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Abstract
Bacterial antimicrobial resistance has emerged as one of the most pressing

global health threats. The inappropriate use of antibiotics has led to the growing
ineffectiveness of many frontline treatments, escalating the need for novel therapeutic
agents. Amongst the most promising, yet underexplored, sources of such agents are
plant natural products, particularly those derived from biodiverse ecosystems, like the
tropical rainforests of Borneo. These rainforests host a wealth of ethnomedicinal plants,
traditionally used to treat infections and cancers, inferring a potential source for
bioactive compounds. However, despite their cultural and medicinal significance, their
phytochemical and pharmacological profiles remain largely uncharacterised.

This thesis presents the isolation, structural elucidation and biological
evaluation of secondary metabolites from three previously unexplored Bornean plant
species: Knema membranifolia, Gymnacranthera contracta (Myristicaceae) and
Garcinia caudiculata (Clusiaceae). Here, chromatographic separation and
spectroscopic techniques (MS, 1D/2D NMR) were used to characterise one previously
undescribed salicylic acid derivative, and twelve known phytochemicals, including
seven additional salicylic acid-related compounds, two acetophenones, a resorcinol, a
tocopherol derivative, and a fatty acid from the Myristicaceae family. From the
Clusiaceae family, one previously undescribed hydroquinone methyl ester and five
known metabolites were identified: a benzofuranone lactone, a flavonoid glycoside, a
polyphenol, and two tocopherol derivatives. Several isolated compounds exhibited
promising antibacterial effects, with compound 2.4 showing the most potent
bactericidal activity against methicillin-resistant Staphylococcus aureus with an MIC of
2 pg/mL. In addition, compounds were assessed for their in vitro antifungal and
anticancer activities.

In summary, this research identifies nineteen metabolites, including two new
natural products (a salicylic acid derivative and a meroterpene named caudiquinol),
from three chemically unresearched rainforest species, including Knema
membranifolia, Gymnacranthera contracta and Garcinia caudiculata. Several
compounds demonstrated significant antibacterial activity, particularly against drug-
resistant bacteria, evidencing the therapeutic potential of these plant species and their

genera in modern medicine, particularly in the age of antimicrobial resistance.
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Chapter 1 - Introduction

1.1. Natural Product Drug Discovery

Forged through millennia of evolutionary adaptation, natural products are among
nature’s most sophisticated gifts to humanity — complex bioactive compounds that have
profoundly shaped the course of modern medicine. Their impressive chemical diversity
and biological specificity have played a key role in medicine throughout human history,
long before the advent of modern pharmaceuticals. As our understanding of biology and
chemistry has deepened, so too has our capacity to explore, modify, and synthesise
these molecules, using them as powerful tools for treating disease. Indeed, natural
products have not only inspired countless synthetic and semi-synthetic drugs as
described in 1.1.3, but have also shaped entire fields of therapeutic discovery, from

antibiotics to anticancer agents.

1.1.1. Historical significance of terrestrial natural products

Health seeking behaviour, including the use of medicinal plants for self-medication, is
an evolutionarily conserved trait observed across the animal kingdom and is deeply
embedded in human history'. Some of the earliest evidence of this dates back to the
Middle Palaeolithic period: pollen from Ephedra (Ephedraceae), a medicinal plant, was
discovered at a 60,000-year-old Neanderthal burial site in Shanidar Cave®®. The earliest
evidence of long-term survival in hominins comes from a subspecies of Homo erectus
dating to approximately 1.7 million years ago, which exhibited signs of chronic
periodontal disease. Their extended survival suggests the possible use of antibacterial
plants to mitigate infection and support longevity despite the high risk of disease-related
complications*®. Similarly, archaeological evidence from Iran, dating between 65,000
and 35,000 years ago, indicates that Neanderthals survived to advanced ages despite
sustaining injuries that would likely have resulted in fatal infections without the use of

anti-infective agents, possibly derived from medicinal plants*®.

There is substantial evidence of medicinal plant use dating back to ancient

Mesopotamia (~2600 B.C.), where early pharmacopoeial records documented



therapeutic applications of Cupressus sempervirens (cypress) and Commiphora
species (myrrh) oils. Similarly, the Egyptian Ebers Papyrus (circa 2900 B.C.) describes
over 700 plant-derived remedies, demonstrating a sophisticated understanding of
natural therapeutics. A rich tradition of plant-based therapeutics also emerged in
ancient China over successive centuries, as documented in classical texts such as the
Materia Medica (1100 B.C.), the Shennong Herbal (~100 B.C.), and the Tang Herbal (659
A.D.), which collectively catalogued more than a thousand drugs and prescriptions.
Greek scholars Theophrastus (~300 B.C.) and Dioscorides (circa 100 A.D.) documented
many natural medicines, including properties of herbs, their collection, storage, and
therapeutic applications. This knowledge was safeguarded throughout the Middle Ages
by European monasteries, while Arab scholars used and integrated Greco-Roman
medicinal practices with Chinese and Indian systems. This gave rise to the world’s first

privately owned pharmacies by the Arabs’®.

The use of plants in traditional medicine has long been a crucial part of healthcare
across diverse cultures. Systems such as Ayurveda, traditional Chinese medicine, Jami
Siddha, and practices from indigenous groups like the Aztecs and Iboga have relied on
plants for their healing properties’. This wealth of knowledge, passed down through
generations of trial and error, has been instrumental in shaping modern pharmacology.
Morphine, derived from Papaver somniferum, was the first natural plant product to
enter the commercial market in 1826. Traditionally, poppies had been used for their
analgesic properties, providing the requisite incentive for the development of morphine
as a marketable therapeutic drug'®. This was quickly followed by the introduction of
aspirin, a semi-synthetic drug based on salicin from Salix alba, which had been used
for centuries to alleviate pain, reduce inflammation, and treat fever''. Other plant-
derived compounds such as cocaine from Erythroxylon coca, digitoxin from Digitalis
purpurea, quinine from Cinchona ledgeriana, and pilocarpine from Pilocarpus
microphyllus, were similarly pioneering in their drug applications (Figure 1.1)'*".

Another notable drug is the Pacific Yew tree (Taxus brevifolia), historically used for



ailments like diphtheria and fever, which became the source of paclitaxel, a now widely

used anticancer drug (Figure 1.1)".

Still today, despite the development of modern medicine and synthetic drugs, the World
Health Organisation (WHO) has estimated that 80% of the world’s population rely on
plant-based traditional medicines for primary healthcare, and the same percentage of
plant-derived  FDA-approved drugs have purposes related to their
ethnopharmacological use'®. The enduring connection between traditional knowledge
and modern drug development stresses the continued relevance of natural products in
this context during the search for new therapeutic agents. The use of plants in this way
would not have been possible without their millions of years of natural evolution, during
which they developed bioactive compounds to fulfil specific ecological roles and form

plant defence systems.

1.1.2. Ecological role of natural products - structural evolution

Through the intricate process of evolution, plants have developed tailored bioactive
molecules, finely tuned to fulfil crucial ecological roles within their environments, for
example morphine and myristicin. These phytochemicals are broadly categorised as
either primary or secondary metabolites®’. Primary metabolites hold lower structural
diversity due to their role in basic life functions across all plants, including cell division
and growth, glycolysis, the Krebs cycle and photosynthesis. Examples include proteins,

sugars, amino acids, polysaccharides and nucleic acids.

Secondary metabolites are structurally diverse, species-specific phytochemicals which
aid the adaptation and survival of plants within their habitats'®. Since the evolution of
angiosperms approximately 140 million years ago, plants have developed defense
chemicals on account of their sessile nature, designed to enhance competition against
other plants and to protect them against viruses, bacteria, fungi and herbivores'®. Such
metabolites are products of specialised biosynthetic pathways which use precursors

obtained from primary metabolism to build specific structures. Therefore, biosynthetic



pathways determine the natural product classification of a compound. Natural product
classes include alkaloids, lipids, phenolics, saponins and terpenoids. Figure 1.1
summarises compound classes of some bioactive plant compounds, categorised into

their primary biosynthetic pathways'’~"°.



Figure 1.1. Examples of specialised bioactive plant secondary metabolites categorised by
their primary biosynthetic pathways. This figure was adapted from Huang and Dudareva
2023".

The adaptation of plants, the evolution of biosynthetic pathways and therefore a diverse
array of bioactive natural products provide the scientific basis of why nature holds such
medicinal value. As mentioned, this has been exploited by humans in ancient and
modern medicine. The next section will report some notable plant natural products

used as antimicrobial and anticancer treatments.



1.1.3. Major plant-derived bioactive compounds

One of the main threats to plant life is infection, therefore plants produce various

secondary metabolites to protect themselves from microbial attacks. Many thousands

of plant extracts have been screened for their antimicrobial activities. In addition,

numerous plant derived compounds have displayed bactericidal activities (Table 1.1).

These capabilities have been well-reviewed, however additional research is necessary

with the majority of these, to fully understand the mechanisms of action and safety of

their use as antimicrobial agents for humans*®.

Table 1.1. Plant derived compounds and their structures which are marketed as antimicrobial
agents. This table has been adapted from those by Khamaneh et al., 2019 and Angelini 2024920,

Species . Drug
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Compound Structure (common . delivery
against
name) system
\ y
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(Black pepper)
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HO
NN
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\
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Syzygium
aromaticum
(Clove)

Hydrastis
canadensis
(Goldenseal)

Glycyrrhiza
glabra

(Licorice)

Allium cepa
(Onion)

General

Bacteria,
Giardia
duodenale,

S. aureus,

Capsule
500 mg

Solution
500 mg
per
dosage

Capsule

M. tuberculosis 450 mg

Bacteria,
Candida



Hypericum

.. perforatum Capsule
Hypericin (Senna St. General 450 mg
John’s wort)
Thymol
33?; rg;flz Viruses, Capsule
(Thyme) bacteria, fungi 450 mg

HO
Caffeic acid WOH
HO

The traditional use of plants in the treatment of tumours has laid the foundation for the
discovery of numerous anticancer agents now employed in modern oncology. These
compounds exhibit a broad spectrum of antineoplastic mechanisms, including the
induction of apoptosis, immunomodulation, inhibition of angiogenesis, interference
with oncogenic signalling pathways, antioxidant effects, and the enhancement of DNA
repair processes?'?4, Table 1.2 presents a selection of FDA-approved anticancer drugs
derived from botanical sources, exemplifying the clinical significance of

phytochemicals in cancer therapy.



Table 1.2. FDA approved anticancer drugs, including the source species and types of cancers
treated by each drug.

Species Cancer
Compound Structure p A Ref.

source application

Pacific ew Breast,
Paclitaxel y ovarian, 25

tree

lung

. . Madagascar Leukaemia, 26
Vinblastine . g

periwinkle lymphoma
S Madagascar  Leukaemia, 26
Vincristine .

periwinkle lymphoma




Camptotheca Ovarian,

) th . ) 27,28
Camptothecin acuminata colorectal
Mayapple
) plant, Lung, 29
Etoposide Podophyllum  testicular
peltatum

In parallel with these approved drugs, a number of plant-derived compounds, for
example curcumin, have moved through clinical and preclinical studies, reflecting the
ongoing interest in nature as a reservoir for structurally novel and pharmacologically
potent anticancer scaffolds?'. Given the escalating global cancer burden and the
intersecting challenge of AMR, the search for new drugs remains a priority. The
chemical diversity and evolutionary refinement of plant secondary metabolites position
them as an essential resource in the pursuit of novel drugs for these worsening

diseases.
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1.2. The Global Burden of Microbial Infections

1.2.1. Antimicrobial resistance (AMR) - the need for new antimicrobial agents
1.2.1.1. Significance of bacterial and fungal infections

Antimicrobial resistance (AMR) is aleading cause of morbidity and mortality worldwide,
posing a significant global health threat which is worsening at an alarming rate®°. It is
defined as the resistance of a microorganism to an antimicrobial agent to which it was
originally susceptible®. The increasing prevalence of resistant bacterial strains has led
to a reduction in viable treatment options, resulting in more severe infections, the
requirement for additional treatments and prolonged hospitalisations. Once-treatable
infections have become harder (or even impossible) to cure, leading to an increased

morbidity from infections worldwide?!.

In 2021, By 2050, 7.96 million deaths are estimated to be associated with antibiotic-
resistant infections, which is an increase of 69% from 202132, Beyond its impact on
public health, AMR poses a substantial economic burden, costing an estimated up to
100 trillion USD of global economic loss in the next three decades, resulting in a

significant worldwide GDP reduction®.

The timeline of AMR is short due to the fast-evolving nature of bacteria (relative to
humans), which has rendered us in a worldwide crisis within less than a century. The
earliest report of clinical AMR was in 1924, against the antimicrobial agent,
arsphenamine, 14 years after its introduction and despite its limited use relative to
modern-day antibiotics®*. Penicillin was discovered in 1928 and was used widely by the
mid-1940s, by which point, resistant Escherichia coli strains had already been
discovered®. The rate of penicillin resistance increased rapidly within the next 20
years, with 80% of Staphylococcus aureus strains being resistant by the late 1960s.
The development and use of semi-synthetic penicillin derivatives such as methicillin
caused a reduction in penicillin-resistant fatalities, however methicillin resistance
emerged shortly after its introduction. Within 20 years, 29% of those admitted to

hospital with S. aureus infections were infected with methicillin-resistant strains®.
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The pattern of new antibiotic introduction and development of resistance is not only
confined to those which are penicillin-derived, but applies to most of the (approximately
150) antibiotics that have been developed since penicillin®. Since the 1970s, no new
classes of antibiotics have been discovered, therefore marking this the end of the
“golden era” of antibiotics. The “discovery void” for antibiotic drugs has since then led
to a lack of alternative treatments for resistant strains, whilst the accumulation of
resistance to existing antibiotics continues. Paradoxically, during this reduction in drug
development, knowledge on the mechanisms of antibiotic modes of action and bacterial

resistance have developed significantly®°.

1.2.1.2. Antimicrobial resistance acquisition

AMR in bacteria can be acquired by either of two genetic mechanisms: a spontaneous
mutation causing a change in DNA bases, or by the acquisition of new DNA via
horizontal gene transfer. Horizontal gene transfer takes place by transduction,
transformation or conjugation (Figure 1.3)4°. All mechanisms result in bacteria gaining
DNA, which induces resistance to an antimicrobial agent within that individual**#2.
These resistance genes often exist on plasmids, which are circular extrachromosomal
DNA molecules that can undergo autonomous replication. Plasmids allow the
mobilisation of resistant genes by acquiring mobile genetic elements, including
insertion sequences and transposons (Figure 1.3)*%. Although self-adaptive mutations
drive the creation of resistant genetic material, horizontal gene transfer has allowed the
fast spread of this genetic material between a diversity of bacterial species and has

therefore allowed such escalation of the AMR crisis®.

12



a Bacterial transformation

Release of

\"’%m"/w < %

Antibiotic-
resistance gene

b Bacterial transduction
J %elease of

phage

Donor cell Recipient cell

Phage-infected donor cell Recipient cell

C Bacterial conjugation

(o~ 0

Transposon Donor cell Recipient cell

Figure 1.2. Illustrations of mechanisms of horizontal gene transfer including (a) transformation:
the release of naked DNA upon lysis of the donor bacteria, which is taken by the recipient cell
and integrated into the genome or plasmid; (b) transduction: bacteriophage vector mediates the
transfer of resistance genes by infecting the recipient, followed by the donor, resulting in release
of DNA into the donor cell (lysogeny) and (¢) conjugation: the donor and recipient plasmids form
a conjugation tube between two individuals, allowing resistant DNA to transfer from donor to
recipient. Illustration by Lowy et al., 2006%.
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1.2.1.3. Antimicrobial resistance strategies: four biochemical mechanisms

Bacteria use a variety of biochemical mechanisms to manifest resistance to
antimicrobial agents*. Gram-negative bacterial cell walls consist of three layers. The
outermost layer is the outer membrane, which is comprised of a phospholipid bilayer
that is surrounded by lipopolysaccharides (LPS). This outer membrane contains outer
membrane proteins, such as porins, which allow the transportation of small molecules
into the cell. Inside the outer membrane is a thin peptidoglycan cell wall. This is
comprised of the repeated disaccharide unit, N-acetyl glucosamine-N-acetylmuramic
acid, which provides cell structural integrity*®. The third and innermost layer is the
inner membrane, which is another phospholipid bilayer that also contains proteins, and

is associated with multiple cellular processes®.

Gram-positive bacteria, including S. aureus and E. faecalis, differ from Gram-negative
by their cell membranes. These lack an outer membrane and are surrounded by a layer
of peptidoglycan, which is thicker than that present in Gram-negative bacteria. Further
major Gram-positive cell wall components are long anionic polymers, named teichoic

acids, which are threaded through the peptidoglycan layer (Figure 1.4)%.
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1) Decreased antibiotic accessibility
The hydrophobic LPS and outer membrane protein-containing bilayer of Gram-negative
bacteria offer intrinsic resistance (innate resistance, which is genetically determined by
chromosomal genes and shared by all genus members), acting as a barrier to multiple
antibiotics®'. These membrane components offer intrinsic resistance by inhibiting the
diffusion of lipophobic solutes. However, they also allow penetration of lipophilic
solutes, which utilise the lipid diffusion pathway, rendering them susceptible to these
molecules®. Furthermore, the LPS component of Gram-negative cell membranes makes
the passive diffusion of most small molecules difficult. Generally, small hydrophilic
molecules translocate across the membrane via porins only®°. The cell wall properties
also give Gram-negative bacteria intrinsic resistance to glycopeptide (hydrophilic
molecules which are too large to pass via porins) and lipopeptide (amphiphilic
molecules which are unable to depolarise the Gram-negative cell membrane)

antibiotics®"%2,

2) Drug efflux
The Gram-positive cell wall morphology offers bacteria minimal resistance to the
passive diffusion of small molecules®. Some Gram-positive and -negative bacteria
possess efflux pumps, which are an element of their outer membranes and are
categorised into five main families®!. These provide intrinsic resistance by pumping
toxic substances out of the cell, for example, the expulsion of $-lactams, tetracyclines
and aminoglycosides from Gram-negative bacteria®®. The tet(K) gene codes for
tetracycline efflux pumps in S. aureus, strains including the clinical isolate S. aureus
XU212 which overexpress this*. Similarly, norA gene is responsible for efflux activity
associated with fluoroquinolone resistance and is found in S. aureus 1199B*%°, A
further virulence factor of certain S. aureus strains, for example S. aureus RN4420, is
the production of B-hemolysin, which hydrolyses sphingomyelin, a plasma membrane

lipid, resulting in hemolytic activity®®°7.
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3) Alteration of antibiotic target
Another antibacterial resistance strategy is by modifying the antimicrobial agent’s
target. The adaptive nature of bacteria allows the upregulation or modification of drug
targets, to induce desensitisation to the drug and therefore increase survival. One
example used mainly by Gram-positive bacteria induces resistance to 3-lactam drugs,
and is achieved by altering the structure and/or number of penicillin binding proteins
(PBPs). PBPs enable the peptidoglycan synthesis for Gram-positive cell walls, therefore
B-lactams work by inhibiting this process®. S. aureus bacteria can utilise this
mechanism. Here, the structure of PBP2a is altered via acquisition of the gene, mecA,
which compromises or completely inhibits the drug binding ability of B-lactams 3. This

is the resistance mechanism of MRSA®°.

More examples of target-altering resistance mechanisms of MRSA are against
vancomycin (glycopeptide) and daptomycin (lipopeptide). These require either the
acquisition of van genes for vancomycin resistance or mutations in genes such as the
mprF for daptomycin, which result in changes to peptidoglycan precursors and cell
membrane charges, respectively, ultimately causing alterations to the antibiotic target

siteb9-62

4) Chemical modification of drug
Some bacteria acquire the ability to produce enzymes which degrade or deactivate
antibiotic agents by changing the chemical composition, either by drug degradation or
the addition of chemical groups. A well-known example of this is f-lactamase enzymes,
which hydrolyse drugs®. These are produced by Gram-negative bacteria including E.
coli. Enzymes which catalyse the attachment of chemical groups to drugs may transfer
phosphoryl, acetyl and adenyl groups. Aminoglycoside-modifying enzymes catalyse the
phosphorylation and adenylation of aminoglycosides, rendering them unable to act on

their target®!-%3,
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1.2.1.4. Resolving antimicrobial resistance

Although AMR is a naturally occurring evolutionary process of microbes, the
widespread and inappropriate use of antimicrobials by humans has caused its
emergence at an unprecedented and accelerated rate, surpassing natural evolutionary
trajectories®. Collingnon et al. performed a multivariable analysis of the socioeconomic
and anthropologic factors which contribute to the AMR burden on human health. Here,
findings suggested that an initiation of appropriate use of currently available antibiotics
would not be sufficient to decrease the prevalence of AMR infections. The already-
established worldwide prevalence of resistant bacteria means that inhibiting the
transmission of AMR genes is a key aspect to resolving this issue, emphasising the need

for more working antibiotics®.

There are three key variables involved in resolving antimicrobial resistance: sanitation,
antimicrobial stewardship and novel antibiotics. Factors including improved sanitation
and public healthcare worldwide would decrease dissemination of resistant genes and
therefore contribute to the reduction of resistant infections®. These are multisectoral
and multifaceted problems which develop at a slow rate, with high costs and
dependence on government funding. For example, infrastructure for clean water, clean
and spacious housing, improved agricultural practice, public engagement and clinical
hygiene are vital here. Additionally, international collaboration is necessary to reduce
AMR genes spreading via improved sanitation. These factors have a common interest
which is to prevent the transmission of resistant genes — mostly transferred via
conjugation through bacterial plasmids. Therefore, the prospect of plasmid-curing

agents is also an important one®.

From an alternative perspective, the introduction of new antibacterial agents is another
resolution to AMR. Providing however, that these are used optimally and therefore
responsibly, e.g. the appropriate antibiotic prescribed (upon correct diagnosis), with
the correct duration and dosage. Improving antimicrobial stewardship, which includes
making AMR a political priority, by improving monitoring, increasing education of the

public and considering healthcare professionals prescribing decisions. Artificial
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intelligence has already begun to transform infectious disease management by
enhancing diagnostic accuracy and accelerating drug discovery. Machine learning and
deep learning approaches are increasingly employed to detect pathogens, predict
resistance patterns, and support clinical decision-making in both diagnosis and
treatment®’. Combining the reduction of resistant gene spread with the introduction of

novel antimicrobial agents may be the best strategy to tackle AMR®2.

1.2.2. Clinically relevant bacterial species

Antibiotic-resistant strains of Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Salmonella enterica serotype Typhi, and
Enterococcus faecalis ranked among the top twelve global causes of death from
bacterial infections - placing first, second, third, sixth, eleventh, and twelfth,
respectively. These pathogens therefore represent critical targets in the fight against

AMR®S,
1.2.2.1. Staphylococcus aureus

Staphylococcus aureus strains are Gram-positive cocci, which are common human
commensals that colonise the axilla and nasal passages. However, S. aureus pathogenic
strains possess virulence factors and can therefore cause infection”. S. aureus
resistant-associated infections caused approximately 700,000 deaths worldwide in
2019%. The most problematic resistant strain of S. aureus is methicillin resistant S.
aureus (MRSA), which is often indicative of multiple resistances’. MRSA infections
alone hold a significant economic burden, with each infection treatment costing over

$18,000 USD (~£14,000 GPB) in and USA and almost €9000 (~£7,500) in Germany”"72,

1.2.2.2. Enterococcus faecalis

Enterococcus faecalis are Gram-positive cocci and are a commensal of the
gastrointestinal tract. However, disruption of homeostasis between the host and
bacteria, or translocation of bacteria to other organ systems may lead to disease”. E.
faecalis infections accounted for approximately 200,000 AMR-associated deaths in

2019 and are therefore a significant burden on human health®.
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1.2.2.3. Escherichia coli

In 2019, resistant Escherichia coli strains were associated with approximately 800,000
deaths worldwide and responsible for an increased cost of £420 per patient treatment
in 2012. This cost is in addition to the total annual cost of non-resistant E. coli
bacteraemia infections of over £14 million in the UK alone®74. Thus, drug-resistant E.
coliis deemed a “critical priority” pathogen by the WHO7>76, The majority of pathogens
listed as critical priority by the WHO are Gram-negative’. Their unique cell wall
structure heightens their intrinsic and acquired resistance capabilities, as described

above*.

1.2.2.4. Klebsiella pneumonia

Although Klebsiella pneumoniae exists as a commensal bacteria existing on humans,
animals and in the environment, there are also several clinically significant pathogenic
strains which have given rise to those which are multidrug resistant. This species is
closely related to Salmonella enterica and E. coli and is a prevalent opportunistic
pathogen in hospitals, accounting for approximately 30% of all Gram-negative bacterial
infections””. Despite antibiotic intervention, hospital acquired pneumonia caused by K.
pneumoniae is common and has mortality rates of over 50%. This increases and is a
particular problem amongst vulnerable individuals, including neonates, leukaemia

patients, and those with compromised immune systems”®.

The subsequent increased use and reliance on antibiotics for K. pneumoniae infections
has brought about the emergence and spread of multidrug resistant strains including
those producing extended spectrum [3-lactamases and those resistant to carbapenems.
Such strains are particularly concerning and have been classified by the WHO as critical
threats to global public health”. Like other bacterial species, the fast accumulation of
resistant strains of K. pneumoniae highlights the urgency for novel antimicrobial

strategies against these infections.
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1.2.2.5. Salmonella enterica

Salmonella enterica is a diverse Gram-negative bacterial species comprising over 2600
distinct serovars, differing in antigen expression and presentation. Pathogenic S.
enterica which infect mammals are broadly classified into typhoidal or non-typhoidal
serovars, which each possess unique virulence factors. As the name suggests,
typhoidal Salmonella causes enteric fever, also known as typhoid?®’. This is caused by a
few specialist Salmonella serotypes including Typhi and Paratyphi A and B. Typhoidal
Salmonella is human-restricted and endemic to developing populations including those
of Africa. Differing from non-typhoidal Salmonella, typhoidal Salmonella does not

induce a high inflammatory response®.

Non-typhoidal salmonella causes morbidity worldwide but mortalities are highest in
developing countries. Examples of these ubiquitous serovars are Typhimurium and
Enteritidis, which induce severe intestinal inflammation, exploiting inflammatory
derived metabolites for growth, causing self-limiting, acute gastroenteritis and watery
diarrhea in hosts®’. In addition, this infection is associated with short incubation
periods and invasive extraintestinal infections. This Salmonella type is not restricted to
humans, allowing bacterial reservoirs in livestock, produce and pets, facilitating

widespread transmission®.

Complications are frequent with non-typhoidal Salmonella infections causing death in
15% of patients, constituting almost 155,000 deaths per annum?®2. The emergence of
resistant Salmonella strains has exacerbated the challenge of treatment. Such strains
were categorised as a “high” priority pathogen by the WHO in 2024, emphasising the

need for novel drugs to target this growing problem”.

1.2.2.6. Pseudomonas aeruginosa
Pseudomonas aeruginosa is a Gram-negative bacteria which is widely distributed in the
environment, commonly found in soil, water, and as part of the human microbiota,

including the skin, throat, and gastrointestinal tract. Most P. aeruginosa infections
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include those which are nosocomial and include pneumonia, urinary tract infections,

wounds and sepsis®®?’.

Due to the emergence of several resistant strains, P. aeruginosa infections are becoming
increasingly difficult to treat. This bacterium is the second most common cause of
ventilator associated pneumonia in the United States and is the fourth most common
cause of nosocomial infections, accounting for 20% in the USA and Europe®*®°. In

addition, P. aeruginosa infections cause 75% of deaths in patients with severe burns®?:.

Although global resistance trends for carbapenem-resistant P. aeruginosa have shown
a decline, prompting the WHO to reclassify it from a “critical” priority pathogen in 2017
to a “high” priority in 2024, the need for continued research and drug development

remains essential due to its persistent clinical burden”.

1.2.3. Clinically relevant fungal species

Invasive fungal infections have a worldwide annual incidence rate of 6.5 million,
causing 3.8 million deaths, 2.5 million of which were directly attributable to the fungal
infection®2. Fungal infections range from superficial to life threatening, with treatment
failure being common with the use of current antifungal drugs. Antifungal resistance of
fungi is rising, rendering fungal infections from Aspergillus fumigatus and Candida
albicans recognised for unmet research and development needs, and higher as a public
health burden, these pathogens are, in 2025, therefore recognised as “critical” priority

by the WHO®.

1.2.3.1. Aspergillus fumigatus

A. fumigatus is a major opportunistic fungal pathogen, responsible for a range of
infections that vary in severity depending on the host's immune status and pulmonary
condition®. Invasive aspergillosis is amongst the most prevalent and severe fungal
infections, with high incidence rates in patients with chronic obstructive pulmonary
disease, those in intensive care units, individuals with leukaemia, lymphoma, or lung

cancer, as well as recipients of hematopoietic stem cell transplants and those with

22



chronic pulmonary aspergillosis. Collectively, these conditions are associated with a

crude annual mortality rate of approximately 85%°%.

The rising antifungal resistance of A. fumigatus poses a significant global health threat.
Triazole resistance, primarily driven by mutations in the cyp51A gene, has led to the
emergence of pan-triazole-resistant strains, substantially limiting first-line treatment
options. This growing resistance is particularly concerning in low- and middle-income
countries, where antifungal susceptibility testing is not routinely available, further

complicating effective disease management®.

1.2.3.2. Candida albicans

Recent research has revealed the alarming impact of invasive Candida infections, with
over 1.5 million cases reported annually, resulting in approximately 995,000 deaths —
an alarming mortality rate of 66.3%°. The most common cause of invasive candidiasis
is Candida albicans, which frequently presents as sepsis, often progressing to multi-

organ failure and septic shock®-%,

The growing threat of Candida resistance exacerbates this issue, with strains exhibiting
resistance to first line drugs such as echinocandins, as well as cases of multidrug
resistance occurring against all four major classes of antifungal agents®*. These
alarming morbidity and mortality rates demonstrate the urgent need for novel antifungal

therapies to combat resistance and improve patient outcomes.

1.3. The Global Burden of Cancer

Cancer is a hypernym which describes over 100 diverse pathologies and refers to a
class of diseases whereby uncontrolled proliferation of cells occurs, creating a
malignancy!?. These neoplastic processes are governed by hallmark molecular and
genetic alterations that facilitate tumour progression and therapeutic resistance!“.
Cancer remains the second leading cause of mortality worldwide, with incidence rates
projected to increase by 78% between 2012 and 2035. This rising burden is

predominantly attributed to demographic shifts, particularly an ageing global
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population, as well as the increasing prevalence of carcinogenic lifestyle factors
characteristic of western industrialised societies, including tobacco and alcohol
consumption, obesity, physical inactivity, and chronic UV exposure!’'. These
epidemiological and environmental determinants act synergistically, driving the

escalating morbidity and mortality associated with malignant disease.

Whilst combinatorial chemistry and high-throughput screening have led to the
discovery of numerous synthetic chemotherapeutic agents, natural products offer
incomparable advantages in anticancer drug development. Various natural product
derived compounds, including crude extracts, bioactive component enriched fractions,
and structurally modified analogues, have demonstrated significant anticancer activity
in both preclinical and clinical settings!®?. In fact, over 60% of clinically approved
antineoplastic agents with high therapeutic efficacy have been sourced from natural
origins, including terrestrial plants, marine organisms, and microorganisms!®. These
compounds exert their anticancer activity through diverse molecular mechanisms,
including the induction of apoptosis, modulation of immune signalling pathways, and

suppression of angiogenesis.

Examples of successful natural product-based chemotherapeutics include vincristine,
paclitaxel, and topotecan. The vast chemical diversity inherent to natural products
provides an invaluable reservoir of bioactive scaffolds for drug discovery, an approach
that is gaining increasing recognition in the search for novel cancer therapeutics'®.
Given their structural complexity and unique biological activities, natural products hold

high promise for the continued advancement of oncology treatments.

1.3.1. Leukaemia

Leukaemias encompass a group of hematologic malignancies characterised by the
uncontrolled proliferation of aberrant white blood cells. These dysfunctional
leukocytes lack proper immune function and, by occupying space within the bone

marrow, interfere with its capacity to produce substantial numbers of red blood cells,
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platelets, and functional white blood cells. There are four main types of leukaemia:
acute lymphocytic leukaemia (ALL); acute myelogenous leukaemia (AML); chronic
lymphocytic leukaemia (CLL); and chronic myelogenous leukaemia (CML). These are
categorised based on the type of white blood cells affected and the speed of

progression!%105,

Leukaemia accounts for 2.5 and 3.5% of all cancer incidences and mortalities,
respectively. Whilst there has been an overall decrease in leukaemia rates worldwide,
some populations including Germany, United Kingdom, Japan, Korea and Canada have
increasing incidence rates!’s. Leukaemia represents approximately a quarter of all
cancer cases in children and is the second leading cause of death in those under 15

years of age!07:108,

Plant-derived compounds play a crucial role in the treatment of hematologic
malignancies. Amongst the earliest plant-based chemotherapeutics approved by the US
FDA are the vinca alkaloids from Catharanthus roseus (Apocynaceae), vincristine and
vinblastine, which are integral to combination therapies for lymphomas, including
Hodgkin’s disease, as well as acute lymphoblastic leukaemia. Additionally, etoposide,
widely used for the management of various leukaemias and lymphomas, and
teniposide, used either as a monotherapy or in conjunction with other
chemotherapeutic agents for hematologic cancers, are both semi-synthetic derivatives
of plant-based compounds!®®. The reservoir of natural compounds with anti-leukaemic
properties highlights their potential in advancing leukaemia therapy. Continued
exploration of these bioactive molecules is essential for developing novel, more

effective treatment strategies.

1.3.2. Lung cancer

Lung cancer is the most common cancer in men, and in 2022, it accounted for
approximately 2.5 million new cases and over 1.8 million deaths worldwide, making it
the leading cause of cancer mortality. Lung cancer is divided into two main pathological

groups: small cell and non-small cell lung cancer. The latter includes squamous and
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large cell cancer, as well as lung adenocarcinoma. Lung cancer is responsible for 12.4%

of cancers worldwide and 18.7% of cancer-related deaths'°.

Natural products are fundamental to cancer therapy, with several bioactive compounds
derived from plants demonstrating cytotoxic effects on lung cancer cells and
modulating the tumour microenvironment. While several such compounds are under
investigation but are not yet FDA-approved, promising candidates include galbanic acid
from Ferula assafoetida (Apiaceae), jolkinolides A and B from Euphorbia fischeriana
(Euphorbiaceae), parthenolide from Tanacetum parthenium (Asteraceae), and

isogambogenic acid from Garcinia hanburyi (Clusiaceae)!'-115,

In addition, several plant-derived compounds have successfully progressed to clinical
use and received FDA approval for lung cancer treatment. For example, paclitaxel,
etoposide and topotecan, a semi-synthetic analogue of camptothecin!'®!8, These
compounds exemplify the immense potential of plant-derived molecules in advancing
lung cancer therapeutics and underscore the need for continued exploration of natural

product scaffolds in drug discovery.

1.3.3. Melanoma

Melanoma is an aggressive malignancy arising from melanocytes, the melanin-
producing cells of the epidermis. It ranks as the fifth most common cancer in men and
the sixth in women, and despite constituting only 4% of all skin cancer cases, it causes
75% of deaths from skin cancer. While early-stage melanoma can often be managed
effectively through surgical excision, prognosis declines precipitously with disease
progression. The limited efficacy of current therapeutic strategies in advanced cases is

a significant challenge, highlighting the urgent need for new treatment options'*®.

1.4. Plant Families Used in This Study - the Myristicaceae and the Clusiaceae
1.4.1. The Myristicaceae family

1.4.1.1. Distribution and botanical characterisation

The Myristicaceae (nutmeg) is a pantropical family of angiosperm trees distributed

throughout Africa, Central and South America, North America, Asia and the Pacific
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Islands. This family is often amongst the ten most common tree families present in
lowland tropical forests ecoregions including karangas and marshes™’. The
Myristicaceae belongs to the order Magnoliales and class Dicotyledonia. The family
consists of approximately 21 genera (with each genus restricted to a specific continent)
and 520 species, which are lowland rainforest and mainly understory trees™"'*.
Members of Myristicaceae are distinguished by their small unisexual flowers — which
have synandrium (androecium which is fused). These grow around a sterile central
column to produce a sessile point which is surrounded by a single perianth, with an

average of 3 tepals™®

. Most Myristicaceae species are dioecious, including the genera
explored in this study: Gymnacranthera, Horsfieldia, Myristica and Knema. All species’
fruits are leathery and oblong, with light orange to salmon-colored pericarps,
measuring 1-12 cm long. Pericarps surround dark colored seeds which are covered by

1124

a bright orange or red aril “". Myristicaceae bark ranges from smooth to scaly. Further

defining characteristics of Myristicaceae include watery red or pink sap produced by

the bark when cut, and distinctive tree architecture®®

. Leaves of the Myristicaceae
species are mostly exstipulate and arranged alternately in two opposite rows. The leaf
lamina is entire, with most species having a white to pale green underside (Figure 1.4).
When Myristicaceae leaves are dried, the underside of all members of the
Gymnacranthera, Knema and some of the Myristica remain waxy-white, whilst all of the
Horsfieldia and some of the Myristica members have brown undersides. When dried,

all species display raised veins on the underside only'*
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Figure 1.4. The fruits, stems and leaves of Myristica fragrans (Myristicaceae)'?°.

1.4.1.2. Ethnomedicinal value

Myristicaceae species are of high ethnobotanical significance and species have been
used as timber, food, poisons, medicines and hallucinogenic agents'*°. Four of the
twenty-one Myristicaceae species are psychoactive, including the Virola genus and
Mpyristica fragrans species which produce the indole alkaloid N,N-dimethyltryptamine
(DMT) and the phenylpropenes myristicin, elemicin and safrole, respectively'**'*’. The
psychomimetic properties of these species means that they are used during spiritual

ceremonies™®

. In addition, Virola theiodora was used to poison arrow heads by the
Yekwana Indians. Many members of the Myristicaceae hold ethnomedicinal value
across the world, with 37 species having reported uses'?. Many of which are associated
with anti-microbial, anti-inflammatory and psychotropic properties. For example,
Osteophloeum platyspermum is drunk or smoked in Brazil to treat respiratory disorders,
infections and mental disorders™ '3, Virola surinamensis is inhaled or drunk to treat
inflammation, cancers and stomach disorders, and Staudtia kamerunensis var.

gabonensis is drunk to treat dysentery, mental disorders and as an arrow poison

antidote®32133,
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1.4.1.3. Phytochemical investigations

Pharmacological investigations have revealed a spectrum of activity including anti-
diabetic, anti-protozoal, anti-microbial, cytotoxic and immunomodulatory. In addition,
many compounds have been isolated from the Myristicaceae species, including
terpenes, fatty acids, alkanes, lignans, flavonoids, coumarins and indole alkaloids'?°.
Barman et al. reviewed the phytochemicals, pharmacology and toxicity of the
Myristicaceae family, demonstrating the bioactive potential of these species. This
certainly warrants the investigation into under-explored members of the Myristicaceae,
which is the case for many of the 26 Myristicaceae species in this review, which have
been sampled from Borneo. These species belong to the Horsfieldia, Gymnacranthera,
Knema or Myristica genera and their known traditional uses as well as their

pharmacological and phytochemical studies are summarised in chapter 2.

1.4.2. The Clusiaceae family

1.4.2.1. Distribution and botanical characterisation

The Clusiaceae family (formally known as the Guttiferae) is comprised of approximately
15 genera and 800 species which are widely distributed throughout tropical regions®*.
The Clusiaceae genera of interest in this study (Calophylum, Garcinia, Kayea, Mammea
and Mesua) are mainly distributed throughout the Indo-Malesian area'*®. These regions
have a minimum average monthly temperature of 18 °C and high rainfall'®*¢. Here, the
Clusiaceae are often associated with water courses, growing in lowland and sometimes
lower montane environments, and generally occur in primary forests, peat swamps, or
in black-water flood plains'®>%”, The Clusiaceae is a family of small to medium trees,
shrubs or herbs which secrete resinous white-yellow viscous exudates. Some former
Clusiaceae species have black or red glands which contain the bioactive metabolites
hypericin or pseudohypericin, the active components of the medicinal plant, “St John's
Wort” (Hypericum perforatum), which now belongs to the Hypericaceae family'®.
Leaves of species within the Clusiaceae family are usually entire, can be arranged either
whorled or opposite, and are almost always estipulate (Figure 1.5). The Clusiaceae

species are a mixture of monoecious and dioecious, depending on their genus. This
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family’s flowers are hypogynous and have bracteoles often present close beneath the
calyx. Petals exist separated but imbricate or contorted in bud, and stigmas range from
1-12 in count. Fruits of this family are capsular, contain multiple seeds and have vertical

dehiscence (slight splitting)*®.

Figure 1.5. The fruits, stems and leaves of Garcinia xanthochymus (Clusiaceae)®°.

1.4.2.2. Ethnomedicinal value

The Clusiaceae family is a rich source of bioactive metabolites, which explains their
high ethnomedicinal value. For example, Montrouziera cauliflora is used as a laxative,
Moronobea coccinea is used topically for wounds and skin infections, Pentadesma
butracea treats infections, cardiovascular and digestive problems, diarrhoea, fever and
for cosmetic purposes'® -4, Symphonia globulifera is used to treat scabies and as an
analgesic'¥’. Many of the Clusiaceae species exert anti-inflammatory effects and have
therefore been traditionally used with many inflammatory-associated disorders,
covering a very wide spectrum of medicinal uses!*?. Clusiaceae is a family of high
economic value, due to being used as building materials, for the production of

commercially valuable gum or resin (Garcinia), in agriculture for production of edible
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fruits and in medicine!*. In addition, species are popular ornamental plants and have

been commercialised due to this in several countries®®.

1.4.2.3. Phytochemical investigations

The Clusiaceae is known phytochemically for biosynthesising the major compound
classes: benzophenones, bioflavonoids, coumarins and xanthones. Of these, many
polyisoprenylated benzophenones from Clusiaceae species have reported biological
activities including cytotoxic, anti-inflammatory, anti-microbial and anti-oxidant!!. The
heterogeneity of species within this family has resulted in a particularly wide scope of
uses. In chapter 2, the genera Garcinia, Kayea, Calophyllum (Calophyllaceae), Mammea
and Mesua will be broadly described, and the literature on selected species of each

genus will have reports on their phytochemistry and biological activity reviewed.

1.5. Aims and Objectives of Thesis

The rationale behind this study is based on the evidence that phytochemicals remain
one of the most productive reservoirs of lead compounds in modern drug discovery.
Despite their potential, the vast botanical diversity of Borneo is still largely untapped,
with an estimated less than 5% having been previously investigated for their
pharmacological properties. These species belong to genera (for example Garcinia and
Mpyristica) with documented pharmacological and ethnomedicinal value, making them

a compelling source of plants to investigate.

1.5.1. Aim

The main aim of this research was to isolate and characterise the natural products from
previously unexplored species of the Myristicaceae (Knema membranifolia,
Gymnacranthera forbessi and Gymnacranthera contracta) and the Clusiaceae
(Garcinia caudiculata) families. This research primarily aimed to identify antibacterial
compounds, while also evaluating the antifungal and anticancer potential of selected

metabolites.
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1.5.2. Objectives

1.

To conduct a targeted comprehensive literature review, compiling all the
published phytochemical and pharmacological data on each of the Myristicaceae
and the Clusiaceae species collected from Borneo (Chapter 2).

To select unstudied species based on the preliminary literature review and
perform small scale extractions for their initial screening against clinically
relevant bacterial pathogens.

To scale up extractions which displayed antibacterial activities in preliminary
screening assays.

To isolate both bioactive and co-occurring compounds as well as other
metabolites from extracts displaying antibacterial activity, using various
chromatographic techniques.

To elucidate the structures of novel and known isolated compounds using
spectroscopic methods, including mass spectrometry (MS), and 1D and 2D
nuclear magnetic resonance (NMR) techniques such as COSY, HSQC, and HMBC.
To evaluate the antifungal and anticancer activity of each isolated compounds

which have not previously been explored for these properties.
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Chapter 2 - Literature Review on Plant Species Sampled from

Borneo - Direction of Future Work

2.1. Biodiversity of Borneo - the Myristicaceae and the Clusiaceae

The island of Borneo has remarkable biodiversity due to its complex network of
ecological niches spanning a range of tropical forest types. For perspective, a tropical
rainforest in Sarawak (East Malaysia) has over 1000 different species of trees within a
50-hectare area'. Amongst this diverse flora, a variety of unexplored species grow, some
of which belong to families known for their pharmacological activity, such as the
Myristicaceae and Clusiaceae. Since ancient times, the Dayak Tribe (the native people
of the Island of Borneo) have utilised natural forest products of the island, which has
revealed the significant ethnomedicinal value of Bornean ecosystems. Such
generational knowledge of the Dayak people is important to allow 1) the global
recognition that it is imperative to conserve these rapidly diminishing ecosystems, and
2) the discovery of novel bioactive plant metabolites for the development of modern

drugs — each of which is integral for the other?.

The Island of Borneo, herein referred to as Borneo, contains seven ecoregions which
allow the growth of an extensive diversity of plant species. Ecoregions include those
occurring on the lowland areas including (i) lowland rainforests; (ii) heath forests
(kerangas); (iii) peat swamp forests; (iv) freshwater swamp forests (Southwest) and (v)
mangrove forests (coastal areas). In addition, (vi) mountain highland rainforests also
occur (central and northeast Borneo) as well as (vii) highland alpine meadows and
bushes?®. Occupying these ecoregions are a diversity of species, many of which are

endemic to Borneo.

Species within the Myristicaceae and Clusiaceae plant families are known for their
production of pharmacologically active compounds and medicinal value. However,
many species described here have had no reports of their ethnomedicinal value or
phytochemistry thus far. To guide the selection of target species for further

investigation in this project, this literature review describes all current literature on 44
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plant species of interest (sampled from different parts of Borneo) belonging to these
families (Figure 2.1). The reported botanical characterisation, distribution,
phytoconstituents and bioactivity of these Bornean plant species of interest will be

described herein.
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Figure 2.1. Taxonomic summary of 44 Bornean species of interest, including 26 from the

Myristicaceae, 15 from the Clusiaceae and 3 from the Calophyllaceae (formally Clusiaceae).
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2.2. The Myristicaceae Species

The distribution, botanical characterisation, ethnomedicinal value and a general
overview of phytochemical investigations of the Myristicaceae family were briefly
described in Chapter 1 (1.4.1). The following subchapter will summarise the
phytochemical and biological investigations of each genus sampled for this study,
followed by a comprehensive report of the biological and phytochemical investigations

into each of the species to date.

2.2.1. Horsfieldia Willd. Genus (Myristicaceae)

The Horsfieldia is a genus within the Myristicaceae family consisting of evergreen trees
native to South Asia, distributed across India to Malaysia, Borneo, Philippines, Papua
New Guinea and Northern Australia*®. The Horsfieldia is the second largest genus in
the Myristicaceae family after Myristica, with approximately 100 species®’. The
Horsfieldia possess fruits which are significantly smaller than other genera within
Myristicaceae. Some Horsfieldia species can also be distinguished by characteristic
dark brown or dark red dots on leaf undersides. Inflorescences have three sections, are

panicle-like and vary in shape and size throughout the genus®.

Many species in this genus are of high economic value. The Horsfieldia species are
mostly known for the oil present in their seeds, which is used for biodiesel, and for their
use as furniture and building materials®. There are reports of ethnomedicinal uses of
the Horsfieldia, including of H. glabra, which is used in China, Indonesia and Thailand
to treat sores and boils'’. H. irya is used in Sri Lanka, Thailand, New Guinea and India
to treat pimples, digestive disorders, ulcers and snake bites!!'4, Furthermore, H. kingii

is used in India as a stimulant, intoxicant and to treat dysentery*.

From these species collectively, compounds including phenols, lignans, fatty acids,
flavonoids and alkaloids have been previously isolated'*!316-2°, Assessing the bioactivity
of the Horsfieldia metabolites revealed antiprotozoal agents in H. spicata, which are
procyanidin-like congeners (lacking a pedant aromatic ring) of myristinins, such as

myristinin A (17) (Figure 2.6D)™. In addition, H. irya (Gaertn.) Warb. found in central
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Kalimantan, Borneo, possesses antibacterial properties?!. This genus seems to lack
scientific studies on its bioactivity, considering the interesting spectrum of
ethnomedicinal uses it has, as well as the pharmacologically promising family it belongs

to.

Horsfieldia crassifolia (Hook. f et Th) Warb.

Horsfieldia crassifolia is a tree which has been previously found in the peat-swamp
forests in the Narathiwat province of Thailand and Brunei Darussalam, Borneo. This
species has also been found in the Sabangau tropical peat-swamp forest in Central
Kalimantan, Borneo, where the seeds are consumed by Presbytis rubicunda (Red
langurs)??-25, Like all the Horsfieldia members, H. crassifolia occurs in ecoregions which
provide hot, wet climates with an average rainfall of ~2456 mm/year, average
temperature of 27.2 °C and acidic soils?’. H. crassifolia is the only member of the
Myristicaceae which has leaves with brown undersides when fresh, and is one of four
species within the Horsfieldia genus which has markings on its underside lamina?®2°. In
addition, this species has a two-lobed perianth, with lamina ranging from 10-20 x 3.5-7
cm in size®. When dried, mature twigs can become hollow. A single phytochemical
screening study on H. crassifolia as a plant in the Bornean orangutan’s diet in Central
Kalimantan revealed that fresh leaf samples were found to have 6.6% water, 3.2%
protein and 3% (2.6% in dry leaves) lipid content®'. However, this is the only chemical

analysis of H. crassifolia present in the literature to date.

Horsfieldia grandis (Hook.f.) Warb.

Horsfieldia grandis is a critically endangered 25 m tall understory tree with (usually)
scaly and longitudinally fissured bark??. This species has been recorded in peat-swamp
forests: the Nee Soon Swamp Forest (Singapore) as well as East Kalimantan, West
Kalimantan, the Sentarum Lake National Park and the Semenggoh Forest Reserve,
Sarawak (Borneo)3?3*%, In Sarawak, thrips inhabit H. grandis and are good pollinators
for this species®. Twigs are 1-10 mm wide and densely hairy. Leaf buds are also very
hairy and measure 7-15 mm long. This species’ leaves are oblong shaped and green-

brown in colour, measuring 12-40 x 5-20 cm with 8-19 pairs of secondary veins and
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loosely spaced tertiary veins®#°. This species has an underside lamina covered in hairs

giving it a woolly texture, with tertiary veins usually distinct in dried samples®°.

Horsfieldia grandis is used traditionally, whereby the sap treats injured lips and the
bark is used to treat sprains, by the Kedayan and the Iban ethnic groups, respectively,
both from Sarawak, Borneo*'“2, In addition, the Dayak tribe in Central Kalimantan use
H. grandis as a medicinal plant during healing rituals and exorcisms**“. The single
phytochemical investigation of this species by Teo (2018) found H. grandis to contain an
anti Gram-positive bacterial (IC,, >16 pg/mL) diterpene (E)-3-methyl-5-(2R,*aR)-
1,2,4a,5-tetramethyl-7-o0xo0-1,2,3,4,7,8,8a-octahydronaphthalene (STP17) (1) (Table 2.2,
Figure 2.2)2,

OH

Figure 2.2. Chemical structure of (E)-3-methyl-5-(2R,*aR)-1,2,4a,5-tetramethyl-7-o0xo-
1,2,3,4,7,8,8a-octahydronaphthalene (1) isolated from Horsfieldia grandis (Hook.f.) Warb by
Teo (2018)*2,

Horsfieldia polyspherula (Hook f.). J Sinclair &

Horsfieldia polyspherula (Hook.f emend. King) J.Sinclair var. sumatrana (Miq.)
dewilde.

This plant has been recorded in the Nee Soon Swamp Forest (Singapore) and Taman
Negara Pahang, Kuala Tahan (Malaysia)*. This species is distributed in Malaysia,

Borneo and Singapore®. The name H. polyspherula comes from the Latin poly meaning
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many and sphere meaning globe/ball, which refers to its flowers resembling small balls.
There are two varieties of H. polyspherula: var. polyspherula and var. sumatrana,
which are distinguished by various characteristics from dry and fresh samples
including fruit, bud and lamina size, and vein arrangement as described by Neo et al.,
2016%. This tree species reaches 40 m tall with striate bark, and branches measuring 2—
5 mm across which are glabrous. Buds of this species are hairy, and flowers exist in
clusters of up to 8. Leaves measure 7-28 x 2.5-9 cm with 6-15 pairs of raised secondary
veins and faint tertiary veins. Dried leaves develop a brown lamina which varies in

lightness and shape (from narrowly ovate [young leaves] to lanceolate)*°.

In terms of phytochemistry of this species, Ismail et al. (2011)*¢ found low flavonoid and
low alkaloid content in H. polyspherula (var. polyspherula) stems after performing on-
site chemical screening. In addition, crude extracts of an unspecified variety of H.
polyspherula have in vitro antihyperglycaemic and antioxidant activity (Table 2.1)¥. In
terms of the chemotaxonomic differentiation of H. polyspherula varieties, there is no
literature indicating this distinction. A recent study isolated nine phytochemicals from
H. polyspherula (Hook f.) J. Sinclair. Here, an ethyl acetate and methanol extract of the

bark displayed acetylcholinesterase and butyrylcholinesterase inhibition (Table 2.1).

Recent studies have performed the bioassay-guided isolation of benzoic acids, fatty
acids and a sterol from H. polyspherula, where the known compounds 16-
phenylhexadecanoic acid (2) and undecylbenzene (3) displayed acetylcholinesterase
and butyrylcholinesterase inhibitory activity. Additional phytochemical analysis
revealed the occurrence of flavonoids, phytosterols, steroids and triterpenoids in this

species (Figure 2.3)%.
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Figure 2.3. Chemical structures of 16-phenylhexadecanoic acid (2) and undecylbenzene (3)
isolated from Horsfieldia polyspherula.

Horsfieldia ridleyana (King) Warb.

This species has been recorded at Ayer Hitam Forest Reserve and Bukit Bauk
(Peninsular Malaysia)***°. H. ridleyana grows to 20 m tall in lowland forest in poor soils
and produces edible fruits (as well as H. amygdaliana (Wall.) Warb which also produces

edible seeds and arils)>-%3.

Horsfieldia splendida W.J.de Wilde.

Horsfieldia splendida is endemic to Borneo and is located in lowland mixed dipterocarp
forests (whereby the dominant species belong to the family Dipterocarpaceae),
kerangas forest and montane forests. This species usually occurs at altitudes under 600

m. As of 1998, this is a near-threatened species®.

Horsfieldia carnosa Warb.

Like H. splendida, H. carnosa is also endemic to Borneo. It has been recorded in the
Sentarum Lake National Park, West Kalimantan and Punggualas Peat Swamp Forest,
Central Kalimantan, Borneo?3*%., There is limited literature on the botanical

characterisation of this species.

2.2.1.1. Horsfieldia Summary

Of the seven Horsfieldia species of interest from Borneo, one species (H. grandis) has a
reported ethnomedicinal use, two species (H. crassifolia and H. polyspherula var.
polyspherula) had a phytochemical screening study, and four species (H. polyspherula

var. sumatrana, H. ridleyana, H. splendida and H. carnosa) have had neither of these.
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Of these species, two have been evaluated for biological activity (H. polyspherula and H.
grandis), both of which have had a bioactive compound isolated from it (Tables 2.2 and
2.3, Figure 2.2). Evidently, there are few reports of traditional uses of the Bornean
Horsfieldia species in Figure 2.1, whilst several species of this genus have been well
investigated, and their bioactive potential demonstrated. This indicates the medicinally
promising secondary metabolites of this genus. In addition, Horsfieldia belongs to the
Myristicaceae, which, as a family, produce a variety of bioactive metabolites and holds
high pharmaceutical significance. This highlights a gap in the literature and suggests
the need for further phytochemical and pharmacological investigations into the

unexplored members of this genus.

2.2.2. Gymnacranthera Genus (Myristicaceae)

The Gymnacranthera (Myristicaceae) is a genus of flowering plants which are native to
India, Malaysia, Borneo, Maluku, Indonesia, Philippines and Thailand. There are 7
accepted species in the Gymnacranthera, all of which have similar male and female
flowers. Therefore, species have been distinguished on their vegetative features
including leaf and fruit characteristics. The Gymnacranthera members always possess
hairs on buds and have either smooth or slightly fissured bark with lenticels. Leaves
have white undersides (with distinct tertiary veins) and glabrous upper surfaces. All
Gymnacranthera are dioecious, with laciniate arils completely covering seeds.
Important vegetative characteristics for species delimitation are well described by

Shouten, 1986°.

One species of the Gymnacranthera, G. farquhariana, has a reported ethnomedicinal
use in India for a variety of aliments, including infections®’. The few studies on
Gymnacranthera so far have found significant biological activity within this genus. Bhat
(2016) found methanolic extracts of G. farquhariana to have antimicrobial and
antioxidant properties®®. Later, Bhat (2017) found the same species to have moderate
cytotoxicity against breast cancer cells in vitro, whereby aqueous crude extractions
caused a higher decrease in cell viability than methanolic®’. This suggested that the

presence of tannins, phenolics and resins in the methanolic extract enhanced the anti-
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bacterial and anti-oxidative properties of this species®®. Johns et al., (1997) isolated the
major (1,5-dimethoxy-3-(dimethylaminomethyl)indole) and minor (N-
methyltetrahydro-f3-carboline) alkaloids from G. paniculata®®. In addition, G. canarica
essential oil was found to have three main constituents: -caryophyllene, linalool and
a-humulene (with 58.1% of leaf oil constituents being sesquiterpene hydrocarbons)®.
Finally, Teo isolated antibacterial compounds from G. ocellata, as reported below*2. To
date, these seem to be the only reports of the traditional use, specific phytochemistry
and biological activity of the Gymnacranthera. The botanical characterisation and any
phytochemical screening of the Bornean species of interest within this genus will be

described.

Gymnacranthera contracta Warb.
Information on this species investigated during this thesis is included chapter 4.0

results and discussions (section 4.1.2).

Gymnacranthera ocellata R.T.A. Schouten

Gymnacranthera ocellata (formally G. contracta) is a species endemic to Borneo and is
defined by the presence of woolly hairs on the bud surface throughout the plant’s
lifetime, with less lower leaf hair than other members of this genus. Twigs are flattened,
covered with lenticels and have scars at the base from previous vegetative buds?®°6. Teo
(2018) previously isolated two compounds from G. ocellata: 4,4-(2R,3S)-2,3-
dimethylbutane-1,4-diyl)bis-(2-methyoxyphenol) (STP14) (4) and its related compound
STP15 (5), which both displayed moderate activity against Gram-positive bacterial
strains (Table 2.2, Figure 2.4)*2.
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Figure 2.4. Chemical structures of 4,4-(2R,3S)-2,3-dimethylbutane-1,4-diyl)bis-(2-
methyoxyphenol) (4) and 5 isolated from Gymnacranthera ocellata R.T.A. Schouten.

Gymnacranthera ocellata R.P.A Schotten.

There is currently no available literature on this species.

Gymnacranthera bancana (Miq.) J. Sinclair
G. bancana is a tree distributed through Borneo, Singapore and Malaysia, and grows in
lowland and swamp forests at up to 250 m altitude?*!. This species grows 20 m high

and has fruits arranged in clusters of up to eight®.

Gymnacranthera forbesii (King) Warb

Gymnacranthera forbesii has 2 varieties: var. forbesii and var. crassinervis. Var.
forbesii has a wider distribution, throughout Borneo, southern Thailand and Malaysia,
whilst var. crassinervis is endemic to Borneo. Var. crassinervis can be distinguished
from var. forbesii and other species by its thick twigs and orange — yellow nerves on leaf
undersides. However, the distinction of varieties within this species can be difficult.
Both G. forbesii varieties grow up to 40 m tall and have microscopic hairs on leaf
undersides which are shed easily. Var. forbesii grows leaf lamina up to 15 cm long and

shows distinct secondary veins on the underside®®.
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2.2.2.1. The Gymnacranthera Summary

There have been no reports on ethnomedicinal uses of the Gymnacranthera species in
this review. Of the five Bornean Gymnacranthera species of interest, two (G. ocellata
and G. contracta) have been phytochemically studied to the extent of isolating a
compound, all of which were bioactive metabolites. Two species, G. bancana and G.
forbesii have had no studies on their phytochemical constituents or their biological
activity. This genus seems to be largely unexplored, not only throughout the species of
interest in this study, but throughout all species. However, chemotaxonomy would
suggest that investigating this Myristicaceae genus further for their bioactive

phytoconstituents is a reasonable objective.

2.2.3. The Knema Genus (Myristicaceae)

There are a total of 93 species belonging to the Knema, which are distributed through
Africa, southeast Asia, southern China and throughout Malaysia, Borneo and
Australia®%. Knema species are the dominant members of the tropical lowland forest
ecoregions of Borneo®”. When dried, members of this genus have a waxy-white
underside, with densely arranged and distinct tertiary veins on lamina tops and

undersides®.

The Knema species are popular in traditional medicines, with multiple reports across
species. For example, K. corlicosa is used as a traditional medicinal salves and K.
glaucescens is a traditional medication for abdominal pain in Sarawak®-"°. In addition,
K. attenuata Warb. is used in “Ashwagandadhi nei’” (medicated ghee) to treat breathing
and spleen disorders, as well as tastelessness’"’2. Furthermore, K. angustifolia and K.
erratica are used in India and Thailand to treat a mixture of dysentery, cancer, ulcers,
or as skin tonics'7*74, K. globularia and K. tenuinervia subsp. setosa are used in
Thailand as a blood tonic and as a cancer treatment, respectively’>7¢. In addition, K.
laurina is used in Malaysia to treat rheumatism, digestive disorders, inflammation and

fevers””78.
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A variety of compounds have been isolated from the Knema genus, including
acetophenones, alkyl/acyl resorcinols, flavonoids, lignans, phenylalkylphenols and
substituted stilbenes. These have shown a spectrum of biological activity including
antibacterial, antifungal, antinematodal, anti-inflammatory, anticancer and
acetylcholinesterase inhibitory activity. Twelve of the 93 Knema species have been
phytochemically and/or pharmacologically investigated thus far, with 97 compounds
isolated from the Knema since 19787°. This is a well explored genus, with each species
providing a distinct profile of bioactive secondary metabolites, making the investigation

into unexplored Knema species an exciting prospect.

Knema membranifolia H.J.P.WinKkl.
Literature published on this species, which was used in this study, is summarised in

Chapter 4.0 results and discussions (section 4.1.1).

Knema furfuracea (Hook. f. & Th)

Knema furfuracea is distributed through Peninsular Malaysia, Singapore and Thailand.
However, it is predominantly distributed in Yunnan, China. This species grows up to 25
m tall, with a trunk measuring up to 35 cm diameter at breast height (DBH)”°. At all K.
furfuracea locations, this species is used as a traditional medicine for the treatment of
cancer, dysentery, pimples and mouth sores’. Multiple studies have investigated the
phytochemistry of this species which have been summarised in Table 2.2. Fourteen
compounds have been isolated from this species, including cardanols, coumarins,

lignans and phenolic compounds (Table 2.2). Some of these display biological activities.

Rangkaew et al. investigated K. furfuracea for its antiproliferative effects on cancer cells
in vitro. The arylnaphthalene lignan furfuracin (6) displayed no cytotoxicity, whilst
lignans (+)-trans-1,2-dihydrodehydroguaiaretic acid (7) and fragransin A2 (8) displayed
weak cytotoxicity in ovarian cancer cells, and the isoflavone biochanin A (9) displayed
weak cytotoxicity against lung cancer cells (Figure 2.5)%. Additionally, phenolic
compounds knerachalins A (10) and B (11) have shown antibacterial activity against

Staphylococcus aureus and S. pneumoniae with minimum inhibitory concentration
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(MIC) values of 8 pg/mL and 4 pg/mlL, respectively (Figure 2.5C)®'. Further phenolic
compounds have been isolated in more recent studies, including similar flavonoids,
lignans, as well as anacardic acids®2. The essential oil composition of this species has

also been analysed using GC/MS, revealing a total of 31 components®.

©
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Figure 2.5. Chemical structures of K. furfuracea metabolites, including (A) lignans: furfuracin
(6), (+)-trans-1,2-dihydrodehydroguaiiaretic acid (7) and fragransin A2 (8); (B) isoflavone
biochanin A (9) and (C) phenolic compounds knerachalin A (10) and knerachalin B (11), isolated
from Knema furfuracea (Hook. f. & Th).

Knema glauca (Blume) Warb. (var. riparia de Wilde)
Knema glauca is native to Indonesia, Malaya, Sumatra, Thailand and Borneo. This
species can grow from 5 — 30 m tall, with branches extending often from the top half of
its trunk. Traditionally, it is harvested for its timber and fruits®. A single study by
Rangkaew et al., (2009) investigated the phytochemistry and bioactivity of K. glauca
(variety unspecified). A new diterpene acid, glaucaic acid (12) was isolated, however
biological activity of this has not been found thus far (Figure 2.6A). Some compounds
and crude extracts from this species displayed antibacterial, anti-viral and anti-cancer
activities (Table 2.1, Table 2.2). For example, malabaricone A (13),
dodecanoylphloroglucinol (14) and 1-(2,4,6-trihydroxyphenyl)-9-phenylnonan-1-one
(15) isolated from K. glauca displayed anti-bacterial activity against Mycobacterium
tuberculosis with MIC values of 25, 50 and 100 pg/mL, respectively (Figure 2.6B).
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Additionally compound 13 was active against the malarial parasite Plasmodium
falciparum and 14 displayed antiviral activity against herpes simplex virus type 1 and
(both ICso = 3 pg/mL)®. Lignans such as sesamin (16) have also been isolated from this
species (Figure 2.7B). 16, a major component of sesame seeds, is recognised for its
beneficial role in cardiovascular disease, cancer and oxidative stress®®. Flavonoids
such as myristinin A (17) are also K. glauca metabolites (Figure 2.6D). This compound is

a known DNA damaging and DNA-polymerase beta inhibitor®®.

(A) ®)

Figure 2.6. Chemical structures of (A) diterpene acid, glaucaic acid (12), (B) phenolic
compounds, malabaricone A (13), dodecanoylphloroglucinol (14), 1-(2,4,6-trihydroxyphenyl)-9-
phenylnonan-1-one (15), (C) lignan, sesamin (16) and (D) flavan, myristinin A (17) isolated from
Knema glauca (Blume) Warb.

Knema elmerii Merr.

Knema elmerii is a species endemic to Borneo and has been recorded in Sarawak, East
Malaysia where it grows at low elevations in clay soils®’. This tree grows 5 — 15 m tall,
occasionally has stilt roots and is characterised by silky indumentum on its leaf
undersides and flaking twig bark. This species has spherical (globose) male buds and
convex staminal discs. Some of these species’ defining features are present in other
Knema species, however this is the only species to possess all of these properties

combined®. K. elmerii is on the TUCN Red List, but is of low concern as of 2019%”.
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Knema conferta (King) Warb.

Knema conferta is native to Borneo, Peninsular Malaysia, Singapore and Thailand®.
This lowland forest tree grows from 10 — 25 m tall and is similar to K. laurina,
K.oblongata and K. scortechini®®. Species are differentiated based on varying
indumentums and male flower characteristics, described by Koster and Bass, 19812°.
Therefore, however, during vegetative states this species may be difficult to identify.

Similarly to K. elmerii, this species has a conservation status of low concern®.

Knema latifolia Warb.

Knema latifolia is distributed in Sumatra (Malaysia), Borneo and Indonesia®%°*-°2, This is
the dominant species of the Myristicaceae family in the Bulungan forest area in East
Kalimantan, composing part of the understory at 25 — 35 m high®. Additionally, in the
Bogani Nani Wartabone National Park, Indonesia, this species is a significant part of the
diet for Bubalus spp. which feed on the leaves, as well as shelter for Orangutans in

Kalimantan®*.

Knema curtisii (King) Warb.var. curtisii

Knema curtisiiis a species distributed through Peninsula Malaysia, Thailand and mainly
Borneo®*%97, Four varieties of this species are described by de Wilde (2000)8: var. curtsii,
var. amoena J Sinclair, var. arnosa J Sinclair and var. paludosa J Sinclair. K. curtsii var.
curtisii has been identified in Thailand and Singapore, in addition to Borneo and
Peninsular Malaysia*®. K. curtisii var. curtisii is distinguished by a broadly elliptic
lamina, with blunt or acute tapering tips and distinct secondary and tertiary veins®. K.
curtisii grows up to 35 m tall with twigs reaching 1-2 mm across. Lamina are glossy dark
brown to green, and are up to 10 cm long, with brown lamina midribs. Flowers have a
3-4 lobed penrith and are cream - pink inside, with male and female inflorescence

consisting of 2 - 15 and 1 - 5 flowers, respectively®*°.

Ong et al.,, (2009)® examined K. curtisii (variety unspecified) and revealed the
photosensitising activity of its crude methanolic extracts. Extracts were subject to

bioassay-guided fractionation to isolate four chlorophyll derived photosensitising
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agents following the pheophorbide-a and -b core structures: pheophorbide-a methyl
ester (18), hydroxy pheophorbide-a methyl ester (19), hydroxy pheophorbide-b methyl
ester (20) and hydroxy purpurin 7-lactone dimethyl ester (21) (Figure 2.7, Table 2.2).

Rl R2 21
18 CH; H
19 CH, OH

20 CHO OH

Figure 2.7. Chemical structures of chlorophyll derivatives, pheophorbide-a methyl ester (18),
hydroxy pheophorbide-a methyl ester (19), hydroxy pheophorbide-b methyl ester (20) and
hydroxy purpurin 7-lactone dimethyl ester (21) isolated from Knema curtisii (King) Warb.

Knema percoriacea Forman f. sarawakensis de Wilde

Knema percoriacea J Sinclair species has three forms: forma percoriacea, forma fusca
de Wilde and forma sarawakensis de Wilde, all of which are endemic to Borneo®-'°,
This species grows 5 — 25 m tall, extending twigs with a 3 — 6 mm diameter. Dry leaves
are olive to brown on topside with distinct veins and measure 7 — 25 x 3 — 8 mm. This
speciesis closelyrelated to K. furfuracea. K. percoriacea forma sarawakensis is defined
by its papery leaves (which are larger than the other forma), brown - yellow hairs on
twig, and apexes measuring 0.3 — 1 mm long. In addition, the flower indumentum of this

forma partially sheds or is very easily rubbed off, making it the most similar forma of
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this species to K. furfuracea®. Soares (2018) is the only report on the bioactivity of this
species to date (Table 2.1). Here, hexane extracts of K. percoriacea displayed inhibition

of R3888 (IncW) plasmid transfer'®:,

2.2.3.1. The Knema Summary

The literature published thus far on the Knema species shows very promising
pharmacological potential of the genus as a whole. Of the 8 Bornean Knema species of
interest in this study, only 1 (K. furfuracea) has reported ethnomedicinal uses, 3 have
had bioactive compounds isolated from them (K. furfuracea, K. glauca, K. curtisii) and
1 has had only crude extracts bio-assayed (K. percoriacea). Two Knema species of
interest (K. elmerii and K. latifolia) have no reported phytochemicals or biological
activity. The Knema species which have been previously investigated for their
pharmacologically valuable compounds and demonstrate the promising bioactive

potential of the uninvestigated species of this genus.

2.2.4. The Myristica Gronov. Genus (Myristicaceae)

The genus Myristica includes 120 species and has the largest distribution of the genera
within the Myristicaceae®. Myristica species exist through South Africa, Mauritius,
Grenada, India, Sri Lanka, Singapore, New Guinea and are native to the Maluklu Islands
(eastern Indonesia)'°>1%3, This genus’ centre of diversity is in the Malayan peninsula and
New Guinea, where it can occur in montane forests®%’. The Myristica species are
diecious trees with grey, brown to black bark and dark green leaves which usually dry
into a white colour with loosely spaced reticulation. Fruits of the Myristica measure up
to 10 cm long?®®°. Inflorescences of this genus are of singular, and flowers are frequently
fragrant. Fused androecium always create a pointed tip, and styles and stigmas are

always small in the Myristica species®.

The Myristica is commonly known as the “nutmeg” genus due to the economically
important nutmeg plant Myristica fragrans which produces the popular spice, nutmeg,
harvested from its seed kernel inside the fruit, as well as the mace produced from the

red aril. Nutmeg oil obtained from fruits and arils is also a popular component and is
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used as a flavouring agent in food and drinks, and in perfumery and cosmetic industries.
The Myristica metabolite trimyristin has multiple derivatives including myristic acid (5),
myristic alcohol and glycerol, which are industrially important in many commercial
products”. Nutmeg is a well-studied spice with multiple health benefits as well as

adverse effects'04195,

Traditionally, the Myristica species have multiple ethnomedicinal uses. Many of these
uses are shared between species. M. fragrans is used across Europe, Asia, Australasia
and Africa to treat gastro-intestinal, inflammatory and mental disorders”>1517_ In India,
M. adamanica, M. beddomei subsp. ustulata and M. malabarica are used to treat a
mixture of fevers (particularly due to malaria infection), bleeding, skin infections and
gastro-intestinal  disorders, diabetes, respiratory infections, constipation,

dysmenorrhea, vomiting, as an aphrodisiac and for spasmolytic problems?377:106-113,

The mentioned Myristica species, as well as M. argentea, M. cinnamomea, M. fatua and
M. magnifica have been extensively phytochemically explored, to reveal over 50
different compounds of a variety of classes including diaryl long-chain alkanes, indole
alkaloids, lignans, long chain fatty acids, neolignans, phenylpropanoids and terpenes.”’.
Species of this genus have also displayed in vitro acetylcholinesterase and monoamine
oxidase inhibition, in vitro and in vivo cytotoxic activity and antimicrobial activity
against a range of bacteria and viruses’” 12!, Myristica has offered an exciting
spectrum of bioactive secondary metabolites thus far, giving the unexplored species of

this genus high pharmacological potential.

Myristica iners Blume

Mpyristica iners is distributed in Singapore, Cambodia, Indonesia, Malaysia and
Borneo'?*1%, This species grows up to 40 m tall, usually displaying buttress or stilt roots.
Leaves dry into a brown- grey colour, lamina measure 7-24 x 1.5-10 cm and have 11 -
16 pairs of secondary veins. One of the distinctive characteristics of M. iners is inferred
by its name, iners, which in Latin means inert, referring to the absence of seed aroma

which is found in the other Myristica species. M. iners is a traditional medicine whereby
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the bark is ingested to treat constipation and other ailments'?’. A recent study
demonstrated the free radical scavenging activity of M. iners stem, revealing the

significiat antioxidant potential of this crude extract!?.

Myristica malaccensis Hook. f

This species is distributed in Borneo, Peninsular Malaysia, Indonesia and
Sumatra®*126:129-131 M malaccensis grows 7 — 35 m tall, has buttress roots (1-3 m tall) and
extends twigs measuring 2 — 4 mm in diameter with hairs always under 1 mm. The trunk
bark is smooth, greenish — grey — dark brown, with pale yellow inner bark. Leaves are
thin and elliptic to oblong shaped, measuring 10 - 30 x 4 — 10 cm with a dark olive upper
surface and grey — brown lower surface. There are two subspecies of M. malaccensis:
subsp. malaccensis and subsp. papillosa de Wilde, the latter displaying distinctive

papillation (small bumps) on the lamina lower surface and being endemic to Borneo?®.

Myristica elliptica Wall, Ex Hook. f. & Thomson var. elliptica J. Sinclair

Mpyristica elliptica is distributed in Singapore, Borneo, Indonesia, Thailand and
Malaysia, growing often in peat swamp forest ecoregions, along rivers and streams, at
maximum altitudes of 500 m?®*3>134_ This species grows 6 — 40 m tall, extending straw-
colored twigs which measure 2 — 4 mm in diameter and have short grey hairs (0.1 - 0.3
mm). Trunks can be branched from the base, and buttress roots can form. Fresh leaves
are glossy green on the topside and dry into the same straw colour as twigs. These are
elliptic shape (relating to the name elliptica) and measure 9 — 32 x 3 — 12 cm?®. The fruit
of this species is used as a spice. Additionally, the Shompen tribe of the Great Nicobar
Islands (positioned among mainland India, Thailand, the Malay Peninsular and Java-
Sumatra), applied crushed M. elliptica bark and seeds externally to treat skin

diseases'>1%7,
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Myristica maxima Warb.

Mpyristica maxima is distributed in Borneo, Singapore, Thailand and Malaysia®!3¢. This
species grows up to 35 m tall, with buttress or stilt roots, grey — brown bark and extends
twigs which measure 4 - 8 mm across. Leaves measure 16 - 40 x 6 — 20 cm, are
membranous with 23 — 33 pairs of secondary veins, and very distinct tertiary veins on
both the top and bottom sides®. This species is critically endangered. M. maxima is
distinguished by its dense indumentum on the leaf underside and its black leaf colour

when dried. The word “maxima” in Latin may refer to the large leaf size of this species®.

Two studies have isolated and described some bioactivity of M. maxima metabolites.
From these investigations, ten acylphenol compounds including the sitosterol ester 3-
sitosteryl oleate (30), giganteone A (24), giganteone C (25), giganteone E (26), maingayic
acid B (29), maingayone A (27), maingayone B (28), malabaricone A (13) (also isolated
from K. glauca, Figure 2.6), malabaricone B (22), malabaricone C (23) (Figure 2.8, Table
2.2)139149 Here, compounds 13 and 25 were cytotoxic against human prostate cancer
cell lines, and compounds 26, 24, 25, 27 and 28 displayed potent DPPH free radical
scavenging'®. Later, compounds 23 and 24 displayed potent a-glucosidase inhibitory
activity of with ICs, values of 59.6 uM and 39.5 uM, respectively®*!%°, Additional studies
have demonstrated the anticancer activity of compound malabaricone A!41:142,
Compound 30 has been found as a potential modern-day ingredient in low cholesterol

butter?144
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Figure 2.8. Chemical structures of (A) acylphenol compounds malabaricone B (22),
malabaricone C (23), giganteone A (24), giganteone C (25) giganteone E (26), maingayone A (27),

maingayone B (28), maingayic acid B (29) and (B) sitosterol ester b-sitosteryl oleate (30) isolated
from Myristica maxima Warb.

Mpyristica villosa Warb.

This species is distributed through Borneo, growing on primarily dry land and
sometimes marsh forests at altitudes of 20 — 1200 m?®¢°. M. villosa grows from 1 - 40 m
tall, usually has stilt roots and extends twigs measuring 5 — 10 mm in diameter. The bark
of this tree is often flakey, with red — brown under bark. This species is distinguishable

by its clear indumentum on the leaf underside and its hairy and asymmetrical fruits®.
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Voeks (2007) reported M. villosa as a useful species to the Dunsun ethnic group in

Borneo'#®.

Soares (2018) investigated M. villosa conjugation inhibitors in bacteria and isolated
three bioactive w-phenyl fatty acids: 11-phenylundecanoic acid (S70-1) (31), (£)-13-
phenyltridec-4-enoic acid (S70-2) (32) and 14-phenyltridecanoic acid (S70-3) (33)
(Figure 2.9, Table 2.2). Using bioassay guided fractionation, these compounds were
found to dose-dependently inhibit R388 plasmid transfer in Escherichia coli, by
targeting bacterial conjugation machinery. Compound 32 displayed the lowest ICs of

17 pM1ot,

OH
0
31
W

— OH

32
OH
33 ©

Figure 2.9. Chemical structures of w-phenyl fatty acids, 11-phenylundecanoic acid (S70-1) (31),
(2)-13-phenyltridec-4-enoic acid (S70-2) (32) and 14-phenyltridecanoic acid (S70-3) (33) isolated
from Myristica villosa Warb.

Mpyristica lowiana King
Mpyristica lowiana is distributed through Singapore, Borneo and Malaysia, growing in

peat and fresh water swamp forest ecoregions, at altitudes up to 800 m?3%146147 This
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species grows up to 25 m tall, extending black twigs which measure 3 — 6 mm in
diameter. Leaves of this species when dry, are glossy and light brown in colour,
measure 14 — 35 x 3.5 - 11.5 cm and have 15 — 22 pairs of secondary veins which are

usually sunken®.

One phytochemical investigation by Kwapong (2016) isolated amides: 9-o0x0-9-((3-
phenylpropyl)amino)nonanoic acid (34) and 11-ox0-11-((3-
phenylpropyl)amino)undecanoic acid (35); a flavone: 4’, 7-dihydroxy-5-methoxyflavone
(36), and a lignan: 8-(4-hydroxy-3-methoxyphenyl)-3-methoxy-6,7- dimethyl-5,6,7,8-
tetrahydronaphthalen-2-ol (37) from M. lowiana and demonstrated the antibacterial and
antiplasmid effects of the extract fractions containing these compounds (Table 2.1,

Table 2.2, Figure 2.10)48,

(B)

36 37

Figure 2.10. Chemical structures of (A) amides: 9-0x0-9-((3-phenylpropyl)amino)nonanoic acid
(34) and 11-o0x0-11-((3-phenylpropyl)amino)undecanoic acid (35); (B) flavone: 4’, 7-dihydroxy-
5-methoxyflavone (36), and (C) lignan: 8-(4-hydroxy-3-methoxyphenyl)-3-methoxy-6,7-
dimethyl-5,6,7,8-tetrahydronaphthalen-2-ol (37) isolated from Myristica lowiana King.
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Myristica papyracea J. Sinclair

This species is endemic to Borneo and grows in mixed dipterocarp forests at altitudes
of up to 300 m. M. papyracea grows from 20 — 40 m tall, extending twigs which measure
4 - 8 mm in diameter. Leaves are thin and leathery and measure 6 — 44 x 8—18 cm. The
upper surfaces of leaves are olive — brown and lower surfaces are yellow with no hairs
and are papillose. This tree often has laterally compressed stilt roots up to 2 m high and
is closely related to M. maxima. The two can be distinguished by the leaf underside
colours when dry®. Soares (2018) '°! is the only report of the bioactivity of extracts from
M. papyracea, whereby hexane extracts displayed inhibition of bacterial plasmid

transfer (Table 2.1).

2.2.5. The Myristica summary

Of the eight Myristica (Myristicaceae) species of interest, only one (M. flagellima) seems
to have no reports on its botanical characterisation, phytochemical constituents or
biological activity. Three species (M. elliptica, M, iners and M. villosa) have only brief
reports on their ethnomedicinal uses, one species (M. papyracea) has had the biological
activity of its crude extracts demonstrated, and two species (M. maxima and M. lowiana)
have been well investigated for their phytochemistry and biological activity, resulting in
the isolation of several compounds. Outside of these selected species, many members
of the Myristicaceae family have been well investigated for their pharmacological value

and demonstrate the potential value of unexplored species within this family.

Table 2.1. Known bioactivity of crude extracts from species of the Myristicaceae family,
including those from the genera Horsfieldia, Gymnacranthera, Knema and Myristica. ICso: 50%
maximum inhibitory concentration; MIC: minimum inhibitory concentration.

Species Part Extractsolvent/s Biological Biological activity  Reference
used assay
Horsfieldia Leaf, Dichloromethane a-amylase Potent a-amylase 47
polyspherula stem and a- (ICso=1.6-2.4

glucosidase mg/ml-1) and a-
inhibitory glucosidase (ICso =
2.4 - 4.2 mg/mlL-1)
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Knema
furfuraceae

K. glauca

K. curtisii

K.
percoriacea

Myristica
villosa

M. lowiana

Stem Dichloromethane,

Leaf

Fruit

Leaf

Bark

Bark

Stem
bark

Stem
bark
Bark

methanol

Ethanol,

dichloromethane

Ethanol

Methanol

Hexane

Chloroform,

hexane, methanol

Hexane

Chloroform

Methanol

activity
assay.
DPPH free
radical
scavenging
assay.

MIC assay.

Resazurin
microplate
assay.
MTT cell
viability
assay.

Conjugation
inhibition
assay

(automated).

Conjugation
inhibition
assay

(automated).

Conjugation
inhibition
assay.
Conjugation
inhibition
assay.
Conjugation
inhibition
assay

(automated).

inhibitor (anti-
hyperglycaemic).
Free radical
scavenger
(antioxidant, ICs
=1.6 pg/mL).

Anti- S. aureus (MIC
=19 pug/mL).
Cytotoxic against
NCI-H187

(ICs0 = 0.9 pg/mL).
Reduced cell
viability (20 pg/mL)
when exposed to 9.6
J/cm? of a broad-
spectrum light.
(Photosensitising
agent).

Specific inhibitor of
R3888 (IncW)
plasmid transfer.

Specific inhibitor of
R3888 (IncW) and
pKM101 (IncN)
plasmid transfer at
512 pg/mL.
pUB307 (IncP), R7K
(IncW) plasmid
inhibition <15%.
pUB307 (IncP)
plasmid inhibition
<15%.

TP114 (Incl),
pUB307 (IncP), R7K
(IncW) plasmid
inhibition.

47

81

80

98

101

101

148

148

101
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Hexane Specific inhibitor of
R3888 (IncW)
plasmid transfer at
512 pg/ml.

Table 2.2. All known compounds isolated from species of interest (Figure 2.1) within the
Myristicaceae family, including those from the genera Horsfieldia, Gymnacranthera, Knema and
Mpyristica. PPAPs: polycyclic polyprenylated acylphloroglucinol.

Species Part used Compound Isolated Type Reference
Horsfieldia Leaf (E)-3-methyl-5-(2R,*aR)- Diterpene 42
grandis 1,2,4a,5-tetramethyl-7-oxo-
1,2,3,4,7,8,8a-
octahydronaphthalen
(STP17) (1)
H. polyspherula Stem bark  16-phenylhexadecanoic Fatty acid a8
acid (2)
Undecylbenzene (3)
Gymnacranthera Leaf 4,4-(2R,3S)-2,3- Diterpene 42
ocellata dimethylbutane-1,4-

diyl)bis-(2-

methyoxyphenol) (STP14)

(4)

4,4-(2R,35)-2,3- Diterpene
dimethylbutane-1,4-

diyl)bis-(2-

methyoxyphenol) (STP15)

(5)

Knema Stem bark  Dehydroguaiaretic acid Neolignan 76
furfuraceae (+)-trans-1,2- Cardanol
dihydrodehydroguaiaretic
acid
8-hydroxy-(12- Isocoumarin

phenyldodecyl)isocoumari

n

3-(12- Cardanol
phenyldodecyl)phenol
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K. glauca

K. curtisii

Myristica maxima

Leaf

Stem

Leaf

Fruit

Leaf
Stem

Leaf

Furfuracin (6)

(+)-trans-1,2-
dihydrodehydroguaiaretic
acid (7)

Fragransin A2 (8)
Biochanin A (9)

Gingkolic acid

Anarcardic acid

2-hydroxy6-(12-
phenyldodecyl)benzoic acid
2- hydroxy-6-(12-
phenyldodecen-8'Z-
yl)benzoic acid
Knerachelin A (10)
Knerachelin B (11)
Glaucaic acid (12)
1-(2,6-dihydroxyphenyl)
tetradecan-1-one
Malabaricone A (13)
Dodecanoylphloroglucinol
(14)
1-(2,4,6-trihydroxyphenyl)-
9-phenylnonan-1-one (15)
Sesamin (16)

Asarinin

Myristinin D

Myristinin A (17)
(£)-7,4’-dihydroxy-3’-
methoxyflavan
Pheophorbide-a methyl
ester (18)

Hydroxy pheophorbide-a
methyl ester (19)

Hydroxy pheophorbide-b
methyl ester (20)

Hydroxy purpurin 7-
lactone dimethyl ester (21)
Malabaricone A (13)

Arylnaphthale
ne lignan
Lignan

Lignan
Isoflavone
Alkylbenzoic
acid
Alkylbenzoic
acid
Phenylalkylbe
nzoic acid
Phenylalkylbe
nzoic acid

Phenylacylphe
nol

Diterpene acid
Acylphenol

Lignan

Flavan

Cyclic
tetrapyrrole
derivative

Acylphenol

80

81

80

98
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Bark Malabaricone B (22)
(dichlorom Malabaricone C (23)
ethane) Giganteone A (24)

Giganteone C (25)
Giganteone E (26)
Maingayone A (27)
Maingayone B (28)
Maingayic acid B (29)
b—sitosteryl oleate (30)

M. villosa Bark 11-phenylundecanoic acid = Phenylalkenoi 101
(hexane) (S70-1) (31) c acid
(2)-13-phenyltridec-4-enoic  w-
acid (S70-2) (32) phenylalkenoi
c acid

14-phenyltridecanoic acid Phenylalkenoi
(S70-3) (33) c acid
M. lowiana Stem bark  9-0x0-9-((3- Amide 148
(hexane) phenylpropyl)amino)nonan
oic acid (AK-16) (34)
Stem bark  11-ox0-11-((3- Amide
(methanol)  phenylpropyl)amino)undec
anoic acid (AK-17) (35)
Stem bark  4’, 7-dihydroxy-5- Flavone
(hexane) methoxyflavone
(AK-15) (36)

Stem bark  8-(4-hydroxy-3- Lignan
(Chloroform) methoxyphenyl)-3-
Bark methoxy-6,7- dimethyl-

(dichlorom 5,6,7,8-
ethane) tetrahydronaphthalen-2-ol
(AK-18) (37)

2.3. The Myristicaceae Family Summary

The Myristicaceae family clearly displays high pharmaceutical potential. The
extensively studied species from the genera Gymnacranthera, Horsfieldia, Knema and
Mpyristica (particularly the latter two) demonstrate considerable biological activity.
From a chemotaxonomic perspective, the reviewed literature of the Myristicaceae

suggests that the unexplored species belonging to these genera, should be explored due
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to their potential medicinal applications. The Myristicaceae species of interest have had
compounds including lignans, terpenes, flavonoids and phenolic compounds isolated.
The biological activity of these species seem to be antibacterial, anticonjugative and

antioxidant.

2.4. The Clusiaceae Family

2.4.1. The Garcinia L. genus (Clusiaceae)

The Garcinia is a genus of small to medium sized of evergreen trees comprised of
approximately 260 species which are distributed throughout Africa, tropical Asia,
northeast Australia, west Polynesia and America. The Garcinia species are located
commonly in rainforest lowland areas and are concentrated in Southeast Asia and West
Africa. Species of this genus mostly lack scales on their buds, have leathery — papery
leaves which are arranged oppositely (rarely whorled) and are usually glabrous.
Flowers can range from solitary, fascicled to panicled, and possess 4 — 5 petals. Male
flowers have 2 - 4 lobed stamens which are either free or joined together. All species’
stigma are sessile and visible. Most members of this genus produce edible fruits and

yellow latex and all genus members are dioecious'#.

Traditional uses of the Garcinia genus are well-reported, with 17 species having
recorded traditional uses across Malaysia and West Sumatra (Indonesia). These cover
a spectrum of ailments including stomach-ache, fever, skin diseases, circulatory
problems, skin infections and oedema'®’. Some Garcinia species are very well studied,
for example, Garcinia lucida has over 270 different reports on its range of
ethnomedicinal uses’!. Additionally, phytochemical studies have found Garcinia
species to contain benzoquinone, benzophenones, bioflavonoids, triterpenes and
xanthones!®?1%4, Some of these compounds have proven bioactivity including
antiinflammatory, antibacterial, anti-HIV and anti-cancer'’'’4, Garcinia that are
previously well studied due to their biological activity include G. kola, G. cowa, G.
atroviridis and G. indica'®*'%, Although the Garcinia genus is the most well-studied

Clusiaceae genus for its biological activity, there are still many unexplored species.
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Evidence illustrates significant pharmaceutical potential of these species, which

warrants the investigation of all Garcinia species.

Garcinia caudiculata Ridl., Garcinia grahamii Pierre
As this is one of the species chemically investigated during this thesis, the literature for

this is reviewed in the results and discussions in Chapter 5 (section 5.1.1).

Garcinia maingayi Hook. f.

Garcinia maingayi is distributed in Sumatra, Peninsular Malaysia and Borneo, growing
on hill forests or lower montane, up to 900 m altitude!>'%, This species grows up to 21
m tall and has opposite arranged leaves which are dark green in colour, slightly elliptic
- egg shaped, and measure 14 — 19 x 6.5 — 8.5 cm. The midrib of leaves is only raised on
the underside and leaves display fine resin ducts. When dry, leaves are black — brown

in colour'®’.

Traditionally in Malaysia and West Sumatra (Indonesia), G. maingayi leaf decoction is
used as an anti-fever treatment. Jabit et al., (2009)'*? studied the cytotoxic and NO
inhibitory activity of G. maingayi methanolic extracts and found strong and selective
cytotoxicity against MCF-7 breast cancer cells, as well as moderate NO inhibitory
activity (Table 2.3). Extraction yields of 20.4% and 9.2% were obtained from the stem
and leaf extractions, respectively. In addition, Ee et al.'®®'%, isolated a prenylated
xanthone, 1,3,7-trihydroxy-2-(3-methylbut-2-enyl)-xanthone (38) and the triterpene
stigmasterol (39) (Figure 2.11, Table 2.4). Recent studies have performed the isolation
of 39 as well as the terpenoid sitosterol'. In addition, polyisoprenylated
benzophenones, including the known Garcinia metabolite, garcinol, have been isolated

from the stem bark of this species!’*172,
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Figure 2.11. Chemical structures of xanthone 1,3,7-trihydroxy-2-(3-methylbut-2-enyl)-
xanthone (38) and triterpene stigmasterol (39) isolated from Garcinia maingayi Hook. f.

Garcinia dryobalanoides Pierre

Garcinia dryobalanoides is endemic to Borneo and grows in montane, mixed
dipterocarp and heath forests!”*'7%, This species produces edible fruit, known to be
eaten by the Lun Bawang ethnic group of Borneo®'7>. Recent studies have revealed the
presence of known fatty acids, triterpenoids and xanthones in the stem bark of this

species, which displayed bacterial inhibition!7¢177,

Garcinia parvifolia (Miq.)

Garcinia parvifolia, known as the “Brunei cherry” grows in Sumatra, Peninsular
Malaysia, Singapore and Borneo, mostly in primary and secondary forests up to
altitudes of 600 m. This species is a common tree, growing up to 33 m tall with thin dark
green leathery leaves which measure 5 — 15 x 1.9 — 5.7 cm. Leaf blades are elliptic and
form a narrow point at the top. Dark resin ducts are also visible in this species, as well
as faint venation on leaf undersides. Male flowers measure 7 — 10 mm wide with white
colouring and female flowers measure 4 — 6 mm wide with yellow colouring. This
species produces rust orange fruits which are elliptic, 7 mm wide and contain up to 8

pulp-covered seeds inside!®”.

The fruits of this species are a popular food. In traditional medicine, it is reported that
G. parvifolia stem bark is soaked in water and the decoction is ingested!”®179,
Additionally, this species is a traditional treatment for malaria, due to the bioactive

compound a-mangostin (65) (Figure 2.12A)'%°, Although there are no specific disorders
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this species is traditionally said to treat, many studies have investigated its chemistry

and bioactivity'®!.

Phytochemical screening of Malaysian G. parvifolia revealed that the total phenolic
content of fruit samples was (mg gallic acid equivalent (GAE)/g of dry weight (DW)) 7.2
in fruit pulp and 5.3 in peel. In addition, the total carotenoids (pB-carotene equivalent,
mg/100 g DW) was 3 in fruit pulp and 17 in the peel'**'82, Screening G. parvifolia stem
bark for total phenolic content in wet or dry granulated tablets found that the phenolic
content was highest in dry tablets. Additionally, methanolic crude extracts of G.
parvifolia in this study were highly hygroscopic, resulting in liquification at higher
humilities!”®. Later phytochemical screening of this species has revealed the presence
of alkaloids, carbohydrates, flavonoids, phenols, saponins, steroids, tannin and
terpenoids in leaves and pericarps (Table 2.4)'83184 A recent phytochemical study of
several Garcinia species fruits found G. parvifolia to contain 79% water, 0.4% ash,

18.3% carbohydrate, 0.9% crude protein, 1.1% crude fat and 5.3% crude fibre!8!.

Pharmacological investigations have shown that crude extracts from vegetative parts of
G. parvifolia also display bioactivity including anti-plasmodial (strongest activities from
root and stem bark extracts) and antibacterial activity (strongest activity from root and
fruit extracts) (Table 2.3)'®°. Crude extracts have also exerted free radical scavenging,
cytotoxicity, a-glucosidase inhibitory and antiviral activity in vitro, as well as in vivo
hepatoprotective effects (Table 2.3)16%184.185 However, no antibacterial activity against
MRSA was recorded with crude G. parvifolia extracts (MIC > 512 pg/mL)'*®’. Multiple
studies have isolated compounds from G. parvifolia and assed their bioactivity (Table
2.3)157:184.186 Pattalung et al., (1988)%*” isolated the xanthone rubraxanthone (40) from G.
parvifolia latex and found this to be a strong anti-bacterial and moderate anti-fungal
(Table 2.4). Jantan et al., (2002)'%¢ later isolated compound 40 as well as isocowanol (41)
from G. parvifolia bark and identified these as platelet activating factor receptor binding

inhibitors (Table 2.4, Figure 2.12A).
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Xu et al., (1998)'¥ first isolated the cytotoxic (against leukaemia, lung and fibrosarcoma
cancer cell lines) xanthone, griffipavixanthone (42) from G. parvifolia, and two years
later, isolated four depsidones, garcidepsidone A (43), garcidepsidone B (44) and
garcidepsidones C — D from this species, three of which were cytotoxic against a
leukaemia cell line'® (Figure 2.12C, Table 2.4). Xu et al., later isolated xanthones
parvixanthones A — C (compounds 45 — 47) as well as parvixanthones D —I (Figure 2.12A,
Table 2.4)'. Rukachaisirikul et al. then isolated more xanthones, dulxanthone D (51),
mangostinone (50), norathyriol (52), parvifolixanthones A (48), B (49) and C, and
phloroglucinols, parvifoliols A - C (compounds 53 - 55) as well as parvifoliols D - G
(Figure 2.12, Table 2.4). Also isolated, were depsidones parvifolidones A (56) and B (57)
and  tetraprenyltoluquinone, (2E,6E,10E)-(+)-4B-hydroxy-3-methyl-583-(3,7,11,15-
tetramethylhexadeca-2,6,10,14-tetraenyl)cyclohex-2-en-1-one (58) (Figure 2.12, Table
2.4). All of these compounds except 52, 57, 58 displayed only weak anti-MRSA (the
remaining displayed none) and all compounds displayed DPPH free radical scavenging
192 In addition, 51 induces apoptosis via the intrinsic mitochondrial pathway in the

HepG2 hepatocarcinoma cell line!%.

More examples of isolated compounds from G. parvifolia include the benzoquinone
derivative, parvifoliquinone (59), flavonoid nigrolineaisoflavone A (60), B-sitosterol (61),
triterpene squalene (62), xanthones cowanin (63), clusianone (64) and a-mangostin (65)
(Figure 2.12, Table 2.4). More compounds isolated from this species can be found in
Table 2.4. 59 and 60 have displayed weak anti-MRSA activity (MIC < 30 pg/mL)*’. These
compounds have recognised moderate biological activities, for example 61 (anxiolytic,
sedative, lipid lowering and hepatoprotective), 62 (drug carrier, antioxidant, cytotoxic)
and 65 (cytotoxic, antioxidant)'+1%, All of these have been well investigated for their

biological activity, from nutritional and pharmaceutical aspects!?-201,

Recent studies have reisolated gardepsidones A (43)%°? and B (44)%*® as well as related

novel depsidones including parvidepsidone?**. Recent investigations have also
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demonstrated the a-glucosidase inhibitory*’?, antioxidant, antimalarial®**® and

cytotoxic?® activities of G. parvifolia.
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Figure 2.12. Chemical structures of (A) xanthones 40 - 42, 45 - 52, 63 and 65; (B)
phloroglucinols 53 - 55; (C) depsidones 43, 44, 56, 57; (D) quinones 58 and 59 (E) flavonoid
60; (F) sterol 61; (G) triterpene 62 and (H) polycyclic polyprenylated acylphloroglucinol 64,
isolated from Garcinia parvifolia (Miq.).

Garcinia hombroniana Pierre

Garcinia hombroniana, also known as the seashore mangosteen, is a widely distributed
tree, growing in Borneo, Cambodia, Thailand, Vietnam, Andaman and the Nicobar
Islands, but is native to Peninsula Malaysia. This species grows often in lowland forests
and coastal regions, but also grows in highlands. G. hombroniana grows up to 6 m tall
and 1.8 m in trunk DBH. Stems grow straight, with smooth, green young branches which
become darker and covered with white latex with age. Leaves are bright green - yellow

and fruits are light red and are a popular edible fruit?”’.

Traditionally, the roots of G. hombroniana are used to relieve itching and as a protective
treatment after childbirth?%2%, This species is well-studied in terms of bioactive

metabolites, from classes including xanthones, flavonoids, triterpenes sterols (Figure
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2.13, Table 2.4). Triterpenes largely dominate the secondary metabolites of G.
hombroniana including for example, the cycloartane triterpene, (227,24E)-3p-
hydroxycycloart-14,22,24-trien-26-oic acid (69), friedolanostanes-type triterpenes
such as (24E)-3a-hydroxy-17,14-friedolanostan-8,14,24-dien-26-oic acid (68), 3f
acetoxy-9a-hydroxy-17,14-friedolanostan-14,24-dien-26-oic acid (70) and 3p, 23a-
dihydroxy-17,14-friedolanostan-8,14,24-trien-26-oic  acid (71), as well as
garcihombronanes B (66), C (67) and D - K(Figure 2.13A). Flavonoid glucosides have also
been identified including vitexin (72) and isovitexin (73) and ionone glycosides
(sesquiterpene) such as bluminol-C-9-0-B-D-apiofuranosyl-(1-6)-B-D-glucopyranoside
(74) (Figure 2.13B,C). In addition, xanthones including garcihombronone A (75), B (76)
and C - D, 57, gentisein (77), cheffouxanthone (78), bangangxanthone A (79), 1,3,5,7-
tetrahydroxy-2-(3,7-dimethyl-6-hydroxyocta-2-7-dien)xanthone (80). Phenolic
compounds have also been isolated from this species including 4-hydroxybenzoic acid
(81), 3,5,3’,5’-tetrahydroxy-4-methoxybenzophenone (82) and euxanthone (83) (Table 4,
Figure 2.13). Remaining examples of G. hombroniana metabolites from these classes

are summarised in Table 4.

Isolated compounds from this species possess bioactivity including antibacterial (85
and 86) and low density lipoprotein (LDL) oxidation inhibition (82 and 83)%'%211,
Compounds found in Table 2.4 including 80, 71, garcihombronanes G and J, 66 and
garcihombronane D displayed moderate acetylcholinesterase and
butyrylcholinesterase inhibitory activity (Table 2.4)?'2. The most recent study of G.

hombroniana bark extract revealed the antioxidant activity of an ethanolic extract?!3.
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Figure 2.13. Chemical structures of (A) triterpenes 66 — 71; (B) flavonoids 72 and 73; (C)
sesquiterpene, 74; (D) xanthones 75 — 80, 83 and (E) phenolic compounds 81 and 82, isolated
from Garcinia hombroniana Pierre.

Garcinia penangiana Pierre
Garcinia penangiana is distributed throughout Borneo, Sumatra and Peninsular
Malaysia and grows in a mixture of lowland and hill forests up to 900 m. This tree grows

up to 20 m tall, has dark brown bark and slightly red inner bark. Leaves are elliptic
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shaped and measure 13 — 16 x 4 — 6 cm, with leathery lamina which is dark brown - red
on its topside and paler on the underside. The leaves of G. penangiana are distinct in
that they turn reddish when dried, and have veins which are fine and closely arranged.

In addition, male flower stamens form cruciform stamens when dry?"’.

Garcinia penangiana is traditionally used in Malaysia and West Sumatra to treat skin
diseases and fever!’. Jabit et al., (2007)?'* isolated five compounds, four of which
penangianaxanthone (84), cudratricusxanthone H (85), macluraxanthone C (86),
gerontoxanthone C (87) displayed strong cytotoxicity toward breast, lung and prostate
cancer cells lines (Table 2.4, Figure 2.14). (4-(1,1-dimethylprop-2-enyl)-1,3,5,8-
tetrahydroxyxanthone (88) displayed weak cytotoxicity (Figure 2.14)?'4. Later, Jabit et
al., (2009) recorded the selective cytotoxicity of crude G. penangiana extracts against
both breast and lung cancer cells, and moderate NO inhibitory activity (Table 2.3).
Methanolic extractions yielded 8.1% and 5.5% from stems and leaves, respectively!®2.
Although only Jabit et al. have explored the pharmaceutical potential of this species, its

biological activity seems to be promising thus far, warranting further investigation.
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Figure 2.14. Chemical structures of xanthones, penangianaxanthone (84),
cudratricusxanthone H (85), macluraxanthone C (86), gerontoxanthone C (87) and (4-(1,1-
Dimethylprop-2-enyl)-1,3,5,8-tetrahydroxyxanthone (88) isolated from G. penangiana Pierre.

Garcinia benthamiana (Planch & Thiana) Pipoly

Garcinia benthamiana is a medium tree which grows up to 20 m tall, with a trunk
measuring up to 40 cm DBH. The fruits of this species are edible, however there are no
traditional uses reported for this plant thus far. See et al., (2016)?*® were the first to
isolate (six) compounds including, for example, two benzophenones, benthamianone
(89) and congestiflorone (90), two sterols, stigmasterol (39) and y-sitosterol (91) as well
as methyl palmitate (92), a-mangostin (65) and B-mangostin (93) from G. benthamiana
(Table 2.4, Figure 2.11, Figure 2.15). In this study they identified only weak antibacterial
activity in all extracts, a high total phenolic content and moderate free radical
scavenging activity?®®. A year after this, the same group performed phytochemical
screening and further bioassays using G. benthamiana and revealed the presence of
flavonoids, glycosides and terpenoids in stem bark extracts. No saponins, tannins or

alkaloids were detected. They did however, find the highest total phenolic content in the
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ethyl acetate extract, which increased to the anti-oxidant potential of this extract (Table
2.3)%16, More recently, See et al.?'” isolated eight compounds including xanthones, for
example 70 and mangaxanthone B (94), benzophenones including mangaphenone (95),
89, 90 and a sterol, 39 from G. benthamiana (Table 2.4). Of these, compounds 70, 93, 94
and 95 exhibited significant cytotoxicity on two breast cancer cell lines, with ICs, values

<12 uM2"7.
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Figure 2.15. Chemical structures of (A) benzophenones 89, 90 and 95; (B) xanthones 93 and 94;
(C) sterol 91 and (D) fatty acid methyl ester 92, isolated from Garcinia benthamiana (Planch &
Thiana) Pipoly.

Garcinia trianii Pierre
Garcinia trianii is a tree endemic to Borneo which grows in lower to upper montane
forests at altitudes up to 1900 m'%°. This species is very morphologically similar to G.

maingayi but has smaller flowers and leaves?®’.

2.4.1.1. The Garcinia Summary
The Garcinia genus contains species which have been well explored and produce

compounds which exhibit a wide spectrum of bioactivities including cytotoxic,
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antioxidant, hepatoprotective, antibacterial and anti-viral. Of the Garcinia species of
interest in this study, four have no reports on their phytochemistry or biological activity
(Garcinia caudiculata, Garcinia dryobalanoides, Garcinia grahamii and Garcinia
trianii). One species has been investigated for the biological activity of its crude extracts
but have had no compounds isolated from it. Four of the nine Garcinia species of
interest (Garcinia benthamiana, Garcinia hombroniana, Garcinia parvifolia and
Garcinia penangiana) have had compounds isolated, some of which displayed
biological activities. The most well studied Garcinia species in this review are G.
parvifolia and G. hombroniana which have secondary metabolomes mainly represented
by xanthones and depsidones, and triterpenes, respectively. The compound types seem
to make characteristic chemical profiles for each of these species, which suggests that
the unexplored species of this genus may also offer novel metabolites and therefore
bioactivities. This warrants investigation into species Garcinia caudiculata, Garcinia
dryobalanoides, Garcinia grahamii and Garcinia trianii for their pharmaceutical

potential.

2.4.2. The Mesua L. Genus (Clusiaceae)

The Mesua genus includes approximately 50 species which are distributed within
Southeast Asia. The Mesua species were often misidentified as the Kayea species, due
to their close relation, accounting for the synonymy of species names between these
genera. Hence, most of the papers published thus far refer to the genus in the binomial
Kayea species names as the Mesua, resulting in some confusion on which studies have
been undertaken on which species. Phylogenetic analysis has confirmed that Mesua
and Kayea are two separate genera?'®. The most well-studied Mesua species is Mesua
ferrea Lin. This genus has been well investigated in terms of their phytochemistry, with
about 170 secondary metabolites having been identified thus far from 13 different
species. Phenolic xanthones and coumarins, and some sesquiterpenes, diterpenes and
triterpenes have been isolated?'®#??, However, xanthone, coumarin and triterpene

derivatives predominantly comprise the secondary metabolome of Mesua species?!9:22%

229
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Mesua congestiflora P.F. Stevens
Mesua congestiflora is a medium tree which is native to Indonesia and Borneo and
grows in peat swap forest regions. This species can reach 15 m tall, contains yellow

resins and produces black fruits®.

Mesua congestiflorais has been somewhat investigated in terms of phytochemistry, and
similarly to other Mesua species, seems to produce mainly xanthones. Although, a
benzophenone, congestiflorone (97) was isolated, which displayed cytotoxicity against
lymphoma cells?*'. The activity of this isolated compound is demonstrated by another
study which found M. congestiflora crude extracts to be inactive against several cancer
cell lines, suggesting non-synergistic effects??2. Crude extracts of this species have
displayed significant anti-inflammatory activity. However, these extracts did not exceed
activity of the main isolated compound, 97, emphasising the lack of synergism in M.

congestiflora bioactivity and the value of 9723,

2.4.3. The Kayea Wall. Genus (Clusiaceae)

The genus Kayea belongs to the subfamily Calophylloideae and the family Clusiaceae.
Approximately 75 species belong to the Kayea, however it is said that many more are
still to be described?**2%, All species which were formally classified as the Mesua genus
have moved to the Kayea (except Mesua ferrea L.), explaining the synonyms listed below
for each species. The Kayea species are distributed in tropical Asia, predominantly the
Indo-Malaysia region. The Kayea are tree species which have coriaceous and glabrous
leaves which are opposite. Inflorescences have singular large flowers which have four

sepals. This genus produces fleshy fruits which contain up to four seeds each?3.

The Kayea metabolites have been found to exhibit various pharmacological activities
including anti-inflammatory, cytotoxic and anti-acetylcholinesterase??237:2%_ Bioactive
isolated coumarins from a particularly well investigated Kayea species, K. assamica,

have exerted cytotoxic effects on human colon and epidermoid cancer cell lines?*%-241,

Kayea borneensis P.F. Stevens = Mesua borneensis P.F. Stevens
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Kayea borneesis has been recorded in Central Kalimantan, Indonesia, but is native to
Borneo and grows mostly in dipterocarp and sub-mountain forests on hillsides, up to
1100 m. This is an understory tree which grows to 39 m tall and 70 cm DBH. Leaves are
glabrous, with clear secondary veins. Fruits are a red — brown in colour and are up to

40 mm in diameter?*242243,

Tanjung et al.,**” isolated three isoprenylated coumarin compounds from K. borneensis:
mammea A/BA (96), mammea A/ AA cyclo D (97) and mesuol (98) (Figure 2.16, Table 2.4).
Additionally, K. borneensis crude extracts exhibited anti-plasmodial and anti-oxidant
activities, with isolated compounds displaying higher potency than crude extracts in all
biological assays (Table 2.3)??”. The isoprenylated 4-phenyl coumarin,

mesucalophylloidin (99) (Figure 2.16)*.

Figure 2.16. Chemical structures of coumarins 96 — 99, isolated from Kayea borneensis P.F.
Stevens.

Kayea calophylloides P.F. Stevens = Mesua calophylloides (Rdil.) Kost.

Kayea calophylloides is endemic to Borneo. Traditionally, decoction of the stem bark is
used in to treat various diseases?®. One phytochemical report of K. calophylloides is by
Tanjung et al. (2018) who isolated four compounds from its stem bark (Table 2.4).
Mesucalophylloidin (99) was found to be cytotoxic against murine leukaemia cell line
(ICs0 = 6.3 pg/mL) (Figure 2.16)***. A further report has revealed the presence of

chromanone acids, for example, calolongic acid (100) (Figure 2.17, Table 2.4).
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Figure 2.17. Chemical structures of the chromanone acid, calolongic acid (100) isolated from
Kayea calophylloides P.F. Stevens.

Kayea calciphila P.F. Stevens = Mesua calciphila P.F.Stevens
Kayea calciphila is a species endemic to Borneo and grows up to 20 m tall and up to 106

cm DBH, with flaking bark brown coloured fruit with yellow sap?4©.

Kayea myrtifolia Baill. = Mesua myrtifolia Baill.

Kayea myrtifolia is Endemic to Borneo, sampled only from Sarawak. However, there is
no literature describing the detailed morphology of this species?*?. An early study
isolated six compounds from the bark, including the triterpenoids simiarenone (101),
simiarenol (102), taraxerol (103), betulinic acid (104) and the xanthone jacareubin (105)
which was isolated from timber extracts (Figure 2.18, Table 2.4). Here, K. myrtifolia is
referred to as Mesua myrtifolia, however it is recognised in this study that its secondary

metabolome represented that of Kayea’s*".

Figure 2.18. Chemical structures of (A) triterpenes 100 — 104 and (B) xanthone 105, isolated
from Kayea myrtifolia Baill.
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2.4.3.1.The Kayea (Clusiaceae) Summary

Of the four Bornean Kayea species of interest, three have been scientifically
investigated, either for the bioactivity of crude extracts (K. calophyllodies) or for their
phytochemical constituents (K. borneesis and K. myrtifolia). The compound types
isolated are mainly flavonoids, terpenes and xanthones. One species, K. calciphila has
no studies investigating either of these. Generally, the Kayea seems to lack reports,
however this may be due to confusion regarding nomenclature. Many early studies refer
to Kayea as Mesua, therefore representing the Kayea as unexplored, and the Mesua as
extensively researched. In this review, the binomial species name has been searched
with both genera Kayea and Mesua. Nevertheless, there is still little exploration of these

Bornean species.

2.4.4. The Calophyllum L. Genus (Calophyllaceae)

The Calophyllumis alarge genus in the Clusiaceae family which includes approximately
200 species, distributed throughout tropical Asia, Africa, the Americans, Australia and
the Pacific Islands?*®. However, the vast majority of these grow in the Indo-Malaysian
region. There is some uncertainty regarding the classification of the Calophyllum genus,
as it was moved from its former family, the Clusiaceae, and is now classified under the
Calophyllaceae plant family by the Angiosperm Phylogeny Group classification system
in 200924920 Therefore, much of the literature prior to this still refers to the Clusiaceae
as the correct family for the Calophyllum, as this is a relatively recent divergence.
However, the Calophyllaceae belongs to the order, Malpighiales, to which the

Clusiaceae belongs too, inferring the similarities between these species (Figure 2.1)%°.

The Calophyllum genus includes tree and shrub species, most of which are medium
sized trees. Calophyllum habitats range from wet tropical forests (and even flooded
areas, typically at lower altitudes) and higher, dryer areas too?!. This genus is
characterised by red bark which has diamond-shaped fissures. Leaves are oppositely

arranged and possess alternating parallel veins. Fruits of Calophyllum contain a red
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seed and thin outer layers of flesh. Species are monoecious, with sepals and petals

arranged on flowers2°:2%2,

The Calophyllum is a well-explored genus of in terms of bioactive metabolites. The
Calophyllum species are widely used ethnomedicinal plants. Parts used include roots,
bark, leaves and seeds for a variety chronic and acute conditions such as with ulcers,
infections, inflammation, diabetes, eye diseases and gastrointestinal

disorder8248,251,253,254

Calophyllum pulcherrimum Wall. ex Choisy

Calophyllum pulcherrimum is a large tree species which grows up to 30 m tall, and is
distributed throughout Cambodia, Peninsular Malaysia, Singapore, Thailand and
Borneo?%%7, The resin of this species is used traditionally in cancer treatment?®. The
only study investigating its biological activity assessed the free radical scavenging
potential of crude extracts. Here, C. pulcherrimum extracts have exhibited antioxidant

activity in vitro (Table 2.3)%.

Calophyllum soulattri Burm. Ex F.Mull., (Calophyllum soulattri Burm.)

Calophyllum soulattri is a popular traditional medicine, particularly the seed oil which
is used to treat skin infections, suggesting its anti-microbial properties?®. In addition,
root infusion is a traditional treatment for rheumatic pain?*. The phytochemistry and
biological activity of this species has been well-explored. Crude leaf, bark and root C.
soulattri extracts have exhibited antimicrobial properties against multiple bacterial and
protozoan species (Table 2.3)?¢. Insecticidal activity has also been recorded from crude
C. soulattri extracts (Table 2.3)*%2¢3, However, crude extracts lack anticancer and anti-

inflammatory activity?¢+.

Gunasekera et al.?®®, isolated coumarin alcohol, soulattrolide (106), a triterpene
including taraxerol (103), sesterterpenoid taraxerone (107), sterol (66) and five
xanthones including example 1,6-dihydroxy-5-methoxyxanthone (108) (Table 2.4,

Figure 2.19). Of these, 106 is an inhibitor of human immunodeficiency virus (HIV) type
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1 reverse transcriptase®®. Ee et al. isolated a pyranocoumarin soulamarin (109) and
eleven xanthones (isolated later by other teams) including example caloxanthone B
(110) and rheediaxanthone A (111) from C. soulattri (Table 2.4)%%’. These compounds
were later isolated again, as well as B-sitosterol (61) and it was found that all the
formally isolated compounds were moderately cytotoxic against cancer cell lines
including, cervix, colon, leukaemia, liver, lung, lymphoma, neuroblastoma, skin and
stomach cancers?*?%¢, Mah et al., later isolated an additional two xanthones soulattrin
(112) and phyllatrin (113) which showed a higher cytotoxicity against the same cell lines
(Figure 2.19, Table 2.4)%°. Further bioactive compounds isolated from C. soulattri
include airlanggin A (114) and B (cytotoxic against murine leukaemia) and
calosubellinone (115) and Garsubellin B (116) (cytotoxic against breast cancer

cells)20270,

Recent investigations into Calophyllum soulattri have led to the discovery of secondary
metabolites, including a xanthone named soulaxanthone?’*?”? and pyranoxanthones
isolated from the stem bark?”. Additionally, arange of known terpenoids and xanthones
have been reported in this species within the last few years?’#27®, Crude extract studies
have also demonstrated promising anti-obesity potential attributed to the metabolites

of C. soulattri?’e.
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Figure 2.19. Chemical structures of (A) coumarins 106 and 109; (B) xanthones 108, 110 - 113;
(C) benzofuran 114; (D) phloroglucinols 115 and 116 and (E) terpene 107, isolated from
Calophyllum soulattri Burm. Ex F.Mull.
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Calophyllum castaneum P.F. Stevens

Calophyllum castaneum is distributed within Borneo and grows at altitudes up to 500
m. This species reaches up to 30 m tall and 65 cmn DBH. Fruits are approximately 20 mm
in diameter and are green in colour?*®. Phytochemical investigations into C. castaneum
revealed the presence of chromanone acids, isoblancoic acid (117) and blancoic acid
(118), sterol B-sitosterol (66) and triterpenes friedelinol and friedelin (Figure 2.20,
Figure 2.12F, Table 2.4). Compound 117 has shown cytotoxicity against brain and
colorectal cancer cell lines in vivo?”’. In addition, crude extracts containing these

compounds displayed antioxidant effects in vitro (Table 2.3)%7827°,
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Figure 2.20. Chemical structures of chromanone acids isoblancoic acid (117) and blancoic acid
(118) isolated from Calophyllum castaneum P.F. Stevens.

2.4.4.1. The Calophyllum (Clusiaceae) Summary

All three Bornean Calophyllum species have had some biological investigation, one (C.
pulcherrimum) having anti-oxidant crude extracts, and two (C. soulattri and C.
castaneum) producing bioactive compounds, namely xanthones, coumarins, sterols
and triterpenes. Despite only reviewing three Calophyllum species here, the
metabolome seems to show a spectrum of compounds and biological activity, which

makes this genus an interesting focus in the context of pharmaceutical applications.

2.4.5. The Mammea L. Genus (Clusiaceae)
The Mammea is a pantropical genus which contains approximately 75 species (roughly

30 of which are distributed throughout India and southeast Asia). Flowers possess two
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sepals and 4 - 8 petals, which range from white to pink in colour and are all dioecious.
Nectar glands do not occur in any members of this genus?°. Traditionally, the Mammea
is used to treat symptoms including stomach pains, fever, scabies as well as microbial
infections®”®. Members of the Mammea genus are known to produce bioactive
compounds including coumarins and xanthones, displaying biological activities such as

cancer cell toxicity and anti-HIV activity?#2-284,

Mammea acuminata (Kosterm.) Kosterm.

Despite the exploration of multiple members of the Mammea genus and the successful
isolation of bioactive compounds, the species of interest in this review, Mammea
acuminata, has had only two studies investigate its chemistry. Initially, Tosa et al.,
isolated two new furanoxanthones (acuminol A (119) and B (120)) as well as four known
xanthones from M. acuminata, and later isolated another new xanthone, 2,7-
dihydroxyxanthone (Figure 2.21, Table 2.4)?%:2%6, 2 7-dihydroxyxanthone did not show
have antimalarial activity and the biological activity of 119 and 120 are still
undetermined?®’. No biological activity of M. acuminata crude extracts have been

analysed thus far.

OH
o 0
I 1
0 R’
Rl
119 H
120 OH

Figure 2.21. Chemical structures of xanthones, acuminol A (119) and B (120).
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Table 2.3. Known bioactivity of crude extracts from species of the Clusiaceae family, including
those from the genera Garcinia, Kayea, Mammea, Mesua and Calophyllum. ICsy: 50% maximum
inhibitory concentration; LCs,: 50% lethal concentration; MIC: minimum inhibitory
concentration; GAE: gallic acid equivalent; CCso: 50% cytotoxicity concentration; MBC:
minimum bactericidal concentration.

Cytotoxic against HL-60
cells (IC50: 6 ug/mL).

Species Part used Extract Biological Biological activity Ref.
solvent/s assay
Calophyllum Stem bark Methanol = DPPH free Moderate free radical 278,
castaneum radical scavenging (ICso= 12 291
scavenging ug/mL)
assay.

C. pulcherrimum Leaf Ethanol DPPH free Moderate free radical 259
radical scavenging (ICs= 16.7
scavenging mg/L?)
assay.

C. soulattri Stem Methanol, Disk Anti-bacterial against 25 261
bark, petrol, diffusion species and anti-protozoan
roots. dichlorom assay. against one species.

ethane,
ethyl
acetate.
Garcinia Bark Water Invitro Anti- Babesia gibsoni (ICs0 = 2%
benthamiana anti- 16.3 pg/mL).
babesial
assay.
Stem bark Ethyl DPPH free  Free radical scavenger 216
acetate radical (antioxidant, IC5,= 60.8
scavenging  pg/mL ).
assay.
Methanol Ferric Strong reducing capacity 216
reducing (9.9 g GAE.100 g1
antioxidant
potential
assay.
Chlorofor p-carotene  Significant antioxidant
m, hexane bleaching activity.
assay.

G. maingayi Leaf Methanol MTT (cell Cytotoxic against HL-60 263

viability). cells (ICso= 10 pg/mL).
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G. parvifolia

Leaf,
roots,
stem bark
Leaf, stem
bark
Leaf,
roots,
stem bark
Stem
bark,
roots,
fruit.
Stem bark

Periarp

Stem bark

Leaves

Twigs

Hexane

Ethyl
acetate
Methanol

Ethyl
acetate, n-
hexane
Ethyl

acetate

Methanol

Ethyl
acetate

Hexane

Ethyl
aetate

Chlorofor
m

Methanol

Griess
assay (NO
inhibitory).
Invitro
anti-
Plasmodiu
m
falciparum
assay.

Disk
diffusion
evaluation.

Brine
shrimp
lethality
test.

Disk
diffusion
evaluation.
MIC assay.

DPPH free
radical
scavenging
assay.

Cell
viability
(MTT).
Viral
inhibition
assay.

MIC assay.

MIC assay.

NO inhibition (ICs, = 33
pug/mkL).

Anti-plasmodial (ICs < 40
ug/mL™)

Anti S. aureus (inhibition
zones > 12 mm)

LC50 =1.5 ug/mL

S. aureus resistant
(inhibition zone 11 mm).

Anti-S. aureus and -S.
mercescens (MIC and MBC
=250 pg/mL).

Free radical scavenger
(antioxidant, IC5,= 4.2
ppm).

Anti-viral (Vero cell),
cytotoxic (CCso=< 1.2
pug/mkL).

75% Vero cell plaque
inhibition at 125 pg/mL

Anti- Klebsiella pneumonia,
Pseudomonas aeruginosa
and Pseudomonas putida
(MIC = 450 pg/mL)

Anti-S. aureus (MIC=>100
pug/mkL).

180

183

162-

164

184

200

288

185,2

88
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G. penangiana

Kayea
borneensis

K. borneensis

Bark

Bark

Leaves

Leaf

Stem

Leaves

Stem bark

Stem bark
Leaves

20%
methanoli
c ethyl
acetate
Ethyl
acetate

Methanol

Methanol

Ethyl
acetate

n-hexane

Ethyl
acetate

In vivo CCl4
induced
hepatotoxic
ity model.
Cell
viability
(LDH).

a-
Glucosidas
e inhibitory
activity
assay.

MTT (cell
viability).

Griess
assay (NO
inhibitory).
Cell
viability
(MTT).

Invitro
anti-
Plasmodiu
m
falciparum
DPPH free
radical
scavenging
assay.
DPPH free
radical
scavenging
assay.

Protection against CCls-
induced liver toxicity

Cytotoxic against MCF-7
and DBTRG cell lines.

a-glucosidase inhibitor at
16.4 pug/mL

Cytotoxic against HL-60
cells (ICso= 5 pg/mL).
Cytotoxic against NCI-H460
cells (ICso= 8.2 pg/mL)

NO inhibition (ICs, = 33
pug/mkL).

Cytotoxic against MCF-7
and H460 cell lines (IC5=5
and 5 pg/mL, respectively).

Anti-plasmodial (IC5,=23.6
ug/mL)

Moderate free radical
scavening (ICs= 3575.3
ug/mL)

Moderate free radical
scavenging (ICsp= 1058.4
ug/mL)

185

289

152

152

227

227
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Mesua
congestiflora

Roots

Ethyl LPS-
acetate induced NO
production
in RAW
264.7 cells

Moderate NO inhibition, 233
anti-inflammatory (58
pug/mkL).

Table 2.4. All known compounds isolated from species of interest (Figure 2.1) within the
Clusiaceae and Calophyllaceae family. PPAPs: polycyclic polyprenylated acylphloroglucinol.

Species Part used Compound Isolated Type Reference
Calophyllum Stem bark Isoblancoic acid (117) Chromanone acid 278.279
castaneum (dichloro

methane)

Stem bark Blancoic acid (118)

Stem bark B-sitosterol (66) Sterol

Stem bark Friedelinol Triterpenoid 278

(methanol) Friedelin

C. soulattri Bark Soulattrolide (106) Coumarin alcohol 265
Taraxerol (103) Triterpenoid
Taraxerone (107) Sesterterpenoid
[ -sitosterol (61) Sterol
Timber 6-Deoxyjacreubin Xanthone

1,6-Dihydroxy-5-
methoxyxanthone (117)
Euxanthone (90)
1-Hydroxy-5-
methoxyxanthone
1,3,5-Trihydroxy-2- (3- Trihydroxyxantho
methylbut-2- enyl)xanthone  ne
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Garcinia
benthamiana

Stem bark

Stem bark

Stem bark

Soulamarin (118)
Caloxanthone B (119)
Caloxanthone C
Pyranojacareubin

Rheediaxanthone A (120)

Macluraxanthone
4-hydroxyxanthone
Brasixanthone B
Trapezifolixanthone
Macluraxanthone

Brasixanthone B

Friedelin
Stigmasterol

[-sitosterol (66)
Soulattrin (112)

Phylattrin (113)
Airlanggin A (114)

Airlanggin B

Calosubellinone (115)

Garsubellin B (116)

Soulattrone A

Benthamianone (89)
Congestiflorone (90)
Stigmasterol (39)
y-sitosterol (91)
Phloroglucinol

Methyl palmitate (92)
a-mangostin (65)

B-mangostin (93)
Mangosteno

Mangaxanthone B (101)

Pyranocoumarin
Xanthone

Triterpene

Steroid
Xanthone

Xanthone
Isoprenylated
benzofuran 3-ones

Phloroglucinol
(phenol)
Phloroglucinol

derivative
Terpenoid

Benzophenone
Benzophenone
Sterol

Sterol
Benzentriol
(phenol)

Fatty acid methyl
ester

Xanthone

267

20,267,295,2

96

20,267

20,267

267

267

268

20,296

244

270

215

217
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G.
hombroniana

Pericarp

Pericarp

Bark
(dichloro
methane)

Leaves

Mangaphenone (102) Benzophenone
Stigmasterol (39) Sterol
Garcihombronane B (66) Triterpene

Garcihombronane C (67)
Garcihombronanes D - K
(24E)-3a-hydroxy-17,14- Triterpene
friedolanostan-8,14,24-dien-
26-oic acid (68)
3B-Hydroxy-23-0x0-9,16-
lanostadien-26-oic acid
Methyl (24E)-3a,9,23-
trihydroxy-17,14-
friedolanostan-14,24-dien-
26-oate]

Methyl (24E)-3a,23-
dihydroxy-17,14-
friedolanostan-8,14,24-trien-
26-oate Methyl (24E)-3a,23-
dihydroxy-17,14-
friedolanostan-8,14,24-trien-
26-oate
3a-Acetoxy-23-0x0-9,16-
lanostadien-26-oic acid
(22Z,24E)-3pB- Triterpene
hydroxycycloart-14,22,24-
trien-26-oic acid (69)

3B acetoxy-9a-hydroxy-
17,14-friedolanostan-14,24-
dien-26-oic acid

3B acetoxy-9a-hydroxy-
17,14-friedolanostan-14,24-
dien-26-oic acid (70)

3b, 23a-dihydroxy-17,14-
friedolanostan-8,14,24-trien-
26-oic acid (71)

Monoacetate of Triterpene
garcihombronane I

Methyl (25R)- 3B-hydroxy-23-
0x0-9,15-lanostadien-26-

oate
Vitexin (72) Flavonoid
Isovitexin (73) glucoside

293

293

212

394
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G. maingayi

G. parvifolia

Twigs

Twigs
(methanol)
Stem bark

Latex
(Methanol)

Bluminol-C-9-O-3-D-
apiofuranosyl-(1-6)-B-D-
glucopyranoside (74)
Vomifoliol-9-O-8-D -
apiofuranosyl (1-6)--D-
glucopyranoside

(22Z, 24E)-3B,9a-dihydroxy-
17,14-friedolanostan-
14,22,24-trien-26-oic acid
Monoacetate of
garcihombronane K
Garcihombronane L
Garcihombronone A (75)
Garcihombronone B (76)
Garcihombronone C -D
Norathyriol (52)
Gentisein (77)

1,3,6,7-tetrahydroxy-8-
prenylxanthone

Cheffouxanthone (78)

Bangangxanthone A (79)
Toxyloxanthone B

1,3,5,7- tetrahydroxy-2-(3,7-
dimethyl-6-hydroxyocta-2-7-
dien)xanthone (80)
Volkensiflavone

Naringenin 7-O-B-D-
glucuronide

Eriodictyol 7-O-B-D-
glucuronide
4-hydroxybenzoic acid (81)
Protocatechuic methyl ester
3,5,3’,5’-tetrahydroxy-4-
methoxybenzophenone (82)
1,3,7-trihydroxy-2-(3-
methylbut-2-enyl)-xanthone
(38)

Stigmasterol (39)

Rubraxanthone (40)

Sesquiterpene

Triterpene

Sterol

Sterol

Xanthone
Xanthone
Xanthone
Xanthone
Xanthone

Xanthone

Xanthone

Xanthone
Xanthone
Xanthone

Biflavonoid
Flavanone
glucoside
Flavanone
glucoside
Phenol

Phenol
Benzophenone

Prenylated
xanthone

Triterpene

Xanthone

210

211

169

169

168,187,188,

192
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Bark

Bark

Leaves

Bark

Twigs

Leaves

Isocowanol (41)
Griffipavixanthone (42)
Garcidepsidone A (43)

Garcidepsidone B (44)
Garcidepsidone C and D
Parvixanthones A (45)
Parvixanthones B (46)
Parvixanthones C (47)
Parvixanthones D -1

Parvifolixanthone A (48)
Parvifolixanthone B (49)
Parvifolixanthone C
Mangostinone (50)
Dulxanthone D (51)
1,3,5,6-
tetrahydroxyxanthone
Norathyriol (52)

Parvifoliols A (53)
Parvifoliol B (54)
Parvifoliol C (55)
Parvifoliols D - G
Parvifolidone A (56)
Parvifolidone B (57)
Garcidepsidone B (44)

(2E,6E,10E)-(+)-4B-hydroxy-
3-methyl-5B-(3,7,11,15-
tetramethylhexadeca-
2,6,10,14-
tetraenyl)cyclohex-2-en-1-
one (58)

Parvifoliquinone (59)

Nigrolineaisoflavone A (60)

Xanthone 188

Bixanthone 189

Depsidones 190

Xanthone 101

Phloroglucinol

Depsidone

Tetraprenyltoluqui
none

Benzoquinone 157

derivative
Flavonoid
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G.
penangiana

Kayea
borneensis

K. borneensis
&

K.
calophylloides
K.
calophylloides

K. myrtifolia

Leaves

Stem bark
(ethyl
acetate)
Stem bark
Leaves

Stem bark

Pericarp

Leaves

Stem bark

Stem bark

Stem bark

Bark

Timber

b-sitosterol (61)
Squalene (62)
Friedelin-3-ol
Friedelin
1,6,7-trihydroxy-3-
methoxyxanthone
3,8”-binaringenin
Cowanin (63)
Clusianone (64)

a-Mangostin (65)

Garcihombronane B (66)

Euxanthone (83)

Penangianaxanthone (84)

Cudratricusxanthone H (84)
Macluraxanthone C (85)

Gerontoxanthone C (86)
4-(1,1-Dimethylprop-2-enyl)-
1,3,5,8-
tetrahydroxyxanthone (87)
Mammea A/BA (96)

Mammea A/ AA cyclo D (97)
Mesuol (98)
Mesucalophylloidin (99)

Mammea A/BA cyclo F

Calolongic acid (100)
Isocalolongic acid
Simiarenone (101)
Simiarenol (102)
Taraxerol (103)

Betulinic acid (104)
Oleanolic acid
3a-hydroxybauer-7-en-28-
oic

Jacareubin (105)

Sterol
Triterpene
Triterpenoid
Triterpenoid
Xanthone

Biflavonone

Xanthone
PPAP

Xanthone

Triterpene

Xanthone

Xanthone

Xanthone
Xanthone

Xanthone
Xanthone

Isoprenylated
coumarin

Isoprenylated 4-
phenylcoumarin

Isoprenylated 4-
phenylcoumarin
Chromanone acid

Triterpene

Bauerene
derivative
Xanthone

288

162-164

168

292

178

293

314

227

244

20,244

247
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Mammea Stem Acuminol A (119) Furanoxanthone 285

acuminata Acuminol B (120)
Mesua Roots a-mangostin (65) Xanthone 231
congestiflora Congestiflorone (97) Benzophenone

2.5. The Clusiaceae Summary

The Clusiaceae family seems to be very well explored in terms of its biological activity.
This may be because of the numerous reports on their ethnomedicinal value, as well as
their wider distribution. There have been approximately 163 metabolites isolated from
the 18 (only 10 of which have been investigated) species of interest in this study, many
of which have biological activity including antimicrobial, cytotoxic and antioxidant. This
illustrates the capacity that this family has to produce interesting and
pharmacologically promising compounds. Most compounds are either triterpenes, or
most predominantly, xanthones. Of the genera explored here, Garcinia and
Calophyllum are particularly well studied, with emphasis on their anti-bacterial and

anti-cancer metabolites.

2.6. Pharmacological Relevance of the Myristicaceae and the Clusiaceae

The Bornean Myristicaceae and Clusiaceae species explored in this review clearly
illustrate the bioactive potential of all family members, including those which have not
been scientifically investigated yet. Reviewing the literature on these species has
evidenced the wide range of biosynthetic pathways and metabolites present. To
compare the extent to which each family has been studied, 10/28 Myristicaceae and
10/18 Clusiaceae species of interest have been phytochemically investigated. 163
metabolites have been isolated from species of the Clusiaceae, 50 have been isolated
from the Myristicaceae species of interest. Whilst this indicates the higher current
pharmacological relevance of the Clusiaceae, the lack of Myristicaceae species
exploration may make it seem this way. The collective metabolome of all Myristicaceae
species certainly suggests the high pharmacological significance of this family too.

Therefore, unexplored species hold high potential in the quest for novel bioactive
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compounds. Borneo holds ecoregions which grow these species of interest, and the
growing need for new pharmaceuticals warrants the conservation and investigation of

its plant species.
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Chapter 3 — Material and Methods

3.1. Literature Review

As there was a large collection of plants from Borneo, consisting of twenty-seven
Myristicaceae and eighteen Clusiaceae species, the direction of this study was led by
the findings of an initial literature review which determined the extent of phytochemical
and biological studies of each species. Additionally, this review aided in the prediction
of compound classes likely to be encountered within each genus, giving guidance during
the identification of isolated metabolites. Such reviews allow a targeted approach,
which mitigates redundancy of lab work, while increasing the likelihood of novel
discoveries. This preliminary study reviewed all published literature on all the plants
sampled to date, thereby revealing unstudied species and identifying gaps in the

existing literature.

To achieve this, a systematic search of published literature was performed, using
Google and Google Scholar, to identify reports of phytochemical composition and
biological activities of each species sampled. Searches were conducted using the
binomial name of each species. Additionally, the ethnomedicinal reports of each
species and genus were gathered to provide insight into their traditional and historical
significance, which informed the selection of species with higher therapeutic potential.
Furthermore, a brief botanical characterisation and geographic distribution of each
species was compiled. From the information gathered, previously unstudied species

were selected for investigation.

3.2. Plant Material

Leaves of plants belonging to the Myristicaceae and the Clusiaceae families were
identified and collected from various locations on the island of Borneo during fieldwork
by Dr Stephen Teo Ping (Forest Department Sarawak, Malaysia). The plant material was
air-dried for 1-2 weeks and ground into a powder. Plants were authenticated and
submitted as voucher herbarium specimens by Dr Teo and deposited at the Forest

Herbarium (SAR), the Forest Department Sarawak.
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3.2.1. The Myristicaceae plant species

Twenty-seven Myristicaceae species in total were collected from various districts of
Borneo (Figure 3.1) and were ultimately stored at The University of East Anglia, UK.
From the species investigated during this work, leaves were collected and deposited as

voucher specimens with numbers included in Table 3.1.
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Figure 3.1. Locations within Sarawak on the island of Borneo where plant specimens
sampled from.
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Table 3.1. Voucher specimen numbers and the corresponding Myristicaceae species, with the
location of collection, of species which were used in phytochemical investigations.

Voucher specimen Species Locality
number
S.18 Knema elmerii Merr. Sungai Tengah,
Matang
S.19 Horsfieldia polyspherula (Hook.f. emend. Kpg Segulang, Bau
King) J.Sinclair var sumatranum (Miq.)
dewilde
S.26 Gymnacranthera contracta (King) Warb. Lundu
S.31 Horsfieldia splendida W.J.de Wilde Kerangas, Matang
S.33 Knema latifolia Warb. JIn Stephen Yong,
Batu Kawa
S.83 Knema membranifolia H.J.P.Winkl. Lundu
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3.2.2. The Clusiaceae plant species

A total of eighteen Clusiaceae species were collected from different districts of Borneo
and subsequently stored at the University of East Anglia, UK. Leaves from the studied
species were gathered and preserved as voucher specimens, with the corresponding

numbers listed in Table 3.2.

Table 3.2. Voucher specimen numbers and the corresponding Clusiaceae species, with the
location of collection, of species which were used in phytochemical investigations.

Voucher specimen Species Locality
number
S.39 Calophyllum pulcherrimum Wall.ex Choisy JIn Matang
S.48 Mesua calciphila P.F.Stevens Semengoh
S.86 Garcinia caudiculata Ridl. Lundu

3.3. Extraction Processes

In preparation for extractions, dried plant material was ground into a finer powder
using an electric grinder (Russell Hobbs, UK), before being extracted at a sample-to-
solvent ratio of 1:10. During each extraction process, plant material was magnetically
stirred (IKA Ltd, UK) with the solvent at room temperature. Next, plant material was
separated from the solvent by vacuum-assisted filtration using filter paper (Fisher
Scientific, UK). Extracts were concentrated under vacuum at 40 °C using a rotary

evaporator, and the resulting residues were weighed.

3.3.1. Sequential plant extraction

3.3.1.1. Small scale

Small scale extractions were initially performed to allow screening of individual species
for antibacterial activities. Here 10 g of Calophyllum pulcherimum (S.39), Garcinia
caudiculata (S.86), Gymnacranthera contracta (S.26), Horsfieldia polyspherula (S.19),
Horsfieldia splendida (S.31), Knema membranifolia (S.83) and Mesua calciphila (S.48)
were extracted 3 times with 100 mL of each solvent including hexane, dichloromethane,

methanol and water, whilst Knema elmerii (S.18) and Knema latifolia (S.33) were
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extracted 2 times with 100 mL of each of the same solvents. Each extraction was
performed for 24 hours, before concentrating. Following this, fresh solvent was added
to the plant material for further extraction, and the resulting extracts were concentrated

and weighed.

3.3.1.2.Large scale

Extractions were scaled up to 100 g of fresh plant material and 1 L of solvent in active
extracts (Garcinia caudiculata, Gymnacranthera contracta and Knema membranifolia).
Here, the same extraction times, solvents and methods were used as the small-scale

extractions for each species.

3.3.2. Non-sequential plant extraction
Garcinia caudiculata (S.86) was extracted for a third time using 300 g of fresh plant
material with ethanol and ethyl acetate at a ratio of 1:1. Plant material was extracted

three times at room temperature for 24 hours each time.

3.4. Chromatographic Techniques

3.4.1. Thin layer chromatography (TLC)

Thin-layer chromatography (TLC) is a widely used technique for the separation and
visualisation of compounds in crude natural product extracts. A small sample is applied
to a silica gel-coated plate, which serves as the stationary phase. The plate is then
placed in a solvent system, where compounds migrate at different rates depending on
their polarity and interaction with the mobile phase. Detection methods include UV light
at various wavelengths or chemical reagents that react with specific functional groups,

allowing for compound characterisation’.

Here, extracts were dissolved in dichloromethane (1 mg/mL) and applied as a thin line
onto a 5 x 10 cm TLC plate coated with silica gel 60 F2s, (Merck, Germany). The mobile
phase was developed in an appropriate solvent system depending on the sample. UV
light at 254 nm and 365 nm (Fisher Scientific, UK) was used for visualisation of the bands
on the plate. Chemical spray reagent vanillin-sulfuric acid was used for the detection of

phenolics.
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3.4.2. Vacuum liquid chromatography (VLC)

Vacuum liquid chromatography (VLC) is a method proposed by Targett et al.,? and was
developed in response to the need for a more efficient alternative to traditional column
chromatography. This technique functions as a liquid-solid preparative layer
chromatography separation carried out in a column, with vacuum facilitating solvent
flow. VLC employs step-gradient elution, with the column being run dry between the
collection of each fraction. This is an economical and efficient technique for the initial

fractionation of complex crude plant extracts®.

During this work, VLC was used to separate the crude dichloromethane, methanolic and
ethyl acetate/methanol extracts of G. caudiculata, G. contracta and K. membranifolia
using a silica stationary phase and less polar mobile solvents including hexane, ethyl
acetate and methanol. Here, a glass column was packed with dry silica gel 60 PF2s4:366
(Merck, UK). A mixture of the plant extract and silica was prepared (with silica added at
the weight of the plant extract + 1 g), and this was added to the top of the packed silica
column, separated by a filter paper. Two and a half grams (2.5 g) of K. membranifolia
dichloromethane extract and 6 g of the methanol extract, 4.5 g of G. caudiculata
dichloromethane extract, 14 g of the G. caudiculata ethyl acetate/methanol extract, and
4 g of the Gymnacranthera contracta dichloromethane extract were separated in each

VLC.

Compounds were eluted with 100 — 0% hexane-ethyl acetate mixtures at increments of
5 mL, until the mixture reached 50 mL (50%) hexane and 50 mL (50%) ethyl acetate, then
hexane was reduced at increments of 10 mL. The final fractions were eluted with
methanol and ethyl acetate, at a ratio of 10:90 and 50:50. Fractions were concentrated
under vacuum at 40 °C using a rotary evaporator and used in subsequent biological

assays and chemical analysis.

3.4.3. Analytical High Performance Liquid Chromatography (HPLC)
Analytical high-performance liquid chromatography (HPLC) is a useful separation

technique, which uses high-pressure pumping of a mobile phase through a column
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packed with a stationary phase. This method is employed to determine the complexity
of crude extract mixtures, assess the purity of isolated substances, and provide insight

into chemical classification based on UV absorbance profiles*.

Crude extracts and VLC fractions were partly characterised, by determining the
approximate number of components within extracts, using an analytical HPLC Agilent
1200 series, fitted with a reverse phase Agilent column (C18, 4.6 x 150 mm, 5 pm)
(Agilent Technologies, UK). This analytical HPLC was supplied with a binary solvent
manager, sample manager and photodiode array detector. The solvent system consisted
of ACN or MeOH mixed with H,0, all containing 0.1% TFA to enhance separation. Both
gradient and isocratic methods were used to find good separation and the flow rate was

set to 1 mL/min during all runs.

3.4.4. Preparative Thin Layer Chromatography (prep TLC)

Preparative thin layer chromatography (prep TLC) is a technique which works by the
same principle of analytical TLC, whereby compounds are separated due to partitioning
of the sample analytes between the normal phase (stationary phase) and the non-polar
solvent (mobile phase). Prep TLC was performed on antibacterial crude extracts (G.

caudiculata and K. membranifolia) to separate compounds.

Crude extracts were dissolved in dichloromethane to achieve 20 mg/mL concentrations.
Samples were spotted and layered along a line 1 cm from the bottom of a 20 x 20 cm
normal-phase silica TLC plate (Phase Separations, UK) using a capillary tube (Fisher
Scientific, UK) and placed into a large glass chamber containing a mobile phase of
hexane: ethyl acetate at 80:20. The mobile phase was left to travel until the solvent front
reached 1 cm from the top of the plate, and once developed, the plate was air dried
inside a fume hood. The TLC plate was then viewed under UV light (254 nm and 365 nm)
to locate separated extract fractions. The fractions at each band were recovered by

desorption using dichloromethane, dried, and the yields were weighed.
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3.4.5. Recycling preparative HPLC

Recycling preparative HPLC is a useful instrument and technique, which was used in
this study to purify simplified fractions of plant extracts obtained from VLC separation.
The term recycling refers to the sample travelling through the column before being
directed back to the beginning of the column, in a closed loop system. With each cycle
through the column, peak separation and resolution improve, during which process no
additional solvent is used. Samples can be collected once the desired baseline

resolution has been achieved®®.

Recycling preparative HPLC was performed using a recycling LaboACE LC-5060 series
HPLC instrument fitted with a reverse phase C18 column (20 x 500 mm, 10 um, 120 A),
and guard column (JAI, Tokyo, Japan). The solvent system was composed of either
MeOH and water or ACN and water (all containing 0.1%, HCO,H), with a flow rate of 10
mL/min. Here, a method was optimised for each sample by injecting 1 mL of 1 mg/mL
concentration and checking peak definition with varying solvent proportions. Upon
development of a suitable HPLC method, preparative-scale sample quantities were
injected, and manual peak -collection was performed. Collected peaks were

concentrated using a rotary evaporator and nitrogen gas.

3.5. Spectroscopic Methods for Structure Elucidation

3.5.1. Liquid Chromatography Mass Spectrometry (LC-MS)

Mass spectrometry (MS) is a comprehensive and essential analytical technique for the
identification of natural products. The liquid chromatography (LC) element of the
instrument initially separates out different compounds (including impurities of almost-
pure fractions) and these separated analytes are ionised by an ion source and converted
into charged particles. In this study, a quadrupole mass analyser was used. This
quadrupole consists of four parallel rods arranged in a square, which have radio
frequency and direct current potentials applied to them, thus creating a dynamic
electric field. Ions are then accelerated by the electric field, during which heavier ions

travel at lower speeds and therefore travel smaller distances within a given time. The
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velocity of the ion is measured by the ToF analyser, which assigns it a mass-to-charge
ratio (x-axis) and a relative abundance of the detected ion as a percentage (y-axis), thus

producing a mass spectrum’.

LC-QToF-MS/MS data were obtained using an Agilent 6546 Quadrupole Time-of-Flight
Q-ToF mass spectrometer (Santa Clara, CA, USA) coupled with a 1290 UHPLC system.
Samples were prepared by dissolving crude extracts or purified compounds in either
MeOH or ACN (depending on the solvent system used in the method) at 0.1 mg/mL final
concentration, and were filtered through a PTFE 0.2 pm filter into 1.5 mL LC-MS amber
vials (Fisher Scientific, UK). Sample LC was performed on a Phenomenex Kintex C18
column (100 x 2.1 mm, 2.6 pm, 100 A), using a gradient elution with a solvent system
containing either MeOH or ACN and deionized water (containing 0.1% formic acid,
HCO,H) over varying run times. A 5 pL. sample volume was injected by the autosampler.

The HPLC method shown in Table 3.3 was used for the analysis of compounds.

Table 3.3. HPLC method used during LC-MS analysis.

Time (min) H.0 (%) Acetonitrile (%)
0.00 95 5

5.00 5 95

5.50 5 95

5.60 95 5

8.00 95 5

LCMS data were viewed using ACD/Spectrus processor (version 2021.2.2, ACD/Labs),
which revealed a range of ion adducts as described in the results Chapters 4 and 5. The
potential monoisotopic masses of the analytes of interest, as revealed, were searched

using the CAS SciFinder (2024) database.

3.5.2. Nuclear Magnetic Resonance spectroscopy (NMR)

Nuclear Magnetic Resonance spectroscopy (NMR) is the most effective technique for
elucidating the structures of unknown molecules, providing the highest resolution
spectroscopic method. NMR provides spectra consisting of distinct peaks that depend

on the chemical environment of hydrogen or carbon atoms in a molecule; these arise
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due to shielding and deshielding effects within the molecular environment.
Experiments are classified into one-dimensional (1D) or two-dimensional (2D). 1D
experiments include 'H (proton) and *C (carbon) NMR. 2D NMR types include COSY
(homonuclear correlation spectroscopy), HSQC (heteronuclear single quantum
coherence) and HMBC (heteronuclear multiple bond correlation) which give additional

structural information through correlation of proximal atoms?.

One- and two-dimensional NMR spectra were acquired using a 500 MHz Bruker
spectrometer, except for compound 5.4 due to low compound amounts (using a Bruker
AVIII 400 MHz with broadband probe (400 MHz)) (Billerica, MA, USA). Samples were
dried thoroughly under nitrogen gas and dissolved in 300 pL of deuterated solvent,
either CD;0OD (deuterated methanol) or CDCI; (deuterated chloroform) (Merck, UK).
These deuterated solvents acted as internal references for the calibration of each
spectrum. 'H and *C NMR experiments were run with 32 and 2000 scans, respectively.
The spectra generated displayed peaks with chemical shifts expressed in parts per
million (ppm), typically ranging from 0 to 15 ppm for 'H NMR spectra and from 0 to 220
ppm for the **C NMR spectra. Coupling constants (J values) were reported in Hertz (Hz).

Spectral data were viewed, processed and analysed using MestReNova 14.1 software.

3.5.3. Infrared (IR) spectroscopy

Infrared spectroscopy involves the interaction of infrared light (absorption, emission,
and reflection) with molecules to reveal their functional groups. Infrared light
irradiation induces molecular vibrations of bonds, causing vibrational transitions.
Different bonds within the molecule vibrate at characteristic frequencies, thus
producing a unique IR spectrum, from which peaks can be used to infer functional
groups®. Although IR spectroscopy does not provide detailed molecular structural
information, it is valuable analysis when used in conjunction with other spectroscopic

techniques to add evidence for compound identification and characterisation.

During this study, IR absorbance spectra were recorded with a Perkin-Elmer FT-IR

System Spectrum BX. IR spectra were obtained for compounds 5.1 and 5.2. Samples
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were prepared by dissolving approximately 0.5 mg of pure compound in a small amount

of dichloromethane.

3.5.4. Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectroscopy is a helpful tool for the identification of functional groups when
investigating conjugated systems within a molecule. It provides information about
chromophores, functional groups and other structural features of organic compounds.
The absorption of UV and visible light (200 nm to 800 nm) by a compound results in
electronic excitation, with the wavelength and intensity of absorption providing
information about the molecular structure. The Anax (lambda max) is the wavelength at
which maximum absorbance occurs, indicating the most intense electronic transition.

This value provides helpful information for natural product characterisation'’.

In this study, UV-visible absorption spectra for compounds 5.1 and 5.2 were recorded
using a Perkin-Elmer (Shelton, CT, USA) UV/Vis Lambda 365 spectrophotometer within
a wavelength range of 200-700 nm. Samples were prepared at a concentration of 250
ug/mL for this analysis. UV-Vis data for compounds were obtained during LC-MS
analysis using an MS instrument equipped with a diode array detector (DAD), set to a
UV-Vis range of 200-400 nm. Instrument specifications and sample preparation for this

analysis followed the protocol outlined in Section 3.4.1.

3.5.5. X-ray crystallography

X-ray crystallography is a useful analytical technique in chemical characterisation,
used to determine the atomic and molecular structure of crystalline compounds. When
an incident X-ray beam interacts with the ordered lattice of a crystal, it undergoes
diffraction in specific directions. By analysing the resulting diffraction pattern,
including the angles and intensities of the scattered X-rays, a three-dimensional
electron density map can be constructed. This allows for the determination of atomic
positions, molecular geometry, and chemical bonding within the crystal structure,

therefore elucidating the structure definitively!'.
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3.5.5.1. Crystallisation

Prior to X-ray crystallographic analysis, crystallisation of the molecule of interest was
essential. To promote crystal formation, a concentrated solution of a purified
compound was made in a mixture of MeOH and DCM, producing approximately 0.5 mL
of a supersaturated solution. This solution was left at room temperature overnight with
a pierced lid, to allow for slow solvent evaporation and gradual concentration of the
sample. This crystallisation method was attempted with all purified fractions, however
crystals suitable for single crystal X-ray diffraction were produced only for compound
4.2. Crystals were examined under a microscope to assess their quality and suitability

for diffraction analysis.

3.5.5.2. Single Crystal X-ray Diffraction (SCXD)

Crystals suitable for single crystal X-ray diffraction (SCXD) must be unfractured,
optically clear and ideally measure 150 — 200 microns. SCXD was carried out by Dr.
Alexander Morritt at The School of Chemistry, Pharmacy and Pharmacology at The
University of East Anglia.

3.6. Biological Evaluation

3.6.1. Maintenance of bacterial strains

3.6.1.1. Bacterial strains and growth conditions

Seven Gram-positive bacterial strains were used for antibacterial testing, including
both susceptible and resistant phenotypes. Susceptible strains comprised
Staphylococcus aureus (MSSA 25923) and Enterococcus faecalis (12697), while
resistant strains included methicillin-resistant Staphylococcus aureus (MRSA 13363), S.
aureus 1199B, S. aureus XU212, S. aureus RN4420, and E. faecalis 51299. In addition,
five Gram-negative bacterial strains were tested, including susceptible strains
Escherichia coli 10418, Salmonella typhimurium 14028S and Pseudomonas aeruginosa
10662, as well as multidrug-resistant Klebsiella pneumoniae 13443 and E. coli G69.

Further details of these strains are provided in Table 3.4.
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Table 3.4. Gram-positive and negative bacterial strains used during microbiological studies.

Strain Source Gram  Antibiotic Note Reference
resistance
Enterococcus faecalis  NCTC + Susceptible Control strain 1712
12967
Enterococcus faecalis  ATCC + MDR Standard 1813
51299 strain
Escherichia coli 10418 NCTC - Susceptible Control strain 1914
Escherichia coli G69 Clinical isolate - MDR Possible efflux 2015
pump activity.
Klebsiella pneumonia NCTC - Susceptible Standard 2116
13443 strain
MRSA 13373 NCTC + MRSA Standard 1317
strain

MSSA 25923 Clinical + MSSA Control strain 1218

isolate, ATCC.
Pseudomonas NCTC - Susceptible Standard 219
aeruginosa 10662 strain
Salmonella enterica ATCC, - Susceptible Standard 2320
subsp. enterica environmental strain
serovar Typhimurium isolate
str. 14028S
Staphylococcus aureus Genetically + Norfloxacin Resistant: 1521
1199B modified, NorA efflux

derived from pump activity.

clinical

isolate.
Staphylococcus aureus Genetically + MRSA Virulent strain 1622
RN4220 modified, (hemolytic),

derived from derived from

clinical S. aureus

isolate. NCTC8325-4.
Staphylococcus aureus Clinical isolate + Tetracycline Resistant: 1423
XU212 TetK efflux

pump activity.

Bacterial strains were stored at 4 °C on sloped nutrient agar (Merck, UK) in bijoux vials

(Merck, UK) for up to 5 months in their stationary growth phase. Prior to use in biological
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assays, strains were subcultured onto fresh nutrient agar (Merck, UK) and incubated for
24 h at 37 °C. All growth media and reagents were sterilised by autoclaving at 121 °C for
20 min (Prestige Medical, UK). Biological assays were conducted using aseptic
technique within a laminar flow hood.

3.6.1.2. Cryopreservation

Bacteria were cultured at 37 °C overnight, until the mid-exponential growth phase was
reached. A single colony was picked from the agar plate and inoculated into 1 mL of LB,
which was then incubated overnight at 37 °C. This liquid culture was cryopreserved by
mixing equal volumes (500 pL) of the bacterial culture and a sterile 50% (v/v) agueous
glycerol solution. A total volume of 1 mL was preserved in cryovials and stored at -80 °C

for long-term preservation.

3.6.2. Minimum Inhibitory Concentration (MIC) Determination

The minimum inhibitory concentration (MIC) is determined using the broth
microdilution assay, which is the gold standard method for evaluating the susceptibility
of bacterial strains to antimicrobial agents. The MIC is defined as the lowest
concentration of an antibacterial compound, measured in mg/L (ug/mL), that completely
inhibits visible bacterial growth under controlled in vitro conditions?*. MIC assays are
widely used in clinical laboratories to determine antimicrobial susceptibility in
bacterial infections. In research settings, MIC determination is an essential tool for
investigating antibiotic resistance mechanisms, identifying potential drug targets and

assessing the efficacy of novel antimicrobial compounds?.

The MIC of plant extracts and compounds was determined in this study by the broth
microdilution assay protocol described by Andrews?®. For crude extract sample
preparation, plant extracts were dissolved in DMSO (Merck, UK) to produce stock
solutions (13 mg/mL) which were diluted in LB Miller (Luria Bertani Broth, Merck, UK)

to obtain working concentrations of 1025 pg/mlL.

For pure compound sample preparation, compounds were dissolved in DMSO to obtain

stock solutions of 13 mg/mL, which were diluted further to obtain working

125



concentrations of 256 pg/mL. Working concentrations were then serially diluted to
obtain a final concentration range from 128 pg/mL to 0.13 pg/mL. The antibiotic positive
control, Ampicillin (Merck, UK), working solution was prepared from a 13 mg/mL stock
solution too, to obtain a highest final concentration of either 512 or 1024 pg/mlL,

depending on the bacteria.

Bacterial strains were prepared by selecting one colony (previously cultured on fresh
agar for 24 h) and suspending it in Phosphate Buffered Saline (PBS) consisting of 137
mM NaCl and 3 mM KCI (Merck, UK), to achieve an inoculum density of 1 x 108 colony
forming units (CFU)/mL. Standardisation of cell suspensions was completed following
the Beer-Lambert law, by adjusting the optical density to 0.1 at 600 nm (Lambda Bio+
UV-Vis Spectrophotometer, Perkin Elmer, UK) before being diluted 1:100 in LB prior to
inoculation. Microdilution was performed using 96-well microtiter plates (Merck, UK)
obtaining a final inoculum of 5 x 10° CFU/mL. Results were determined by visual
inspection of the wells, whereby opaque or pelleted wells indicated bacterial growth.
MIC values were defined as the lowest concentration of treatment at which wells were
completely clear, indicating no bacterial growth (Figure 3.2). Experiments were

performed with two biological repeats.
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1. Serial dilution of test compound
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Figure 3.2. Illustration of the broth microdilution assay used to determine the MIC. Figure
adapted from De Resende, 2017 7.

3.6.3. Minimum Bactericidal Concentration (MBC) determination

While the MIC indicates the lowest concentration needed to inhibit bacterial growth, the
MBC is the lowest concentration needed to achieve a >99.9% reduction of the initial
bacterial population. MBC quantifications are mechanistic studies, as this value
provides insight into the mode of action of the antimicrobial compound, distinguishing

between bacteriostatic and bactericidal effects.

To determine the minimum bactericidal concentration (MBC) of compounds, the MIC
was initially determined. From the 96-well plate, 20 pL. was removed from the well
corresponding to the MIC, the well with the next highest concentration, and all wells

containing lower concentrations, and was spread onto sterile agar plates. These
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dilutions were spread before being incubated overnight at 37 °C. Two biological repeats

of each experiment were performed.

3.6.4. Inhibition Zone Determination — Disc Diffusion Assay

The disk diffusion method was used to provide additional evidence of the antibacterial
activity of G. caudiculata and K. membranifolia dichloromethane extracts. Here,
nutrient agar (Merck, UK) was autoclaved and 20 mL was poured into sterile petri dishes
and allowed to set at room temperature. Meanwhile, single colonies obtained from
overnight cultures of MSSA 25923 and E. faecalis 12697 were suspended in PBS. Cell
suspensions were standardised as they were in the broth microdilution assay, by
adjustment of the optical density to 0.1 at 600 nm to achieve a cell density of 1 x 10°
CFU/mL. Cell suspension (1 mL) was added to the set agar, dispersed to obtain complete
coverage, and then left to dry at room temperature. Treatment samples were prepared
by diluting extracts or positive control (ampicillin) in DMSO to achieve concentrations
of 10 mg/mL. Sterile paper discs were saturated with 20 pL of the prepared treatment
and ampicillin dilutions (resulting in a loading of 200 pg/disc), left to dry at 37 °C for 1 h
and then placed onto the bacteria-covered agar. Positive antibiotic and vehicle controls
were included on each agar plate?®. Active samples were indicated by clear zones
around the discs, indicating no bacterial growth. These zones of inhibition were defined

as the whole diameter of clear zones?.

3.6.5. AlamarBlue Assays

Alamar Blue is a widely used assay for assessing cell viability based, on the reduction
of resazurin (a non-fluorescent, blue oxidised dye) into resorufin, a pink, fluorescent
reduced product. This redox conversion occurs in metabolically active cells, and the
resulting fluorescence correlates with cell viability. Due to its water solubility,
membrane permeability, stability in culture media, and non-toxic nature, resazurin is
an effective indicator of cellular viability, making it suitable and popular for in vitro

cytotoxicity and proliferation studies®°.
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3.6.5.1. Cancer Cell Cytotoxicity Assay

The cytotoxic effects of compounds isolated from Gymnacranthera forbesii, Knema
membranifolia (Myristicaceae) and Garcinia caudiculata (Clusiaceae) were assessed
using the AlamarBlue assay. The A549, SK-MEL-28, RAW 264.7 and HL-60 cancer cell
lines were initially screened with purified fractions. Based on preliminary results, dose-
response analyses were conducted in A549 cells for selected compounds exhibiting
significant cytotoxic activity. This work was carried out by Miss Salonee Banerjee at The

University of East Anglia, School of Chemistry, Pharmacy and Pharmacology.

In brief, to obtain the ICs, values of compounds, A549 cells were seeded at a density of
5 x 10° cells/well in 96-well plates and incubated for 72 hours at 37 °C in a humidified
5% CO, atmosphere. Cells were then treated in triplicate with experimental compounds
as well as cisplatin (positive control) and incubated for an additional 24 hours.
Following incubation 10 pL of 0.1 mg/mL resazurin (AlamarBlue) reagent was added to
all wells (10% of total well volume) and incubated for 4 hours under the same conditions.
Fluorescence intensity was then measured at an excitation and emission wavelength of
540 and 590 nm, respectively, using a microplate reader (CLARIOstar 0430, BMG
LABTECH).

All compounds were initially screened at 10 uM and 100 pM across the four cell lines.
Compounds 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 5.1 and 5.2, which showed significant
cytotoxicity, were selected for further dose-response analysis in A549 cells at
concentrations ranging from 6.25 to 800 puM.

3.6.5.2. Fungal Cell Cytotoxicity Assay

Isolated compounds were assessed for their anti-fungal activity against Aspergillus
fumigatus and Candida albicans using the AlamarBlue cell viability assay, completed by
Dr Isabelle Storer from Dr Stefan Bidula’s lab at The University of East Anglia, School of

Chemistry, Pharmacy and Pharmacology.

Compounds were assessed using a microdilution assay at concentrations ranging from

0.13 to 32 pg/mL. In brief, tested compounds (at 0.13 to 32 pg/mlL), amphotericin B (2
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10

11
12

13

14

15
16

ug/mL, positive control), DMSO (vehicle control), and test fungal species Aspergillus
fumigatus and Candida albicans at 1 x 10* CFU/mL, were incubated in RPMI-1640
growth medium (Gibco, UK) for 24 h 37 °C. Following this, 10 ug/mL resazurin (Merck,
UK) was added to each well and incubated for a further 24 h. Fluorescence intensity was
quantified using a CLARIOstar plate reader (BMG Labtech, UK) as described by

Middleton et al.®'.
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Chapter 4 - Isolation, Structure Elucidation and Biological

Activities of Secondary Metabolites from the Myristicaceae

4.1. Introduction

Of the six Myristicaceae plant extracts extracted on a small scale and screened for their
antibacterial activities, K. membranifolia and G. contracta exhibited notable activity
(Section 4.2.6, Table 4.13). Consequently, these two species were selected for further

phytochemical investigation using scaled-up extractions.

4.1.1. Knema membranifolia H.J.P.WinKkl.

Knema membranifolia is endemic to Borneo and grows from 6 — 25 m tall, at up to 500
m altitude, extending twigs measuring 1.5 — 3 mm in diameter. Leaves are thin and
leathery or membranous (thin, semi-transparent), measure 12 — 28 x 3.5 - 8.5 cm and
dry to a pale brown to olive colour. Bark of this species flakes/peels easily and it’s twigs
resemble those of K. curtisii, however K. curtisii lacks flaking bark and differs in
androecium®2. To date, there have been no phytochemical or biological investigations

into this species of plant.

4.1.2. Gymnacranthera contracta Warb.

Gymnacranthera contracta is a tree endemic to Borneo which grows from 5 - 26 m tall*
®. Shukla and Blicher-Mathiesen (1993) evaluated the oils present in G. contracta seeds
using high-performance size exclusion chromatography. Seeds were found to have
58.8% oil content, 82% of which were triglycerides, 0.4% were diglycerides, 0.1% were
mono-glycerides and 17.6% were free fatty acids. Seeds contained a high amount of
medium chain length fatty acids including lauric acid (a) and myristic acid (b) (Figure
4.1)%. Lauric acid has a wide spectrum of antimicrobial activities and is an anticancer,
cardioprotective and anti-inflammatory agent’'!. Furthermore, myristic acid has
displayed cytotoxic, anti-inflammatory and anti-microbial activity'*!4. Other than these

two fatty acids, there have been no other investigations into this species.
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Figure 4.1. Chemical structures of lauric acid (a) and myristic acid (b) isolated from
Gymnacranthera contracta Warb.

4.2. Results and Discussions

4.2.1. Structure elucidation of compounds from Knema membranifolia

4.2.1.1. 6Q-Phenylalkylsalicylic acid, 10 carbon decyl linker, (4.1, known)
Compound 4.1 (2.5 mg) was isolated as a yellow amorphous solid from a DCM
sequential extract. The molecular formula of this compound was confirmed as C23H300;
(exact mass 354.2195) based on the Q-ToF mass spectrometry data in positive ionisation
mode, which indicated a protonated base peak at [M+H]* at m/z 355.233 (A: +16.9 ppm),
followed by an ammonium ion [M+NH4]* at m/z 372.222 (A: +16.9 ppm) and a sodium
molecular ion [M+Na]* peak at m/z 377.205 (A: -86.0 ppm). The 'H together with the
COSY NMR spectra revealed the distinct aromatic and aliphatic regions of 4.1. The
trisubstituted benzoic acid was suggested by the 'H NMR signals at 8y 7.26 ppm (H-4,
doublet of doublets), 6.77 ppm (H-5, doublet of doublets) and 6.68 ppm (H-3, doublet of
doublets). 4.1 contains two phenyl residues linked by a 10-carbon chain, one of which
possesses no further substitution and the other is 1,2,6-substituted. The benzene in the
benzoic acid core is trisubstituted at positions 1 (-COOH), 2 (-OH) and 6 (-Ci2H24-Ph) as
observed in salicylic acid phenyl alkyl compounds'®. Information from the COSY
analysis demonstrated coupling of H-4 with H-3 and H-5, and H-5 with H-4. This

confirmed a meta-coupling relationship between H-5 and H-3.

The HMBC suggested a correlation between the H-1’ protons with C-6 and C-1, whilst
the H-10’ protons were strongly correlated with C-2”’, C-6”’ and C-1", indicating the

proximity of these aliphatic protons to the phenolic and phenyl rings of this molecule,
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respectively. HMBC analysis confirmed the assignment of C-1°, 2’, 9 and 10’ in the
aliphatic region. The 1D *C NMR spectrum displayed 10 clear carbon peaks in the
aliphatic region. This alteration in hydrocarbon linker length between the other salicylic
acid-derived compounds was confirmed through this, as well as through the mass

spectrum of the compound.

Compound 4.1 was previously isolated initially from K. elegans seed oil and later from
K. laurina stem bark!>'¢, The latter study was the first to report the NMR data of this
compound, however to the best of my knowledge, 2D NMR analysis was not undertaken.
Itis worth noting that my NMR data are consistent with theirs except for the assignment
of C-3 at 8¢ 122 ppm and C-5 at 8¢ 115 ppm which are swapped when comparing the

spectral data (Table 4.1). The same occurs in compound 4.2.

4 — T

COSY HMBC

Figure 4.2. COSY and HMBC correlations of compound 4.1.
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Table 4.1.'H, *C, COSY and HMBC NMR data of compound 4.1 (CDCl;, 500/126 MHz).

Position 8¢ (ppm), 8¢1° Sy, mult. (Jin Hz)  COSY HMBC
type
1 110.6, C 110.5,C - - 1’,3
2 163.5, C 163.6, C - - 4
3 115.7,CH  115.8,CH  6.68, dd (7.5, 1.2) 4 5
4 135.0,CH 135.3,CH  7.26,dd (7.9, 1.8) 3,5 -
5 122.6, CH 122.7, CH 6.77,dd (8.4, 1.2) 4 3
6 147.5,C 147.6, C - - 1,4
7 174.0, C 175.5,C - - -
1 36.5,CH, 36.5,CH, 2.89,t(7.5) 2’ 3
2’ 32.1, CH: 36.0, CHp. 1.46-1.58, m 1 1’
3t08® 29.8,29.7, 29.7,29.6, 1.16-1.27,m - -
29.63, CH;
29.59,
29.5, 29.4,
CH:
9 31.5, CH: 31.5, CH, 1.46-1.58, m 10° 10°
10’ 36.0, CH; 36.5, CH; 2.52,t(7.8) 9’ 2”,6”,4”
1” 143.0, C 142.9, C - - 10°, 57,
37
2” and 6” 128.4,CH 128.2, CH 7.04-7.16, m 37,57 10°, 5%,
37
3”and 5” 128.2,CH 128.4, CH 7.20, d (3.6) 27,67, -
47
4” 125.5, CH 125.5, CH 7.04-7.16, m 37,5” -

8Reference carbon chemical shifts of 2-hydroxy-6-(10-phenyldecyl)-benzoic acid measured in
CDCL.
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Figure 4.3. Mass spectrum of compound 4.1.

4.2.1.2. 6Q-Phenylalkylsalicylic acid, 12 carbon decyl linker, (4.2, known)
Compound 4.2 (3.4 mg) was isolated as green crystals from a sequential
dichloromethane extract. The structure of 4.2 was determined using single crystal X-
ray diffraction (Figure 4.4) for the first time, and the molecular formula was established
as CzsH3403 (exact mass 382.2508). Further confirmation of this structure was obtained
based on the positive mode Q-ToF spectrum which displayed the protonated molecular
ion [M+H]" at m/z 383.222 (A = -96.54 ppm) and NMR spectra including 'H, COSY, '*C,
HSQC and HMBC.

Structure elucidation using the spectroscopic methods mentioned above revealed 4.2
to be a known plant alkylsalicylic acid-type natural product, 2-hydroxy-6-(12-
phenyldodecyl)-benzoic acid. 4.2 was a second compound containing two phenyl
residues (linked by a 12-carbon chain), one of which is 1,2,6-substituted, producing a
salicylic acid moiety. The 'H and COSY NMR spectra displayed the remaining three
aromatic proton splitting patterns with signals at 8;7.31 — 7.37 ppm (H-4, multiplet), 8u
6.86 ppm (doublet of doublets, J = 8.4, 1.2 Hz) and 81 6.76 ppm (doublet of doublets, J =
7.5, 1.2 Hz). These signals characterised the meta coupled H-3 and H-5, and the H-4
ortho coupling to H-3 and H-5. The terminal phenyl ring displayed a spin system of a
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typical monosubstituted aromatic ring with signals at 8z 7.23 - 7.29 ppm (H-3” and 5”,
multiplet) and 7.14 - 7.19 ppm (H-2”’, H-4”’ and H-6"’, multiplet). In addition, the COSY
spectrum displayed coupling in the aliphatic region, with 8 2.96 ppm (H-1’, triplet) and
Ou 2.59 ppm (H-12’, triplet) both coupling 8; 1.59 ppm (H-11" and H-2’, quartet of
doublets, J=9.5, 8.5, 4.7 Hz) accounting for a total of four protons. The HSQC spectrum

enabled the assignment of C-12’ and C-1’, thus allowing assignment of C-11’ and 2’.

F =0
! A :
A S =N L ——

/i ‘ » !
] ¢ \i/ \if/ o '\":‘/'N]/‘ )

Figure 4.4. Single crystal X-ray diffraction image generated of 4.2.
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Compound 4.2 was first identified in the seed oil of K. elegans and was later isolated
from the stem bark of K. furfuraceae, with structure elucidation using NMR*'”, The
carbon assignments obtained in the present study, based on HSQC and HMBC data, are
largely consistent with those reported in the latter study, except for C-3, assigned at 8¢
122.6 ppm in this study compared to 155.9 ppm previously, and C-5, assigned at 115.8
ppm here versus 122.7 ppm previously. Compound 4.2 has been found in the stem bark
of other Knema species including K. laurina, K. tenuinervia, K. glomerata and from the
roots of Homalomena occulta (Araceae)'®?°. To the best of my knowledge, this thesis
presents the first report of compound 4.2 isolated from plant leaves and the first record

of its occurrence in K. membranifolia.

COSY HMBC

Figure 4.5. COSY and HMBC correlations of compound 4.2.
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Table 4.2.'H, *C, COSY and HMBC NMR data of compound 4.2 (CDCls, 500/126 MHz).

Position Sc(ppm), 8¢ Sy, mult. (Jin Hz) COSY HMBC
type
1 110.5,C 110.5,C - - 1’,5,3
2 163.6, C 163.6, C - - 4
3 115.8,CH 155.9,CH 6.76,dd (7.5, 1.2) 4 1,5
4 135.1,CH 1354,CH 7.31-7.37,m 3,5 -
5 122.6,CH 122.7,CH 6.86,dd (8.4,1.2) 4 1’,1,3
6 147.5, C 147.8, C - - 1,4
7 174.5, C 175.6, C - - -
1 36.5, CH; 36.4, CH; 2.96, t (7.5) 2’ 5
2’ 32.1, CH: 32.0, CH: 1.59, m 1 1
3’ to 10’ 29.8, 29.6, CH; 1.21-1.34, m - -
29.60,
29.57,
29.52,
29.47,
29.3, CH;
11° 31.5,CH, 31.5,CH, 1.59,qd(9.5,8.5,4.7) 12 12’
12° 36.0, CH; 36.0, CH; 2.59, t(7.8) 11 6”,2”
1” 143.0, C 142.9, C - - 12,
37,5”
2”and 6” 128.4,CH 128.2,CH 7.14-7.19, m 57,37 12,
37,5”
3”and 5” 128.2,CH 128.4,CH 7.23-7.29, m 27,47, -
6
4” 125.6,CH 125.5,CH 7.14-7.19, m 57,37 27,67

"Reference carbon chemical shifts of 2-hydroxy-6-(12-phenyldodecyl)-benzoic acid measured

in CDCls.
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Figure 4.6. Mass spectrum of compound 4.2.

4.2.1.3. 6Q-Phenylalkylsalicylic acid, 16 carbon decyl linker, (4.3, new)

Compound 4.3 (9.4 mg) was isolated as green crystals and its molecular formula was
established as C.H.0; based on the positive mode Q-ToF mass spectral data, which
revealed the protonated ion m/z at 439.177 (A: +327.9 ppm). The length of the
hydrocarbon linker of this compound was determined using the molecular weight and
13C data, which established the number of additional carbons present, compared to the

other salicylic acid analogues.

As with previous compounds, observation of the 'H and COSY spectra revealed the
substitution pattern of the benzoic acid and isolated phenyl ring of 4.3. Here, the
aromatic ring displayed three protons at 8;;6.69 ppm (H-3, doublet of doublets), 657.28
ppm (H-4, doublet of doublets) and 84 6.79 ppm (H-5, doublet of doublets), indicative of
the meta positioning between H-3 and H-5, due to the lack of COSY correlation between
these two protons. In addition, the absence of HMBC correlation between H-4 and C-6
confirmed the para orientation between the carboxyl group substitution and H-4, while

the observed C-3/C-5 correlation indicated their meta positioning to C-6.
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The remaining aromatic signals indicated a remaining monosubstituted terminal phenyl
ring, supported by an integration value of 5 protons, and COSY correlations present
between all protons H-1"’ to H-6"". In addition, the carbons further downfield within the
aliphatic region on the *C spectra, at §:35.0 and 35.5 ppm, were correlated with either
H-2” and H-6"’, or H-5, respectively, according to the HMBC spectrum, suggesting their
locations at opposite ends of the chain. This, combined with the COSY data, delineated
the phenylalkane and the benzoic acid of the compound and their positions on the
linking hydrocarbon chain. The assignments of C-2’ and C-15’ were warranted by the
HMBC correlations between the protons at 652.86 — 2.93 ppm (H-1’, multiplet) and H-
16’ protons at 85 2.44 — 2.58 ppm (H-16’, multiplet), respectively.

COSY HMBC

Figure 4.7. COSY and HMBC correlations of compound 4.3.

Table 4.3.'H, *C, COSY and HMBC NMR data of compound 4.3 (CDCl;, 500/126 MHz).

Position Sc (ppm), SH, mult. (J in Hz) COSY HMBC
type

1 109.4,C - - 3,5

2 162.6, C - - 3,5

3 121.7, CH 6.69, dd (7.5, 1.2) 4 5

4 134.3, CH 7.28, dd (8.3, 7.5) 3,5 -

5 114.8, CH 6.79,dd (8.3, 1.2) 4 3
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1’
2’
3’ to 14’

15’
16’
1”

2’ and 6”
3” and 5”
4”

146.7,C
174.5, C
35.5, CH:
32.9, CH:
30.9, 30.5,

28.7, 28.64,
28.59, 28.6,

28.5, 28.4,
28.3, 28.0,
23.6, 21.7,
CH2

31.0, CH2
35.0, CH2
141.7,C

127.4, CH
127.2, CH
124.5, CH

2.86-2.93, m
1.52, m
1.21, m

1.52, m
2.44-2.58, m

7.04-7.12, m
7.16 -7.23, m
7.04-7.12, m

3’ to 14’

3”7,57,4”
27,67,4”
27,67,
3”,5”

3,4,5

1’

16’

27,67
167, 27,
6”,3”,5”
27,67,4”
27,6”,4”
27,67
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ESk

Figure 4.8. Mass spectrum of compound 4.3.

4.2.1.4. 6-Alkylacetophenone, 8 carbon phenyloctyl linker, (4.4, known)

Compound 4.4 (3.9 mg) was isolated as a viscous yellow oil from a methanol sequential
extract. Its molecular formular was determined to be Cs:H:0; (A = 0.0 ppm), as
established by positive mode Q-ToF mass spectrometry, which detected the protonated

molecular ion at [M+H]" at m/z 341.212 (calculated 341.212).

The 'H spectrum of 4.4 revealed four aromatic signals. Two downfield multiplets at i
7.24 -7.31 ppm (H-3” and H-5"’) and 85 7.14 - 7.20 ppm (6, 2"’ and 4”’) corresponded to
a terminal monosubstituted phenyl ring, with 2D COSY data confirming the
characteristic spin system. The remaining aromatic protons appeared at 8y 6.24 (H-3,
doublet) and 61 6.26 (H-5, doublet, J = 2.5 Hz) indicative of meta-coupled protons on a
1,2,4,6-tetrasubstituted benzene ring. These signals were assigned via HSQC

correlations between H-5 and C-5 (8¢ 110.7 ppm) and H-3 and C-3 (8¢ 101.6 ppm).

Further structural features were inferred from HMBC correlations: protons from the
acetophenone methyl group displayed correlations to both a quaternary aromatic
carbon (C-1, 8¢ 115.5 ppm) and the ketone carbon (C-7, 8§c 204.3 ppm), confirming a
COCH,; moiety at C-7. The meta-arrangement of hydroxyl substituents on C-2 and C-4

and an aliphatic side chain on C-6 was also suggested by HMBC data.
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The position of the aliphatic chain was established through HMBC correlations between
H-1’ and C-1, C-6 and C-4. The HMBC revealed that these protons were also correlated
with C-2’, allowing the assignment of &8: 32.38 ppm to this carbon. Additional
correlations between H-8' and C-7', as well as between H-8' and the aromatic carbons
of the terminal phenyl ring, allowed complete assignment of the terminal aliphatic

segment.

Compound 4.4 was originally reported as kneglomeratanone A, isolated from the stem
bark of K. glomerata®. This compound was later isolated from the roots of the same
species?!. This is the first report of 4.4 isolated from K. membranifolia and the first

instance of its occurrence in the leaf material of any Knema species.

COSY HMBC

Figure 4.9. COSY and HMBC correlations of compound 4.4.
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Table 4.4. 'H, 3C, COSY and HMBC NMR data of compound 4.4 (CDCls, 500/126 MHz).

Position Sc (ppm), 8c%° S8u, mult. (Jin Hz) COSY HMBC
type

1 115.5,C 115.2,C - - 8,53, 1

2 166.1, C 165.8, C - - 5,3

3 101.8, CH 101.6, CH 6.24, d (2.5) - 5

4 160.9, C 160.8, C - - 3,5

5 110.7,CH  110.6, CH 6.26, d (2.5) - 3,1

6 147.9, C 147.8, C - - -

7 204.3, C 204.2, C - ] .

8 32.35,CHs 32.2, CHs 2.64,s - T

1 36.5, CH: 36.3, CH: 2.78-2.87, m - 8,5

2 32.38,CH, 31.5,CH: 1.53-1.65, m - T

3to 6 29.8, 29.52, 29.7,29.2, 1.23-1.38, m - -
29.46, 29.4, 29.3,29.4,
CH, CH:

7’ 31.6, CH; 31.2, CH; 1.53-1.65, m - 8

8’ 36.1, CH: 36.0, CH: 2.60,t (8.8, 6.8) - 27,4”,6”

1” 143.0, C 142.7, C - - 8,5”,3”

2” and 6” 128.5,CH 128.2, CH 7.14-7.20, m 3”,5” 8’,3”,4”,

5
3” and 5” 128.4,CH 128.3, CH 7.24-7.31. m 27,47,6” 8
4 125.7, CH 125.5, CH 7.14-7.20, m 37,5” 6”,2”

2Reference carbon chemical shifts of 2,4-dihydroxy-6-(10-phenyldecyl)-acetophenone
measured in CDCls.
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Figure 4.10. Mass spectrum of compound 4.4.

4.2.1.5. 6-Alkylacetophenone, 10 carbon phenyldecyl linker (4.5, known)

Compound 4.5 (3 mg) was isolated as a green powder. The molecular formula of 4.5 was
determined as C»sH3:,0; (A = 0.0 ppm) based on the positive mode Q-ToF MS, which
revealed a protonated [M+H]" ion at m/z at 368.235. The compound was identified as a
second acetophenone analogue, distinguished by an additional carbon in the saturated
hydrocarbon chain compared to compound 4.4. This modification was evident from
both the mass spectral data and the ">C NMR spectrum, which displayed eleven signals
in the aliphatic region, including a signal at 8¢ 32.35 ppm assigned to the terminal methyl

carbon (C-8).

Due to the limited yield of 4.5, the 2D NMR experiments revealed limited correlations.
The 'H spectra displayed a peak at 84 6.25 ppm (broad doublet, J = 2.6 Hz) which lacked
an HSQC correlation to carbons C-3 and C-5, however it was concluded that this merged
peak represents the two remaining protons on the phenolic ring. In addition, the HMBC
correlation of this aromatic proton signal to 1’ infers their location in the acetophenone
ring, as COSY correlations confirmed the assignment of all other proton signals. Unlike
the HMBC spectra for compound 4.4, the hydroxyl protons displaying a combined

singlet at 85 12.96 ppm showed a correlation between neighbouring carbons C-3, C-2
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and C-1. There was also no HSQC signal observed for C-1’, C-10’ or C-8, however

comparing the chemical shifts of 4.5 to 4.4 and previous reports of 4.4, elucidated the

structure as the known compound, 2,4-dihydroxy-6-(10-phenyldecyl)-acetophenone,

an acetophenone with a 10-carbon linker and a terminal phenyl. Owing to the absence

of HSQC correlations for certain carbons, those data have not been included in Table

4.5. 2,4-dihydroxy-6-(10-phenyldecyl)-acetophenone was previously isolated from the

stem bark of K. laurina, and K. glomerata'®2°.

Figure 4.11. Key COSY and HMBC correlations of compound 4.5.

COSY

HMBC

Table 4.5.'H, *C, COSY and HMBC NMR data of compound 4.5 (CDCl;, 500/126 MHz).

Position &c(ppm), type &c'® S8u, mult. (Jin Hz) COSY HMBC
1 115.5,C 115.0,C - - 5,3,2
2 166.9, C 165.7, C - - 2

3 101.8, CH 110.9, CH 6.23-6.27, m - 2

4 160.9, C 161.4,C - - -

5 110.6, CH 101.6, CH 6.23-6.27, m - -

6 148.0, C 147.9, C - - T

7 204.3, C 204.5, C - - 8
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1’
2’
3’to &

9’
10°
17
2” and
6”
3” and
5
4

32.35, CHs
36.5, CH:

32.41, CH:
31.1, 29.8,

29.64, 29.61,
29.5,29.4, CH:

31.6, CH:
36.1, CH:
143.1,C

128.5, CH

128.4, CH

125.7, CH

32.0, CHs
36.3, CH:
32.2, CH;
29.6, 29.4,
29.3, CH:

31.4, CH:

35.9, CH:

142.8, C

128.3, CH

128.2, CH

125.5, CH

1.21-1.39, m

7.15-7.20, m

7.24-7.29, m

7.15-7.20, m

10°
9)

3)” 5”

2)” 6”, 4,7

3)” 5”

10’

10°
10’

10’

2)), 6”

8Reference carbon chemical shifts of 2,4-dihydroxy-6-(10-phenyldecyl)-acetophenone

measured in CDCls.

Figure 4.12. Mass spectrum of compound 4.5.
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4.2.1.6. 6-Alkylresorcinol, 10 carbon phenyldecyl linker (4.6, known)

Compound 4.6 (3.8 mg) was isolated as a yellow oil, and its molecular formula was
established as C,,H;,0, (A = -2.4 ppm) using positive-mode Q-ToF mass spectrum,
which revealed a protonated [M+H]* at m/z 327.232. The 'H NMR spectrum of 4.6
exhibited an aromatic region consistent with previously isolated acetophenone
derivatives. Signals characteristic of a monosubstituted phenyldecyl moiety were
observed, with multiplets at 65 7.06 — 7.14 ppm (H-2", H-6", H-4") and 65 7.18 — 7.22 ppm

(H-3", H-5") representing the terminal phenyl group.

A broad singlet at 6.16 ppm was attributed to three remaining protons (H-1, H-3, H-5)
on the 2,4,6-trisubstituted resorcinol core. The similarity in chemical shifts caused
these protons to appear as overlapping signals, rather than three distinct peaks with
any multiplicity observed, thus only partially delineating the ring pattern from solely 'H
spectrum. However, the occurrence of two quaternary carbons (8¢ 115.6 ppm, C-2, C-4)
and two CH carbons (8¢ 107.0 ppm, C-1, C-5) at equivalent values, suggested the C-6
positioning of the alkyl chain, making a symmetrical substitution pattern on the
aromatic ring. This allowed the prediction that of the three remaining proton signals, H-
1 and H-5 would have a shared signal, and H-3 would appear at a similar chemical shift,
explaining the broad singlet. This broad singlet is consistent with this compound

reported in the literature.

Another concurring 'H signal to the literature is at 8y 4.80 ppm, which represents the
two OH protons??. This compound was therefore identified as the previously reported
5-(10'-phenyldecyl)-resorcinol, an alkylresorcinol with a saturated 10-carbon chain

terminating in a phenyl group.

Due to the low yield and associated weak resolution of the 2D NMR spectra, the HSQC
signals did not clearly correlate C-1 with a proton signal, however a weak signal was
observed correlating C-3 and C-5 to this broad singlet. The HMBC also lacked
correlations of the aromatic protons in the resorcinol ring, however H-1’ protons did

correlate with carbons C-6 and C-2’.
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To the best of my knowledge, the *C and 2D NMR data for this compound have not been
previously reported. The first identification of 4.6 was made based on mass
spectrometry data, where it was isolated from K. elegans stem bark!'®. Du et al., later
reported 'H NMR data for this compound, identified within the sap of Melanorrhoea
usitate (Anacardiaceae)?**. 4.6 was also isolated from both the stem bark K. glomerata

and leaves of Dendrosenecio kilimanjari (Asteraceae)?*3,

COSY HMBC

Figure 4.13. COSY and HMBC correlations of compound 4.6.

Table 4.6.'H, *C, COSY and HMBC NMR data of compound 4.6 (CDCl;, 500/126 MHz).

Position 8¢ (ppm), type Su, mult. (Jin Hz) COSY HMBC
1 107.0, CH 6.16 m - -

2 155.6, C - - -

3 99.1, CH 6.16, m - -

4 155.6, C - - -

5 107.0, CH 6.16, m - -

6 145.1,C - - T

1 35.0, CH; 2.52,t(7.5) - -

2 30.5, CH: 1.44-1.57, m - T
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3’ to 8’ 28.51, 28.50, 1.22, dd (18.1, 9.2) - -
28.47, 28.4,
28.3, 28.2, CH,

9 30.0, CH: 1.44-1.57, m - -

10° 34.8, CH: 2.41,t(7.7) - -

1”7 141.9,C - - 3”,5”

2” and 6” 127.4,CH 7.06-7.14, m 3,5” 3”,5”

3”and 5” 127.2,CH 7.18 -7.22, m 27,47, 27,67,
6” 4”7

4 124.5, CH 7.06-7.14, m 37,5” 27,67

ESl+

Figure 4.14. Mass spectrum of compound 4.6.

4.2.2. Structure elucidation of compounds from Gymnacranthera contracta
4.2.2.1. a-Tocopherol quinone (4.7, known, isolation one)

Compound 4.7 was isolated as a yellow crystal at 3.7 mg from a dichloromethane
extract. The molecular formula was established as C2sHs5003 (A = -2.2 ppm) using positive

mode Q-ToF MS analysis, which recorded the base and molecular ion peak at [M+H]" at
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m/z 447.383. The 'H spectrum was characteristic of a tetraalkyl benzoquinone,
displaying three methyl groups on the quinone ring with one methyl at 852.04 ppm (5-
Me, singlet) and two methyls at 84 2.01 ppm (2-Me, 3-Me, singlet). Due to the full
substitution of this quinone ring, no aromatic protons were observed; only a small

singlet at 8z 8.10 ppm indicated the hydroxyl group at C-3’.

The Amax at 234 nm was also typical of a quinonoid group. The methyl germinal to the
hydroxyl group at C-3’ displayed a 'H signal at 8y 1.23 ppm (3’-Me, singlet). The
remaining four methyl groups displayed three signals at §50.86 ppm (11’-Me, doublet, J
=1.1 Hz), 0.86 ppm (7’-Me, doublet, J = 1.1 Hz) and 0.84 ppm (15’- and 16’-Me, doublet,
J = 6.6 Hz). The 3C NMR spectrum distinctly exhibited aliphatic signals characteristic
of a phytol-like chain. As this compound was successfully identified in this study using
MS, UV, 'H and *C NMR data, 2D experiments were not necessary; therefore, the proton
signals in Table 4.7 were assigned based on direct comparison with the literature.
Comparison of the spectral data with the literature supported the conclusion that this
was the known compound, 2,3,5-trimethyl6(3"-hydroxy)-phytyl-1,4-benzoquinone,

commonly known as the vitamin E derivative, a-tocopherol quinone?*.

To the best of my knowledge, this study presents the first report of 4.7 being isolated
from the Myristicaceae family. Quinones and tocotrienols bearing isoprenoid side
chains have previously been identified in Iryanthera juruensis (Myristicaceae),
highlighting biosynthetic capabilities for 4.7%°. The discovery of 4.7 broadens the known
chemical diversity of Myristicaceae species and also emphasises the potential of this

family as a reservoir of biologically significant natural products.
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Figure 4.15. Structure of compound 4.7.

Table 4.7.'H and *C NMR data of 4.7.

Position &¢(ppm), type 8¢* Su, mult. (Jin Hz)
1 187.4,C 187.2,C -

2 140.3, C 140.2, CH -

2- Me 12.45*, CH; 12.3%, CH; 2.01,s

3 140.6, C 140.4, CH -

3- Me 12.12*, CH3 12.0*, CHs 2.01,s

4 187.9, C 187.7,C -

5 140.7, C 140.5, C 2.04,s

5- Me 12.53*, CH3 12.4*, CHj -

6 144.6, C 144.4, C -

1 21.6, CH: 21.4, CH; 2.51-2.58,m
2’ 40.4, CH; 40.3, CH2 -

3’ 72.8, C 72.7, CH -

3’ —Me 26.7, CH; 26.6, CH; 1.23, s

4 42.4, CH; 42.3, CH; -

5’ 21.5, CH; 21.3, CH: -

6’ 37.8, CH; 37.6, CH: -
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7’

7’- Me

8’

9’

100

17

11’- Me

12

13’

14

15’

15’- Me

16’- Me

33.0, CH
19.85, CHs
29.9, CH:
24.7, CH:
37.6, CH:
32.9, CH:
19.90, CHs
37.4, CH:
25.0, CH:
39.5, CH:
28.13,CH
22.8, CHs

22.9, CH:

32.8, CH
19.7, CHs
37.42, CH:
24.5, CH:
37.42, CH:
19.74, CH:
19.74, CHs
37.3, CH:
24.8, CH:
39.4, CH:
28.0, CH
22.61, CHs

22.61, CHs

0.86,d (1.1)

0.84, d (6.6)

0.84, d (6.6)

2“Reference carbon chemical shifts of a-tocopherol quinone measured in CDCls. *indicates

exchangeable signals.

ESH

Figure 4.16. Mass spectrum of compound 4.7.
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4.2.2.2. Methyl oleate (4.8, known)

Compound 4.8 was isolated as a yellow oil at 2 mg from a DCM extract of G. contracta.
Q-ToF MS analysis established the molecular formula as Ci9H3:02 (A = -3.36 ppm),
indicated by the molecular ion peak [M+H]" at m/z 297.279 (Figure 4.18). The 'H NMR
spectrum displayed a clear signal for the vinylic protons on C-10 and C-11, which were
represented by a multiplet at 845.21 — 5.44 ppm. The alkene could not be distinguished
between trans or cis, as the relevant coupling constants could not be extracted due to
overlapping and complex multiplet signals in the 'H NMR spectrum. Following this
downfield signal, the methyl protons of the ester group at C-1 appeared as a singlet at
81 3.47 ppm, whereas the terminal methyl group showed the lowest chemical shift as a
multiplet at §;0.80 — 0.92 ppm. A distinct multiplet was observed at 6y 2.26 — 2.37 ppm,
representing the most deshielded methylene protons at C-3, whilst another individual
signal represented the adjacent methylene protons on C-4 (8i 1.56 — 1.66 ppm, multiplet,
2H). The remaining 20 methylene protons on the saturated chain were represented by a

multiplet in the aliphatic region 8i 1.97 — 2.04 ppm (Table 4.8).

The ¥C NMR spectrum displayed one carbonyl (8¢ 178.5 ppm, C-2) and two olefinic
carbons (8¢ 130.2 and 129.9 ppm, C-10, C-11). The C-1 ester methyl carbon appeared at
8¢ 50.9 ppm, followed by the alkyl chain carbon signals which clustered between 8¢ 22
- 35 ppm. The lowest chemical shift carbon was observed at 8¢ 14.3 ppm, representing
the terminal methyl C-19. By comparison with the literature, this compound displayed
characteristic 'H and *C NMR chemical shifts and was therefore identified as methyl

oleate, a fatty acid methyl ester?.

Compound 4.8 is a known compound which has not been previously isolated from the

genus Gymnacranthera.
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Table 4.8. 'H and *C NMR data of 4.8.

10

11

12

Figure 4.17. Structure of compound 4.8.

Position 8¢ (ppm), type 8% 8y, mult. (Jin Hz)
1 50.9, CH; 51.4, CH; 3.47,s

2 178.5, C 174.2,C 1.22-1.34, m
3 34.0, CH; 34.0, CH; 2.26-2.37, m
4 24.9, CH; 24.9, CH; 1.56-1.66, m
5 29.22, CH; 29.0, CH; 1.22-1.34, m
6 29.38, CH: 29.14, CH: 1.22-1.34, m
7 29.49, CH: 29.11, CH: 1.22-1.34, m
8 27.29, CH; 27.1, CH; 1.22-1.34, m
9 29.80, CH: 29.7, CH; 1.97-2.04, m
10 130.2, CH 129.9, CH 5.21-5.44, m
11 129.9, CH 129.7, CH 5.21-5.44, m
12 29.82, CH: 29.7, CH; 1.97-2.04, m
13 27.34, CH, 27.2, CH, 1.22-1.34, m
14 29.49, CH: 29.5, CH; 1.22-1.34, m
15 29.7, CH; 29.3, CH; 1.22-1.34, m
16 29.77, CH: 29.6, CH; 1.22-1.34, m
17 32.1, CH; 31.8, CH; 1.22-1.34, m
18 22.8, CH; 22.6, CH; 1.22-1.34, m
19 14.3, CHs 14.0, CHs 0.80-0.92, m

26Reference carbon chemical shifts of a-tocopherol quinone measured in CDCls.
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Figure 4.18. Mass spectrum of compound 4.8.

4.2.3. Semi-purified Knema membranifolia fractions

In addition to the previously described isolates, chromatographic separation of the K.
membranifolia DCM extract yielded several semi-purified fractions, each containing
predominantly mixtures of two structurally related compounds. Due to their low yields
and close structural similarities, complete separation was not feasible. Nevertheless,

spectral data were sufficient to allow tentative structural assignments.

The 3C and 'H NMR spectroscopy were used to identify key functional groups within
these mixtures. Variations in alkyl chain lengths were inferred primarily from mass
spectrometry, based on differences in m/z values. Although these fractions did not
exhibit significant biological activity, the chemical profiles were deemed noteworthy
and are thus reported here. Owing to the low abundance and partial purity of these

samples, the proposed structures should be considered tentative.

4.2.3.1.Fraction 1 (4.1/4.9)
Fraction 1 was obtained at a yield of 7 mg. LC-MS analysis revealed two distinct peaks
in the total absorbance chromatogram. Corresponding positive ionisation Q-ToF data

supported the presence of the previously elucidated compound 4.1 and a known
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anacardic acid, identified as compound 4.9. Mass spectrometry data indicated a [M+H]*
ion at m/z 355.227 (A: 0 ppm) for compound 4.1, while a second, less abundant peak in
both the total ion and absorbance chromatograms corresponded to the [M+H]"* ion of
compound 4.9 at m/z 347.258 (A: 0 ppm) (Figures 4.21, 4.22). Based on this, compound

4.9 was assigned the molecular formula C,,H,,0,.

The one- and two-dimensional NMR spectra of the mixture were consistent with
compound 4.1, although several additional minor resonances were observed. Notably,
'H signals appeared at 8§ 5.31 — 5.40 ppm (alkene protons), § 1.97 — 2.06 ppm (allylic
protons), and 8 0.84 — 0.92 ppm (methyl triplet) (Figure 4.20), consistent with the

presence of compound 4.9.

HSQC correlations were observed between the alkene carbons at § 130.04 ppm and
alkene protons resonating at 8 5.31 - 5.40 ppm. HMBC correlations were also detected
between these alkene protons and carbons at 6 27.35 and 8§ 27.06 ppm, as well as
between the alkene carbons and the multiplet at § 1.97 — 2.06 ppm, corresponding to the
four methylene protons adjacent to the olefinic region. Six carbon signals were
presumed to be overlapped within the methylene envelope around 8§ 29 ppm,
characteristic of the long aliphatic chain of compound 4.1. In addition, weaker signals
were observed at § 130.2, 130.0, 35.96, 32.11, 31.93, 27.34, 27.07, 22.84, and 14.27 ppm,

accounting for the remaining carbon atoms.

The proposed HMBC correlations are summarised in Figure 4.19. Based on these
spectroscopic data, the compound was tentatively identified as ginkgolic acid (15:1), a
known anacardic acid characterised by a C15 aliphatic side chain bearing a double bond

between C-8' and C-9' (Figure 4.19)%".
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4 COSY HMBC
4.9

Figure 4.19. Structure of 4.9, with key COSY and HMBC correlations.

Table 4.9.'H, *C, COSY and HMBC NMR data of compound 4.9 from 4.1/4.9 fraction (CDCl;,
500/126 MHz)

Position &¢(ppm), type &8¢ S8u, mult. (Jin Hz) COSY HMBC
1 110.5,C 110.4, C - - -
2 163.8, C 163.6, C - - -
3 116.0, CH 115.8, 6.86, dd (8.3, 1.2) - -
CH
4 135.4, CH 135.4, 7.35, dd (8.3, 7.5) - -
CH
5 122.9, CH 122.7, 6.77, dd (7.5, 1.3) - -
CH
6 147.8, C 147.8, C - - -
7 175.3, C 176.2, C - - -
1 36.0, CH: 36.4,CH, 2.91-3.00, m - -
2’ 32.1, CH: 32.0, CH: - - -
3,4,5, 29.1-29.9, 29.8, 1.18-1.41, m - -
6’,11°, CH; 29.7,
12° 29.7,
29.6,
29.6,
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7’

8’

9’

10°

13’

14’
15’

27.1, CHy*

130.2, CH*"

130.0, CH*"

27.3, CHy*

31.9, CH:

22.8, CH»
14.3, CH:

29.5,
29.4,
29.3, CH:
26.9,
CH>*
129.9,
CH*
129.8,
CH*
27.2,
CH>*
31.9, CH:
22.3, CH:
14.0, CH:

1.97 -2.06, m

5.31-5.40, m

5.31-5.40, m

1.97 -2.06, m

1.18-1.41, m
0.84-0.92, m

8’-

7” 9,

10°, 8

8’

100

15’

*Coded indicates interchangeable signals. 2’Reference carbon chemical shifts of a-tocopherol

quinone measured in CDCls.
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Figure 4.20. 'H NMR spectrum of 4.1/4.9 fraction.
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Figure 4.21. Compound 4.9 mass spectrum in 4.1/4.9 fraction.
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Figure 4.22. Compound 4.1 mass spectrum in 4.1/4.9 fraction.

4.2.3.2.Fraction 2 (4.10/4.11)

For compounds 4.10 and 4.11, the presence of a mixture was indicated by LC-MS data,
which exhibited two closely eluting peaks on the total absorbance chromatogram, each
corresponding to distinct molecular ions. Based on positive ionisation mode Q-ToF data,
the molecular formulas of the two components were tentatively proposed. Compound
4.10 displayed molecular ions at [M+H]" at m/z 375.270 (A = -26.6 ppm), [M+2H]" at m/z
376.290 (A -18.6 ppm), and [M+3H]" at m/z 377.309 (A = 10 ppm), supporting the
assignment of the molecular formula C,,H,;,0, (Figures 4.26, 4.27). Compound 4.11
exhibited ions at [M+H]" m/z 405.337 (A = 51.8 ppm), [M+NH,]* m/z 422.368 (A = 37 ppm),
and [M+Na]* m/z 427.319 (A = 49 ppm), consistent with the proposed molecular formula
C,eH,,0, (Figures 4.24, 4.25).

The *C and 'H NMR data indicated the presence of a mixture of compounds. This
mixture comprised two alkyl salicylic acid derivatives lacking a terminal phenyl group,
as suggested by the 'H NMR spectrum. The shared aromatic signals in both the *C and
'H NMR spectra indicated that these compounds possessed identical functional groups

and differed only in their chain length and degree of saturation. The 'H NMR spectrum
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exhibited a weak alkene signal integrating into two protons, alongside two methyl
resonances in the aliphatic region. Two CH, carbon signals at § 27.3 and 27.1 ppm
showed HMBC correlations with alkene carbons at approximately § 130.04 and 130.00
ppm, supporting the assignment to 4.10 (Table 4.10, figure 4.23). Compound 4.10 was
assigned the structure of a 17-carbon anacardic acid with one double bond, and 4.11

was assigned a 19-carbon anacardic acid with a saturated chain.

Although the precise positioning of the double bond is not confirmed by the current data,
4.10 and 4.11 have been previously isolated as a mixture?® from Ozoroa insignis
(Anacardiaceae), suggesting the likelihood of these being biosynthesised alongside each
other?. However, other analogues of 4.10, differing in saturation position, have been
reported from Knema species, also making these structures possible?. Structural
differences between 4.10 and 4.11, namely a two-carbon variation in chain length and
one double bond in saturation, account for their very similar chromatographic
properties and the resulting difficulty separating these compounds. Compounds 4.10
and 4.11 were isolated in small combined quantities (3.7 mg) and exhibited no
detectable antibacterial or anticancer activity, rendering further separation unjustified.
To the best of my knowledge, compound 4.11 represents a novel isolation from
Myristicaceae, whereas compound 4.10 has been previously reported from Knema.
While the structural assignments regarding chain length and saturation remain
tentative, the biosynthetic potential of Knema to produce these compounds is evident,

as is their likelihood of occurring in an inseparable mixture.
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COSY HMBC

Figure 4.23. Structures of 4.10 and 4.11, with key COSY and HMBC correlations.

Table 4.10.'H, *C, COSY and HMBC NMR data of compounds 4.10 and 4.11 (CDCl;, 500/126

MHz).

P)osition Sc (ppm), type Sy, mult. (Jin Hz) COSY HMBC
1 110.6, C - - 1’,5,3
2 163.7,C - - 4

3 116.0, CH 6.76, m 4,5 -

4 135.4, CH 7.34,dd (11.4,7.8) 3,5 ;

5 122.8, CH 6.86, m 4,3 1’,3

6 147.8, C - - 1

7 175.3,C - - -

1 36.0, CH; 2.91-3.03, m 2’ 5
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2’

Compound 4.10 (4’ - 8’,
13’ -15’), compound
4.11 (3 -17)
Compound 4.10 (15’),
compound 4.11 (17°)
Compound 4.10 (16’),
compound 4.11 (18’)
Compound 4.10 (17),
compound 4.11 (19’)
9’

17

10°

12°

31.2%, 32.1%,
CH:
29.0-30.0,
CH:

31.9*%, 32.1*

22.8* 22 5%

14.3*°, 14.1*°

27.1, CH*!

130.2, CH*®

130.0, CH*®
27.3, CH*!

1.51-1.70, m

0.88, g (7.3)

0.88, m

0.88, m

1.95-2.09, m
5.34,t(4.8)
5.34,t(4.8)
1.95-2.09, m

10°

12
9’

117

17°,
19

10
12
9’
11

*Coded signals represent interchangeable values. Red signals show those belonging to 4.10
exclusively, whilst black signals display shared signals, unless stated otherwise.

Figure 4.24. Compound 4.11 mass spectrum in fraction 4.10/4.11.
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ESi+

Figure 4.25. Compound 4.11 mass spectrum in fraction 4.10/4.11.

Figure 4.26. Compound 4.10 mass spectrum in fraction 4.10/4.11.
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Figure 4.27. Compound 4.10 mass spectrum in fraction 4.11/4.12.

4.2.3.3.Fraction 3 (4.11/4.12)

Fraction three yielded 10 mg of a mixture containing two different compounds. LC-MS
analysis revealed one dominant peak on the total absorbance and total ion
chromatograms, accompanied by a minor peak eluting at a slightly earlier retention time.
Positive ionisation mode Q-ToF data indicated these corresponded to two separate
compounds. One compound exhibited molecular ions of [M+NH,]|" at m/z 427.340 (A:
49.1 ppm) and [M+K]" at m/z 443.335 (A: 36.1 ppm), leading to the proposition of the
molecular formula C,H4,03. Combined with supporting 1D and 2D NMR data, this led
to the tentative identification of 4.11 (an anacardic acid bearing a saturated 19-carbon
alkyl chain). The NMR data for 4.11 are listed in Table 4.11. The second compound in
the mixture displayed molecular ions of [M+H]" at m/z 459.378 (A: 2.2 ppm) and of
[M+2H]" at m/z 460.378 (A: 10.9 ppm), leading to the proposition of the molecular
formula C,,H;,0, (Figures 4.29 — 4.31).

The 'H NMR spectrum exhibited a clear alkene signal at § 5.25 — 5.45 ppm, as well as a
multiplet at § 1.98 — 2.10, corresponding to protons adjacent to the double bond.
However, due to the complex multiplet signal, the couple and therefore cis/trans
configuration could not be confidently established. The ">’C NMR spectrum showed
alkene carbon resonances at & 130.0 ppm (assigned to C-10 and C-11). Based on these

spectroscopic features, in conjunction with mass spectrometry data, the compound
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was tentatively identified as 4.12 — a previously undescribed unsaturated anacardic
acid with a 23-carbon chain with an unconfirmed double bond position. The saturated
analogue of this compound has been previously reported from the Anacardiaceae

family?8.

Table 4.11 and Figure 4.28 present the 'H and **C NMR assignments along with observed
HMBC and COSY correlations. Most of the carbons of 4.11 and 4.12 are represented by
carbon chemical shifts within 0.2 ppm between compounds, and are thus considered
interchangeable, therefore representative values have been included in Table 4.11. The
alkane carbon signals in the 6§ 29.0 - 30.0 ppm region displayed overlap and are reported
as a range. A complete °C spectrum with labelled resonances is included in Appendix

A.58.

COSY HMBC
4.12

Figure 4.28. Structures of 4.12, with key COSY and HMBC correlations.

Table 4.11.'H, *C, COSY and HMBC NMR data of compounds 4.12 (CDCl;, 500/126 MHz).
Position  §;(ppm), type 8y, mult. (Jin Hz) COSY HMBC

1 110.7, C - - 53,1
2 163.7, C - -4

3 116.7, CH 6.76,dd (7.6,1.2) 4,5 5

4 135.4, CH 7.34,dd (8.3,7.5) 3,5 -

5 122.8, CH 6.85,dd (8.3,1.3) 3,4 3

168



1
2
3-8,
13’ -20°
9’

10°

17

12°

21

22

23

147.8, C
175.3,C
36.6, CH:
32.2, CH:
29.8 - 30.0,
CH:

27.1, CHy*
130.2, CH*®
130.0, CH*®
27.3, CHy*
32.2, CH:
22.8, CH:
14.3, CH:

2.90-3.02, m
2.33-2.48, m
1.10-1.47, m

1.98 -2.10, m
5.25-5.45, m
5.25-5.45, m
1.98 -2.10, m
1.10-1.47, m
1.10-1.47, m
0.79-0.95, m

10°
9’

12’
117

4,1

9’
12’
11
23’
23

* Indicates interchangeable signals.

%62 428360
N WA N M. el

Figure 4.29. Compound 4.11 mass spectrum in fraction 4.11/4.12.
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ESl+
458353

Figure 4.30. Compound 4.12 mass spectrum in fraction 4.11/4.12.

ESi+

Figure 4.31. Compound 4.10 mass spectrum in fraction 4.11/4.12.

4.2.3.4.Fraction 4 (4.13/4.14)
Fraction 4 was obtained at a yield of 3 mg and was determined to be a mixture of two
structurally related compounds. Initial LC-MS analysis revealed two closely eluting

peaks on both the total ion chromatogram and total absorbance chromatogram. The
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compound corresponding to the less abundant peak exhibited a molecular ion at m/z
319.223 ([IM+H]*, A = 9.7 ppm) in the positive ionisation mode Q-ToF mass spectrum,
consistent with the molecular formula C,,H,,0,. This compound is herein referred to as

4.13.

These signals showed correlations with the alkene carbons at § 130 ppm in the HSQC
and HMBC spectra, respectively. The aromatic regions in both the 'H and *C NMR
spectra were consistent with an anacardic acid lacking a terminal phenyl ring,
indicating structural similarity to other members of the series, with the key differences

residing in the alkene region.

Additionally, the spectra showed two distinct methyl signals in both "H and "°C NMR,
each attributed to one of the two compounds present in the mixture. The combined NMR
data are summarised in Table 4.12. Carbon signals that differed by less than 0.5 ppm
between the two compounds have been reported as a representative single value. The
methylene carbons in the 8§ 29.0 — 30.0 ppm range were grouped, as individual

assignments could not be confidently resolved due to overlap (Table 4.12).

Based on the spectroscopic evidence, 4.13 was tentatively assigned the structure of an
anacardic acid bearing a 13-carbon alkyl chain with one double bond, while 4.14 was
assigned as a saturated anacardic acid with a 16-carbon alkyl chain (Figure 4.32).
Although the precise position of the double bond in 4.13 could not be definitively
established from the available data, it is proposed to lie between C-8' and C-9'. This
assignment is supported by prior isolation of a structurally analogous 13-carbon

anacardic acid from the Knema species®.

Compound 4.14, on the other hand, has been previously reported in Ginkgo biloba, a
species known to share several secondary metabolites with Knema, thus reinforcing the

plausibility of K. membranifolia biosynthesising this compound?!.

171



COSY HMBC
Figure 4.32. Structures of 4.13 and 4.14, with key COSY and HMBC correlations.

Table 4.12. 'H, 3C, COSY and HMBC NMR data of compounds 4.13/4.14 (CDCl;, 500/126 MHz).

Position Sc (ppm), type S8u, mult. (Jin Hz) COSY HMBC
1 110.5,C - - -
2 163.8, C - - -
3 116.0, CH 6.76, t (8.5) 4,5 -
4 135.5, CH 7.34,td (11.4, 7.8) 3,5 -
5 122.8, CH 6.86, d (8.3) 4,3 -
6 147.8, C - - -
7 175.3,C - - -
1 36.7, CH: 2.91-3.03, m 2’ -
2’ 32.2, CH; 1.51-1.70, m 1 -
Compound 4.13 29.0-30.0,CH, 1.06-1.45,m - -
(3°-6),

compound 4.14

(3' - 13)

Compound 4.13
(11°), compound
4.14 (14’)

31.9, CH: -
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(12’), compound
4.14 (15°)
Compound 4.13
(13’), compound
4.14 (16’)

”s

8’
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22.8, CH.

14.2, CHs

27.1, CHy*
130.04, CH*?
130.01, CH*®
27.4, CH,*

0.88, g (7.3)

0.88, g (7.3)

1.95-2.09, m
5.34, t (4.8)
5.34, t (4.8)
1.95-2.09, m

100
12
9’
11

100
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9’
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*Coded signals represent interchangeable values. Signals in red represent those belonging to

4.13 and all others are shared unless stated otherwise

Figure 4.33. Compound 4.13 mass spectrum in fraction 4.13/4.14.

173



L |

Figure 4.34. Compound 4.14 mass spectrum in fraction 4.13/4.14.

4.2.4. Conclusion

Through detailed spectroscopic analysis, including 1D and 2D NMR and X-ray
crystallography, this study marks the first phytochemical investigation of K.
membranifolia. Six compounds were isolated, including one previously undescribed
natural product, 4.3. Furthermore compounds were identified across fractions 1 - 4,
primarily differing in chain length and unsaturation. Despite occurring as inseparable
mixtures, spectral data enabled tentative structural proposals, contributing

information to the metabolic profile of K. membranifolia.

Amongst the key contributions, the full 2D NMR data of 4.1 and the crystal structure of
4.2 are reported here for the first time, as well as the carbon and 2D NMR data of 4.6.
Furthermore, a-tocopherol quinone is identified for the first time in the Myristicaceae
family. These findings infer the biosynthetic potential of K. membranifolia (and the

Myristicaceae family).

4.2.5. Biosynthetic pathway of Knema compounds
The biosynthesis of the alkylsalicylic acid compounds is proposed to involve a Type III
polyketide synthase using hydrocinnamyl CoA as a starter unit. This would undergo

successive Claisen condensation reactions with malonyl-CoA extender units, followed
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by saturation of the ketone groups by a cycle of reduction, dehydration and reduction,
as in fatty acid biosynthesis. With the final three extensions, however, the ketones are
retained to give a polyketide terminus as illustrated for the alkylsalicylic acid with a 16-
carbon linker (compound 4.15, Figure 4.35). This undergoes an aldol reaction to give
intermediate 4.16 followed by dehydration to give the resorcinol 4.17. From this
common precursor, further tailoring reactions to form cardol 4.18 (decarboxylation),
cardanol 4.19 (reduction, decarboxylation), salicylic acid 4.20 (reduction,

decarboxylation, oxidation) or urushiol 4.21 (reduction, hydrolysis)®.
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Figure 4.35. Proposed biosynthesis of Knema phenyl-alkyl compounds. R = 16 carbon alkyl

chain with terminal phenyl.
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4.2.6. Biological activities of isolated compounds

Among the six Mpyristicaceae species subjected to small-scale extraction and
antimicrobial screening, two exhibited measurable antibacterial activity against MSSA
(MIC < 128 pg/mL, Table 4.13). As outlined above, the phytochemistry of these bioactive
species was subsequently examined in greater detail. The unexplored antibacterial,
anticancer and antifungal activities of isolated compounds from these species was
investigated.

Table 4.13. In vitro antibacterial activity of Myristicaceae species measured using the broth
microdilution assay to obtain the minimum inhibitory concentration (MIC) of each extract.

MIC (ug/mL)

Species Extracting solvent MSSA 25923 E. coli 10418
Horsfieldia splendida Hexane >512 >512
Dichloromethane 512 >512
Methanol 512 >512
Horsfieldia polyspherula Hexane 512 >512
Dichloromethane 256 >512
Methanol >512 >512
Knema elmerii Hexane >512 >512
Dichloromethane >512 >512
Methanol >512 >512
Knema latifolia Hexane >512 >512
Dichloromethane >512 >512
Methanol >512 >512
Knema membranifolia Hexane 128 >512
Dichloromethane 32 >512
Methanol 64 >512
Gymnacranthera contracta Hexane 128 >512
Dichloromethane 64 >512
Methanol 128 >512
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4.2.6.1. Antibacterial Activities of Isolated Myristicaceae Compounds

K. membranifolia compound inactivity against Gram-negative bacterial strains
Despite all crude extracts being inactive against susceptible Gram-negative species,
purified compounds were still screened on the basis that antagonism and/or
concentration of compounds within the crude mixture were decreasing antibacterial
effects. All purified compounds were screened against susceptible (Escherichia coli
10418, Salmonella typhimurium 14028S and Pseudomonas aeruginosa 10662) and
multidrug resistant (Klebsiella pneumonia CPE16 and Escherichia coli G69) Gram-
negative bacterial strains. All compounds had an MIC >128 pg/mL (with two biological

repeats) and were therefore not investigated further within these strains.

Table 4.14. MIC values of compounds 4.1 — 4.6 tested against Gram-negative bacterial strains.

Bacterial strain Compounds 4.1 - 4.6
Escherichia coli 10418 >128
Escherichia coli G69 >128
Salmonella typhimurium 14028S >128
Pseudomonas aeruginosa 10662 >128
Klebsiella pneumonia CPE16 >128

K. membranifolia compound activity against MSSA and MRSA

Moderate to strong activity against Gram-positive bacteria was exhibited by the Knema
compounds isolated during this study. All isolated salicylic acid compounds displayed
an extent of antibacterial activity against MSSA (Table 4.15). Compound 4.1 exhibited
the lowest activity of the three (MIC = 128 pg/mL), followed by 4.3 (MIC = 16 pg/mL) and
finally 4.2 (MIC 4 = pg/mL). These data suggest that the linking alkane chain between the
phenolic and phenyl ends of the molecule influences anti-MSSA activity. In future
studies, to further investigate this effect, a 14-carbon linker salicylic acid-type
compound should be assessed for its antibacterial activities, however this theoretical
compound has not yet been discovered. The MBC values of 4.1 and 4.2 against MSSA
were determined as 128 and 8 pg/mL, respectively. However, the MBC of 4.3 was >32

ug/mL and therefore unquantified, inferring that the additional two alkane carbons not
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only decrease the MIC, but alter the mechanism of action, potentially rendering this
compound bacteriostatic only. It is also worth noting that the importance of alkane
chain length is demonstrated in the acetophenone compounds against all the S. aureus
strains, whereby an increase of two carbons alters the compounds from moderately

active to inactive (Table 4.15).

Interestingly, this effect is not shown in 4.3 against MRSA, where bactericidal activity is
quantified at 8 pg/mL, suggesting a difference in mechanism of action against strains
MSSA and MRSA. In contrast, the pattern which shows 4.2 having the highest activity,
which then decreases with increasing or decreasing alkane chain length, is maintained
in the MRSA strain (with 4.1, 4.2 and 4.3 possessing MIC values of 32, 2 and 8 pg/mL),
emphasising the importance of alkane length and suggesting similar modes of action of

these compounds between the two strains.

In addition, studies have shown that 4.2 and 4.1 lacking the terminal phenyl have an
MIC of 6 pg/mlL against MRSA, inferring the importance of this phenyl group, which
causes a 3- or 5-fold increase, respectively, in anti-MRSA activity®*. Kubo et al.
determined the MIC of these compounds against the Gram-positive Steptococcus
mutans 25175 at 2 pug/mL. The terminal phenyl in 4.2 is likely to have the same
enhancing effect on anti-S. mutans activity, warranting future investigations of
compound 4.2 into this strain®*. Green et al., tested a range of synthesised and natural
anacardic acids with variations in the hydrophobic tail portions and found that these
parts of the compounds are correlated with antibacterial activities due the ability to
readily disrupt membrane integrity. Here, 6-(4',8'-dimethylnonyl)salicylic acid
displayed the lowest MIC at 0.39 pg/mlL against MRSA, with the others ranging from 6 —
100 pg/mlL, revealing that 4.2 found in this study is amongst the most potent anacardic

acid-related compounds®.

Surprisingly, activity of the salicylic acid-related compounds isolated in this study are
more potent against the MRSA than the MSSA. The MRSA 13373 used in this study

contains the mecA gene, which encodes a low affinity penicillin binding protein (PBP2A),
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thus reducing B-lactam effectiveness®. The results of this study suggest the absence of
interaction between salicylic acid compounds and PBP2A, eliminating the possibility of
PBP2A binding in their modes of action. Contrastingly, 4.4 displayed higher activity (MIC
= 8 pug/mL) against the MSSA than the MRSA (MIC = 16 pg/mL), suggesting potential
interaction of this compound with PBP2A, thus reducing the activity in the MRSA (Table
4.15).

K. membranifolia compound activity against further resistant S. aureus strains

Compounds 4.1 and 4.3 lacked antibacterial activities against the other resistant S.
aureus strains tested (MIC >128 pg/mL), whilst compound 4.2 displayed bactericidal
activity at 8, 4 and 32 pg/mL against S. aureus RN4220, S. aureus 1188B and S. aureus
XU212, respectively. S. aureus RN4220 contains the plasmid pUL5054, carrying the
gene encoding the MsrA macrolide efflux protein®. These macrolide-specific efflux
pumps are ATP-binding cassette (ABC) transport proteins which facilitate the energy-
dependent efflux of macrolides to outside the bacterial cell®®. The variation of MIC
values of 4.2 throughout these strains highlights its relationship with their efflux

pumping abilities.

S. aureus 1199B overexpresses the NorA gene resulting in greater quantities of the NorA
protein, which mediates the efflux of fluoroquinolones, as well as other structurally
diverse compounds, to outside the bacterial cell***°. Compound 4.2 and 4.4 displayed
strong antibacterial activities (MIC = 4 and 32 pg/mL, respectively), suggesting that the
NorA protein is unable to efflux these compounds, however, does efflux the others
tested (MIC >128 pg/mL). Compound 4.6 is inactive exclusively against S. aureus 1199B,
suggesting that this structure potentially offers high affinity to the NorA efflux protein.
The NorA’s substrate binding pocket contains several aromatic residues and has ~65%

lipophilic residues, making it likely to bind to aromatic compounds*+42.,

S. aureus XU212 possesses the TetK gene, encoding tetracycline efflux proteins, thus
inferring tetracycline resistance*’. Compounds 4.2, 4.4 and 4.6 displayed MIC values of

16, 4 and 4 pg/mL, respectively. Here, the efflux ability of the tetracycline efflux proteins
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does not follow the same pattern as that of the NorA protein, with 4.2 potentially being

effluxed at the highest rate.

The higher activity of 4.3 in the MSSA and MRSA compared with all three resistant
strains RN4220, 1199B and XU212, suggests that these efflux pumps may be expelling
this compound from within the cell, thus reducing its antibacterial activity. This
emphasises the importance of the alkane chain linker of this compound. The fact that
4.1 has low activity against MSSA and the resistant efflux pump-possessing strains,
versus moderate activity against MRSA (MecA-containing), suggests higher affinity to

PBP2a than the PBPs present in MSSA*.

Compound 4.4 displays moderate activity against all S. aureus strains, whilst 4.5
displays none, demonstrating the importance of the additional two carbons in the
alkane linker in this compound as well as in compounds 4.1 to 4.3. The antibacterial
activities of 4.4 are strongest against S. aureus XU212 (MIC 4 pug/mL). This is the same
activity of 4.6, and lower than activity of 4.2 within this strain. Compounds 4.6 and 4.4
are similar in the OH positionings meta to the C-6 alkane chain substitution, which
could influence their activities. Based on structure, the acetophenone functional group
positioning on 4.4 allows antibacterial activities of the compound, providing the alkane
chain is only 8 carbons long. The antibacterial activities are similar within 4.4 and 4.6,
which highlights the importance of chain length and this substitution (providing the
mechanisms of action are the same). For a deeper understanding of the SAR of these
compounds, the resorcinols, salicylic acids and acetophenones with linkers of 8, 10 and
12 carbons should be investigated against each strain, to provide a comprehensive

structure-antibacterial relationship report of these three compound types.
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Table 4.15. In vitro antibacterial activity, showing MIC (shaded) and MBC values (ug/mL), of
isolated compounds 4.1 - 4.6 against susceptible (MSSA 25923) and resistant strains of
Staphylococcus aureus. MSSA: methicillin susceptible Staphylococcus aureus; MRSA:
methicillin resistant Staphylococcus aureus; MIC: minimum inhibitory concentrations; MBC:
minimum bactericidal concentration.

Compound MSSA MRSA S. aureus S. aureus S. aureus
25923 13373 RN4220 1199B XU212

4.1 128 128 32 32 >128 n.t. >128 n.t. >128 n.t.
4.2 4 8 2 2 8 8 4 4 16 32
4.3 16 >32 8 8 >128 n.t. >128 n.t. >128 n.t.
4.4 8 >16 16 32 8 8 32 >64 4 8
4.5 >128 n.t. >128 n.t. >128 n.t. >128 n.t. >128 n.t.
4.6 16 32 16 32 16 16 >128 n.t. 4 8

Ampicillin >0.13 - >0.13 - >0.13 - >0.13 - >0.13 -

K. membranifolia compound activity against Enterococcus faecalis strains

Compounds 4.1 - 4.6 were tested for their antibacterial activities against E. faecalis.
Like the activity against S. aureus, 4.2 displayed the strongest activity, with MIC values
of 4 and 2 pg/mL against the susceptible and resistant strains of E. faecalis, respectively.
The optimal alkane chain length in the salicylic acid compounds was at 12 carbons,
whilst either increasing or decreasing this length decreases activity, as aforementioned.
Similarly, the increase in chain length between compounds 4.4 and 4.5 renders this
compound inactive, matching the antibacterial trend occurring against the S. aureus
(Table 4.16). The MIC of 4.1 displayed the largest difference between the two E. faecalis
strains, suggesting that the resistance gene renders this strain more susceptible to the

compound.

The mechanisms of action of all Knema compounds may be similar across the two
Enterococcus species tested, as suggested by the consistent order of antibacterial
potency observed among the compounds (Tables 4.15, 4.16). E. faecalis 51299

possesses the vanB gene, which confers vancomycin resistance by enabling an
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alternative biosynthetic pathway during the production of peptidoglycan precursors,
resulting in precursors which have low affinity to vancomycin. Vancomycinis a cell wall
synthesis inhibitor that forms hydrogen bonds with the alanine region of Lipid II, a
native peptidoglycan precursor. This binding prevents PBPs to cross linking Lipid Il into
mature peptidoglycan, thus compromising cell envelope integrity and causing cell death
through osmotic stress. Therefore, the altered precursors with reduced vancomycin

binding render the antibiotic ineffective*>5,

For all Knema compounds tested, antibacterial activity against susceptible E. faecalis
was equal to or lower than that against the resistant strain. This suggests that their
mode of action does not involve binding to native peptidoglycan precursors to inhibit
cell wall synthesis. As mentioned above, a comprehensive SAR study of these
compounds, including all compound classes with 8 to 16 carbon alkane linkers, is
necessary to begin to properly speculate how linker lengths and functional groups affect

antibacterial activities.

Table 4.16. In vitro antibacterial activities, displaying MIC (shaded) and MBC values (ug/mL), of
isolated compounds 4.1 - 4.6 against susceptible (E. faecalis 12967) and resistant (E.
faecalis 51299) strains of Enterococcus faecalis (n=2). MIC: minimum inhibitory concentrations;
MBC: minimum bactericidal concentration.

Compound E. faecalis 12967  E. faecalis 51299

4.1 128 128 32 32
4.2 4 8 2 2
4.3 16 >32 8 8
4.4 8 >16 16 32
4.5 >128 n.t. >128 n.t.
4.6 16 32 16 32
Ampicillin >0.13 n.t. >0.13 n.t.
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4.2.6.2. Conclusion

Section 4.2.6 evaluates K. membranifolia compounds for their antibacterial activity,
with a particular focus on Gram-positive pathogens, including MRSA and E. faecalis
strains. Although crude extracts displayed no activity against Gram-negative bacteria,
the screening of purified compounds revealed notable and selective effects against
Gram-positive strains, particularly by the salicylic acid derivatives. Compound 4.2
consistently exhibited the highest potency, with bactericidal activity observed at low
micromolar concentrations against MRSA and vancomycin-resistant E. faecalis, placing

it amongst the most active natural salicylic acid analogues reported to date.

Structure-activity relationships observed across the isolated compounds indicate a
clear influence of alkane chain length and functional group arrangement on
antibacterial potency. A 12-carbon linker appears optimal, with aromatic group and
chain length deviations either diminishing activity or potentially shifting the mode of
action. Differential activity across resistant strains suggests specific interactions with
known resistance mechanisms, including efflux pumps and modified target proteins

such as PBP2A and NorA.

4.2.6.3. Anticancer Activities of Isolated Myristicaceae Compounds

This study aimed, in part, to investigate the anticancer potential of compounds which
were isolated from the Myristicaceae and Clusiaceae families. Although anticancer
activity did not directly guide the phytochemical investigations, pure compounds were
evaluated in vitro against common cancer cell lines in Dr. Sobolewski’s laboratory at the
School of Chemistry, Pharmacy, and Pharmacology, University of East Anglia (UEA) by

Dr Salonee Banerjee.

Initially, compounds 4.1 — 4.6, were screened at 10 pM and 100 uM against A549, SK-
MEL28, HL60, and RAW264.7 cancer cells. Results for this are shown in Appendix C,
Figure C2 to C5. Here, compounds 4.1, 4.2, 4.3, 4.4 and 4.6 were active against A549
cells, inhibiting growth at 100 pM. This preliminary screening identified these

compounds as candidates for further investigation. Subsequently, dose-response
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curves were generated for these compounds in A549 cells over a concentration range
from 6.26 puM to 800 uM, enabling further assessment of their cytotoxic potential. ICso

values were calculated and are displayed in Table 4.17.

Anticancer activity of compounds 4.1 - 4.3

The structure-activity relationship of the three salicylic acid derivatives against A549
lung cancer cells revealed a correlation between hydrocarbon chain length and
cytotoxicity. Compound 4.2 (12-carbon linker, IC,, = 22.07 uM) exhibited the highest
potency, followed by compound 4.3 (16-carbon linker, IC,, = 43.19 uM), while
compound 4.1 (10-carbon linker, IC,, = 111.80 uM) was the least effective. These data
suggest that the hydrocarbon chain length and therefore hydrophobicity of these
compounds play a role in their mechanism of action against A549 cells. Given that the
C12 derivative was more effective than cisplatin (IC;, = 31.11 uM), this compound

demonstrates promising anticancer potential.

Table 4.17. Cytotoxic activity of isolated compounds against A549 lung cancer cells, displaying
ICs values obtained using an AlamarBlue in vitro assay (n=3).

Compound ICso (LM)
4.1 111.80
4.2 22.07
4.3 43.19
4.6 35.53
4.4 70.30
4.1/4.4 60.31
4.13/4.14 235.00
Cisplatin 18.57

Acetophenone and alkylresorcinol anticancer activity

Of the acetophenones isolated, 4.4 (8 carbon linker) was the only one to cause a
decrease in fluorescence (p < 0.001) at 100 pM during the initial screening. 4.4 was
investigated further and displayed an ICs, value of 70.30 uM, highlighting the importance

of the reduction in chain linker length by two carbons. Similarly to the salicylic acid
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compounds, a 10-carbon linker is not optimal for cytotoxicity, however it is unknown
weather an acetophenone with a 12-carbon linker enhances or decreases activity, as

this compound is undiscovered and therefore untested.

The second most potent compound was 4.6 (ICso = 35.53 uM). Interestingly, the 10-
carbon linker length here offers cytotoxic activity, whereas this linker length was not
optimal within the salicylic acids. These trends within the salicylic acids and
acetophenones with 10-carbon linker chains infer the potential cytotoxic activity of a
12-carbon linker resorcinol. This was proven to be true by a previous study which found
higher cytotoxicity of the 12-carbon linker resorcinol (LCso = 9.8 uM) than the 8-carbon

linker compound?®.

Figure 4.36 displays the fluorescence intensity of cells treated with the compounds with
ICso values less than 50 uM. Here, 4.2 is the only compound to display a lower
fluorescence intensity to the untreated control at every concentration point, whilst the
cisplatin control displays this difference, with less statistical significance, within the
top three concentrations. Although cisplatin has a lower half-maximal inhibitory

concentration, 4.2 and 4.6 initiate a response at lower concentrations than the control.
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Figure 4.36. Dose-response curves of compounds 4.2, 4.3 and 4.6 against A549 lung cancer
cells in comparison to cisplatin. All values are expressed as mean +/- standard deviation; n = 3;
**kp <0.0001, **p <0.001, **p <0.01 and *p < 0.05 at each concentration point when compared
to untreated control cells.

Previous cytotoxic reports on compounds isolated from K. membranifolia

Studies have previously investigated the cytotoxicity of known compounds isolated
from K. membranifolia during this study. Zeng et al., previously investigated the in vitro
anticancer activities of 4.2 (EDs, values of 15, 3 and 3 ug/mL), 4.6 (EDs, values of 3 pg/mL),
4.4 (EDs, values of 4, 3 and 19 pg/mL) and 4.5 (EDs, values of 3, 3 and 4 pg/mL) against
A-549, MCF-7 and HT-29 cancer cell lines, respectively. During this study however, the
positive control doxorubicin was significantly more active than the tested compounds,

inferring limited cytotoxicity against cancer cells of these compounds.

The mutual cell line tested in this study was the A549 lung cancer cells, where the
lowest EC5 value translating to 9.6 pM was exhibited by 4.6, followed by compound 4.5
at 10.8 uM and finally compound 4.2 at 39.2 uM. Interestingly, the order of potency did

not follow the same trend in this study, where the most potent compound was 4.2,
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followed by 4.6 and finally the 4.5. While different methodologies may influence exact
values, overall trends are expected to remain consistent. Notably, in the previous study,
4.6 and 4.5 exhibited similar potency, whereas in this study, 4.5 showed a two-fold
increase in ICso value. This discrepancy emphasises the need for further investigation
to fully understand the structure-activity relationships and reproducibility of these

compounds' cytotoxic effects.

Zeng et al. also investigated the potential antineoplastic properties of these compounds
by assessing their ability to inhibit crown gall tumour growth on potato discs. They
reported inhibition rates of 61% for 4.2, 62% for 4.6, 38% for 4.4, and 30% for 4.5,
demonstrating the antineoplastic potential of 4.2 and 4.6. Although this study uses a
distinct and different in vitro model for evaluating anticancer activity, the observed

trend aligns with the findings presented in this thesis?.

To further evaluate their toxicity, a brine shrimp lethality assay was performed, where
all compounds displayed potent activities with 4.2, 4.6, 4.4 and 4.5 displaying LCs
values of 1.24, 0.47, 0.37 and 0.18 pg/mL, respectively. Surprisingly, the trend in toxicity
was reversed in this assay, but aligned with the mammalian cell in vitro assay, with 4.5

being the most potent and 4.2 being the least®.

Although these compounds have been previously tested against the A549 cancer cell
line, this study is the first to report their activity against SK-MEL28, HL60, and
RAW264.7 cancer cells. Additionally, this work provides a more comprehensive
structure-activity relationship analysis by examining three salicylic acids with varying
chain lengths in the same biological assay. The inconsistencies observed in activity from
previous reports reinforce the importance of revisiting this work. Only in vitro screening
assays of some of the compounds isolated in this thesis have been previously performed,
and no mechanistic studies of salicylic acids with terminal phenyl groups have yet been

undertaken.
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Previously reported anticancer mechanisms of anacardic acids

Previous studies have primarily examined the cytotoxic mechanisms of anacardic acids
which lack the terminal phenyl group. This form is commonly referred to as anacardic
acid, the most common of which features a 15-carbon alkyl side chain and constitutes
65% of cashew (Anacardium occidentale) nutshell extract*’. Other natural compounds
and synthetic derivatives from this, possessing side chains varying in length and
saturation, have been explored for their anticancer properties, revealing that activity is

largely due to mediation of histone acetyltransferases (HATS).

HATSs are a class of enzymes responsible for catalysing histone acetylation, which in
turn influences gene expression. HATs are categorised into three families: GCN5-
related N-acetyltransferase, MYST (Moz, Ybf2/Sas3, and Tip60), and p300/CBP (CREB-
binding protein). Among them, CBP/p300 is one of the most researched transcriptional
co-activators due to its involvement in various cellular functions. Abnormalities in its
function are linked to several major human diseases, including cancer, diabetes, viral

infections, and asthma*®.

Natural anacardic acids, including those which lack the terminal phenyl are known to
inhibit P300 and P300/CBP associated factor (PCAF)*. Molecular modelling revealed
that the salicylate moiety mimics the pyrophosphate group of CoA, forming hydrogen
bonds with various chemical groups. In addition, the hydrocarbon chain remained in
the pantothenic acid binding pocket, eliminating the importance of chain length and
unsaturation. To assess this, synthetic derivatives of these were investigated, which
found that a derivative containing an additional benzyl group and a cis-double bond
significantly inhibited HAT activity by 50% in vitro in HepG2 liver cells (2-fold more than
the 15-carbon saturated anacardic acid). Interestingly, there was no difference in
activity between the 10- and 15-carbon chain saturated anacardic acids (which lack the
terminal phenyl), whereas an increase in chain length by 2 carbons (4.1 vs 4.2) and 4
carbons (4.2 vs 4.3) rendered the molecule inactive or halved the IC,, against A549 cells,

respectively, in this study (Table 4.17). However, literature shows that introduction of
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an aromatic ring within the chain did not affect HAT activity either®. These comparisons
suggest that compound 4.2, which possesses a terminal phenyl, may inhibit HAT
activity, and that its chain length may be more important for activity than in regular
anacardic acid compounds. However, this cannot be definitively deduced from the

currently available data.

Further anticancer mechanisms of anacardic acids have been linked to HAT inhibition.
These include reduced autophosphorylation of serine 2056, leading to DNA-PKcs
enzyme inhibition; radiosensitisation of cancer cells; histone H3K9 hypoacetylation,
affecting gene regulation; and antitumour activity mediated through NF-xB inhibition®"
%, These findings suggest that HAT inhibition may contribute to the anticancer effects

of salicylic acids examined in this study, although mechanistic studies are limited.

While anacardic acids have been extensively studied for their role in HAT inhibition,
other anticancer mechanisms have also been explored. In silico studies suggest that
anacardic acids selectively enhance aurora kinase activity, promoting histone H3
phosphorylation®. Additionally, the saturated anacardic acid (17:1) isolated from
Geranium (Geraniaceae) exhibited cytotoxicity against BT-20 breast carcinoma cells,
inhibiting proliferation of estrogen receptor alpha-positive breast cancer cells,
disrupting cell cycle progression by reducing estrogen receptor-DNA interactions, and

suppressing estrogen receptor-mediated transcription®®.

Previously reported anticancer mechanisms of alkyresorcinols

Alkylresorcinols (ARs) exert antitumour effects by damaging tumour cell DNA and
inhibiting its repair, leading to increased genetic toxicity and cell death. This disruption
prevents the growth of new cancer cells®”*8. Recent studies suggest that natural plant
compounds, including flavonoids and polyphenols, can trigger apoptosis and

autophagy pathways, promoting tumour cell death and limiting their proliferation®.

Oskarsson and Ohlsson found that ARs affect steroid hormone production in human
adrenocortical H295R cells by reducing testosterone synthesis and decreasing estradiol,

cortisol, and aldosterone secretion. They found that this may be a result from CYP17
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enzyme inhibition, which disrupts androgen and glucocorticoid synthesis while slightly
increasing aldosterone production. As CYP17 is crucial for steroid hormone synthesis
and a key target in prostate cancer treatment, AR-mediated CYP17 inhibition could be a
potential strategy to limit androgen-dependent prostate cancer cell growth®. In addition,
due to their high lipophilicity, ARs are believed to influence steroid hormone production
by accumulating in lipid-rich tissues, including adipose tissue, testes, ovaries, and the
adrenal cortex, which play key roles in steroidogenesis and therefore may play a role in

chemoprevention®!.

ARs have been associated a decreased risk in colorectal cancer in epidemiological
studies, whereby an inverse correlation between AR blood plasma levels and risk of

colon cancer development was observed in those with consistently high AR intake®*3,

In terms of in vitro studies, Sanchez et al. found that five natural ARs exhibited
significantly greater cytotoxicity (9-fold higher) than adriamycin against MCF-7, H-460,
and SF-268 cancer cell lines. These findings align with previous research showing the
antiproliferative effects of 14 ARs isolated from a tropical tree on breast, lung, and

central nervous system carcinoma cells®’.

In vitro studies on HepG2 and Hep3B hepatocarcinoma cells showed that five ARs
isolated from L. molleoides leaves induced DNA fragmentation and nuclear
condensation (hallmarks of apoptosis) within 24 hours. Notably, cell death occurred
independently of p53°%. Research has consistently shown ARs to inhibit tumour cell
growth, including ovarian, prostate, breast, and cervical cancer cells®**’. These findings

suggest ARs may serve as promising adjuvants in cancer therapy.

To conclude the anticancer activities of AR compounds, their precise mechanisms
remain unclear due to their multiple targets and complex biochemical interactions.
They appear to induce apoptosis through DNA fragmentation and nuclear condensation,
particularly in cells already damaged by genotoxic agents®®%4, Meanwhile, some studies
highlight their antioxidant properties, reducing ROS levels and inhibiting free radical-

producing enzymes®®°, Despite their evident anticancer potential, further research is
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needed to clarify the anticancer molecular mechanisms of ARs. Due lack of literature
reports on specific molecular targets of ARs, it is difficult to evaluate which part of the

molecular structure of 4.6 is responsible for activity in this study.

Previously reported anticancer mechanisms of acetophenones

Many compounds which possess the acetophenone functional group exhibit anticancer
properties, with some mechanistic studies providing insight into their mode of action.
For example, the acetophenone xanthoxyletin suppresses the proliferation of human
oral squamous carcinoma cells and induces apoptosis, autophagy, and cell cycle arrest
through modulation of the MEK/ERK signalling pathway’°. Most studies have focused on
in vitro screening for antiproliferative abilities of acetophenones, displaying effects
against multiple cancer cell lines including lung (A-549, NCI-H460), leukaemia (L1210,
NALMS®G, Jurkat, HPB-ALL, K562, PBMNC), lymphoma (P-388), colon (HCT116, HT29),
cervical (HeLa), liver (Hep-G2, Hep-3B) and stomach (AGS)7*7°.

Among acetophenones, apocynin is particularly well studied’®. Lirdprapamongkol et al.
highlighted the importance of the carbonyl group in the acetophenone apocynin in its
inhibitory effects of cell migration, where the ketone group was essential for this activity.
Apocynin inhibited A-549 cell migration and selectively suppressed Akt
phosphorylation in hepatocyte growth factor (HGF) signaling without affecting Met or
Erk phosphorylation. An in vitro lipid kinase assay revealed that apocynin directly
inhibited PI3K activity, inferring this as the mechanism behind its anti-migratory effects.
The presence of an aldehyde or ketone group in the vanillin structure was essential for
this inhibition. Additionally, apocynin reduced angiogenesis, revealed by the chick
chorioallantoic membrane assay’®”’. These structural-activity relationship studies and
findings suggest that 4.4, isolated in this study, may exhibit similar mechanisms

amongst A-549 cells.

Previously reported biological activities of 4.7
Compound 4.7 was isolated during this study from both G. caudiculata (Clusiaceae) as

well as Gymnacranthera contracta (Myristicaceae). This compound has been
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previously investigated for its anticancer and antibacterial activities. In vitro
antibacterial studies of 4.7 have been carried out, demonstrating lack of antibacterial
properties of this compound. Ling et al., assessed antibacterial activities against Gram-
positive and -negative bacteria including B. subtilis, Micrococcus tetragenus, E. coli and
P. fluorescens with MIC values >1000 pg/mL’8. However, moderate antibacterial activity
was observed in another study with 4.7 displaying an MIC of 25 pg/mL against
Mycobacterium tuberculosis™. A more recent study determined the MIC value of 4.7
against S. aureus, Bacillus subtilis and Mycobacterium smegmatis and determined this
compound inactive against these strains?’. Regarding anti-cancer activities, 4.7 has
displayed moderate in vitro cytotoxicity against lung, breast, bladder, cervical and

pancreatic cancer®!.

Previously reported biological activities of 4.8
Compound 4.8 has been investigated for its antibacterial properties, demonstrating
significant inhibitory activity against E. coli and K. pneumoniae. However, its

cytotoxicity against A549 lung carcinoma cells appears to be limited®.

4.2.6.4.Conclusion

This study has identified multiple cytotoxic compounds from Myristicaceae species
displaying significant in vitro anticancer activity. Compound 4.2 emerged as the most
potent and consistent compound across assays (responsible for the activity of K.
membranifolia recorded in the initial screening assay), while 4.6 also showed promising
effects. Structure-activity trends within the salicylic acids and resorcinols suggest side
chain length plays a crucial role in modulating activity. Though limited mechanistic data
exist for these compound classes with terminal phenyl groups, available literature
provides plausible biological pathways, particularly HAT inhibition and steroidogenic

disruption.

4.2.6.5. Antifungal Activities of Isolated Myristicaceae Compounds
The isolated Myristicaceae-derived compounds 4.1 - 4.6 were evaluated for antifungal

activity against the critical priority pathogens Aspergillus fumigatus and Candida
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albicans using an in vitro AlamarBlue cell viability assay. This screening assessed the
potential toxicity of these compounds against fungal cells. With the exception of
compound 4.2, none exhibited detectable antifungal activity. Compound 4.2
demonstrated moderate activity, reducing fungal cell viability to 62% at a concentration
of 32 pg/mL (Appendix C, Figure C6, presenting dose-response data for all tested

compounds).

4.2.6.6. Previous reports of biological activities

Previous biological investigations (outside of bacterial and cancer cell cytotoxicity
which are described in sections 4.2.6.2 and 4.2.6.3) of compounds isolated from Knema
during this study are limited. Only one study by Tian et al., assessed the potential of
compound 4.2 in the treatment of Alzheimer’s disease, by investigating its [-site
amyloid precursor protein cleaving enzyme (BASE) inhibitory activity. 4.2 displayed
potent inhibitory activity, at 7.7 uM*. To the best of my knowledge, compound 4.1 has

not had any biological activities previously reported.
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Chapter 5 - Isolation, Structure Elucidation and Biological

Activities of Secondary Metabolites From Clusiaceae

5.1. Introduction

Of the three species subjected to small-scale extraction and antibacterial screening,
Garcinia caudiculata was the only one to exhibit activity. Consequently, a larger-scale
extraction was undertaken to investigate its phytochemistry in greater detail. This
chapter first presents the chemical analysis of this species, followed by an evaluation

and discussion of the biological activities of the isolated compounds.

5.1.1. Garcinia caudiculata Ridl./Garcinia grahamii Pierre

G. caudiculata, also known as G. grahamiii, is a tree endemic to Borneo, growing in
mixed diterocarp forests to elevations up to 334 m*2. The identification of the species G.
caudiculata is based on a holotype®. No previous biological or phytochemical

investigations of this species have been undertaken.

5.2. Results and Discussions

5.2.1. Structure elucidation - Garcinia caudiculata

5.2.1.1.5-hydroxy-7-(3,7,11,15-tetramethylhexadeca-2,6,10,11-tetraenyl-2(3H)-
benzofuranone (5.1, known)

Compound 5.1 was isolated as a yellow oil at 7.4 mg from a dichloromethane extract.

The molecular formula was established as CsH3303 (A = -2.2 ppm) using positive mode

Q-ToF MS, which displayed the protonated molecular ion [M+H]"at m/z 423.289.

The 'H NMR spectrum of 5.1 revealed one aromatic signal at 8 6.63 — 6.55 ppm (H-5, H-
3, multiplet) which represented the two aromatic methines, with 2D HSQC correlations
to the only two non-quaternary aromatic carbons C-5 and C-3. This, along with the *C
spectra which revealed four remaining quaternary carbons at 8¢ 147.0, 123.8, 152.4 and
126.1 ppm, suggested the presence of a 1,2,4,6-tetrasubstituted aromatic ring. A
doublet at 8z 3.71 ppm (H-2’, doublet, J = 19.5 Hz) represented an additional benzyl
group which displayed HMBC correlations to the carbonyl at C-1’, and the quaternary

aromatic carbons C-1 and C-2, revealing the presence of the butanolide carboxyl.
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The 'H NMR also revealed the presence of four olefinic protons at 8z 5.28 ppm (H-8,
triplet, J = 6.8 Hz) and 61 5.06 — 5.14 ppm (H-12, H-16, H-20, multiplet). In addition, the
13C and 'H spectra displayed eight olefinic carbons at 8¢ 120.6 (C-8), 137.9 (C-9), 124.5
(C-12), 135.4 (C-13), 124.4 (C-16), 135.2 (C-17), 124.1 (C-20) and 131.5 ppm (C-21),
twelve allylic protons 6u 1.94 - 2.14 (H-10, -11, -14, -15, -18 and -19, multiplet), five
vinylic methyls represented by 'H singlets at 84 1.71 ppm (H-1", CHs), 1.68 ppm (H-22,
H-37/2”, CH3) and 1.59 ppm (H-4", H-3”/2”’, CH3) and five methyl carbons in the *C
spectrum. These spectra were characteristic of four C-5 isoprene units forming a C
geranylgeranyl sidechain. The 'H and *C NMR chemical shifts and overall spectral
patterns were consistent with reported data for the all-trans geranylgeranyl chain.
Given that naturally occurring geranylgeranyl groups are known to adopt an all-trans
configuration, the double bonds are likely to be trans by comparison and exact matches
with literature values. However, from these data alone, coupling constants for the
olefinic protons could not be extracted due to overlapping multiplets, and have
therefore not been definitively assigned (Figure 5.1). The presence of an additional
benzyl group was indicated by a 'H doublet at 84 3.33 ppm (H-7, doublet, J = 7.2 Hz),
which displayed HMBC correlations to aromatic carbons C-5, C-6 and C-1 as well as
carbons in the attached chain at C-8 and C-9. In addition, the H-8 olefinic proton
displayed 2D COSY correlations to these benzylic protons, suggesting it’s positioning on

the geranylgeranyl group attached to the aromatic ring.

Spectral data obtained in this study were closely compared to previously published data,
showing a close match. Some 'H signals displayed differences, for example the aromatic
protons in both previous reports were reported as a singlet representing two protons,
whereas this report has identified a multiplet (8s 6.63 — 6.55 ppm) comprised of two
overlapping doublets corresponding to these aromatic protons. Similarly to previous
reports, the methyl at 1’ appeared as an individual singlet. However, the previously
reported shared methyl singlet representing nine protons at H-4"’, H-3” and H-2”
(leaving the third singlet to represent the H-22 methyl) suggests a different assignment

to this report*®. The integration of the spectra in this study shows two singlets
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representing six protons each at 8y 1.59 and 1.68 ppm, with each showing an HSQC
correlation to C-4” and C-22, respectively. Thus, leaving the methyls at H-3”’ and H-2”
each belonging to either of these signals, however due to their proximity in &8¢, this

assignment could not be absolute.

Compound 5.1 was initially isolated from the fruits of Iryanthera grandis
(Myristicaceae), where it was characterised based on the 'H NMR and MS data®. It was
later identified from the stems of Rhus chinensis of the Anacardiaceae family, where it
was characterized using MS, 'H and '*C NMR “. This is the first study to identify 5.1 from

the Clusiaceae family, as well as report the 2D NMR data, these data were published®.

20 18 16 14
22 21 17

XYY

COSY HMBC

Figure 5.1. Key COSY and HMBC correlations of compound 5.1.

Table 5.1.'H, *C, COSY and HMBC NMR data of compound 5.1 (CDCl;, 600/150 MHz).

Position &¢(ppm), type &¢* S8u, mult. (Jin Hz) COSY HMBC
1 147.0, C 146.8, C - - 2,7

2 123.8, C 123.6, C - - 2’

3 109.3, CH 109.2, CH 6.63 -6.55, m - 2’

4 152.4,C 152.3,C - - 5,3

5 115.5, CH 115.4, CH 6.63 -6.55, m 7 7

200



12

13
14
15

16

17
18
19

20

21
22
1

2

17
99
3%
4”

126.1,C
27.9, CH:
120.6, CH
137.9,C
39.9%, CH:
26.9, CH:

124.5, CH

135.4,C
39.9%, CH,
26.6, CH:

124.4, CH

135.2,C
39.8, CH:
26.8, CH:

124.1, CH

131.5,C
25.6, CHs
174.7,C
34.1, CH2
16.3, CHs

16.21*, CHs
16.16*, CHs

17.8, CHs

125.9,C

27.7, CH:
120.4, CH
137.5,C

39.7, CH:
26.7, CH:
124.4, CH

135.2,C

39.7, CH:
26.0, CH:
124.2, CH

135.0,C

39.7, CH:
26.5, CH:
124.0, CH

131.3,C

25.7, CHs
174.6, C

33.9, CH:
16.2, CHs
16.0, CHs
16.0, CHs
17.6, CHs

3.33,d (7.2)
5.28, 1 (6.8)
1.94-2.14, m
1.94-2.14, m
5.06 - 5.14, m

1.94-2.14, m
1.94-2.14, m
5.06-5.14, m

1.94-2.14, m
1.94-2.14, m
5.06-5.14, m

1.68, s
3.71,d (19.5)
1.71, s
1.59*% s
1.68% s
1.59, s

10,

14

12,

16

14,

18

20,

20

18,
4”’

20

20

11,

16

15,

16

19,
22

- 22,47

“Reference carbon chemical shifts of a-tocopherol quinone measured in CDCls.
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Figure 5.2. Mass spectrum of compound 5.1.

5.2.1.2. Caudiquinol (5.2, new)

Compound 5.2 was isolated as a yellow oil at 6 mg and its molecular formula was
established as C,9H4,04 from the molecular ion [M+H]"at m/z 455.316 (A = 0 ppm), which
was revealed in the positive mode Q-ToF mass spectrum. An additional adduct
displayed a molecular ion peak of [M+NH,4]" at m/z 472.343 (A = -2.1 ppm). The 'H and
13C NMR spectra indicated a C, geranylgeranyl sidechain in 5.2, displaying the same
olefinic proton and carbon signals, as well as the twelve allylic protons, five vinylic
methyls and five methyl carbons as compound 5.1. The NMR data were consistent with
literature data for an all-trans geranylgeranyl chain. As naturally occurring
geranylgeranyl groups typically adopt this configuration, the double bonds are most
likely trans. However, coupling constants for the olefinic protons could not be
determined due to overlapping multiplets (Figure 5.2). In addition, compound 5.2
displayed IR absorptions at 3387 and 1714 cm ™ inferring the presence of OH and C=0

functional groups (Figure 5.5).
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Similarly to compound 5.1, the 'H spectrum revealed two aromatic protons at 8 6.41
ppm (H-5, doublet, J = 3.1 Hz) and 84 6.50 ppm (H-3, doublet of doublets, J=5.7, 2.8 Hz)
which displayed 2D COSY correlations only to each other, inferring a tetrasubstituted
aromatic benzene ring with two remaining protons positioned in a meta relationship.
Two benzyl groups were suggested by 8i 3.53 ppm (H-1’, singlet) and 81 3.27 ppm (H-7,
doublet, J = 7.0 Hz), of which H-7 displayed HMBC correlations to C-5, C-6 and C-7,
suggesting its positioning on the aromatic ring, therefore, the two OH group positions
were narrowed down to either C-1 and C-4 or C-1 and C-2. The HMBC correlation of H-
7 to C-1 (which possessed a downfield chemical shift of §c 147.0 ppm, indicating an OH
substitution) suggested the C-1 positioning of this OH group. Therefore, the para
positioning of the hydroxyl groups and C-2 positioning of the additional benzyl were
confirmed. The occurrence of a methyl singlet at 8y 3.66 ppm (H-3’, singlet), which

correlated with a carbon at 8¢ 52.5 ppm suggested the presence of a methoxy group.

HMBC analysis correlated H-3’ to the carbonyl at C-2’, suggesting the opening of the
butanolide carboxyl into either a phenolic ether or an open ring lactone. The HMBC
correlation between H-1' and the carbonyl at C-2’ confirmed the latter, whilst 3J
coupling observed between the methoxy group and the carbonyl, as well as appearance
of the pseudo-molecular ion described above, enabled the conclusive elucidation of 5.2

as a new methyl ester, which was named caudiquinol®.

“

Caudiquinol is a meroterpenoid, whereby Greek-derived the prefix “mero-“ means
“fragment” or “partial”. Therefore, meroterpenoids are compounds containing a partial
terpene region, and in the case of 5.2, a geranylgeranyl chain. This compound class is
mostly reported from fungi and marine organisms, whilst far less have been identified
from plants’. Meroterpenoids similar to 5.2, consisting of different length sidechains
(C10 or C20) built from isoprene units have been previously found throughout different

plant families. Of these, there have been only four others (Figure 5.1a) identified to

date4,6,8—10
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Sargaquinone

Nigrolineabenzoquinone

Rhuscholide A 0]

Figure 5.2a. Structures of known plant meroterpenoids, other than 5.1 and 5.1, with an intact
geranylgeranyl sidechain.
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\\.721

~~ A

COSY HMBC

Figure 5.3. Key COSY and HMBC correlations of compound 5.2.

Table 5.2.'H, *C, COSY and HMBC NMR data of compound 5.2 (CDCl;, 500/126 MHz).

Position &c¢(ppm), type &, mult. (J in Hz) COSY HMBC
- - 1,7,
1 147.0, C
3,5

2 121.5,C - - T
3 115.0, CH 6.50, dd (5.7, 2.8) 5 5
4 149.0, C - - -
5 115.9, CH 6.41, d (3.1) 3 7,3
6 131.3,C - - 7
7 29.2, CH, 3.27, d (7.0) 8,1” -
8 121.6, CH 5.23, dddd (10.1, 8.8, 4.4, 3.0) 7 7,1”
9 138.0, C - - 7,17
10 37.2, CH; 2.09-1.86, m 12,17 1”7
11 26.5, CH; 2.09-1.86, m 12,17 12

5.03, gdt (7.1, 2.9, 1.5) 10, 11, -
12 123.9, CH

14

13 135.3,C - - 27
14 39.69, CH, 2.09-1.86, m 12,16 27
15 26.6, CH; 2.09-1.86, m 16 16
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Figure 5.4. Mass spectrum of compound 5.2.
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Figure 5.5. IR spectrum of compound 5.2.

5.2.1.3. Alpha tocopherol quinone (4.7, known, isolation two)

NMR spectra for the second isolation of compound 4.7 is found in appendix B (Figure
B13 and Figure B14).
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5.2.1.4.a-Tocopherol (5.3, known)

Compound 5.3 was isolated as a yellow oil at 4 mg from an ethyl acetate/methanol
extraction. The molecular formula was established as C2Hs002 (A = 4.6 ppm) based on
the [M+1]" ion at m/z 431.379 observed in the mass spectrum. The 'H NMR spectrum
lacked aromatic signals due to the presence of the chromanol ring. Here, the phenolic
ring was fully substituted, with methyl groups at positions C-1, C-3 and C-4, displaying
'H signals at 84 1.26 ppm (C-1 Me, singlet) and 84 2.11 ppm (C-3 Me and C-4 Me, singlet).
The remaining protons in the chromanol ring were observed at 'H signals at 85 2.60 ppm
(H-1’, triplet, J = 6.9 Hz), i 1.74 — 1.83 ppm (H-2’, multiplet) and 85 1.23 ppm (C-3’ Me,

singlet).

The ">C NMR spectra confirmed the presence of the phytyl chain, evidenced by carbon
resonances observed in the aliphatic region. The four methyl substituents, initially
inferred from the "H NMR spectra, were detected in the 3C NMR spectra at §:24.0, 19.9,
19.8, 22.8, and 22.9 ppm, whilst the upfield-most signals at 8¢ 11.4, 12.4 and 11.9 ppm
represented methyl substituents positioned on the aromatic ring. The spectral data
recorded here were directly compared to those in the literature, showing a clear match.
Based on the MS, 'H and *C NMR data, this compound was identified as the known

compound, a-tocopherol (vitamin E).

Figure 5.6. Structure of compound 5.3.
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Table 5.3.'H and *C NMR data of compound 5.3 (CDCl;, 500/126 MHz).

Position Sc (ppm), type  8c'! Sy, mult. (Jin Hz)
1 118.6, C 118.5,C -

1- Me 11.4, CH; 11.3, CH; 2.16,s

2 144.7, C 144.5, C -

3 121.1,C 121.0,C -

3- Me 12.4, CH; 12.2, CH; 2.11,s

4 122.8, C 122.6, C -

4- Me 11.9, CH; 11.8, CH; 2.11,s

5 145.7,C 145.6, C -

6 117.5,C 117.3,C -

1 20.9, CH: 20.8, CH: 2.60, t (6.9)

2’ 31.7, CH; 31.5, CH; 1.74-1.83, m
3 74.7, C 74.5, C ;

3’ -Me 24.0, CH; 23.8, CH; 1.23,s

Vi 40.0, CH; 38.8, CH: 1.24-1.62, m
5’ 21.2, CH; 21.1, CH: 1.24-1.62, m
6’ 37.62*, CH; 37.6, CH; 1.24-1.62, m
7’ 32.9, CH 32.7,CH 1.24-1.62, m
7’- Me 19.9*%, CH; 19.7*%, CH; 0.82-0.89, m
8’ 37.37, CH; 37.3, CH; 1.24-1.62, m
9 24.6, CH: 24.5, CH; 1.24-1.62, m
10° 37.4, CH; 37.4, CH; 1.24-1.62, m
117’ 33.0,CH 32.8, CH 1.24-1.62, m
11’- Me 19.8*, CH; 19.7*, CHs; 0.82-0.89, m
12’ 37.6, CH; 37.5, CH; 1.24-1.62, m
13’ 25.0, CH; 25.8, CH; 1.24-1.62, m
14’ 39.9, CH; 39.4, CH; 1.24-1.62, m
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15’ 28.1, CH 28.0, CH 1.24-1.62, m
15’- Me 22.8, CHs 22,6, CHs 0.82-0.89, m
16’- Me 22.9, CHs 22.7, CHs 0.82-0.89, m

Reference carbon chemical shifts of a-tocopherol quinone measured in CDCl.

5.2.1.5.Isovitexin (5.4, known)

Compound 5.4 was isolated as a yellow amorphous powder (3 mg). The molecular
formula was established as C21H20010 (A = 0.0 ppm) using positive ionisation Q-ToF MS,
which revealed the base peak representing the [M+H]" ion at m/z 433.114, and another
molecular ion peak at [M+Na]* at m/z 445.095.

The 'H and COSY spectrum revealed two aromatic proton signals representing the
protons of the AA’BB’ coupling system in the B ring of the flavone core: i 7.86 ppm (H-
2’, H-6’, doublet, J = 8.9 Hz) and 84 7.86 ppm (H-3’, H-5°, doublet, J = 8.9 Hz). The
remaining signals in the 'H aromatic region represented the two protons of the flavone

aglycone at 8y 6.62 ppm (H-3, singlet) and 8z 6.52 ppm (H-8, singlet).

The glycosidic region showed upfield multiplets with COSY and HMBC correlations. A
signal at &y 4.89 ppm (H-1", doublet, J = 9.9 Hz) represented the anomeric proton
attached to the C-sugar unit. This proton was the only glycoside HMBC correlation to
the flavone core, to C-6 and C-7, indicating that the C-Glucose moiety was attached at

C-6.

The DEPT-Q spectrum revealed eight quaternary carbon signals corresponding to nine
carbons within the aromatic regions. Here, one carbonyl was observed at 8¢ 184.2 ppm
(C-4) and the remaining quarternaries at 8¢ 166.4 (C-2), 165.1 (C-7), 163.0 (C-4’), 158.9
(C-9), 123.3 (C-1’), 109.4 (C-6) and 105.3 ppm (C-5, C-10). The remaining four aromatic
signals revealed six protonated aromatic carbons at ¢ 129.6 (C-2’, C-6’), 117.2 (C-5’, 3°),
104.1 (C-3) and 95.4 ppm (C-8).

The HMBC correlations occurring only from H-8 (8x 6.52 ppm) to C-7, C-6, C-5, C-4, C-
10, C-9 and C-2, and from H-3 (8y 6.62 ppm) to C-4 and C-10, confirmed the proton

positions at 8 and 3.
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The spectroscopic data obtained showed consistency upon careful comparison with the

literature, allowing the conclusive characterisation of 5.4 as the known apigenin-6-C-

glucoside, also known as isovitexin'?.

COSY

HMBC

Figure 5.7. Key COSY and HMBC correlations of compound 5.4.

Table 5.4.'H, *C, COSY and HMBC NMR data of compound 5.4 (MeOH-d,, 600/150 MHz).

Position & (ppm), type 8¢ Su, mult. (Jin Hz) COSY HMBC
1 - - -
2 166.4, C 166.0, C 8,2, 6’
3 104.1, CH 103.6,CH 6.62,s -
4 184.2,C 183.8,C 3,8

5 105.3,C - 3,8

6 109.4,C 109.5,C 8,1”

7 165.1,C 163.0, C 8,1”

8 95.4, CH 95.7,CH 6.52,s -

9 158.9,C 158.8, C 8

10 105.3,C 104.6,C 3,8
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1’

2’

3’

4’

5’

6’

1”

2”

3”

4”

5”

6”

123.3,C
129.6, CH
117.2,CH

163.0, C

117.2, CH
129.6, CH
75.5,CH
72.7, CH
80.2,CH
71.9, CH

82.8,CH

63.0, CH>

123.0,C
129.4,CH
117.1, CH

162.0, C

117.1, CH
129.4,CH
75.4, CH
72.5, CH
80.3, CH
71.7, CH

82.6, CH

62.8, CH>

7.86, d (8.9)

6.94, d (8.8)

6.94, d (8.8)
7.86, d (8.9)
4.89,d (9.9)
4.16, t(9.2)
3.48, m
3.48, m

3.42, m

3.87, dd (12.1, 2.3),

3.74, dd (12.2, 5.4)

3’

6’

5’

3,5,3

2” 6’, 3”
5)

2,6

3”, 4”
1”’ 4”
1”’ 6”

1”’ 6”’
3”’ 4”

2Reference carbon chemical shifts of chlorogenic acid measured in MeOH-d..
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Figure 5.8. Mass spectrum of compound 5.4.

5.2.1.6. Chlorogenic acid (5.5, known)

Compound 5.5 was isolated as a white amorphous solid at 2.7 mg from an ethyl
acetate/methanol extract. Q-ToF mass spectrometry analysis revealed a protonated
base peak [M+H]" at m/z 355.103 (A = 0.0 ppm) and a sodium adduct [M+Na]* at m/z
377.085 (A = 0.0 ppm), allowing the establishment of the molecular formula as C16H1505.
The UV spectrum of 5.5 was consistent with the literature, showing two absorption
maxima: a lower intensity peak at 218 nm and the second with higher intensity at 326

nm (Figure 5.11)%3.

The 'H spectrum displayed aromatic proton signals attributed to the 1,3,4-trisubstituted
benzene ring of the caffeic acid moiety. Here, three aromatic protons were observed at
81 7.05 ppm (H-6’, doublet, J = 2.0 Hz), 616.95 ppm (H-2’, doublet of doublets, J = 8.2,
2.1 Hz) and 8x 6.78 ppm (H-5’, doublet, J = 8.2 Hz). The 2D COSY NMR spectrum
displayed clear ortho-coupling between the H-5’ and H-6’ and a correlation was also
observed between the para positioned protons at H-5" and H-2’, evidencing their

proximity in the aromatic region.

213



The olefinic protons of the caffeoyl group resonated on the 'H spectrum at 8z7.56 ppm
(H-7’, doublet, J = 15.9 Hz) and 6.26 ppm (H-8’, doublet, J = 15.9 Hz), and displayed
trans-coupling to one another, revealing the trans-disubstituted ethylene moiety,
shown by the COSY correlations. The most deshielded protons displayed resonances
representing the quinic acid portion of 5.5. Here, the hydroxylated methine protons
appeared as individual signals at 8655.33 ppm (H-5, quintet, J = 3.9 Hz), 8z 4.17 ppm (H-
3, triplet of doublets, J = 3.3, 2.8 Hz) and 84 3.72 ppm (H-4, doublet of doublets, J = 8.4,
3.1 Hz). 2D COSY correlations also revealed coupling between H-5 and H-4. Due to the
low compound quantity and thus spectral resolution, these were the only 2D
experiment signals visible. Therefore, HSQC assignments were made by comparison

with literature values.

The *C NMR spectrum of 5.5 revealed 16 carbon atoms, including two carbonyl groups
at 8:168.7 ppm (C-7) and 8¢ 164.5 ppm (C-9’), which appeared slightly upfield compared
to literature values. Two hydroxyl-substituted aromatic carbons were present at 8¢
149.6 ppm (C-4’) and 8¢ 146.8 ppm (C-3’), whilst the remaining aromatic signals ranged
from 8§:115.3t0 127.8 ppm (C-1’, 2°, 5’ and 6’). The olefinic of the caffeoyl moiety speared
at 8¢ 147.1 ppm (C-7’) and 8¢ 115.2 ppm (C-8’), while the remaining upfield carbon
signals, including the hydroxyl-bearing methine and methylene (-CH.), comprised the

quinic acid core.

Through detailed analysis of the spectral data and comparison with previously
published data, compound 5.5 was identified as the known compound 5-caffeoylquinic

acid, commonly known as chlorogenic acid#'°.
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COSY

Figure 5.9. COSY correlations of compound 5.5.

Table 5.5.'H, *C and COSY data of compound 5.5 (CDs;0D, 500/126 MHz).

Position &8¢ (ppm), type S8citt Su, mult. (Jin Hz) COSY
1 76.2, C 74.7, C ] R
2 38.8, CH; 37.3, CH; 2.04*, m -
3 71.3, CH 70.5, CH 4.17, td (3.3, 2.8) -
4 73.5, CH 72.1, CH 3.72, dd (8.4, 3.1) 5

5 72.0, CH 70.6, CH 5.33 g (3.9) 4

6 38.2, CH; 36.8, CH- 2.11-2.26*, m -
7 168.7, C 175.6, C - -
1 127.8,C 126.4, C - -
2’ 115.3, CH 113.9, CH 6.95,dd (8.2, 2.1) -
3 146.8, C 145.3, C - -
4 149.6, C 148.1, C - -
5’ 116.5, CH 115.1,CH  6.78,d (8.2) 6’
6’ 123.0, CH 121.6, CH 7.05, d (2.0) 5
7’ 147.1, CH 145.7, CH 7.56, d (15.9) 8’
8’ 115.2, CH 113.8, CH 6.26, d (15.9) 7’
9 164.5,C 167.3, C - -
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*Indicates interchangeable values. "“Reference carbon chemical shifts of chlorogenic acid
measured in CD;0D.

Figure 5.10. Mass spectrum of compound 5.5.

Figure 5.11. UV spectrum of compound 5.5.
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5.2.1.7.Dioctyl phthalate — contaminant

During the isolation of natural compounds from G. caudiculata, a large amount of the
contaminant compound dioctyl phthalate (40 mg) was isolated from a non-polar fraction
of the dichloromethane G. caudiculata extract. The molecular structure was
determined as C.sH330, using positive mode Q-ToF MS, where the molecular ion [M+1]*

was identified as m/z 391.285 (A = 0 ppm).

To confirm the structure corresponding to the molecular formula, one-dimensional
NMR experiments were carried out. The 'H NMR spectrum exhibited resonances
characteristic of a symmetrical phthalic acid diester. In the aromatic region, an ortho-
disubstituted benzene ring was evident, presenting two distinct doublets of doublets at
8u 7.46 ppm (H-1, H-1'; J = 5.7, 3.3 Hz) and 84 7.64 ppm (H-2, H-2'; J = 5.7, 3.3 Hz),
corresponding to four aromatic protons. The aromatic core possessed ester
substituents at the 3 and 3' positions. The ester-linked methine protons (H-5, H-5'),
deshielded due to their proximity to the electronegative oxygen atoms, resonated as a
multiplet between 84 4.09 and 4.21 ppm. A multiplet at 85 1.62 ppm (H-11, H-11"; J= 6.2
Hz) corresponded to the ethyl branch. The subsequent methylene group (H-6, H-6')
appeared as a multiplet at 8y 1.35 ppm (J = 13.6, 7.4 Hz). The remaining methylene
groups of the branched octyl chains gave rise to a broad multiplet between 65 1.21 and
1.30 ppm, integrating to twelve protons, consistent with long saturated aliphatic chains.
Finally, the terminal methyl groups of the octyl chains and ethyl branches appeared as
a doublet of triplets at 8y 0.84 ppm (H-10, H-10', H-12, H-12'; J = 12.4, 7.3 Hz), resulting

from coupling with adjacent methylene protons (Table 5.6).

The *C NMR spectrum supported these observations, with the deshielded ester
carbonyl carbon atoms resonating at 8¢ 167.9 ppm (C-4, C-4'). The aromatic ring carbons
directly bonded to the ester groups appeared further downfield at 8¢ 132.6 ppm (C-3, C-
3'), while the remaining protonated aromatic carbons were observed at 8¢ 123.0 ppm
(C-2, C-2") and 6¢ 131.0 ppm (C-1, C-1'). The methylene carbons adjacent to the ester

oxygen atoms (C-5, C-5') were shifted downfield to 8¢ 68.3 ppm due to the electron-
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withdrawing influence of the oxygen. The internal methylene carbons of the branched
octyl chains (C-6 to C-9) gave rise to resonances between 8¢ 23 and 38 ppm. The terminal
methyl carbons resonated upfield at 8c 14.2 ppm, while the ethyl branch methyl groups
appeared at 8¢ 11.1 ppm (Table 5.6). The chemical shift values and symmetry of the
signals were in full agreement with previously reported data, confirming the identity of
the compound as bis(2-ethylhexyl) phthalate, comprising two identical branched octyl

ester chains symmetrically attached to a phthalic acid core’®.

Bis(2-ethylhexyl) phthalate is a synthetic plasticizer commonly used in laboratory
plastics, from which it can readily leach. Despite its industrial origin, it has been
misidentified on numerous occasions as a natural product. It is therefore important for
natural product chemists to be familiar with the characteristic NMR profiles of such
ubiquitous contaminants, to avoid investing time and resources into unnecessary
structure elucidation. In early-stage investigations, DEHP can be overlooked due to
inconclusive or absent mass spectrometric data, particularly when identification relies
solely on molecular formulae and natural product-only databases. As a known
endocrine disruptor and persistent environmental pollutant, its presence in plant
extracts may not only indicate contamination or methodological artifacts, but also serve
as a useful bioindicator of environmental or procedural exposure. In some cases, it may

even act as a chemical marker reflecting specific extraction or handling conditions'’.
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Figure 5.12. Structure of the contaminant dioctyl phthalate.

Table 5.6. 'H, *C and COSY data of the contaminant dioctyl phthalate compound (CD;OD,

500/126 MHz).
Position &8¢ (ppm), type 8¢'° S8u, mult. (Jin Hz)
1,1 131.0, CH 131.7,CH  7.46,dd (5.7, 3.3)
2,2 129.0, CH 128.7,CH  7.64,dd (5.7, 3.3)
3,3 132.6, C 131.8,C -
4, 4 167.9, C 167.0, C -
5,5 68.3, CH 67.4, CH 4.09-4.21, m
6, 6’ 38.9, CH; 38.1, CH; 1.17-1.44, m
7,7 23.9, CH; 23.2, CH; 1.21-1.30, m
8,8 29.1, CH; 28.4, CH; 1.21-1.30, m
9,9 23.13, CH: 22.4, CH, 1.21-1.30, m
10, 10’ 14.20, CH; 13.9, CH; 0.84, dt (12.4,7.3)
11,11  30.5, CH, 29.8, CH., 1.62, m (6.2)
12, 12 11.1, CH; 10.8, CH; 0.84, dt (12.4, 7.3)

8Reference carbon chemical shifts of chlorogenic acid measured in CD;0D.
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Figure 5.13. Mass spectrum of Bis(2-ethylhexyl) phthalate.

5.2.2. Conclusion

This study reports the first phytochemical investigation of Garcinia caudiculata,
leading to the isolation and structural elucidation of six secondary metabolites,
including one previously unreported compound and five known natural products.
Comprehensive spectroscopic analysis, including 2D NMR experiments, enabled the
structural characterisation of all isolates. This work is the first to report full 2D NMR

data for 5.2, thus building the spectral database for this class of compounds.

This research has expanded the chemical profile of an unstudied Garcinia species. The
findings emphasise the importance of exploring under investigated species within
biodiverse genera such as Garcinia, which continue to yield structurally diverse and

potentially bioactive metabolites with relevance to drug discovery.

5.2.3. Biosynthetic pathway of Caudiquinol
Meroterpenoid is a term used to describe natural products produced via mixed
terpenoid biogenesis. Compound 5.2 is likely biosynthesised through such a mixed

pathway, with the aromatic core and lactone ring derived from a polyketide precursor,
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and the side chain from a terpenoid intermediate. Both pathways ultimately originate

from acetyl-CoA (C,) as a central building block”*2.

For the polyketide portion of the molecule, acetyl-CoA undergoes carboxylation by
acetyl-CoA carboxylase in a biotin-dependent reaction to form malonyl-CoA, which acts
as an extender unit in polyketide synthesis. Sequential Claisen condensations of two
malonyl-CoA units form the linear polyketide chain (5.6, Figure 5.14). This undergoes
aldol condensation, which forms the phenolic compound 5.7. The hydroxyl at the C-4
position is then reduced to 5.8, followed by the oxidation at C-1 forming 5.9.
Intermediate 5.9 undergoes hydrolysis to form either the lactone 5.1 or methyl ester
5.2, The terpenoid portion is synthesised via the mevalonate pathway, which starts
from acetyl-CoA. Two molecules of acetyl-CoA condense to form acetoacetyl-CoA,
catalysed by thiolase. A third acetyl-CoA is added by HMG-CoA synthase to produce 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA), which is then reduced by HMG-CoA
reductase to form mevalonic acid (mevalonate). This is followed by a series of
phosphorylation and decarboxylation steps, catalysed by mevalonate kinase,
phosphomevalonate kinase, and mevalonate diphosphate decarboxylase, resulting in
the formation of isopentenyl pyrophosphate (IPP). IPP is isomerised to dimethylallyl
pyrophosphate (DMAPP), and through sequential head-to-tail condensations, forms
geranylgeranyl pyrophosphate (5.10) (the C,, precursor used for the prenylation of the
polyketide core, Figure 5.14)%. This alkylates hydroquinone 5.9 at C6, followed by
release of the product 5.1 arising from intramolecular lactone formation or 5.2 by

reaction with methanol®2°.
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5.2.4. Biological activities of isolated compounds

Following the small-scale extraction and screening of three Clusiaceae species, G.
caudiculata was the only species to exhibit antibacterial activities against MSSA
extractions were scaled up and investigated further due to exhibiting antibacterial

effects against MSSA (Table 5.7).

Table 5.7. In vitro antibacterial activity of Clusiaceae species measured using the broth
microdilution assay to obtain the minimum inhibitory concentration (MIC) of each extract.

Species Extracting solvent MIC (png/mL)
MSSA 25923 E. coli 10418

Garcinia caudiculata Hexane 128 >512
Dichloromethane 64 >512

Methanol 128 >512

Calophyllum pulcherrimum Hexane >512 >512
Dichloromethane >512 >512

Methanol >512 >512

Mesua calciphila Hexane >512 >512
Dichloromethane >512 >512

Methanol >512 >512

5.2.4.1. Antibacterial activities of isolated Clusiaceae compounds

Within the Clusiaceae-derived compounds isolated in this study, 5.1 and 5.2 were the
only compounds that had not been previously evaluated for their antibacterial
properties. In contrast, the antibacterial activity of 5.3, 5.4, 5.5 and 4.7 has been
previously reported, therefore such investigations were not repeated during this study.
Previous reports of antibacterial as well as other biological activities are described in

section 5.2.4.4.

Compounds 5.1 and 5.2 exhibited no detectable activity against any Gram-positive

bacterial strains, with MIC values >128 pg/mL (Table 5.8)".
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Table 5.8. MIC values of compounds 5.1, 5.2 and ampicillin positive control tested against
Gram-negative and Gram-positive bacterial strains.

Bacterial strain Gram Compound 5.1 Compound 5.2
MSSA 25923 + >128 >128
MRSA 13373 + >128 >128
Staphylococcus aureus RN4220 + >128 >128
Staphylococcus aureus 1199B + >128 >128
Staphylococcus aureus XU212 + >128 >128
Enterococcus faecalis 12967 + >128 >128
Enterococcus faecalis 51299 + >128 >128
Escherichia coli 10418 - >128 >128
Escherichia coli G69 - >128 >128
Salmonella typhimurium 14028S - >128 >128
Pseudomonas aeruginosa 10662 - >128 >128
Klebsiella pneumonia CPE16 - >128 >128
Ampicillin 0.5 0.5

5.2.4.2. Anticancer activities of isolated Clusiaceae compounds

This study partially aimed to assess the anticancer potential of compounds isolated
from the Myristicaceae and Clusiaceae families. While anticancer activity was not the
primary focus of the phytochemical investigations, pure compounds were tested in vitro
against common cancer cell lines by Dr Salonee Banerjee in Dr. Sobolewski’s laboratory

at the School of Chemistry, Pharmacy, and Pharmacology, University of East Anglia.

As the anticancer properties of 5.3 — 5.5 isolated from the Clusiaceae family have been
previously studied, only 5.1 and 5.2 were initially screened at concentrations of 10 pM
and 100 pM against A549, SK-MEL28, HL.60, and RAW264.7 cell lines. Both compounds
demonstrated growth inhibition of A549 cells at 100 uM, prompting further investigation.
Subsequent determination of their ICs;, values revealed significantly higher
fluorescence intensity values compared to the cisplatin control, indicating that these

compounds exhibit minimal to no cancer cell inhibitory activity (Table 5.9).
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During a previous study, two similar compounds to 5.1 and 5.2 (differing in that these
possessed a 10-carbon geranyl chain) were isolated from Magnolia denudate
(Magnoliaceae). In concurrence with this study, the closed ringed lactone displayed
lower ICs, values than the open ringed structure, similar to 5.2. However, these in vitro
assays were performed against the non-cancer cell line SFME and the cancer cell line
r/mHM-SFME-1, and the IC5, values for a positive control were not mentioned, therefore
comparison of structure-activity relationships between these compounds and those
isolated in this thesis are hard to infer. Although, the study does state that cytotoxic
activity of both was observed, suggesting that the 10-carbon chain may offer this

activity?.

Previously isolated compounds conservative in the 20-carbon geranylgeranyl chain
have also been isolated and tested for their anticancer abilities. Research shows that
compounds possessing this side chain have displayed cytotoxic activities against P-388
leukaemia cells. Data from both previous studies show that the 20-carbon chain alone
may offer cytotoxic effects, however the aromatic parts of these structures may be
responsible for the observed activity too®. Given that neither compounds containing the
lactone moiety nor those with the 20-carbon side chain individually exhibit potent
cytotoxic activity, and considering the lack of activity in compounds possessing both
moieties in this study, these findings confirm the absence of cytotoxic potential in either

moiety alone or in combination, limiting their relevance for future anticancer studies.

Table 5.9. Cytotoxic activity of compounds 5.1 and 5.2 against A549 lung cancer cells,
displaying ICs, values obtained using an AlamarBlue in vitro assay.

Compound I1Cso (UM)
5.2 451.50
5.1 157.60
Cisplatin 18.57
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5.2.4.3. Antifungal activities of isolated Clusiaceae compounds

The antifungal properties of compounds 5.1 and 5.2 isolated from the Clusiaceae family
during this study were examined through an in vitro AlamarBlue cell viability assay
against critical priority pathogens Aspergillus fumigatus and Candida albicans. This
evaluation aimed to determine the potential cytotoxic effects of these compounds on
fungal cells. Results showed no decrease in cell viability of fungal species (Appendix C,

Figure C1).

5.2.4.4.Previous reports of biological activities

Previously studied biological activities of 5.1

The antibacterial activities of 5.1 were described for the first time during this study,
however Gu et al., previously reported its anti-HIV activities. Here, 5.1 significantly
suppressed HIV-1 replication, with ECso and CCso values of 3.7 and 12.1 uM, respectively,
and displayed a low therapeutic index. This compound was later found to inhibit HIV-1
replication in chronically infected H9 cells, however did not inhibit cell-cell fusion
between C8166 cells and HIV-1IIIB infected cells at the entry step of HIV, inferring that

this compound targets the later part of the HIV-1 life cycle®.

Previously studied biological activities of 5.5

Compound 5.5 has been sourced from multiple genera and is a well-studied, widely
used natural product which has several pharmacological properties including
immunomodulatory, hypoglycemic, anticardiovascular and antimicrobial. Chlorogenic
acid is used clinically to treat acute bacterial infections and has been proven to inhibit
biofilm development of several clinically significant microorganisms including P.
aeruginosa, Yersinia enterocolitica and A. fumigatus?®. Reported MIC values for various
bacterial pathogens range from 10 to 80 pg/mL?*?°. The inhibitory effects of chlorogenic
acid have been studied, particularly in relation to its mechanism of action against E. coli
and S. aureus®. In addition, 5.5 works synergistically with (and can have additive
effects on) the majority of commonly used antibiotics. Such studies demonstrate this

compound as a potential candidate in a new class of antibiotics?’.
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This compound has also been investigated for its antimutagenic and anticancer effects,
being proven to inhibit genetic mutations, cancer cell proliferation and promote

apoptosis of multiple cancer cell lines?3-3t,

Previously studied biological activities of 5.4

Due to the numerous previous reports on its variety of biological activities including,
but not limited to, anticancer and antimicrobial, compound 5.4 was not biologically
studied during this work??. Disc diffusion assays have proven this compound to inhibit
growth of both Gram-positive and -negative bacteria, including Bacillus subtilis, S.
aureus and P. aeruginosa, all with zones of inhibition over 18 mm, comparable to that
of the antibiotic standard®=4. However, a more qualitative study by Adamczak et al.,
showed weak activity of 5.4 against Gram-positive strains (MIC = >1000 pug/mL) and
moderate activity against Gram-negative (MIC = 500 pg/mL)*. In concurrence with this,
5.4 displayed weak activity against S. aureus during a disc diffusion assay. However,
this compound has been shown to decrease adhesion of S. aureus biofilms?®¢. Recent
mechanistic studies have demonstrated that although 5.4 does not interfere with S.
aureus growth, it does inhibit activities of S. aureus coagulase and sortase A, potentially
decreasing pathogenesis and persistent infection®*. Rammohan et al., also
demonstrated that this compound inhibits pathogenic fungal growth including that of C.

albicans, Candida tropicalis, Penicillium notetum and Aspergillus niger3:.

5.4 has been investigated for its anticancer effect in multiple cell lines and has
demonstrated its ability to suppress cancer cell stemness and promote apoptosis3®43.
Mechanistic studies have been undertaken and well-reviewed, illustrating that 5.4

should be considered as a prospective candidate for cancer prevention and treatment*+.

Previously studied biological activities of 5.3

5.3 is an abundant and biologically active isoform of vitamin E, which is well studied as
an antioxidant*. This compound has been shown to offer preventative measures
against chronic diseases including Parkinson’s, arthritis and cardiovascular diseases*®

48 However, studies have demonstrated a lack of antibacterial activity against the
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resistant S. aureus RN4220 and 1199B strains (also used during this thesis)*. Although,
such strains possess efflux-pumps, which 5.3 has been proven to inhibit, thereby
enhancing antibiotic activity. For example, by reducing MIC values of fluoroquinolone

against Campylobacter jejuni and C. coli®°.

Although lack of activity of 5.3 alone was also demonstrated in P. aeruginosa, E.coli and
susceptible S. aureus strains, synergistic effects were also recorded with the
combination of 5.3 and aminoglycosides, such studies illustrate its potential as an
antibiotic adjuvant®'. In vivo experiments have investigated the effect of 5.3 during P.
aeruginosa-induced pneumonia in rats, showing that pre-treatment with 5.3 inhibits the
bacterial increase in endothelial paracellular permeability, and blocks specific bacterial
exoenzymes into alveolar epithelial cells, preventing bacterial pathogenesis®?. 5.3
demonstrates potential in prevention and antibiotic enhancement, particularly against
clinically significant multidrug resistant strains, however further in-depth experimental
studies are required to clearly illustrate this compound’s antimicrobial capabilities®.

Alpha tocopherol has been investigated for its potential in the treatment of cancers too.
However, no encouraging results have been obtained. In fact, a clinical trial found 5.3
to actually increase the risk of prostate cancer in healthy individuals compared to the
placebo®*°¢, Hence, later studies have been undertaken to assess other forms of vitamin
E, including structurally related molecules such as beta-, gamma-, delta-tocopherol and
gamma- and delta-tocotrienol. These have displayed promising cancer preventative

results in mechanistic and preclinical cancer model studies®’-°,

Previously Studied Biological Activities of 4.7

In vitro antibacterial studies of 4.7 have been carried out, demonstrating lack of
antibacterial properties of this compound. Ling et al., assessed antibacterial activities
against Gram-positive and -negative bacteria including B. subtilis, Micrococcus
tetragenus, E. coli and P. fluorescens with MIC values >1000 pg/mLS'. However,
moderate antibacterial activity was observed in another study with 4.7 displaying an

MIC of 25 pg/mL against Mycobacterium tuberculosis®®. A more recent study determined
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the MIC value of 4.7 against S. aureus, Bacillus subtilis and Mycobacterium smegmatis

and determined this compound inactive against these strains®.

Regarding anti-cancer activities, 4.7 has displayed moderate in vitro cytotoxicity against

lung, breast, bladder, cervical and pancreatic cancer®*.

5.3. Conclusion

This study presents the first antimicrobial evaluation of 5.1 and 5.2. Neither compound
displayed significant antibacterial or antifungal activity, with MIC values exceeding 128
ug/mL and no observed cytotoxicity against C. albicans or A. fumigatus. Anticancer
screening against common human cancer cell lines revealed limited activity, with IC;,

values notably higher than cisplatin, indicating low therapeutic potential.

Comparison with structurally related natural products from previous studies highlights
the nuanced and often unpredictable nature of structure-activity relationships in
natural product research. The absence of activity amongst compounds containing
either the lactone moiety or long-chain substitutions (features often associated with
bioactivity) suggests that these structural elements alone are insufficient to confer
bioactivity. This reinforces the importance of evaluating entire molecules, rather than
relying on individual functional groups or motifs, when assessing pharmacological

relevance.

Revealing the negative data of the antibacterial, anticancer and antifungal activities of
the tested compounds, these data are valuable in refining the chemical space of

bioactive natural products, thus preventing redundancy in future screening efforts.
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Chapter 6 — Conclusions

The urgent global demand for novel antibacterial and anticancer agents continues to
intensify, driven by rising resistance and unmet therapeutic needs. Despite their
high medicinal potential, less than 10% of plant species have been investigated in
this context, leaving many sources of untapped chemical diversity within plants. As
described in the outlined aims and objectives in sections 1.5.1 and 1.5.2, this thesis
constitutes a focused investigation into the chemical and biological potential of
previously uncharacterised plant species endemic to Borneo, undertaken with the
dual aim of expanding phytochemical knowledge and identifying novel bioactive
metabolites. This work prioritised taxonomically and ethnobotanically significant
genera within the Mpyristicaceae and Clusiaceae families which have remained
largely unexplored. The aim was to build metabolite profiles for selected species
while evaluating their constituents for antibacterial, antifungal, and anticancer

activities.

Objective 1 was addressed in the second chapter, which presents a systematic
review of the phytochemical and pharmacological literature pertaining to 44 plant
species from the Myristicaceae and the Clusiaceae families which had been
previously sampled from Borneo. This analysis was undertaken to identify
unexplored species, which possessed potential phytochemical significance, and to
therefore guide the selection of species for subsequent investigations. Here, a
significant research gap was revealed, with several species showing no prior
published chemical or biological evaluation. Based on these findings, objective 2
was addressed, by selecting nine species for preliminary antibacterial screening:
Gymnacranthera contracta, Horsfieldia polyspherula, Horsfieldia splendida, Knema
elmerii, Knema latifolia and Knema membranifolia (Myristicacaea), and Calophyllum
pulcherimum, Garcinia caudiculata and Mesua calciphila (Clusiaceae). This initial
study directed the project into a more focused phytochemical investigation of K.
membranifolia, G. contracta and G. caudiculata. Here, compounds were extracted,

purified, and characterised primarily using mass spectrometry and 1D and 2D NMR
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techniques (objectives 3 and 4). Chapters Four and Five address objectives 5 and 6,
presenting the structural elucidation and biological evaluation of isolated

metabolites from each plant family.

Chapter Four presented the first phytochemical investigation of K. membranifolia
and G. contracta (Myristicaceae), resulting in the structural characterisation of
fourteen secondary metabolites, including a previously undescribed salicylic acid
derivative, differing in alkane chain length (summarised in Figure 6.1). Amongst
these findings, a-tocopherol quinone was reported here from the Myristicaceae
family for the first time, revealing the presence of potential biosynthetic routes
within the family. A structurally distinctive 12-carbon salicylic acid analogue
bearing a terminal phenyl ring (4.2) exhibited exceptional antibacterial activity
against MRSA, with an MIC of 2 pg/mlL, placing it as the most potent natural analogue
of its class described to date, revealing the importance of the terminal phenyl group
as well as optimal chain length and saturation of salicylic acid derivatives. In
addition, 4.2 was found to be amongst the most potent antibacterial plant derived
compounds. Interestingly, 4.2 displayed reduced activity against MSSA, alluding to
a potential mechanism of action which evades PBP interactions. Mechanistic
evaluation, including MBC determination, confirmed the bactericidal nature of 4.2
(MBC = 2 pg/mL), displaying its potential to not only inhibit growth, but kill pathogens.
As outlined in Chapter Four, a comprehensive structure-activity relationship
investigation, encompassing a broader spectrum of salicylic acid, cardol and
acetophenone derivatives with varied alkyl chain lengths and functional group
modifications, is essential to elucidate the precise structural determinants of

antibacterial potency across different bacterial strains.

The fifth chapter of this thesis revealed the phytochemistry and biological activities
of G. caudiculata for the first time. This yielded six secondary metabolites, including
one previously undescribed open ringed lactone (5.2) which is the first of this
compound type to be described in this family (Figure 6.1). The biological evaluation

of these compounds revealed a lack of antibacterial, antifungal, or cytotoxic activity
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across a broad panel of microbial and cancer cells, delineating inactive chemical
space. This newly described compound was published in the journal Molecules.
Despite the observed negative biological results of compounds, particularly
amongst those containing traditionally bioactive motifs such as lactones and
terpenoid chain substituents, these data challenge conventional assumptions in
natural product pharmacology. Such findings reinforce the complex and non-linear
relationship between structure and activity within plant metabolites and highlight
the necessity of holistic molecular evaluation rather than reliance on predictive

structural features alone.

While this study led to the identification of some new natural products, it also
involved the re-isolation of previously known compounds. Importantly, many of
these compounds underwent biological evaluation for the first time, revealing
impressive activity which would likely have remained undocumented. Thus, this
thesis emphasises the importance of building metabolic profiles for unexplored
plants. The re-identification of bioactive compounds from these species reinforces
their pharmacological relevance, therefore supporting their inclusion in future drug

discovery efforts.

Table 6.1. Structures of all compounds identified in this study, indicating the plant source.

Identifier Source Structure
4.1 Knema O O H
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6.1. Future Outlooks
Given that only approximately only half of Borneo’s original forest cover remains
(due to deforestation and replacement with monocultures for farming),
demonstrating the biochemical value of native flora may contribute to broader
conservation arguments. Identifying pharmacologically promising compounds from
these ecosystems highlights the medicinal potential embedded within biodiversity,
providing a compelling incentive for preservation. However, such bioprospecting
must proceed with a conservation-conscious mindset which considers the historical
and ongoing tensions between medicinal plant harvesting and habitat degradation.
This work also reaffirms the significance of ethnomedicinal knowledge, particularly
that of the Dayak communities. Many of the species investigated here have long-
standing traditional uses, yet have remained chemically and biologically under-
investigated. By integrating traditional ecological knowledge with phytochemical
and pharmacological approaches, this study not only strengthens the foundation for
future scientific discovery but also recognises and validates the deep cultural

knowledge held by Indigenous communities.

Collectively, this thesis demonstrates the importance of investigating chemically
uncharacterised plant species, particularly within the Myristicaceae and Clusiaceae
families, in an approach which considers ethnobotany, phytochemistry and
pharmacology. The isolation of novel and minimally studied metabolites, including
a structurally unique salicylic acid analogue with exceptional bactericidal activity

against MRSA, expands the known chemical space of these species and advances
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our understanding of natural product pharmacophores. This provides a valuable
basis for future structure-activity optimisation studies. More broadly, this thesis
demonstrates the relevance of phytochemical exploration as an important
foundation for antimicrobial drug discovery. In an era of rising resistance and
diminishing antimicrobial resources, the future of drug discovery significantly

depends on exploring the potential of plant natural products.
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Figure A72. UV-vis absorbance chromatogram for compound 4.13 in mixture 4.13/4.14.
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Figure A73. UV-vis absorbance chromatogram for compound 4.14 in mixture 4.13/4.14.

Appendix B: Spectral data of natural products isolated from Garcinia caudiculata
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Appendix C: Biological evaluation of isolated compounds
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Figure C1. Negative results for antifungal AlamarBlue assay against A. fumigatus and C.

albicans.
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Figure C2. AlamarBlue screening results for isolated compounds against A549 cells. All values
are expressed as mean +/- standard deviation; n = 3; **** p < 0.0001, *** p < 0.001, **p <0.01 and
*p < 0.05 at each concentration point when compared to untreated control cells.
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Figure C3. AlamarBlue screening results for isolated compounds against RAW 264.7 cells. All
values are expressed as mean +/- standard deviation; n = 3; **** p < 0.0001, *** p < 0.001, **p <
0.01 and *p < 0.05 at each concentration point when compared to untreated control cells.
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Figure C5. AlamarBlue screening results for isolated compounds against HL-60 cells. All values
are expressed as mean +/- standard deviation; n = 3; **** p < 0.0001, ***p < 0.001, **p <0.01 and
*p < 0.05 at each concentration point when compared to untreated control cells.
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Abstract: The tropical Garcinia genus of flowering plants is a prolific producer of aromatic natu-
ral products including polyphenols, flavonoids, and xanthones. In this study, we report the first
phytochemical investigation of Garcimia caudiculata Ridl. from the island of Borneo. Fractionation, pu-
rification, and structure elucidation by MS and NMR resulted in the discovery of two meroterpenoids.
One was a benzofuranone lactone previously isolated from Iryanthera grandis and Rhus chinensis, and
the second was a new hydroquinone methyl ester that we named caudiquinol. Both natural products
are rare examples of plant meroterpenoids with an intact geranylgeranyl chain.

Keywords: natural products; meroterpenoids; hydroquinones; Garcinia species

1. Introduction

The Garcinia genus of saptrees within the Clusiaceae family comprises several hundred
species of flowering shrubs and trees that are widely distributed in tropical regions around
the world [1]. In addition to producing edible fruit, such as the mangosteen from Garcinia
mangostana, Garcinia species are a prolific source of biologically active secondary metabolites,
including polyphenols, flavonoids, and xanthones [2-1]. Within this genus, Ridley classified
the bunau tree found on the island of Borneo as a new species, G. caudiculata, nearly
a century ago [5]. However, no phytochemical investigations have appeared until the
present work, where we report two meroterpenoids with a geranylgeranyl sidechain: the
benzofuranone lactone 1 (Figure 1), previously isolated from two other plant genera, and a
new quinol 2 that was given the name caudiquinol.

OH

Benzofuranone (1)

Caudiguinol (2)

Figure 1. Benzofuranone (1) and caudiquinol (2), geranylgeranyl meroterpenoids isolated from
Garcinia caudiculata.
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Appendix D: Published paper on newly reported G. caudiculata compounds.
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2. Results

Leaves of G. caudiculata Ridl. were collected from Lundu, Sarawak, Malaysia, and
air-dried before being ground into a powder and extracted with dichloromethane. In a
minimum inhibitory concentration (MIC) antibacterial assay, the crude extract was active
against methicillin-susceptible Staphylococcus aureus (MS5A) 25923 at a level of 128 pg/mlL.
A portion of this extract of 5 g was subjected to vacuum liquid chromatography (VLC),
eluting with a gradient of hexane /ethyl acetate (100:0 to 0:100) to provide 16 fractions.
Upon evaporation, the most abundant yellow fractions 10 and 11, each containing ~0.5 g
of residue, were selected for further purification. By recycling preparative HPLC, we
ultimately obtained 7 mg of 1 from fraction 10 and 6 mg of 2 from fraction 11. Based on
the spectroscopic and mass spectrometric data (Supporting Information), we assigned 1
as a benzofuranone lactone (Figure 1) with a C20 geranylgeranyl sidechain. This lactone
was first identified in Iryanthera grandis of the Myristicaceae family [6] and later, in Rhus
chinensis of the Anacardiaceae family [7]. It was the subject of a recent total synthesis due
to its anti-HIV activity [S].

Compound 2 was isolated as a yellow oil with IR absorptions at 3387 and 1714 cm !
suggesting the presence of OH and C=0 functional groups. The 'H and *C NMR chemical
shifts of 2 (Table 1) indicated a carbonyl group at 8¢ 173.9, a tetrasubstituted aromatic
benzene ring with two proton signals in a meta relationship at &y 6.50 and 6.41 (f = 3 Hz),
and an unsaturated terpenoid chain with four double bonds and five methyl groups at 5¢
16.2, 16.2, 16.3, 17.8, and 25.6. All these features were common to both 1 and 2. However,
2 uniquely contained a singlet at &y 3.66 (3H) that correlated with a signal at & 52.5.
Furthermore, the pseudo-molecular ion of m/z 455.316 observed in the positive-mode ESI
MS of 2 was higher than that of 1 by 32 Da. We concluded that the two natural products
differed by the addition of a methoxy group. Since the geranylgeranyl moiety and the two
aromatic protons within 1 were preserved in 2, we deduced that the methoxy group was
attached as either a phenolic ether or as an ester of the ring-opened lactone. In the HMBC
spectrum (Supporting Information), an absence of correlations between the methoxy group
and the aromatic ring ruled out the ether structures. Meanwhile, a 3] coupling observed
between the methyl group and the carbonyl (Figure 2) enabled us to conclusively elucidate
2 as the methyl ester that we named caudiquinol.

Table 1. "H NMR (500 MHz) and *C NMR (126 MHz) data for compound 2 in CDCls.

Position b, Type on, Type

1 147.0,C

2 1215,C

3 115.0, CH 6.50,d

4 149.0,C

] 1159, CH 6.41,d

6 131.3,C

7 29.2, CHa 3.27,d

8 121.6, CH 520-5.25, m
9 138.0,C

10 37.2, CH, 1.90-2.02, m
11 26.5, CHa 1.90-2.02, m
12 1239, CH 5.00-5.09, m
13 135.3,C

14 39.69, CHa 1.90-2.02, m
15 26.6, CH, 1.90-2.02, m
16 1242, CH 5.00-5.09, m
17 135.0,C

18 39.73, CH» 1.90-2.02, m
19 26.7, CHa 1.90-2.02, m
20 1244, CH 5.00-5.09, m
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Table 1. Cont.
Position d¢, Type Sy, Type

21 1306, C

22 25.6, CHy 154,s
1 39.75, CHz 3.53,s
o 1739,

3 52.5, CH4 3.66,s
1% 16.3, CH;3 1.66,s
v 16.2, CHy 161, s
3 16.2, CHj 154, s
4" 17.8, CHs 1.54,s

Figure 2. Observed COSY (blue; bold) and HMBC (red arrows) correlations in caudiquinol.

3. Discussion

The lactone versus methyl ester relationship between meroterpenoids 1 and 2 was
precedented by a shorter C10 geranyl sidechain by the pair of natural products denudalide
(3) and denudaquinol (4) (Figure 3) isolated from fruits of Magnolia denudata of the Mag-
noliaceae family [9]. Although denudalide could give rise to denudaquinol, in principle,
by methanolic hydrolysis, the authors could not demonstrate this conversion in the labo-
ratory. Similarly, given our mild HPLC conditions (aq MeOH; pH 7; rt), we believe that
caudiquinol is an authentic natural product.

OH OH

7 7 OCH,

' (o] OH
denudalide (3) 0] denudaquinol (4)

Figure 3. The geranyl meroterpenoids denudalide (3) and denudaquinol (4).

Meroterpenoids that contain units larger than the simple C5 prenyl (dimethylallyl)
group typically undergo further transformations, such as oxidation or cyclization, whereas
1-4 feature unmodified C10 or C20 sidechains. The discovery of 1-4 from four different
tree families suggests a common biosynthetic pathway to such meroterpenoids within
the plant kingdom, and that congeners with an intermediate C15 sidechain are also likely
to be found in nature. Furthermore, in addition to 1 and 2, we are aware of only four
other meroterpenoids (5-8 (Figure 4)) of plant origin with an intact C20 geranylgeranyl
unit [7,10-12].

Purified 1 and 2 were inactive against seven Gram-positive bacterial strains assayed
(MSSA 25923, methicillin-resistant S. aureus (MRSA) 13373, SA XU212, SA 1199B, SA
RN4220, Enterococcus faecalis 12967, and E. faecalis 51299) with MIC values of >250 uM or
against the A549 lung cancer cell line at 100 uM. We did not have access to the HIV virus
or the SFME cell line against which 1, 3, and 4 were reported to be active. We conclude
the original antibiotic activity of the crude extract arises from other components within
the mixture.
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rhuscholide & (8) Q

Figure 4. Plant meroterpenoids, other than 1 and 2, with an intact geranylgeranyl sidechain.

4. Materials and Methods

General experimental procedures: Vacuum liquid chromatography (VLC) was per-
formed using dry silica gel 60 PFy5y, 344 (Merck, London, UK). LC-QToF-MS/MS data
were acquired using an Agilent (Santa Clara, CA, USA) 6546 Quadrupole/Time-of-Flight
(Q-ToF) mass spectrometer with 1290 UHP LC, equipped with a Phenomenex Kintex Cig
column (100 x 2.1 mm, 2.6 pm, 100 A) using deionized H,O/MeCN (95:5 to 5:95 gradient
with 0.1% HCO.H over 5 min 50 s) eluent mixture. Preparative HPLC was performed
using a recycling LaboACE LC-5060 series HPLC instrument fitted with a C18 column
(20 % 500 mm, 10 pm, 120 A) (JAI, Tokyo, Japan) and a flow rate of 10 mL/min. One- and
two-dimensional (1D and 20) NMR spectra were recorded with a 500 MHz spectrometer
(Bruker, Billerica, MA, USA) using a chloroform-d solvent. The spectra were processed
using the MestReNova 14.1 software. UV-visible absorption spectra were recorded with a
Perkin Elmer (Shelton, CT, USA) UV/Vis Lambda 365 spectrophotometer. IR absorbance
spectra were recorded with a Perkin Elmer FT-IR System Spectrum BX.

Plant material: Leaves of Garcinia caudiculata Ridl. were collected at Lundu, Sarawak,
Malaysia (1°37'15" N, 109°45'57" E). The samples were taxonomically identified by one of
the authors, Stephen Ping Teo, and deposited as a voucher specimen STF86 at the Forest
Herbarium (SAR), the Forest Department Sarawak. The leaves were air-dried and ground
into a fine powder before storage.

Extraction and isolation: The dry, powdered leaves (100 g) were extracted by macer-
ating them with CH,Cl; at room temperature (1 L » 3 times for 24 h each). The extracts
were filtered, and the supernatant was concentrated under reduced pressure at 40 °C to
obtain the combined crude extract (10 g). Half of the crude extract (5 g) was separated
using VLC via silica gel into 16 fractions using a mixture of two solvents (hexane and ethyl
acetate) of increasing polarity. Of these, fractions 10 (554 mg) and 11 (459 mg), eluted with
50% and 30% hexane, respectively, were purified by preparative HPLC, using 1 mL volume
injections. Fraction 10 was injected at 10 mg/mL and was eluted using 100% MeOH to
yield compound 1 (7.4 mg). Fraction 11 was injected at 12 mg/mL and eluted using a
gradient of deionized H,O/MeOH of 20%:80% for 10 min followed by a linear gradient
reaching 100% MeOH at 15 min to yield caudiquinol 2 (6.0 mg).
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Methyl 3-[(2E, 6E, 10E, 14E)-3,7,11,15-tetramethyl-2,6,10,14-hexadecatetraen-1-yl]-2,5-
dihydroxybenzeneacetate (caudiquinol 2). 6.0 mg; yellow oil; UV Apac (MeOH): 220, 232,
and 294 nm; IR: 3387, 2914, 1714, and 1435 cm™}; m/z 455.316 [M + HJ* (calcd. for
CaoHy30;; 455.316; A = 0 ppm); 'H NMR (500 MHz): & 6.50 (d, | = 3.1 Hz, 1H), 6.41 (d,
] = 3.1 Hz, 1H), 5.20-5.25 (m, 1H), 5.00-5.09 (m, 3H), 3.66 (s, 3H), 3.53 (s, 2H), 3.27 (d, ] = 7.0
Hz, 2H), 1.90-2.02 (m, 12H), 1.66 (s, 3H), 1.61 (s, 3H), and 1.53 (s, 9H). 13C NMR (126 MHz):
8 173.9, 149.0, 147.0, 138.0, 135.3, 135.0, 131.3, 130.6, 124.4, 124.2, 123.9, 121.5, 121.6, 1159,
115.0, 52.5, 39.75, 39.73, 39.69, 37.2, 29.2, 26.7, 26.6, 26.5, 25.6, 17.8, 16.3, 16.20, and 16.15.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com /article /10.3390/ molecules29153613 /s1. Characterization data for 1 and 2 com-
prising NMR, MS, IR, and UV spectra.
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