 2005). These specific
microbiota include members of the 'red complex' (7Tannerella forsythia,
Porphyromonas gingivalis, and Treponema denticola) and the 'orange complex'
(Fusobacterium spp, Prevotella spp, Parvimonas micra, Eubacterium spp, and
Streptococcus constellatus) and have been linked to periodontal disease. Many studies
have been performed to identify plaque-associated microorganisms in chronic
periodontitis. It was shown that there was a diverse cultivable microflora, including a
large proportion of obligately anaerobic Gram-negative rods and filament-shaped
bacteria, many of which were asaccharolytic (unable to gain energy from the
catabolism of carbohydrates) but proteolytic (Marsh et al. 1994; Socransky et al. 1998;
Neilands et al. 2015). Although it is difficult to identify the primary pathogens
responsible for periodontitis, some bacteria are associated with periodontitis due to
their frequency in deeper periodontal pockets. These species include P. gingivalis,

Treponema denticola, and Tannerella forsythia, and this group of bacteria is referred
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to as the “red complex” (Figure 1.8). The association of these bacteria was investigated
with culture-based techniques and confirmed via whole-genomic DNA probes
(Socransky et al. 1998). The appearance of red complex bacteria was frequently
preceded by members of the orange complex, typically located in deeper pockets, but
more varied in their membership. Species of the yellow, green and purple complexes,
in contrast, were deemed 'host compatible', with 4. naeslundii typically linked with

healthy locations (Marsh et al. 2009) (Figure 1.8).
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Figure 1.8: Bacteria grouping into complexes to represent their health and periodontal

b

diseases relationships with the host. "Red complex™ is most often seen in deep

periodontal pockets, with members of the "orange complex" generally preceding it.

nn

Members of the "yellow," "green" and "violet" complexes are usually linked to healthy

locations. Adapted from Marsh et al. (2009).

These kinds of culture-independent research change the perception of the importance
of bacteria in disease. These investigations have shown that complex consortia may be
isolated from sites with severe diseases and that deep pockets can are predominated
by poorly categorised species that are frequently unculturable in the laboratory.
Therefore, it has been difficult to determine whether these organisms are active in

disease (Marsh et al. 2009).
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1.3.4 Oral candidosis

Oral candidosis is an opportunistic infection in the oral cavity and caused by a yeast-
like fungi, such as Candida species (Guida 1988; Odds 1988; Epstein 1990). Candida
species are commonly found in the oral cavity of healthy individuals and generally
considered normal residents of the oral microflora. While Candida species are
generally considered non-harmful and part of the normal oral microflora, when oral
conditions alter, increased proliferation of Candida species can increase. As a result
of this increase in proliferation, Candida species can become pathogenic (Marsh et al.
2009). Candida albicans is considered the most pathogenic and the most isolated
Candida species. In addition to C. albicans, other species such as C. glabrata, C.
krusei, C. tropicalis, C. guilliermondii, C. kefyr and C. parapsilosis are also found in
the oral cavity (Fidel et al. 1999; Tintelnot et al. 2000; Ghannoum et al. 2010). Oral
candidosis is one of the most common human fungal infections and is especially seen
in elderly and immunosuppressed people. C. albicans has the potential to turn into a
pathogenic (disease-causing) hyphal form under particular circumstances such as
temperature, serum, carbon dioxide and oxygen tension, and neutral pH. In addition,
the presence of not only other C. albicans cells, but also bacterial cells, which are both
recognised by quorum sensing chemicals, regulates the morphological switch
(Sudbery 2011). Several factors relate to, but are not limited to, the pathological
colonisation of Candida species. These include extreme age, malnutrition,
metabolism, concomitant infections, antibacterial treatment, immunocompromising
conditions, radiotherapy, transplanted patients, hypopfunctional salivary glands and
long-term steroid use (Odds 1988). In immunosuppressed patients, oral candidosis can
spread through to the bloodstream or the upper gastrointestinal tract and could cause a
systemic infection. Often systemic candidoses are associated with high mortality rates

(Dupont et al. 1992; Fraser et al. 1992).

1.4 Inflammatory and immune pathways in periodontal diseases
Periodontal diseases are associated with a complex immuno-inflammatory pathway
that is induced by dental plaque. The oral microbiome is considered an aetiological

factor of periodontal diseases and this microbiome comprises a substantial and

constantly evolving community of microbial species. Contrary to many infectious
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diseases, periodontal diseases are generally seen instead of as an endogenous infection
arising from an over proliferation of commensal microorganisms (Trowbridge and
Emling 1997; Gemmel et al. 2000). It is critical to understand how immune and
inflammatory responses are regulated during periodontal diseases to find effective

solutions for them.

Gingivitis and periodontitis are the most common diseases that affect the periodontium
(Fiorellini et al. 2006; Preshaw et al. 2020). The initial inflammation commonly starts
with formation of subgingival and supragingival plaque and results in gingivitis
(Novak and Novak 2006). This initial inflammation and gingivitis could be reversed
with the removal of plaque. However, if plaque is not removed, this inflammation

could lead to persistent lesions and pathology (Abusleme et al. 2021).

During the initial lesion, while there is no indication of clinical inflammation, there
are alterations in tissue which can be observed histologically. The initial lesion results
in a response to dental plaque from resident leukocytes and endothelial cells.
Junctional epithelium cells and neutrophils generate cytokines and neuropeptides as a
response to bacterial metabolic products. These released cytokines and neuropeptides
cause vasodilation of blood vessels, and facilitate neutrophils migration to the
inflammation site. Early stage lesion exhibit increase in neutrophils, macrophages,
lymphocytes, plasma cells and mast cells in the connective tissues. Complement
proteins are also triggered. The clinical signs of inflammation such as bleeding and
gingival crevicular fluid flow increases are also observed. The established lesion
considered a transition between the innate and acquired immune response. This means
that blood flow 1s impeded and that macrophages, plasma cells, T-lymphocytes and B-
lymphocytes become dominant (Panagakos and Scannapieco 2011; Fiorellini et. al
2006). In the final lesion, namely periodontitis, irreversible attachment loss and
alveolar bone loss, is observed clinically. The inflammatory area the extends to the

alveolar bone (Fiorellini et. al 2006).

The inflammatory and immune responses in periodontal diseases is a wide topic and
includes many facets, such as complement cascade system, neuropeptides, cells and
mediators and Toll-like receptors (Pan et al. 2019). Attention is given to below

cytokines and lipid mediators, which is a focus of this submitted.
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1.4.1 Cytokines

Cytokines and chemokines are the communication signals between cells and they
regulate the immune response to infections. Cytokines are low-molecular-weight
proteins, and play roles both in initiation and later stages of inflammation (Figure 1.9).
The secretion of pro-inflammatory cytokines from different cells is generally
maintained by activation of nuclear factor kappa-B (NF-«B) (Baldwin 1996; Hanada
and Yoshimura 2002). NF-kB is a protein transcription factor that regulates innate
immunity and coordinates cellular resistance against invading pathogens (Salminen et
al. 2008; Baltimore 2009). The NF-kB pathway is triggered by pathogen-associated

molecular patterns, such as lipopolysaccharide (Hanada and Yoshimura 2002).

The source of cytokines are resident cells, such as epithelial cells and fibroblasts. In
acute and early chronic phases of inflammation, cytokines are produced by phagocytes
(neutrophils and macrophages), and in the established lesion and in periodontitis,
cytokines are produced by immune cells (lymphocytes) (Ara et al. 2009). In addition,
antigen-representing cells, and specific T cell subsets (such as type 17 helper T [TH17]
cells) are recruited during the continuous inflammation of tissue (Pan et al. 2019).
Interleukin-1p (IL-1B), interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a) are
the cytokines involved in the initial progression of periodontal diseases in response to
the recognition and presentation of microbes to appropriate cells (Garlet 2010).
Specifically, IL-1p and IL-6 is considered the most common cytokines in
inflammation and have been associated with migration of inflammatory cells and
osteoclastogenesis (Graves et al. 2008; Fonseca et al. 2009). TNF-a has many
functions, including coordinating cell migration and tissue destruction and stimulating
production of IL-1p and IL-6 (Dinarello 2000; Wajant et al. 2003; Garlet et al. 2007,
Graves et al. 2008). In addition, TNF-a has a role in ECM degradation and bone
resorption. TNF-a can also induce the secretion of matrix metalloproteinases (MMPs)
and activate receptors of nuclear factor kappa-B ligand (RANKL) (Garlet et al. 2003;
Graves and Cochran 2003; Graves et al. 2008).
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Figure 1.9: The cytokine network in pathogenesis of periodontitis. Full lines show
interaction between cells and cytokine effects on cells. Dashed lines show the secretion

of cytokines. Adapted from Pan et al. (2019).

These cytokines (IL-1B, IL-6 and TNF-a) are representative of the first wave of
cytokines from interaction between the microbiome and host cells. These cytokines
are well recognised pro-inflammatory cytokines and have multiple effects on immuno-
inflammatory responses and tissue destruction. Secretion of these pro-inflammatory
cytokines leads to specific immune cell subsets being activated and recruited to the
inflammation site, and this could cause direct tissue damage. Differentiation of naive
T cells and B cells into mature T cells or plasma cells occurs from the activity of
specific cytokines, such as IL- 12 (Glimcher 2007). In addition, these cells stimulate
other effector cells such as osteoclasts and neutrophils that can show pro- or anti-

inflammatory actions through the secretion of cell-specific cytokines (Pan et al. 2019).
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1.4.2 Lipid mediators in periodontal inflammation

Prostaglandins are generated via the hydrolysis of membrane phospholipids. Briefly,
phospholipase A2 renders a specific position of membrane phospholipids and
produces arachidonic acid, which is an ancestor of a group of small lipids known as
eicosanoids (Lewis 1990). Arachidonic acid is metabolised via lipoxygenases or
cyclooxygenases 1 and 2 (COX-1 and COX-2). Lipoxygenase activity produces
leukotrienes, whilst prostaglandins, prostacyclin and thromboxane are produced by the
cyclooxygenase pathway. There are 10 subclasses of prostaglandins and an increased
amount of prostaglandins has been reported in inflamed gingiva (Mendieta et al. 1985;
Gemmel et al. 1997). Prostaglandin E2 (PGE2) is considered a major inducer of
alveolar bone resorption which is mainly found in macrophage-like cells. The
secretion of PGE2 increases with bacterial lipopolysaccharide (Loning et al. 1980) and
is stimulated by IL- 1P, TNF-a and parathyroid hormone (Richards and Rutherford
1988; Saito et al. 1990a,b). It should be emphasised that PGE2 demonstrates a biphasic
pattern in inflammation. As it reduces IgG at higher doses and increases IgG level at
low doses. Moreover, when it is combined with IL-4, an anti-inflammatory cytokine,

synergistic enhancement IgG production is observed (Harrell and Stein 1995).

1.5 Prevention and control of dental diseases by antimicrobial agents

Antimicrobial agents used to improve oral hygiene are normally formulated into oral
care products, such as toothpastes and mouthwashes. The oral cavity has advantages
and disadvantages, in terms of drug delivery. When antimicrobial agents are applied
to oral surfaces they have an initial high concentration, but this concentration decreases
rapidly due to continuous salivary flow and swallowing (Vanderouderaa and Cummins
1989). However, continuous salivary flow provides transportation of antimicrobial
agents between different regions of the mouth and could increase exposure time of
potential antimicrobial activity. There are many antimicrobial agents which have
different mode of actions for oral health, and they have generally been used as
adjunctive therapies with physical dental plaque removal (Baehni and Takeuchi 2003;
Rmaile et al. 2014).
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1.5.1 Chlorhexidine

Chlorhexidine, which is a cationic biguanide antimicrobial agent, was first introduced
as an antiseptic in 1954 (Davies et al. 1954). In 1969, chlorhexidine was suggested for
use as an efficient antiplaque agent (Schroeder and Shanley 1969) and has since been
widely used for plaque and gingivitis control. Chlorhexidine is a broad-spectrum
antimicrobial agent and proposed to exert its antimicrobial activity by disrupting the
cell membrane of bacteria (Hugo and Longworth 1965). Chlorhexidine was found to
be effective against both Gram-positive and Gram-negative bacteria and yeasts and
reduces dental plaque, caries and gingivitis (Fejerskov et al. 2015). In higher
concentrations, chlorhexidine is bactericidal and in sub-lethal concentrations, inhibits
sugar transportation and acid production in cariogenic bacteria and also inhibits of
major proteases (gingipain) of P. gingivalis (Stoeken et al. 2007). Chlorhexidine was
also effective in gingivitis control by using 0.1% or 0.2% chlorhexidine mouth rinse
for children as an adjunct therapy with regular tooth brushing (Lang et al. 1982).
Similarly, 0.12% chlorhexidine gluconate was found to be effective in gingivitis

control for adults (Grossman et al. 1986).

1.5.2 Zinc salts

Metal salts have been used widely in oral care products since they have a long
substantivity in the oral cavity and effective against both Gram-positive and Gram-
negative bacteria (Cummins 1992). For instance, at sub-lethal doses, zinc can interfere
with the transportation of sugar, acid production and protease activity (Brading and
Marsh 2003). It was also suggested that zinc can inhibit bacterial adherence to surfaces
by changing the bacterial surface charge. Zinc can also interfere with bacterial protein
synthesis (Stephen et al. 1988). The high substantivity of these metals provides a
prolonged time of antimicrobial activity. For instance, zinc citrate remains on the tooth
surface after brushing and retained zinc citrate inhibits regrowth of bacteria and control
dental plaque accumulation (Gilbert and Williams 1987; Ingram et al. 1992).
1.5.3 Triclosan

Triclosan is a bisphenol, broad spectrum antimicrobial agent which can inhibit dental

plaque formation/accumulation and also reduce gingival inflammation (Brading and

31



Marsh 2003). It has been used in toothpaste formulations and is one of the most
common compounds in dentifrice formulations (McBain et al 2003). The suggested
antimicrobial mechanism of triclosan is disruption of bacterial cell membranes and
blocking fatty-acid synthesis at the envoy-acyl carrier protein reductase step
(McMurry et al. 1998; Russell 2004). In addition, it was reported that sub-lethal
concentrations of triclosan can inhibit acid production by oral streptococci and
production of proteases by P. gingivalis (Brading and Marsh 2003). Moreover, it was
found that triclosan has high substantivity and is retained in the oral cavity (8 h in
dental plaque and 3 h in oral mucosa) after tooth brushing (Gilbert and Williams 1987).
Combination of zinc salts and triclosan exerted an enhanced anti-plaque and anti-
gingivitis activity. In addition, triclosan presented a potentiated anti-inflammation
activity when it was used in combination with a fluoride copolymer delivery system

(Moran et al. 2001; Phan and Marquis 2006).

1.5.4 Fluoride

Fluoride is a well-known oral therapeutic due to its benefit on tooth
demineralisation/remineralisation cycles. Fluoride was initially used in toothpastes
along with anti-caries and cleaning products in the second half of the 20" century.
Fluoride has been used in formulations with sodium fluoride, stannous fluoride,
sodium mono fluorophosphates and amine fluoride (Paraskevas 2005; Hara et al.
2013). The anti-caries activity of fluoride has been attributed to its effect on
demineralisation/remineralisation cycles of tooth enamel. The relatively low
concentrations (0.02 ppm and 0.04 ppm) of fluoride in salivary or dental plaque was
found to be beneficial in remineralisation of tooth enamel (Gibbs et al. 1995; Leverett
et al. 1997; Hughes et al. 2004). In addition, the antimicrobial activity of fluoride was
reported to exert cariostatic properties and control gingivitis (Binney et al. 1995; Miller
et al. 1999; Ganss et al. 2004). Fluoride concentration and regular brushing (at least
twice daily) are important factors to obtain optimal activity from fluoride (Davies et

al. 2003).
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1.5.5 Natural products, plant extracts and probiotics

Phytochemicals from plants have been used in the treatment of dental caries and the
control of dental plaque, and found to be effective and economic treatments for oral
infections (Chinsembu 2016). Catechin, emetine, quinine and flavone are the most
reported phytochemicals to have shown effectiveness in clinical trials (Salehi et al.
2019; Chauhan et al. 2020). Although these were found to be effective in the treatment
of dental caries, they could cause toxicity to host cells, and thus safety tests and dose
controls are necessary for their use in oral health (Bodiba et al. 2018). It was found
that a 0.5% extract of Stevia rebaudiana leaves inhibited cariogenic microorganisms
and enhanced salivary buffering capacity in patients with high caries levels (Usha et
al. 2017). Probiotics have been investigated for their beneficial effects in the oral
cavity, and it was found that certain probiotics inhibit cariogenic microorganisms via
the production of microcin (Zschiittig et al. 2012). Natural products could provide
huge benefits as adjunctive therapeutics in dental care products, and their wide
availability and cost effectiveness would benefit the general population (Chauhan et

al. 2020).

1.6 Pomegranate

1.6.1 Pomegranate in history

The scientific name of pomegranate is Punica granatum and was derived from the
name Pomum (apple) and granatus (grainy) or seeded apple. Persia and surrounding
areas have been thought to be the habitat of pomegranate, and it is believed that
pomegranate was spread to the rest of the world from Central Asia, especially to parts
of Iran (Simmonds 1976; Harlan 1992; Levin 1994; Levin 2006; Verma et al. 2010).
Another view for the origin of pomegranate is that it was cultivated in ancient Egypt
and early in Greece, Italy, and Iraq, and then it spread to other parts of the world
including Turkmenistan, Afghanistan, India and China, along with Iran, North Africa
and Mediterranean Europe (Melgarejo and Martinez 1992). Pomegranate is considered
to be one of the oldest domesticated fruit and was first planted between 4000BC and
3000 BC. Moreover, the pomegranate fruit has been mentioned in ancient documents,

such as the Bible and Koran (Chandra and Tarachand 2010). Another claim was that
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the probable pomegranate progenitor was very similar in appearance to its
domesticated form. However, fruit size with larger seeds or colour could be primary
differences between progenitor and domesticated pomegranate (Harlan 1992; Hancock
2004; Still 2006). The pomegranate family is a single genus, Punica, and only
comprises two species, P. granatum and P. protopunica. P. protopunica has been
considered an ancestor of pomegranate and it is endemic to Socotra Islands in Yemen.
It might have a contribution to the evolution of the cultivated form of pomegranate

(Zukhovskij, 1950; Moriguchi et al. 1987; Guarino et al. 1990).

During the domestication process, pomegranate selection has been made according to
flower, rind, aril colour, fruit size, sugar and acid contents, resistance to environmental
and other stress factors, yield and storage stability (Harlan 1992; Hancock 2004; Levin
2006; Holland et al. 2009).

Pomegranate has been shown to exist in many cultures over hundreds of years. In
Judaism, Christianity, Islam, and Buddhism it has taken a place in religious beliefs and
rituals, and it was a symbol of life, health, spirituality, morality and mortality
(Mahdihassan 1984). It has been used as symbol of fertility in many cultures
(Mahdihassan 1984). Furthermore, it has been used in traditional medicine by different
cultures. The fruit was used as a blood tonic and pomegranate hulls used in the
treatment of dysentery and diarrhoea, and as an antiparasitic agent (Boukef et al. 1982;
Caceres et al. 1987; Nagaraju and Rao 1990; Naqvi et al. 1991). There are also reports
about its traditional use for snakebites, diabetes, burns and leprosy (Siang 1983; Jain

and Puri 1984; Singh 1986).

In the present time, pomegranate is cultivated throughout the world including tropical
and sub-tropical areas. However, Mediterranean and Asian countries are the primary
areas for commercial cultivation of pomegranates. In addition, it is cultivated in
Argentina, Australia, Brazil, Chile, South Africa and the United States (La Rue 1980,
Frison and Servinsky 1995). It has been reported that there are more than 500
pomegranate cultivars around the world, but around 50 of them are commercially
cultivated (Hooks et al. 2021). The cultivation process has caused a great decrease in

genetic diversity of modern pomegranate cultivars. However, progenitors still have a
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huge variety in genetic diversity and it is important to have genetic tools to improve

the cultivated pomegranate in future (Rana et al. 2007).

Today, it is estimated that around 1.5 million tonnes of pomegranate fruits are
produced annually across the world (Holland and Bar-Ya’akov 2008). Iran has the
highest rate of pomegranate export with almost 60,000 tonnes, followed by India with
35,176 tonnes (Holland and Bar-Ya’akov 2008; Chandra and Jadhav 2009).

1.6.2 Pomegranate in modern industry

Pomegranate has a long history of being used for its nutritional value. The fruit has
been consumed raw, juice, and in jams and salad dressing. In addition to this nutritional
usage, it has been shown that pomegranate fruit can be used to prepare numerous
products in nutritional, cosmetic and health-related products, due to its high content of
phytochemicals. Pomegranate rind is a by-product of the pomegranate juice industry
and found to have prominent use in the food and medicinal industries, due to its high
phenolic contents (Viuda-Martos et al. 2010, 2013). The antioxidant activity of
pomegranate fruit is well known, and addition of 0.5% dried pomegranate peel extract
can enhance the antioxidant capacity of other juices, such as tomato and orange juices
(Salgado et al. 2012). In addition, pomegranate fruit has been used to make ink and
dyes since ancient times (Bruni et al. 2010). Recently, it has been found that cotton
textile can be dyed with a natural dye extracted from pomegranate peel (Kulkarni et
al. 2011). Moreover, pomegranate fruit has been used for nanoparticle formation due
to its high capacity as a reducing agent. Synthesising nanoparticles with pomegranate
and other plants which have reducing capacity is considered better for the
environment. Thus, nanoparticle synthesis with plant extracts has been called green
synthesis (Chauhan et al. 2011; Li and Gu 2011; Li et al. 2011; Ahmad and Sharma
2012; Ahmad et al. 2012). Similarly, pomegranate has been used for removal of
wastes, hazardous materials and metals from natural environments (El-Ashtoukhy et

al. 2008; EI Nemr 2009).
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1.6.3 Pomegranate functional phytochemicals

Many phytochemicals have been identified in different pomegranate tissues using
methods such as diode array detection (DAD), electron spin resonance (ESR),
fluorescence detection (FD), flame ionisation detection (FID), infrared spectroscopy
(IR), mass spectrometry (MS), nuclear magnetic resonance (NMR), high pressure
liquid chromatography (HPLC) and thin layer chromatography (TLC). The knowledge
about pomegranate phytochemicals is important to elucidate the biological activities
of pomegranate fruit. However, it should be noted that there might be variations
between the type of chemicals and their quantity in the fruit because of different
pomegranate cultivars (Melgarejo et al. 2000; Kaufman and Wiesman 2007; Tzulker
et al. 2007; Pande and Akoh 2009; Qiu et al. 2013). Polyphenols phytochemicals
mainly found in the rind of pomegranate fruit (Amri et al. 2017) (Figure 1.10). Total
phenolic content was found to be greater in pomegranate rind than arils, seeds of
pomegranate fruit, juice, leaves and flowers in different cultivars including Israeli,
Turkish, Tunisian and Persian cultivars (Gozlekci et al. 2011; Elfalleh et al. 2012; Orak
etal. 2012; Orgil et al. 2014).
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Figure 1.10: Classification of major polyphenolic compounds (Reproduced from Tsao

2010).
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1.6.3.1 Tannins

Tannins are polyphenols with a high molecular weight ranging from 500 Da to more
than 3000 Da. Tannins can be found in different parts of plants, including leaves, bark,
fruit, wood and roots. Tannins have been associated with the plant defence
mechanisms against mammalian herbivores, birds and insects (Hagerman and Buther
1981; Hassanpour et al. 2011). Tannins are divided into two main groups, based on
their chemical structures; namely, hydrolysable tannins (gallotannins and
ellagitannins) and condensed tannins (or proanthocyanidins) (Athanasiadou et al.
2001; Chaichi Semsari et al. 2011; Hassanpour et al. 2011; Maheri-Sis et al. 2011).
Hydrolysable tannins (HTs) are the most studied phytochemicals in pomegranate and
can be classified into ellagitannins (ETs) and gallotannins (GTs), according to types
of phenolic acids that make an esterification with the core cyclic polyol molecule,
which is often a glucose molecule. More than 60 HTs have been identified in
pomegranate using MS and/or NMR (Figure 1.11). Pomegranate peel/rind is one of
the most studied tissues of pomegranate and it has been found to be particularly rich
in ETs. Punicalagin isomers were found to be the main ETs in pomegranate peel with
up to 85 % (w/w) of total tannins from pomegranate fruit peel (Seeram et al. 2005).
Punicalagin is also a major tannin in pomegranate root, but found in a lower amount
(Ono et al. 2012). Pomegranate rind has a high content of ellagitannins and ellagic acid
derivatives, including punicalagin (hexahydroxydiphenoyl (HHDP)-gallagyl-
hexoside), punicalin (gallagyl- hexoside), ellagic acid hexoside and ellagic acid
pentoside. Moreover, granatin A, granatin B, punicalin, punicalagin, corilagin,
gallagyldilactone, pedunculagin and tellimagrandi tannins have been identified in
pomegranate rind (Satomi et al. 1993). Punicalagin is the most studied bioactive
polyphenol, due to its high proportion in pomegranate rind, and it has been associated

with the biological activities of pomegranate rind itself (Cam and Hisil 2010).
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Figure 1.11: The chemical structures of selected compounds (A; punicalagin, B;
ellagic acid, C; gallagic acid, D; punicalin) in pomegranate rind (National Library of

Medicine, PubChem, 2021, available at https://pubchem.ncbi.nlm.nih.gov).

1.6.3.2 Flavonoids

Flavonoids are found in most edible plants, and include the polyphenolic flavan
skeleton substitutes with hydroxy, methyl, galloyl, glucosyl and acyl moieties.
Flavonoids can form complexes with other flavonoids, metal ions and other molecules
(Asen et al. 1972; Brouillard et al. 1989; Haslam 1998; Harborne et al. 2013).
Pomegranate peel/rinds are abundant with flavonoids, including catechin, epicatechin,
quercetin, anthocyanins and procyanidins. Flavonoid composition and concentration

show differences based on the fruit harvesting and the type of cultivars (Yuan and
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Fang 2018). Flavonoids (mainly anthocyanins) are the compounds which give
pomegranate its colour (Lawrence 1950; Bateson 1965; Barritt and Einset 1969;
Sparvoli et al. 1994; Holton and Cornish 1995; Boss et al. 1996). Pomegranate rind
contains almost 30% of the total anthocyanins of pomegranate fruit (Zhao et al. 2013).
The content and composition of pomegranate rind anthocyanins is highly variable
based on the pomegranate rind colour. For instance, anthocyanins, cyanidin 3,5-
diglucoside (157.8mg/kg), pelargonidin 3,5-diglucoside (145.8 mg/kg), pelargonidin
3- glucoside (56.7 mg/kg), cyanidin 3-glucoside (41.2 mg/kg), cyanidin 3-rutinoside
(18.4 mg/kg), delphinidin 3-glucoside (13.3 mg/kg), delphinidin 3,5-diglucoside
(10.8 mg/kg), cyanidin hexoside (1.7 mg/kg) and cyanidin-pentoside (1.4 mg/kg),
were identified and quantified in rind of Peruvian pomegranate cultivar (Fischer et al.
2011). In a Tunisian cultivar, pelargonidin-3-glycoside, pelargonidin-3,5- diglycoside,
delphinidin-3-glycoside,  delphinidin-3,5-diglycoside, cyanidin-3-  glycoside,
cyanidin-3,5-diglycoside, cyanidin-3-pentoside and cyanidin-3- rutinoside were
identified as anthocyanins in pomegranate rind by high- performance liquid
chromatography-mass spectrometry (HPLC-MS) analysis (Wafa et al. 2017).
Catechin, epicatechin, quercetin and rutin (especially in fresh pomegranate rind) were
identified in different cultivars, including South Africa, China, Georgia and Iran.
However, the level of these flavonoids showed variability between different cultivars
and developmental stages of the fruit (Fawole et al. 2012; Mansour et al. 2013; Zhao
et al. 2013; Mphahlele et al. 2017). It should be noted that environmental factors, such
as soil quality, temperature, climatic differences and variation in the genetics of
different cultivars can affect the composition and level of flavonoids in plants

including pomegranate (Mullins et al. 1992; Reid et al. 2005).

1.6.3.3 Phenolic acids

Phenolic acids are a group of compounds comprised of two subgroups: namely,
hydroxybenzoic and hydroxycinnamic acids. Gallic, p-hydroxybenzoic,
protocatechuic, vanillic and syringic acids, which have the C6—Cl1 structure in
common, are found under the subgroup of hydroxybenzoic acid. Hydroxycinnamic
acids, an aromatic compound with three carbon side chains, include cafteic, ferulic, p-

coumaric and sinapic acids, being the most common and hydroxycinnamic acids are a
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major class of phenolic compounds (Balasundram et al. 2006; Gonthier et al. 2006).
Phenolic acids, chlorogenic, caffeic, syringic, sinapic, p-coumaric, ferulic, vanillic,
ellagic, gallic and cinnamic acid have all been identified in pomegranate rind (Elfalleh
etal. 2011). It has been reported that the ellagic acid content comprises more than 50%
of total phenolic compounds, including polyphenols, in pomegranate rind (Fawole et

al. 2012).

1.6.3.4 Other compounds

In addition to polyphenols, pomegranate rind comprises minerals, such as calcium,
phosphorus, magnesium, potassium and sodium. Furthermore, sugars including
glucose, fructose, sucrose and maltose, along with protein, crude fibres, fatty acids,
organic acids and alkaloids have all been identified in pomegranate rind (Van Elswijk
et al. 2004; Rahmani et al. 2017). Recently, a pyrrolidine-type alkaloid, punigratane
(2,5-diheptyl-N-methylpyrrolidine), was characterised in pomegranate rind (Rafiq et
al. 2016). Punicic acid, linoleic acid and oleic acids are found in a higher amount than
other fatty acids in pomegranate seed oil and it was reported that punicic acid levels
range from 73.4% to 83.5% of total fatty acids (Khalili- Dehkordi et al. 2011;
Fernandes et al. 2015).

In pomegranate rind, lignans have also been identified, such as isolariciresinol and
pomegralignan (Fischer et al. 2012; Ito et al. 2014). Lignans are defined as
phytoestrogens, and they can be metabolised by gut microbiota (Fischer et al. 2012).
Triterpenoids and phytosterols are also found in pomegranate rind (Wahab et al. 1998).

1.6.4 Pomegranate medicinal properties

1.6.4.1 Antimicrobial activities

While herbal antimicrobials formed the origin of modern medicine, it should be

remembered that almost 80% of the world’s population continues to use traditional

medicine as a primary health care resource. Because of the mass expense of

developing and testing new drugs, the induction of new antimicrobials has decreased
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since 1980. Additionally, conventional antimicrobials kill beneficial bacterial types
such as gut flora alongside the targeted bacteria with prolonged use, requiring patients
to take prebiotics to replace the beneficial gut flora (Khan and Hanee 2011).
Furthermore, with the increasing resistance of bacteria to conventional antimicrobial
drugs, the antimicrobial bioactivity of natural drugs has gained greater importance and
popularity. In recent decades, several studies inspired by the problems of over-
dependence on antibiotics have demonstrated the antimicrobial activity of plants on
different microbes (Grosvenor et al. 1995; Valsaraj et al. 1997). Punica granatum L.
has been widely used in traditional medicine for the treatment of different diseases.
Pomegranate has been used to treat microbial infections and pomegranate extracts
have demonstrated anti-viral activity against herpes and influenza viruses (Zhang et

al. 1995; Sundararajan et al. 2010).

1.6.4.1.1 Antibacterial activity

The antibacterial activity of pomegranate has been studied by many scientists across
the world, with conclusions indicating that pomegranate extracts prepared from
different parts of the pomegranate fruit have an antibacterial activity on Gram- positive
and Gram-negative bacteria. The antibacterial mechanism of pomegranate extracts has
been associated with a reaction between bacterial cell membrane proteins and the
pomegranate phenolic content. This reaction causes bacterial cell lysis. Consequently,
there could be a reaction between phenolic compounds of pomegranate and protein
sulthydryl groups that makes them unavailable for microbial growth by generating
phenolic toxicity (Haslam et al. 1997). Additionally, the hydrophilic properties of the
compounds also has a role in antimicrobial activity. Pomegranate polyphenols, such
as ellagic acid and punicalagin, are hydrophilic and have good solubility in hydrophilic
solvents. However, hydrophobic solvents yield extracts with relatively weaker or no
microbial activity (Al-Zoreky 2009). A study of pomegranate peel extract (rind), seed
extract, juice and whole fruit on selected bacterial types showed that peel extract has
the highest antibacterial activity, compared to other extracts, and the rind extract
presented the highest activity against Staphylococcus aureus (Dahham et al. 2010).
Negi and Jayaprakasha (2003) prepared pomegranate rind extracts using different

solvents containing ethyl acetate, acetone, methanol and water against some Gram-
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positive and Gram-negative bacteria types using the in vitro pour plate method.
Acetone extract showed the highest antimicrobial activity followed by the methanol
and water extracts. It was found that the methanol extract of pomegranate rind has
antibacterial activity against S. aureus, E. coli and Pseudomonas aeruginosa.
Abdollahzadeh et al. (2011) found that methanolic extract pomegranate peel was
effective against both Gram-positive and Gram- negative bacteria, such as S.
epidermidis, S. aureus, L. acidophilus, S. mutans, S. sanguinis, S. salivarius and E.
coli but was not effective against A. viscosus and C. albicans. Vasconcelos et al.
(2006) showed that pomegranate gel was active against S. mutans, S. sanguis, S. mitis,
and C. albicans. Moreover, the study also used pomegranate gel on the combination

of studied microbes, and it was found effective.

Overall, the antibacterial activity of pomegranate compounds has been studied by
many scientists in different fields such as oral diseases, food preservation and
intestinal flora. The general suggested mechanism for pomegranate extracts is the
relation between the molecular structure of pomegranate tannins and their toxicity,
and strong astringent properties. Further studies are needed to determine the precise
antibacterial mechanism of pomegranate, to find the active compounds and whether
there is a synergistic effect between pomegranate secondary compounds (Celiksoy and

Heard 2021).

1.6.4.1.2 Antifungal activity

Pomegranate has antifungal activity alongside its other antimicrobial activities,
mentioned above. In vitro studies revealed that oral bacteria and C. albicans are
sensitive to pomegranate extracts. According to a clinical study by Vasconcelos et al.
(2003), pomegranate could be a promising topical agent for the treatment of candidosis
associated with denture stomatitis. This study tested 60 patients with denture
stomatitis, divided into groups A and B. Group A were treated with miconazole, the
standard conventional drug for candidosis, while group B was treated with
pomegranate gel obtained from bark of fresh fruit. Both groups took the medicines
three times per day for 15 days. The results showed a satisfactory and regular response

from 27 and 21 patients from groups A and B, respectively. Absence of yeasts was
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observed in 25 subjects from group A and 23 from group B (Vasconcelos et al. 2003).
A study of six different cultivars of pomegranate from the Mediterranean region of
Turkey found that these pomegranate extracts showed positive results regarding the
inhibition of C. albicans, Gram-negative and Gram- positive bacteria (Duman et al.
2009). Anibal et al. (2013) evaluated the antifungal activity of Punica granatum
extracts to identify the compounds that have a role in the inhibition of fungal activity.
Along with mass spectrometry, Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) were used to determine the structural and
morphological effects produced by extracts. SEM results revealed that the pericarp
and peel extracts of pomegranate caused morphological alterations to the yeast tested,
C. albicans and C. krusei, in addition to cell aggregation and growth inhibition.
Additional observations noted an irregular cell wall, with viscous material on cell

surface, in addition to rupture of the hyphae with desquamation.

It 1s concluded that pomegranate extracts, especially rind extracts due to their high
phenolic contents, have antifungal activity against some Candida species. The extracts
could be used as alternative antifungal drugs for microbial diseases and infections in
light of supported studies, which show the antifungal activity of pomegranate

compounds.

1.6.4.1.3 Antiviral activity

Plant extracts have become popular and important for their use as alternative
antivirals. Pomegranate extracts could be used to inhibit the activity of viruses
transmitted via infected foods, bodily fluids and other different routes of transmission
(Howell and Souza 2013). The antiviral activity of pomegranate extracts has been
attributed to pomegranate polyphenols, as extracts without tannins did not show any
antiviral activity (Neurath et al. 2004). Haidari et al. (2009) showed that pomegranate
polyphenol extract inhibited the replication of human influenza A/Hong Kong (H3N2)
in vitro. The study evaluated four major polyphenols from pomegranate (ellagic acid,
caffeic acid, luteolin and punicalagin), and demonstrated that punicalagin was the
polyphenol responsible for the antiviral activity. Furthermore, it identified that the

replication of virus ribonucleic acid (RNA) was blocked, which inhibited the
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agglutination of chicken red blood cells by the virus as well as exhibiting general
virucidal effects (Haidari et al. 2009). In another study using SEM, it was indicated
that viral inactivation by pomegranate polyphenols was mainly structural damage on
the virion and the direct anti-influenza activity of pomegranate polyphenols was
substantially modulated by small changes in envelope glycoproteins (Sundararajan et
al. 2010). Experiments revealed that punicalagin targeted and inactivated herpes
simplex virus 1 (HSV-1) viral particles and prevented binding, penetration, cell-to-
cell spread and secondary infection (Lin et al. 2011). A more recent study
demonstrated the antiviral activity of pomegranate rind extract and punicalagin against
HSV and acyclovir-resistant HSV (Houston et al. 2017b). Pomegranate juice and
polyphenols also induce antiviral activity against foodborne viral surrogates FCV-F9,

MNV-1 and bacteriophage MS2 (Su et al. 2010).

1.6.4.1.4 Anti-parasitic activity

Parasitic infections are a significant problem across the world and especially in
countries with low economic and social status. Pomegranate has commonly been used
as vermifugal and also taenicide agents (Tagboto and Townson 2001; Prakash and
Prakash 2011). This activity of pomegranate has been determined in folkloric
medicine, with pomegranate used as anthelmintic for diarrhoea against tapeworms
(Das et al. 1999; Asres et al. 2001). Recent studies reported that methanolic extract
pomegranate leaves were found to be effective against Shistosoma mansoni in both in
vitro and in vivo studies (Fahmy et al. 2009). It was shown that pomegranate extracts
caused inhibition in motor activity, lethality and morphological alterations in adult
worms (Yones et al. 2016). Moreover, the activity against 7. vaginalis was found

during both in vitro and clinical studies (EI-Sherbini et al. 2010).

1.6.4.2  Anti-inflammatory activity
Inflammation manifests as a multifactorial network of chemical signals that initiate
and maintain the host response towards healing in response to tissue injury (Coussens

and Werb 2002). Inflammation is a natural response of the immune system to

infection. However, prolonged inflammation causes discomfort, pain and tissue
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damage in the infectious and surrounding tissues. Furthermore, conventional anti-
inflammatory drugs may cause serious side effects, which could be lethal in some
situations (Gautam and Jachak 2009; Pountos et al. 2011). Therefore, it is important
to develop novel and alternative drugs with minimal side effects for inflammatory
diseases. Pomegranate has long been used for its wide range of healing effects,
including treating inflammation. Recent empirical studies have demonstrated anti-
inflammatory activity of a wide range of pomegranate extracts. While the mechanism
of the anti-inflammatory activity of pomegranate extracts has not been clearly
identified, studies show that pomegranate extracts influence eicosanoid enzyme
inhibition, cytokines, eicosanoid/cytokine crosstalk and matrix metalloproteinases
(Lansky and Newman 2007). It has been suggested that pomegranate and derived
extracts supress mast cells and basophils, which have a key role in activation of
inflammatory disease. Pro-inflammatory cytokines produced by mast cells, basophils
and certain other cell types that promote inflammation have a substantial role in acute
and late-phase inflammatory reactions (Rasheed et al. 2009). Nitric oxide (NO-), a pro-
inflammatory mediator, is excessively produced in pathological or abnormal
conditions and induces inflammation. Ellagic acid, gallic acid and punicalagin
anomers potentially inhibit lipopolysaccharide (LPS)-induced NO-, PGE2 and IL-6
production in the human basophilic cell line KU812 (Ben Saad et al. 2017).
Furthermore, another study showed NO- inhibition by pomegranate extracts using ex
vivo methods (Rasheed et al. 2009). COX, an enzyme that produces prostaglandins
from arachidonic acid, has two isoforms: COX-1 and COX-2. COX-1 maintains
normal physiological functions, while COX-2 has a role in the inflammation process
and is responsible for a high level of PGE2 at inflammation sites (Fletcher et al. 1992;
Meade et al. 1993; Prescott and Fitzpatrick 2000). Therefore, identification of COX-
2 inhibitors is an important and promising step to prevent inflammatory diseases
(Zeilhofer and Brune 2006; Jachak 2007). Recently, several studies have demonstrated
that pomegranate extracts inhibit COX-2. For instance, topically applied pomegranate
rind extract (PRE) and total pomegranate tannin exerted a significant anti-
inflammatory activity by affecting COX-2 expression on viable epidermis (Houston
et al. 2017a,c). Pomegranate juice, total pomegranate tannins and punicalagin
significantly suppressed TNF-a-induced COX-2 protein expression by 79%, 55% and

48%, respectively (Adams et al. 2006). Conventional anti-inflammatory drugs have
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been used for decades, but their side effects on the human body could cause more
serious problems with long-term use. It is reported that gastrointestinal problems
related to the use of non-steroidal anti-inflammatory drugs (NSAIDs) are the most
common problems associated adverse drug reaction (Singh and Triadafilopoulos
1999). The side effects of NSAIDs have been reported for systemic and topical use.
NSAIDs can cause upper gastrointestinal bleeding, perforation and peptic ulcers
especially for elderly patients in both systemic and topical use (Rainsford et al. 2008).
Based on the above, pomegranate extracts could be a promising drug candidate due to

their beneficial effects on inflammation pathways and pro-inflammatory mediators.

Pomegranate extracts are also effective at repealing multiple signal transduction
pathways and inhibiting inflammatory mediators play role in the initiation and
induction in inflammatory diseases. In an in vivo study on arthritis, pomegranate-fed
mice had significantly lower IL-6 in arthritic joint lysate compared to the control
group. In the same study, pomegranate suppressed IL-1b at low dose feeding (Shukla
et al. 2008). Pomegranate also showed similar anti-inflammatory activity in high fat
diet rats. In this in vivo model, high fat diet rats exhibited a significant increase in
serum C reactive protein (CRP), IgA, IgG, IgM, IL-1b, IL-6, IL-4 and TNF-a levels.
Pomegranate treatment caused a significant reduction in all these pro-inflammatory
markers which were induced via high fat diet, and efficiently restored these markers
to their normal levels (Zhao et al. 2016). It could be suggested that pomegranate may
show anti-inflammatory activity by several mechanisms, including suppression of
COX-2 and inducible nitric oxide expression, inhibition of activation of nuclear factor
kappa B (NF-«xB), inhibition of phosphorylation of mitogen-activated protein kinases
(MAPKSs) proteins and inhibition of pro-inflammatory cytokines (Afaq et al. 2005;
Adams et al. 2006; Lansky and Newman 2007; Zhao et al. 2016).

1.6.5 Potentiated antimicrobial activity of pomegranate rind extract

and metal ions
Almost two decades ago, it was suggested that PRE showed higher antiviral activity

when used with ferrous sulphate (FeSO4) (Jassim et al. 1995; Stewart et al. 1998). An

iron-based antiviral agent was subsequently developed with the addition of plant
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extracts such as pomegranate rind, tea and maple leaves. It was indicated that ferrous
sulphate, either alone or in combination with certain plant extracts, provides a potent
broad spectrum virucidal activity. The free radical system was proposed to play a role
in this synergistic mechanism (Gould et al. 2009). Redox reactions are defined as any
chemical reactions that include an alteration in oxidation number and/or state (Kohen
and Nyska 2002). The synergistic virucidal activity of PRE and FeSO4 was associated
with the reaction between PRE and the Fe (II) ion. It has been claimed that this
interaction occurs due to conversion of Fe (II) ions to bound Fe (III) ions. Likewise,
tannic acid and Fe (II) exerted a similar reaction. The redox reaction between PRE and
FeSO4 was considered the reason of synergistic antimicrobial activity and colour
change of the PRE and FeSO4 combination, since a black by-product was observed
when PRE and FeSO4 were combined. While the synergistic antimicrobial activity of
PRE and iron combination was short term it coincided with a loss of activity (Houston
2011). In addition to iron, other transition metals have also demonstrated antimicrobial
activity (Nagar 1990; Singh and Katiyar 2008). PRE was combined with other metals
for potentiated antimicrobial activity including Cu (II) and Pb (II), and showed a
moderate synergistic bactericidal effect (Gould et al. 2009). However, these metal ions
formed a complex with PRE like Fe (II) and caused highly coloured end products.
Moreover, throughout the change from Fe (II) to Fe (III), the antimicrobial activity of
PRE and iron combination decreased over time (Stewart et al. 1998; McCarell et al.

2008; Gould et al. 2009).

Moreover, existence of the black product could cause problems from a patient’s
aesthetic perspective, as this colour change can be seen in a commercial product of
PRE and transition metal combination. Using salts of alternative transition metals
which have similar d orbital electrons and maintaining the +2 state without any
alteration in colour could have potential for combinational use with PRE for
synergistic antimicrobial activity. Zinc has been considered as a promising candidate
in this regard. Zinc is found in group 12 of the periodic table and does not show
oxidation states higher than +1 and +2, as d-valence shells of zinc are always full and
there is no available place for bonding. However, most transition metals form two or
more ions as they have free space for bonding in their 3d-orbital. The oxidation

chemistry of zinc generally exists as +2 oxidation state and it can be found in the Zn
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(II) form (Deming et al. 1976). Hence, Zn (II) 1ons are in a thermodynamically stable
state and available in salt forms of zinc and zinc salts are generally water soluble and
uncoloured (Nagar 1990; Singh and Katiyar 2008). PRE extracts were combined with
Zn (II) instead of ferrous sulphate for use in further potentiated virucidal activity, since
this combination did not exhibit colour or, redox change or new compounds. Houston
(2011) was found that a combination of PRE and zinc sulphate (ZnSO4) generates a
new mechanism in which free Zn (II) ions, irrespective of the anion, significantly
potentiate the antiviral activity of punicalagin against HSV-1 and HSV-2 (Houston
2011). PRE in combination with Zn (II) ion showed virucidal activity against HSV-1,
HSV-2 and acyclovir resistant HSV-1, and caused up to a 6-log reduction (Houston et
al. 2017b). Moreover, PRE and Zn (II) ion combination in a hydrogel formulation
demonstrated this synergistic antiviral activity in an ex vivo model study (Houston et

al. 2017a).

1.7 Aims of study

The aim of this research was to investigate the potential of PRE and a PRE/Zn (II)
combination for microbial diseases associated with the oral cavity. PRE has been
widely investigated for its antimicrobial activity and previous studies revealed a
synergistic bactericidal and virucidal activity for a PRE/Zn (II) combination (Houston
et al. 2017b; Alrashidi 2020; Celiksoy et al. 2021). However, the potential of PRE or
a PRE/Zn (II) combination for infectious diseases of the oral cavity has not yet been

extensively explored.

Therefore, the specific aims of this research were to:

e Determine whether PRE and a PRE/Zn (II) combination had
antimicrobial or anti-adhesive activities against a range of oral
commensal and pathogenic microbes found in both planktonic and
biofilm states.

e Determine whether synergistic antimicrobial activity exists when

PRE and Zn (II) are combined.
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e Determine the potential mechanism behind the synergistic
antimicrobial activity of the PRE/Zn (II) combination.

e Determine whether PRE, punicalagin and their Zn (II) combinations
modulate inflammatory, antioxidant and fibroblast and keratinocyte
viability, proliferation and cell migration in vitro.

e Determine whether PRE and the PRE/Zn (II) combination exhibit
anti-microbial, immune-modulatory and tissue repair capabilities

using an ex vivo infected rat mandible co-culture model.

The hypothesis of this PhD Thesis was that PRE and/or a PRE/Zn (II) combination
could be promising oral care products due to their antimicrobial, anti-inflammatory
and wound healing activities. Through this research, it was envisaged that a more
comprehensive understanding of PRE and PRE/Zn (II) combination activities against
oral microbes and their additional immuno-inflammatory and repair response in
relevant oral tissues would be determined. Such findings could subsequently support
their future development as pharmaceuticals to use in the prevention and treatment of

infectious oral diseases.
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Chapter 2: General Materials and Methods

2.1. General Materials

General materials, consumables and equipment used in this research are listed in

Tables 2.1, 2.2, and 2.3, respectively.

List of consumables used for experiments

Plastics (6, 12, 24 and 96 well plates,Sarstedt (Sarstedt Ltd. Leicester, UK)
and pipette tips, tubes)

24 well plate (for scratch wound assay) [Falcon microtiter plates (BD Biosciences)

qPCR plates Primer Design, Chandler’s Ford, UK

Agar plates (90 mm) ThermoFisher Scientific (Loughborough, UK)

0.45 um Millex-FG syringe driven filtefThermoFisher Scientific (Loughborough, UK)

unit

Whatman 0.45 pm nylon membraneSigma-Aldrich Company Ltd. (Poole, UK)
filter

50 mL and 15 mL centrifuge tubes, blue(Greiner Bio-One Ltd. (Stonehouse, UK)

cap

Microbank beads Pro-Lab Diagnostics, Birkenhead, UK
Microcentrifuge tubes (1.8 mL) Sigma-Aldrich Company Ltd. (Poole, UK)
Microscope slides ThermoFisher Scientific (Loughborough, UK)

Millex®HA syringe-driven filter unit  [Millipore (Watford, UK)

Syringe (5 mL, Sterile) Sigma-Aldrich Company Ltd. (Poole, UK)
Syringe needles Sherwood-Davies and Geck (Gosport, UK)
'Whatman filter paper ThermoFisher Scientific (Loughborough, UK)
T 75 tissue culture flasks Sarstedt (Sarstedt Ltd. Leicester, UK)

Glass bottom 96-well plates Greiner Bio-One Ltd. (Stonehouse, UK)
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Spectrophotometer microcuvettes

ThermoFisher Scientific (Loughborough, UK)

Sterile pipettes 10 mL and 25 mL

Sarstedt (Sarstedt Ltd. Leicester, UK)

ELISA plates

Peprotech, UK

8-well chamber soda-lime glass slides

Falcon Culture Slide, Corning Incorporated Life]
Sciences, New York, USA

25 mm diameter, mixed cellulose esters
(MCE) membrane, hydrophilic, white,
100 discs

Sigma-Aldrich Company Ltd. (Poole, UK)

25 cm cell scraper

Sarstedt (Sarstedt Ltd. Leicester, UK)

Table 2.1: List of consumables used for experiments
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List of chemicals and reagents used for experiments.

Antibiotic (100 pg/ mL streptomycin sulphate,
0.25 pg/mL amphotericin B and 100 U/mL

penicillin G sodium)

Sigma-Aldrich Company Ltd. (Poole, UK)

Dulbecco's Modified Eagle Medium (Gibco
DMEM 1X) contains 4.5 g/L glucose and 0.11

2/L sodium pyruvate

Sigma-Aldrich Company Ltd. (Poole, UK)

Trypsin (Gibco)

Sigma-Aldrich Company Ltd. (Poole, UK)

Foetal calf serum (FCS)

Sigma-Aldrich Company Ltd. (Poole, UK)

Trypan blue stain (0.4%)

Sigma-Aldrich Company Ltd. (Poole, UK)

Ethanol (HPLC grade) ThermoFisher Scientific(Loughborough,
UK)
Pomegranate Lidl (Cardiff) (Maindy Rd, Cardiff CF24
4HQ) (original source from Spain)
(purchased in September, 2017)
Punicalagin Sigma-Aldrich Company Ltd. (Poole, UK)

Zinc sulphate (ZnSO4) heptahydrate

ThermoFisher Scientific
(Loughborough,
lUK)

Sodium hydroxide

Sigma-Aldrich Company Ltd. (Poole, UK)

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT)

Sigma-Aldrich Company Ltd. (Poole, UK)

Trifluoracetic acid (TFA)

Sigma-Aldrich Company Ltd. (Poole, UK).

Potassium hydrogen phthalate

ThermoFisher Scientific(Loughborough,
UK)

Mueller Hinton Broth (MHB)

Oxoid, Sigma-Aldrich Company Ltd.
(Poole, UK)

Brain Heart Infusion Agar

Oxoid, Sigma-Aldrich Company Ltd.
(Poole,
lUK)

Brain Heart Infusion Broth

Oxoid, Sigma-Aldrich Company Ltd.
(Poole,
lUK)

Fastidious Anaerobe Broth

Oxoid, Sigma-Aldrich Company Ltd.
(Poole, UK)
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Brucella Agar

Oxoid, Sigma-Aldrich Company Ltd.
(Poole, UK)

Defibrinated sheep blood

TCS Bioscience Ltd. (Buckingham, UK)

Rats

28 days old, male, Wistar rats, Charles|
River, Portishead, UK

Folin ciocalteu reagent

Sigma-Aldrich Company Ltd. (Poole, UK)

Tannic acid

Sigma-Aldrich Company Ltd. (Poole, UK)

IAscorbic acid

Sigma-Aldrich Company Ltd. (Poole, UK)

Sodium carbonate (Na2CO3)

Sigma-Aldrich Company Ltd. (Poole, UK)

2,2-diphenyl-1-picrylhydrazyl (DPPH)

Sigma-Aldrich Company Ltd. (Poole, UK)

2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic-acid (ABTS)

Sigma-Aldrich Company Ltd. (Poole, UK)

Potassium persulphate

Sigma-Aldrich Company Ltd. (Poole, UK)

Trolox

Sigma-Aldrich Company Ltd. (Poole, UK)

Gram-staining kit

ThermoFisher Scientific(Loughborough,
UK)

Live/Dead Baclight Kit

ThermoFisher Scientific(Loughborough,
UK)

Potassium hydrogen phthalate

ThermoFisher Scientific(Loughborough,
UK)

Sodium hydroxide (NaOH)

ThermoFisher Scientific(Loughborough,
UK)

Phosphoric acid ThermoFisher Scientific(Loughborough,
UK)

PureLink™ RNA Mini Kit ThermoFisher Scientific(Loughborough,
UK)

RNase/DNase Free Water ThermoFisher Scientific(Loughborough,

UK)

High-Capacity cDNA synthesis kit

ThermoFisher Scientific(Loughborough,
UK)

Tagman Universal Fast Master Mix

AppliedBiosystems, ThermoFisher
Scientific (Loughborough, UK)

qPCR primers and probes

AppliedBiosystems, ThermoFisher

Scientific (Loughborough, UK)
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Formalin

Sigma-Aldrich Company Ltd. (Poole, UK)

Pierce LDH Cytotoxicity Assay Kit

ThermoFisher Scientific(Loughborough,
UK)

Rat TNF-a Mini ABTS ELISA Development
Kit

PeproTech ( London, UK)

Rat IL-18 Mini ABTS ELISA Development
Kit

PeproTech (London, UK)

Rat IL-6 Mini ABTS ELISA Development
Kit

PeproTech ( London, UK)

Prostaglandin E2 Parameter Assay Kit

R&D Systems (Abingdon, UK)

Ethylenediaminetetraacetic Acid (EDTA)

Sigma-Aldrich Company Ltd. (Poole, UK)

Ammonium hydroxide

ThermoFisher Scientific(Loughborough,
UK)

Sodium thiosulphate ThermoFisher Scientific(Loughborough,
UK)

Peptone Sigma-Aldrich Company Ltd. (Poole, UK)

Lecithin ThermoFisher Scientific(Loughborough,
UK)

Tween-80 ThermoFisher Scientific(Loughborough,

UK)

Hydrochloric acid (HCI)

Sigma-Aldrich Company Ltd. (Poole, UK)

H&E Staining Kit (Haematoxylin and Eosin)

Abcam (Cambridge, UK)

TUNEL Assay Kit - HRP-DAB

Abcam (Cambridge, UK)

Glutaraldehyde

Sigma-Aldrich Company Ltd. (Poole, UK)

SYPRO ruby ready to use protein gel stain

ThermoFisher Scientific(Loughborough,
UK)

Calcofluor White staining

Sigma-Aldrich Company Ltd. (Poole, UK)

DCFH-DA probe

Sigma-Aldrich Company Ltd. (Poole, UK)

Table 2.2: List of chemicals and reagents used for experiments.
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List of equipment used for experiments

Plate reader

FLUOstar Omega, BMG Labtech
(Ortenberg, Germany)

Confocal laser scanning microscope

AOBS Spectral Confocal Microscope, Leica
SP5 (Heidelberg, Germany)

Scanning electron microscopy

Tescan VAGA SEM & XRMA System,
Cambridge, UK

Freeze dryer

Scanvac CoolSafe Freeze Dryer, SLS Ltd., Wilford,
Nottingham, UK

Ax70 Upright Fluorescent Microscope

Olympus UK Ltd. (Bolton, UK)

Quant Studio 6 QPCR ThermoFisher Scientific (Loughborough,

UK)
Cell 1Q Chip-Man Technologies Ltd. (Tampere, Finland)
Nanodrop IND-8000 Spectrophotometer, ThermoFisher

Scientific (Loughborough, UK)

High Pressure Liquid Chromatography
(HPLC)

Thermo LCQ classic LCMS with ESI source

HPLC Agilent Series 1100

Agilent Technologies LDA UK Ltd., Didcot,
Oxford, UK

Centrifuge

Heraeus Multifuge 3S/3S-R centrifuge

Cryovials for cell stock

Greiner Bio-One Ltd., Stonehouse, UK

[sopropanol freezing container

Sigma-Aldrich Company Ltd. (Poole, UK)

Microbank beads

Pro Lab Diagnostics, Birkenhead, Wirral,
UK

Neubauer Improved Haemocytometer

ThermoFisher Scientific (Loughborough, UK)

Incubator -CO: cabinet (5 % v/v CO2, 20 %
v/v H2 , 70 % v/v N2

Don Whitley Scientific Ltd. (Shipley, UK)

Aerobic cabinet

LTE scientific LTD, Oldham, Manchester, UK

Spectrometer

Sherwood Scientific (Cambridge, UK)

Sputter coaters

DSR1 desk sputter coater; VacTechniche
(Hastings, East Sussex, UK)

Light microscope

CK2 Inverted Microscope, Olympus UK Ltd.
(Bolton, UK)

Paraffin wax embedding machine

Shandon Pathcentre, ThermoFisher

Scientific (Surrey, UK)

Microtome

Leica (Buckingham, UK)

Table 2.3: List of equipment used for

experiments.
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2.2. General methods

2.2.1. Preparation of solutions

2.2.1.1. Phthalate buffer pH 4.5

Potassium hydrogen phthalate (0.1 M) and sodium hydroxide (0.1 M) were prepared
in deionised water. Potassium hydrogen phthalate (250 mL) and sodium hydroxide
solutions (87 mL) were adjusted to 1 L with deionised water and sonicated for 5 min.

The pH was adjusted to 4.5 with phosphoric acid.

2.2.1.2. Zinc sulphate (ZnSO4)

ZnS0O4 (1 M) solution was prepared in phthalate buffer pH 4.5. Briefly, 2.876 g zinc
sulphate heptahydrate was added to 10 mL phthalate buffer pH 4.5 and sonicated for
10 min at 50-60 hertz (Hz). Finally, the solution was filtered through a 0.45 pm Millex-

FG syringe driven filter unit.

2.2.1.3. Punicalagin solution

Punicalagin stock solution (1 mg/mL) was prepared by adding standard punicalagin
into phthalate buffer pH 4.5 and the solution was sonicated at 50-60 Hz for
approximately 15 min to obtain fully dissolved solution. For further required

concentrations, dilutions were made from this solution using phthalate buffer pH 4.5.

2.2.2. Preparation of pomegranate rind extraction (PRE)

The rind of the purchased pomegranates (Spanish origin, September 2017) was peeled
with a scalpel and cut to pieces around 2 cm length and 1 cm width. The net weight of
the rind was 300 g. Pomegranate rind was blended in 25% w/v deionised water and
boiled for approximately 10 min. To ensure that the rind extract was cold, it was
centrifuged using a Heraeus Multifuge 3S/3S-R centrifuge machine at 5980g at 4°C

for 30 min. The centrifugation process was repeated four times and the supernatants
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of each tube filtered through a Whatman 0.45 pm nylon membrane filter. 550 mL of
filtered PRE was obtained, which was placed in 50 mL centrifuge tubes, wrapped with
aluminium foil to protect from light and kept at -20°C until required. After 18 h at -
20°C, three tubes were freeze-dried using a Scanvac Freeze Dryer (Houston 2011). An

illustration for PRE preparation is presented in Figure 2.1.

2.2.2.1. Freeze-dried pomegranate rind extract (PRE) reconstitution
The required amount of freeze-dried PRE was weighed and dissolved in the required
volume of phthalate buffer pH 4.5. The solution was sonicated at 50-60 Hz until fully

dissolved. The solution was then filtered through a 0.45 pm Millex-FG syringe driven

filter unit and frozen at -20 °C.
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Figure 2.1: An illustration of the steps involved in PRE preparation.



2.2.3. General methods for microbiology studies

2.2.3.1. Growth media and bacterial diluents

Fastidious anaerobe agar (FAA) with 5% v/v defibrinated sheep blood, Brucella agar
(BA) supplemented with haemin and vitamin K, fastidious anaerobe broth (FAB),
Mueller Hinton broth (MH broth), Brain heart infusion broth (BHI broth), Brain heart
infusion agar (BHI agar) and Mueller Hinton agar (MH agar) were used as growth
media. All agar and broth were purchased from Oxoid Ltd. (Basingstoke, UK) and
prepared according to the manufacturer’s instructions. For sterilisation, media were

autoclaved at 121°C for 15 min by moist heat sterilisation.

2.2.3.2. Bacterial species and strains
Bacteria and C. albicans used in this study were taken from the culture collection of
Cardiff School of Dentistry, and the list of microbes evaluated are presented in Table
2.4. Only S. gordonii NCTC 7865 was purchased from the Public Health England
culture collection.

2.2.3.3. Bacterial storage
Bacterial stock cultures were stored in special cryotubes with bacterial preserver beads
(Microbank beads, Pro Lab Diagnostics). For the freezing process, the manufacturer’s
instruction was followed, and tubes were stored at -80 °C.

2.2.3.4. Preparation of agar plates
Agar plates (90 mm diameter) were filled with approximately 20 mL of agar and kept

upright without lids in a sterile cabinet with open flow at room temperature, for 2 h.

Then agar plates were labelled according to the experiment and microbe culture.
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Microorganisms Reference source and ID Gram |Oxygen
+/- requirements
S. gordonii NCTC 7865, ATCC 10558T + Facultative
S. sanguinis NCTC 7863T + Facultative
P. gingivalis W50 - Anaerobe
F. nucleatum ATCC® 49256™ - Anaerobe
E. coli NCTC 10418 - Facultative
S. aureus NCTC 8325 + Facultative
S. mutans DSM 20523 + Facultative
C. albicans ATCC 90028 Facultative
S. salivarius DSM 20560 (ATCC 7073, + Facultative
NCTCS8618)
S. anginosus NCTC 10713 + Facultative

Table 2.4: Microbial isolates assessed in this study. NCTC: National Collection Type of Cultures; DSM: German Collection of

Microorganisms and Cell Cultures; ATCC: American Type of Cell Culture +: Gram-positive bacterium; -: Gram-negative bacterium.
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2.2.3.5. Preparation of bacterial master plates

For bacterial culture, two microbank beads were placed on appropriate agar. For
anaerobes, FAA with 5% sheep blood or BA supplemented with haemin and vitamin
K were used. For other bacterial strains, MH agar and/or BHI agar supplemented were
used. Agar plates were incubated in the anaerobic cabinet for anaerobes for at least 48
h and the aerobic incubator was used for other studied bacterial strains for 24 h. Stock
plates for anaerobes were stored in the anaerobic cabinet and every week colonies were
sub-cultured once or twice, according to condition of the bacterial cultures. For the
remaining aerobic and facultative bacterial strains, stock plates were stored at 4 °C and

each bacterial species were sub-cultured at three-weekly intervals.

Bacterial sterility and contamination risk was assessed via the streak plate method,

Gram staining and visualisation of colonies every week for studied microbes.

2.2.3.6. Preparation of bacterial experimental culture

Broth cultures was prepared by taking one colony from the cultured agar plates. FAB
was used for overnight culture of obligate anaerobic bacteria, P. gingivalis and

F. nucleatum. BHI broth was used for overnight culture of aerobic and facultative
bacteria, and C. albicans. Obligate anaerobic strains were then incubated in the
anaerobic cabinet for 48 h and facultative strains incubated in an aerobic incubator at
37 °C for 24 h for optimal growth. The optical density (O.D.) of cultures was measured
and correlated with colony forming units (CFU) using a standard curve according to
procedure described in 2.2.3.7. Microbial suspensions were centrifuged at 12000 rpm
for 5 min at room temperature and supernatants were discarded. An appropriate
volume of specific broth was added to the microbial pellet until an O.D. of 0.2 was

achieved.

2.2.3.7. Preparation of standard curves of optical density against colony

forming units

A calibration curve was prepared of O.D. correlation with colony forming units (CFU)

of test microorganisms. For this, the Miles and Misra viable count dilution method was
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used (Miles and Misra 1938). Test bacterial cultures were prepared in a suitable broth,
as described above. Seven different optical density values (range between 0.05, and
0.2) were prepared by diluting the cultured broth. 20 puL broth was taken from each
diluted broth and serially decimal diluted. 20 pL of each dilution was then deposited
on appropriate agar media Agars were incubated under suitable environmental

conditions and incubation times.

For the calculation of CFU of bacteria, only appropriate dilutions which had countable
numbers of colony, in the range of 5 to 75, were used to plot the cell density (CFU/mL)
against corresponding optical density O.D.600. This experiment was repeated twice
independently for each bacterial strain and mean values were used in the graph to
obtain O.D.600 values corresponding to approximately 108 CFU/mL of microbe. For
aerobic and facultative bacteria, 0.1 O.D.600 was found to be the optimal value to
obtain 10 CFU/mL of microorganism. However, for anaerobic bacteria, P. gingivalis
and F. nucleatum, the optimal 0.D.600 was found to be 0.2 to obtain 108 CFU/mL of

bacteria.

2.2.3.8. Preparation of test treatments

PRE and Zn (II) stock solutions were prepared in phthalate buffer pH 4.5 and diluted
in MH broth for desired concentration and sterilised using a 0.45 pm Millex-FG
syringe-driven filter to use in experiments. Only MH broth was added to all
microbiology tests for sterility control and 10% phthalate buffer in MH broth were

added to all microbiology tests to see its antimicrobial effect on tested bacteria.
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2.2.4. General cell culture and treatment method

In the present study human primary gingival fibroblast cells (HPGFs) and a
spontaneously immortalized, cultured human keratinocyte line (HaCaTs) were used.

The general cell culturing method is described in the below sections.

2.2.4.1. General cell culture

The tissue culture safety cabinet and the necessary equipment used in the cabinet were
disinfected using 70% of ethanol before initiating any experiment. Additionally, either
all equipment and materials were sterilised according to standard autoclaving
procedures, or they were purchased sterile and for single usage. The water bath and
cabinet were manually sterilised each week with suitable disinfectant detergents.
Incubators were sterilised each month with automatic heat decontamination (180°C

overnight).

2.2.4.2. Preparation of cell culture media

All cell culture media materials, except Dulbecco's Modified Eagle Medium (DMEM),
were thawed slowly overnight at 4°C. All media and solutions were placed into a water
bath at 37°C for 20 min before use. Routine culture medium was prepared using
DMEM supplemented with 10% heat-inactivated fetal calf serum (FCS), 1% L-
glutamine, and 1% antibiotics. The freezing solution contained 10% dimethyl

sulphoxide (DMSO) and 90% FCS.

2.2.4.3. Preparation of test treatments

PRE, punicalagin, Zn (II), PRE/Zn (II) combination and punicalagin/Zn (II)
combination were used in cell culture experiments. Powdered forms of PRE,
punicalagin and Zn (II) were solubilised in phthalate buffer pH 4.5 to obtain stock
concentrations at 10 mg/mL, 10 mg/mL and 100 mM, respectively. The stock
concentrations of compounds were aliquoted 0.5 mL or 1 mL and were stored at -20°C.
These aliquots were then used to prepare the desired concentrations of PRE (0.1

pg/mL, 1 pg/mL, 10 pg/mL, 100 ug/mL), punicalagin (0.1 pug/mL, 1 pg/mL, 10
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pg/mL), Zn (II) (0.001 mM, 0.1 mM, 1 mM), PRE/Zn (II) combination (0.1 pg/mL+0.1
mM, 1 pg/mL+0.1 mM, 10 pg/mL+0.1 mM), and punicalagin/Zn (II) combination
(0.1pg/mL+0.1 mM, 1 pg/mL+0.1 mM, 10 pg/mL+0.1 mM) by diluting in 1% serum-
containing culture medium. For each experiment, treatment media for each compound
and combination were prepared fresh for each experiment. Control culture medium
was also supplemented with 1% phthalate buffer pH 4.5 to negate any influences on

cellular activities by the buffer itself.

2.2.4.4. Freezing of cells for long-term storage

To maintain and obtain long-term storage, cells were frozen at low passage numbers.
The cell pellet was dissolved in freezing solution, which included 10% DMSO and
90% FCS. 1 mL of this suspension was then transferred into the pre- cooled cryovial
and frozen gradually over a 24 h period at -80 °C using an isopropanol freezing
container, which is designed to freeze cells slowly at 1 °C/min to procure viable cells.
After overnight slow freezing at -80 °C the cryovial was placed into liquid nitrogen

for long-term storage at -196°C.

2.2.4.5. Thawing frozen cells

Cryovials were removed from liquid nitrogen and warmed to 37°C in a water bath.
The cryovial was then taken to the hood as quickly as possible and the cell suspension
transferred to a universal tube and 10 mL culture medium was added. The suspension
was centrifuged at 1500 rpm for 5 min and the supernatant was discarded. Cells were
re-suspended with a suitable volume of media according to flask size used to seed
cells. Flasks were placed into the incubator at 37 °C in a 5% CO., 95% air humidified
incubator. After 24 h, cells were checked and the medium replenished with fresh

culture media.

2.2.4.6. Changing culture media and cell passaging
Cells were passaged according to confluence in the flask. When cells had reached 70-
90% confluence, they were passaged. If cells were not sufficiently confluent, the

medium was changed. Generally, cells were passaged every two or three days. The
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used medium was removed, and the cells washed with PBS. Trypsin (3 mL) was added
to each flask to detach cells from the growth surface. Flasks containing trypsin were
incubated at 37°C in 5% CO», 95% air. After 5 min, the anchored cells were dislodged
by gently tapping the edge of the flask on the palm of the hand. Media with serum was
added to neutralise the trypsin and the cell suspensions were placed into the universal
tube and centrifuged at 1500 rpm for 5 min. After centrifugation, the supernatant was
removed, and the pellet suspended in culture media with serum. Cells were
subsequently seeded into fresh 75 cm? flasks, with culture media added to a final

volume of 10 mL.

2.2.4.7. Haemocytometer cell counting

A Neubauer haemocytometer was used for cell counting. A coverslip was moistened
and placed onto the haemocytometer. A cell suspension (10 pL) was taken from the
re-suspended cell solution in universal flask and placed into the well of a 96-well plate.
Subsequently, Trypan blue (10 pL) was added into the same well and the contents
mixed thoroughly. This mixture (10 pL) was transferred gently between the
haemocytometer and coverslip. It is important to do this work gently, to avoid
excessive air bubbles which prevent accurate counting. Thereafter, the
haemocytometer was placed under the light microscope (CK2 Inverted Microscope,

Olympus UK Ltd., Middlesex, UK) at x100 objective lens magnification.

Figure 2.2: Schematic view of haemocytometer squares under the microscope. One of

the counted corner squares is outlined in red.
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The viable cells were counted in each of the four corners of the square, with one
example marked red in Figure 2.2. Unstained cells were counted using a hand tally.
After counting the cells, the haemocytometer and coverslip were cleaned with 70%

alcohol. Cell concentrations were calculated as follows:

(Total cells counted)/(4 squares counted)*10**initial volume*dilution factor = total

number of cells

2.2.4.8. Screening for mycoplasma

To ascertain the presence of mycoplasma contamination, routine checks were
undertaken on cells by Dr Maria Stack (School of Dentistry, Cardiff University, UK).
When cells were 90-100% confluent, culture media samples were collected and frozen
at -20 °C until required. Prior to the assessment, samples were defrosted on ice and
then underwent incubation for five minutes at 95°C. Cellular debris was removed by
centrifugation and polymerase chain reaction (PCR) Master Mix was established with
internal control, GoTaq polymerase, magnesium chloride, nuclease-free water,
primer/nucleotide mix, and GoTaq Green buffer, from Promega Ltd., Hampshire, UK)

(Lau 2008).

Positive DNA control was used with the negative control (nuclease-free water) to
ascertain the presence of contamination by mycoplasma. Samples and controls were
assessed by Reverse Transcription Polymerase Chain Reaction (RT- PCR) with PCR
reactions prepared at 94 °C for 2 min, followed by 39 cycles of: 30 s at 94°C, 30 s at
55°C, 30 s at 72°C. The samples were maintained at 4°C and run on 2% (w/v) agarose
gels at 100 V for 20 min, using Mini-Horizontal Electrophoresis Unit (Jencons-PLS,
Bedfordshire, UK) (Lau 2008). The presence of a strong band at 267 bp determined
positive mycoplasma contamination. To confirm the reaction had worked, an internal
control band at 191 bp was also used. However, in the case of strong mycoplasma
contamination, this internal control band at 191bp was not visible. Mycoplasma-

positive cells were treated or discarded, as below.
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Mycoplasma-positive samples were treated in three cycles over 3 weeks with BM
Cyclin (Roche, Burgess Hill, West Sussex, UK). This involved removing
contaminated culture medium and replacing it with fresh medium including BM
Cyclin 1 (4 pL of stock solution/ml, final concentration 10 pg/mL) (Lau 2008). As
described previously, cells were cultured for 3 days, and they were passaged when
necessary. Culture medium containing BM Cyclin 1 was then removed and replaced
with fresh medium containing BM Cyclin 2 (4 pL of stock solution/mL, final
concentration 5 pg/mL). Cells were cultured as previously described for 4 days and
passaged when necessary. This treatment cycle over seven days was undertaken three
times, prior to reassessing a fresh sample of culture medium to ascertain eradication

of the mycoplasma contamination.

2.2.5. Exvivo rat mandible model preparation

2.2.5.1. Excision of mandible tissue from rat

The rat mandible tissue was excised from 28-day old male Wistar rats, post-mortem
(Charles River) (Figure 2.3A). The lower and upper mandible were cut into 2 sections
from between its incisors, with each cut section used for each sample condition (Figure
2.3B).
2.2.5.2. Preparation of culture media (Green’s media), and treatment
media (PRE, Zn (1I) and PRE/Zn (II) combination) in Green’s

media for ex vivo rat mandible model evaluations

Excised mandible tissue from rats was incubated in Green’s media, which had been
routinely used as a tissue culture media for keratinocyte culture and ex vivo skin culture
(Table 2.5) (Smith et al. 2010). Stock solutions of PRE and Zn (II) in phthalate buffer
pH 4.5 were diluted using Green’s media to obtain desired concentrations of PRE, Zn
(IT) and PRE/Zn (II) combination, and they were applied to the rat mandible tissue for
30 min in an incubator at 37°C in 5% CO, 95% air (Rheinwald and Green 1975;
Deshpande et al. 2013; Bostan et al. 2016). Green‘s media was made in 500 mL
volumes and stored at 4 °C for up to 1 month. The sterility of media was checked by
taking 10 mL of media from stock media and left at 37 °C for 24 h prior to use and

visualising any turbidity in the medium.
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Figure 2.3: Preparation of the rat mandible model. After dissecting the mandible tissue, the condyle, ramus and incisor were cut by using

a sterile scalpel. Figure adapted from Smith et al. (2010).
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Component

'Volume and stock solution

[Final concentration

Dulbecco’s modified Eagle’s Medium 330 mL 66%

Nutrient Mixture F12 (Ham’s F12) 108 mL 21.6%

Fetal Calf Serum 50 mL 10%

Penicillin/Streptomycin 5 mL of 10,000 iu./mL penicillin and 10,000100 iu./mL penicillin and 100 pg/mL
pg/mL streptomycin streptomycin

'Amphotericin B 1.25 mL of 250 pg/mL 0.625 pg/mL

\Adenine 2 mL of 6.25 mg/mL 0.025 mg/mL

Insulin 2.5 mL of 1 mg/mL S pg/mL

3, 3, 5- Tri-iodothyronine/ Apo-Transferrin

0.5mL of 1.36 pg/mL T3 and 5 mg/mL apo-

1.36 ng/mL T3 and 5 pg/mL apo-transferrin

transferrin
Hydrocortisone 80 uL of 2.5 mg/mL 0.4 pg/mL
Epidermal Growth Factor 25 uL of 100 pg/mL 5 ng/mL
Cholera Toxin 500 pL of 8.47 pg/mL 8.47 ng/mL

Table 2.5: Composition of Green’s media.
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2.2.5.3. Preparation of trowel type culture ex vivo model

Rat mandible was dissected from 28-day old male Wistar rat and the incisors and
condyle sections cut with a sharp scalpel. The ex vivo model was prepared using the
molars and attached gingiva. A schematic for preparation of experimental plates is

shown in Figure 2.4 (Smith et al. 2010).

Green's media with or
without treatment

Agar+Green's

/' media (1:1 v/v)
/\ : his __1_, Membrane
\ ‘ Q O O filter
=t 00 ® +
/ Plastlc ring

Green's media with holes

Figure 2.4: A simplified illustration of ex vivo rat mandible model preparation. (A) Ex
vivo rat mandible model used for short time (30 min) incubation of tissue for the
determination of toxicity and anti-inflammatory activity of PRE, Zn (II) and PRE/Zn
(IT) combination. (B) Ex vivo model with plastic support ring and semi- solid agar
media was used for longer incubation time and used to co-culture ex vivo model with

bacteria to induce infection (created with BioRender.com).
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2.2.6. Histological fixation, processing, and staining methods

2.2.6.1. Fixation and demineralisation

Rat mandible tissues were removed from the treatment and control media and washed
with PBS for 5 min. The rat mandible tissues were replaced in 10% (v/v) neutral
buffered formalin for 48 h, at 4 °C to fix the tissues. After 48 h, tissues were washed
with PBS for 5 min and placed in ethylenediaminetetraacetic acid (EDTA) solution to
for 7 days at 4°C to demineralise the mandible sections. The quality of the
demineralisation process was checked using the calcium oxalate test, as described by
Clayden (1952). Briefly, 5 mL of decalcifying solution was taken from each sample
and added to 20 mL tubes. Tubes were placed on the pH meter with a magnetic stirrer.
Concentrated ammonium hydroxide was then added dropwise and stirred until pH 7
was obtained. After this step, S mL of saturated ammonium oxalate was added to each
tube, shaken well and left for 30 min. Following these steps, a clear solution was

indicative that demineralisation process was complete.

2.2.6.2. Automated tissue processing and paraffin wax embedding

Rat mandible tissues were placed into individual biopsy cassettes, and tissues were
processed through different concentrations of ethanol and xylene using an automatic
tissue processor to remove water and fixatives from tissue. The step-by- step tissue

process is shown below.

1. 70% ethanol, 1 h,

2.90% ethanol, 1 h,

3. 100% ethanol, 1.5 h,

4. 100% ethanol, 1.5 h,

5. 100% ethanol, 1.5 h,

6. 100% ethanol, 1.5 h,

7. Xylene, 1.75 h,

8. Xylene, 1.75 h,

9. Xylene, 1.5 h,

10. Molten wax, 2.5 h, 60-65 °C.
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This automatic tissue process was followed with paraffin wax embedding (Shandon
Pathcentre, ThermoFisher Scientific, Surrey, UK). Tissues were embedded in the

paraffin wax in a vertical position to obtain the gingiva sections in all tissue slides.

2.2.6.3. Sectioning of tissue slices

Tissues were cut to 4 pm sections using a Leitz 1400 Microtome (Leica, Buckingham,
UK). The cut sections were floated in distilled water to obtain smooth tissue slices.
Sections were then mounted on glass poly-lysine tissue slides (ThermoFisher
Scientific, Loughborough, UK) and slides were placed in the oven at 60°C for 1 h to
allow the sample to adhere to the tissue slides. After this step, the slides were ready

for haematoxylin and eosin (H&E) staining and immunohistochemical analyses.

2.2.6.4. Haematoxylin and eosin (H&E) staining of histological sections

An automated tissue stainer was used for H&E staining. After H&E staining, the slides
were processed through xylene, ethanol and water washing. These sections were
subsequently stained by H&E staining. The slides were gradually processed in a series
of different levels of alcohol washes. Finally, slides were immersed in xylene and
cover slipped with DPX mountant. All air bubbles were removed and excess of DPX

was cleaned with a paper tissue.
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Chapter 3: Characterisation of

Pomegranate Rind Extract Composition

3.1 Introduction

The general aim of this thesis was to investigate the potential bioactivities of PRE and
a PRE/Zn (II) combination for use as a potential agent in oral care products. As a
natural extract, PRE is a complex mixture, and it was therefore important to understand
PRE’s composition. Plants play a crucial role in a human being’s life through their
daily diet, and they have also been used in folklore medicine in many cultures (Wren
et al. 1988; Seeram et al. 2006). In the last few decades, plants have been extensively
studied for their nutritional values and bioactivities. Plants are comprised of
carbohydrates, lipids and amino acids as essential primary metabolites, but it should
be noted that plants also produce a wide variety of low molecular weight compounds
called secondary compounds. These secondary compounds play a role in the
interaction between plants and their environment. Generally, secondary compounds
have a complex and unique structure, and their enhanced production is associated with

biotic and abiotic stress of plants against the environment (Dixon 2001).

The plant kingdom comprises 100,000-200,000 metabolites which usually range from
1% to 2% of dry material composition and the analysis of secondary compounds in
plant extracts is quite challenging, given their high chemical diversity, low abundance
and variability (Oksman and Inze 2004). Only half of the structures of these secondary
compounds have been fully determined (Verpoorte 1998; Luca and Piere 2000). These
plant secondary compounds exert a high chemical diversity, and each plant comprises
unique secondary compounds according to its characteristics. Plant secondary
compounds can be structurally classified into five major groups based on their
biosynthetic origins: polyketides, isoprenoids (e.g., terpenoids), alkaloids,
phenylpropanoids and flavonoids. The biosynthetic pathways of secondary
compounds are complex and require multiple synthetic steps, which are catalysed by
various enzymes. Hence, most of the biosynthetic pathways of plant secondary
compounds are unknown (Facchini et al. 2004). Plants secondary compounds have a

role in defence systems and other survival systems in plants. In addition to these roles,
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they hold importance for humans in different facets, such as flavours, fragrance, dyes,

pesticides and pharmaceuticals (Oksman and Inze 2004).

For the analysis of complex secondary compounds in plant extracts, different
analytical techniques have been used. The Folin-Ciocalteu assay is commonly used to
elucidate the total phenolic content of plant extracts. Some of these methods are thin
layer chromatography (TLC), gas chromatography (GC), high-performance liquid
chromatography (HPLC), capillary electrophoresis (CE), and their combination with
mass-spectrometry (MS) are also key analytical techniques (Drasar and Marovcova
2004; Liang et al 2004; Liu et al. 2008; Zhou et al 2008). Proton nuclear magnetic
resonance analysis ('HNMR) is another method, but its reduced sensitivity is a
disadvantage. However, it is the only technique that can produce signals which can be
correlated to the number of analytes in the sample (Lewis et al. 2007). This makes use
of other chromatographic and electrophoretic techniques in combination with different
detectors more common. However, it should be noted that there are sensitivity
problems with the CE method, due to the extremely small sample volume. The small
sample injection volume (nL) causes detection sensitivity problems because of the
small internal diameter of the capillary tubes employed. Therefore, CE is generally
considered inferior to HPLC (Ganzera 2008; Masar et al. 2020). GC is also a powerful
technique, but it is only for volatile constituents. Therefore, HPLC is becoming the
preferred technique for analysis of natural products (Kong et al. 2010). Depending on
the investigated constituents, the type of detector changes from Diode-Array detection
(DAD) or UV—Vis detectors, evaporative light scattering (ELS) and fluorescence
detectors to MS-detection. Thus, in comparison to the above-mentioned techniques,
use of liquid chromatography-mass spectrometry (LC-MS) has become more common
due to its excellent sensitivity and selectivity in addition with determining or
confirming the chemical structures depending on instrument used (Zhou et al. 2009;

Gray et al. 2010).

In this project, the major analytical techniques used were HPLC and LC/MS (Dionex
Ultimate 3000 HPLC system with Thermo LTQ Orbitrap XL). HPLC is a widely used
technique to identify, quantify and purify the individual components in plant extracts
(Cannell 1998; Piana et al. 2013). The HPLC is suitable for rapid evaluation of plant
mixture in both analytical and preparative scales (Ahuja and Ahuja 2006). Recently,
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high resolution mass spectrometry, especially linear ion trap-Orbitrap mass
spectrometer (LTQ-Orbitrap), has provided excellent performance for detection in
targeted mixtures due to improved data acquisition methods, its detection sensitivity
and high speed (Zhang et al. 2014; Zhang et al. 2016). In addition, LTQ-Orbitrap MS
has higher resolution power than many other spectrometers and a wide variety of data
can be obtained with this instrument, such as molecular weights, elemental
composition and fragmentation stages (Zhang et al. 2014; Wang et al. 2014; Li et al.
2015; Chen et al. 2016). These advantages were the reason to choose this method to

tentatively elucidate the composition of PRE in this study.

3.1.1 Folin-ciocalteu (F-C) assay for total phenolic content

The Folin—Ciocalteu  (F-C) responseis an antioxidant measure based on
electron exchange, which measures the reductive capacity of an antioxidant. It has
been broadly connected in assurance of the full phenol/polyphenol substance of plant
derived nourishment and biological samples.Pomegranate has a large variety of
phenolic compounds, including hydroxycinnamic acids, flavonoids, anthocyanins, and
tannins. These are the major classes of phenolics, and they contain one or more
hydroxyl residues linked to a phenyl ring (Hassanpour et al. 2011). Folin-Ciocalteu
(F-C) assay is a colorimetric assay to quantify the total phenolic content in food
products and biological samples. The F- C assay is a simple and reproducible assay
that has been used widely for quantifying the phenolic content in plant extracts (Huang
et al. 2005; Everette et al. 2010). The investigation of total phenolic content is
important for a preliminary assumption of a plant extract activity, as significant
positive correlation has been exhibited between total phenolics and antioxidant activity

(Ghasemian et al. 2006; Orak et al. 2012; Derakhshan et al. 2018).

3.1.2 High performance liquid chromatography (HPLC)

The distribution of the analyte (sample) between a mobile phase (eluent) and a
stationary phase is the basis for HPLC separation (packing material of the column).
The molecules are slowed while passing through the stationary phase, depending on
the chemical structure of the analyte. UV-absorption is commonly used in detectors.

HPLC is a powerful analytical technique that has been used for qualitative and
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quantitative analysis of non-volatile compounds in plant extracts, such as phenolics,
terpenoids and alkaloids (Harborne 1998). The HPLC is used for qualitative and
quantitative analysis of a selected composition of samples obtained from natural
products with a robust analytical separation, even with a higher sample loading
volume. In the application of liquid chromatography, the compounds were
qualitatively analysed according to their consistent retention times of reference
standards. The quantitative analysis is performed using a standard curve generated
from the standard reference injected at different concentrations of standard reference

compound (Chen et al. 2012; Phang et al. 2016).

samp?e [ ‘ ]
- ‘ I h
HPLC |
Al Injector __.p—* Detector
HPLC column I
HPLC Data aquisition

solvent v

waste

Figure 3.1: A schematic diagram of the HPLC workflow. This figure was adopted from
Czaplicki (2013).

3.1.3 Mass spectrometry (MS)

The basic premise of mass spectrometry (MS) is to create ions from inorganic or
organic substances using any appropriate technique, separate them utilizing their
mass-to-charge ratio (m/z), and detect them qualitatively and quantitatively by their
m/z and abundance. MS is used to find the structure characteristics and calculate the
mass/charge (m/z) ratio of the known and unknown compounds in plant samples. MS
has been considered a standard instrument in analytical laboratories (Devanshu et al.
2010). Qualitative analysis is performed by calculating the mass and relative chemical

formula and structure. Quantitative analysis is performed using the relationship
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between the peak and compound content of represented peak (Pang et al. 2016). MS
comprises three main steps: ionisation, mass analysis and detection. The process starts
with sample ionisation and after ionisation the sample is passed to the mass
spectrometer and the molecular mass of the investigated compound is calculated based

on the m/z ratio (Vacchina et al. 2000).
3.1.4 Liquid chromatography-mass spectrometry (LC-MS)

The separation method of liquid chromatography (LC) is used to isolate the various
components of a mixture. A sample is mass transferred is through a polar mobile phase
and a non-polar stationary phase in this procedure. The liquid chromatography-mass
spectrometry (LC-MS) analytical technique has been used widely in many analytical
laboratories for more than 20 years. This technique is a combination of liquid
chromatography and mass spectrometry. Therefore, data obtained from this separation
instrument provides both retention time data and masses of molecular ions or
fragments formed during the process within the mass spectrometer. LC-MS 1is
becoming more popular for natural products studies since exact molecular weight of
compounds and structural identification of analytes could be determined, even from
small amounts of plant sample extract with low concentrations (Harborne 1998).
Developing technology has provided many options and parameters for a better LC-MS
analysis, but the basic principles have remained the same. The main components of

the system are shown in Figure 3.2.

Mass Spectrometer

Sample Injection

Syringe Pump Mass Analyzer

‘ Detector

Simple Schematic of LC-MS System

Figure 3.2: Mechanistic flow of the LC-MS system.
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3.1.5 Pomegranate

Pomegranate is one of the oldest edible fruits and grows in a wide range of
geographical locations around the world, such as Asia, Europe, South and North
America, Africa and Australia (Hollan et al. 2009). Recently, the popularity for this
fruit has been increased considerably since it comprises secondary compounds which
are beneficial for human health with antioxidant, antimicrobial and anticancer
properties (Seeram et al. 2005; Lansky and Newman 2007; Akhtar et al. 2015).
Pomegranate polyphenolic compounds have been analysed qualitatively and
quantitatively by different researchers using a variety of techniques (Seeram et al.
2005; Fischer et al. 2011; Sentandreu et al. 2013). However, it should be noted that
there are some variabilities in the secondary compounds in pomegranate extracts
(Zaouay et al. 2012; Abid et al. 2017). Therefore, it was necessary in this study to
investigate the composition of PRE prior to evaluation of the bioactivities of PRE and

its constituents in future chapters.

3.2 Aims and objectives

The aims of this chapter were:

e Determination of the total phenolic content of PRE as tannic acid
equivalent using the Folin-Ciocalteu (F-C) assay.

e LC was hyphenated with LTQ Orbitrap MS to identify and
characterise the secondary chemicals in PRE based on their m/z value
and MS spectra in both negative and positive modes of ionisation.

¢ (Quantify the amounts of punicalagin in PRE, generating a standard

curve with a reference standard punicalagin using the HPLC method.
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3.3 Materials and Methods

Equipment, glass and plastics, chemical consumables and assay kits used in this
chapter were presented in Chapter 2, Section 2.1 in Table 2.1, Table 2.2 and Table 2.3,

unless otherwise stated.

3.3.1 Estimation of total phenolic content and other oxidation

substrates in PRE using Folin-Ciocalteu reagent

In this study the F-C assay was done according to the method by Ainsworth et al.
(2007). PRE (0.5 mg/mL) sample was prepared as previously described (Section
2.2.2), and 200 puL 10% (vol/vol) of F-C reagent in deionised water was added to 100
uL of prepared PRE sample. The suspension was vortexed thoroughly and 800 uL of
700 mM Na2CO3 was added into Eppendorf tubes and incubated at room temperature
for 2 h. After incubation, 200 pL of sample was taken from the tube and added to the

well of a 96 well plate to read the absorbance at 760 nm using a plate reader.

In this experiment tannic acid was used as a standard, and it was diluted in phthalate
buffer pH 4.5 in the range from 25 uM-200 uM (42.5 pg/mL - 340.24 pg/mL) to
prepare a calibration curve. The concentration of phenolic compounds in the PRE was

expressed as tannic acid equivalents per gram of freeze-dried PRE sample.

3.3.2 LC/DAD and ESI-MS analysis of PRE

LC/DAD and ESI-MS analysis of PRE were performed at the National Mass
Spectrometry Facility at Swansea University, UK, using freeze-dried PRE sample in

powder form prepared as described in Section 2.2.2.

3.3.2.1 Sample preparation

A few grains of freeze-dried PRE sample were solvated in 300 pL 1:15 methanol
(MeOH):H20 then diluted 1: 10 in 100 pL 1:15 MeOH:H2O in a conical glass flask.
It was then inserted in an autosampler vial for LC/MS analysis. Blank injections of

MeOH in both ionisation modes were included to assess background of MeOH.
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3.3.2.2 Instrumentation

A Dionex Ultimate 3000 High Performance Liquid Chromatography coupled with an
Orbitrap Mass Spectrometer (Thermo LTQ Orbitrap XL) was used with ESI for the
analysis of PRE. The ionisation mode was performed both in positive and negative
modes. The mass resolution was set at 60000 and scan range was set at 350-1750 m/z
ratio for both ionisation modes. The sheath gas flow (arb), aux gas flow (arb) and
capillary temperature (°C) were set at 15, 2, and 325, respectively, again for both
positive and negative ionisation modes. The method involves spray voltage (kV) 4.3
and 4.2, capillary voltage (V) 43 and -30 and tube lens voltage

(V) 150 and -100 for positive and negative modes, respectively (Table 3.1). LC was
performed using a C18 column (3.5 um x 2.1 mm x 150 mm, Waters XBridge) with
mobile phase comprising A: MeOH: acetonitrile (2:98, v/v) and B: MeOH: acetonitrile
with 0.1% formic acid in both phases. The flow rate was 0.2 mL/min and injection
volume was 5 pL. The chosen gradients were as follows: 100% A (0-2 min), 50% A
(2-28 min), 50%-10% A (28-30 min), 10% A (30-35 min), 10%- 98% A (35-37 min),
98% A (37-45 min) (Table 3.2)

80



Mobile Phase A 2% MeCN : 0.1% Formic Acid

Mobile Phase B MeCN with 0.1% Formic Acid

L.C Column Waters XBridge
C18 3.5um x 2.1mm x 150mm

Flow Rate 0.2 mL/min

Gradient Time (mins) % B
0-2 0
2 - 28 50
28 - 30 50
30 - 35 90
35-37 90
37 -40 2
40 - 45 2

Injection Full loop Sul

DAD 190 to 700nm

Table 3.1: Parameters of the Dionex Ultimate 3000 uHPLC instrument used in this

experiment.

+ve ion -ve ion
OFN Sheath Gas Flow]l5 15
(arb)
OFN Aux Gas Flow (arb) 2 2
Capillary T (°C) 325 325
Spray Voltage (kV) 4.3 4.2
Capillary Voltage (V) 43 -30
Tube Lens Voltage (V) 150 -100
Scan Range (m/z) 350-1750 350-1750
FT Mode Resolution 60,000 60,000

Table 3.2: Parameters of the LTQ Orbitrap XL MS instrument used in this experiment.

81



3.3.3 Quantitative analysis of punicalagin in PRE by HPLC

HPLC is a widely used analytical method to quantitatively analyse compounds using
absorption spectrophotometry. This method is useful to determine the concentration

of a specific compound in a complex sample, such as punicalagin in the PRE sample.

HPLC analysis was performed using an Agilent 1100 HPLC system and embedded
with Phenomenex Sum C18 100A 4.6mm x 150mm column (Kinetex, USA).
Separation was achieved using gradient elution and mobile phases comprising (A)
HPLC grade water with 0.1% trifluoroacetic acid (TFA) and (B) HPLC grade MeOH
with 0.1% TFA. Mobile phases were degassed for at least 2 h before use. The gradient
timetable and the percentage of mobile phases are shown in Table 3.3 (Houston 2011).
A range of different punicalagin (I mg/mL to 15.625 pg/mL) concentrations were
analysed to determine the punicalagin concentrations in the PRE sample. Punicalagin
was dissolved in deionised H20 and the same HPLC method was used to construct a

calibration curve for punicalagin.

Time (min) % MeOH+0.1% TFA %H20+0.1%TFA
2 96.5 3.5

4 95 5

7 92.5 7.5

10 90 10

15 80 20

25 40 60

35 95 5

Table 3.3: Gradient timetable for HPLC analysis.
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3.4 Results

3.4.1 Total phenolic content

The quantitative determination of the total phenolic content of PRE was expressed in
mg of tannic acid equivalent (TAE) per g of freeze-dried PRE. The results showed that
there was approximately 496 mg TAE/g of freeze-dried PRE as a result of three

independent experiments.

3.4.2 LC/UV-Vis

Several intense peaks were observed in the UV-Vis chromatograms generated by
sample, showing it to be highly complex mixtures (Figure 3.3). Most components
eluted within 20 min under the conditions used, and some only just after the solvent
front because of chemically similar compounds in PRE. Optimisation of the LC
method to improve resolution of co- eluting components would therefore benefit any

future studies.

3.4.3 LC/ESI-MS

Analytes were tentatively identified in PRE using the information from MS detectors
and by comparison with literature data. As observed in the LC/UV-Vis data, analysis
by LC/ESI-MS showed that the PRE sample was a highly complex mixture, and the
occurrence of the same ion series repeatedly throughout the analysis suggests several
isomeric forms that could match the empirical formulae generated by the measured

accurate masses.

Figure 3.4 summarises the base peak chromatographic information for each sample in
both ionisation modes, together with printouts of spectra of observed ions in the main
peaks and, where possible, theoretical isotope matches were generated. The
information is quite extensive, and the main peaks of interest and the associated ions
were tentatively characterised and presented in Table 3.4 and Table 3.5. It should be
noted that these are only tentative suggestions based on result of studies that were

performed with standardized profiling method in the literature, since exact
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characterisation requires standards to verify LC retention times to fully characterise
PRE using MS and MS/MS and performing complementary analysis using NMR to

confirm compound identity with confidence.
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Figure 3.3: LC/UV-Vis profile for PRE.
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Sample 1 (63mg) NMSF, Swansea
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Figure 3.4: Comparison of negative (above) and positive (below) ion LC/ESI-MS chromatograms for PRE.



No.

compound

Retention time (min)

[M-HJ

(m/z)

MS?  ion
Fragments

(m/z)

References

HHDP-hexoside

2.21/2.6

481

463,301,191

(Fischer et al. 2010; Mena et al. 2012; Al-
Rawahi et al. 2014; Garcia-Viallalba et al.
2015; Abid et al. 2017; Brighenti et al. 2017;
Aguilar-Zarate et al. 2017;Yan et al. 2017;
Wafa et al. 2017; Perez-Ramirez et. al 2018;
Stefano et al. 2018; Russo et al. 2019)

Bis-HHDP-hexoside (Pedunculagin I)

8.13/10.13/10.33

783

391

(Zahin et al. 2010; Fischer et al. 2010; Mena et
al. 2012; Garcia-Viallalba et al. 2015; Abid et
al. 2017; Brighenti et al. 2017; Aguilar-Zarate
et al. 2017;Yan et al. 2017; Wafa et al. 2017,
Perez-Ramirez et. al 2018;

Stefano et al. 2018; Russo et al. 2019)

Punicalagin derivative

0.61/10.13/10.8

1083

541

(Zahin et al. 2010; Mena et al. 2012; Al
Rawahi et al. 2014; Garcia-Viallalba et al.
2015; Abid et al. 2017; Brighenti et al. 2017;
|Aguilar-Zarate et al. 2017;Yan et

al. 2017; Wafa et al. 2017; Perez-Ramirez et.
al 2018; Russo et al. 2019; Sorrenti et al. 2019)

(HHDP-galloylglucose)-pentose

8.13/10.33

1415

707

(Mena et al. 2012; Brighenti et al. 2017)

Pedunculagin I der

10.13/10.33

1265

632

(Brighenti et al. 2017)
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6 Galloyl-HHDP-DHHDP-hexoside 10.13/13.72 951 631, 475, 301 (Fischer et al. 2010; Wafa et al. 2017; Abid et
(granatin B) al. 2017; Perez-Ramirez et. al 2018; Stefano et
al. 2018; Sorrenti et al. 2019)
7 Granatin A 11.35 799 781,479, 301 (Fischer et al. 2010; Abid et al. 2017; Wafa et
al. 2017)
8 Cyanidin-3-pentoside 10.33 417 (Abid et al. 2017)
9 Sanguiin H10 11.63 1567 783 (Mena et al. 2012)
10 Galloyl-bis-HHDP-hex (casuarinin)|11.63 935 783, 633, 467 (Fischer et al. 2010; Brighenti et al. 2017)
derivative
11 [Ellagic acid glucoside 12.34/15.33 463 (Fischer et al. 2010; Mena et al. 2012;
Quercetin hexoside Fracasetti et al. 2013; Garcia-Viallalba et al.
2015; Brighenti et al. 2017; Aguilar-Zarate et
al. 2017;Yan et al. 2017; Wafa et al. 2017,
Perez-Ramirez et. al 2018; Stefano et al.
2018; Russo et al. 2019)
12 Galloyl-HHDP-hexoside (corilagin) 12.46 633 463, 301, 275, 229 (Fischer et al. 2010; Mena et al. 2012;
Fracasetti et al. 2013; Garcia-Viallalba et al.
2015; Abid et al. 2017; Brighenti et al. 2017,
Aguilar-Zarate et al. 2017; Perez-
Ramirez et. al 2018; Stefano et al. 2018; Russo
et al. 2019)
13 Diosmetin glucoside 12.92 461 (Russo et al. 2019)
14 Dihydrokaempferol-hexoside 13.05 449 (Fischer et al. 2010; Russo et al. 2019)
15 Delphinidin 3,5-O-diglucoside 13.35 627 (Russo et al. 2019)
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16 Cyanidin-3-glucoside 13.35 449 (Russo et al. 2019)

17 [Ellagic acid deoxyhexose 14.08/ 16.57 447 301,300,299 (Fischer et al. 2010; Mena et al. 2012
Fracasetti et al. 2013; Garcia-Viallalba et al.
2015; Brighenti et al. 2017; Aguilar-Zarate et
al. 2017;Yan et al. 2017; Wafa et al. 2017,
Perez-Ramirez et. al 2018; Stefano et al.
2018; Russo et al. 2019)

18 Ellagic acid pentoside 14.08 433 301 (Fischer et al. 2010; Mena et al. 2012

Brighenti et al.
2017; Perez-Ramirez et. al 2018; Russo et al.

2019)
19  |Vanillic acid-dihex 15.33 491 (Brighenti et al. 2017)
20 Cyanidin-rutinoside 15.85 593 (Abid et al. 2017)
21 Quercitrin 16.57 447 (Russo et al. 2019)

Table 3.4: LC/negative ion ESI/MS results showing retention times, characteristic ions and tentative assignments of compounds in PRE.
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No.

compound

Retention

(min)

time

[M]*

Fragments

References

Cyanidin-3-pentoside

9.8

419

287

(Fischer et al. 2010; Mena et al. 2012;
Sentandreu et al. 2013; Al-Rawahi et al. 2014;
Garcia-Viallalba et al. 2015; Abid et al. 2017,
Brighenti et al. 2017; Aguilar-

Zarate et al. 2017; Yan et al. 2017; Wafa et al.
2017)

Cyanidin-3,5-diglucoside

14.52

611

449, 287

(Fischer et al. 2010; Zahin et al. 2010; Mena et
al. 2012; Sentandreu et al. 2013; Garcia
Viallalba et al. 2015; Abid et al. 2017,
Brighenti et al. 2017; Aguilar-Zarate et al|
2017;Yan et al. 2017; Wafa et al. 2017; Stefano
et

al. 2018; Perez-Ramirez et. al 2018)

Delphinidin-3-glucoside

15.34

465

303

(Fischer et al. 2010; Zahin et al. 2010; Mena et
al. 2012; Sentandreu et al. 2013; Al-Rawabhi et
al. 2014; Garcia- Viallalba et al. 2015; Abid et
al. 2017; Brighenti et al. 2017; Aguilar-Zarate
et al. 2017;Yan et al. 2017; Wafa

et al. 2017; Stefano et al. 2018; Perez-RamireZ
et. al 2018)

Pelargonidin-3,5-diglucoside

15.86

595

449, 287

(Fischer et al. 2010; Mena et al. 2012

Sentandreu et al.
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2013; Brighenti et al. 2017; Wafa et al. 2017,
Stefano et al. 2018)
5 Pelargonidin-3-glucoside 17.21 433 271 (Fischer et al. 2010; Mena et al. 2012

Sentandreu et al.

2013; Brighenti et al. 2017; Wafa et al. 2017,
Stefano et al. 2018; Perez-Ramirez et. al 2018
6 Cyanidin-3-glucoside 17.21 449 287 (Fischer et al. 2010; Mena et al. 2012
Sentandreu et al. 2013; Wafa et al. 2017;
Stefano et al. 2018; Perez- Ramirez et. al 2018

Table 3.5: LC/positive ion ESI/MS results showing retention times, characteristic ions, possible formula and tentative assignments of

compounds in PRE.
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3.4.4 Quantification of punicalagin content

HPLC is the most common method to analyse secondary metabolites in plant extracts.
Using this method, analysis of the ellagitannin punicalagin gave two distinct major
peaks corresponding to punicalagin a and  anomers (Figure 3.5). It has been reported
that punicalagin isomers are interconverted and the equilibrium constant K = [S]/[ «]
was found 1:1 in methanol and 4:1 in water (Doig et al. 1990). In some other studies,
this ratio was found to be approximately 2:1 (Satomi et al. 1993; Nigrisa et al. 2011;
Houston 2011; Alrashidi 2020). In this thesis, the ratio of punicalagin f and
punicalagin a content was found to be slightly lower at 1.76:1 (Figure 3.7). In the
study this ratio was consistent during experiments and allowed one anomer of
punicalagin to be used for quantification of total punicalagin amount in PRE. For

quantification, punicalagin  was used because of its higher concentration.

The calibration curve (Figure 3.7) of punicalagin was constructed using different
concentrations of standard punicalagin in serial dilutions. Standard punicalagin
solution in deionised water was serially diluted seven times and samples were analysed
with the same method of PRE analysis. Using the standard curve, it was calculated that

there was 170 mg/g of freeze-dried extract.
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Figure 3.5: A representative HPLC chromatogram sample of 0.1 mg/mL PRE,

showing absorption at 258 nm and highlighting the anomers of punicalagin o and .
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Calibration curve for punicalagin isomers

50000
45000
40000 y =45557x + 952.27 ® punicalagin g
R%=0.9965
35000 ® punicalagina
2 30000
£ 55000 Linear (punicalagin
§ 20000 i
< Linear (punicalagin
15000 y =25722x - 351.75 a)
10000 R?=0.9954
5000
0
0 0.2 0.4 0.6 0.8 1 1.2

Concentration (mg/mL)

Figure 3.6: HPLC calibration curve for punicalagin anomers a and [ (N=3+SD).
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Figure 3.7: Ratio of the area of HPLC analysis between the punicalagin anomers «

and . (N=3£SD).
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3.5 Discussion

The pomegranate tree is cultivated in tropical and subtropical regions of the world
from Middle East countries to the USA, and it is considered a medicinal plant and fruit
across the world for its pleasant taste and health benefits (Bar-Ya’akov et al. 2019).
Pomegranate peel/rind comprises 40-50% of the total fruit and it has been accepted as
a biowaste (Ali et al. 2019). However, pomegranate has recently started to receive
increased attention and popularity due to its rich phenolic compound contents.
Pomegranate has been proposed as source of economic value to the food and
pharmaceutical industries due its excellent health benefits (Kannat et al. 2010;
Celiksoy 2020). In this study, it was found that the total polyphenol content of the
water extract of pomegranate rind was 496 mg tannic acid equivalent/g freeze dried
pomegranate rind. This result was similar to that of the study by Malviya and Jha
(2014), where the total polyphenol content of pomegranate rind with different solvents
revealed the water extract had highest value (435 mg tannic acid equivalent/ g
pomegranate peel) than other solvents, including methanol, ethanol and different ratios
of ethanol with water. In this study, extracted PRE was characterized using HPLC-
ESI-Orbitrap MS for its phenolic and anthocyanin contents. PRE was found to have
similar contents reported in previous studies, and ellagitannins were found to be the

major phenolic compounds in PRE (Gil et al. 2000; Fischer et al. 2011; Qu et al. 2012).

Pomegranate peel/rind is rich in terms of phenolic compounds which can be divided
in different subgroups such as phenolic acids, flavonoids and tannins. These groups
comprise benzene rings and a number of hydroxyl groups attached in their chemical
structure (Singh et al. 2018; Andrade et al. 2019). In this study, different secondary
compounds were tentatively characterised by interpretation of their fragmentation
patterns using the mass spectra and the available literature was also used for a detailed

investigation of phenolic compounds.

Anthocyanins are the major colour secondary compounds and found in all fruit parts
including arils and the peel (exocarp) of the pomegranate (Gil et al. 1996b; Tzulker et
al. 2007). The presence of anthocyanins was investigated by MS detection in the
positive ion mode since these compounds have an ability to produce [MH]" ions by

ESI in acidic conditions (Brighenti et al. 2017). Mono- and di- glucosides of cyanidin
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(red pigments), delphinidin (purple pigments) and pelargonidin (orange pigments)
have been identified from pomegranate fruit harvested from different regions of the
world (Gil et al. 1996a,b; Ben Simhon etal 2011; Turkyilmaz 2013; Zhao et al. 2013).
The tentatively identified anthocyanin compounds with their mass spectral
characteristics are summarised in Table 3.5 and their chemical structures are shown in
Figure 3.8. In this study, the main anthocyanins were identified by ESI (+) mass
spectra were tentatively identified as cyanidin 3- pentoside, cyanidin 3,5-diglucoside,
delphinidin 3-glucoside, pelargonidin 3,5- diglucoside, pelargonidin 3-glucoside and
cyanidin 3-glucoside. It was observed that monoglycosylated anthocyanins generally
had less polar characteristics than diglycosylated compounds, according to elution
from the HPLC column. In the study performed by Fischer et al. (2011), 9
anthocyanins were characterised by comparison of UV-Vis spectra, retention times
and mass spectra with reference compounds: delphinidin 3,5-diglucoside, cyanidin
3,5- diglucoside, pelargonidin 3,5-diglucoside, delphinidin 3-glucoside, a cyanidin-
pentoside-hexoside, cyanidin 3-glucoside, cyanidin 3-rutinoside, pelargonidin 3-
glucoside and a cyanidin-pentoside detected. These anthocyanins were identified by
ESI (+) ionisation mode in typical mass spectrometric behaviour, and they exerted M*
ions in the MS! experiments. The sequential loss was observed in their saccharide
moieties by releasing the aglycones in the MS? and MS? experiments. Delphinidin 3,5-
diglucoside, cyanidin 3,5-diglucoside, pelargonidin 3,5-diglucoside, delphinidin 3-
glucoside, cyanidin 3-glucoside and delphinidin 3-glucoside were also identified in
other studies (Gil et al. 1996a; Hernandez et al. 1999). In a further study by Hernandez-
Corroto et al. (2019), no anthocyanins were detected in the extracts obtained from
pomegranate peel. Therefore, it should be noted that anthocyanins variety and content
could account for the differences between studies, because of fruit cultivar,
geographical location, harvesting time, extraction, purification methods and solvent
type used to solvate extract. This variation also shows the more complex profile for

anthocyanins in pomegranate fruit (Algihourchi and Bargezar 2008).
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1-) Cyanidin 3,5-diglucoside

2-) Cyanidin 3-glucoside

3-) Delphinidin 3-glucoside

4-) Pelargonidin 3,5-diglucoside

5-) Pelargonidin 3-glucoside

Figure 3.8: The chemical structure of
tentatively assigned anthocyanins in
PRE, chemical structures obtained
from National Library of Medicine,
PubChem (2021, available  at
https://pubchem.ncbi.nlm.nih.gov).
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In addition to anthocyanins, other phenolic compounds were detected in PRE and
presented in Table 3.4 and Figure 3.9. These compounds were characterised according
to their molecular weight, their MS/MS fragmentation patterns and comparison with
previously reported data. In Tables 3.4 and 3.5, the previous findings of compound

detection in PRE were also shown.

Pomegranate is a rich source of hydrolysable tannins and hydrolysable tannins can be
subdivided into gallotannins and ellagitannins depending on the residues to which the
ester linkage between glucose and gallic acid. Many hydrolysable tannins (more than
60) have been tentatively identified in pomegranate extract from fruit peel, aril, juice
and seed (Fischer et al. 2011a; Mena et al. 2012; Ambigaipalan et al. 2017; Liu and
Seeram 2018).

In pomegranate rind, punicalagin anomers (o and ) have been considered the main
hydrolysable ellagitannins and account for over 85% of total tannins present (Seeram
2005; Lu et al. 2008). Both ESI (+) and ESI (-) modes exhibited high performance in
polyphenolic compounds tentative identification. While there are some common
secondary compounds in both MS operating modes, ellagitannins analysis is strictly
reliant on the chosen method. Therefore, ionisation mode is critical for the
identification of phenolic compounds (De Rijke et al. 2003). MS spectra in negative
ionisation mode was chosen for phenolic compounds different from anthocyanins and
MS spectra in positive ionisation mode was chosen for anthocyanins, since
anthocyanins comprise species that contain the flavylium cation moiety (Lucci et al.

2017).

In the analysis of hydrolysable tannins with ESI, doubly charged ions were reported
and larger fragment ions were observed depending on ion in full MS (Arnao et al.
2001; Hukkanen et al. 2007). In these experiments, punicalagin isomers generally
generated two ions at m/z 1083 and 541, in singly and doubly charged ions,
respectively. Similar ions of punicalagin isomers were generated in previous studies
(Abid et al. 2017; Brighenti et al. 2017; Stefano et al. 2018; Russo et al. 2019). Two
compounds were detected with a singly charged ion at m/z 481 with close retention
times, (2.21 and 2.6). These compounds were tentatively assigned as HHDP-hexoside

and were previously found in the pomegranate bark by NMR spectroscopy (Tanaka et
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al. 1986). Peaks at m/z 799 and fragments at m/z 781 and at m/z 479 corresponds to a
loss of water and ellagic acid, respectively, and this compound was tentatively

identified as granatin-A (Fischer et al. 2010; Abid et al. 2017; Wafa et al. 2017).

Other major hydrolysable tannins in pomegranate rind are punicalin, ellagic acid,
gallagic acid and ellagic acid glycosides (Seeram et al. 2005; Fischer et al. 2011; Abid
et al 2017). Ellagitannins have a polymeric chemical structure which comprises galloyl
and HHDP units esterified with glucose (Del Rio et al. 2012). In the PRE extract,
studied here, many ellagitannins were tentatively detected and some of them were
identified using their characteristic fragment ion spectra (Hukkanen et al. 2007). The
tentatively detected ellagitannins had high similarity with previous reported studies
(Fischer et al. 2010; Mena et al. 2012; Al-Rawabhi et al. 2014; Garcia-Viallalba et al.
2015; Abid et al. 2017; Brighenti et al. 2017; Aguilar-Zarate et al. 2017; Yan et al.
2017; Wafa et al. 2017; Perez-Ramirez et. al 2018; Stefano et al. 2018; Russo et al.
2019). For some mass spectra results, more than one tentative formula was suggested
from possible formulae since the fragment ion was not sufficient for definite
assumption. Therefore, further studies are necessary with reference compounds and
additional NMR could be used for an exact structural determination of detected
secondary compounds. For example, in this study, in ESI (-) mode at 8.13 retention
time the detected compound revealed an [M-H] ion at m/z 1415 and produced
fragment ions at m/z 707 (MS?) and both alnusjaponin A/B and di(HDDP-
galloylglucose)-pentose were suggested for tentative assignment. In a previous study
with pomegranate juice, the same [M-H] ion at m/z 1415 was observed, but an ion
fragment at m/z 1397 (MS?) was seen. This detected compound was tentatively
suggested as  di(HDDP-galloylglucose)-pentose.  Interestingly,  di(HDDP-
galloylglucose)-pentose and sanguiin H10 isomer were tentatively identified for the
first time in pomegranate juice by Mena et al. (2012). In the present study, the sanguiin

H10 isomer was tentatively identified with the same fragment ions.
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Granatin B HHDP-hexoside

Figure 3.9: The chemical structure some of tentatively assigned ellagitannins in PRE (Chemical structures were obtained from National

Library of Medicine, PubChem (2021, available at https://pubchem.ncbi.nlm.nih.gov).
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Punicalagin was considered the major and the most abundant hydrolysable
ellagitannin in pomegranate extracts (Aguilar-Zarate et al. 2017; Rongai et al. 2019).
Thus, a calibration curve was generated using commercially available punicalagin
(Sigma Aldrich, UK). The amount of punicalagin in the PRE sample was calculated
using the generated standard curve and it was found that around 20% of the PRE
sample comprised of punicalagin (170 mg/g). Similar results were also obtained in
previous studies. For example, 16 Chinese originating pomegranate husk extracts were
analysed for their punicalagin content, which varied from 39.8 mg/g to 121.5 mg/g
(Lu et al. 2008). In another study, three kinds of pomegranates from different regions
of Pakistan were compared for their punicalagin content, and it was found that this

content varied from 98.7 mg/g to 118 mg/g (Khalil et al. 2017).

The results of the present study showed that the main compounds in PRE were
anthocyanins and especially ellagitannins. These findings are consistent with recent
studies that have investigated the main phenolic compounds in Spanish, Greek and
Chinese pomegranate juice, flowers and peels (Zhang et al. 2011; Fischer et al. 2012;

Mena et al. 2012; Gomez-Caravaca et al. 2013; Lantzouraki et al. 2015).

Overall, the PRE used in the present study was tentatively characterised by HPLC-
ESI/MS for its phenolic and anthocyanin contents by using both negative and positive
modes. Our results agreed with previous studies indicating that ellagitannins were the
major phenolic compounds in pomegranate rind, since they represent over 99% of the
total content of pomegranate phenolics (Fischer et al. 2011; Qu et al. 2012; Romeo et
al. 2015). Moreover, punicalagin was the main ellagitannin in pomegranate rind (Gil

et al. 2000; Fischer et al. 2011; Qu et al. 2012).

3.6 Conclusion

Phenolic compounds in PRE were tentatively investigated tentatively by using LC-
ESI/MS method in both negative and positive ionisation modes. The results showed a
variety of phenolic compounds in PRE that were mainly ellagitannins and
anthocyanins. In ellagitannins, punicalagin was found to be predominate in PRE,
comprising almost 20 % of the total PRE. Results were compatible with most previous

studies that have investigated the phenolic contents of pomegranate extracts. PRE
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characterisation allows a more in-depth evaluation of the bioactivities of PRE in future
chapters of this thesis. However, future studies are still necessary to characterise all
these secondary compounds in PRE and to find the approximate quantities of each in

PRE.
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Chapter 4: Antimicrobial and Microbicidal Activity of PRE, Zn (II)
and PRE/Zn (II) Against a Panel of Oral Microbes

4.1 Introduction

Oral diseases are one of the major health problems in the world, with dental caries and
periodontal diseases affecting 90% of school aged children, along with a significant
proportion of the adult population in industrialised countries (Petersen et al. 2005).
There is also evidence of a relationship between poor oral health and chronic or
systemic diseases, such as diabetes, cardiovascular diseases and rheumatoid arthritis
(Petersen et al. 2005; Rautemaa et al. 2007). One of the most important barriers to
providing good oral health to populations is the economy. In developed countries, 10%
of the public health expenditure comprises dental care treatments. However, in
developing countries, where public health expenditure is low and it is not easy to
access to dental healthcare, it mostly consists of emergency or pain relief treatment

(Petersen et al. 2005).

The oral microbiota is a complex community that comprises more than 700 microbial
species and a key component is the biofilm called dental plaque (Jenkinson and
Lamont 2005). The general aetiology of oral infectious diseases is correlates with
accumulated dental plaque, which could increase the complexity of biofilm matrix and
proportion of pathogenic microbes over commensal microbes (Bowen et al. 2018;
Chen et al. 2020). The oral microbiota has a critical role in health and disease
situations, and the balance between pathogenic and commensal microbes is an
important factor for a healthy oral cavity. However, under certain conditions, the
imbalance between invading and commensal bacteria in the oral microbial community
can result in oral infectious diseases. Both Gram-positive and Gram- negative bacteria
play a role in dental diseases. Primarily, the increased S. mutans population in dental
plaque has been highly associated with dental caries, as S. mutans biofilm can produce
acid and extracellular polysaccharides. In addition, S. mutans biofilms are acid-
resistant, since the acidic environment enhances the metabolising range of
carbohydrates into organic acids that provide low pH conditions (Zhang et al. 2017).

However, recent studies showed that treatment strategies which just focus on S.
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mutans biofilms are not sufficient to prevent dental caries, since organic acid
components produced by other microorganisms e.g., Actinomyces, S. mitis, and S.
gordonii can also cause dental caries (Bowen et al. 2018; Fakhruddin et al. 2019). In
addition to S. mutans, the other Gram-positive streptococci bacteria play a role in the
metabolism of sucrose to organic acids, which causes demineralisation and leads to
tooth decay in supra-gingival tissues (Loesche 2007). In sub-gingival regions,
however, Gram-negative bacteria such as P. gingivalis and F. nucleatum, play
important roles in initiating infection of the gingival crevice, which affects the gingiva
and its surrounding tissue by causing a change in inflammatory cellular responses
(Tichy and Novak 1998; Jenkinson and Lamont 2005). This inflammation can cause
gingivitis (reversible), which without appropriate treatment can lead to periodontitis

(irreversible) (Loesche 2007).

There is an increasing need for new, alternative preventative and treatment methods
or products which are safe, effective and economically affordable for periodontal
diseases. While there are some commercially available antimicrobial agents in clinical
use such as chlorhexidine, they have adverse side-effects (Serrano et al. 20009; Xie et
al. 2014; Ardila and Bedoya-Garcia 2020). Antimicrobial resistance is a significant
problem in treating pathogenic bacteria and limits the use of current antibiotics for
inflammatory diseases (Badria and Zidan 2004; Marston et al. 2016; Hofer 2019).
Chlorhexidine, which is commonly used in oral care products, is an example of this
due to its reported toxicity and causing staining of teeth. Ethanol, which is commonly
used in mouthwashes, is another example and is linked to oral cancer (Knoll-K&hler
and Stiebel 2002; Rodrigues et al. 2007). These reasons are making it vital to search
for alternative oral care products. It is also important to develop affordable dental care
products for economically disadvantaged populations in order to provide sustainable

dental healthcare.

Pomegranate has been used since ancient times, due to its beneficial effects on health.
Extracts of this fruit have been reported to have antimicrobial activity against oral
pathogens in in vitro and clinical studies (Jurenka 2008). It has been shown that
pomegranate extracts induce antimicrobial effect through inhibiting bacterial growth,
preventing adherence and quorum sensing and inactivating S. aureus pathogenic

bacterial products (Prasad and Kunnaiah 2014).
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While most bacteria have a protective mechanism against heavy metal ions, there are
many reports showing that metal compounds act as an effective antimicrobial agent
(Silver 1996; Stewart et al. 1998; McCarrell et al. 2008). Stewart et al. (1998) reported
that there is a significantly increased anti-bacteriophage activity when PRE is
combined with ferrous salts. In another study, the antimicrobial activity of PRE was
studied in combination with other metal salts, Cu (II), Fe (II), Mn (II), or Zn (II) and
vitamin C against some Gram-positive and Gram-negative bacteria. It was found that
an enhanced antimicrobial activity was occurred with the addition of these metal ions
(McCarrell et al. 2008; Gould et al. 2009). In this study, PRE was combined with Zn
(IT) only, rather than other metallic ions. Zn (II) has also been widely used in oral care
products and it has relatively lower toxicity compared to Cu (II). It was also shown
that there was enhanced viricidal activity when PRE was combined with zinc salts

(Houston et al. 2017b).

4.2 Aims and objectives

The objectives of this chapter were to investigate the antimicrobial activities of PRE,
Zn (II) and a PRE/Zn (II) against selected oral microbes. The specific aims of this

chapter were:

e To investigate the antimicrobial activities of PRE or Zn (II) against
selected oral microbes namely S. gordonii, S. mutans, S. salivarius, S.
sanguinis, S. anginosus, P. gingivalis, F. nucleatum, C. albicans, S.
aureus and E. coli

e To investigate the PRE/Zn (II) for antimicrobial activity against oral
microbes.

e To investigate the effect of PRE, Zn (II) and PRE/Zn (II) on S. sanguinis,
S. gordonii, S. mutans, C. albicans, and P. gingivalis 24 h single- species

bacterial/fungal biofilm formation and biofilm eradication.
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4.3 Materials and methods

The agar plates, broth and bacterial cultures were prepared as described in Chapter 2
(Section 2.2.3). All bacterial strains and their origin were similarly described in
Chapter 2, Table 2.4. Equipment, glass and plastics, chemical consumables and assay
kits used in this chapter were presented in Section 2.1 in Table 2.1, Table 2.2, and

Table 2.3, unless otherwise stated.

4.3.1 Preparationof PRE and Zn (II) solutions for antimicrobial

susceptibility assay

Stock solutions of PRE and Zn (II) were prepared in phthalate buffer pH 4.5, as
described in Chapter 2 (Section 2.2.1.2 for Zn (II) and Section 2.2.2 for PRE). Stock
solutions of PRE and Zn (II) were then diluted to desired concentrations in Mueller
Hinton (MH) broth. These solutions were used for all antimicrobial susceptibility
assays except for agar well diffusion assays and were prepared fresh for experiments

day as previously described in Section 2.2.3.8.

4.3.2 Agar well diffusion (zone of inhibition) assay

Antimicrobial activity of PRE and Zn (II) was preliminarily studied by agar well
diffusion (Devillers et al. 1989). Agar plates, FAA with 5 % sheep blood and BA
supplemented with haemin and vitamin K were used for anaerobes, and MH agar was
used for facultative bacteria. An overnight experimental bacterial culture broth (100
uL) containing 108 CFU/mL was plated on the surface of the agar using a sterile cotton
swab and swabbed across the plate in different directions to obtain an homogenous
distribution of microbial culture. Then, six wells (6 mm) were punched in the plates
using a heat sterilised stainless-steel cork borer. The wells were filled with 50 pL of
two-fold dilutions of PRE (6.25-50 mg/mL) and Zn (II) (62.5-500 mM) and incubated
for 48 h in an anaerobic cabinet for obligate anaerobic bacteria and for 24 h in an
aerobic incubator for facultative bacteria and C. albicans. Chlorhexidine digluconate
(0.2 %) and potassium phthalate buffer (pH 4.5) were used as positive and negative

controls, respectively.
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4.3.3 Determination of minimum inhibitory concentration (MIC)

PRE and Zn (II) were first assessed to determine their MIC against planktonic
suspensions of studied microbes. The microbroth dilution method was used. The
general protocol of the Clinical and Laboratory Standards Institute (CLSI) was
performed with small differences (CLSI Guidelines M07-A09; CLSI Guidelines M11-
AO08). In these experiments, an overnight culture of each bacterial species was
prepared in suitable liquid medium, and 100 uL containing approximately 10°
CFU/mL bacteria was added into appropriate wells of 96-well plates. Then, 100 uL of
PRE (0.25-32 mg/mL) and Zn (II) (0.78-50 mM) were added onto the bacterial
solution in the 96-well plates. Additionally, a growth control (appropriate broth +
bacteria), sterility control (only broth) and positive control (chlorhexidine 0.2%) were

included in each experiment.

96-well microtitre plates were incubated for 24 h and 48 h at 37°C in an aerobic
incubator and anaerobic cabinet for facultative and obligate anaerobes, respectively.
After incubation, the MIC value for each microbe was determined visually choosing

the lowest concentration without turbidity.

4.3.4 Determination of minimum lethal concentration (MLC)

Minimum lethal concentrations (MLC) was determined by evaluating the contents of
the wells at MIC or higher for viable cells according to National Committee for
Clinical Laboratory Standards Guideline (NCCLS) (Wayne et al. 1999). The 96-well
microtitre plate was prepared as for the MIC assay. The liquid was taken from selected
wells showing microbial growth inhibition and added to appropriate 20 mL liquid
culture media. This suspension was incubated in a suitable environment according to
assayed microbe type. After incubation, control groups and treatment groups were
visually observed, and results recorded. The clear suspensions and control suspensions
were centrifuged at 4000 x g for 5 min and the supernatants discarded. Then, 50 puL of
suitable broth was added to the remaining pellet and plated on suitable agar media. It
was incubated for a further 24 h or 48 h, and then the MLC value was recorded as the

lowest concentration where no growth was observed.
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4.3.5 Assessment of antimicrobial activity interaction between PRE

and Zn (1)

4.3.5.1 Fractional inhibitory concentration (FIC) via checkerboard test

The existence of synergism between PRE and Zn (II) was evaluated using a
checkerboard assay, according to a previously described method by Endo et al. (2012).
Different concentrations of PRE and Zn (II) were applied as two-fold dilutions,
starting from 32 mg/mL PRE and 25 mM Zn (1) in different 96-well plates. The two-
fold dilutions for PRE and Zn (II) combination were prepared in a new 96-well plate
that was used as the experiment plate. Also, growth, sterility, and PRE or Zn (II) only
controls were included. A 100 pL volume of experimental bacterial culture was added
at a final concentration of 10°® CFU/mL, except for the sterility control group. An
illustration of a 96-well microtiter plate layout for the checkerboard assay provided in
Figure 4.1. The plate was incubated for 24 h in incubator at 37 °C and after 24 h the
wells were visually examined and MICs recorded for PRE, Zn (II) and PRE/Zn (II).
The observed MIC values were used to calculate the fractional inhibitory
concentration (FIC). The FIC for the combination doses was calculated by dividing
the MIC value of the compound to MIC value in the combination and then the

FICindex values were calculated by adding FIC value of each compound to each other.

FIC value of compound A, FICA= (MICA in combination)/ (MICA alone)

FIC value of compound B, FICB= (MICB in combination)/ (MICB alone) FICindex=
FICA + FICB

FICindex was used to classify the combination of antimicrobial agents as synergistic
when FICindexes were <0.5; additive when FIC >0.5 but < 1; indifferent when values

were >1 and < 4; antagonistic when values were > 4 (Eliopolus and Moellering 2000).

Assays were performed in triplicate and results expressed as calculated FIC value and
shown for each microbe. The FIC value was then calculated according to the above
equation, and the FICindex and interaction of antimicrobial activity of PRE/Zn (II) for

each microbe were calculated.
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Figure 4.1: An illustration of checkerboard assay layout for studied microbes.

4.3.5.2 Time kill (log reduction) assay

A time kill kinetic assay was used to determine and confirm the relationship between
the antimicrobial activities of PRE in combination with Zn (II). This assay was
performed only with S. mutans, S. gordonii and C. albicans that showed synergistic
or additive activities in the checkerboard assay. The MIC and half MIC values of PRE,
Zn (II) and PRE/Zn (II) were used for this assay. The overnight culture of selected
microbes with inoculum of 108 CFU/mL were added to microcentrifuge tubes,
containing 990 pL PRE, Zn (II) or PRE/Zn (II) and incubated for 10 min, 30 min, 60
min and 240 min. After the specified contact times, 1 mL sample inoculum with
treatment agent was added to 9 mL universal quenching agent (UQA which comprised
0.1% peptone, 0.1% sodium thiosulphate, 0.5% Tween 80, and 0.07% lecithin w/v at
pH 7) to terminate the antimicrobial activities of PRE, Zn (II) and PRE/Zn (II). Then,
20 L samples were taken from the UQA tubes and diluted 10-fold in 96-well plates
which had 180 pL of PBS in each well. 20 pL of diluted samples were plated on the
appropriate agar and incubated for 24 h, colonies were counted, and CFU/mL were

calculated and plotted against specified contact times (Miles et al. 1938).

The log10 values were calculated for control and treatment groups to obtain the colony

forming units per one millilitre (CFU/mL), as follows:

(Number of colonies x dilution factor)/volume of culture medium

111



Then, logl0 values were determined for each treatment and control group. The log

reduction value was found by using the formula:

Log10(A)-Log10(B)

A represents the CFU/mL of the control (phthalate buffer) and B the CFU/mL of test
sample. Assays were performed in triplicate and results were expressed as mean =+

SEM.

4.3.5.3 Bacterial growth curves

The growth of bacteria under the PRE (MIC, MIC/2), Zn (II) (MIC, MIC/2) and PRE
in combination with Zn (II) (MIC+MIC, MIC/2+MIC/2) treatments were studied in
96-well microtiter plates for C. albicans, S. gordonii and S. mutans. Plates were
prepared by the same method, but only MIC or MIC/2 of compounds and
combinations for each bacterial species with 10 CFU/mL final bacterial suspension.
Then, plates were placed in a microtitre plate reader at 37 °C and absorbance read at
600 nm every hour over 24 h. Untreated growth (broth + bacteria) and sterility (only
broth) controls were included in each experiment. Experiments were conducted in

triplicate and each 4 replicates per condition.

4.3.6 In vitro assessment of PRE, Zn (II) and PRE/Zn (II) on biofilm

formation and pre-formed biofilm

4.3.6.1 Biofilm formation assessment

This assay was performed to investigate the studied microbes’ adherence and biofilm
forming capacities. A crystal violet assay was used to quantify biofilm biomass. The
experiment was set up in a 96-well microtiter plate by adding 108 CFU/mL of
overnight bacterial suspension to each well and subsequent incubation for 24 h at
37 °C in an aerobic environment (Abdallah et al. 2009). After 24 h, the supernatant
from each well was carefully discarded without disrupting the biofilm in the bottom

of the well. Wells were then washed twice with distilled water (100 uL/well) to

112



remove planktonic bacteria. Plates were air dried for 15 min to remove wash solution
(distilled water). The microtiter plates were stained with 1% crystal violet (100
pL/well) prepared in distilled water and incubated for 30 min at room temperature.
The unbound crystal violet was removed by washing the wells three times with
distilled water (100 pL/well) followed by air-drying 15 min. The bounded crystal
violet was dissolved by adding 95 % ethanol (100 uL/well) and incubated for 20 min
for total solubilisation of crystal violet. The absorbance of wells was read at 570 nm
with a plate reader (Fluostar Optima, BMG Labtech, Aylesbury, UK). The results were
presented as mean O.D.570 value for each strain =SEM and assays were repeated three

times.

4.3.6.2 Assessment of PRE, Zn (Il) and PRE in combination with Zn (Il) on

biofilm formation inhibition and eradication

Bacterial suspensions were prepared as previously described. Biofilm inhibition
assays were performed in ~ a 96-well plate based on a modified spectrophotometric
assay (Abdallah et al. 2009). Plates were prepared with 100 pL of treatment
compounds at MIC and MIC/2 of PRE, Zn (II) and PRE/Zn (II) and 100 pL bacterial
suspension (108 CFU/mL). Background plate was prepared for specified
concentrations of compounds and combinations without bacterial inoculation. Plates
were incubated for 24 h at 37 °C under aerobic conditions. After 24 h, the liquid
suspensions were removed and 100 uL of 1 % (v/v) aqueous solution of crystal violet
added and incubated for 30 min at room temperature. The dye was removed, wells
washed thoroughly, and 95 % ethanol added and incubated for 20 min. The crystal
violet solution was read spectrophotometrically at 570 nm. The background O.D.
value of compounds (without microbial inoculation) was subtracted from O.D.
treatment and O.D. control to account for any non-specific binding of crystal violet.
The results were presented as mean O.D.570 value for each strain =SEM and assays

were repeated on four separate occasions.
For biofilm eradication, a similar method was employed. Briefly, bacterial inoculation

was added to the plate and incubated at 37 °C for 24 h under aerobic conditions to

create a biofilm. After 24 h, freshly prepared compounds and combinations were
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added as described above for 24 h. The supernatant was discarded, and biofilm

biomass assessed using crystal violet staining as previously described.

The results were presented as mean O.D.570 value for each strain =SEM and assays

were repeated on four separate occasions.

4.3.6.3 Live/dead imaging of biofilms treated with PRE, Zn (Il) and PRE in

combination with Zn (11)

A Live/Dead BacLight™ bacterial viability assay was performed to investigate effect
of PRE, Zn (II) and PRE in combination with Zn (II) on biofilms in glass bottom 96-
well plates. The assay was performed using the method previously described by
Powell et al. (2018). Briefly, a bacterial suspension of 10® CFU/mL was prepared from
an overnight culture of test microorganism. For the obligate anaerobe P. gingivalis
W50, a bacterial suspension of 107 CFU/mL was prepared from a 48-h culture. Then
prepared bacterial suspension was added the wells of a glass bottom 96-well plate (100
uL/well). For facultative bacteria, the plate was incubated on a shaker at 20 rpm at
37°C in 5 % CO» for 24 h. P. gingivalis incubated in an anaerobic cabinet at 37°C
for 48 h. After incubation, supernatants from each well were carefully discarded.
Freshly prepared PRE, Zn (II) and PRE in combination with Zn (II) solutions were
added at the MIC values of PRE and Zn (II) and MIC+MIC for PRE/Zn (II) for each
studied microbe and incubated in an appropriate atmospheric condition at 37 °C for
24 h (Table 4.1). After incubation, the supernatant was gently aspirated from the plate.
Each well was immediately stained with 4 plL/well Live/Dead stain (Live/Dead
Bacterial Viability kit; prepared by mixing 2 uL of SYTO 9 [LIVE] and 2 pL of
propidium iodide [DEAD] in 1 mL of PBS). The stain was carefully added to the
centre of well to avoid biofilm disruption. Plate was incubated for 10 min under
appropriate atmospheric conditions at 37 °C and covered with aluminium foil to
prevent quenching by ambient light. Then, 47 uL. of PBS was added to each well, prior
to imaging by confocal microscopy, using Leica TCS SP5 Confocal Microscope

(Leica Microsystems (UK) Ltd, Buckinghamshire, UK).
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Microorganism [PRE (100 Zn (I) (100  |PRE +Zn (II) (50 pL +50
pnL) pnL) uL)

S. mutans 1 mg/mL 1.56 mM 2 mg/mL +3.12 mM

S. gordonii 2 mg/mL 0.78 mM 4 mg/mL +1.56 mM

C. albicans 4 mg/mL 6.25 mM 8 mg/mL +12.5 mM

S. sanguinis 2 mg/mL 0.78 mM 4 mg/mL +1.56 mM

P. gingivalis 2 mg/mL 3.125 mM 4 mg/mL +6.25 mM

Table 4.1: Concentrations of PRE, Zn (II) and PRE/Zn (II)s used for the treatment of
24 h biofilms of streptococcus species and C. albicans and 48 h P. gingivalis biofilms

and subsequent assessment by live/dead imaging.

Images were visualised using a 60 x 1.8 oil objective with a z-step of 1 um. Four fields
of view were chosen for each well and obtained images were analysed using
COMSTAT?2 with Imagel to develop image sequences and for the quantification of
biofilm microorganisms and unconnected microorganisms. Otsu automatic
thresholding was applied to each image slice, and this facilitated separation of
bacterial fluorescence from background noise. Image sequences were analysed for
different parameters in COMSTAT 2 such as biomass, roughness coefficient, mean

thickness of biofilm, and dead/live ratio.

Another program, IMARIS (v4.1.3, Bitplane AG, Zurich, Switzerland), was used to
visualise structure of biofilm images. The COMSTAT?2 analysis results were
presented as mean + SEM for each parameter and assays were repeated three separate

ocassions.

4.3.6.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to assess the effect of PRE, Zn (II)
and PRE/Zn (II) on 24 h biofilms of C. albicans, S. mutans and S. gordonii. Biofilms
(24 h) were prepared on a glass round coverslip in a 6 well-plate. Overnight cultures
of microbes were adjusted to 102 CFU/mL in BHI broth and 1 mL of each suspension

to glass coverslips in 6-well plates. After aerobic incubation at 37 °C for 24 h, the
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supernatant from each well was carefully aspirated and 1 mL of freshly prepared PRE,
Zn (IT) and PRE/Zn (II)s in MH broth (Table 4.2) were added for another 24 h aerobic
incubation at 37°C. Only 1 mL of MH broth was added for an untreated growth control
group and 0.2% chlorhexidine di-gluconate was used as a positive control. Samples
were then prepared for SEM imaging using a protocol adopted from that of Powell et
al. (2018). Briefly, samples were immersed in 1 mL of 2.5-3 % of glutaraldehyde for
1.5 h at room temperature and washed 4 times with distilled water. After washing,
biofilms were immersed in distilled water and then completely frozen. Frozen samples
were placed in a freeze-dryer to remove all liquid. Biofilm samples were then sputter
coated with gold (2-20 nm thick) using a rotary pump and gold-palladium target
(DSR1 desk sputter coater; Vac Technique, East Sussex, UK), and imaged on a Tescan
VAGA SEM system, at 5-10 kV.

Microorganism [PRE (1 mL) [Zn (IT) (1 mL) PRE +Zn (II) (500 pL +500 pL)

S. mutans I mg/mL 1.56 mM 2 mg/mL +3.12 mM
S. gordonii 2 mg/mL 0.78 mM 4 mg/mL +1.56 mM
C. albicans 4 mg/mL 6.25 mM 8 mg/mL +12.5 mM

Table 4.2: Concentrations of PRE, Zn (II) and PRE/Zn (II)s for the treatment of 24 h

biofilm on round glass slides for SEM of studied microbes.

4.3.7 Statistical analysis

Each experiment was repeated on at least three independent occasions. Two- way
analysis of variance (Two-way ANOVA or mixed model) in grouped analysis with
multiple comparisons was used to calculate the statistical differences in crystal violet
staining. One-way analysis of variance (one-way ANOVA) with post-test Tukey
analysis was used to analyse statistical differences for results from the COMSTAT2
analysis. p<0.05 was considered as statistically significant and statistical significance

further indicated by *p<0.05, **p<0.01, ***»<0.001, and ****»<0.0001.
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4.4 Results

4.4.1 Agar-well diffusion (zone of inhibition) assay

The zone inhibition assay was performed as a preliminary assay to evaluate the
antimicrobial activity of PRE (6.25-50 mg/mL) and Zn (II) (6.25-50 mM). Results are
presented as susceptible (S) and resistant (R) for studied concentrations of compounds
and not detected (ND) for obligate anaerobes for PRE (Table 4.3). For obligate
anaerobes, the antimicrobial activity of PRE could not be reliably measured, as PRE
reacted with the 5% blood supplemented FAA (Figure 4.2). Different agars without
blood (Brucella agar supplemented with haemin and vitamin K, Brain heart infusion
agar), were also used to perform the zone inhibition assay, but insufficient growth was
obtained for the selected obligate anaerobe bacteria, P. gingivalis W50 and F.
nucleatum ATCC 49256. The agar well-diffusion method relied on the diffusion
ability of inhibitors used in the assay, and both PRE and Zn (II) showed a good
diffusion rate throughout the agar. PRE inhibited S. sanguinis in a dose-dependent
manner (Figure 4.3A). An observed yellow coloured zone could be the result of PRE
interaction with the agar. However, this interaction did not affect the inhibitory effect
of PRE against S. sanguinis, and PRE exhibited a zone of inhibition beyond this yellow
region. Similar PRE diffusion patterns were seen with E. coli, but PRE did not inhibit
E. coli. All studied microbes were inhibited with ZnSO4. PRE exhibited antimicrobial
activity against Gram-positive bacteria and C. albicans but did not show any
antimicrobial activity against E. coli. Zn (II) showed a clear inhibition around the
punched wells. However, PRE did not present a clear inhibition zone compared with

Zn (1), probably due to its diffusion rate (Figure 4.2).
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PRE Zn (II) 0.2% Chlorhexidine
digluconate
S. gordonii NCTC 7865 S S S
S. sanguinis NCTC 7863T S S S
P. gingivalis W50 ND S S
\F. nucleatum ATCC 49256 ND S S
E. coli NCTC10418 R S S
S. aureus NCTC 8325 S S S
S. mutans DSM 20523 S S S
C. albicans ATCC 90028 S S S
S. salivarius DSM 20560 S S S
S. anginosus NCTC 10713 S S S

Table 4.3: Zone inhibition assay results for PRE and Zn (II) for indicated microbes. ND, not detected (experiment was not performed); S,

susceptible; R, resistant at highest concentration of PRE (50 mg/mL).
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Figure 4.2: Agar diffusion assay showing the reaction between PRE and iron. Wells 1
(0.2% Chlorhexidine digluconate), 2 (25 mg/mL PRE), 3 (12.5 mg/mL PRE), and 4
(6.25 mg/mL PRE), 5 (6.25 mM Zn (II)), 6 (3.125 mM Zn (I1)), 7 (1.56 mM Zn (II))
and 8 (0.78 mM Zn (II)) after incubation with bacteria. The black colouration indicates

the reaction between PRE and iron.

Figure 4.3: PRE diffusion in the agar well diffusion assay. A, PRE effect in agar well
diffusion assay against S. sanguinis. B, PRE effect in agar well diffusion assay against
E. coli. Numbers represent different concentrations of PRE, 10 % phthalate buffer in
MHB, and chlorhexidine. 1-0.2% chlorhexidine digluconate, 2-10% of phthalate
buffer pH 4.5 in MHB, 3-50 mg/mL PRE, 4-25 mg/mL PRE, 5-12.5 mg/mL PRE and
6-6.25 mg/mL PRE) for both images.
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4.4.2 Minimum inhibitory concentration (MIC) and minimum lethal

concentration (MLC) for studied oral microbes

From the absorbance readings and visual observations, PRE showed antimicrobial
activity against all studied Gram-positive bacteria (S. aureus, S. sanguinis, S.
salivarius, S. anginosus, S. mutans, S. gordonii) and C. albicans, at indicated
concentrations of MIC (Table 4.4). However, as with the agar well diffusion assay,
PRE did not show growth inhibition for E. coli. Zn (I1) showed antimicrobial activity

against all bacterial strains at concentrations ranging from 0.39 mM to 6.25 mM.

The MLC values for PRE and Zn (II) are presented in Table 4.4. PRE and Zn (II)
exhibited lethal activities at higher concentrations than their inhibitory concentrations
against all studied strains. PRE showed lethal activity at >4 mg/mL and Zn (II) showed
lethal activity at >6.25 mM.
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Microorganisms MIC MLC
PRE (mg/ml) Zn (II) mM PRE (mg/ml) Zn (II) mM

S. gordonii NCTC 7865 2 0.78 4 6.25
S. sanguinis NCTC 7863T 2 0.78 4 6.25
P. gingivalis W50 IND 3.125 IND 6.25
F. nucleatum ATCC 49256 IND 3.125 IND 6.25
F. coli NCTC10418 >4 6.25 >4 >6.25
S. aureus NCTC 8325 2 1.56 >4 6.25
S. mutans DSM 20523 1 1.56 4 >6.25
C. albicans ATCC 90028 4 6.25 >4 6.25
S. salivarius DSM 20560 2 0.39 4 6.25
S. anginosus NCTC 10713 2 0.39 4 >6.25

Table 4.4: Minimum inhibitory concentration (MIC) and minimum lethal concentration (MLC) values for PRE and Zn (II) against studied

microbes. ND, not detected.
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4.4.3 Checkerboard assay

The data presented in Table 4.5 shows that PRE/Zn (II) exhibited a clear synergistic
antimicrobial activity against S. gordonii and C. albicans, with 0.25 and 0.125
FICindex values, respectively. PRE/Zn (II) showed additive antimicrobial activity
with a 0.625 FICindex value for S. sanguinis. For S. aureus and S. salivarius, PRE/Zn
(IT) FICindex values were found to be indifferent at 1.25 and 1.5, respectively. Again,
PRE/Zn (II) showed additive antimicrobial activities against E. coli, S. anginosus, and
S. mutans, with FICindex values of 1, 0.75 and 1, respectively. It is important to note
that no antagonistic antimicrobial activity was observed for any studied bacterial

strains in terms of antimicrobial activities of PRE/Zn (II).
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Fractional Inhibitory Concentration [Remarks
FIC (PRE) FIC FICindex
(Zn (1))

S. aureus NCTC 8325 0.25 1 1.25 [ndifferent
E. coli NCTC10418 0 1 1 Additive
S. gordonii NCTC7865 0.125 0.125 0.250 Synergy
S. sanguinis NCTC 7863T  [0.125 0.5 0.625 Additive
C. albicans ATCC 90028 0.0625 0.0625 0.125 Synergy
P. gingivalis W50 ND ND ND IND
F. nucleatum ATCC 49256 [ND ND ND ND
S. anginosus NCTC 10713 (0.5 0.25 0.75 Additive
S. mutans DSM 20523 0.5 0.5 1 Additive
S. salivarius DSM 20560 1 0.5 1.5 [ndifferent

Table 4.5: Fractional inhibitory concentrations (FIC) of PRE and Zn (II) and FICindex values for tested strains. ND, not detected.
FICindex was used to classify the combination of antimicrobial agents as synergistic when FICindexes were < 0.5; additive when FIC

>(.5 but < 1; indifferent when values were >1 and < 4 and antagonistic when values were > 4.
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4.4.4 Time Kkill (log reduction) assay

The in vitro time kill kinetic assay was undertaken to assess the bactericidal activity
and antimicrobial activity of PRE in combination with Zn (II). In addition to MIC
values of compounds alone and their combinations, 0.5x the MIC values were chosen
to assess the antimicrobial activity. Using MIC/2 of compounds any synergism
between PRE and Zn (II), would be clearer, since, in the checkerboard assay (Figure
4.4). The in vitro time kill assay gave comparable results to the in vitro checkerboard
assay. The log reduction values of compounds and combination were calculated by
subtracting the log CFU/mL value of the PRE, Zn (II) and PRE in combination with
Zn (IT) from the control group. In the time kill assay, when the combination caused >2
log reduction in CFU/mL than the compounds in the combination showed the highest
log reduction, this could be interpreted as synergistic activity (Weerakkody et al.

2011).

The log reduction assay was performed on C. albicans, S. gordonii, and S. mutans,
where PRE/Zn (I1) had shown the synergistic or additive antimicrobial activity in the
checkerboard assay. PRE, Zn (II) and PRE/Zn (II)s showed dose- and time-dependent
log reductions activity at specified time points. Both studied concentrations of PRE/Zn
(IT) showed synergistic microbicidal activity with >2 log reduction than PRE or Zn
(IT) combination’s log reduction after 240 min. PRE/Zn (II) showed the only additive
activity in checkerboard assay for S. mutans. Likewise, no synergistic activity was

observed at any time points against S. mutans in the time kill assay.
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Figure 4.4: Time kill kinetic assays (A) C. albicans, (B) S. gordonii and (C) S. mutans
at 10 min, 30 min, 60 min and 240 min at the concentrations of MIC and MIC/2 of
PRE, MIC and MIC/2 of Zn (II) and the combination of PRE/Zn (II) with
concentration MIC+MIC and MIC/2+MIC/2. Presented data are the result of three

independent experiments and presented as mean value + SEM.
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4.4.5 Microbial growth curve with PRE, Zn (II) and PRE/Zn (II)

treatment

Bacterial growth curves (Figure 4.5) showed an inhibition of microbial growth
following treatment with PRE, Zn (II) and PRE/Zn (II)s, at MIC and MIC/2
concentrations, in comparison to untreated controls. Compounds showed a dose-
dependent inhibition for all studied microbial growth curves, compared to untreated
microbes. PRE/Zn (II) in both MIC and MIC/2 concentrations resulted in prolonged
inhibition of C. albicans growth. However, the PRE/Zn (II) exerted a changeable
growth pattern on S. mutans growth when applied at MIC concentrations exhibiting a
more biphasic pattern. Combination caused regrowth between 12 h to 20 h, although
this pattern changed to growth inhibition after 20 h. In addition, PRE showed S.
gordonii regrowth after 20 h especially at MIC/2 concentration. Zn (II) inhibited
microbial growth in a dose-dependent manner for C. albicans and S. mutans and
caused greater inhibition than the PRE/Zn (II) for S. mutans and S. gordonii. Overall,

all compounds inhibited microbial growth compared to untreated controls after 24 h.
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Figure 4.5: Bacterial/fungal growth curves for (A) C. albicans, (B) S. gordonii and
(C) S. mutans in the presence of PRE (MIC and MIC/2), Zn (II) (MIC and MIC/2) and
PRE in combination with Zn (II) (MIC+MIC and MIC/2+MIC/2) over 24 h (N=3).
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4.4.6 Biofilm formation of studied microbes

The potential of studied microbes to adhere and maintain the viability on microtitre
plates was evaluated and used to understand the biofilm formation ability of these
microbes under in vitro conditions. The biofilm mass was quantified for the 24 h
biofilms of each bacterial strain and C. albicans by staining the attached microbe with
crystal violet (Figure 4.6A). All studied microbes showed an ability to form a
consistent biofilm. The statistical differences between O.D. values of crystal violet-
stained microbes is shown in Figure 4.6B. The biofilm formation ability between
studied microbes showed differences probably due to their characteristic features. C.
albicans exerted the significantly highest O.D. value that mean higher biomass of
stained with crystal violet than other microbes (p<0.0001). S. salivarius, S. gordonii
and S. sanguinis presented similar biofilm formation abilities according to their O.D.
values obtained from crystal violet-stained wells of each microbe (p>0.5). S. mutans
and S. anginosus showed statistically lower O.D. values compared to S. salivarius, S.

gordonii and S. sanguinis (p<0.0001).
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Figure 4.6: Comparison of biofilm formation capacity between microbes in MH broth after 24 h in microtitre plates, using the crystal
violet staining assay. (A) Crystal violet staining optical density values. Data are expressed as the mean+SEM. N=4. (B) Multiple
comparison analysis of significant changes in biofilm formation capacity of studied microbes. Significant differences indicated by *,

where **p<0.01, ***p<0.001, and ****p<0.0001 between studied microbes. Blue boxes represent no significant difference between

indicated group.
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4.4.7 Biofilm formation inhibition and biofilm eradication activity

The effects of PRE, Zn (II) and PRE/Zn (II)s on biofilm formation (Figure 4.7) and
pre-formed biofilms (Figure 4.8) were studied by using an in vitro crystal violet assay
in a microtitre plate. In the assay, MICs and half of the MICs of PRE, and Zn (II) were

used alone and in combination.

For S. mutans, PRE, Zn (II) and PRE/Zn (II) did not show statistically significant
inhibition of biofilm formation at both MIC and MIC/2 values (p>0.05). Similarly,
PRE, Zn (II) and PRE/Zn (II) at MIC/2 concentrations did not affect pre-formed S.
mutans biofilms (p>0.05). However, PRE, Zn (II) and PRE/Zn (II) significantly
eradicated pre-formed biofilms of S. mutans (p<0.01), when applied at MIC
concentrations. PRE/Zn (II) did not exert any potentiated effect in terms of the

eradication of S. mutans biofilms (p>0.05).

For C. albicans, the inhibition of biofilm formation was observed at all studied
concentrations of PRE, Zn (II) and PRE/Zn (II). Moreover, PRE/Zn (II) combination
(MIC/2+MIC/2) showed a significantly enhanced inhibition of biofilm formation,
compared to both the control and PRE or Zn (II) alone (p<0.01). PRE/Zn (II)
significantly inhibited biofilm formation compared to GC and Zn (II) alone at MIC
concentration. Although PRE/Zn (II) exerted a better inhibition in biofilm formation,
this effect was not statistically significant compared to PRE alone at MIC
concentration. PRE, Zn (II) and PRE/Zn (II) did not show significant eradication on
the C. albicans biofilm at both MIC and MIC/2 concentrations (p>0.05).

PRE and PRE/Zn (II) significantly inhibited S. sanguinis biofilm formation, compared
to untreated controls (p<0.01). Zn (II) alone did not affect either biofilm formation or
eradication of S. sanguinis at MIC/2 and MIC concentrations (p>0.05). PRE and
PRE/Zn (II) significantly eradicated pre-formed S. sanguinis biofilm (p<0.01).
However, PRE/Zn (II) did not show any synergistic activity in biofilm formation

inhibition and biofilm eradication of S. sanguinis in this assay (p>0.05).
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A potentiated biofilm formation inhibition and pre-formed biofilm eradication activity
was observed on S. gordonii. Both MIC and MIC/2 values of PRE/ Zn (II) combination
significantly decreased biofilm formation of S. gordonii, in comparison to both
untreated controls and the application of PRE or Zn (II) alone. Similar effects were
observed on preformed biofilm of S. gordonii. While PRE (MIC/2) and Zn (II)
(MIC/2) alone did not show any significant inhibition of biofilm formation and pre-
formed biofilm (p>0.05), the PRE/Zn (II) (MIC/2+MIC/2) combination showed

increased biofilm inhibition and eradication activity (p<0.01).
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Figure 4.7: Comparison of biofilm inhibition for (A) MIC/2 and (B) MIC values of
PRE, Zn (II) and PRE in combination with Zn (II) on biofilm formation capacity for
indicated microbes in MH broth after 24 h in microtitre plates, using the crystal violet
staining assay. “a” represents significant difference between treatment compounds and
growth control group and “b” represents significant difference between Treatment

compounds (p<0.01). Data are expressed as mean+=SEM. N=3.
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PRE, Zn (II) and PRE in combination with Zn (II) for indicated microbes in MH broth
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4.4.8 Biofilm eradication as assessed by CLSM with live/dead bacterial

viability assay

In this assay, the BacLight Live/Dead Bacterial Viability Kit was used to analyse S.
mutans, S. gordonii, S. sanguinis, C. albicans and P. gingivalis biofilm structures
under the indicated treatment conditions with PRE (MIC), Zn (II) (MIC) and PRE/Zn
(II) (MICH+MIC). Thick and compact biofilms were obtained in the growth controls
for each studied bacterial species, and it was observed that biofilms treated with MIC
concentrations of the treatment compounds were diminished compared to untreated
controls. Quantitative analysis of biofilms using COMSTAT?2 with ImagelJ allowed
different parameters to be analysed to evaluate the biofilm structure from each studied
species. The results were shown as CLSM images, using IMARIS software (v4.1.3,
Bitplane AG, Zurich, Switzerland) and COMSTAT?2 analysis for biofilm mass, mean

thickness of entire biofilm, roughness coefficient and dead:live ratio.

MIC values of compounds were used for each studied strain, as previously indicated
in Table 4.4. For P. gingivalis, MIC values could not be determined because of the
precipitation with required broths, BHI and FAB. In this assay, PRE 1 mg/mL was
used to evaluate the effect of PRE and PRE in combination with Zn (II) on P.
gingivalis biofilm. An absorbance-based method was performed to find the minimum
biofilm eradication concentration, but according to this assay results suggested that
higher concentrations of PRE (>50 mg/mL) and Zn (II) (>50 mM) were needed to
eradicate the biofilm (data not shown). However, there were some problems with
absorbance-based methods. For example, it was not possible to distinguish between
live and dead cells in the absorbance-based assay. For this reason, MIC values of
compounds were chosen, as it has been known that microbes are more resistant to
antimicrobials in the biofilm condition and subsequently require higher concentration
of antimicrobials for inhibition. The MIC value could be considered as a suitable
concentration to use in this assay as it is a sufficient concentration to inhibit the

microbe in planktonic condition and effect biofilm structure.

PRE and PRE/Zn (1) significantly decreased the biomass of S. sanguinis biofilms,
compared to untreated controls (p<0.0001, Figure 4.9). However, while Zn (II) caused

a decrease in the biomass, it did not show a significant reduction in compared with
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untreated controls (p>0.05). The same effect was also observed for the roughness
coefficient parameter. PRE and PRE/Zn (II) caused an increase in roughness
coefficient, which has been accepted to reflect heterogeneity in the biofilm structure.
However, there was no significant difference between untreated and Zn (II)-treated
biofilms of S. sanguinis (p>0.05). The heterogeneity in the biofilm structure could be
observed in images obtained using the IMARIS image program (v4.1.3, Bitplane AG,
Zurich, Switzerland). Similarly, all compounds caused a significant decrease in mean
biofilm thickness that could be observed from images (Figure 4.9B). PRE and Zn (II)
greater dead/live ratio compared to both untreated growth control and PRE/Zn (I1). It
was interesting that PRE/Zn (II) exerted similar dead/live bacterial ratio compared to
untreated growth control and there was not significant difference (p>0.05) (Figure

4.9).

The effects of PRE, Zn (II) and PRE/Zn (II) on 24 h S. gordonii biofilms was also
assessed Figure 4.10. PRE- and PRE/Zn (II)-treated biofilm biomass levels were
significantly lower than untreated controls (p<<0.0001). Only Zn (II) treatment did not
cause a significant inhibition in biomass (p>0.05). Again, PRE and PRE/Zn (II) treated
biofilms showed a greater roughness coefficient in biofilm structure (p<0.01 and
p<0.001 for PRE and PRE/Zn (II), respectively). However, there was no significant
difference between untreated control biofilms and Zn (I)- treated biofilms (p>0.05).
Regarding the mean thickness of the biomass, all treatment groups caused a significant
reduction (p<0.0001 for PRE and PRE/Zn (II) and p<0.01 for Zn (II); and the PRE/Zn
(IT) showed more inhibition than Zn (II) alone (p<0.01). PRE and Zn (II) greater
dead/live ratio compared to untreated growth control. Although PRE showed higher
dead/live ratio than PRE/Zn (II), there was not a significant difference (p>0.05).
However, Zn (II) alone showed a greater dead/live ratio compared to PRE/Zn (II)

(p<0.01) (Figure 4.10).

S. mutans produced an intact biofilm in untreated controls as evident by CLSM stained
with Live/Dead stain (Figure 4.11A). All compounds diminished the pre-formed
biofilms at their MIC values and combinations by causing disruption in biofilm
structure, as shown in Figure 4.11C. PRE and PRE/Zn (II) treated biofilms of S.
mutans showed a significantly lower biomass, when compared to untreated controls

(p<0.0001). Zn (II) also significantly reduced the biomass of the biofilm (p<0.01), but
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this reduction was less than PRE and PRE/Zn (II) treatments. Moreover, the PRE/Zn
(IT) effect on biomass of biofilm was significantly greater than the Zn (II) alone
treatment (p<0.05). Similar effects on biofilm were observed for other parameters used
to compare the biofilm structure. Again, PRE and PRE/Zn (II) significantly increased
the roughness coefficient, compared to untreated controls (p<0.0001) and Zn (II)
treatment (p<0.05). However, Zn (II) alone treatment did not show any statistically
significant difference, with untreated controls (p>0.05). For the mean thickness of
biomass, PRE/Zn (II) showed the greatest reductions, compared to untreated controls
(p<0.001). PRE alone also showed a decrease in mean thickness of biomass (p<0.05),
but not as much as PRE/Zn (II) treatment. While Zn (II) treatment reduced the mean
thickness of biomass, it was not statistically significant compared to untreated control
group (p>0.05, Figure 4.11). PRE/Zn (II) exerted a significantly higher dead/live ratio
compared to untreated growth control (p<0.05) and Zn (II) alone p<0.01). PRE, Zn
(IT) and untreated growth control exerted similar dead/live ratios and there was not a

statistically significant difference between them (p>0.05) (Figure 4.11).

C. albicans biofilms showed that after 24 h post-treatment, studied compounds
changed the C. albicans biofilm structure (Figure 4.12). All treatment groups
significantly reduced the biofilm biomass, compared with untreated controls (all
p<0.0001, Figure 4.12C). PRE caused the greatest decrease in mean biofilm thickness
(p<0.001), but both Zn (II) or the PRE/Zn (II) led to a significant decrease in mean
thickness of biomass (Figure 4.12B and C). However, while PRE increased the
roughness coefficient, it was not statistically significant (p>0.05). Zn (II) showed a
higher dead/live ratio, but it was not statistically significant (p>0.05) Similarly, other
treatment groups and untreated growth control showed similar dead/live ratio without

any statistically significant difference (p>0.05). (Figure 4.12C).

Application of PRE, Zn (II) and PRE/Zn (II) on P. gingivalis biofilms showed that
after 48 h incubation under anaerobic conditions, P. gingivalis formed a moderate
biofilm. P. gingivalis biofilms treated with PRE, Zn (II) and PRE/Zn (I1) disrupted the
biofilms and caused cell death, especially those treated with PRE and the PRE/Zn (1I),
as shown in Figure 4.13 A and B. PRE and PRE/Zn (II) also significantly decreased
the biomass of biofilm (p<0.001), while Zn (II) alone did not cause significant

reduction in biomass compared to untreated controls. Both the roughness coefficient
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and mean thickness of biofilm levels were not affected by studied compounds and
their combinations (p>0.05). However, all treatments caused significantly higher

dead/live ratio, as presented in Figure 4.13C (p<0.05).
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4.4.9 Scanning electron microscopy (SEM)

SEM was used to evaluate the effects of PRE, Zn (II) and PRE/Zn (II) on the
phenotypic characteristics of single-species biofilms for selected microorganisms.
Biofilms formed on glass cover slips were examined after processing samples by
freeze-drying. Figures 4.14, 4.15 and 4.16 are representative scanning electron

micrographs for S. mutans, S. gordonii and C. albicans, respectively.

SEM showed that S. mutans biofilm under the treatment of PRE exerted an
aggregating effect on biofilm, when compared to untreated controls. This effect was
not observed with Zn (II)-treated S. mutans biofilms, which exhibited a more
homogenously dispersed biofilm on the glass coverslip, similar to untreated biofilm,
but to a lesser extent. PRE/Zn (II) showed the similar aggregating effect, which could
be associated with the presence of PRE in the combination, rather than Zn (II) (Figure
4.14A and B). Similar results were observed for S. gordonii biofilms (Figure 4.15).
However, S. gordonii formed denser biofilms on the glass coverslip than S. mutans.
PRE-, Zn (II)- and PRE/Zn (1) treated S. gordonii biofilm had an inhibitory effect on
the biofilm, compared to untreated controls (Figure 4.15A and B). Chlorhexidine di-
gluconate (0.2 %), was used as a positive control and showed similar clumping effects
on S. mutans and S. gordonii biofilms. PRE and PRE/Zn (II) treatments also caused a
change in C. albicans surface membranes and again showed this clumping effect

(Figure 4.16A and B).
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Figure 4.14: Structural characteristics of S. mutans biofilms on glass coverslips treated
with PRE (MIC), Zn (II) (MIC) and PRE/Zn (II) (MIC+MIC), 0.2% chlorhexidine
gluconate (positive control) or without these compounds (untreated, negative control).
Representative scanning electron micrographs scale bars were (A) 50 um and (B) 20

um for each treatment condition.
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Figure 4.15: Structural characteristics of S. gordonii biofilms on glass coverslips
treated with PRE (MIC), Zn (II) (MIC) and PRE/Zn (II) (MIC+MIC), 0.2%
chlorhexidine gluconate (positive control) or without these compounds (untreated
negative control). Representative scanning electron micrographs scale bars were (A)

50 um and (B) 20 um for each treatment condition.
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Figure 4.16: Structural characteristics of C. albicans biofilms on glass coverslips
treated with PRE (MIC), Zn (II) (MIC) and PRE/Zn (II) (MIC+MIC), 0.2%
chlorhexidine gluconate (positive control) or without these compounds (untreated-
negative control). Representative scanning electron micrographs scale bars were (A)

50 um and (B) 20 um for each treatment condition.
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4.5 Discussion

The antimicrobial activity of pomegranate extracts has been studied extensively against a
range of Gram-positive, Gram-negative bacteria and yeasts (Negi and Jayaprakasha 2003;
Heber et al. 2006; Yehia et al. 2011). Studies showed that pomegranate extracts were
abundant with phenolic compounds, especially hydrolysable tannins. Moreover, these
phenolic compounds were associated with antimicrobial activity of pomegranate extracts
against various microbes (Kanatt et al. 2010; Miguel et al. 2010; Celiksoy and Heard
2021).

The primary aim of this research was to assess the antimicrobial activity of PRE and Zn
(IT) alone and the potential synergistic antimicrobial activity for PRE/Zn (II) against oral
bacteria and C. albicans. E. coli and S. aureus were included in this study to compare our
results with previous studies, as the antimicrobial activity of pomegranate peel extract has
previously been studied extensively against E. coli and S. aureus (Braga et al. 2005;
McCarrell et al. 2008; Al-Zoreky 2009; Pagliarulo et al. 2016). In this study, PRE showed
an antimicrobial activity against S. aureus, but was inactive against E. coli even at 50
mg/mL. PRE showed a zone of inhibition in the agar well-diffusion assay, and the MIC
of PRE against S. aureus was determined to be 2 mg/mL. Earlier studies revealed varying
results, in terms of the MIC values and zones of inhibition reported for pomegranate
extracts. Khan and Hanee (2011) indicated comparatively less antimicrobial activity
against S. aureus and E. coli, than other studied bacteria using a zone of inhibition assay.
In the study of Pagliarulo et al. (2016), a clear zone inhibition was observed against both
E. coli and S. aureus, between 15- 30 mm for various hydroalcoholic extracts from
pomegranate fruit, including crude and purified peel extract. Meléndez and Capriles
(2006) tested the antimicrobial properties of several tropical plants from Puerto Rico,
using the disc diffusion against E. coli and S. aureus. They demonstrated that pomegranate
extract produced zone of inhibition sizes of 11 mm and 20 mm for E. coli and S. aureus,
respectively. Mathabe et al. (2006) found that methanol, ethanol, acetone and water
extracts obtained from pomegranate exhibited antimicrobial activity against a range of

bacteria, including S. aureus and E. coli. However, Kanatt et al. (2010) found that
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pomegranate peel extract was not effective against E. coli and a similar extraction method

and solvent was used in both the Kanatt et al. (2010) study and the current research.

MIC values against S. aureus have been reported to range from 0.62 mg/mL to >250
mg/mL (Prashanth et al. 2001; Machado et al. 2003; McCarrell et al. 2008). The
variability in MIC is not surprising, since it is typically observed even with conventional
antimicrobials against all clinical isolates (EUCAST data 2013, available at:

http://www.eucast.org/), though generally within a more restricted range. These

differences in antimicrobial activity and efficacy of pomegranate peel extract or PRE
could be associated with different factors. The important factors are the composition of
the extract and harvesting time, geographical location of the plant, age of plant, growth
stage, drying and extraction technique (Galvao et al. 2012). In addition, the studied
bacterial strains could have different sensitivities to plant extracts. Moreover, while
standard protocols have been used in laboratories to find MIC values of antimicrobial
compounds, there are some potential factors such as duration of measurement and density
of inoculum that could cause variation in MIC values. All the above-mentioned reasons
may contribute to the variability in obtained concentrations of antimicrobial activity and
should be taken into consideration when results are compared from different studies

(Holland et al. 2014).

PRE and Zn (II) were assessed for their antimicrobial activity using the agar well diffusion
assay against selected oral microbes. All strains were susceptible to Zn (II) by showing
clear zones of inhibition and the MIC values of Zn (II) varied between 0.39 and6.25 mM.
PRE caused zones of inhibition in all studied streptococcus strains and C. albicans, but it
did not show any zone of inhibition for E. coli. This variation in antimicrobial activity
may reflect differences in cell surface structures between Gram-negative and Gram-
positive bacteria. Gram-negative bacteria have an outer membrane, and the repulsion
between polyphenolic compounds and Gram-negative bacteria surface could causes less
efficiency of polyphenolic compounds against Gram-negative bacteria (Ikigai et al. 1993;
Fattouch et al. 2007). Even different strains of the same bacterial species can show

different sensitivity for one polyphenol (Helander et al. 1998). In this study, the zone of
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inhibition assay could not be performed for the anaerobic species P. gingivalis and F.
nucleatum, as PRE reacted with blood in the supplemented agar necessary for the suitable
growth of these anaerobic bacteria. Additionally, P. gingivalis and F. nucleatum did not
show enough growth with other agar media, even with Brucella agar supplemented with
haemin and vitamin K, which was the suggested agar for anaerobes in CLSI guideline
(CLSI documents, M11-A7). Similar problems were observed when performing the MIC
assay for these bacteria as MH broth is used in the MIC assay and these anaerobic bacteria
did not reach the growth phase with this broth. However, the MIC values for PRE against
studied streptococcus strains and C. albicans varied between 1-4 mg/mL. The MLC
values of both PRE and Zn (II) were found to be at least two-fold than the MIC values.
Both PRE and Zn (II) showed bacteriostatic and bactericidal activities against studied
microbes dependent on concentrations. Bacteriostatic activity of PRE has been reported
with a water extract exerting only weak zone of inhibition activity, with a hazy zone
against B. subtilis ATCC 6633 and S. cerevisiae Y-139 (Al-Zoreky 2009). McCarrell et al.
(2008) found that while pomegranate peel water extract caused a zone of inhibition in first
12 h against P. aeruginosa, this activity was not observed at 24 h. Thus, these effects were
associated with inhibition of physiological processes that diminished over time. However,
bactericidal activity of PRE has been also reported against S. epidermidis, E. faecalis, P.
aeruginosa and A. baumannii (Chebaibi and Filali 2013). Similarly, Zn (II) has been
shown to possess bactericidal and bacteriostatic activities. Although many bacteria have
a defense mechanism for the detoxification of heavy metal ions, metal compounds have
been extensively studied to develop antimicrobial agents. It has been shown that many
low-molecular-mass metal compounds demonstrate bacteriostatic and bactericidal
activities (Silver 1996). In a previous study, the susceptibilities of Staphylococcus strains
to metal salts solutions (in the range of 50 pumol to 80mmol) were determined and
frequencies of resistance were found to be as follows: CuSO4 and NiCI2 (36.2%), ZnSO4
(13.6%) and CoCl2 (4.5%), (Ug and Ceylan 2003). In another study, ZnSO4 bactericidal

activity was demonstrated against enteric bacterial pathogens (Butt and Satti 2011).

The potential synergy between PRE and Zn (II) was evaluated using checkerboard assays

and time kill assays. P. gingivalis and F. nucleatum were not studied, because of
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previously discussed limitations in the growth of bacteria and reaction between growth
media and PRE. The synergistic activity between PRE and Zn (II) was only evident with
for S. gordonii and C. albicans, with additive activity observed against S. sanguinis, S.
anginosus, S. mutans and E. coli. While PRE did not show inhibition against E. coli, when
it was combined with Zn (II) the additive antimicrobial activity was observed by the
chequerboard assay. However, for S. aureus, no difference was observed in growth
inhibition using the chequerboard assay. The results were similar to those reported for S.
aureus by McCarrell et al. (2008) since detectable growth inhibition was not observed in
the combination of PRE and Zn (II) for S. aureus. Conversely, in the same study, growth
inhibition was not observed for E. coli, as well as for PRE combination with Zn (II)

(McCarrell et al. 2008).

The time kill assay was performed on selected microbes, S. mutans, C. albicans and S.
gordonii, to measure bactericidal activity depending on time (Jacqueline et al. 2003). C.
albicans and S. gordonii were selected to confirm contact time for synergistic activity. S.
mutans was used in this study as it is considered the main pathogenic microbe in dental
decay (Zhang et al. 2017). In the time kill assay at 240 min, synergistic antimicrobial
activity for PRE/Zn (I1) was observed for S. gordonii and C. albicans. PRE/Zn (II) showed
more greater (>2 log) reduction than Zn (II) alone, which had the highest reduction in this
combination. Similarly, vanillin complex (a phenolic compound) combined with different
metal ions in zone of inhibition assays has previously potentiated antimicrobial activity
against S. aureus, E. coli, K. pneumoniae, P. aeruginosa and C. albicans was observed
(Nair and Joseyphus 2008). Potentiated antimicrobial activity against herpes virus was
investigated for the PRE/Zn (II) and a 6-log reduction was observed when PRE was
combined with different zinc salts (Houston et al. 2017b). To explain the enhanced
antimicrobial activity for pomegranate extracts and metal salts, it has been suggested that
phenolic compounds form a complex with metal ions and this complex has greater
antimicrobial activity. In addition, metallic 1ons may generate more reactive oxygen
species (ROS) generation which causes enhanced PRE activity at the metal centre (Gould

et al. 2009; Zhang et al. 2016).
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Interactions between pomegranate whole fruit methanolic extract and five antibiotics
(chloramphenicol, gentamicin, ampicillin, tetracycline and oxacillin) against 30 clinical
isolates of methicillin-resistant and methicillin-sensitive Staphylococcus aureus was
demonstrated by Braga et al. (2005). In addition, a significant potentiated antimicrobial
activity was observed with Zn (II) ion, when used with conventional antibiotics. Zn (II)
ions significantly enhanced the antimicrobial activity of tetracycline, macrolides,
aminoglycosides, quinolones and vancomycin (Tichy and Novak 1998; Hamdan 2003;
Gokhale et al. 2007; Uivarosi 2013; Zarkan et al. 2016). Similarly, fresh pomegranate
juice and rifampin in combination showed enhanced antimicrobial activity against multi-
drug resistant M. tuberculosis (Al Matar et al. 2019). A synergistic activity was also
observed between methanolic pomegranate peel extract and ciprofloxacin in a study by
Dey et al. (2012). The potentiated antimicrobial activity between pomegranate extracts
and antibiotics has been attributed to their efflux blocking actions (Lomovskaya and
Watkins 2001; Stavri et al. 2007). Braga et al. (2005) reported efflux inhibition activity
for the methanolic extract of the whole pomegranate fruit against S. aureus RN-7044,
containing the pWBG32 plasmid encoding an ethidium bromide efflux mechanism.
Hence, a similar synergistic mechanism may also be apparent with PRE/Zn (I1). However,
further studies are necessary to confirm this and other possible mechanisms for the

potentiated antimicrobial activity of PRE/Zn (II) against certain microbes.

Microorganisms in biofilms are generally more resistant than planktonic equivalents
(Carlsson 1967; Gibbons and Houte 1975). Therefore, biofilm-associated infectious
diseases can cause prolonged problems by converting acute infections to chronic infection
(Hall-Stoodley and Stoodley 2009). It was reported that dental plaque comprises more
than 700 microbes and different microbes play a role in the pathogenesis of oral infectious
diseases. Complexity of biofilm pathogenesis could cause issues due to antimicrobial
resistance problems in the treatment of biofilm-related infectious diseases. Thus, research
into unconventional antimicrobial agents, such as plant extracts, could uncover important
pathway for antimicrobial drug development. However, antimicrobial studies with plant-
derived products are generally restricted to planktonic bacteria, rather than biofilms

environments (Costerton et al. 2003). Therefore PRE, Zn (II) and PRE/Zn (II)s were
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studied on bacteria in biofilm conditions. The effect of studied compounds activity on
biofilm formation and pre-formed biofilm eradication were investigated on 24 h single
species biofilms of S. sanguinis, S. mutans, S. gordonii, C. albicans and 48 h single

species biofilms of P. gingivalis.

In this study, PRE and Zn (II) showed antimicrobial activity against S. mutans, both in
planktonic and biofilm conditions. However synergistic activity was not observed for the
PRE/Zn (II). In the biofilm eradication study by CLSM and COMSTAT?2 analysis, PRE
showed significantly greater biofilm disruption activity than Zn (II) on the biomass of S.
mutans biofilms and similar results were obtained from the PRE/Zn (II). MIC values
against S. mutans were 1 mg/mL and 1.56 mM for PRE and Zn (II), respectively, which
were also used in the biofilm study. In the study by Sateriale et al. (2020), an MIC of 10
mg/ mL against S. mutans for hydroalcoholic extracts of pomegranate peel was reported.
Sateriale et al. (2020) studied the same hydroalcoholic pomegranate peel extract’s effects
on S. mutans biofilms, with the pomegranate peel extract demonstrating inhibition of
biofilm formation, even at half of the MIC value (5 mg/mL) and disruption to preformed
S. mutans biofilms at 40 mg/mL. This study indicated a synergistic activity between the
pomegranate peel extract and myrtle extract, in terms of antimicrobial activity against S.
mutans and another oral pathogen, Rothia dentocariosa. Ferrazzano et al. (2017) found
MIC and MLC values against S. mutans of 10 and 15 mg/mL, respectively, for
pomegranate peel hydroalcoholic extract, with pomegranate peel exerting better
antimicrobial activity than pomegranate juice. In the current study, 1 mg/mL of PRE
eradicated pre-formed biofilms of S. mutans. PRE significantly decreased the biomass and
increased the roughness coefficient of the S. mutans biofilms. PRE can inhibit
glycosyltransferases in S. mutans, and inhibition of glycosyltransferases is important,
since it plays a major role in the pathogenesis of S. mutans in dental caries (Haslam 1996;

Gulube and Patel 2016; Yang et al. 2019).
Dabholkar et al. (2016) compared the antimicrobial activity of a commercial pomegranate

mouthwash (Life-extension, USA) and 0.12% chlorhexidine mouthwash using the zone

of inhibition assay against S. mutans, S. salivarius and Aggregatibacter
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actinomycetemcomintans. Pomegranate mouthwash exerted zones of inhibition against all
three bacteria, although this inhibition was lower than chlorhexidine. Similarly, in this
study, S. salivarius was found susceptible to PRE with an MIC of 2 mg/mL and PRE 2
mg/mL diminished the biofilm. However, while Zn (II) also inhibited the growth and
biofilm with an MIC of 0.39 mM, the PRE/Zn (II) did not exert synergistic or antagonistic
activity. Aldhaher et al. (2015) found pomegranate peel aqueous extract had an MLC of
25 mg/mL against S. mutans, using agar diffusion assay. In addition, 25 mg/mL of
pomegranate peel aqueous extract inhibited adherence of S. mutans to teeth and stainless-
steel wire. In another study, pomegranate peel methanolic extract inhibited the growth of
S. mutans, S. sanguinis, S. salivarius, Lactobacillus acidophilus and S. aureus, but was
ineffective against C. albicans and Actinomyces viscous, in the form of 8§ and 12 mg/mL
extract-loaded discs assessed using the agar diffusion assay. All observed inhibition was
lower than ciprofloxacin and nystatin positive controls (Abdollahzadeh et al. 2011).
Pomegranate extract was found effective against C. tropicalis and C. glabrata in the study
by Oliveira et al. (2013). In the present study, PRE and Zn (II) inhibited C. albicans
growth, with MIC values of 4 mg/mL and 6.25 mM, respectively. In addition, the PRE/Zn
(IT) showed synergistic activity against planktonic cells using checkerboard and time kill
assays starting at 240 min (4 h). Anti-biofilm activities of the compounds was assessed
for 24 h C. albicans biofilms and all treatments showed significant anti-biofilm activity.
The C. albicans biofilm biomass was significantly reduced. However, PRE had the
greatest effect on the mean biofilm thickness whilst PRE/Zn (II) did not exhibit synergistic
antibiofilm effects. Mehta et al. (2014) performed in vitro zone of inhibition studies to
evaluate antimicrobial activity against a range of oral microbes. Aqueous pomegranate
peel extract showed a dose-dependent antimicrobial response against S. mutans, S. mitis
and C. albicans. However, P. gingivalis and P. intermedia were resistant. While Mehta et
al. (2014) showed the inefficiency against P. gingivalis and P. intermedia, blood
supplemented agar was used in their study and that could be the reason for no
antimicrobial activity against these two obligate anaerobes, since tannins in pomegranate
peel extract are able to bind iron in the blood, resulting in a black compound. This reaction
could prevent the antimicrobial action of pomegranate peel extract. In this Chapter, the

antimicrobial activity of PRE against P. gingivalis and F. nucleatum could not be
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determined due to precipitation and turbidity problems with the growth media required by
these obligate anaerobic bacteria in planktonic form. The agar well diffusion assay was
not performed due to precipitation of tannin with iron in blood. While P. gingivalis and
F. nucleatum showed growth in FAB and BHI broth, PRE precipitated in BHI broth, and
this precipitation prevented turbidity-based assessments. Resazurin was considered to
measure growth, but reproducible results were not obtained possibly due to the PRE redox
effect on colour change of resazurin (Cordier and Steenkamp 2015). Therefore, PRE
antimicrobial effect was studied on P. gingivalis biofilms. After forming P. gingivalis
biofilms in FAB or BHI, PRE, Zn (II) and PRE/Zn (II) antimicrobial effect was observed
via live/dead fluorescence staining. This concept helped to overcome turbidity,
precipitation or redox problems. PRE and PRE/Zn (II) significantly reduced the biofilm
biomass, while Zn (II) alone did not cause any significant changes. Hence, the effect of
the PRE/Zn (II) on P. gingivalis biofilms could be primarily attributed to PRE.
Widyarman et al. (2018) reported the antimicrobial activity of pomegranate juice against
P. gingivalis, Treponema denticola and A. actinomycetemcomitans biofilms; undiluted
pomegranate juice gave similar inhibition results to 0.2% chlorhexidine. It was indicated
that pomegranate juice showed greater antimicrobial activity against multispecies

biofilms comprising these three microbes.

In this study, the effect of PRE, Zn (II) and PRE/Zn (I1) effect were studied on biofilms
of C. albicans, S. mutans and S. gordonii. Morphological damage was also observed in
PRE-treated biofilms of C. albicans. Furthermore, similarities in phenotypic
characteristics were observed between PRE-, PRE/Zn (II)- and 0.2% chlorhexidine-

treated biofilm of studied microbes.

In one clinical study, after rinsing the mouth with 30 mL of pomegranate juice, 23% and
46% reductions of streptococci and lactobacilli, respectively (Kote et al. 2011). However,
the material and methodological information related to pomegranate variety and juice
preparation was not provided for this study. In another clinical study, 60 mg/mL of
hydroalcoholic extract from whole pomegranate fruit, distilled water and 0.12%

chlorhexidine were compared in 60 healthy patients. The hydroalcoholic extract of
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pomegranate mouthwash was found to be effective against dental microorganisms with
84% reduction in CFU/mL. Similar values were obtained for chlorhexidine, with  79%
inhibition and only 11% inhibition was observed with distilled water (Menezes et al.
2006). Umar et al. (2016) performed a study to compare the antimicrobial activities of
different parts of pomegranate (peel, aril and juice), using an in vitro zone of inhibition
assay against S. mutans. It was found that pomegranate peel exerted higher activity, whilst
pomegranate juice did not show any inhibitory activity. A mouthwash formulation was
then clinically evaluated to determine its effects on salivary pH and S. mutans levels. It
was found that salivary pH increased for both groups after 10 min and 60 min.
Furthermore, S. mutans numbers significantly decreased for both groups, while
chlorhexidine resulted in an increase. A recent systematic review of the literature
compared natural antimicrobial phenolic compounds and synthetic antimicrobials using
16 clinical studies for qualitative synthesis and 12 studies for meta-analysis (Martins et
al. 2020). The result showed that natural antimicrobial phenolic compounds were less
effective than chlorhexidine in biofilm control. However phenolic compounds, including
pomegranate phenolics, showed similar reductions in oral microbe counts of S. mutans

and streptococcus species.

The antimicrobial mechanism of polyphenols is not clear, but there are some suggested
mechanisms. In general, the mode of action for polyphenols is associated with their ability
to damage the cytoplasmic membrane, inhibition of nucleic acids and energy metabolism
that could be a result of reaction between sulthydryl groups or by non-specific interactions
with the proteins (Cowan 1999). In addition, polyphenols can interfere the synthesis of
cell membrane and cell wall (Cushnie and Lamb 2011). The phenolic acids-cell membrane
interface can cause hyper-acidification and induce permeability of cell membranes. This
could partly explain the varied antimicrobial efficiency of pomegranate against different
microbes (Miguel et al. 2010; Lou et al. 2011). Polyphenols also inhibit the respiratory
chain of microbes and decrease the oxygen consumption, resulting in limited oxidation of

NADPH (Haraguchi et al. 1998).
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The antimicrobial activity of PRE could be attributed to its high content of hydrolysable
polyphenols, mainly gallotannins and ellagitannins, such as punicalagins, punicalin and
ellagic acid (Cowan 1999; Patel et al. 2008; Kasimsetty et al. 2009; Glazer et al. 2012). It
has been suggested that the chemical structure of tannins play a role in their antimicrobial
activities. For instance, hydrolysable tannins exerted antimicrobial activity in lower
concentrations than condensed tannins (Ekambaram et al. 2016). The degree of
galloylation, configuration of the digalloyl or trigalloyl groups that to the glucose core
and free galloyl groups have an effect on antimicrobial activity of tannins which are the
most abundant compounds in pomegranate extracts (Chung et al. 1993; Tian et al. 2009;
Engels et al. 2010). For example, while punicalagin is effective against a range of bacteria,
another ellagitannin, granatin A, was found to be ineffective against microbes, probably
due to the absence of free galloyl groups (Machado et al. 2002; Shimozu et al. 2017). A
higher degree of galloylation means higher protein binding capacity (Ekambaram et al.
2016). Moreover, Reddy et al. (2007) studied the antimicrobial activity of ellagic acid,
gallagic acid, punicalin and punicalagin and found that punicalagin and gallagic acid
exhibited the highest antimicrobial activity. Therefore, it was suggested that the gallagyl
and hexahydroxydiphenol (HHDP) moieties could be more important than the ellagic acid
moiety in terms of antimicrobial activity of these phenolic secondary compounds (Reddy
et al. 2007). Hydroxyl groups can react with both the cell membrane and active site of
microbial enzymes, and as a result damage microbial metabolism (Silva-Beltran et al.

2015).

Anti-biofilm activity mechanism of polyphenols is not clear, but it could be attributable
to multiple factors. The antibiofilm activity of pomegranate polyphenolic compounds
comprises the precipitation of vital proteins, which play role in biofilm formation, such
as adhesins. In addition, the pomegranate polyphenolics ellagic acid and ellagitannins,
could change the cell surface charge and interfere with cell-substratum interactions and
biofilm development (Liu et al. 2008). The adhesion of microbes is mainly related to
physicochemical characteristics of the surface. However, bacterial characteristics and
other environmental factors should not be ignored in the adhesion process during biofilm

development. A change in bacterial surface could affect and interfere with the attachment
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of cell-substratum and distract the normal phase of biofilm development (Simdes et al.
2007). In addition, it should be noted that polyphenols can also cause aggregation of
microbes, and this situation changes the bacterial attachment preference and affects
surface attachment (Cushnie et al. 2011). Another factor is Quorum Sensing (QS), QS is
described as the control of gene expression in response to changes in cell population
density. Moreover, QS assists microbes in escaping from the host immune system
(Rudrappa and Bais 2008; Ni et al. 2009). Several studies have suggested that QS
inhibition plays a role in the anti-biofilm activity of pomegranate (O’May and Tufenkji

2011; Sarabhai et al. 2013).

4.6 Conclusion

PRE and Zn (II) exhibited antimicrobial activity against all studied Streptococcus strains
and C. albicans. Synergistic antimicrobial activity of PRE/Zn (II) was found only against
planktonic S. gordonii and C. albicans. Generally, PRE showed better anti-biofilm
activity than Zn (II) and PRE/Zn (II). As such, biofilm eradication activity could be more
associated with PRE, rather than Zn (II). Further studies are necessary to see the effect of
PRE, Zn (II) and PRE/Zn (II) in more complex biofilms, rather than single species
biofilms. In addition, more research is required to elucidate the antimicrobial and anti-
biofilm mechanism of PRE and PRE/Zn (II) and the main compound in PRE responsible
for the antimicrobial activity. While punicalagin is known to be one of the most abundant
compounds in PRE and it has been highly associated with the antimicrobial activity of
PRE, structure-activity studies are necessary to find the compound or compounds

responsible for the antimicrobial activity of PRE.
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Chapter 5: Anti-adhesive Activity of PRE, Zn (IT) and PRE/Zn (II)

5.1 Introduction

The oral cavity including tooth surfaces comprise a highly complex environment for
biofilm development, involving specific and highly interrelated microorganisms. The
first step of bacterial biofilm infections is the adhesion of the bacteria to host cells
and/or surface, is considered an important target to prevent/treat biofilm-related
infections (Stewart 2001; Davies 2003). Microbes in biofilms are much more resistant
to antimicrobial agents, compared to their planktonic counterparts (Stewart and
Franklin 2008). Even microbes which are normally susceptible to antimicrobial agents
can develop multidrug resistance when they are present in a biofilm, due to acquired
mobile resistance genes (Levin and Rozen 2006). Thus, prevention of adhesion is

important for treatment and prevention of biofilm infections (Krachler and Orth 2013).

Bacteria have multiple mechanisms for attachment to the host cell or tissue. Initial
adherence is weak and reversible. Irreversible adherence occurs subsequently through
covalent bonds. Adherence can initiate through non-specific binding with
hydrophobic molecules and other non-specific interactions (Quintero- Villegas et al.
2013). In addition, bacterial adhesins can interact with specific receptors of host
surfaces. It is possible that these different adhesion mechanisms can act together
and/or play a role in the different phases of adhesion (Ofek and Doyle 1994). After
initial adhesion occurs between bacteria and host cell and/or surface, bacteria produce
a stronger bond which comprises protein and polysaccharides compared to initial
adherence (Miorner et al. 1983). Protein-protein binding, a type of specific adhesion,
occurs between protein adhesives and EPS components (Sharon 1987). EPS includes
extracellular polysaccharides, nucleic acids (DNA and RNA) and proteins. In addition
to these compounds, peptidoglycans, lipids, phospholipids and other bacterial
compounds can also be found in the EPS (Sutherland 2001; Branda et al. 2005).

Periodontal diseases have been strongly associated with the formation and

accumulation of sub-gingival plaque, which is a bacterial biofilm enveloped by and

tightly adhered to the tooth surface via EPS (Yang et al. 2011). Bacterial biofilms of
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S. mutans, F. nucleatum, P. gingivalis and C. albicans can be found in dental unit
water lines, on tooth surfaces and dental prosthetic appliances, and on oral mucous
membranes. Biofilms in the form of supra-gingival and sub-gingival plaque are
considered the main aetiologic factors in dental caries and periodontal diseases (Van
Houte 1994; Socransky et al. 1998; Haffajee and Socransky 2000; Stenudd et al.
2001). The aim of anti-adhesion therapy is to interfere with the adhesion of microbes
to the host cell/tissue and/or substrate surface, as adhesion is the first step of biofilm

related infections (Ofek et al. 2003).

In this Chapter, the anti-adhesive properties of PRE, Zn (II) and PRE/Zn (II) were
assessed against Streptococcus mutans, Streptococcus gordonii and Candida albicans.
Many reports suggest that Streptococcus mutans is the main pathologic microbe in
caries, due to its acidogenic biofilm formation on tooth surfaces (Hamada and Slade
1980; Hamada et al. 1984; Carlsson 1997; Ccahuana-Vasquez 2010). S. mutans cells
adhere to acquired enamel pellicle via sucrose- dependent and sucrose-independent
mechanisms (Ahn et al. 2008; Wen et al. 2010; Zijnge et al. 2010). S. gordonii is an
early coloniser, which initiates dental plaque formation and is found in high numbers
in both supra-gingival and sub- gingival plaque (Socransky et al. 1998; Quirynen et
al. 2005). Moreover, as an early coloniser, S. gordonii helps to drive the temporal and
spatial development of dental plaque. After S. gordonii colonisation on tooth surfaces,
it provides an environment for subsequent colonisers and more pathogenic microbes,
such as P. gingivalis, by providing an attachment substrate. Many reports have shown
co-aggregation of P. gingivalis with oral streptococci (Stinson et al. 1991; Lamont et
al. 1992; 1994; 2002; Amano et al. 1997; Maeda et al. 2004a,b). C. albicans has
specialised adhesins, which allow C. albicans attachment to microbes, biotic and
abiotic surfaces such as mucosal or prosthetic surfaces in the oral cavity (Verstrepen

and Klis 2006; Campos et al. 2008; Garcia et al. 2011).

The protective effect of several food components against infectious bacterial diseases
has been demonstrated in in vitro and in vivo studies (Mahady 2005; Krachler and
Orth 2013). Plants have been to aid for oral hygiene for centuries and there is a link
between improved oral health and the regular consumption of certain food and
beverages which include bioactive components (Safiaghdam et al. 2018). In a clinical

study, it was shown that regular and moderate consumption of red wine and coffee can
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tilt the microbial community of dental plaque towards less pathogenic bacteria
(Signoretto et al. 2010). The bioactivity of polyphenols has been demonstrated to
inhibit odontopathogenic and periodontopathogenic bacteria. For instance, plant
secondary compounds, especially polyphenols and proanthocyanins, have been found
promising for anti-adhesive treatment. It has been reported that a non-dialysable
material from cranberry juice concentrate inhibits co-aggregation of many oral
bacteria and inhibited adherence and biofilm formation of P. gingivalis (Steinberg et
al. 2004; Yamanaka et al. 2004; Steinberg et al. 2005; Labrecque et al. 2006).
Moreover, it was reported that polyphenols and proanthocyanins inhibit bacterial
surface attachment by binding to flagella and pili of bacteria, causing decreased
aggregation and swarming mobility in biofilms (Burger et al. 2002; Signoretto et al.

2012).

In Chapter 4, the antimicrobial activity of PRE, Zn (II) and PRE/Zn (II) combination
was shown against planktonic and biofilm cells, with different methods aimed to
investigate the inhibitory activities of these compounds. Here, the anti-adhesion

potential of these treatments was investigated.

5.2 Aims and objectives

The aim of this Chapter was to investigate initial attachment of S. mutans, S. gordonii
and C. albicans on PRE, Zn (I1) and PRE/Zn (IT) combination to coated glass surfaces.

This aim was evaluated by studying the:

e PRE, Zn (II) and PRE/Zn (II) combination anti-adhesive effect on pre-
coated glass surfaces of C. albicans, S. mutans and S. gordonii, using

live/dead bacterial staining with confocal laser scanning microscopy

(CLSM).
e PRE, Zn (II) and PRE/Zn (II) combination anti-adhesive effect on pre-

coated glass surfaces of C. albicans, S. mutans and S. gordonii, by

enumerating colony forming units.
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5.3 Materials and methods

Agar plates, broth, and bacterial cultures were prepared as described in Chapter 2
(Section 2.2.3). All bacterial strains and their origin were described in Table 2.4.
Equipment, glass and plastics, chemical consumables and assay kits used in this
chapter were presented in Section 2.1 in Table 2.1, Table 2.2, and Table 2.3, unless

otherwise stated.

5.3.1 Anti-adhesive activity

5.3.1.1 Coating glass slide with PRE, Zn (Il) and PRE/Zn (II) combination

Eight-well glass chamber slides (8-Well Falcon Culture Slide, Corning Incorporated
Life Sciences, New York, USA) were used in this assay. Each well of the 8-well
chamber slides was coated with either PRE, Zn (II) or PRE/Zn (II). Desired
concentrations of compounds were prepared in phthalate buffer pH 4.5, with phthalate
buffer pH 4.5 alone used as an untreated control. The concentrations of compounds
and the volumes are shown in Table 5.1 for each studied microorganism. Slides were
wrapped in parafilm to prevent evaporation and then in aluminium foil to protect from

light, and then incubated at 37 °C for 24 h.

Microorganism [PRE (200 Zn (I) 200 |PRE +Zn (II) (100 pL
uL) uL) +100 pL)

S. mutans 1 mg/mL 1.56 mM 2 mg/mL +3.12 mM

S. gordonii 2 mg/mL 0.78 mM 4 mg/mL +1.56 mM

C. albicans 4 mg/mL 6.25 mM 8 mg/mL +12.5 mM

Table 5.1: The concentrations of PRE, Zn (II) and PRE/Zn (II) combinations for

coating wells of glass slide for studied microbes.
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5.3.1.2 Microscopy evaluation of anti-adhesive effect

The anti-adhesive activity of PRE, Zn (II) and PRE/ Zn (II) was determined by
evaluating S. mutans, S. gordonii and C. albicans attachment to glass surfaces coated
with PRE, Zn (II) and PRE/ Zn (II). Eight-well chamber slides (8- Well Falcon Culture
Slide, Corning Incorporated Life Sciences, New York, USA) were coated, as
described in Section 5.3.1.1. Different 8-well chamber slides were used for each

microorganism and wells were coated with compounds as described in Table 5.1.

After incubation, coating solution were aspirated from wells and 200 pL of overnight
cultures of S. mutans, S. gordonii or C. albicans with 108 CFU/mL were added. Then,
slides were incubated for 2 h at 4 °C to assess initial attachment of studied
microorganisms. After 2 h incubation, the supernatant from each well was discarded
and washed with phosphate buffered saline (PBS), to remove unattached bacteria to
the glass surface. Baclight Live/Dead staining was prepared and 5 pL of Live/Dead
stain in PBS applied as outlined in Chapter 4 (Section 4.3.6.3). Slides were examined
by CLSM (Leica SP5, AOBS Spectral Confocal Microscope, Heidelberg, Germany)
using a 40x objective lens. Each experiment was performed on three separate
occasions with replicates for each group, and four images were taken from each well.
COMSTAT2 analysis was performed as described in Chapter 4 (Section 4.3.6.3)
(Heydom et al. 2000). Results were shown as obtained images and biomass (um?/

um?) (mean+ SEM) from COMSTAT? analysis.

5.3.1.3 Evaluation of antiadhesive effect via viable cell enumeration

In addition to images and biomass (um®/ pm?) from COMSTAT? analysis, viable
microbes from coated and uncoated wells were counted. Briefly, the procedure was
repeated as in Section 5.3.1.2. However, instead of staining wells for CLSM
microscopy imaging, the chamber slides were removed, and cells were collected,
using a 25 cm cell scraper to harvest cells in a sterile centrifuge tube containing 1 mL
PBS. The bacterial suspensions were vortexed for approximately 15 s. Then, 20 pL
sample was taken from the tubes and diluted 10-fold in 96-well plates containing 180
pL PBS in each well. 20 puL of the diluted samples were plated on MH agar and
incubated for 24 h. Using the Miles and Misra method (Miles et al. 1938), colonies
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were subsequently counted, and CFU/mL values calculated. Each experiment was
performed on three separate occasions with triplicate for each group, and data was

expressed as CFU/ mL mean + SEM.

5.3.2 Statistical analysis

All experiments were performed on in least three independent occasions, including
two internal replicates using independent microbial cultures for all assays. Results
were statistically analysed using GraphPad Prism software (GraphPad Software,
Version 8.2.1, San Diego, CA, USA), by performing one-way ANOVA, with post-
test Tukey analysis and p<(0.05 was considered statistically significant. All data were

presented as the mean value with SEM.
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5.4 Results

5.4.1 Anti-adhesive activity

5.4.1.1 Confocal laser scanning microscopy (CLSM) and COMSTAT?

analysis

Figure 5.1A represents the live (green) and dead (red) stained confocal images from
8-well chamber slides pre-coated with PRE, Zn (II) and PRE/Zn (II), in addition to
uncoated controls, and co-cultured with S. mutans, S. gordonii and C. albicans. The
biomass (um?/ pm?) of attached bacteria for each species was determined via
COMSTAT? analysis. Figure 5.1B represents biomass (um?®/ um?) for each studied
microorganism. From the images, it was evident that all coated wells had fewer live
bacteria attached to PRE, Zn (II) and PRE/Zn (II) coated surfaces, when compared to
uncoated negative controls (Figure 5.1A). However, interesting to note that non-viable
bacteria (red fluorescence stain in Figure 5.1A) was not observed according to staining
result after 2 h initial attachment of tested microbes. PRE- and PRE/Zn (II)-coated
wells resulted in fewer live bacteria/fungal attachment than Zn (II). Statistical analysis
for biomass (um?/ um?) showed that uncoated slides exhibited significantly higher
biomass (um?/ um?) than coated wells for each microorganism (Figure 5.1B). There
was a significant difference between the uncoated control group and PRE-coated wells
(»<0.001, Figure 5.1B) for S. mutans. Similar results were obtained for C. albicans,
the biomass (um?/ um?) of attached C. albicans to PRE and PRE/Zn (II) coated
surfaces was significantly less than the un-coated surface (p<0.01, Figure 5.1B).
Furthermore, there was a significant difference between PRE/Zn (II) and Zn (II)
coated surfaces for C. albicans (p<0.05). S. gordonii showed significantly less live
cell attachment in PRE, Zn (II) and PRE/Zn (IT) coated surfaces compared to uncoated
surface. However, there was not any significant difference between PRE, Zn (II) and

PRE/Zn (IT) (p>0.05) (Figure 5.2).

168



5.4.2 Recovery of viable bacterial and fungal cells

The anti-adhesive activity of PRE, Zn (II) and the PRE/Zn (II) combination were also
analysed by enumerating the microbial cells after 2 h attachment to coated and
uncoated surfaces of 8-well chamber slides (Figure 5.2). S. mutans attachment was
significantly reduced in wells coated with PRE and PRE/Zn (II) combination (p<0.05
and p<0.01 for PRE vs uncoated controls and PRE/Zn (II) vs uncoated controls,

respectively).

For C. albicans, both PRE and the PRE/Zn (II) combination caused less attachment
and PRE/Zn (II) combination exerted significantly reduced (p<0.0I) attachment,
compared to the uncoated controls. Furthermore, the PRE/Zn (II) combination was
significantly effective (p<0.05) in inhibiting the attachment of S. gordonii, in

comparison to uncoated surfaces.
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Figure 5.1: Adherence of S. mutans, C. albicans and S. gordonii to PRE (MIC), Zn (II) (MIC), PRE/Zn (II) (MIC+MIC) coated and
uncoated 8-well chamber slides; A) Surfaces visualised by CLSM after staining with BacLight Dead/Live bacterial staining kit. (B)
Biofilm biomass via COMSTAT?2 analysis of. Significance indicated by *, where *p<0.05, **p<0.01, ***p<0.001 between each group.

Bars represent mean+SEM, N=3.
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5.5 Discussion

A biofilm is commonly described as a multicellular (homogenic or heterogenic)
microbial community, which attaches to a surface/interface through a self- made
organic material matrix (Costerton et al. 1999, Wimpenny et al. 2000; Donlan and
Costerton 2002; O’Toole and Stewart 2005; Flemming and Wingender 2010). The
development of biofilms starts with adhesion of a microorganism to an immersed
surface, which then proliferates to create the biofilm. This ability to adhere provides
numerous advantages to microbes to form a biofilm. Surface attachment provides
growth stability and retain cells in close proximity to each other, which results in
increased catalytic activity of microorganism. In addition, it facilitates microbial
survival to overcome other environmental issues, such as extreme pH levels, UV
exposure, metals, antimicrobial agents, phagocytosis and dehydration (Espeland and
Wetel 2001; Mah and O’Toole 2001; Leid et al. 2002; McNeill and Hamilton 2003;
Almatroudi et al. 2018). Therefore, adherence of microorganisms to the tooth surface
plays an important initial role in the development of dental caries and periodontal
diseases, and thus, interference of bacterial adhesion is a promising strategy in

combating these diseases (Selwitz et al. 2007; Slimestad et al. 2007, Pitts et al. 2017).

Numerous studies have shown inhibition of cariogenic bacteria by polyphenolic
compounds. In the previous Chapter, the antimicrobial effect of PRE, Zn (II) and
PRE/Zn (II) was evaluated against these microbes both in planktonic and biofilm
conditions. In this Chapter, PRE was evaluated for its potential anti-adhesive activity
with or without Zn (II) combination against S. mutans, S. gordonii and C. albicans. S.
mutans 1s considered the main cause of dental caries and C. albicans is often found
with S. mutans in dental plaque biofilms, especially from children with early childhood
caries. Candida species have been found in enamel, root and dentinal caries (Falsetta
et al. 2014). S. gordonii, a primary coloniser of the human oral cavity and an
opportunistic pathogen, has several adhesins on its surface. Moreover, S. gordonii and
P gingivalis display co-adhesion, which could play an important role in invasion of P.

gingivalis (Love et al. 2000).

In the present study, the anti-adhesive activities of PRE, Zn (II) and PRE/Zn (II) were

investigated on coated glass surfaces, which has been widely used as representative of
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the hard surface of the tooth in the literature (Hamada and Torii 1978; Hamada and
Slade 1980; Mattos-Graner et al. 2000; Carter et al. 2001; Tao and Tanzer 2002; Sasaki
et al. 2004; Furiga et al. 2008).However, in further studies enamel blocks from animal
or human could be a better choice to stimulate the dental surface and assess tested

compounds’ anti-adhesive activities (Kato et al. 2010; Taha et al. 2017; Braga 2019).

Results showed that PRE and the PRE/Zn (II) significantly inhibited adherence of S.
mutans onto glass surfaces. This adherence was expressed as biomass (um?/ um?) on
the coated surface versus un-coated surfaces (p<0.001). Viable microbial number was
also enumerated, and results compared between coated and uncoated wells. The S.
mutans CFU was significantly lower in PRE and PRE/Zn (II) coated wells than with
uncoated wells. Zn (II) only coated wells reduced S. mutans biomass (um?/ um?), but
this was not significant (p>0.05). Thus, decreased biomass (um?/ pm?) and viable
attached S. mutans in PRE/Zn (II) coated wells are most likely associated with PRE
rather than Zn (II). Similar results were obtained for C. albicans. PRE and PRE/Zn
(I1) coated wells significantly decreased biomass (um?/ pm?) of C. albicans and the
viable CFU of C. albicans was significantly lower with PRE/Zn (II), compared to
uncoated controls (p<<0.01). In addition, in wells coated with the PRE/Zn (II), the
number of viable CFU of C. albicans was significantly lower than other experimental
groups, with exception of PRE-coated wells. This result can be interpreted as PRE
playing the key role in preventing the adhesion of C. albicans, rather than Zn (II).
However, PRE/Zn (II) resulted in a significant decrease in the attached viable CFU of
C. albicans. This may be due to the previously confirmed synergistic fungistatic and
fungicidal activity of the PRE/Zn (II) combination against C. albicans, as confirmed
by checkerboard assays and time-kill assays in Chapter 4. Regarding to S. gordonii,
all coated wells significantly reduced S. gordonii biomass (um?/ um?), but only the
PRE/Zn (II) combination caused a significant reduction in viable CFU, (>2 log
reduction) of attached microbes onto the surfaces.

This again could be associated with the synergistic activity between PRE and Zn (II)

against S. gordonii.

The anti-adhesive activity of polyphenol-rich extracts has been studied by many
researchers with various compounds and extracts from different plant sources.

Smullen et al. (2007) showed that unfermented cocoa, green tea and red grape seed
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extracts exerted antimicrobial activity against S. mutans and reduced its adherence to
glass surfaces. The anti-adhesive activity of PRE has been attributed to its phenolic
compounds, including tannins, anthocyanins and flavonoids. Since it is well known
that tannins can interact with macromolecules, including carbohydrates and proteins,
this makes these compounds promising anti-adhesive and anti-biofilm agents (Janecki
et al. 2010). In addition, PRE can inhibit pathogen attachment to host cells. Thus, pre-
treatment of host surfaces with PRE could provide an unfavourable environment that
prevents adhesion of pathogenic microbes (Sandasi et al. 2010). In one study,
promising anti-adhesive activity of different pomegranate rind extract (alcohol,
acetone and distilled water) was found to reduce the S. aureus and E. coli biofilm
formation ability and adhesion ability on epithelial cells (Al-Wazni and Hadi 2016).
In another study, pomegranate extract showed reductions in the adherence of C.
albicans and E. coli on pre-treated glass surfaces (Sharma and Sabnis 2010). It has
also been reported that polyphenols play an important role in protein precipitation and
enzyme inhibition in microorganisms (Fan et al. 2007). Al-Zoreky (2009) showed that
pomegranate extracts interfere with the secretion of proteins from bacteria cells. This
result was confirmed in a study by Suresh et al. (2013), showing a dose-dependent
decrease in the protein content of bacteria which have been inoculated with different
concentrations of PRE. In addition to proteins, pomegranate peel compounds can also
react with other macromolecules, including carbohydrates (Janecki and Kolodziej

2010).

Vasconcelos et al. (2006) studied the anti-adherence activity of pomegranate-based
gel formulation, including 540 mg pomegranate peel powder against S. mutans (1:16),
S, sanguis (1:16), S. mitis (1:128) and C. albicans (1:64). The MICs of pomegranate
gel increased when different bacteria were mixed, or bacteria were associated with C.
albicans. Miconazole gel was used as a positive control in this study, and it was
claimed that pomegranate peel gel exerted greater activity than the miconazole gel in
terms of anti-adhesive activity against the studied microbes. Voravuthikunchai et al.
(2006) confirmed the anti-adhesive activity of PRE against H. pylori to the gastric
mucosa. It was reported that PRE exerted these effects by changing bacterial cell
surface hydrophobicity, which helps in the elimination of microbes from the human

body. Furthermore, in an in vivo study, the alcoholic extract of pomegranate peel

175



showed a modest reduction in H. pylori colonisation and infection in Wistar rats,

following eight days of treatment with a dose of 50 mg/kg (Mayyas et al. 2021).

Surface chemistries have an important role in the adhesion of microbial cells and in
the present study a glass surface was chosen as the most suitable. Glass surface pre-
treatment with PRE, Zn (II) and the PRE/Zn (II) combination provided an
unfavourable environment to all studied microbes, S. mutans, S. gordonii and C.
albicans, by reducing both the biomass (um?/ pm?) of attached microbes and the
CFU/mL on PRE and PRE/Zn (II) pre-coated glass surfaces. The result of reduced
adhesiveness of the microorganisms to the treated glass surfaces could be the result of
the change in the physicochemical properties of the surface, or the bacterial adhesive
properties. Moreover, the decreased number of CFU could be the result of no

microbial attachment or growth of microbes onto these surfaces.

5.6 Conclusion

The anti-adhesive activity of PRE, Zn (II) and the PRE/Zn (II) combination were
investigated in this Chapter. Initial adhesion to a solid surface is considered the first
step in biofilm formation. Therefore, prevention of adherence by coating surfaces
could be an antimicrobial method to fight biofilm- related infectious diseases. This
study has shown that PRE- and PRE/Zn (II)- coated glass surfaces caused significantly
reduced biomass (um?®/ pum?) of attached cells for: S. mutans, S. gordonii and C.
albicans. However, Zn (II) coated wells did not show significant reductions against
the studied microbes, except for S. gordonii. PRE/Zn (II) coated surfaces caused
significant reductions in CFUs (=1 log reduction) of collected cells for all studied

microorganisms, compared to their uncoated control counterparts.
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Chapter 6: The Pro-oxidant Activity of PRE/Zn (II) Against

C. albicans

6.1 Introduction

As mentioned in Chapter 4 and Chapter 5, Candida albicans is one of the most
prevalent fungal pathogens of humans and particularly important in
immunosuppressed patients such as those with acquired immunodeficiency syndrome
(AIDS), implanted medical devices and patients who are receiving
immunosuppressive treatments (Kullberg and Oude Lashof 2002; Nobile and Johnson
2015). While C. albicans is considered a commensal microorganism, the overgrowth
of C. albicans on the oral mucosa can cause oral candidosis, which is an important
oral dermatological disease. Predisposition to oral candidosis occurs with the
alteration of both systemic and local factors (Zegarelli et al. 1993). C. albicans is the
most isolated species amongst Candida species from the oral cavity (Scully et al. 1994;
Millsop and Fazel 2016). In addition, C. albicans has been considered the one of main
aetiologic factors of oral candidosis, denture stomatitis, early childhood caries,
periodontal diseases, and endodontic lesions, especially in immunocompetent hosts
(Baumgartner et al. 2000; de Carvalho et al. 2006; Campisi et al. 2008; Canabarro et
al. 2013). Furthermore, C. albicans biofilms are extremely resistant to conventional
antifungal agents. The inherent resistance of C. albicans to antifungal agents is mainly
due to the extracellular matrix it produces, and the upregulation of efflux pumps,
among other factors. The ATP-binding cassette transporter superfamily (including
CDR1 and CDR2) and the major facilitator class (including MDRI) are the main
classes of efflux pumps which regulate antifungal drug exportation (Ramage et al.

2002; LaFleur et al. 2006).

Reactive oxygen species (ROS), which include the superoxide anion radical (O2:-),
hydroxyl radical (OH"), alkyl peroxyl free radicals (ROQO") and non-radical molecules,
such as hydrogen peroxide (H20;), are generated continuously because of aerobic
metabolism (Krumova and Cosa 2016). In eukaryotic cells, mitochondria are an
important source of ROS. As ROS balance is a critically important consideration in

regulating cell functions and survival, cells are equipped with intracellular antioxidant
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defence systems. However, when this system is insufficient to maintain the ROS
balance, ROS homeostasis is altered. Hence, ROS accumulation starts, which causes
damage to biomolecules, such as proteins, lipids, and DNA, leading to cell death

(Baronetti et al. 2011; Chang 2011; Dickinson 2011).

Oxidative stress is an important challenge for pathogens to grow and invade the host.
C. albicans possesses a robust antioxidants defence mechanism to escape increased
oxidative stress. ROS balance in C. albicans is regulated by superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx), glutathione or glutaredoxin and
thioredoxin (Kaloriti et al. 2014; Poopedi et al. 2020). The existence of SOD in C.
albicans 1s associated with the need for a cytoprotective mechanism for C. albicans
against not only exogenous ROS, but also  endogenous fungal-derived ROS (Kelly
et al. 1997; Hwang et al. 1999; Rhie et al. 1999). Antifungal agents currently used
clinically in the treatment of fungal infections, include azoles (miconazole), polyenes
(amphotericin B, clotrimazole) and echinocandins, which have also demonstrated
activity against fungal biofilms. Furthermore, these drugs lead to increased ROS levels

in fungal planktonic and biofilm cells (Delattin et al. 2014).

PRE has been widely investigated for its antioxidant activity and found to be a
promising antioxidant that prevents injury caused by ROS through different
mechanisms, including direct scavenging of ROS and the activation of antioxidant
enzymes (Prochazkova et al. 2011). The radical scavenging activity of PRE has been
associated with its highly polyphenolic content (Gil et al. 2000). While polyphenols
are reported to provide high antioxidant activities to the host, they can also act as a
pro-oxidant agent against microorganisms through the induction of elevated ROS and
oxidative stress (Fathima and Rao 2016). The production of a phenoxyl radical or a
redox complex with a transition metal ion is the basis for phenolic compounds' direct
prooxidant actions. Oz, H>O,, and a complicated mixture of semiquinones and
quinones can be produced when phenoxyl radicals react with oxygen (Hodnick et al.
1988). Numerous phenolic compounds' prooxidant activity is thought to cause lipid
peroxidation, DNA damage, and apoptosis in both normal and malignant cells (Zheng

et al. 2008).
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In previous chapters (Chapter 4 and Chapter 5), the antimicrobial activity of PRE, Zn
(II) and PRE/Zn (II) combination was studied against planktonic and biofilms of C.
albicans. PRE/Zn (II) demonstrated synergistic activity in in vitro time-kill and
checkerboard assays resulting in >2 log reductions in C. albicans cells, compared
with PRE or Zn (II) alone. In addition, the anti-adhesive activities of PRE/Zn (II) were
evaluated, and it was found to potentiate anti-adhesive activity by reducing viable cells
on coated glass surfaces. However, the mechanism behind this synergistic

antimicrobial activity remains to be identified.

In this chapter, the effect of PRE, Zn (II) and PRE/Zn (II) combination on ROS
production and oxidative stress in C. albicans and whether these treatments influenced

their redox status and antifungal activities overall was studied.

6.2 Aims and objectives

To determine whether ROS production is associated in synergistic antifungal activity

of PRE/Zn (II) against C. albicans.

e ROS levels were evaluated using a of 2°,7’-dichlorofluorescein
diacetate (DCFH-DA) probe for planktonic cells of C. albicans (after
24 h treatment) and C. albicans biofilm (after 1 h and 24 h treatment)
by confocal laser scanning microscopy (CLSM).

e Assess the effect of PRE, Zn (II) and PRE/Zn (II) on hyphal formation
by C. albicans, using Calcofluor White staining and CLSM.

e To determine whether these effects can explain the synergistic

antifungal activity of PRE/Zn (1) against C. albicans.
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6.3 Materials and methods

Culture media, and C. albicans cultures was prepared as described in Chapter 2
(Section 2.2.3). Equipment, glass and plastics, chemical consumables and assay kits
used in this chapter were presented in Section 2.1 in Table 2.1, Table 2.2, and Table

2.3, unless otherwise stated.

6.3.1 Effect of PRE, Zn (II) and PRE/Zn (II) on ROS generated by C.

albicans

6.3.1.1 Preparation of dichloro-dihydro-fluorescein diacetate (DCFH-DA)

solution

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) (1 g) was dissolved in 40 mL of
DMSO (99.9%) in a sterile tube to obtain 25 mg/mL (0.0515 M) solution and this
stock solution was stored at —20 °C. Then, 194 puL. of DCFH-DA stock solution was
added to 806 puL. of DMSO to obtain 10 mM of DCFH-DA solution in a sterile tube.
Then 10 pL of DCFH-DA stock solution was added to 9990 uL DMSO in a sterile
tube (x1000 dilution) to obtain 10 uM final concentration and this was protected from

light with foil.

6.3.1.2 Oxidative metabolite assay for biofilms

ROS generation was assessed on planktonic and biofilm states of C. albicans using a
DCFH-DA probe (Peralta et al. 2015). For planktonic state, C. albicans cells (10%
CFU/mL) were treated with PRE (MIC), Zn (II) (MIC), and PRE/Zn (II) (MIC+MIC)
for 24 h to investigate the ROS generation during biofilm formation on glass bottomed
96-well plates in an aerobic incubator at 37 °C. After 24 h, the supernatant was
discarded, and the plates were first stained with 5 uL of Calcofluor-White (with 0.05
% v/v) for 1 min, this stain was excited at 355 nm. Then, 15 pL of 10 uM of DCFH-
DA was added and incubated for 15 min in the dark at room temperature. This stain

was excited at 488 nm excitation and used to measure ROS production.
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For C. albicans biofilms, a similar method was performed. Briefly, 24 h C. albicans
biofilms were generated and treated with PRE (MIC), Zn (II) (MIC), and PRE/Zn (II)
(MICH+MIC) in glass bottomed 96-well plates as described in Chapter 4 (Section
4.3.6.3). Two different treatment times (1 h and 24 h) were used to see the effect on
ROS generation. After treatment, the supernatant was discarded, and the same

staining and imaging procedure was applied.

Stained wells were then visualised with a Leica TCS SP5 Confocal Microscope (Leica
Microsystems Ltd, Milton Keynes, UK). Images were obtained with 60x 1.8 oil
objective with a z-step size of 1 um. Z-stack images were analysed by using

COMSTAT?2 with ImageJ analysis.

The randomly selected fields of view were analysed using COMSTAT2 software with
the NIH-Image] analysis software for biomass (um?®/pm?) of two channels, blue for C.
albicans cell wall, and green for ROS. The ROS level was normalised to total biomass

of Calcofluor-White C. albicans and presented in a graph as mean+SEM.

6.3.1.3 Effects on hyphal growth

The effect of PRE (MIC), Zn (II) (MIC), and PRE/Zn (II) MIC+MIC) on C. albicans
hyphal growth was ascertained by Calcofluor White staining of C. albicans biofilms.
C. albicans biofilms were developed in glass bottomed 24- well plates by adding 500
uL of overnight experimental culture of C. albicans (108 CFU/mL) and incubating at
37 °C for 24 h in an aerobic environment. Supernatants were discarded and the
biofilms treated with 500 pL of PRE (MIC), Zn (II) (MIC), or PRE/Zn (II)
(MIC+MIC) for 24 h in an aerobic incubator at 37 °C. Supernatants were carefully
removed and gently washed once with phosphate buffered saline (PBS) (pH 7.2), to
remove unattached cells. Biofilms were stained with Calcofluor-White (0.05% v/v)
for 1 min imaged using CLSM. Three random images were taken from each well and
three replicate wells were used for each untreated control and treatment groups.
Images were analysed using Imagel analysis software and the results presented as

mean+SEM of fluorescence intensity.
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6.3.2 Statistical analysis

All experiments were performed on at least three independent occasions, with two
internal replicates. Results were analysed using GraphPad Prism software (GraphPad
Software, Version 8.2.1, San Diego, CA, USA), by performing one-way ANOVA with
post- test Tukey analysis and p<0.05 was considered statistically significant. All data

were presented as the mean value with SEM.
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6.4 Results

6.4.1 Confocal laser scanning microscopy and COMSTAT?2 analysis

The images obtained for C. albicans planktonic cells after 24 h treatment with PRE
(MIC), Zn (II) (MIC), and PRE/Zn (II) (MIC+MIC) are presented in Figure 6.1A.
ROS production was observed in each group, with Zn (II) and PRE/ Zn (II) showing
higher green fluorescence than growth control (GC) and the PRE- treated group.
COMSTAT2 analysis showed the untreated GC group and the PRE-treated group
exhibited similar levels of ROS production (Figure 6.2B). While C. albicans cells
treated with Zn (II) produced more ROS, there was no significant difference compared
to untreated GC group (p>0.05). However, PRE/Zn (II) showed enhancement in ROS
production, which was significantly higher than the GC, PRE, and Zn (II) treated
groups (p<0.0001).

ROS levels were visualised in C. albicans biofilms treated for 1 h and 24 h with PRE
(MIC), Zn (I) (MIC), and PRE/Zn (II) (MIC+MIC). After 1 h, similar images were
obtained for all treatment groups and the GC group, with no noticeable effect on ROS
levels in C. albicans preformed biofilms (Figure 6.2A). In addition, there was no
statistically significant differences between normalised ROS levels between all
groups (Figure 6.2A and B). However, after 24 h treatments, the PRE/Zn (II)
combination exhibited higher intracellular ROS production, as evident in Figure 6.3A.
In addition, Figure 6.3B showed that the normalised levels of ROS for the PRE/Zn (II)
treatment were significantly higher compared with the GC group (p<0.001) and PRE
and Zn (II) treatments (p<0.01).
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Figure 6.1: (A) CLSM of C. albicans incubated with PRE (MIC), Zn (II) (MIC), and
PRE/Zn (II) MIC+MIC) for 24 h. Blue channel shows calcofluor in C. albicans cell
walls, and the green channel shows the oxidation of the DCFH probe as an indicator
of ROS production. (B) The graph shows ROS levels for treated and untreated C.
albicans cells normalised to total biomass, as quantified using COMSTAT2 and
Image J software. Mean + SEM, N=3. Significant differences indicated by *, where
*#%p<0.001, and ****p<0.0001, compared to the untreated growth control group

(indicated on bars) and compared between treatment groups (indicated by lines).
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Figure 6.2: (A) CLSM of C. albicans biofilms incubated with PRE (MIC), Zn (II)
(MIC), and PRE/Zn (II) (MIC+MIC) for 1 h. Blue channel shows calcofluor in C.
albicans cells wall in biofilm, and the green channel shows the oxidation of the DCFH
probe as an indicator of ROS production. (B) The graph shows ROS levels for treated
and untreated C. albicans biofilms normalised to total biomass, as quantified using

COMSTAT2 and Image J software. Mean £ SEM, N=3.
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Figure 6.3: (A) CLSM of C. albicans biofilms incubated with PRE (MIC), Zn (II)
(MIC), and PRE/Zn (II) (MIC+MIC) for 24 h. Blue channel shows calcofluor in C.
albicans cell walls in biofilms, and the green channel shows the oxidation of the
DCFH probe as an indicator of ROS production. (B) The graph shows ROS levels for
treated and untreated C. albicans biofilms normalised to total biomass, as quantified
using COMSTAT2 with Image J software. Mean + SEM, N=3. Significant differences
indicated by *, where, **p<0.01, and ***p<(.001 compared to the untreated growth
control group (indicated on bars) and compared between treatment groups (indicated

by lines).
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6.4.2 Effects on hyphal growth of C. albicans in biofilm

PRE (MIC) showed the greatest inhibition of hyphal growth in biofilm (Figure 6.4A).
PRE/Zn (II) also inhibited hyphal growth, compared to the GC group, but this
inhibition was lower than with PRE-only treated group. PRE exhibited the lowest
fluorescence intensity and there was a significant difference between PRE treated
group and both the GC group and PRE/Zn (II) group (p<0.0001). Furthermore, Zn
(II) and PRE/Zn (I1) also showed statistically lower fluorescence intensities, compared

to the GC group (p<0.001 and p<0.0001 respectively).
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Figure 6.4: Effect of PRE, Zn (II) and PRE/Zn (II) combination on pre-formed
biofilms of C. albicans. (A) CLSM imaging of treated and untreated C. albicans

biofilms, stained with Calcofluor-White (for C. albicans cell walls in blue, scale bar

= 50 um). (B) The fluorescence intensities of CLSM images. Significance indicated

by *, where ***p<(0.001, and ****p<(0.0001 compared to untreated growth control

group (indicated on the bars) and compared to between treatment groups (indicated by

lines). Data represented as mean+SEM (N=3).
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6.5 Discussion

Treatment of C. albicans infection can be difficult, due to the biofilm formation
capabilities of Candida species and their increased resistance to antifungal agents
(Paraje et al. 2008; Mah 2012). The increased rates of antifungal drug resistance are a
global concern, making treatment of fungal infections more difficult (Delattin et al.
2014). There are several mechanisms suggested for increased resistance against
antifungal agents, including two types of efflux pump genes, the ATP binding cassette
transporters, CDRs (CDR1 and CDR2) and the major facilitator, MDR1 (White et al.
2002; Mah 2012). For example, azoles are commonly used in clinical management of
fungal infections and the resistance against azole antifungal agents is considered a

major challenge in the treatment of fungal infections (Whaley et al. 2017).

In Chapter 4, synergistic activity of the PRE/Zn (II) against C. albicans was
demonstrated. PRE/Zn (II) demonstrated synergistic activity in an in vitro
checkerboard assay (FICI <0.5) and time-kill assay by causing >2 log reductions in C.
albicans, compared to when PRE or Zn (II) were applied alone. In addition, in Chapter
5, the anti-adhesive activities of the PRE/Zn (II) combination exerted a potentiated
anti-adhesive activity, by reducing viable cells on coated glass surfaces. Although
several suggested mechanisms were discussed in previous chapters, the mechanism
behind this activity is not clear. In this chapter, however, the focus was  on whether
addition of Zn (II) to PRE influenced the anti-/pro-oxidant activity, and if it had any

role in this synergistic antifungal activity against C. albicans.

In general, antifungal compounds with ROS inductive activities have been considered
a promising fungicidal strategy against both planktonic and biofilm forms of C.
albicans (Delattin et al. 2013). For instance, it was reported that miconazole induces
the accumulation of endogenous ROS in C. albicans biofilms (Vandenbosch et al.
2010). Moreover, a high level of ROS inactivating activity has been found in

miconazole-tolerant cells (Mah 2012).

ROS has been considered during development of effective antifungal agents, due to

the apoptotic effects on different cell types. In eukaryotic cells, mitochondria have
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fundamental roles, including energy production, synthesis of key metabolites,
apoptosis regulation, calcium buffering and production of endogenous ROS (Ott et al.
2007). Therefore, cells have developed various enzymatic and non-enzymatic
antioxidant defence mechanisms. SOD, catalase (CAT), and glutathione peroxidases
(GPX) are examples of enzymatic antioxidant systems in cells, including C. albicans.
It has been reported that SOD has an important role in the virulence of C. albicans
(Ott et al. 2007; Bink et al. 2011). Several studies induced C. albicans apoptosis, due
to increased ROS levels with acetic acid, resveratrol, farnesol, and antimicrobial
peptides (Phillips et al. 2003; Cho and Lee 2011; Zhu et al. 2011; Lee and Lee 2015).
Moreover, the fungicidal activity of commonly used antifungal agents, such as azoles,
have been partly associated with their ROS elevated effects, in addition to their target
specific activities (Delattin et al. 2013).

PRE has been widely considered as an antioxidant, due to its high polyphenolic
content, particularly hydrolysable tannins which include a central polyol, such as
glucose surrounded by several gallic acid units, and more complex ellagitannins from
pentagalloylglucose derivatives by oxidative reactions (Gil et al. 2000; Mueller-
Harvey 2001). The characterization of PRE in Chapter 3, identified polyphenolic
compounds in PRE including hydrolysable tannins and anthocyanins. The in vitro
antioxidant activity of polyphenols has been well described. Generally, this in vitro
antioxidant activity has been associated with polyphenols’ redox behaviour and
electron transfer reactions (Chiorcea-Paquim et al. 2020). For instance, punicalagin,
which is one of the most abundant polyphenolic compounds in PRE, has been found
as a- and B-punicalagin anomers. These compounds rapidly interconvert under acidic
pH conditions, and this chemical shift change occurs upon deprotonation, which

generally enhances antioxidant activity (Kraszni et al. 2013; Oudane et al. 2017).

However, antioxidants can also act as pro-oxidants, depending on concentration or
presence of metal cations resulting in free radicals (Yamasaki et al. 1998). The dual
antioxidant and pro-oxidant actions of plant phenolic compounds has been reported
(Parejo et al. 2003; Murzakhmetova et al. 2008; Samec et al. 2015). Similar dual action
in oxidative mechanisms has been demonstrated for Zn (II). Zn (II) is an essential

element with critical functions for structural development and catalysis of enzymes
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and in signal mediation in biological systems. Zn (II) plays an important role in redox
regulation by being a key component of the active site of Cu/Zn SODs and antioxidant
systems overall (Mocchegiani et al. 2011). Similarly, defining the role of Zn (II) as an
antioxidant or pro-oxidant is not straightforward, due to the variability and complexity
of Zn (I1) activity (Lee 2018). There are specific circumstances that influence Zn (II)
activity towards being either antioxidant or pro-oxidant. While Zn (II) does not have
redox activities itself, it has been referred to as a pro-antioxidant (Hao and Maret
2005). As treatment with extracellular Zn (II) increases the free Zn (II) level, the
imbalance of this increased free Zn (II) level plays an important role in its effect on
oxidative stress. For instance, high concentrations of Zn (II) can trigger oxidative
stress through intracellular suppression of metabolism and mitochondrial functions,
because elevated free Zn (II) concentrations can cause protein mis-folding (Butler and

Loh 2007; Lu et al. 2016).

Pro-oxidative agents typically cause oxidative stress by generating ROS. However, a
similar effect can arise due to inhibition of endogenous antioxidant systems. In this
study, C. albicans was treated with PRE (MIC), Zn (II) (MIC) and PRE/Zn (II)
(MIC+MIC) and effects on ROS levels in C. albicans, observed via a commonly used
DCFH-DA fluorescence-based method (Bonini et al. 2006). DCFH-DA is a non-polar
and non-fluorescent molecular probe and can diffuse across membranes. DCFH-DA
then hydrolyses intracellularly to the polar, non-fluorescence, membrane impermeable
form, 2',7'- dichlorodihydrofluorescein (DCFH). DCFH is rapidly oxidised to the
highly fluorescence derivative, 2’,7'-dichlorofluorescein (DCF) by ROS (Weissman et
al. 2005). ROS impacts on the viability of cells through enzyme inactivation,
membrane disruption and induction of cell death (Kobayashi et al. 2002).
Furthermore, excessive accumulation of ROS is a fundamental biomarker of apoptosis
that supports morphological changes, nuclear fragmentation, chromatin condensation,
cellular swelling, and phosphatidylserine externalisation (Pozniakovsky et al. 2005).
Results showed that PRE and Zn (II) did not cause induced intracellular ROS
production when applied alone. However, the PRE/Zn (II) (MIC+MIC) combination
produced increased intracellular ROS levels, which could be the reason of synergistic

antifungal activity of this combination against C. albicans. Moreover, this increased
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ROS level was observed for planktonic and biofilm forms of C. albicans after 24 h

treatment.

Elevated oxidative stress is harmful for cells and tissues (Rafieian- Kopaie and
Baradaran 2013). The pro-oxidant properties of phenolic compounds under specific
conditions, such as the presence of redox active transition metals, have been shown
(Prochazkova et al. 2011). It has been proposed that this dual action of polyphenols
on oxidative stress depends on the physiological conditions and on the polyphenol
chemical properties (Chiorcea-Paquim et al. 2020). Phenolic compounds can act as
pro-oxidants by generating ROS, such as H>0; and phenoxy radicals, via polyphenol
autooxidation. This autooxidation happens via a Fenton reaction and the presence of
oxygen sources, such as Oz or H>0», and metal ions, such as Fe (II) and Cu (II) (Cao
et al. 1997; Fukumoto and Mazza 2000; Sakihama et al. 2002). In addition, it has been
reported the redox inactive metals, including Al (I11), Zn (IT), Cd (II), Mg (II), and Ca
(IT), can also induce the pro-oxidant activity of polyphenols, due to their stabilising
role on phenoxyl radicals (Yamasaki et al. 1998; Rout and Das 2003; Kalinowska et
al. 2018). Although phenoxyl radicals are generally unstable and can be converted to
non-radical molecules through polymerisation, enzymatic and non-enzymatic
reductions, the presence of metal ions can enhance the stability of phenoxyl radicals

by prolonging their lifetime.

This could be the reason for the elevated ROS levels observed in this study for
PRE/Zn (II) combination in both planktonic and biofilm forms of C. albicans, as this
pro-oxidant activity may cause critical damage to mitochondrial transmembrane
potential (Galati and O’Brien 2004). The pro-oxidative properties of the PRE/Zn (II)
combination may inhibit mitochondrial respiration enzymes, such as NADH oxidase
and succino-oxidase (Bohmont et al. 1987). However, penetration of cell by PRE and
PRE/Zn (II) to cells is necessary and further studies should be conducted to assess
whether this occurs in C. albicans cells. Hence, it has been suggested that pro-oxidant
activity could be the reason for polyphenols antimicrobial and anti-pathogenic
bioactivities (Chiorcea-Paquim et al. 2020). In this present study, the ROS-mediated
antifungal activity of the PRE/Zn (II) combination was demonstrated by oxidation of

the fluorescence dye DCF in C. albicans, tollowing PRE/Zn (II) treatment.
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ROS can be harmful causing DNA damage and mutagenesis for a wide variety of cell
molecules, including nucleic acids, proteins, and lipids (Hwang et al. 2011). However,
it is difficult to determine the specific events which damage C. albicans, and more in-
depth studies are necessary to have a fuller understanding of the role of ROS in this

synergistic antifungal activity of the PRE/Zn(II).

In this chapter, PRE/Zn (II) effects on induced ROS levels within C. albicans were
confirmed. Several studies have demonstrated oxidative stress induction from many
plant polyphenols in the presence of transition metal ions, such as copper (Ahmad et
al. 1992; Azmi et al. 2005; Arif et al. 2017). C. albicans has an ability to grow in three
morphological forms, namely budding yeast, pseudo hyphal and hyphal forms. This
morphological adaptivity provides an advantage to C. albicans in the development of
biofilms on surfaces of medical devices, resulting in biofilm-associated infections
(Sudbery 2011; Zhao et al. 2013). The disruptive effects of PRE, Zn (II) and PRE/Zn
(I) on C. albicans biofilms were shown via CLSM images and quantitative
COMSTAT?2 analysis. In the absence of test compounds, C. albicans developed high-
density biofilms. All treatments led to significant reduction in biofilm biomass, but
only PRE-treated C. albicans biofilms showed significant reductions in mean
thickness. In this chapter, the effect of the compounds on the morphological form of
C. albicans biofilms was assessed with Calcofluor White staining. The fluorescence
intensity was measured since Calcofluor White is a fluorochrome that binds to chitin
in the fungal cell wall, which is synthesised by enzymes in the plasma membrane.
Thus, any change in plasma cell membrane can show an effect on cell wall chitin, and
damage in the cell wall results in lower fluorescence intensities compared to
undamaged cell walls (Chaffin et al. 1998). PRE was the most effective compound at
inhibiting hyphal growth and this result is similar to PRE’s effect on C. albicans
biofilm mean thickness. It was an expected outcome since the hyphal form of C.

albicans contribute to the 3D architecture of C. albicans biofilms.
There are limited numbers of antifungal agents and there is thus an urgent need to

discover new drugs to treat fungal infections. Polyphenols are increasingly attractive

as alternative agent in the treatment of infectious diseases due to their broad-spectrum
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antibacterial and antifungal properties (Viuda-Martos et al. 2010). Pomegranate rind
is abundant with phenolic compounds and the PRE/Zn (II) combination is known for
its synergistic antibacterial, anti-viral and anti- inflammation activities (Houston et al.

2017b; Celiksoy and Heard 2021; Celiksoy et al. 2021).

6.6 Conclusion

The possible synergistic activity of the PRE/Zn (II) combination against C. albicans
was investigated, evaluating the effect on intracellular ROS production of C. albicans.
PRE/Zn (II) induced intracellular ROS production, for both planktonic and biofilm
cells for C. albicans. Therefore, this could be the mechanism behind the synergistic
activities previously observed. Synergistic activity was also observed in the assays
based on the viable number of bacteria, rather than other parameters. For example, it
was also found that PRE had the highest inhibition activity on hyphal growth of C.
albicans, and the fluorescence intensity result of Calcofluor-White staining
demonstrated that the fluorescence intensity of PRE was significantly lower than for
the PRE/Zn (II) combination (p<0.0001). However, from the current results, it could
not be determined whether the effects of the PRE/Zn (II) combination on C. albicans
were caused by elevated ROS production or by inhibition of the antioxidant
mechanisms in C. albicans. However, further research is required into the impact of
such an increase in ROS levels on C. albicans behaviour following PRE/Zn (II)

application, in order to better understand its mechanisms of action.
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Chapter 7: Antioxidant and Wound-Healing Activity of PRE,

Punicalagin and in Combination with Zn (II)

7.1 Introduction

Wound healing is a complex process, involving a chain of well-orchestrated
biochemical and cellular events that affect the growth and regeneration of wounded
tissue. This is mainly achieved through four precise and programmed phases:
homeostasis, inflammation, proliferation, and remodelling. These phases must occur
in an orderly and suitable timeframe essential for proper healing, which can be
inhibited by many factors causing delayed or non-healing wounds to occur (Guo and

Dipietro 2010).

Oral wounds can be caused from a trauma, periodontal diseases, tooth extraction and
oral surgery. However, the oral cavity has a distinct environment bathed in a
continuous warm fluid and millions of microorganisms. There are some differences
between dermal and oral mucosal tissues in terms of wound healing. It has been shown
that the oral mucosa heals more rapidly and without scar formation, compared to
dermal tissue (Szpaderska et al. 2003). Fibroblasts, keratinocytes, saliva, and some
other intrinsic factors have a role in this clinical difference between dermal and oral
mucosal wound healing (Mandel 1987; Zelles et al. 1995; Schor et al. 1996;
Turabelidze et al. 2014). However, oral wounds cannot be protected with a bandage
as can dermal wounds, whilst the oral cavity also faces potential trauma due to events
such as mastication (Politis et al. 2016). Moreover, the oral cavity has a relatively
large commensal microflora. For the treatment of oral wounds, antibiotics,
corticosteroids, non-steroidal anti-inflammatory drugs (NSAIDs) and disinfectants
such as chlorhexidine have been used to accelerate the healing process (Cleland et al.
2001). However, these drugs have many side effects, such as failure bacterial
resistance, gastrointestinal damage, tooth discoloration, dysgeusia and excessive
sensitivity of the oral mucosa (Gjermo et al. 1989). Therefore, new alternative

compounds are needed for oral wound healing.
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The wound healing capabilities of PRE have been reported, in addition to its anti-
inflammatory, antimicrobial and antioxidative activities, that have been attributed its
phenolic content (Murthy et al. 2004). However, no studies have been performed to
evaluate such activities from an oral wound perspective. Moreover, punicalagin,
which is the main ellagitannin in PRE, has not yet been studied for a deeper evaluation
of the compositional-functional relationship for this bioactivity. The possibility of
potentiated wound healing activity for PRE and punicalagin in combination with Zn
(IT) was chosen for investigation in this Chapter, as Zn (II) has a demonstrated activity
in wound healing. The potentiated antimicrobial and anti- inflammatory activity of the
PRE/Zn (II) has also previously been reported (McCarell et al. 2008; Houston et al.
2017a; Houston et al. 2017b; Houston et al. 2017¢). Therefore, in this study, it was
hypothesised that potentiated activity could be a promising combination for oral

wound healing activity.

7.1.1 The role of zinc in wound healing

Zinc is a fundamental trace element in the human body, and it plays an important role
for skin and body health (Schwartz et al. 2005; Lansdown et al. 2007; Kogan et al.
2017). Zinc is the second most abundant element after iron in the human body and
has many crucial roles in diseases, including wound healing (Prasad 1995). Zinc and
zinc-containing compounds have an active role in every step of wound repair (Jones
and Williams 2004). Zinc has crucial roles in the modification of extracellular matrix
(ECM), cell migration, protein synthesis and in the reduction of inflammation (O’Dell

1992; Vallee and Falchuk 1992; O’Dell 2000).

Zinc plays a key role as a cofactor in many transcription factors and enzyme systems
(Lansdown et al. 1999). These zinc finger transcription factors modify the gene
expression and thereby regulate cellular behaviour (Zhu et al. 2004). Zinc finger
transcription factors act with DNA and RNA polymerases, which are zinc- dependent
enzymes, to induce transcription of key genes for wound healing, such as in cellular
replication and genes encoding extracellular matrix (ECM) proteins (Berg and Shi
1996; Bao et al. 2003; Sum et al. 2005). Matrix metalloproteinases (MMPs) are zinc-

dependent enzymes, that are actively involved in wound repair. MMPs augment auto-
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debridement and keratinocyte migration during the wound healing process. Moreover,
MMPs activity can be inhibited by removing zinc using chelating agents (Springman

et al. 1995; Gomis 2003; Nagase et al. 2006).

7.1.2 ROS activity in periodontal diseases

Periodontal diseases are inflammatory diseases. While the pathogenesis mechanism
of periodontal diseases is not fully understood, it has been suggested that bacterial
colonisation, predominantly Gram-negative, aerophilic or microaerophilic bacteria, in
the sub-gingival area release toxic products (Bartold et al. 2005). These toxic products
cause tissue destruction directly. Additionally, they induce the host immune defence
response and start the inflammation process (Page and Kornman 2000; Nair 2006).
The host defence systems, especially polymorphonuclear leucocytes (PMNs), produce
reactive oxygen species (ROS) to the inflammation site (Page and Kornman, 1997).
However, the accumulation of ROS at the inflammatory site could further increase
and worsen the inflammation process (Battino et al. 1999; Waddington et al. 2000).
Excessive ROS production can cause indiscriminate biomolecular and cellular damage

contributing to periodontal disease progression and impeding repair processes.

7.1.2.1 The antioxidant effects of PRE, Zn (II) and PRE in combination with
Zn (1)

Pomegranate has been used since ancient times by many cultures, due to its various
health effects as pomegranate extracts are a rich source of phenolic compounds. This
beneficial health activity could relate to different phenolic components, such as
punicalagin isomers, ellagic acid derivatives and anthocyanins (delphinidin, cyanidin
and pelargonidin 3-glucosides, and 3,5-diglucosides) (Singh et al. 2009; Bekir et al.
2013a; Bekir et al. 2013b).

Recently, the antioxidant ability of pomegranate extracts has been studied in in vitro
and in vivo assays. Free radical scavenging and lipid oxidation capacity of these
phenolic compounds have been reported with in vitro assays (Gil et al. 2000; Noda et

al. 2002). Moreover, it has been shown that pomegranate peel extracts have more
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antioxidant activity and phenolic compounds than the pomegranate pulp, seed, and
arils (Tomas-Barberan et al. 2001; Guo et al. 2003; Li et al. 2015). Pomegranate peel
extract protects against highly reactive, hydroxyl radicals ((OH), which can damage
most biological molecules, and this is through its metal-chelating property (Ou et al.
2002; Huang et al. 2005). Murthy et al. (2002) undertook an in vivo study to show the
protective effect of pomegranate peel extract against CCl4- induced hepatoxicity,
which involves highly destructive damage by ROS, and it was shown that

pomegranate peel extract protected Wistar rats from ROS damage.

Cells have enzymatic and non-enzymatic antioxidant systems to remove excessive
ROS. Superoxide dismutase, glutathione peroxidase, glutathione reductase, catalase
and heme oxygenase are some of the major factors in enzyme-dependent antioxidant
cellular mechanisms (Castro and Freeman 2001; Rahman 2007; Bhattacharyya et al.
2014). Superoxide dismutase has several isoforms, and zinc is a cofactor of cytosolic
and extracellular Zn/Cu superoxide dismutase. This enzyme is a ROS scavenger and
catalyses the O radical into less harmful O> and H>O» (Mariani et al. 2008). Zinc
also induces metallothionein production, which is effective scavenger of OH. Iron and
copper play a role in the production of OH from H>O». However, zinc competes with
iron and copper for cell membrane binding and causes reduced production of OH
(Prasad 1993). Zinc also exerts antioxidant activity via inducing heme oxygenase and
inhibiting the NADPH oxidase, which is a plasma membrane-associated enzyme that
catalyses production of O* using NADPH as the electron donor (Tapiero and Tew
2003; Prasad 2014). It was reported that critical transcription factors are involved in
regulation of gene expression of antioxidant and antioxidant molecules are up
regulated by zinc (Zhao et al. 2010). Zinc has antioxidant activity in the oral cavity by
reducing production of ROS in above mentioned mechanisms. Furthermore, it disturbs
the respiration system in Fusobacterium nucleatum and other microbes, and with this
antimicrobial activity it prevents ROS production in the oral cavity (Nayak et al. 2010;
John et al. 2011; Salari et al. 2017).
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7.2 Aims and objectives

The bioactivity of pomegranate extracts manifests through as antimicrobial,
antioxidant and anti-inflammatory properties, as described above. The aims of this

Chapter were to evaluate:

e PRE, Zn (II), and PRE/Zn (II) effects on the viability, proliferation,
and migration effect on keratinocytes (HaCaTs) and human primary
gingival fibroblasts (HPGFs).

e Punicalagin has been considered the main phenolic compound in PRE
and it was included this study to obtain a deeper understanding about
the compositional-functional relationship of PRE on wound healing
activities. Therefore, punicalagin, Zn (II) and punicalagin/Zn (II)
effects on viability, proliferation, and migration effect on HaCaTs
and HPGFs were also investigated.

e The antioxidant activities of PRE, punicalagin and their combination
with Zn (II) were further assessed using in vitro free radical

scavenging assays.

203



7.3 Materials and methods

Equipment, glass and plastics, chemical consumables and assay kits used in this
chapter were presented in Section 2.1 in Table 2.1, Table 2.2, and Table 2.3, unless

otherwise stated.

7.3.1 Assessment of the antioxidant activities of PRE, punicalagin and

Zn (II) using in vitro assays

7.3.1.1 DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scavenging assay

The DPPH assay was used to evaluate scavenging of stable radicals by PRE,
punicalagin and their combination with Zn (II). In this assay, the antioxidant reacts
with stable free radicals, by transferring electrons or hydrogen atoms to DPPH and
neutralising the free radical. In this colorimetric-based assay, the dark violet colour of
DPHH changes from dark violet to yellow. The assay was performed as previously
described (Okonogi et al. 2007). Briefly, 0.2 mM DPPH solution was prepared by
dissolving 39.4 mg DPPH in 1 mL methanol and adjusted to 500 mL methanol using
a volumetric flask. The DPPH solution was wrapped with aluminium foil to prevent
light degradation and stored at 4°C. The 96-well plate was separated into columns and
columns were labelled DPPH only, samples only, and DPPH and samples. Two-fold
serial dilutions were made for each sample, then the plate was wrapped with foil to
protect from light degradation and incubated for 30 min at room temperature. At the
end of the incubation, the plate was read at 515 nm using a plate reader to measure
absorbance (Abs), as described above, including a blank sample containing only

DPPH as the negative control and ascorbic acid as the positive control.

The percentage of the radicals scavenging activity of compounds were calculated

using the formula:

% DPPH scavenging = 100 x [(Abs Sample+ DPPH) - (Abs Sample Blank)]/ [(Abs
DPPH) - (Abs Solvent)].
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The concentration of the sample where scavenging was 50 % of the initial DPPH
radical was calculated by interpolating the [(Abs of the sample) - (Abs Sample Blank)]
into a calibration line generated by the Abs of DPPH at different concentrations. Each
experiment was repeated on at least three independent occasions, and each repeat

contained at least three replicate wells. Data was presented as mean+SEM.

7.3.1.2 ABTS (2,2’-Azino-bis  (3-ethylbenzothiazoline-6-sulfonic-acid)
radical scavenging assay/TEAC (trolox equivalent antioxidant

activity)

The ABTS/TEAC assay was performed, as described by Re et al. (1999) with minor
changes for determination of trolox equivalent antioxidant capacity (TEAC) values
for PRE, punicalagin and their combinations with Zn (II). The assay was based on the
ability of compounds to scavenge the ABTS radical (ABTS-). The ABTS: radical was
produced by reaction between 7 mM ABTS solution and 2.45 mM potassium
persulphate solution. These components were mixed and stored in the dark for 12-16
h at 30°C. Both solutions were prepared in distilled water in a total volume of 100 mL.
The prepared ABTS: solution was diluted with 5 mM PBS solution, pH 7.4, until a
final absorbance of 0.7+£0.2 at 734 nm was obtained. Concentrations of 0.5 mg/mL
PRE, 0.5 mg/mL punicalagin and 0.125 mM Zn (II) were used in this assay. Trolox 0-
400 pg/mL was used as a positive control to prepare a standard curve and to enable
results to be expressed as TEAC. Each experiment was repeated at least three times
independently, and each repeat contained at least three replicate wells. Data was

presented as mean+=SEM.

7.3.2 Effects of PRE, punicalagin and PRE/Zn (II) combination on

fibroblast and keratinocyte wound healing responses

The methodology for general cell culture methods and the preparation of extracts and

buffers are as described in Chapter 2 (Section 2.2.4)
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7.3.2.1 MTT (3-(4, 5-dimethylthiazolyl-2)-2,  5-diphenyltetrazolium

bromide) Colorimetric Assay

Human primary gingival fibroblasts (HPGFs) and human adult, spontaneously
immortalised, epidermal keratinocytes (HaCaT cells), were seeded in 96 well-plates.
HPGF cells were used between passages 2-7. The experiment protocol was performed

based on the method of Moses et al. (2020).

PBS (100 puL) was placed in all outer wells of the 96 well-plates to maintain the cells’
environmental conditions during the experiment. HaCaTs were seeded at a cell density
of 5x10% cells per well in 10 % serum-containing medium (DMEM, L- glutamine,
antibiotics, FCS). In contrast, HPGFs were seeded in the same culture medium, but at
2.5x103 cells per well. At 24 h post-seeding, culture media was replaced with serum-
free media, and the cells re-incubated again for another 24 h. Following serum
starvation, the serum-free medium was replaced with medium containing the test agent
for a further 72 h. Test agent solutions were prepared fresh on the day of use. Freeze-
dried PRE, Zn (II) and punicalagin were dissolved in phthalate buffer pH 4.5 to make
stock solutions and were then filtered with a 0.2 um syringe filter. A range of
concentrations of the compound were prepared in 97 % DMEM/1 % FCS/1 % L-
glutamine/1 % antibiotics. The respective treatment media (100 pL) were added
to each well. An untreated control, comprised of 1 % phthalate buffer pH 4.5, was

also included in each experiment.

Concentration of compounds and combinations were PRE (0.1pg/mL, 1 pg/mL, 10
pg/mL, 100 pg/mL), punicalagin (0.1ug/mL, 1 pg/mL, 10 pg/mL), Zn (I1) (0.001 mM,
0.1 mM, 1 mM), PRE/Zn (II) (0.1pg/mL+0.1 mM, 1 ug/mL+0.1 mM, 10 pg/mL~+0.1
mM), and punicalagin/Zn (II) (0.1pg/mL+0.1 mM, 1 pg/mL+0.1 mM, 10 ng/mL+0.1
mM). All test concentrations, and the control had six replicate wells. Each experiment
was performed on three independent occasions. MTT solution (5 mg/mL of MTT in
phosphate buffered saline, [PBS]) was prepared and filter-sterilised using a 0.2 pm
syringe filter. After 24 h, 25 pL MTT solution was added to each well at 24 h and
incubated for 4 h at 37°C/5% C0O,/95% 1n an air environment. After 4 h of incubation,

the medium was aspirated, avoiding disruption of the precipitated formazan crystals.
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DMSO (100 uL) was added to solubilise hydrophobic formazan crystals, then the plate
was wrapped with cling film and incubated at 37°C/5% CO2/95% in an air
environment for 30 min. The plate was read spectrophotometrically at 540 nm using
a microtitre plate reader. HPGF and HaCaT cell viability and proliferation were
assessed at 24 h, 48 h and 72 h. The percentage of cell viability was calculated as

follows:

% cell viability = (absorbance of the compound/ mean absorbance of the control

group) x 100

Each experiment was performed on at least three separate occasions, and six replicates

per condition. Data was presented as mean+SEM.

7.3.2.2  Scratch-wound assay

The experimental protocol was followed as described by Moses et al. ~ (2020). 70-
90% confluent HPGFs and HaCaTs were trypsinised, counted with a haemocytometer
and seeded at densities of 2.5x10* cells/mL and 7.5x10* cells/mL, respectively, in
culture medium (DMEM, L-glutamine, antibiotics, 10% FCS) per well of the 24-well
plate, and incubated for 48 h. After incubation, the culture media  was replaced with
serum-free media for 24 h. After 24 h serum-starvation, the serum-free media was
aspirated from the cells and an artificial scratch was made in each well using a
sterile 200 uL pipette tip. The wells were washed (x2) with PBS. to remove cell
debris. Each respective concentration of PRE, Zn (II) and punicalagin was added to
the wells, with three wells per condition. Cells were also exposed only to phthalate
buffer pH 4.5 (1%) in serum-free media for all experiments to observe the effect of
carried phthalate buffer pH 4.5 with the treatment solutions effect on cells. The
concentration of compounds and combinations were PRE (0.1pg/mL, 1 pg/mL, 10
pg/mL, 100 pg/mL), punicalagin (0.1ug/mL, 1 pg/mL, 10 pg/mL), Zn (I1) (0.001 mM,
0.1 mM, 1 mM), PRE/Zn (II) (0.1pg/mL+0.1 mM, 1 ug/mL+0.1 mM, 10 pg/mL~+0.1
mM) and punicalagin/Zn (IT) (0.1pg/mL+0.1 mM, 1 pg/mL+0.1 mM, 10 pg/mL+0.1
mM).
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For HPGFs, the plates were examined by Time Lapse Microscopy using the Cell 1Q
Time-Lapse Microscope to monitor wound repopulation of the cells at 37°C, in a 5%
C0O2/95% air environment. Fibroblast cell movement was tracked using a tracking
plugin with Image J and 6 cells/video and 3 independent videos were analysed per
condition, resulting in 18 data points/culture condition. These data points were chosen
to monitor HPGF migration in each well, and the software was arranged to take digital
images every 20 min, over a 48 h period. These images were converted to a video
using Imagen program with Cell 1Q Time-Lapse Microscope. Each experiment was
performed on three independent occasions. The images were analysed using Imagel
Software (NIH Software, Version 1.49). Scratch assay analysis was made using a cell
tracking method to determine the distance (Tt), cell displacement (Td), speed (Tt/min)
and overall velocity (Td/min), instead of measuring the percentage of wound area for

HPGTF cells.

For HaCaTs, the plate was placed in Time Lapse Microscopy using the Leica TCS
SP5 Confocal Microscope (Leica Microsystems (UK) Ltd., Buckinghamshire, UK) to
monitor the wound repopulation of the cells at 37°C, in a 5% CO2/95% air
environment. Nine different images, resulting in 18 data points/culture condition, were
chosen for each well to monitor the HaCaT wound repopulation in each well, and the
software was arranged to take digital images every 20 min, over a 48 h period. These
images were converted to video using LAS AF Lite (Leica Software, Version
4.0.11706, Leica Microsystems (UK) Ltd). Each experiment was performed on three
independent occasions. For HaCaTs, images were analysed using ImageJ Software
(NIH Software, Version 1.49). The percentage wound closure at 24 h and 48 h were

calculated for each condition and expressed as mean+=SEM.

7.3.3 Statistical analysis

All experiments were repeated on three independent occasions, with data expressed as
mean+SEM. Antioxidant, cell proliferation/viability and wound repopulation

data were analysed using one-way analysis of variance (ANOVA) with post-test
Tukey analysis, with p values of < 0.05 considered significant (*, p < 0.05), very
significant (**, p < 0.01) or highly significant (***, p < 0.001).
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7.4 Results

7.4.1 Antioxidant activity

Radical scavenging capacities of PRE, punicalagin and their combination with Zn (II)
0.1 mM were assessed using DPPH and ABTS/TEAC assays. The results for DPPH
assay were reported as percentage of DPPH inhibition (Figure 7.1A) and IC50 values
(the concentration of compound needed to inhibit 50 % of the initial DPPH free
radical) (Figure 7.1B). All studied compounds showed a dose-dependent response in
the percentage of free DPPH inhibition. While PRE and PRE/Zn (II) exerted similar
percentage in DPPH radical scavenging at 100 pug/mL, 50 pg/mL and 25 pg/mL,
PRE/Zn (II) exerted percentage of DPPH radical scavenging at 12.5 pg/mL, 6.25
pg/mL, and 3.75 pg/mL. In these concentrations, punicalagin also showed better
percentage inhibition in DPPH radical scavenging compared to positive control,
ascorbic acid (AA) (Figure 7.1A). Punicalagin and punicalagin/Zn (II) exerted similar
percentage values in DPPH radical scavenging in all concentrations except at 1.875
pg/mL where punicalagin caused higher inhibition in DPPH radical scavenging. PRE
(10.69+0.44 ng/mL) and PRE in combination with Zn (II) 0.1 mM (8.1+£0.27 pg/mL)
were required at a higher concentration than the positive control ascorbic acid
(8.31£0.64 pg/mL) to inhibit free DPPH. However, punicalagin (6.04+0.29 pg/mL)
and its combination with Zn (II) 0.1 mM (6.99+0.2 pg/mL) required a lower
concentration of compound than ascorbic acid to inhibit free DPPH. While there was
a slight difference between the compounds and their Zn (II) combinations, no
statistical difference was observed (p>0.05; Figure 7.1B). The ABTS/TEAC assay
showed a similar pattern of results. Punicalagin and punicalagin with Zn (II) had
significantly higher TEAC values than PRE and PRE/Zn (II) (p<0.001). Similarly, Zn
(IT) 0.1 mM addition did not result in any significant change in free radical scavenging

activity for PRE and punicalagin with ABTS/TEAC assay (p>0.05; Figure 7.1B).
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Figure 7.1: ROS antioxidant scavenging activities. (A) Percentage of DPPH: radical
scavenging capacity of Zn (II) 0.1 mM and different concentrations of PRE (1.875-
100 pg/mL), and punicalagin (1.875-100 pg/mL); (B) ABTS/TEAC column shows
trolox equivalent antioxidant capacity of PRE (0.5 mg/mL), punicalagin (0.5 mg/mL),
and their combinations with Zn (II) 0.1 mM. DPPH IC50 column shows the
concentrations of PRE, punicalagin and their combinations with Zn (II) 0.1 mM which
scavenge 50 % of the initial DPPH radical. Values with different uppercase superscript
letters in the same column indicate the significant difference (p<0.05) between the
compounds analysed by post-test Tukey analysis. each value presented as the

mean+SEM (N=3). *ND; not detected. AA: Ascorbic acid.
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7.4.2 Effects of PRE, Punicalagin, Zn (II) and PRE and punicalagin in
combination with Zn (II) on HaCaT and HPGF viability and
proliferation (MTT Assay)

7.4.2.1 HaCaT cells

The cell viability experiments were performed on HaCaTs cultured in different

concentrations of PRE, punicalagin, Zn(Il), and PRE/Zn (II) and punicalagin/Zn (II).

PRE and PRE in combination with Zn (II) 0.1 mM did not show any significant
decrease and increase in cell viability at all time points (Figure 7.2A, 7.2B and 7.2C).
PRE caused an increase in cell proliferation at lower concentrations (10, 1, and 0.1
pg/mL). Zn (II) 0.1 mM exerted a significant cell proliferation at 72 h, but PRE/Zn

(IT) did not show same proliferation effect on HaCaTs at all time points.

Both PRE and punicalagin showed a dose-dependent response in the MTT cell
viability/proliferation assay (Figure 7.2). Punicalagin at 10 pg/mL led to a significant
decrease in cell viability from 24 h onwards (p<0.001; Figure 7.2D, Figure 7.2E, and
Figure 7.2F). Similarly, punicalagin at 10 pg/mL in combination with Zn (II) 0.1 mM
was cytotoxic to HaCaT cells by 72 h (p<0.001) (Figure 7.2D, Figure 7.2E, and Figure
7.2F). While punicalagin 1 pug/mL and 0.1 pg/mL showed a significant increase in
cell proliferation at 24 h, their combination with Zn (II) did not (p<0.05) (Figure 7.2D).
In contrast, Zn (IT) 0.1 mM increased cell viability at 48 h and 72 h (Figure 7.2B, 7.2C,
7.2D, and 7.2E).
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Figure 7.2: Cell viability was evaluated using the MTT assay. Effects of PRE (0.1-100 pg/mL), Zn (II) 0.1 mM and PRE (0.1-100 pg/mL)
in combination with Zn (II) 0.1 mM on HaCaTs viability for 24 h (A), 48 h (B) and 72 h (C). Effects of punicalagin (0.1-10 pg/mL), Zn
(IT) 0.1 mM and punicalagin (0.1-10 pg/mL) in combination with Zn (IT) 0.1 mM on HaCaTs viability for 24 h (D), 48 h (E) and 72 h ().

Values were expressed as a mean percentage with standard error of the mean values. (N=3, average+SEM, *p<0.05, **p<0.01,

*x%p<(0.001, ****p<0.0001, p>0.05).
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7.4.2.2 HPGFs

The effects of PRE, punicalagin, Zn (II) and Zn (II) combinations with PRE and
punicalagin on the viability of HPGFs, were also determined by MTT assay. Zn (1) 1
mM significantly inhibited HPGF proliferation (p<0.001; Figure 7.3D, 7.3E, and
7.3F), while lower concentrations of Zn (II) did not show a significant decrease in
proliferation at 24 h and 48 h and showed a delayed cytotoxicity at 72 h (p>0.05;
Figure 7.3D, 7.3E, and p<0.0001; Figure 7.3F). When HPGFs were treated with PRE
or punicalagin alone, both showed dose-dependent viability responses. The highest
concentrations of PRE (100 pg/mL) and punicalagin (10 pg/mL) significantly reduced
HPGEF viability (p<0.001), but lower concentrations (1 and 0.1 pg/mL) did not affect
cell viability (p>0.05). However, while PRE at 100 pg/mL showed cytotoxicity from
24 h, punicalagin 10 pg/mL a delayed cytotoxicity at 48 h (Figure 7.3A and 7.3H). All
compound concentrations did not show a proliferative effect in any studied time-
points. In addition, when PRE and punicalagin were combined with 0.1 mM Zn (1I),
they significantly decreased cell viability (p<0.001). However, treatment solely with
Zn (IT) 0.1 mM did not decrease HPGF viability at 24 h and 48 h (p>0.05; Figure 7.3D
and 7.3E). Significantly decreased cell viability was observed at 72 h for Zn (II) 0.1
mM (Figure 7.3F).
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Figure 7.3: Effects of PRE (0.1-100 pg/mL), PRE in combination with Zn (II) 0.1 mM on HPGF viability at 24 h (A), 48 h (B)and 72 h
(C). Effects of Zn (IT) (0.01-1 mM) on HPGF viability at 24 h (D), 48 h (E) and 72 h (F). Effects of punicalagin (0.1-10 pg/mL) and
punicalagin in combination with Zn (II) 0.1 mM on HPGF viability at 24 h (G), 48 h (H) and 72 h (I). Values were expressed as a mean
percentage with standard error of the mean values. (N=3, average+SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, p>0.05).
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7.4.3 Effects of PRE, punicalagin, Zn (II) and PRE and punicalagin
combination with Zn (II) on HaCaT and HPGF wound

repopulation

7.4.3.1 HaCaTs

The scratch-wound assay was performed on HaCaTs cultured with different
concentrations of PRE, punicalagin, Zn (II), PRE + Zn (II) and punicalagin+ Zn (II).
A negative control group devoid of any of the compounds was included. The control
group wound closed in less than 48 h (Figure 7.4A). Cells incubated with Zn (II) 0.1
mM did not close the scratch wound over 48 h (Figure 7.4B). However, combination
of PRE and punicalagin with Zn (II) 0.1 mM led to a better closure in artificial wound
than Zn (II) 0.1 mM alone. This is more apparent from the representative images of in
vitro scratch assay of PRE (0.1 pg/mL), punicalagin (0.1 pg/mL and 1 pg/mL) in
combination with Zn (II) 0.1 mM led to full closure of artificial wound (Figures 7.4H,
7.41 and 7.4N, respectively). However, when Zn (II) 0.1 mM was applied alone, the
wound was not closed (Figure 7.4). combination of PRE and punicalagin with Zn (II)

0.1 mM led to a better closure in artificial wound than Zn (II) 0.1 mM.
The percentage of wound area at 24 h and 48 h showed that both PRE and punicalagin

did not alter migration when applied alone. However, when applied with Zn (II) 0.1

mM, wound repopulation was significantly inhibited (Figure 7.5).
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Punicalagin 0.1 pg/mL+
Zn (II) 0.1 mM

M Punicalagin 0.1 pg/mL

Figure 7.4: Representative images from in vitro scratch assay of HaCaTs over 48 h
incubation with (A) Control (0 pg/mL), (B) Zn (IT) 0.1 mM, (C) PRE 10 pg/mL, (D)
PRE 10 pg/mL+ Zn (II) 0.1 mM, (E) PRE 1 pg/mL+ Zn (II) 0.1 mM, (F) PRE 1
pg/mL+ Zn (II) 0.1 mM, (G) PRE 0.1 pg/mL, (H) PRE 0.1 pg/mL+ Zn (II) 0.1 mM,
() Punicalagin 10 pg/mL, (J) Punicalagin 10 ug/mL+ Zn (IT) 0.1 mM, (K) Punicalagin
1 pg/mL, (L) Punicalagin 1 pg/mL+ Zn (II) 0.1 mM, (M) Punicalagin 0.1 pg/mL, (N)
Punicalagin 0.1 pg/mL+ Zn (IT) 0.1 mM . White dashed lines demark the scratch edges
at 0 h. Red arrows show the unclosed wound areas and highlight effects of PRE and

punicalagin with Zn (II) 0.1 mM on migration activity. Scale bar = 100 um.
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Figure 7.5: HaCaT scratch wound repopulation and closure analysis, in the presence
of PRE (Opg/mL, 0.1pg/mL, 1pg/mL and 10ug/mL), and PRE (Opug/mL, 0.1pg/mL,
Ipug/mL and 10pg/mL) combination with Zn (II) 0.1 mM at 24 h (A) and 48 h (B).
Punicalagin (Opg/mL, 0.1pg/mL, 1ug/mL, and 10pg/mL), Zn (II) 0.1 mM and PRE
(Opg/mL, 0.1pg/mL, 1pg/mL and 10pg/mL) combination with Zn (IT) 0.1 mM and
punicalagin (Opg/mL, 0.1pg/mL, 1pg/mL and 10pug/mL) combination with Zn (IT) 0.1
mM at 24 h (C) and 48 h (D). (N=3, average:SEM, *p<0.05, **p<0.01,
*H%p<0.001,****p<0.0001).
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7.4.3.2 HPGFs

Images obtained from time-lapse microscopy over 48 h are presented in Figure 7.6.
These images show the repopulation of the denuded sites by HPGFs . The analysis of

images is presented in Figure 7.7 and Figure 7.8.

The control group wound closed in less than 48 h (Figure 7.6A). HPGF cells incubated
with PRE 10 pg/mL and punicalagin 10 pg/mL resulted with unclosed artificial wound
with a few migrated cells (Figures 7.6D and 7.6J, respectively). However, PRE 10
pg/mL and punicalagin 10 pg/mL combinations with Zn (II) 0.1 mM led to more
migrated HPGFs in the wounded area than their alone use (Figures 7.6E and Figure
7.6K). Similar closure behaviour was observed for punicalagin 1 pg/mL and
punicalagin 1 pg/mL combination with Zn (II) 0.1 mM. Although punicalagin 1
pg/mL treated cells did not close the wounded area (Figure 7.6L), punicalagin 1
pg/mL combination with Zn (II) 0.1 mM led to a closure of artificial wound similar to

control group (Figure 7.6M).

PRE at 100 pg/ml and punicalagin at 10 pg/ml significantly decreased cell speed (Tt/t;
p<0.05; Figure 7.7B). However, this inhibition did not affect the distance travelled
compared to the untreated control group. Other concentrations of PRE and punicalagin
did not show any significant difference in the studied parameters (p>0.05; Figure

7.7B).

The combination of punicalagin at 0.1 pg/ml with Zn (II) 0.1 mM showed a significant
enhancement in distance travelled (Tt) and speed (Tt/t) (p<0.05; Figure 7.8A and
7.8B), while there was no increase in the distance travelled (Tt) and speed (Tt/min) on
HPGF when punicalagin 0.1 pg/mL or Zn (II) 0.1 mM were used alone (p>0.05)
(Figure 7.7A and 7.7B, Figure 7.8A and 7.8B).

In addition, no inhibition was observed for punicalagin at 10 ug/mL in cell speed (Tt/t)
when combined with Zn (II) 0.1 mM (p>0.05) (Figure 7.8B). However, when
punicalagin was used alone, there was a significant inhibition in the cell speed (Tt/t)

of HPGF cells (Figure 7.7B).
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Probably, due to the high variability in the cell displacement (Td) and overall velocity
(Td/t), HPGF cells under treatment did not exert any statistically significant
differences compared to untreated control group (p>0.05; Figure 7.7C and 7.7D for
PRE and punicalagin alone, and Figure 7.8 C and 7.8D for Zn (II) 0.1 mM, and PRE

or punicalagin combinations with Zn (IT) 0.1 mM treatments).

A Control B Zn (1) 0.1 mM

C PRE 100 pug/mL
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D  PREIOpgmL E Zn (I1) 0.1 mM
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I Zn(I)0.1 mM

_ _ Punicalagin 10 pg/mL+
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Punicalagin 1 pg/mL+
M Zn(I) 0.1 mM

Punicalagin 0.1 pg/mL+
0 Zn (II) 0.1 mM

Figure 7.6: Representative images from in vitro scratch assay of HPGFs over 48 h
incubation with (A) Control (0 pug/mL), (B) Zn (II) 0.1 mM, (C) PRE 100 pg/mL, (D)
PRE 10 pg/mL, (E) PRE 10 pg/mL + Zn (II) 0.1 mM, (F) PRE 1 ug/mL, (G) PRE 1
pg/mL+ Zn (IT) 0.1 mM, (H) PRE 0.1 ug/mL, (I) PRE 0.1 pg/mL+ Zn (II) 0.1 mM,
(J) Punicalagin 10 pug/mL, (K) Punicalagin 10 pg/mL+ Zn (II) 0.1 mM, (L)
Punicalagin 1 pg/mL, (M) Punicalagin 1 pg/mL+ Zn (II) 0.1 mM, (N) Punicalagin 0.1
pug/mL, (O) Punicalagin 0.1 pg/mL+ Zn (II) 0.1 mM . White dashed lines demark the
scratch edges at 0 h. Red arrows show the unclosed wound areas and highlight effects
of PRE and punicalagin with Zn (II) 0.1 mM on migration activity. Scale bar = 100

pm.
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Figure 7.7: HPGF scratch wound migration analysis in the presence of PRE (Opg/mL, 0.1pg/mL, 1pg/mL and 10pug/mL, 100 pg/mL) and
punicalagin (Opg/mL, 0.1pg/mL, 1pg/mL, and 10ug/mL). (A) distance travelled (Tt), (B) speed (Tt/min), (C) cell displacement (Td), and
(D) overall velocity (Td/min) at 48 h (N=3, average+SEM, *p<0.05, **p<0.01, ***p<0.001).

227



N
)

8001 o
I *
6001 = 157
g
= 400 E 1.0
i z
200+ 0.5
0 0.0
5 £ 2 v T 2 < = S =
s E T ° v ° = E
s xl | | 5 =
8 s 3 sl | I
= [PRE] [Punicalagin] g [PRE] [Punicalagin]
= +Zn () 0.1 mM  +Zn (l) 0.1 mM S +Zn(0AmM +Zn ()01 mi
A B
( ) 200+ ( )
1000001
80000+ E 150+
- E
:EL 60000 - g 1004
i) =
~ 40000+ 5
F 504
20000+
0
0 3 S © v = ©o «w = <:: =
s [ o v o £ €
5 ‘-.I ” | 8 ;
© i [PRE] [Punicalagin] =
< = [PRE] [Punicalagin]
< +Zn ()01 mM  +Zn (1) 0.1 mM S +zn(oAmM  +zn ()0t mM
© (D)

Figure 7.8: HPGF scratch wound migration analysis in the presence of PRE (0.1 - 100 pg/mL,) and punicalagin ( 0.1 - 10pg/mL)
combination with Zn (I) 0.1 mM" compared to untreated control group (0 pg/mL). (A) distance travelled (Tt), (B) speed (Tt/min), (C)
cell displacement (Td), and (D) overall velocity (Td/min) at 48 h (N=3, average+SEM, *p<0.05, **p<0.01, ***p<0.001).
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7.5 Discussion

Pomegranate extract could be a promising alternative treatment for wound healing as
it has been shown to possess many beneficial health activities such as antioxidant,
anti-inflammatory, and antimicrobial capabilities (Kaneria et al. 2012; Celiksoy and
Heard 2021). These biological activities of pomegranate are generally attributed to the
phenolic contents in pomegranate extracts. Although the whole fruit comprises many
phenolic compounds, including anthocyanins, gallotannins, hydroxycinnamic acids,
hydroxybenzoic acids and hydrolysable tannins, pomegranate rind contains more than
other parts of the fruit. The rind also contains the most promising phenolics, especially
hydrolysable tannins i.e., punicalagin isomers. Punicalagin and other hydrolysable
polyphenols are recognised as the most active antioxidants in pomegranate rind extract
(Singh et al. 2002; Li et al. 2006, Orak et al. 2012; Akhtar et al. 2015; Derakhshan et
al. 2018).

There are many reports showing the beneficial effect of PRE and punicalagin in the
treatment of impaired wound healing in skin (Chidambara et al. 2004; Mo et al. 2014a;
Mo et al. 2014b; Fleck et al. 2016; Tang et al. 2017; Nirwana et al. 2017; Lukiswanto
et al. 2019). However, research into PRE and punicalagin in wound healing in oral
cavity is limited. Periodontal diseases (periodontitis and gingivitis) are the most
common oral diseases in humans and have become a major economic burden for
healthcare providers (Tonetti et al. 2017). Periodontal disease prevalence has been
also positively correlated with risk factors such as age and diabetes which are
increasing in populations. There are many therapeutics available for periodontal
disease. However, they generally have an antimicrobial or anti-inflammatory role and
are not directly related to periodontal tissue healing, and only some have been used in
routine clinical use (Rovai et al. 2016; Graziani et al. 2017). Hence, pomegranate
could be an alternative prominent treatment with its antimicrobial, anti-inflammatory
and pro-healing properties, as the reported side effects of commonly used therapeutics

are a limitation for their routine use.

The periodontium is a specialised connective tissue that comprises the gum,

periodontal ligament, cementum, and alveolar bone. The main role of this tissue is to
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support the tooth in its alveolus (Guo and DiPietro 2010). A positive correlation
between periodontitis and oxidative stress has been reported (Gjermo 1989). During
inflammation of periodontium, PMNs release ROS as a response to dental plaque and
is considered the main source of oxidative stress and tissue damage (Ghosh et al.

2013).

Some studies have shown the antioxidant activity of pomegranate rind extract (Negi
et al. 2003; Ricci et al. 2006; Yasoubi et al. 2007). The potent antioxidant activity of
pomegranate could play a role in periodontal wound healing, as excessive ROS
production and oxidative stress induce host connective tissue damage (Waddington et
al. 2000; Chapple et al. 2007). In this study, antioxidant activity was evaluated with in
vitro DPPH and ABTS assays. In both assays, punicalagin showed significantly higher
antioxidant activity than PRE, and Zn (II) and combating these agents did not affect
the free radical scavenging capacity of punicalagin and PRE. Seeram et al. (2005)
found that pomegranate juice had a higher antioxidant activity than punicalagin and
suggested a synergistic/additive activity of polyphenols. However, it is difficult to
assess antioxidant activity with a single method (Ciz et al. 2010). Discrepancy in
results may arise because of extract and sample preparation, selection of endpoints
and expression of results (Viuda-Martos et al. 2010). However, a correlation between
phenolic content and antioxidant properties has been suggested (Gil et al. 2000;
Seeram et al. 2005). In this study, the antioxidant assay results gave a dose- dependent
response and could support the relationship between phenolic content and antioxidant
activity for PRE and punicalagin. Punicalagin had a higher antioxidant activity than
PRE in both DPPH and ABTS/TEAC assays. It could be suggested that the antioxidant
activity of PRE is due to its punicalagin content, which is the main phenolic compound

in PRE (Singh et al. 2009).

While the healing process of oral mucosal and dermal wounds are comprised of the
same stages (homeostasis, inflammation, proliferation and remodelling of the collagen
matrix) (Sciubba et al. 1978; Walsh et al. 1996), it should be noted that oral wound
healing occurs faster with minimal scarring, compared to dermal wound healing
(Szpaderska et al. 2003; Mak et al. 2009; Chen et al. 2010). Behind these differences,

there are some intrinsic factors such as differences in growth factor production, stem
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cell levels and cellular proliferation capacity (Angelov et al. 2004). In a study by
Turabelidzade (2014), oral keratinocytes had an accelerated migratory and stimulated
proliferative ability compared with epidermal keratinocytes. Similar behaviour was
shown for fibroblast cells when oral fibroblasts and dermal fibroblasts were compared,
and fibroblasts that have different anatomical origins exhibited intrinsic differences
(Sandulache et al. 2005). For example , oral mucosal fibroblasts had an increased
proliferative capacity and an altered contractibility profile (Lee et al. 1999). In the
present study, the HaCaT was used for the assessment of compounds wound
repopulation abilities. Oral primary keratinocytes, which might be considered more
appropriate for this evaluation were initially used; however, these cells demonstrated
low viability in tissue culture. HaCaTs are commonly used by many scientists to
investigate drug candidate efficacy for treating periodontitis in in vitro studies (Becker
et al. 2002; Beikler et al. 2008; Pereira et al. 2013; Koychev et al. 2017). HaCaT cells
are a well characterised epithelial cell line and easily managed in in vitro conditions,

making them suitable for this study (Boukamp et al. 1988).

To evaluate the effect of studied compounds on HPGF and HaCaT cells, an MTT assay
was performed. For HPGF cells, no increase in cell proliferation was observed for any
time point. In contrast, PRE and punicalagin significantly reduced cell viability when
combined with Zn (II). A similar finding was shown in a study to evaluate the
cytotoxicity of propolis, which has many beneficial bioactivities such as antimicrobial
and antioxidant effects due to its polyphenols (Ghisalberti 1979; Tyzska- Czochara et
al. 2014). In these studies, propolis, a polyphenol rich natural product, combined with
zinc caused a significant decrease in cell viability. There are studies showing anti-
proliferative or cytotoxic activity of Zn (II) application on keratinocyte proliferation
(Lansdown 2007; Lin et al. 2018). In contrast to keratinocytes, negligible or inhibitory
effects on fibroblast proliferative responses reported for Zn (II) (Aslam et al. 2006;
Han et al. 2020). However, it should be noted that these activities are likely to be dose-
dependent since there are reports of Zn (II) cytotoxicity at <500 mM (Gren and
Mirastschicski 2004). There are many studies that show the anti-proliferative activity
of polyphenols against cancer cells (Khan et al. 2009; Dai et al. 2010; Shirode et al.
2014; Shirode et al. 2015). It has been found that PRE has cytotoxic activity against

oral cancer cells (Joel et al. 2019). For immortalised keratinocytes, a dose-dependent
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response and PRE-treated cells showed a higher viability than punicalagin in
this study. The interesting result from this present study is that pomegranate and
punicalagin showed a greater decrease in proliferation for oral fibroblast cells than
HaCaTs. Keratinocytes were less susceptible to studied compounds than fibroblasts in
terms of cytotoxicity. Studied compounds showed a significant decrease in cell
viability at higher concentrations of PRE, punicalagin and Zn (II) for oral fibroblasts
(Figure 7.3). Moreover, it was found that there was a significant proliferative response
with PRE and punicalagin for keratinocyte cells at lower concentrations. This response
was similar to other studies that indicate natural products exert an effect on dermal
cells (Moses et al. 2020). It was found that keratinocytes and fibroblasts had different
cellular targets and acted differently with exogenous stimulus (Agyare et al. 2011;
Deters et al. 2012). Previous research has shown that pomegranate juice extract from
the whole fruit does not decrease in cell viability of HaCaT cells. In addition,
pomegranate extract’s protective activity has been studied on UV-irritated HaCaTs
where is reduces MMP levels, induces tissue inhibitors of matrix metalloproteinase 1
(TIMP- 1) and inhibits the phosphorylation of MAPKs which have a large number of
serine/threonine kinases. These enzymes are involved in the regulation of a wide array
of cellular processes encompassing proliferation, differentiation, stress adaptation and

apoptosis (Zaid et al. 2007).

The scratch-wound assay is a simple and inexpensive screening method for potential
wound healing products. This assay assesses the proliferation and migration of
fibroblasts and keratinocytes into a scratch wound area (Schafer and Warner 2007;
Martinotti and Ranzato 2019). This assay consists of an in vitro scratched cell
monolayer which is then incubated with studied compounds, providing the advantage
being reliable and avoids of animal research and is a good alternative method to assess
new wound healing treatments (Liang et al. 2007; Zhang et al. 2018). In this study, the
effect of test compounds on HPGFs and HaCaTs cell migration speed (Tt/min), cell
displacement (Td), overall velocity (Td/min) and distance travelled (Tt) and wound
closure ratio was measured. Fibroblast cell migration and proliferation has a
fundamental role in wound healing (Hikkinen et al. 2000; Posten et al. 2005). During
the wound healing, fibroblasts essential activities comprise initial cellular migration,

proliferation, cytokine/growth factor production, ECM synthesis and remodelling for
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repairing damaged tissue (Smith et al. 1997; Liang et al. 2007). In the case of
migration, diverse mechanisms involving expression and secretion of growth factors
plays role (Hékkinen et al. 2000). It was reported that in an acute wound, fibroblast
cells are activated and release cytokines including the interleukins IL-6 and IL-8
(Miller and Krangel 1992). Punicalagin at 0.1 pg/mL in combination with Zn (II)
showed a significant increase in distance travelled (Tt) and cell speed (Tt/t). This
significant enhancement could be due to potentiated activity of punicalagin with Zn
(II) 0.1 mM. Punicalagin 10 pg/mL reduced cell speed, and the artificial scratch did
not close as seen with the untreated control group. However, HPGF cells treated with
the punicalagin 10 pg/mL and Zn (II) 0.1 mM did not show reduction in cell speed. It
should be noted that in this wound scratch assay, the cell migration speed, cell
displacement, overall velocity and distance travelled of HPGF cells under different
treatments were evaluated after 48 h. From the cell proliferation assay, MTT, PRE,
punicalagin, Zn (II), and both PRE/Zn (II) and punicalagin/Zn (II) did not show any
significant cell proliferation compared to the untreated control group for any time
interval, including 48 h. In contrast, PRE (100 pg/mL), punicalagin (10 pg/mL) and
all concentrations of PRE (0.1-10 pg/mL) and punicalagin (0.1-10 pg/mL) with Zn
(II) 0.1 mM significantly reduced cell proliferation at 24 h, 48 h and 72 h. Therefore,
enhancement of distance travelled, and speed of cells treated with punicalagin 0.1
pg/mL in combination with Zn (II) 0.1 mM relates to HPGF cell migration, rather than
proliferation. This study demonstrated that punicalagin and Zn (II) primarily induce
oral fibroblast migration, rather than proliferation. While oral and dermal wound
healing exhibit the same stages in wound healing, oral wounds display minimal
inflammatory and angiogenic responses, rapid healing and minimal scar formation
which is not seen dermal wounds (Szpaderska et al. 2003; Glim et al. 2013). These
specific healing properties have been associated with specialised genotypic and
phenotypic properties of oral fibroblasts. However, in chronic non-healing skin
wounds such as pressure ulcers, cellular responses can be insufficient and could cause
an unclosed wound (Diegelmann et al. 2004). Therefore, fibroblast properties
including viability and migration have a critical role in the wound healing process.
The differences between oral and dermal fibroblast responses to PRE and punicalagin
concentrations could relate to well-defined in proliferation and migration (Glim et al.

2013). In the scratch wound assay, keratinocytes did not show any accelerated wound
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healing. Furthermore, PRE (1 pg/mL and 10 pg/mL) with Zn (II) 0.1 mM and
punicalagin (10 pg/mL )/Zn (II) (0.1 mM) did not lead to wound closure while in the

absence of Zn (II) total closure was seen with these agents.

Generally, an effective wound-healing agent is linked with antimicrobial, anti-
inflammatory activities in addition to enhanced proliferation, differentiation activities
on fibroblasts or keratinocytes (Houghton et al. 2005). Therefore, herbal formulations
have historically been considered in the treatment of a variety of skin diseases. Since
bioactivities of such agents are well accepted by modern societies (Saraf et al. 2012;
Ghosh and Gaba 2013). It has been suggested that medicinal plants have better healing
effects and fewer adverse effects than other chemicals (Biswas and Mukherjee 2003;
Davis and Perez 2009). Previous literature and research in this thesis supports both the
antimicrobial and anti-inflammatory activity of PRE, punicalagin and PRE/Zn (II),
along with the potentiated migration activity for punicalagin/Zn (II) (Menezes et al.
2006; Viuda-Martos et al. 2010; Houston et al. 2017a; Houston et al. 2017b; Houston
et al. 2017¢). Pomegranate is well placed to meet all these requirements and Zn (II)
addition could potentiate these properties (McCarrell et al. 2008; Houston et al. 2017b;
Houston et al. 2017c¢).

It is known that different parts of pomegranate have rich sources of secondary
metabolites  with potential biological activities (Bekir et al. 2013a). The rind is
particularly rich in hydrolysable tannins (Singh et al. 2009). The wound healing
activity of pomegranate, and in combination with Zn (II), has been shown in in vivo
and ex vivo studies. A hydrogel formulation containing PRE and Zn (II) has a
potentiated antiviral and anti-inflammatory activity as a topical agent (Houston et al.
2017a; Houston et al. 2017b; Houston et al. 2017c). In an in vivo study, Punica
granatum L. peel extracts in a methanolic extract-based ointment, which substantially
accelerated wound contraction, re-epithelisation, and biochemical and
histopathological wound (Hayouni et al. 2011). Pomegranate peel extracts have an
ability to expedite re-epithelialisation in rats (Nayak et al. 2013). Histologically of rat
burns showed fewer inflammatory cells in tissue treated with pomegranate peel extract
(Ma et al. 2015). In another study evaluating the cutaneous wound healing on diabetic

rats, pomegranate peel polyphenols in a gel form increased fibroblast infiltration,
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collagen regeneration and vascularisation in the wound area (Wei et al. 2013), and
antioxidant activity of pomegranate rind provided a gastro-protective activity
(Ajaikumar et al. 2005). Additionally, it has been shown that some phenolic
compounds induce gene expression for connective tissue production and suppression
of expression of genes which play a role in the regulation of collagen type I (Klass et
al. 2010). Pomegranate peel extract with zinc oxide was also investigated in a clinical
study of a 76-year-old woman with a one-year chronic leg ulcer, which could not be
resolved with conventional drugs; treatment with 2% (w/w) pomegranate peel
ethanolic extract hydrogel (PGMF) based on hydrophilic cream and zinc oxide
achieved a good wound healing outcome (Fleck et al. 2016). However, a control group
was not included and the PGMF in combination with zinc oxide treatment was applied
in only on one patient. While positive dermal wound healing abilities of PRE and
punicalagin have been demonstrated in some studies, in this present study the potential
wound healing activities of punicalagin with Zn (II) was reported for the first time for
alleviating ROS levels and oxidative stress and by stimulating migration of gingival

fibroblasts.

Further in vivo and clinical studies are necessary to confirm the activity of PRE,
punicalagin and heir combinations with Zn (I). /n vivo studies, the microbial biofilm,
ROS, and inflammatory response of the wound area will impact on wound healing
process. However, in vitro studies could provide the first steps to search for the
biological mechanisms of action of these natural compounds. Moreover, a deeper
analysis is necessary to illuminate the mechanisms and pathways of wound healing
activity by clarifying the molecular targets for punicalagin and punicalagin/Zn (II)

combination at a cellular level.

7.5 Conclusion

In conclusion, enhanced migration activity was found with HPGF cells treated with
punicalagin 0.1 pg/ml /Zn (II) 0.1 mM. Punicalagin in combination with zinc sulphate
could accelerate the wound healing response by attenuating increased ROS activity in
wounds and accelerating migration of gingival fibroblast to the wounded area. Higher

concentrations of compounds inhibited proliferation and migration, with the lower
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concentrations and combination of compounds causing toxicity on HPGF and
HaCaTs. The antioxidant activity of both PRE and punicalagin was confirmed, and Zn
(IT) addition did not alter antioxidant activity. As a result, pomegranate rind extract
and punicalagin and their Zn (II) combinations could be beneficial in wound healing
due to their bioactivities in migration and antioxidant. The enhanced bioactivity of
PRE and punicalagin with Zn (II) extract shows the potential of this natural treatment

for oral cavity wounds.
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Chapter 8: Effects of PRE, Zn (II) and PRE/Zn (II) on a

3-Dimensional ex vivo Rat Mandible Model

8.1 Introduction

In vitro systems aid our understanding of the bioactivities of candidate treatment and
are simple, reproducible, and commonly used as a preliminary screening system.
However, these systems often only use limited cell types. This simplicity means there
is an inability to reproduce the in vivo spatial cell organisation and cellular interactions
that might be evident in in vivo studies (Sloan et al. 2016). Also, important aspects
such as drug diffusion, cannot be mimicked in the absence of a representative tissue
structure. The gold standards are accepted to be in vivo model systems, which more
realistically replicate the potential effects of treatment strategies. However, in vivo
studies also have drawbacks. The first problem concerns ethical issues about in vivo
studies, as large numbers of animals are required for these experiments and, secondly,
there is a high cost associated with such studies. Finally, in vivo studies have lower
throughput (Carbonell-Capella et al. 2014). Therefore, an ex vivo model system has
been developed as an interim methodology. Physiological and pathological conditions
can be studied using ex vivo models, since such systems retain relevance to in vivo
scenarios. In such systems, cells and tissues can be cultured in the same spatial
arrangement as found in in vivo situations, and the system may overcome some of

these problems (Roberts et al. 2012).

An ex vivo culture model of the dentine-pulp complex was developed by Sloan et al.
(1998), based upon 28-day-old-male Wistar rat incisor teeth. The model has extended
viability and tissue organisation for up to 14 days in culture. This system has been
extensively used to investigate dental pulp infections (Ayre et al. 2018), tissue repair
processes (Sloan and Smith 1999; Sloan et al. 2000) and to evaluate the
biocompatibility and cytotoxicity of dental treatments (Murray et al. 2000; Turner et
al. 2002; Waddington et al. 2004). Extension of this tooth slice model has brought
about the development of a mandible model, which has been used to examine the

processes involved in bone repair (Smith et al. 2010). This system provides
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information about the mechanisms underlying periodontal disease, bone tissue repair
and the biocompatibility and cytotoxicity of treatment agents (Smith et al. 2010).
Sloan et al. (2013) utilised the ex vivo mandible model for investigation of
inflammatory bone destruction, which has been accepted as a feature of periodontitis,
using lipopolysaccharide (LPS) and tumour necrosis factor-a (TNF-a), to induce
infection and inflammatory responses, respectively. After administration of P.
gingivalis LPS, an increase in osteoclasts, monocytes, neutrophils, and expression of
pro-inflammatory cytokines by resident cells were observed in response to LPS
stimulation. Additionally, a decrease in the viability of periodontal ligament

fibroblasts and a loss in tissue structure were observed (Sloan et al. 2013).

In previous Chapters, the antimicrobial (in planktonic and biofilm forms) and anti-
adhesive activities of PRE, Zn (II) and PRE/Zn (II) were investigated and found to be
promising for use against microbes which play a role in oral infectious disease
pathology. In this Chapter, the effects of PRE, Zn (II) and the PRE/Zn (II) combination
on an infected ex vivo rat mandible model were investigated. This ex vivo model could
provide additional validation of PRE, Zn (II) and PRE/Zn (II) efficacies and a basis

for further translational potential before clinical use of these compounds.

238



8.2 Aims and objectives

In this Chapter, an infected ex vivo rat mandible tissue culture model was used to
investigate the immune-inflammatory response following treatment with PRE, Zn

and PRE/Zn (II). Specifically, this study:

e Examined the effects of different concentrations of PRE, Zn (II) and
PRE/Zn (II) on the viability of rat mandible tissues, to determine the
optimal concentration of compounds to apply to the ex vivo rat
mandible model.

e Develop an infection of the rat mandible to stimulate periodontal
diseases.

e Assess the effect of PRE, Zn (II) and PRE/Zn (II) on pro-

inflammatory responses in the model.
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8.3 Materials and methods

Equipment, glass and plastics, chemical consumables and assay kits used in this
chapter were presented in Chapter 2, Section 2.1 in Table 2.1, Table 2.2, and Table

2.3, unless otherwise stated.

8.3.1 Cytotoxicity of PRE and Zn (II) on rat mandible tissue

8.3.1.1 Application of PRE, Zn (Il) and PRE/Zn (Il) to un-infected ex vivo

rat mandible model

PRE, Zn (II) and PRE/Zn (II) were prepared in Green’s medium as described in
Chapter 2 (2.2.5.2). Then, different concentrations of PRE (5000 pg/mL, 1000 pg/mL,
100 pg/mL, 10 pg/mL, 1 pg/mL), Zn (II) (100 mM, 10 mM, 1 mM), and PRE/Zn (II)
(1000 pg/mL+100 mM, and PRE 1000 pg/mL+10 mM) were applied to the rat
mandible model for 30 min in a model described in Chapter 2 (Section 2.2.5.3, Figure
2.4A). The model with support ring and semi-solid agar model was not used because
of the short time incubation at 37 °C in an aerobic environment. In addition, direct
application was used to overcome any diffusion issues of PRE and Zn (II) through
semi-solid agar and to simulate the clinical application. Negative (treated only with
Green’s medium) and a (treated with 12.5% H»0:) positive control groups were also

used.

8.3.1.2 Quantitative lactate dehydrogenase (LDH) viability assay by

evaluating LDH level in tissue culture supernatant

The Pierce Lactate Dehydrogenase (LDH) Cytotoxicity Assay Kit (ThermoFisher,
Loughborough, UK), was used to assess the effects of PRE, Zn (II) and PRE/Zn (II)

on the viability of rat mandible tissues.

After the incubation of tissue with different concentrations of PRE, Zn (II), PRE/ Zn
(IT) and untreated controls for 30 min, the supernatant of each tissue sample was placed
into 1.5 mL centrifuge tubes and stored at -20 °C. The protocol was followed

according to the manufacturer’s instructions (Figure 8.1), using the stored supernatant.
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Briefly, 50 uL supernatant was added into wells in triplicate in a 96-well plate and 50
pL of reaction mixture added to each well and mixed gently with a pipette. The plates
were incubated in the dark at room temperature for 30 min. Then, 50 pL of stop
solution was added into the wells, and the colour change from clear to red was read
using a plate reader with the 490 nm (background absorbance) and 680 nm (target
absorbance). Supernatant from positive control (treated with H>O, 12.5%) was not
included in this assay as H>O» interfered with the assay progress and did not give a
reliable result. The experiment was performed on three separate occasions, with three
replicates for each sample and the result was graphically presented as direct

absorbance readings for each sample and control, expressed as mean+SEM.

Results were analysed statistically using GraphPad Prism software (GraphPad
Software, Version 8.2.1, San Diego, CA, USA), performing one-way ANOVA
followed by post hoc Tukey test.

Treat cells Transfer 50pL Add 50pL of reaction
with compounds supernatant into mixture and incubate at room
a new plate temperature for 30 minutes

Measure

Add 50pL of stop solution at 490nm and 680nm

Figure 8.1: Schematic for the ThermoFisher Scientific Pierce LDH Cytotoxicity Assay
(image was taken from the assay guideline of Pierce LDH Cytotoxicity Assay Kit,
available at: https://assets.thermofisher.com/TFS-
Assets/L.SG/manuals/MANOO11851 Pierce LDH_Cytotoxicity Asy UG.pdf).
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8.3.1.3 Detection of DNA fragmentation by terminal deoxynucleotidyl
transferase dUTP nick and labelling (TUNEL) method

Apoptosis detection was performed using a commercially available terminal
deoxynucleotidyl transferase dUTP nick and labelling (TUNEL) Apoptosis Kit
(Abcam, Cambridge, UK), according to the manufacturer’s protocol. Terminal
deoxynucleotidyl transferase (TdT) binds the exposed 3’-OH ends of DNA fragments
in response to apoptosis signals and catalyses the addition of biotin- labelled
deoxynucleotides. Biotinylated nucleotides were detected using a streptavidin-
horseradish peroxidase (HRP) conjugate and DAB reacted with this HRP-labelled
sample. On completion of this reaction, an insoluble brown coloured substrate was
generated at the sites of DNA fragmentation. Samples were counterstained with
Mayer’s haematoxylin to give good contrast colour and for the morphological

investigation of normal and apoptotic cells.

Results were presented as images (20x objective) and the number of apoptotic cells
quantified. The number of nuclei on stained histological sections were counted using
Imagel] analysis software. Images were captured at 20x objective, and five random
areas (50 pm?) were selected for each section and three sections were used for each
treatment and control group. The mean number of apoptotic cell nuclei for each group
was calculated and results were analysed statistically using GraphPad Prism software
(GraphPad Software, Version 8.2.1, San Diego, CA, USA), performing one-way
ANOVA followed by post hoc Tukey test, with results expressed as mean+SEM.

8.3.2 Infection of ex vivo rat mandible model

8.3.2.1 Determination of bacterial growth in an ex vivo model medium

(Green’s medium)

The growth of S. gordonii in Green’s medium without antibiotics was investigated.
The preparation of Green’s medium for the ex vivo model was described in Chapter
2 (Section 2.2.5.2) but used without antibiotic. Bacterial suspensions of S. gordonii at
10> CFU/mL were prepared by the inoculation of Green’s medium without antibiotics,

with 5%, 10%, and 20% MH broth in Green’s medium or MH broth only. Then, 200
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puL of bacterial suspension from each condition was placed in the well of 96-well
plates. MH broth only, without bacteria used as sterility controls. Plates were
incubated in a plate reader in 5% CO, 95% air, at 37°C, and the absorbance values
read over 20 h, at 600 nm (FLUOstar Omega, BMG Labtech, Ortenberg, Germany).
After 20 h, the data was used to create the growth curve for S. gordonii in the modified
culture medium. In this assay, six replicate wells were used for each condition, and

the assay was repeated on three independent occasions.

8.3.2.2 Inoculation of bacteria to rat mandible tissue

The ex vivo rat mandible model was infected with S. gordonii and P. gingivalis, both
separately and in combination, with the aim of simulating an oral infectious disease

environment.

Rat mandible tissues were dissected and placed into semi-solid agar including Green’s
medium with antibiotics, as described in Chapter 2, Figure 2.4B. Firstly, tissues were
pre-incubated for 4 h under these conditions and washed three times for 5 min with 5
mL PBS to eliminate trace antibiotics in the tissues. Then, tissues were used either for

infection or as an uninfected control without antibiotics.

For infection under planktonic bacteria forms, cultures of S. gordonii and P. gingivalis
were prepared as previously described in Chapter 2 (Section 2.2.3.6), and when used
in dual species infection equal volumes (500 pL of each bacterium) of bacterial
suspension were combined. The rat mandible tissues were infected directly with 20
pL of experimental culture of S. gordonii, P. gingivalis, and S. gordonii and P.
gingivalis combined, by adding bacterial suspension(s) directly onto the tissues.
Tissues were incubated at 37°C in a 5 % COa, 95% air for 20 min to allow bacterial
attachment, before adding the tissues to the semi-solid agar medium. After placing
tissues in 6-well plates, these were incubated for a further 20 h at 37 °C in 5% CO,,
95% air.

S. gordonii biofilms were created by adding 0.5 mL of an overnight S. gordonii culture
onto a sterile round filter paper, which was placed on FAA and incubated for 20 h at

37 °C 1in an aerobic cabinet. P. gingivalis biofilms were created by adding 0.5 mL of
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P. gingivalis culture of onto a sterile filter paper placed again on FAA and incubated
for 48 h in an anaerobic cabinet at 37 °C. The dual species biofilm of S. gordonii and
P. gingivalis was performed similarly by adding equal volumes (0.25 mL of each) of
both bacterial cultures on sterile filter paper placed on FAA and incubated for 48 h in
an anaerobic cabinet. After formation of mono-species and dual-species biofilms,
sterilised rat mandible tissues were embedded with formed biofilms for 20 min for
bacterial attachment. Uninfected controls without any bacterial inoculation were also
included in all experiments. After infection, tissues were placed into semi-solid agar
medium in the 3D ex vivo model for a further 20 h incubation at 37°C and 5 % CO: in
an incubator. Tissues were then collected from the ex vivo model and either stored in
RNA Later Solution (Sigma-Aldrich Company Ltd., Poole, UK) at -20°C for RNA
extraction or fixed for immunohistochemistry (IHC) studies. The culture supernatants

were collected and stored at -20 °C to use for cytokine quantification in culture media

by ELISA.

8.3.2.3 Gram-staining of infected mandible to visualise attached bacteria

Gram-staining of histological rat mandible tissue sections was performed, using an
optimised staining technique to detect S. gordonii and P. gingivalis within tissue from
the infected ex vivo model. The assay was performed according to the method
described by Sandra et al. (2016). Paraffin-embedded slides were prepared as
described in Chapter 2 (Section 2.2.6). After deparaffinisation and rehydration through
a series of xylene, 100%, 95% and 70% v/v ethanol for 5 min each then distilled water,
tissue section slides were exposed to crystal violet for 5 min at room temperature and
washed under running water to remove excess crystal violet. Gram’s iodine was
applied for 2 min and washed again with tap water. To remove any unspecific crystal
violet staining, a Gram-decolouriser (acetone:ethanol, 1:1) was applied for 30 s and
slides were washed immediately again with running tap water until the water ran clear.
Then, tissue section slides were exposed to safranin for 2 min and dehydrated with 95
% and 100 % of ethanol for 5 min/each, respectively. Then slides were immersed in
alcoholic saffron for 4 min, which served as a counterstain. The dehydration process
continued with 100 % ethanol for 3 min, to remove any excess alcoholic saffron, and
a xylene wash for 5 min. Finally, slides were mounted in DPX mounting solution and

overlaid with coverslips for imaging by light microscopy.
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8.3.3 Application of PRE, Zn (II) and PRE/Zn (II) treatments to

P. gingivalis biofilm infected models

The P. gingivalis biofilm infected rat mandibles were prepared as described in Section
8.3.2.2.1 Infected rat mandibles were incubated with PRE (1 mg/mL), Zn (II) (1.56
mM) and the PRE/Zn (II) (1 mg/mL and 1.56 mM) for 30 min, in a model without the
support ring system illustrated in Chapter 2 (Figure 2.4A). PRE, Zn (II) and PRE/Zn
(IT) treatment solutions were prepared in Green’s medium without antibiotics, using
stock solutions of PRE and Zn (II) in phthalate buffer pH 4.5. For uninfected controls,
10% of phthalate buffer pH 4.5 was added in Green’s medium to ascertain any effect
from the phthalate buffer pH 4.5. After 30 min, tissues were collected and stored in
RNA Later Solution at -20 °C for RNA extraction or fixed for IHC studies. The culture

supernatants were collected and stored at -20°C for cytokine quantification by ELISA.

8.3.4 RT-qPCR analysis for selected cytokines expression

Analysis of cytokine gene expression was performed in accordance with the Minimum
Information for publication of Quantitative real-time polymerase chain reaction (PCR)
experiments (MIQE) which is a collection of guidelines for carrying out and reporting
quantitative real-time PCR studies and data (Bustin et al. 2009). The target genes are
shown in Table 8.1. The primers were designed and validated by PrimerDesign

(Southampton, UK).

245



Gene TaqMan Probe (Assay ID)

IL-1B Rn00580432_ml
IL-6 Rn99999011 ml
TNF-a Rn01525859 gl

GAPDH (glyceraldehyde-3-phosphateRn99999916 sl
dehydrogenase)

Table 8.1: Target genes used in qPCR assays.

8.3.4.1 Extraction of RNA from rat mandible tissue

RNA extraction from mandible tissues was performed using the PureLink RNA Mini
Kit (ThermoFisher Scientific), according to the manufacturer’s instructions using
TRIzol lysing solution. Before RNA extraction, the workspace area was cleaned with
IMS and RNaseZap, to ensure decontamination, including between handling different
samples. Mandible tissue samples, stored in RNA Later Solution at -20°C, underwent
tissue homogenisation using a mortar and pestle. The homogenised tissues were put
in a 2 mL round bottom RNase-free tube with 1 mL of TRIzol reagent (ThermoFisher
Scientific, Loughborough, UK) and the samples were left for 5 min at room
temperature to allow complete dissociation of proteins and nucleic acids. Chloroform
(200 pL) was added into each tube and shaken vigorously for 15 s, before being left
for 2 min at room temperature. The samples were centrifuged at 12 000 x g for 15 min
at 4°C to obtain three different layers. The colourless upper layer (400 pL) was
carefully added to new RNase-free tubes, as this layer contained the RNA. The same
volume of 70 % molecular grade ethanol was added to the RNA samples and was
mixed by vortexing. Subsequently, 700 uL of the samples were transferred to spin
cartridges inserted into collection tubes, centrifuged again at 12 000 x g for 15 s at
room temperature and the flow-through was discarded and spin cartridges were re-
inserted into the same collection tubes. This step was repeated until all samples had
been processed. The bound RNA was washed by adding 700 puL of wash buffer I and
centrifuged at 12 000 x g for 15 s at room temperature and the flow-through was
discarded. The spin cartridges, which were inserted in same collection tubes, were

washed with 500 puL of wash buffer II with 100% of ethanol (16 mL) and centrifuged

246



12 000 x g for 15 s at room temperature. After discarding the flow-through, this step
was repeated. Then, the spin cartridges were inserted into recovery tubes to elute the
RNA by adding 50 pLL RNase-free water to the centre of the spin cartridges and
incubated for 1 min at room temperature. At the end of the incubation period, these
were centrifuged at 12 000 x g for 2 min at room temperature and the spin cartridges

discarded. The recovery tubes contained the purified total RNA.

The quantity and quality of the purified total RNA from rat mandible tissues were
determined using a Nanodrop D-800 Spectrometer (ThermoFisher Scientific,
Loughborough, UK). RNA purity was evaluated using the ratio between absorbance
values at 260 and 280 nm (260/280 ratio) and purities over 1.7 were accepted sufficient

to use in qPCR assay. Purified RNA samples were stored at -80

8.1.1.1 °C until required . Reverse transcription and synthesis of copy DNA
(cDNA)

The purified RNA was converted to complimentary DNA (cDNA), using High-
Capacity cDNA Reverse Transcription Kits (ThermoFisher Scientific) according to
the manufacturer’s instructions. Briefly, 2x Reverse Transcription Master Mix was
prepared (10X RT Buffer, 2 uL; 25X dNTP Mix (100mM), 0.8 pL; 10X RT Primers,
2 uL; Multiscribe Reverse Transcriptase, 1 uL; RNase Inhibitor, 0.5 pL; Nuclease-
free H20, 3.7 uL; in Kit) on ice and gently mixed. Then, 10 uL of 2x RT Master Mix
was added into the tubes, with RNA samples and nuclease-free water added to a final
volume of 10 pL. RNA sample volume was determined according to RNA
concentration. Tubes were centrifuged briefly and placed into the Thermal Cycler
(SimpliAmp Thermal Cycler, Applied Biosystems, ThermoFisher Scientific,
Loughborough, UK), and it was programmed accordingly (37°C for 60 min, 95°C for
5 min and hold at 4 °C, until stored at -20 °C).

8.1.1.2 Quantitative polymerase chain reaction (qPCR) amplification and

detection

The relative abundance of the transcripts of the candidate inflammatory genes were

measured by quantitative real-time PCR (qPCR), using Tagman chemistry and
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predesigned sets of primers and probes (Tagman Gene Expression Assays, Applied
Biosystems, Warrington, UK) on a Quant Studio 6 qPCR. The reactions were
performed in 96-well plates in a final reaction volume of 20 pL that included Tagman
Fast Universal Master Mix (Applied Biosystems, Warrington, UK), cDNA (30 ng) of
sample, Tagman gene expression master mix (Applied Biosystems, Warrington, UK)
for each target gene and GADPH as a housekeeping gene. The plates were sealed and
centrifuged at 10 000 x g for 2 min and transferred to the Quant Studio 6 qPCR system.
Thermal cycling conditions were optimised as follows: 95°C for 20 s, followed by 40
cycles at 95 °C for 10 s and 60 °C for 20 s. The Comparative CT (AA CT) method was
used to quantify levels of the genes of interest. For each sample, gene expression
analysis was performed on three separate occasions. For each experimental condition
three different rat mandible tissues were used for RNA extraction and then cDNA
synthesis. Each qPCR assay was performed on three separate occasions with two
internal replicates. GAPDH was used as a housekeeping gene to normalise the amount
of messenger RNA (mRNA). Statistical analysis was performed using one-way
ANOVA with Dunnett Multiple Comparisons Test analysis, using the untreated
control as the control for comparison. Statistical significance considered at p<0.05,

with results expressed as mean=SEM.

8.1.2 Assessment of infection on pro-inflammatory cytokine protein

levels

The stored culture supernatant medium from the infected rat mandible cultures (in
planktonic and biofilm forms of S. gordonii, P. gingivalis, and S. gordonii and P.
gingivalis) and treated P. gingivalis-infected rat mandibles, were used to assess the
protein levels of pro-inflammatory cytokines, interleukin-1 (IL-1pB), interleukin-6
(IL-6) and tumour necrosis factor a (TNF-a), pro-inflammatory mediator
prostaglandin E2 (PGE-2), by ELISA. The cell culture supernatants were obtained as
described in Sections 8.3.3 and Section 8.3.2.2. The frozen supernatants were thawed
at room temperature and used according to the manufacturer’s instructions for each
ELISA Kit (IL-1pB, IL-6 and TNF-a from PeproTech, London, UK; and PGE-2 from
R&D Systems, Abingdon, UK) (see Appendix for detailed procedure of ELISA
assays). The concentrations of IL-1B, IL-6, TNF-a and PGE-2 in each culture
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supernatant were calculated according to calibration curves generated with standards
provided for each Kit. Results were analysed statistically using GraphPad Prism
software, performing one-way ANOVA followed by post hoc Tukey test, with results

expressed as meantSEM.

8.1.3 Imaging and statistical analysis

For imaging the tissue slides, an Olympus Ax70 Upright Fluorescent Microscope was
used in the light mode. Images were taken with 20x, 40x, 60x and/or 100x objective.
Statistical analysis of images was performed using one-way ANOVA with post-test

Tukey analysis, and statistical significance considered at p<0.05.

8.4 Results

8.4.1 Haematoxylin and eosin (H&E) staining of rat mandible sections

Healthy gingival tissue is characterised by three layers: keratinised layer, epithelium
layer (e) and the basal layer attached to the underlying connective tissue of the lamina
propria (Ip) and are presented in Figure 8.2A for the negative control. With the
exception of the positive control (Figure 8.2B (H20> 12.5 %), the treated rat gingiva
maintained structural integrity over 30 min with different concentrations of PRE, Zn
(I) and the PRE/Zn (II). However, for the positive control (H202 12.5%), the
connective tissue lost integrity, showing a highly damaged tissue compared to
negative control, PRE, Zn (II) and PRE/Zn (II) treatment. However, for positive
control, the epithelium was not shown to be affected as much as the connective tissue
of the  lamina propria. It showed similar epithelium in all cases including positive

control (Figure 8.2A).
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Figure 8.2: H&E staining of rat gingiva treated with different concentrations of PRE
and Zn (II). A; untreated negative control, B; positive control (H202, 12.5 %), C; PRE
1000 ug/ml, D; PRE 100 pg/ml, E; PRE 10 pg/ml, F; PRE 1 ug/ml, G; Zn (II) 100
mM, H; Zn (IT) 10 mM, I; PRE 1 mg/mL and Zn (II)10 mM. e: epithelium, Ip: lamina
propria. Red arrows indicate damage difference in connective tissue between positive

and negative control. Scale bar = 100um.
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8.4.2 Cytotoxicity of PRE, Zn (II) and the PRE/Zn (II) in the ex vivo

rat mandible

8.4.2.1 Quantitative LDH viability assay

Direct absorbance readings from the LDH assay are presented in Figure 8.3. A range
of different concentrations of PRE and Zn (II) were, with mean LDH absorbance
values for each treatment compound compared to untreated controls. PRE did not
show any significant difference compared to the untreated control (p>0.05); only the
highest concentration of Zn (II), 100 mM, showed a significant increase in LDH

release compared to the untreated control (p<<0.01).
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Figure 8.3: LDH assay results from supernatants of ex vivo rat mandible. A:
absorbance reading of indicated concentrations of PRE, Zn (II) and PRE in
combination with Zn (II). Data represented mean+=SEM. N=3. * p < 0.05; ** p <
0.01.
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8.4.2.2 TUNEL assay analysis

The TUNEL assay was considered useful for the localisation of apoptotic DNA
fragmentation in situ. Thus, the TUNEL assay was used to investigate whether PRE,
Zn (II) and PRE/Zn (II) combination were inducing apoptosis. In all groups, TUNEL-
positive cells could be observed (Figure 8.4). Only 5 mg/mL PRE caused a statistically
significant generation of TUNEL positive cells (p<0.0001) (Figure 8.5).
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M

Figure 8.4: Images of TUNEL immunohistochemistry assay. Negative control was
included in this [HC assay to demonstrate absence of non-specific binding between
the tissue and antibodies. A; Untreated control, B; PRE 5 mg/mL, C; PRE 1 g/mL, D;
PRE 0.1 mg/mL, E; PRE 0.01 mg/mL, F; PRE 0.001 mg/mL, G; PRE 0.0001 mg/mL,
H; Zn (II) 100 mM, I; Zn (I) 10 mM, J; Zn (II) ImM K; PRE 1mg/mL and Zn (II)
100 mM, L; PRE Img/mL and Zn (II) 10 mM, and M; no primary control. Red arrows

on images indicates TUNEL positive stained cell nuclei.
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Figure 8.5: Semi-quantitative analysis of TUNEL assay images by counting stained
nuclei with ImageJ. Data represents mean+=SEM. N=3, **** 1<(.0001, compared to

untreated controls.
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8.4.3 Optimisation of infected ex vivo rat mandible model

8.4.3.1 The growth of S. gordonii in growth medium of ex vivo model

S. gordonii exerted a typical growth curve in Green’s medium. Moreover, S. gordonii
presented greater exponential phase in only Green’s medium than Green’s medium
supplemented with MH broth and only MH broth (Figure 8.6). As S. gordonii grew
better in Green’s medium, this was used to infect the model. Therefore, Green’s
medium without antibiotic was used as a culture medium in the ex vivo rat mandible
model. MH broth only, without S. gordonii inoculation, was used as a sterility control

and no growth was observed.
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Figure 8.6: S. gordonii growth in ex vivo culture medium without antibiotic and
modified with different ratios of MHB (MH broth) based on optical density (600 nm).

Data presented as mean absorbance+SEM for three independent experiments.

8.4.3.2 Histology sections for infected ex vivo rat mandible model: Gram staining

S. gordonii exerted attached to rat mandible tissue in both planktonic and biofilm
conditions (Figure 8.7 and Figure 8.8). In addition, when S. gordonii was combined
with P. gingivalis, S. gordonii attachment was again observed in tissue sections
(Figure 8.9 and Figure 8.10) and S. gordonii attachment was observed in both the
epithelium and lamina propria of rat gingiva. However, P. gingivalis invasion in rat

mandible tissue was not observed in this assay.
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Figure 8.7: S. gordonii (planktonic) infected rat mandible sections after 20 h co-
culturing. Top micrograph was taken at 60x objective. Three circle shaped
micrographs were taken from different areas of 100x objective micrographs of the top
micrograph. Red arrows show the Gram-stained S. gordonii. The micrographs are

representative of three independent experiments.
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Figure 8.8: S. gordonii (biofilm) infected rat mandible sections after 20 h co- culturing.
Top micrograph was taken at 60x objective. Three circle shaped micrographs were
taken from different areas of 100x objective micrographs of the top micrograph. Red
arrows show the Gram-stained S. gordonii. The micrographs are representative of

three independent experiments.
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Figure 8.9: S. gordonii and P. gingivalis (planktonic) infected rat mandible sections
after 20 h co-culturing. Top micrograph was taken at 60x objective. Three circle
shaped micrographs were taken from different areas of 100x objective micrographs of
the top micrograph. Red arrows show the Gram-stained S. gordonii. The micrographs

are representative of three independent experiments.
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Figure 8.10: S. gordonii and P. gingivalis (biofilm) infected rat mandible sections after
20 h co-culturing. Top micrograph was taken at 60x objective. Three circle shaped
micrographs were taken from different areas of 100x objective micrographs of the top
micrograph. Red arrows show the Gram-stained S. gordonii. The micrographs are

representative of three independent experiments.
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8.4.4 RT-qPCR for pro-inflammatory cytokine gene expression level

in co- cultured rat mandible tissue

The pro-inflammatory markers were investigated in mandible tissues via mRNA gene
expression for IL-1B, IL-6 and TNF-a , following 20 min direct application with S.
gordonii, P. gingivalis and S. gordonii and P. gingivalis, in both planktonic and
biofilm conditions and co-culturing with attached bacteria for 20 h (Figure 8.11A, B,
C). Expression of all studied target genes, [L-1B, IL-6 and TNF-a, were significantly
up-regulated by P. gingivalis biofilm infection (p<0.01 for IL-1p, p<0.05 for IL-6 and
p<0.0001 for TNF-a). P. gingivalis infection under planktonic conditions did not up-
regulate the gene expression of target genes, compared to uninfected controls
(p>0.05). The dual species biofilm of S. gordonii and P. gingivalis significantly
induced only TNF-a gene expression (p<0.05). However, it did not cause any
statistically significant up-regulation in IL-1p or IL- 6 gene expression, compared to

uninfected controls (p>0.05).
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Figure 8.11: Pro-inflammatory gene expression in infected 3D ex vivo rat mandible
model after 20 h infection of rat mandible tissue with S. gordonii, P. gingivalis, and
S. gordonii and P. gingivalis in planktonic and biofilm conditions. A; IL-1p, B; IL-6,
C; TNF-a. Statistical difference between S. gordonii, P. gingivalis, and S. gordonii
and P. gingivalis in planktonic and biofilm conditions, compared to uninfected
controls, are indicated on the bars. *; p < 0.05, **; p < 0.01 and ****; p < 0.0001,

compared to uninfected controls.
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8.4.4.1 ELISA quantification of pro-inflammatory cytokines level in culture

medium from co-cultured rat mandible tissues

The released pro-inflammatory cytokines from rat mandibles infected with S.
gordonii, P. gingivalis and S. gordonii and P. gingivalis in both planktonic and biofilm
conditions were evaluated via ELISA, using the collected supernatant (Figure 8.12
A,B,C, respectively). The levels of IL-1B, IL-6 and TNF-a were statistically higher
than the uninfected controls (p<0.0001 for IL-1B and TNF-a, and p<0.05 for IL-
6). Planktonic P. gingivalis also significantly increased IL-1B and TNF-a levels
(p<0.001 and p<0.01, respectively). Although planktonic P. gingivalis increased IL-6
level, it was not statistically significant compared to uninfected controls (p>0.05). S.
gordonii and S. gordonii and P. gingivalis infected rat mandibles did not elevate IL-
1B, IL-6 or TNF-a levels (p>0.05). It was interesting to note that this bacterial
combination significantly decreased IL-1f levels (p<0.001).

As seen with the mRNA gene expression data, ELISA quantification of selected pro-
inflammatory markers, IL-1B, IL-6 and TNF-a, were the highest in P. gingivalis
biofilm infected rat mandibles. Thus, the P. gingivalis biofilm infected rat mandible
was used as an infected ex vivo model for the further assessment of PRE, Zn (II), and

PRE/Zn (II) treatments.
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Figure 8.12: Pro-inflammatory cytokine release from infected 3D ex vivo rat
mandibles after 20 h infection with S. gordonii, P. gingivalis, and S. gordonii and P.
gingivalis under planktonic and biofilm conditions. A; IL-1B (pg/mL), B; TNF-a
(pg/mL), C; IL-6 (pg/mL). Bar charts represent mean + SEM, N=3. *; p <0.05, **; p

<0.01 and ***; p <0.001, ****; p <0.0001, compared to uninfected controls.
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8.4.5 PRE, Zn (II) and PRE/Zn (II) treatment of P. gingivalis biofilm

infected rat mandibles

8.4.5.1 Pro-inflammatory cytokine gene expression with PRE, Zn (I),
PRE/Zn (II)

After treatment with PRE (1 mg/mL), Zn (II) (1.56 mM) and PRE/Zn (II) (1 mg/mL
and 1.56 mM), pro-inflammatory gene expression of P. gingivalis biofilm infected rat
mandibles were evaluated using RT-qPCR (Figure 8.13 A, B, C). After 30 min
application of PRE (1 mg/mL), Zn (II) (1.56 mM) and PRE/Zn (II) (1 mg/mL and 1.56
mM), none of the treatment groups showed a statistically significant difference in gene

expression (IL-1P, IL-6 and TNF-a), compared to untreated controls (p>0.05).
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Figure 8.13: Pro-inflammatory gene expression in response to P. gingivalis

biofilm infected 3D ex vivo rat mandible model treated with PRE (1 mg/mL), Zn

(II) (1.56 mM) and PRE/Zn (II) (1 mg/mL and 1.56 mM). A; TNF-a, B; IL-6, and C;
IL-1PB. Bar charts represented as mean = SEM, N=3.
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8.4.5.1.1 ELISA quantification of pro-inflammatory cytokines and PGE2
after PRE, Zn (II), PRE/Zn (II) application

P. gingivalis biofilm infected rat mandibles were treated with PRE (1 mg/mL), Zn (II)
(1.56 mM) and PRE/Zn (II) (1 mg/mL and 1.56 mM) for 30 min and their effect on
pro-inflammatory cytokine release quantified by ELISA (Figure 8.14 A, B, C, D). PRE
(1 mg/mL), Zn (II) (1.56 mM) and PRE/Zn (II) (1 mg/mL and 1.56 mM) significantly
reduced IL-1B, IL-6 and TNF-a " cytokine levels, compared to untreated controls
(p<0.0001). However, there were no significant differences between PRE (1 mg/mL),
Zn (II) (1.56 mM) and PRE/Zn (II) (1 mg/mL and 1.56 mM) (p>0.05). Additionally,
the PRE/Zn (II) did not show any IL-1f, IL-6 and TNF-a " cytokine levels, compared
to treatment with PRE or Zn (II) alone (p>0.05). None of the treatment groups caused
a significant alteration in released level of PGE2 (p>0.05).
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Figure 8.14: Pro-inflammatory cytokine release from P. gingivalis biofilm infected 3D ex vivo rat mandibles, treated with PRE (1 mg/mL),
Zn (IT) (1.56 mM) and PRE/Zn (IT) (1 mg/mL and1.56 mM). A; IL-1B (pg/mL), B; TNF-a " (pg/mL), C; IL-6 (pg/mL), D; PGE 2 (pg/mL).
Bar charts represented as mean = SEM. *; p < 0.05, **; p <0.01 and ***; p <0.001, ****; p <0.0001.
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8.5 Discussion

Different research methods have been used to evaluate new therapies for infectious
diseases. Ex vivo models have been used to investigate a wide variety of developmental,
physiological, and pathological conditions. In an ex vivo model, cells can be cultured in a
condition that protects cell spatial arrangement, and researchers face less systemic
influences than in vivo research models. Furthermore, the number of required animals is

considerably less for ex vivo models than for in vivo models.

Sloan et al. (1998) developed a rodent tooth slice culture model to study the process of
dentinogenesis. It was shown that the dentine-pulp complex from a mature rodent tissue
could be cultured for 14-21 days and was useful for investigation of not only
dentinogenesis but also tissue repair processes (Sloan and Smith 1999). This model was
used to investigate the effect of. different materials included in the formulation of dental
products (Murray et al. 2000). Following this research, an ex vivo rodent mandible culture

model was developed for bone repair investigation (Smith et al. 2000).

In this Chapter, the aim was to use a validated ex vivo co-culture model to study the effect
of PRE, Zn (II) and PRE/Zn (II) combination for their bioactivity on pro- inflammatory
cytokines. Moreover, the toxicity of PRE, Zn (II) and the PRE/Zn (II) were also
investigated, before its co-culture with selected oral microbes under planktonic and
biofilm conditions, to determine the optimal concentration of these compounds to apply

to the infected ex vivo rat mandible model.

8.5.1 Evaluation of toxicity of PRE, Zn (II) and PRE/Zn (IT) combination

Pharmacological and toxicological evaluations of medicinal plants are essential for drug
development and cytotoxicity assessment of these compounds (Desta 1995). To use
natural compounds as a topical agent, these topical agents should not induce cytotoxicity

to the applied area (Kim et al. 2008). The optimal concentrations of PRE (1 mg/mL), Zn
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(II) (1.56 mM) and PRE/Zn (II) (Img/mL and 1.56 mM) were evaluated for cytotoxicity
via LDH and TUNEL assays after 30 min direct application of treatment compounds. In

addition, the morphology of rat gingival tissue was observed with H&E staining.

The major compounds in PRE are hydrolysable tannins, and these secondary metabolites
can show some cytotoxic activity. Although many reports are available on the cytotoxicity
of phenolic compounds, the mechanism of their cytotoxic activity is not fully known
(Kulkarni et al. 2007). However, it has been suggested that both molecular weight and
functional groups and their positions have an effect on cytotoxicity of hydrolysable
tannins (Sakagami et al. 2000). It has been proposed that the protein binding capacity of
phenolic compounds could be responsible for cytotoxic activity, as phenolic compounds
can bind membrane proteins of cells that affects cell growth and viability (Damianaki et
al. 2000). In addition, it should be noted that different tissue and cell types exhibit
different cytotoxicity response against polyphenols (Kulkarni et al. 2007). For example,
punicalagin showed cytotoxicity in different concentrations for different cell types; 450
uM for normal African green monkey kidney cell line, 740 pM for human larynx
epithelial cancer cell line, and 830 pM for human small cell lung carcinoma cell line
(Kulkarni et al. 2007). The LDH assay was used with supernatant of the tissue to
determine the amount of LDH released from cells into the culture medium, whilst IHC
was performed to evaluate localised LDH level in tissue sections. LDH is a soluble
cytosolic enzyme that is released after disruption of cell membrane integrity. Therefore,
LDH could be used as a marker of either apoptosis or necrosis and can be used to assess
cytotoxicity (Leite et al. 2011). The results demonstrated that only the highest
concentration of Zn (IT) (100 mM) increased LDH levels in both spectrometric assays and
IHC. PRE did not alter LDH levels in either assay. Similarly, lower concentrations of Zn
(IT) did not show a notable change in secreted LDH levels. Even though Zn (II) is an
essential element for life and commonly used in clinical dentistry, it could show toxicity
by inhibiting enzyme activation, disrupting the cell membrane, and competing with other

essential cations such as Cu (II), Fe (I1), Ca (II) (Donkin et al. 2000; Dietrich et al. 2016).
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The apoptotic activity of PRE, Zn (II) and PRE/Zn (II) were determined using the
TUNEL assay. The biochemical sign of apoptosis is degradation of DNA by
endonucleases that cause double-stranded oligonucleosomal DNA fragments (Bortner et
al. 1995; Saraste and Pulkki 2000). Zn (II) and PRE/Zn (II) did not increase the apoptotic
cell nuclei number. Similarly, PRE did not increase apoptosis, except at the highest
concentration of PRE (5 mg/mL. Although Zn (II) 100 mM significantly increased LDH
levels, it did not cause a notable change in the number of TUNEL positive nuclei. As such,
Zn (II) 100 mM may be considered as being non-apoptotic, but it caused more necrotic
activity. Zinc can show both apoptotic and necrotic activity depending on the applied zinc
concentration. In a study by Rudolf et al. (2003), zinc exhibited apoptotic activity at lower
concentrations and necrotic activity at higher concentrations against Hep-2 cells. In
contrast, the cytotoxicity result of this study should be taken carefully as application time
and tissue type are important factors in the interpretation of results of this toxicity (Wolf

and Eastman 1999).

PRE and Zn (IT) showed antimicrobial activity at 4 mg/mL and 6.25 mM, respectively,
against a range of oral microbes. PRE 1 mg/mL did not lead to an increased LDH level
and at <5 mg/mL did not show apoptotic activity in TUNEL assay, compared to untreated
controls. Therefore, the used concentration of PRE (1 mg/mL) applied to the infected ex
vivo mandible model in this study was effective to cause growth inhibition of most
bacteria, including S. gordonii and P. gingivalis. Similarly, Zn (II) 1.56 mM did not lead
to an increased LDH level and apoptotic activity. As Zn (II) 1.56 mM was applied on ex
vivo model, Zn (IT) up to 1.56 mM could also exerted bacterial growth inhibition activities
over the range of studied oral microbes. In addition to LDH and TUNEL assays,
histopathological evaluation of rat mandible was also observed via H&E staining. The
application of PRE, Zn (II) and the PRE/Zn (II) combination (30 min) did not cause any

significant morphological changes.
Likewise, previously investigated, a pomegranate peel methanolic extract (224 mg/kg)

administered by intradermal injection in mice, also caused no histopathological changes

in sections of other soft tissues, such as tongue, trachea and larynx. In addition,
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pomegranate peel was non-toxic in terms of glucose, cholesterol, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels as indicators of liver
toxicity and did not cause local irritation of the oral mucosa (Jahromi et al. 2015).
Furthermore, in vivo, and clinical studies showed that the oral ingestion of pomegranate
ellagitannin-enriched polyphenol extract did not cause any adverse effects or alteration in
haematology, serum chemistry (including ALT, AST levels),or urinalyses and in
histopathological observations (Cerda et al. 2003; Heber et al. 2007). Acute and sub-
chronic toxicity studies revealed that pomegranate extracts through oral administration
were considered safe up to approximately 4,3 g/kg/day for rodents, and no observable

adverse effects were reported (Cerda et al. 2003; Patel et al. 2008; Meerts et al. 2009).

8.5.2 Evaluation of infected ex vivo rat mandible models

In this Chapter, an ex vivo rat mandible model was infected with planktonic or biofilm
single or dual species inocula of S. gordonii and P. gingivalis to simulate periodontal
infectious disease. P. gingivalis, a Gram- negative obligate anaerobic bacterium, which
has been extensively investigated due to its effect on inducing an immune response in the
oral cavity (Slots et al. 1988, Holt and Bramanti 1991, Socransky et al. 1998, Byrne et al.
2009; Tribble et al. 2013). Although the exact role of P. gingivalis in initiation and
progression of periodontal disease is still not clear, it has been widely accepted as a risk
factor (Shi et al. 2007; Liu et al. 2013). It has been suggested that P. gingivalis virulence
factors and extracellular proteases play a role in induction and progression of
periodontitis. For example, LPS, fimbriae and gingipains released by P. gingivalis have
all been associated with periodontal tissue destruction (Bostanci et al. 2012; Decaillet et
al. 2012). P. gingivalis is a late or secondary coloniser in sub-gingival plaque development
and requires a specific environmental and nutritional components for growth. Therefore,
P. gingivalis exploits the colonisation and metabolic activity of other microorganisms to
localise in biofilms (Hill and Marsh 1989). In the initial attachment of P. gingivalis, oral
streptococci play an important role by providing a suitable attachment surface for P.
gingivalis. Moreover, prevention of P. gingivalis interaction with some oral streptococci

has been suggested as an ideal point for therapeutic intervention to control colonisation
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or re-colonisation of oral tissues by P. gingivalis (Lamont et al. 2002; Park et al. 2005).
Interaction between oral streptococci and P. gingivalis is a species-specific adherence and
regulated by protein—protein interaction that occur between the minor fimbrial antigen
(Mfa) of P. gingivalis and the antigen I/I (Ag I/II) polypeptide of streptococci (Daep et
al. 2006, 2008, 2011). These interactions could be responsible for P. gingivalis adaptation
into a biofilm (Maeda et al. 2008). Co-aggregation studies have demonstrated specific
interaction between P. gingivalis and a variety of other oral microbes, such as S. gordonii.
This co- aggregation study supports the idea that early colonisers provide an attachment
site and possibly nutrition for secondary or late colonisers to become established within
the biofilm (Hashimoto et al. 2003; Davey and Duncan 2020). The adhesion interaction
between P. gingivalis and S. gordonii has been studied at a molecular level and
multivalent interactions reported (Lamont et al. 1992; Amano et al. 1997; Brooks et al.
1997; Lamont et al. 2002). Hence, in addition to P. gingivalis infection under planktonic
and biofilm conditions, the ex vivo rat mandible model was also infected dual species S.
gordonii and P. gingivalis, to investigate whether potentiated inflammatory activity might
occur due to addition of S. gordonii, increasing the biofilm forming ability of P.

gingivalis.

P. gingivalis-only biofilm induced the largest increase in pro-inflammatory cytokine gene
expression and released protein levels for IL- 1B, IL-6 and TNF-a. Dual species infection
with S. gordonii and P. gingivalis did not stimulate infection and immune inflammatory
responses as much as P. gingivalis biofilms in both planktonic and biofilm forms.
Moreover, one unanticipated finding was that P. gingivalis attachment was not seen in
modified Gram-stained tissue slides, when P. gingivalis was applied alone or in
combination with S. gordonii under both planktonic and biofilm conditions. However, S.
gordonii attachment to rat mandible tissue was observed when the model was infected
either alone or in combination with P. gingivalis, again with both planktonic and biofilm
forms. A possible explanation for the limited attachment could be that P. gingivalis is a
late coloniser and needs a prepared environment for its attachment to host tissue, and in
this model tissues interacted with P. gingivalis biofilm for only 20 min (Kolenblander et

al. 2010). In addition, the ex vivo model used in this study was set up for a short time (20
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h infection) and infected with a 48 h biofilm. It is possible that a more mature biofilm of
P. gingivalis could be necessary to observe its attachment. As this is a 48 h biofilm, it
could be possible that S. gordonii dominated this dual species biofilm. In addition, P.
gingivalis is an obligate anaerobic bacterium and may lost its viability through incubation
with rat mandible tissue in incubator with 5% CO», 95% air. Future studies are necessary
with well-developed biofilm of S. gordonii and P. gingivalis. However, for a mature and
a standardised dual species biofilm of S. gordonii and P. gingivalis, a considerable amount
of additional time would be necessary, and this study could be considered as a pilot for a

dual species infected ex vivo rat mandible model.

The highest levels of pro-inflammatory cytokines observed with P. gingivalis biofilms,
could be due to a higher level of virulence factors produced by P. gingivalis. P. gingivalis
could be considered the main pathogenic microbe, and when combined with S. gordonii
it could show less virulence in this ex vivo model. Moreover, P. gingivalis biofilms caused
a greater increase in the level of pro- inflammatory cytokines than in planktonic form, and
biofilm infections have been considered more relatable to clinical oral infectious diseases
with a greater LPS production (Marsh et al. 2009). Hence, P. gingivalis biofilm infected
ex vivo rat mandible tissues were used to evaluate the effect of PRE, Zn (II) and the

PRE/Zn (II) combination on pro-inflammatory cytokine levels.

P. gingivalis LPS has often been used to simulate and initiate oral tissue infections in
various research models (Moue et al. 2008; Jiang et al. 2013; Xiao et al. 2018). Previously,
LPS has been used in this ex vivo rat mandible model and found to initiate the host
response and tissue destruction (Sloan et al. 2013). Similarly, in the current study, P.
gingivalis biofilm infected rat mandible tissues induced the highest levels of pro-
inflammatory cytokine expression and protein levels, compared to uninfected controls. It
has been shown that after the colonisation of a ‘keystone’ pathogen, such as P. gingivalis,
such colonisation could induce pathogenicity within oral biofilms and disrupt periodontal
tissue homeostasis (Hajishengallis et al. 2012). In addition to P. gingivalis virulence
factors, the increased ratio of P. gingivalis can cause an alteration in oral cavity

microbiota, and this imbalance could initiate and induce inflammation in the periodontium
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(Olsen et al. 2017). The initiation and progression of periodontal diseases are associated
with different factors, the most important of which are the oral microbiota and the host
immune response (Hajishengallis 2014). In the host immune response, cytokines play a
critical role during periodontitis progression, as they act as first responders against
pathogens (Boukortt et al. 2015). Cytokine secretion is activated through interaction
between microbiomes and host cells. Representatives of these cytokines are the IL-1
family, the IL-6 family and TNF family. It has been reported that IL-1f is involved in the
pathogenesis of periodontitis, as increased levels of IL-1P have been detected following
host-microbiota interaction (Ben-Sasson et al. 2009). Moreover, the total amount of IL-
1B in gingival crevicular fluid (GCF) has been associated with the severity of periodontitis
(Reis et al. 2014). IL-6, secreted by many types of activated immune cells, has been well
established in chronic inflammation and an inflammatory booster and a meta-analysis
study showed an elevated IL-6 in the GCF of chronic periodontitis patients (Stadler et al.
2016). TNF-a is one of the main pro-inflammatory cytokines in the progression of
periodontitis. In addition to its role in cell death induction, TNF-a plays a role in pro-
inflammatory responses and cellular communication (Brenner et al. 2015). Increased
levels of TNF-a were reported in GCF and serum of chronic periodontitis patients (Gorska
et al. 2003; Madureira et al. 2018). Therefore, the protein and gene expression level of IL-
1B, IL-6 and TNF-a were investigated to choose the most prominent infection method,

using the ex vivo rat mandible model.

8.5.3 Evaluation of PRE, Zn (II) and PRE/Zn (II) in P. gingivalis biofilm

infected ex vivo mandible model

P. gingivalis biofilm infected rat mandible tissues resulted in the expression of a panel of
pro-inflammatory cytokines, indicative of a pro- inflammatory response. The initiation
and progression of inflammation are mainly related to the local microbiota and host
immune responses (Hajishengallis 2014). Over-activation of the host response takes place
after progression of infection with immune cell infiltration and osteoclastic activity
activation. The primary host response occurs as a result of interaction between the oral

microbiome and host cells which includes periodontal tissue cells such as mucosal
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epithelial cells and gingival fibroblasts, and other immunocytes (Pan et al. 2019). Then,
elevated inflammation finally concludes with both soft and hard tissues damage in
periodontium (Moutsopoulos and Konkel 2018). Cytokines play a critical role in the
progression of periodontitis and has been evidenced in human and animal studies (Alayan
et al. 2007; Eskan et al. 2012). In the current study, mandible tissues infected with P.
gingivalis biofilm was treated with PRE (Img/mL), Zn (II) (1.56 mM), and PRE/Zn (1)
(1 mg/mL and 1.56 mM) for 30 min. The anti-inflammatory properties of PRE, Zn (II)
and PRE/Zn (II) were validated against the P. gingivalis biofilm infected mandible tissues.
After 30 min treatment, all groups caused a significant reduction in pro-inflammatory
cytokines (IL-1pB, IL-6 and TNF-a). However, these treatment regimens did not influence
the levels of released PGE2 levels, compared to untreated controls. Furthermore, no
potentiated anti-inflammatory activity was seen with the PRE/Zn (II) within the infected
ex vivo model. In contrast to the ELISA findings, the qPCR data did not show any
significant alteration in gene expression of IL-1f, IL-6 and TNF-a after 30 min treatment
with PRE (1mg/mL), Zn (IT) (1.56 mM), and PRE/Zn (II) (1 mg/mL and 1.56 mM. The
difference between the ELISA and qPCR results from PRE, Zn (II) and PRE/Zn (II)
evaluation on pro-inflammatory cytokine levels could be related to the composition of
PRE. As it is well known that tannins in PRE can interact with proteins (Papadopoulou
and Frazier 2004), possible interactions between secreted cytokines (IL-6 and IL-8) and a
chemokine (MCP-1) and punicalagin were investigated by ELISA without cell culture.
The findings showed that studied pro-inflammatory cytokines and a chemokine
concentration decreased in a dose-dependent manner with applied punicalagin
(Hollebeeck et al. 2012). This suggested an interaction between tannins in PRE and
proteins could be the reason for the discrepancy between mRNA gene expression (QPCR)
and protein level (ELISA) in this study. While there have been no reported studies for Zn
(IT) and its possible interactions with pro-inflammatory cytokines, it is well known that
Zn (II). plays both structural and catalytic cofactor roles for many proteins (Haase and
Rink 2009). Although molecular sensors for Zn (II) are not known, approximately 2800
proteins can bind Zn (II) and this could result in either a direct or an indirect effect of the
function, or loss of function, of one or many of these proteins (Andreini et al. 2006).

Hence, there could be a similar possible interaction between Zn (II) and these cytokines.
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Another explanation for the discrepancy between protein level and gene expression results
could be the observed high deviation in the gene expression assay. While all gene
expression assays are validated in terms of cDNA concentration and quality of extracted
RNA, different animals were used for the different groups through experimental repeats.
In addition, it is possible that nutrition and oxygen supplementation could show
differences depending on the size and geometry of tissue, and this could affect the immune
response of tissue (Shi et al. 2019). However, while PRE and PRE/Zn (II) application
were not effective in suppressing gene expression of pro-inflammatory cytokines, they
did lower in protein levels of pro-inflammatory cytokines. This could be the result of PRE
and PRE/Zn (II) interference effect on downstream signalling pathways and/or pro-
inflammatory cytokines related receptor complexes. Simply, there is a possibility that
PRE and PRE/Zn (II) may disrupt cytokine activity and inflammatory cell signalling, but
more studies are necessary to investigate this. This interaction between cytokines and
PRE, and possibly Zn (II), could have an important role in periodontal infectious diseases.
An implication of this is the possibility that PRE and Zn (II) can decrease the secreted
level of cytokines in the oral cavity and in GCF (Reis et al. 2014; Brenner et al. 2015;
Stadler et al. 2016).

The anti-inflammatory properties of pomegranate polyphenols have been reported and
associated with a high reduction in pro-inflammatory cytokines (mRNA and protein
levels). This has supported the potential of PRE as an anti-inflammatory agent in the
Caco- 2 cell line and in an ex vivo stimulated pig colonic tissue explant model (Hollebeeck
et al. 2012; Mastrogiovanni et al. 2019). It was also reported that pomegranate peel
polyphenols down-regulated expression of IL-1B, IL-6 and TNF-a and reduced
secreted levels of these pro-inflammatory cytokines in a murine macrophage cell line (Du
et al. 2019). The anti-inflammatory properties of PRE are most likely driven via
suppression of the nuclear factor kappa B (NF-«f}) and mitogen-activated protein kinase
(MAPK) pathways. The NF-«kf} pathway has a crucial role in the inflammatory response,
especially in modifying cytokine expression (Libermann et al. 2006; Lawrence 2009;
Zhang et al. 2016). While NF- k3 and MAPK are suggested mechanisms for polyphenols’

anti-inflammatory properties, the exact underlying mechanisms of action are still not
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clear. This anti- inflammatory activity of PRE has been highly associated with
hydrolysable tannins in its content. Punicalagin is the most abundant tannin in PRE, and
the punicalagin’s effect on the NF-kf} pathway was observed through suppression of the
phosphorylation of IkBa and p65, thus inhibiting the activation of LPS-induced NF-kf3
(Xu et al. 2014). Moreover, it was reported that UVB-induced inflammation was inhibited
through NF-xB and MAPK signalling in oral dosing of pomegranate to mice (Khan et al.
2012). In addition to PRE, punicalagin pre-treatment (5—40 uM) had inhibitory activity
on TNF-a, IL-6 and PGE2 production, and also reduced COX-2 expression in protein
and mRNA in LPS- stimulated rat primary microglia (Olajide et al. 2014).

The absence of down-regulated gene expression in this study could be due to the exposure
time of treatment groups or extraction method differences in pomegranate peel extract
preparation and longer exposure time can be adopted for future studies. In this study, rat
mandible tissues were exposed to treatment groups for only 30 min as a post-treatment
after infection, and this time may not be sufficient for PRE, Zn (II) and PRE/Zn (II) to
inhibit gene expression of studied pro-inflammatory cytokines. In a study by Hollebeeck
et al. (2012), pomegranate polyphenolic extract was applied for 1 h as a pre-treatment
before LPS-infection of the Caco-2 cell line, in which pomegranate extract and
compounds down-regulated pro-inflammatory cytokine and chemokine gene expression
levels (IL-6, MCP-1). This pre-exposure of cell and/or tissue to treatment compounds
could provide an enhanced activity of treatment groups, as more diffusion of the agent
into cells/tissue could occur. However, pre-exposure of PRE and PRE/Zn (II) is not
applicable in terms of therapeutic viewpoint for gingivitis, and periodontitis, where
patients apply treatment after infection. In addition to above mentioned studies, there is a
high possibility PRE and PRE/Zn (IT) may disrupt cytokine activity and inflammatory cell
signalling that make PRE and PRE/Zn (II) treatment a promising anti-inflammatory agent.
In this Chapter, the PRE/Zn (II) anti-inflammatory activity was also investigated to
determine whether there were any potentiated anti-inflammatory activities. However, at
both gene expression and protein levels, this combined application did not show any
potentiated activity, compared to their respective applications alone. A similar result was

shown in a study where PRE, Zn (II) and PRE/Zn (II) had anti-inflammatory activities in
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an ex vivo porcine skin model. PRE and the PRE/Zn (II) were shown to exert an anti-
inflammatory activity after 6 h, which lasted up to 24 h on COX-2 level (Houston et al.
2017c¢). Houston et al. (2017a) reported that PRE caused a reduction in expression of
COX-2, but Zn (II) did not alter its expression. Furthermore, when Zn (II) was applied in
combination with PRE, this combination showed similar reduction in COX-2 level,
indicating no potentiated activity with Zn (II) addition (Houston et al. 2017a). Here,
PGE2, a product of COX-2 was studied, and absence of change in levels was unexpected,
but could be to due single and short time exposure of PRE, or an anti-inflammatory
response to PRE and PRE/Zn (II) combination could show differences in different tissue

types (Kulkarni et al. 2017).

8.6 Conclusion

An existing ex vivo rat mandible model was adopted and infected with planktonic and
biofilm forms of S. gordonii, P. gingivalis, and S. gordonii and P. gingivalis bacteria. For
these different infections, gene expression and protein levels were compared for pro-
inflammatory cytokines (IL-1B, IL-6 and TNF-a). P. gingivalis biofilm infection
significantly increased IL-1pB, IL-6 and TNF-a expression and protein levels, compared
to the uninfected control or the other infection groups. This model was employed to assess
PRE (1 mg/mL, Zn (II) (1.56 mM) and PRE/Zn (II) (1 mg/mL and 1.56 mM) effect on
induction of pro-inflammatory cytokines. Concentrations of PRE, Zn (II) and PRE/Zn (II)
were chosen according to LDH and TUNEL assay data. All treatment groups significantly
reduced secreted protein levels of IL-1B, IL-6 and TNF-a. However, no alteration was
observed in the gene expression of IL-1p, IL-6 and TNF-a. At both protein level and gene
expression, no potentiated or antagonistic anti-inflammation activity was observed for

PRE/Zn (II) compared to their single applications.
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General Discussion

9.1 Overview

The background for this research was the clinical need for oral care products with
improved activity against planktonic and biofilm mediated periodontal. Periodontal
diseases are multifactorial polymicrobial infections and have been characterised as
destructive inflammatory processes affecting the periodontium, which comprises the
teeth-supporting structures: gingiva, cementum, periodontal ligament, and alveolar bone
(Marsh et al. 2009). It is estimated that there are 3.5 billion people suffering from
periodontal diseases across the world (Niemetz and Gross 2005). In many countries,
periodontal infectious diseases, which affect people from their childhood to death, are an
economic burden for healthcare systems (Flemming et al. 2021). Despite a number of
preventive measures for periodontal disease, the priority of prevention has been neglected
or under-emphasised. Hence, gingivitis, defined as inflammation of gingivae, is
considered one of the most common diseases, affecting 20-50% of the dentate population
globally (Mariotti 1999; Nazir 2017). Gingivitis is a reversible condition and to prevent
its progression to periodontitis and eventually tooth loss, a comprehensive home-based
regular plaque control and non- surgical periodontal therapy is necessary (Axelsson and
Lindhe 1982; Lang et al. 2009). Antiseptics (e.g., chlorohexidine, benzydamine, and
doxycycline), anesthetics (e.g., benzocaine, lidocaine), corticosteroids (e.g.,
dexamethasone, triamcinolone) and immunomodulatory agents (e.g., amlexanox,
colchicine, cyclosporine, cyclophosphamide, and methotrexate) are the most widely used
topical agents in periodontal infectious diseases (Belenguer-Guallar et al. 2014). Despite
their common use in clinical treatment, their side effects and risks should not be over-
looked. One of the main disadvantages of broad spectrum antimicrobials is the increase
of antimicrobial resistant microbes and hypersensitivity. In addition, the systemic
adsorption of corticosteroids highlights another risk for prolonged use of topical
corticosteroids (Rogers III 1997). These problems demonstrate the need for an alternative

treatment for periodontal diseases.
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Previous work suggested that a natural product, PRE, had potential as the basis of an
alternative therapeutic, with its multi-therapeutic benefits such as antimicrobial, anti-
inflammatory and wound-healing bioactivities. Moreover, based on previous reports, PRE
in combination with Zn (II), could provide a synergistic and/or potentiated bioactivity in
the treatment of periodontal diseases (Houston et al. 2017a; Houston et al. 2017b;

Alrashidi 2020; Celiksoy et al. 2021).

Punica granatum L. (Puniceae), widely known as pomegranate, has a long history in
ethnopharmacy. It has been used as a folkloric medicine in different cultures, including
traditional Chinese medicine, Ayurveda in the treatment of traumatic haemorrhage, ulcers
and infections, and disorders of the digestive tract, such as diarrhoea and dysentery
(National Pharmacopoeia Committee, 2010). Pomegranate rind is a by-product of the
juice processing industry and comprises approximately 30-40% of the whole fruit (Cam
et al. 2014; Gullon et al. 2016). While pomegranate rind is a waste product of industrial
manufacturing and processing, it is a rich source of bioactive compounds, such as
flavonoids, phenolic acids, and tannins (ellagitannins, such as punicalin and punicalagin)
(Tiirkyilmaz et al. 2013). In the last thirty years, research on pomegranate extracts has
attracted increasing attention, and pomegranate rind is considered a promising natural
therapeutic with its antimicrobial, antioxidant, anti-inflammatory, and anticancer
properties (Viuda and Martos et al. 2010; Pirzadeh et al. 2021). PRE/Zn (II) was
investigated in this thesis, due to previously reported synergistic antiviral and
antibacterial activities by Houston et al. (2017b) and Alrashidi (2020), respectively.
Therefore, PRE, Zn (II), and PRE/Zn (II) were assessed for their antimicrobial, anti-
inflammatory and wound-healing activities, to investigate their potential use in the
treatment of periodontal diseases. Thus, considering the bioactivities of PRE and the
synergistic antimicrobial activity of PRE/Zn (II), the investigation of PRE and PRE/Zn
(IT) for potential use in periodontal infectious diseases is a necessity in terms of fighting
antimicrobial resistance, providing efficient, economical, and safe treatment to patients,

along with reducing the burden on the environment utilising a waste product.
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9.2 PRE composition

Aqueous pomegranate rind extract was prepared as described by Houston (2011) and Al
Alrashidi (2020). The extraction method could be described as a simple, rapid, and low-
cost strategy, due to using water as a solvent and decoction as a conventional extraction
technique. Water is a more environmentally friendly and a safer extraction solvent
compared to methanol and other organic solvents (Panda et al. 2019; Rajha et al. 2019).
In this study, the total polyphenol content of PRE was found to be 496 mg tannic acid
equivalent/g freeze-dried PRE. Moreover, PRE composition was investigated for
secondary compounds using mass spectra and compared with the previous literature using
fragmentation patterns, both in positive and negative ionisation modes. Results
corroborated previous studies indicating that ellagitannins were the major phenolic
compounds in pomegranate rind, comprising over 99 % of the total content of
pomegranate phenolics (Fischer et al. 2011; Qu et al. 2012; Romeo et al. 2015). A list of
tentatively characterised compounds was presented in Chapter 3, Table 3.4 and Table 3.5.
Punicalagin, which has been commonly considered as the most abundant compound in
PRE, was found to comprise almost 20 % of the total extract. Thus, according to analytical
results of PRE, this conventional short time (10 min boiling) extraction method with water
solvent could be considered a good method to reveal secondary compounds, especially

hydrolysable tannins, in pomegranate rind (Turrini et al. 2020).

9.3 Antimicrobial activity

Antimicrobial agents are important in the treatment of periodontal diseases, because of
the high association between dental plaque accumulation and periodontal infection
induction. The antimicrobial activity of pomegranate has been extensively studied and
found antimicrobial against bacteria, virus, yeasts and parasites (Fahmy et al. 2009;
Haidari et al. 2009; Sundararajan et al. 2010; Endo et al. 2012, Foss et al. 2014; Celiksoy
and Charles 2021). PRE and metal salts, including Zn (II), have also been studied for their
potentiated/synergistic antimicrobial activity against a range of microbes and viruses

(Stewart et al. 1998; McCarrell et al. 2008; Gould et al. 2009; Houston et al. 2017b;
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Celiksoy et al. 2021). Although there were previous studies on pomegranate extracts
antimicrobial activity, there were no studies for PRE/Zn (II) activity against oral
microbes. In this study, PRE was antimicrobial against planktonic streptococcus species
and Candida albicans. Synergistic antimicrobial activity of PRE/Zn (IT) was detected
against S. gordonii and C. albicans, whereas additive activity was found against S.

mutans, which is an important aetiologic factor in dental caries (Koo and Bowen 2014).

In addition to planktonic cultures, PRE, Zn (II) and PRE/Zn (II) were investigated for
their antibiofilm activities. Microorganisms are often found in biofilms in clinical cases,
and this provides advantages to a microbe, such as increased resistance against
antimicrobial agents and hostile environmental conditions (Sreenivasan and Gaffar 2002).
PRE was effective in eradicating biofilms, including 24 h mono-species biofilms of S.
sanguinis, S. gordonii, S. mutans, C. albicans and P. gingivalis, but addition of Zn (II) to
PRE did not show any synergistic or antagonistic activity in biofilm eradication. P.
gingivalis biofilm eradication by PRE is important because of its virulence in
periodontitis. Therefore, such findings on biofilm eradication by PRE and PRE/Zn (II)
shows the possible value of using these agents in clinical periodontal infectious diseases.
While there is a lack of in vitro biofilm studies to investigate pomegranate extract activity,
findings from clinical studies have been published supporting the use of pomegranate
extract in the treatment and management of periodontal diseases (Prasad and Kunnaiah
2014; Eltay et al. 2021; Tyagi et al. 2021). It has been reported that pomegranate extract
mouthwash led to a reduction of gingival bleeding, pain and healing time, and controlled
the adhesion of S. mutans, S. sanguis and S. mitis to the surface of the oral cavity in clinical
studies (Vasconcelos et al. 2003; Ghalayani et al. 2013; Batista et al. 2014). Structure-
bioactivity studies were not assessed in this study, but different mechanisms have been
suggested for the antimicrobial activity of PRE. The polyphenol constituents of PRE can
damage the cytoplasmic membrane, inhibit nucleic acids, disrupt energy metabolism and
interfere with the synthesis of the cell membrane and cell wall (Cowan 1999; Cushnie and
Lamb 2011). In terms of biofilm eradication, it is possible that there is more than one
factor and mechanism involved. Polyphenols have been reported for their activities, such

as changing bacterial surface inhibition of quorum sensing and inhibition of the synthesis
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of constituents for biofilm formation, such as adhesins (O’May et al. 2011; Sarabhai et al.

2013).

9.4 Anti-adhesive activity

In the oral cavity, microbes colonise quickly after cleaning, on biotic and abiotic surfaces.
Biofilms in the oral cavity are considered the main aetiological factors of periodontal
diseases, such as caries, periodontitis and denture stomatitis (Yang et al. 2011). Microbial
biofilms maintain structure with the help of extracellular polymeric substances (EPS).
Thus, considering the importance of microbial attachment to surfaces and EPS for the
development of biofilms, prevention of microbial adhesion could be considered a
favourable strategy to prevent biofilm formation and thus dental plaque-associated oral
diseases (Stewart 2001; Davies 2003; Cegelski et al. 2008). Moreover, restricting initial
biofilm formation can impede the advantageous biofilm environment for microbes, such
as increased resistance to antimicrobial agents and hostile environmental conditions

(Pontefract 1991; Dunne 2002).

Therefore, the anti-adhesive activity of PRE, Zn (II) and PRE/Zn (II) was assessed on
glass surfaces coated with PRE, Zn (II) and PRE/Zn (II). Glass surfaces have been
considered as a standard model for the hard surface of teeth in previous studies (Hamada
and Torii 1978; Hamada and Slade 1980; Mattos-Graner et al. 2000; Carter et al. 2001;
Tao and Tanzer 2002; Sasaki et al. 2004; Furiga et al. 2008). PRE- and PRE/Zn (II)-coated
surfaces caused a significant reduction in biomass of attached microbes for S. mutans and
C. albicans. Both species have a critical role in dental caries aetiology and prevention of
these microbial attachment to enamel could limit microbial composition changes from
health to disease (Metwalii et al. 2013; Kooand Bowen 2014). This inhibition of biomass
in the initial attachment of microbes on the surfaces coated with PRE and PRE/Zn (1) is
likely to be due to the presence of PRE, due to no difference observed between PRE and
PRE/Zn (1), and inactivity of Zn (II) alone. The anti-adhesive activity of PRE has been
associated with its high polyphenolic composition, such as tannins, anthocyanins, and

flavonoids, since these polyphenols are well known for their potential interaction with

289



macromolecules, including carbohydrates and proteins (Janecki and Kolodziej 2010). In
addition, these interactions could occur between PRE and enzymes/proteins from both
host and microorganisms, such as saliva and adhesins, respectively, which might be
involved in attachment. Similar results were observed in this study for PRE at inhibiting
attachment of S. gordonii, S. mutans and C. albicans to glass surfaces. Pomegranate
tannins were also effective at inhibiting glucosyltransferase and glucan synthesis of S.
mutans (Menezes et al. 2006; Smullen et al. 2007). Moreover, alteration in bacterial cell
surface hydrophobicity and surface chemistry, due to pomegranate polyphenols, has been
considered as reasons for anti-adhesive activity (Lei et al. 2011). It has been reported that
the hydrophobic surface properties of the bacterial cell wall have an indirect role in the
adhesion of bacteria to the acquired pellicle on the tooth surface (Nesbitt et al. 1982).
These hydrophobic properties of bacteria have been associated with different factors,
such as appendages like fimbriae, structural components like amphipathic lipoglycan
lipoteichoic acid, and structurally related polypeptides. Thus, interaction of pomegranate
polyphenols with these hydrophobic properties could prevent the adhesion between

surface and microbes and eventually biofilm formation (Janecki and Kolodziej 2010).

9.5 Antimicrobial activity relationship between PRE and Zn (II)

In previous studies, synergistic antimicrobial activity has been shown against viruses and
bacteria (Houston et al. 2017b; Alrashidi 2020; Celiksoy et al. 2021). In this thesis, the
PRE/Zn (II) demonstrated synergistic antimicrobial activity in in vitro checkerboard and
time-kill assays against C. albicans. Moreover, a potentiated/synergistic anti-adhesive
activity of PRE/Zn (II) was observed against C. albicans, through a significant reduction

in collected viable CFU from PRE/Zn (II)-coated surfaces.

While there are a few suggested mechanisms behind PRE/Zn (II) synergistic antimicrobial
activity, no studies have investigated their mechanisms from a ROS perspective.
Therefore, addition of Zn (II) to PRE was studied in relation to anti-/pro-oxidant activity,
and whether this contributed to synergistic antifungal activity against C. albicans.

Excessive ROS can cause a deleterious effect on the viability of bacteria through enzyme
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inactivation, membrane disruption and cell death (Kobayashi et al. 2002). This study
showed that PRE/Zn (II) induced higher intracellular ROS levels in both planktonic and
biofilms after 24 h treatment, compared to PRE or Zn (II) only treatments. This increased
ROS level could be the reason for the synergistic antifungal activity with PRE/Zn (II). In
addition, perturbation of the redox potential at sites in the oral cavity could impact on the
composition and metabolism of the microbial community. Therefore, increasing redox
reagents has been considered a novel approach in the treatment of periodontal infections,
since it was reported that the increased redox level in sub-gingival plaque could become
less suitable for obligate anaerobes that dominate in periodontal pockets (Marsh et al.
2009). However, future studies are necessary to ascertain the exact mechanism between

PRE and Zn (I) in an environment with microbes and host cells.

9.6 Anti-inflammatory activity

In addition to anti-microbial effects, a highly desirable attribute in a new oral care product
would be the reduction or amelioration of gum inflammation. Periodontal diseases are a
set of inflammatory conditions that affect tissues surrounding the teeth. The immuno-
inflammatory response within the periodontium starts with the accumulation of dental
plaque, with a prolonged or dysfunctional immuno-inflammatory response potentially
leading to alterations in the structures and functions of tissues which protect and support
the teeth (Loos 2005). As mentioned before, the first step of this inflammation is
gingivitis, accompanied by sensitive, red and bleeding gums. If gingivitis is untreated, it
proceeds to periodontitis. During periodontitis progression, inflammation and destruction
of tissues goes deeper from the gingival tissue to alveolar bone and migration of the
junctional epithelium towards to root. Finally, periodontal pocket formation results with
associated bone loss and tooth exfoliation (Lang et al. 2009; Kurgan and Kantarci 2018).
The modulation and resolution of the immuno- inflammatory response could ultimately
contribute to the prevention of periodontitis and eventual tooth loss. Previously, a defined
ex vivo rat mandible model developed by Sloan et al (2013) was infected with a P.
gingivalis biofilm, leading to inflammatory response initiation. Such a model was found

appropriate to use in this study, for an initial assessment of the anti-inflammatory
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activities of PRE, Zn(II) and PRE/Zn (IT) against periodontal disease. Application of PRE
(1 mg/mL), Zn (IT) (1.56 mM) and PRE/Zn (II) (1 mg/mL+1.56 mM) (all 30 min),
significantly reduced detectable levels of released pro-inflammatory cytokines (IL-18, IL-
6 and TNF-a), compared to untreated controls. However, the gene expression of these
pro-inflammatory cytokines did not show any significant alterations. The discrepancy
between gene expression and protein levels could be associated with several factors. One
of the possible reasons could be the reaction between released cytokines and polyphenols
(Hollebeeck et al. 2012). In addition, differences in size and geometry of dissected rat
mandible tissues could be the reason for high deviation observed in the gene expression
results. The diffusion pattern of PRE, Zn (II) and PRE/Zn (II) through to tissue could
affect the gene expression levels in these treatment groups. However, the inhibitory
activity of compounds for pro- inflammatory cytokines released (IL-1p, IL-6 and TNF-a)
in culture medium have been reported in the literature and this property could be of critical
importance and a promising approach to prevent inflammation of the periodontium. The
inhibition in released pro-inflammatory cytokines (IL-1f, IL-6 and TNF-a) in culture
medium could be the result of disruption of cytokines and inflammatory cell signalling by
PRE and PRE/Zn (II). Inhibition of pro-inflammatory cytokines in GCF could reduce
excessive inflammatory response of the host during periodontal disease (Guentsch et al.

2011; Barros et al. 2016, Pan et al. 2019).

9.7 Wound-healing activity

Impaired wound healing is a clinical problem that effects many people worldwide. In the
oral cavity, wounds can occur as a result of periodontal diseases, traumas, aphthae and
traumatic ulcers. These oral wounds cause pain to the patient and affect quality of life, in
terms of food intake and speaking (Mortavazi et al. 2016; Minhas et al. 2019). Anti-
inflammatory therapies, such as corticosteroids, are the most common agents used to treat
oral wounds. However, there is no standard treatment plan and corticosteroids could cause
a delay in the re-epithelisation of open wounds. Additionally, systemic influences, such
as renal and liver damage, could occur as a result of high-dose and/or long-term therapy

(Levin and Maibach 2002; Gutkowski et al. 2011). In addition to antimicrobial and anti-
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inflammatory activities, PRE and punicalagin have been reported as promising agents for
treatment of dermal wounds (Chidambara et al. 2004; Mo et al. 2014a; Fleck et al. 2016;
Nirwana et al. 2017; Tang et al. 2017; Lukiswanto et al. 2019). Although the oral mucosa
demonstrates a faster healing response than other dermal sites, they possess similar wound
healing stages (Serra et al. 2017; Iglesias-Bartolome et al. 2018). In this thesis, PRE,
punicalagin and their combination with Zn (II) did not exert any significant increase in
the proliferative ability of keratinocyte cell line (HaCaTs) and human primary gingival
fibroblasts (HPGFs). In contrast, higher concentrations of these agents caused a reduction
in HaCaT and HPGF proliferation. However, it was found that 0.1 pg/mL punicalagin in
combination with Zn (II), significantly increased the distance travelled (Tt) and cell speed
(Tt/t) of HPGFs. Fibroblast migration and proliferation have a fundamental role in
successful wound healing (Hékkinen et al. 2000; Posten et al. 2005). Initial fibroblast
migration, proliferation, cytokine/growth factor production can all aid extracellular matrix
(ECM) synthesis and remodelling for repairing damaged tissue (Smith et al. 1997; Liang
et al. 2007). Furthermore, the antioxidant activity of PRE, punicalagin and their
combination with Zn (II) was assessed and punicalagin exhibited higher antioxidant
ability than PRE, as shown by in vitro radical scavenging assays, ABTS and DPPH. The
addition of Zn (II) to PRE and/or punicalagin did not alter the antioxidant capacity of
these compounds. From these results, it could be concluded that punicalagin in
combination with Zn (II) could accelerate the wound healing response by accelerating

migration of gingival fibroblasts to the wounded area.

9.8 Future perspectives

The health benefits of pomegranate extracts obtained using different extraction methods
and solvents have been shown in different areas, such as antimicrobial, anti-inflammatory,
anticancer, wound healing and antioxidant activities. The water extract of pomegranate
rind prepared with the decoction method in these studies showed antimicrobial, anti-
inflammatory and antioxidant properties. However, there are a lack of studies comparing
bioactivities of pomegranate rind extract with different solvents and extraction methods.

For this aim, a precisely standardised extraction method from the most suitable cultivar
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of pomegranate fruit with same harvesting time could be developed. In this way,
variability between different batches of extracts could be prevented as this is one of the
main limitations for research with plant extracts. Moreover, PRE comprises many
secondary compounds, as with other raw plant extracts. Thus, studies for characterisation
and quantification of these secondary compounds is important for further structure-
activity studies. After developing a standardised extraction method, secondary
compounds could be extracted with a preparative HPLC method and characterisation
could be determined via nuclear magnetic resonance (NMR). The quantification of these
secondary compounds could be achieved using standard compounds via analytical
methods, such as high-performance liquid chromatography (HPLC). However, it should
be recognised that bioactivities of plant extracts could be the result of a single compound
or a synergistic effect from many secondary compounds in the extract. Analytical studies
are important in both scenarios, whether a single or multiple compounds are responsible
for bioactivities. These analytical studies can provide the different secondary compounds’
ratio in the extract and could enhance understanding of PRE composition for any further
studies from structure-activity to formulation. For example, punicalagin, the most
abundant compound in pomegranate rind, has been strongly associated with bioactivities
of pomegranate rind extract. Thus, a standardised preparative method could be developed
to purify punicalagin from PRE. Then bioactivities of PRE and PRE/Zn (II) could be
investigated with punicalagin instead of the whole extract PRE. This could provide more
information for structure-activity relationships. In addition, it would help to establish the
necessity of using the whole extract or a single compound with or without Zn (II). In
addition to punicalagin, other individual compounds could be screened for their
antimicrobial, anti-biofilm, antiadhesive, anti-inflammatory and pro-wound healing

responsces.

In this thesis, PRE and PRE/Zn (II) were evaluated for potential use in the treatment of
periodontal disease. Both PRE and PRE/Zn (II) demonstrated antimicrobial activity
against oral microbes in planktonic and biofilm cultures. However, biofilm studies were
conducted with single species and 24 h biofilms. While this biofilm eradication activity

of PRE and PRE/Zn (II) is promising, using a multi-species oral biofilm would be a more
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representative method for periodontal infectious diseases. For this aim, a multi- species
biofilm could be generated using a range of commensal and pathologic oral microbes and
cultured in a biofilm device, such as a Calgary device for a longer time period, to obtain
a thick and well-formed biofilm for use in the investigation of antibiofilm activity of PRE

and PRE/Zn (II).

Biofilm formation is a multifactorial process involving different steps which are regulated
by distinct physical and chemical processes; and commencing with initial attachment.
Thus, investigation of anti-adhesive properties of an agent could be assessed via different
methods for the proper assessment of anti-adhesive activity of PRE and PRE/Zn (II). In
this study, initial attachment of C. albicans, S. gordonii and S. mutans was inhibited by
coating a glass surface with PRE and PRE/Zn (II). Further studies could be done to
investigate the mechanism of anti-adhesive activity, such as effects on microbial cells,
including cell surface hydrophobicity and charge, cell morphology, membranes,
membrane proteins. In the evaluation of microbial cells, techniques such as gene
expression and protein level assays could be used to identify the effect of compounds on
the adhesive properties (Kelly and Younson 2000). Anti-adhesive activity of PRE and
PRE/Zn (II) could be studied using periodontal surfaces and characterisation of surfaces
with these agents could be optimised. For this aim, human teeth and/or hydroxyapatite
discs could be coated with PRE and PRE/Zn (IT) would be more suitable method with in
vivo conditions (Furiga et al. 2009; Song et al. 2012). Research with different and relative
surfaces would confirm the efficiency of this anti-adhesive activity as surface properties,

such as hydrophobicity, electric charge and surface roughness.

Impact on the initial attachment (Sterzenbach et al. 2020). After an optimised surface
coating process, physiochemical properties could be included in the research to stimulate
the in vivo environment. Fluid properties and environmental conditions, including
polarity, flow velocity, pH, ionic strength, temperature, atmosphere, presence of salts,
antimicrobials, nutrient availability and different media are considered the main
physiochemical properties (Klancnik et al. 2013; Klancnik et al. 2021). Therefore, the
distribution and penetration of PRE and PRE/Zn (II) could be investigated in biofilm EPS.
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EPS is an important factor in the adhesion and maintenance microbes and may play a role
in biofilm structure. Moreover, it has been suggested that EPS could act as a barrier

against diffusion of antimicrobial agents in the biofilm (Corbin et al. 2011).

It has been hypothesised that addition of Zn (II) to PRE would lead to a synergistic
antimicrobial activity against oral microbes. This hypothesis was based on previously
shown synergistic activity of PRE/Zn (II) combination against viruses and bacteria, such
as methicillin resistance Staphylococcus aureus and S. epidermidis (Houston et al. 2017b;
Alrashidi 2020). In this study, this synergistic activity was observed only for S. gordonii
and C. albicans. The effects of this combination on ROS level were investigated against
C. albicans and it was found that PRE/Zn (II) could increase ROS level and cause a
deleterious effect on C. albicans cells. It is an important finding in the explanation of
synergistic antimicrobial activity for PRE/Zn (II), but further studies are necessary to
investigate this combination effect on C. albicans oxidative defence system. In addition,
more studies are needed against other microbes. PRE/Zn (II) could also be assessed to
determine if a new combination of substances or a simple complexation develops, and
such the binding interactions can be studied using isothermal titration calorimetry (ITC).
In addition, binding interactions between PRE and Zn (II) could be investigated in culture
media and bodily fluids, such as saliva and GCF, to find any possible interactions in these

environments.

The wound-healing studies were performed for PRE, punicalagin and their Zn (II)
combinations using HaCaTs and HPGFs. The oral and mucosal wound healing processes
exhibit similar healing stages (Walsh et al. 1996). However, oral wound healing is
clinically different from skin healing as oral wounds heal faster and with minimal scar
formation compared to skin wounds (Whitby and Ferguson 1991). It has been reported
that while gene expression patterns are similar in oral and dermal wound healings, they
are not identical (Chen et al. 2010). These differences between dermal and oral healing
have been linked to both environmental and anatomical differences. For instance, the skin
but not the mucosa, has hair follicles and sweat glands, whereas the taste buds are present

in the mucosa, but not in the skin (Turabelidze et al. 2014). Additionally, differences
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between keratinocytes are important as oral keratinocytes have a greater proliferative
capacity than that of skin keratinocytes. The disparities in the reaction of the tissue to
injuries in the mucous membrane and skin suggests that keratinocytes residing in different
tissue sites could differ inherently both at baseline and in response to trauma (Turabelidze
etal. 2014). Therefore, it would be necessary to use human primary gingival keratinocytes
in future studies. Punicalagin with Zn (IT) combination causes an increase in the cell speed
and distance travelled. of HPGFs. It is a promising activity in terms of wound healing
activity for this combination. Further studies could be conducted to identify other
properties and mechanisms behind this increased migration activity. It would be beneficial
to investigate the effect of this combination on extracellular matrix production and
remodelling by proteinases, which are important during the wound healing processes

(Hochstein and Bhatia 2014).

As previously discussed, an increase in pro-inflammatory cytokines (IL-1B, IL-6 and
TNF-a) occurs in periodontal disease. P. gingivalis biofilm infection significantly
elevated pro-inflammatory cytokines in the ex vivo rat mandible model. It was
hypothesised that S. gordonii and P. gingivalis biofilms could cause higher pro-
inflammatory cytokine levels (Cook et al. 1998; Lamont et al. 2002; Park et al. 2005).
However, this dual species biofilm did not demonstrate increases in pro- inflammatory
cytokines (IL-1b, IL-6 and TNF-a) compared with P. gingivalis biofilms. In future
studies, the culture and infection time with S. gordonii and P. gingivalis biofilms could

be increased and more defined and identified dual species biofilms could be tested.

The ex vivo rat mandible model infected with P. gingivalis biofilm was treated with PRE
and PRE/Zn (II) and this lowered pro-inflammatory cytokines (IL-1f, IL-6 and TNF-a).
Further studies are necessary to investigate the anti-inflammatory activity of PRE and
PRE/ Zn (II) and their effects on COX-2, NF-kB and MAPK signalling pathways, as it
has been stated that PRE has an inhibitory effect on these (Afaq et al. 2005; Khan et al.
2012; Houston et al. 2017a; Houston et al. 2017c). There are numerous studies indicating
the anti-inflammatory activity of PRE. Thus, further studies on anti-inflammatory

cytokines, such as IL-2, IL-4, IL-5, IL-6, IL-10 and IL-13, could also be assessed with
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molecular biology and immunohistochemistry methods (Bozkurt et al. 2006). Lack of
anti-inflammatory cytokines could facilitate the inflammation process and a destructive
effect on bone and collagen in periodontal diseases (Katsikis et al. 1994; Van Roon et al.

1996; Walmsley et al. 1996; Gemmel and Seymour 2004).

PRE and PRE/Zn (II) induced anti-inflammatory activities that could also be conducted
in an in vivo periodontitis model, to obtain more relative results for clinical conditions. In
that vein, an experimentally induced periodontitis or acute periodontal defect model could
be used, as pre-clinical in vivo models are necessary, along with proof-of-concept and/or
feasibility studies to enhance our understanding of substances/biomaterials for

periodontal regeneration (Stavrapoulos et al. 2000).

The ultimate aim of this research with PRE and PRE/Zn (II) would be the development
of a pharmaceutical formulation, such as a mouthwash, toothpaste or hydrogel
formulation, to provide an inexpensive, safer and effective treatment for patients.
However, there are some steps in the formulation that should be carefully considered. For
instance, components to be included in the formulation should be evaluated in terms of
their effect on PRE and PRE/Zn (II) combination bioactivities. Addition of other
components could cause reduced or increased bioactivity and toxicity of the main agents,
PRE and PRE/Zn (II) combination, in the formulation. In addition, PRE and PRE/Zn (II)
combination drug release from the formulation and penetration ability at the applied body

site should be carefully considered and investigated.

Overall, this research indicated that PRE and PRE/Zn (II) are promising agents in the
development of oral care products with demonstrable properties, such as antioxidant,
antimicrobial, anti-inflammatory and wound healing, to prevent and treat periodontal

diseases.
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Appendix

Appendix 1: Experimental procedure for IL-15 ELISA assay.
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S PEPROTECH

Rat IL-1-8
ELISA Development Kit
900-K91 Lot# 0212091

Expiration one year from date of receipt

Description: Rat IL-1-8 ELISA development kit contains
the key components required for the quantitative
measurement of natural and/or recombinant rTL-1-8 in a
sandwich ELISA format within the range of 63-4000pg/ml.
Using the ELISA protocol described below, the
recommended microplates, reagents and solutions, the
components supplied in this kit are sufficient to assay
rIL-1- § in approximately 1000 ELISA plate wells.

RECONSTITUTION & STORAGE

Capture Antibody: 200ug of antigen-affinity purified rabbit
anti-rll-1 § + 2.5mg D-mannitol. Centrifuge vial prior to
opening. Reconstitute in 1.0ml sterile water for a concentration
of 200ug/ml.

Detection Antibody: 50ug of biotinylated antigen-affinity
purified rabbit anti-rIL-1- § + 2.5mg D-mannitol.

Centrifuge vial prior to opening. Reconstitute in 0.50ml
stetile water for a concentration of 100pg/ml.

Rat IL-1- § Standard: 1ug of recombinant rIL-1- § + 2.2mg
BSA + 11.0mg D-mannitol. Centrifuge vial prior to opening.
Reconstitute in 1ml sterile water for a concentration of
Tug/ml.

Note: The reconstituted components are stable for 2 weeks
when stored at 2-8°C. Components that have been
reconstituted and aliquoted can be stored at -20°C for up to 6
months.

Avidin-HRP Conjugate: 60ul vial. Upon receipt, avidin-
HRP conjugate should be aliquoted into ten 6ul vials and
stored at <-20°C. Aliquots stored frozen at <-20°C are stable
for up to 2 years form date of receipt. Avoid more than one
freeze-thaw cycle. Avidin should be used in conjunction
with ABTS only.

RECOMMENDED MATERIALS (or purchase
PeproTech’s ELISA Buffer Kit: Cat. # 900-K00)

ELISA microplates (Nunc MaxiSorp Prod. # 439454, or
Corning Prod # 3590);

Tween-20 (Sigma Cat. # P-7949);

BSA (Sigma Cat # A-7030);

ABTS Liquid Substrate Solution (Sigma Cat. # A3219);
Dulbecco’s PBS [10x] (Gibco BRL Cat. # 14200-075).

RECOMMENDED SOLUTIONS

Al solutions should be at ambient temperature prior fo use.
PBS: dilute 10xPBS to 1xPBS, pH 7.20 in sterile water.
Wash Buffer: 0.05% Tween-20 in PBS

Block Buffer: 1% BSA in PBS *

Diluent: 0.05% Tween-20, 0.1% BSA in PBS *

* Sterile filter and store at 4°C for up to 1 week.

PLATE PREPARATION
1. Dilute capture antibody with PBS to a
concentration of 2.0pg/ml. Immediately, add
100l to each ELISA plate well. Seal the plate and
incubate overnight at room temperature.
2. Aspirate the wells to remove liquid and wash the
plate 4 times using 300ul of wash buffer per well.

Princeton Business Patk, 5 Crescent Ave., P O Box 275
Rocky Hill, NJ 08553 USA

Tele: 609.497.0253 Fax: 609.497.0321
www.peprotech.com Email: info@peprotech.com

After the last wash invert plate to remove residual
buffer and blot on paper towel.

3. Add 300l block buffer to each well. Incubate for
at least 1 hour at room temperature.

4. Aspirate and wash plate 4 times.

ELISA PROTOCOL

Standard/Sample: Dilute standard from 4ng/ml to zero in
diluent. Immediately add 100ul of standard or sample to each
well in triplicate. Incubate at room temperature for at least 2
hours.

Detection: Aspirate and wash plate 4 times. Dilute
detection antibody in diluent to a concentration of
0.50ug/ml. Add 100ul per well. Incubate at room
temperature for 2 hours.

Avidin Peroxidase: Aspirate and wash plate 4 times. Dilute
one 5.5ul aliquot of Avidin Peroxidase 1:2000 in diluent for
total volume of 11ml. Add 100ul per well. Incubate 30
minutes at room temperature.

ABTS Liquid Substrate:

(ABTS Substrate should be at ambient temperature prior to use)
Aspirate and wash plate 4 times. Add 100ul of substrate
solution to each well. Incubate at room temperature for
color development. Monitor color development with an
ELISA plate reader at 405 nm with wavelength correction set
at 650 nm.

NOTE: Reliable standard curves are obtained when either
O.D. readings do not exceed 0.2 units for the zero standard
concentrations, or 1.4 units for the highest standard
concentration. The plate should be monitored at 5-minute
intervals for approximately 30 minutes.

CROSS REACTIVITY
When tested at 50ng/ml the following antigens exhibited less
than 5% cross reactivity:

Murine  IL-1§

When tested at 50ng/ml the following antigens did not
exhibit significant cross reactivity:

Human  TL-la, T.-2, SIL-2R, T1.-4, sTT-4R
Murine  IL-1a, 112, I1-4, T1-10

Rat GM-CSF, I1-1a,, I1.-2, 1.-4, 1110, SCF, TNFa
£
4 /
g 05 £
b
= g
o 44&—"}/
10 100 m'no 10000
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Appendix 2: Experimental procedure for TNF-a ELISA assay.
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Appendix 3: Experimental procedure for IL-6 ELISA assay.
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Appendix 4: Experimental procedure for PGE-2 ELISA assay.
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SAMPLE PREPARATION

Cell culture supernate samples require a 3-fold dilution. A suggested 3-fold dilution is 150 pL
sample + 300 pL of Calibrator Diluent RD5-39.

All serum, plasma, and urine samples require a 10-fold dilution. A suggested 10-fold dilution is
40 pL sample + 360 pL Calibrator Diluent RD5-39.

Note: To avoid dilution of samples containing low levels of PGE2, PGE2 may be extracted from
the sample matrix as outlined in the section below.

SAMPLE EXTRACTION

1.

Acidify the sample with 50 pL of 2 N HCI per 1.0 mL of sample. Allow to sit at 2 - 8° C for
15 minutes. Centrifuge the sample at 16,000 x g for 1 minute to remove any precipitate.

Prepare the C1g reverse phase column by washing with 10 mL of ethanol followed by
10 mL of deionized water.

Apply the sample under a slight positive pressure to obtain a flow rate of about

0.5 mL/minute. Wash the column with 10 mL of cold deionized water, followed by 10 mL of
15% ethanol, and 10 mL of hexane. Elute the sample from the column by the addition of
10 mL of ethyl acetate.

If analysis is to be delayed, store the sample as the eluted ethyl acetate solution

at < -70° C until the assay is to be run. To prepare the eluate for assay, evaporate the
sample under a stream of nitrogen. Reconstitute with at least 250 pL of Calibrator Diluent
RD5-39. Vortex well. Extracted samples may be concentrated by reconstituting in less than
the original volume.

Concentration factor = 10itial volume
final volume

Note: /t is recommended that a control spike be run with each sample to determine the
extraction efficiency. The PGE2 Standard can be used as the spiking material.

384



REAGENT PREPARATION
Bring all reagents to room temperature before use.

Wash Buffer - If crystals have formed in the concentrate, warm to room temperature and mix gently
until the crystals have completely dissolved. Dilute 20 mL of Wash Buffer Concentrate into deionized
or distilled water to prepare 500 mL of Wash Buffer.

Substrate Solution - Color Reagents A and B should be mixed together in equal volumes within
15 minutes of use. Protect from light. 200 pL of the resultant mixture is required per well.

PGE?2 Standard, Regular Sensitivity Option - Pipette 980 ulL of Calibrator Diluent RD5-39 into the
2500 pg/mL tube. Pipette 500 puL of Calibrator Diluent RD5-39 into the remaining tubes. Use the
125,000 pg/mL standard stock to produce a dilution series (below). Mix each tube thoroughly and
change pipette tips between each transfer. The 2500 pg/mL standard serves as the high standard and
Calibrator Diluent RD5-39 serves as the zero standard (Bo) (0 pg/mL). Use diluted standards within
60 minutes of preparation.

500 uL 500 p.L 500 uL 500 |.1L 500 uL 500 uL

lllhll[l'

125,000 2500 1250 625 312 156 78 39
pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL

20 uL
std.

PGE2 Standard, High Sensitivity Option - Pipette 990 uL of Calibrator Diluent RD5-39 into the
1250 'mL tube. Pipette 500 pL of Calibrator Diluent RD5-39 into the remaining tubes. Use the
125 pg/mL standard stock to produce a dilution series (below). Mix each tube thoroughly and
change pipette tips between each transfer. The 1250 pg/mL standard serves as the high standard and
Calibrator Diluent RD5-39 serves as the zero standard (Bg) (0 pg/mL). Use diluted standards within
60 minutes of preparation.

500 uL 500 uL 500 uL 500 |.1L 500 L 500 ;xL

lllbilfl

125,000 1250 625 312 156 78 19.6
pg/mL pg/mL  pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL

10 uL
std.
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ASSAY PROCEDURE
REGULAR SENSITIVITY ASSAY OPTION

Bring all reagents and samples to room temperature before use. It is recommended
that all samples, controls, and standards be assayed in duplicate.

10.

11.

12.

Prepare all reagents, working standards and samples as directed in the previous sections.

Remove excess microplate strips from the plate frame, return them to the foil pouch
containing the desiccant pack, reseal.

Add 150 pL of Calibrator Diluent RD5-39 to the NSB wells.
Add 100 pL of Calibrator Diluent RD5-39 to the zero standard (Bo) wells.
Add 100 pL of Standard or sample® to the remaining wells.

Add 50 pL of the Primary Antibody Solution to each well (excluding the NSB wells). All wells
except the NSB wells will now be blue in color.

Add 50 pL of PGE; Conjugate to each well. All wells except the NSB wells will now be
violet in color. Cover with the adhesive strip provided.

Incubate for 2 hours at room temperature on a horizontal orbital microplate shaker
(0.12" orbit) set at 500 + 50 rpm.

Aspirate each well and wash, repeating the process three times for a total of four washes.
Wash by filling each well with Wash Buffer (400 pL) using a squirt bottle, manifold
dispenser or autowasher. Complete removal of liquid at each step is essential to good
performance. After the last wash, remove any remaining Wash Buffer by aspirating or
decanting. Invert the plate and blot it against clean paper towels.

Add 200 pL of Substrate Solution to each well. Incubate for 30 minutes at room
temperature on the benchtop. Protect from light.

Add 50 pL of Stop Solution to each well. The color in the wells should change from blue to
yellow. If the color in the wells is green or the color change does not appear uniform,
gently tap the plate to ensure thorough mixing.

Determine the optical density of each well within 30 minutes, using a microplate reader set
to 450 nm. If wavelength correction is available, set to 540 or 570 nm. If wavelength
correction is not available, subtract readings at 540 or 570 nm from the readings at

450 nm. This subtraction will correct for optical imperfections in the plate. Readings made
directly at 450 nm without correction may be higher and less accurate.

*Samples require dilution or extraction. See Sample Preparation section.
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ASSAY PROCEDURE
HIGH SENSITIVITY ASSAY OPTION

Bring all reagents and samples to room temperature before use. It is recommended
that all samples, controls, and standards be assayed in duplicate.

o o » ©

10.

11.

12

Prepare all reagents, working standards and samples as directed in the previous sections.

Remove excess microplate strips from the plate frame, return them to the foil pouch
containing the desiccant pack, reseal.

Add 200 pL of Calibrator Diluent RD5-39 to the NSB wells.
Add 150 pL of Calibrator Diluent RD5-39 to the zero standard (Bo) wells.
Add 150 pL of Standard or sample* to the remaining wells.

Add 50 pL of the Primary Antibody Solution to each well (excluding the NSB wells). All wells
except the NSB wells will now be blue in color.

Add 50 pL of PGE; Conjugate to each well. All wells except the NSB wells will now be
violet in color. Cover with the adhesive strip provided.

Incubate for 16 - 20 hours at 2 - 8° C.

Aspirate each well and wash, repeating the process three times for a total of four washes.
Wash by filling each well with Wash Buffer (400 pL) using a squirt bottle, manifold
dispenser or autowasher. Complete removal of liquid at each step is essential to good
performance. After the last wash, remove any remaining Wash Buffer by aspirating or
decanting. Invert the plate and blot it against clean paper towels.

Add 200 pL of Substrate Solution to each well. Incubate for 20 minutes at room
temperature on the benchtop. Protect from light.

Add 50 pL of Stop Solution to each well. The color in the wells should change from blue to
yellow. If the color in the wells is green or the color change does not appear uniform,
gently tap the plate to ensure thorough mixing.

Determine the optical density of each well within 30 minutes, using a microplate reader set
to 450 nm. If wavelength correction is available, set to 540 or 570 nm. If wavelength
correction is not available, subtract readings at 540 or 570 nm from the readings at

450 nm. This subtraction will correct for optical imperfections in the plate. Readings made
directly at 450 nm without correction may be higher and less accurate.

*Samples require dilution or extraction. See Sample Preparation section.
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