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ABSTRACT

Twenty essential oil constituents (EOC's) from seven structural groups were tested for their
antimalarial, antimicrobial (both bacterial and fungal), anti-oxidant, anticholinesterase and
toxicity properties. To test for their antimalarial property, the tritiated hypoxanthine
incorporation assay was used, while the disc diffusion and minimum inhibitory concentration
(MIC) microplate assays were employed for the antimicrobial properties. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) method was used to test the anti-oxidant property and their toxicity
profile was assessed with the 3-(4,5-dimethyl-2-thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) cellular viability assay. The anticholinesterase activity was determined using
the thin layer chromatography (TLC) bioautographic method. The EOC’s were found to
inhibit the growth of Plasmodium falciparum with ICs, values ranging between 0.9 to
1528.8uM with E- and Z-(#)-nerolidol, (-)-pulegone, (+)-a-pinene and linalyl acetate being
the most active. In combination p-cymene (the least active) and E- and Z-(#)-nerolidol (the
most active) displayed the most synergistic interaction (3_FIC = 0.09), with their antimalarial
activity comparable to that of the interaction between E- and Z-(£)-nerolidol and quinine
(O FIC = 0.01). Eugenol had the most favourable safety index and was the only EOC with
anti-oxidant activity comparable to vitamin C. Combination studies showed that
E- and Z-(£)-nerolidol and (-)-pulegone or quinine, p-cymene and y-terpinene or (-)-pulegone
potentiated each other’s toxicity. The EOC’s inhibited the growth of Gram-positive, Gram-
negative bacteria and yeast with MIC values ranging from 1.66 to >238.4mM. When
combined, synergism was observed between (+)-B-pinene and carvacrol or y-terpinene;
y-terpinene and geranyl acetate when tested against Staphylococcus aureus, while
(+)-B-pinene and (-)-menthone showed antagonism against C. albicans. The combinations of
EOC'’s and a standard antimicrobial resulted in synergistic interactions between carvacrol and
ciprofloxacin against Bacillus cereus, eugenol and ciprofloxacin against Eschericia coli,
carvacrol and amphotericin B against C. albicans. The trans-geraniol and
E- and Z-(+)-nerolidol combination demonstrated an additive interaction against B. cereus,
while for eugenol and E- and Z-(+)-nerolidol an indifferent interaction against E. coli was
noted. These results show that the biological activities of EOC'’s can vary when used alone
and in combination. They do have the potential to be used as templates for novel drugs and as

adjuncts to modern medicines in the combat against drug resistance.



ACKNOWLEDGEMENTS

1) I am greatly indebted to Dr. R.L. van Zyl, my supervisor, who has been encouraging and
supporting me through this work, and for her unfailing guidance. Thank you so much Dr. van
Zyl.

2) A special thanksgiving to Prof. A.M. Viljoen for also being my supervisor and for his
support, encouragement and motivation, and for always insisting that we should finish what
we started no matter what. We would not do better without you.

3) Mrs. S.F. van Vuuren, how can I forget your generosity, devotion and unselfish help with
the antimicrobial work. Thank you so much for sharing your expertise with me in this work
and for your support.

4) Thank you to the staff of The Department of Pharmacy and Pharmacology and my
colleagues at the University of the Witwatersrand. For the sake of brevity, I could not mention
all your names, because the list is so long. I really appreciate your wonderful support and help
throughout the entire course of this project, without you I would not have reached the
finishing line.

5) I would also like to thank even those who told me that I would not make it this far in my
studies, believe it or not, they too were a part of my motivation. May God bless those who

come against S. Seatlholo or Sammy, the road was long but I made it through, thank you.

vi



TABLE OF CONTENTS

DECLARATION
DEDICATIONS

PUBLICATIONS AND PRESENTATIONS ARISING FROM THIS STUDY

ABSTRACT
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF FIGURES

LIST OF TABLES

LIST OF ABBREVIATIONS

1. CHAPTER ONE - GENERAL INTRODUCTION

1.1.
1.2.
1.3.
1.4.
1.5.

1.6.
1.7.
1.8.
1.9.
1.10.

Plants and essential oils
Use of essential oils in plants
History of essential oils
Isolation procedures of essential oils from plants
The chemistry of essential oils
1.5.1. Terpenes
1.5.1.1. Monoterpenes
1.5.1.2. Sesquiterpenes
1.5.2. Terpenoids
1.5.2.1. Alcohols
1.5.2.2. Aldehydes
1.5.2.3. Esters
1.5.2.4. Ketones
1.5.2.5. Oxides
1.5.2.6. Phenols
Medicinal applications and adverse effects of essential oils
Route of administration
The commercial importance of essential oils
Public interest in the use of essential oils

Essential oils in the twentieth century

vil

Page(s)
it

i1

v

v

vi
Vii-XX
X1V-XVi
Xvii
XVili-Xx
1-17
1-3

3

3-4

5-6
7-10

9-10
10

10

10

10

10

10
10-12
12
12-13
13-14
14



1.11. Single versus combination therapy
1.12. Future of essential oils

1.13.  Study objectives

2. CHAPTER TWO - SELECTION OF ESSENTIAL OIL
CONSTITUENTS

2.1.  Introduction
2.2.  Methodology
2.2.1. Materials used
2.2.2. Gas chromatographic analysis of essential oil constituents

2.2.3. The chromatogram

3. CHAPTER THREE - ANTIMALARIAL ACTIVITY

3.1.  Definition of malaria
3.1.1. Malaria burden
3.1.2. Malaria distribution
3.1.3. Signs and symptoms of a malaria infection
3.1.4. Diagnosis
3.1.5. Life cycle of Plasmodium
3.1.5.1. Human stage
3.1.5.2. Vector stage
3.1.6. Parasite resistance to classical antimalarial drugs
3.1.7. Antimalarial drug development
3.2.  Methodology
3.2.1. Culture maintenance
3.2.1.1. Preparation of complete culture medium
3.2.1.2. Plasma preparation
3.2.1.3. Red blood cell preparation
3.2.1.4. Assessment of parasite growth using light microscopy
3.2.2. Synchronization of the culture
3.2.3. Tritiated hypoxanthine incorporation assay
3.2.3.1. Preparation of uninfected red blood cells
3.2.3.2. Preparation of the parasites

3.2.3.3. Preparation of the drug and essential oil constituents

viil

14-16
16
17

18-24

18
19
19
19
19

25-51

25-32
25
25-26
26
26-27
27-29
27-29
29
29-31
31-32
32-39
32-33
32-33
33
33
33
34
34-37
34
34
35



3.2.3.3.1. Preparation of the classical antimalarial drug 35

3.2.3.3.2. Preparation of essential oil constituents 35
3.2.3.4. Preparation of microtitre plates 35
3.2.3.5. Incubation in a micro-aerobic environment 35-36
3.2.3.6. Preparation of the isotope and labelling of parasites 36
3.2.3.7. Harvesting and scintillation counting 36-37

3.2.4. The combinations between the standard antimalarial and

essential oil constituents 37-38

3.2.4.1. Essential oil constituent and drug preparation 37-38

3.2.5. Data analysis 38-39
3.2.5.1. Isobologram construction 38
3.2.5.2. Fractional inhibitory concentration determination 39
3.2.6. Statistics 40

3.3.  Results 40-44

3.3.1. The antimalarial activity of individual essential oil constituents 40
3.3.2. The relationship between essential oil constituent density and

antimalarial activity 42
3.3.3. The antimalarial activity of the combined essential oil

constituents 42
3.3.4. The antimalarial activity of quinine and the most active

essential oil constituent 44

3.4.  Discussion 44-51

3.4.1. The antimalarial activity of individual essential oil

constituents 44-50
3.4.2. The antimalarial activity of the combined essential oil

constituents 50-51

3.4.3. The combined effect of quinine and E- and Z-(+)-nerolidol 51

4. CHAPTER FOUR - ANTI-OXIDANT AND ANTICHOLINESTERASE

ACTIVITIES 52-67

4.1.  Introduction 52-55

4.1.1. Free radicals 53-55

4.2.  Anti-oxidant activity 55-60

4.2.1. Methodology 56-58
4.2.1.1. 2,2-Diphenyl-1-picrylhydrazyl assay 56

X



4.3.

4.2.1.2. 2,2-Diphenyl-1-picrylhydrazyl preparation
4.2.1.3. Preparation of essential oil constituents
4.2.1.4. Preparation of microtitre plates
4.2.1.5. Reading of the plate and data analysis
4.2.2. Results
4.2.3. Discussion
4.2.3.1. The anti-oxidant activity of essential oil constituents
Acetylcholinesterase activity
4.3.1. Cholinesterase inhibitors and alzheimer’s disease
4.3.2. Methodology
4.3.2.1. Preparation of essential oil constituents
4.3.2.2. Preparation of acetylcholinesterase
4.3.2.3. Bioautography
4.3.3. Results

4.3.4. Discussion

5. CHAPTER FIVE - CYTOTOXICITY PROFILE

5.1.

5.2.

Introduction
5.1.1. Topical effects
5.1.2. Systemic effects
5.1.2.1. Hepatotoxicity
5.1.2.2. Carcinogenecity
5.1.2.3. Cardiac problems
Methodology
5.2.1. Principles of the method
5.2.2. Culture maintenance
5.2.2.1. Preparation of complete culture medium
5.2.2.2. Preparation of foetal calf serum
5.2.2.3. Assessment of cell growth
5.2.2.4. Trypsinization
5.2.3. MTT cytotoxicity assay
5.2.3.1. Preparation of the cells

5.2.4. Preparation of essential oil constituents and control drugs

5.2.5. Selection and preparation of essential oil constituents used in

combination assays

57
57
57
58
58
59-60
59-60
60-67
60-62
62-63
62
62
62-63
63
64-67

68-87

68-73
69-70
70-73
71
71
72-73
74-78
74
74-75
74
75
75
75
75-76
75-76
76

76



5.3.

5.4.

6.2

5.2.6. Preparation of microtitre plates

5.2.7. Addition of MTT and DMSO

5.2.8. Data analysis

5.2.9. Statistics

Results

5.3.1. The toxicity profiles of the individual essential oil constituents
5.3.2. The combination studies of selected essential oil constituents

5.3.3. The toxicity profile of the essential oil constituent and quinine

5.3.4. The relationship between essential oil constituent toxicity profiles

and density

5.3.5. The relationship between essential oil constituent toxicity profiles

and antimalarial activity
Discussion
5.4.1. The toxicity profiles of the individual essential oil constituents

5.4.2. The toxicity profile of the essential oil constituent and quinine

CHAPTER SIX - ANTIMICROBIAL ACTIVITY

Introduction
6.1.1 Microbial infections
6.1.2 Microbial resistance
Methodology
6.2.1 Preparation of microbial culture
6.2.2 Disc diffusion assay

6.2.2.1 Preparation of individual essential oil constituents

6.2.2.2 Preparation of the combinations of two or three essential oil

constituents
6.2.2.3 Preparation of agar and bioassay agar plates
6.2.2.4 Data analysis and interpretation
6.2.3 Minimum inhibitory concentration microplate assay
6.2.3.1 Preparation of individual essential oil constituents
6.2.3.2 Preparation of essential oil constituents or standard
antimicrobials for the combination studies
6.2.3.3 Preparation of microtitre plates
6.2.3.4 Determination of minimum inhibitory concentration

6.2.3.5 Data analysis and interpretation

xi

77
77
77-78
78
78-83
78
78-80

82

82

83-87
83-85
86-87

88-117

88-91
89-90
91

91-95
91-92
92-93
92

92
92
93
93-95
93

93
94
94
94-95



6.3

6.4

7.
8.

6.2.3.5.1 Isobologram construction 94

6.2.3.5.2 Fractional inhibitory concentration determination 95
Results 95-107
6.3.1 Disc diffusion assay 95-100

6.3.1.1 The disc diffusion assay: individual essential oil constituents 95
6.3.1.2 The disc diffusion assay: the combined effects of two
essential oil constituents 95-100
6.3.1.3 The disc diffusion assay: the combined effects of three
essential oil constituents 100
6.3.2 The minimum inhibitory concentration microplate assay 101-103
6.3.2.1 The minimum inhibitory concentration assay: individual
essential oil constituents 101-103
6.3.2.2 The minimum inhibitory concentration assay: combined
effects of two selected essential oil constituents 103
6.3.2.3 The minimum inhibitory concentration assay: the combined
effect of selected essential oil constituents and standard
antimicrobial agents 103
Discussion 107-117
6.4.1 The disc diffusion assay: the antimicrobial activity of 10 individual
essential oil constituents 107-108
6.4.2 The disc diffusion assay: the combined effects of two essential oil
constituents 108-111
6.4.3 The disc diffusion assay: the combined effects of three essential oil
constituents 111
6.4.4 Minimum inhibitory concentration assay: the antimicrobial activity
of the individual essential oil constituents 111-114
6.4.5 Minimum inhibitory concentration assay: the antimicrobial activity
of the two combined essential oil constituents 114-115
6.4.6 Minimum inhibitory concentration assay: the antimicrobial activity
of essential oil constituents with the standard antimicrobial agents 115-116

6.4.7 The correlation between the disc diffusion and minimum

inhibitory concentration assays 116-117
CHAPTER SEVEN - CONCLUSIONS 118-119
CHAPTER EIGHT - RECOMMENDATIONS 120

xil



9. REFERENCES 121-130
APPENDICES 131-137
APPENDIX A: The combined antimicrobial disc diffusion activity of
selected essential oil constituents 131-134
APPENDIX B: The combined antimicrobial minimum inhibitory
concentration activity of selected essential oil constituents

and standard antimicrobials 135-137

Xiii



LIST OF FIGURES

Figure Page
1.1: A schematic diagram showing a distillation apparatus used for the isolation

of essential oils. 5
1.2: An industrial machine used for isolating essential oils during cold pressing

process. 6
1.3: An overview of isoprenoids biosynthesis pathway in plants. 7
1.4: The chemical structures of (a) an isoprene unit (b) a-pinene and

(c) B-caryophyllene. 8
1.5: Various chemical structures of essential oil constituents and a secondary

metabolite showing some degree of cyclization. 9

2.1: The chemical structures of 20 essential oil constituents from seven different

structural groups. 20
3.1: The various stages of the life cycle of the malaria parasites. 28
3.2: A schematic representation of the 96-well microtitre plate. 36

3.3: An isobologram showing possible interactions of the essential oil

constituents. 39
3.4: The log sigmoidal dose response curves of quinine, p-cymene and

E- and Z-(£)-nerolidol. 40
3.5: The antimalarial activity of the 20 essential oil constituents and quinine. 41
3.6: The linear relationship between the density of the essential oil constituents

and their antimalarial activity. 42
3.7: p-Cymene interacted in a synergistic manner when combined with y-terpinene

and E- and Z-(%)-nerolidol. 43
3.8: An antagonistic interaction between E- and Z- (+¥)-nerolidol and (-)-pulegone. 44
3.9: The biosynthetic pathway of isoprenoids in Plasmodium falciparum. 46
3.10: The effect of chloroquine on haem detoxification in the lysosome of a

chloroquine-resistant malaria parasite. 48

4.1: A stepwise reduction of an oxygen molecule resulting in different

free radicals. 54
4.2: A schematic representation of the setup of the microtitre plate used in the

2,2-diphenyl-1-picrylhydrazyl assay. 57

4.3: A thin layer chromatographic plate showing the anticholinesterase activity

Xiv



of 19 essential oil constituents.

5.1: The toxicity profile of the individual essential oil constituents.

5.2: The synergistic interaction between E- and Z-(+)-nerolidol and
(-)-pulegone indicating an increase in their toxicity profile.

5.3: p- Cymene interacted in a synergistic manner with both y-terpinene and
(-)-pulegone to potentiate the toxicity profile of the essential oil constituents.

5.4: The synergistic interaction between quinine and E- and Z-(+)-nerolidol.

5.5: The linear relationship between the density of the essential oil constituents
and their toxic effects on the human kidney epithelial cells.

5.6: The linear relationship between the antimalarial activity of the essential oil
constituents and their toxic effects on the human kidney epithelial cells.

6.1: The antimicrobial disc diffusion activity of six selected combinations of
essential oil constituents against Staphylococcus aureus.

6.2: The antimicrobial disc diffusion activity of six selected combinations of
essential oil constituents against Eschericia coli.

6.3: The antimicrobial disc diffusion activity of six selected combinations of
essential oil constituents against Bacillus cereus.

6.4: The antimicrobial disc diffusion activity of six selected combinations of
essential oil constituents against Candida albicans.

6.5: The antimicrobial disc diffusion activity of four selected combinations of
essential oil constituents against four test microorganisms.

6.6: An antagonistic interaction between (+)-f-pinene and (-)-menthone against
C. albicans.

6.7: A synergistic interaction between E- and Z-(+)-nerolidol and y-terpinene
against B. cereus.

6.8: Contrasting interactions against E. coli, with an indifferent interaction
between E- and Z-(+)-nerolidol and eugenol; compared to the additive
interaction between E- and Z-(+)-nerolidol and geranyl acetate

6.9: A synergistic interaction between ciprofloxacin and eugenol against
S. aureus and E. coli.

6.10: A synergistic interaction between amphotericin B and carvacrol against

C. albicans.
B.1: A synergistic interaction between carvacrol and (+)-B-pinene against
S. aureus.

B.2: An additive interaction was observed between 1,8-cineole and geranyl

XV

63
79

80

81
81

82

83

98

99

99

100

101

104

105

105

106

107

135



B.3:

B.4:

B.5:

B.6:

acetate; compared to a synergistic interaction between 1,8-cineole and

(+)-B-pinene against C. albicans. 135
The synergistic and additive interaction between eugenol and trans-geraniol
against B. cereus and E. coli, respectively 136
y-Terpinene interacted in a synergistic manner with both (+)-B-pinene and
geranyl acetate against S. aureus. 136
A synergistic interaction between trans-geraniol and E- and Z-(+)-nerolidol
against B. cereus. 137
A synergistic interaction between ciprofloxacin and carvacrol against

B. cereus. 137

xvi



LIST OF TABLES

Table Page
1.1: Distinctive oil cells are found in various aromatic medicinal plant families. 1
1.2: Essential oil secretory glands of medicinal plants. 2
2.1: Properties of 20 selected essential oil constituents. 21-23
2.2: Verification of percentage purity of 20 selected essential oil constituents. 24
3.1: Essential oil constituents used in the combination study. 37
3.2: The combined interaction between two essential oil constituents. 43
4.1: The anti-oxidant activity (ICso values) of essential oil constituents. 58
4.2: The anticholinesterase activity of 19 essential oil constituents. 65
5.1: IFRA banned aromatic raw materials. 72
5.2: IFRA restricted aromatic raw materials. 73
5.3: The toxicity profile of the combined essential oil constituents. 80

5.4: The safety indices of 20 essential oil constituents based on their ICsy values

as a measure of the toxicity and antimalarial properties. 84
6.1: The antimicrobial disc diffusion activity of 10 essential oil constituents. 96
6.2: The antimicrobial disc diffusion interactions between two selected EOC’s. 97
6.3: The antimicrobial disc diffusion interactions among three selected

essential oil constituents. 101
6.4: In vitro antimicrobial minimum inhibitory concentration activity of 20

individual essential oil constituents and the standard antimicrobial agents. 102
6.5: The combined antimicrobial minimum inhibitory concentration activity of

selected essential oil constituents. 104
6.6: The antimicrobial minimum inhibitory concentration activity of an

essential oil constituent combined with a standard antimicrobial agent. 106
A.1: The interaction between two selected essential oil constituents as determined

by the disc diffusion assay. 131-134

A.2: The interaction among three selected essential oil constituents as determined

by the disc diffusion assay. 134

xvii



%
2. FIC
°C

pum
uM
Ach
AChE
AIDS
AMD

AREDS
ATCC
cAMP
CFU
CO,
CPDA
CPM
CYP
dhfr
dhps
DMAPP
DMSO
DPPH
EDTA
EOC
FCR-3
FCS
FDA
FIC
FPP

G6PD

LIST OF ABBREVIATIONS

Percent

The sum of the fractional inhibitory concentrations
Degree celsius

Microlitre

Micrometre

Micromolar

Acetylcholine
Acetylcholinesterase

Autoimmune deficiency syndrome
Age-related macular degeneration
Antagonism

Age-related eye disease study
American type culture collection
Cyclic adenosine monophosphate
Colony forming units

Carbon dioxide

Citrate phosphate dextrose adenine
Count per minute

Cytochrome P450 enzyme
Dihydrofolate reductase
Dihydropteroate synthetase
Dimethylallyl diphosphate
Dimethyl sulfur oxide
2,2-Diphenyl-1-picrylhydrazyl
Ethylene diamine tetra acetic acid
Essential oil constituent
Falciparum chloroquine resistant strain
Foetal calf serum

Food drug administration
Fractional inhibitory concentration
Farnesyl pyrophosphate

Gram

Glucose-6-phosphate dehydrogenase

xviii



GC Gas chromatography

GC-MS Gas chromatography coupled to mass spectrometry

GI Growth index

GPP Geranyl pyrophosphate

h Hour

HEPES N-2-hydroxyethyl-piperazine-N-2-ethane-sulfonic acid

HPLC High performance liquid chromatography

HRP-2 Histidine rich protein

I Indifferent

| (&7 Concentration that inhibited 50% of parasite or cell growth or

biological activity

IFRA International fragrances research association
INT p-Iodonitrotetrazolium violet

IPP Isopentyl diphosphate

1 Litre

m Metre

M Molar

MIC Minimum inhibitory concentration
min Minute

ml Millilitre

mm Millimetre

mM Millimolar

MPO Myeloperoxide

M, Molecular weight

MS Mass spectrometry

MTT 3-(4,5-Dimethyl-2-thiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide
N, Nitrogen

NHLS National health laboratory services
nM Nanomolar

nm Nanometre

NTCC National type culture collection

0)) Oxygen

PBS Phosphate buffer solution

pH Potential hydrogen

pLDH Parasite specific lactate dehydrogenase

X1X



ppm

2
r

RBC
Rf
ROS
rpm
RPMI-1640
Ry

S

s.d.
SABS
TLC
UV-Vis
WHO

Parts per million

Correlation coefficient

Red blood cell

Relative to the front

Reactive oxygen species
Revolution per minute

Roswell park memorial institute medium type 1640
Retention time

Synergism

Standard deviation of the mean
South African bureau of standards
Thin layer chromatography
Ultraviolet visible

World health organization

XX



CHAPTER ONE
GENERAL INTRODUCTION

1.1 Plantsand essential oils

An essential oil is the volatile fraction of an aratic plant that is borne in that plant within
distinctive oil cells. The oil is a concentrated,diophobic liquid containing a complex
mixture of volatile components of certain secondalant metabolites. A wide range of plant
species including herbs, shrubs and trees synthesisential oils as secondary metabolites
(Table 1.1). The type of essential oil-containimdl s an important characteristic of the plant
family which can be used to taxonomically verifsecies. The essential oil and its aroma
associated with a plant can also be distinctivg, &il of sandalwood” or “oil of clove”
(Lawrence, 2000).

Table1.1: Distinctive oil cells are found in various aromatiedicinal plant families
(Lawrence, 2000).

Essential oil containing structures Specific examples

e Adansonia (baobab fruit)
e Coriandrum (corriander)
e Foeniculum (fennel)

Oil ducts in flowers, leaves arnd, Salvia (sage)

stems (associated with vascular _
bundles)( e Chamaemelum (chamomile)

Vittae (long secretory ducts) in
fruits and roots

Protruding multicelled glandulare Lavandula (lavender)
trichomes o Mentha (peppermint)

Large oil cells in stem barks or large Papaver (opium poppy)
mesophyllic oil cells in leaves o Sassafras (Ague tree)
Chamaemelum (chamomile)
Myrtaceae family

[ )
Large round secretory oil glands |of
cavities

e Citrus family

Large rectangular- shaped oil celle Myristica (nutmeg)
in testa (seed coat), just within the
thin epidermis of the seed. e Zingiber (ginger)

Essential oils are synthesised and stored in disrlasecretory structures (known as glands
or trichomes) either on the surface of the planwibhin the plant tissue of the leaves, flower
calyces, fruits and roots (Table 1.2) (Lahlou, £4)0



Table 1.2: Essential oil secretory glands of medicinal plgSigobodeaet al., 2001).

Plant family

Species and
common name

Asteraceae

Chamaemelum
nobile (L.)

[Roman chamomile]

Lamiaceae

Origanum vulgare (L.)
[oregano]

Salvia sclarea (L.)
[Clary sage]

Mentha x piperita (L.)
[Peppermint]

Lavandula angustifolia
Mill.

[English lavender]

Plant structure and essential oil cells

Myrtaceae

Syzygium
aromaticum (L.)

[clove]

Zingiberaceae

Zingiber officinale (L.)
[ginger]




There are various types of secretory structuresevtiee oil content, larger size and thick
cuticularised lining differentiate them from adjat@on-secretory cells. These cell types are
found for example in gingerZingiber officinale) and nutmeg Nlyristica fragrance). In
contrast to secretory cavities which consist ofesjglal structures lined with secretory cells
that produce the essential oil. Included in thisugr are the fruits and leaves from the citrus
and eucalyptus family and flower buds of clovesh(&dl..2) (Svobodat al., 2001). Secretory
ducts, found in the Apiaceae and Asteraceae fasniiiee formed once the cavities between
adjacent cells fuse. Cells in these cavities diffitiate to form secretory epithelial cells.
Glandular trichomes found in lavender, oreganoramt are modified epidermal hairs with a
toughened cuticle that covers the trichome andpEndates the essential oils (Table 1.2).

1.2 Use of essential ailsin plants

The biological role of these secondary metabobiesstill not fully understood, but they are

known to protect the plants against diseases,catbrarepel insects, birds and other animals
via complex chemical mimicry (Halcon, 2002). Foample, certain plants appear to protect
themselves from overgrazing by producing sesquetegplactones which are known to be

potent antifeedants. If eaten by herbivores, tisedfstances affect the normal gastrointestinal
flora and interfere with digestion (Onawunet al., 1984). Corniferous plants secrete a
complex mixture of monoterpenes and sesquiterpgnessponse to attack by insects and
predators (Mahmoud and Croteau, 2002).

1.3 History of essential oils

Essential oils have been used since antiquity Ifferdnt cultures in a variety of ways as
medicines, in ritual worship and as perfumes (Hal@®02; Nakatset al., 2000). They were
very precious in the ancient world and were trafdedyold, silver and even slaves. The first
nation to use essential oils were the Egyptians evkated fragrances for personal use as well
as for ritual and ceremonial use in the temples pyiimids (Gollin, 1999). Some oils,
particularly frankincense, are cited repeatedlyratigious texts of Judeo-Christians and
Muslims (Inouyeet al., 2001). In 1817, an 870 foot long Ebers Papyatshd back to 1500
B.C. was discovered listing over 800 herbal presioms and remedies (Jiroverét al.,
1990). Many listed herbals contained oils which eveised for embalming due to their
effective antibacterial properties and it is repdrthat the corpses of the Pharaohs were
embalmed with these oils (Gollin, 1999). Other silgh as lotus and sandalwood were also
widely used in ancient Egyptian purification andbaiming rituals. The importance of these

essential oils is best displayed by the discovedrgh® litres of essential oils sealed and



preserved in alabaster jars found in Tutankhdsiermb when opened in 1922 (Inowgel .,
2001). Even 3000 years after being encased imatisethere was a faint odour of lotus oil and

frankincense.

The “Father of Modern Medicine,” Hippocrates (46QBsfated that “a daily aromatic bath
followed by a scented massage is a proper way tal dealth” (Lis-Balchin, 1997). This
practice was also employed by the Romans and Grele&sn addition to using aromatic oils
in their bath houses, diffused essential oils @irttemples and political buildings. Physicians
of Greece including Hippocrates attended the Egypschool of Cas to learn about the olls.
Amongst the medicinal properties taught were thigseptic properties of clove and lemon
essential oils, hundreds of years prior to thealiscy of modern antimicrobials used today
(Jirovertzet al., 1990).

The ancient Arabian people researched the chemprcglerties of essential oils and further
developed and refined the distillation process.bfa perfumes were first discovered by
western man and brought back to Europe by the deusawhere they became well known
and fashionable with the aristocracy (Buchbauer@3)9 During the Middle Ages the
antiseptic properties of essential oils became [aopa the doctors of that time, such that they
carried these antiseptic aromatic oils in the hasdlf their walking sticks, which they held to
their noses during their visits to patients (Buakdya 1993).

The rediscovery of the antiseptic properties okasal oils is attributed to French cosmetic
chemist, René-Maurice Gattefossé, as a consequdniis personal experiences (Halcon,
2002). It was in July of 1910 when a laboratorylegjn set him aflame. “It is reported that,
after extinguishing the flames his hands were duideveloping gas gangrene”. However,
“one rinse with lavender essential oil stopped priscess and the next day healing began”.
This incident motivated Gattefossé to investigdte healing components of essential oils.
The research on essential oils prompted theiragdinise on wounded World War Il soldiers,
and wounds responded better to the oils than tatiibiotics of that time (Jirovert# al.,
1990). Around this time another medical scientisy& R. Rife discovered that essential oils
could effectively treat various bacterial diseasesh as coughs and flu (Jirovesizal.,
1990).



1.4 1 solation procedures of essential oilsfrom plants

For an essential oil to be a true essential oiutst only be isolated by physical means
(Nakatsuet al., 2000). The methods of isolating the essentisl mom plants significantly
affect the chemical constituents and compositiorthef essential oil (Lahlou, 2004b). For
instancea-pinene ang-pinene can be isomerized during the process aatyss, forming
camphene and possibly other monoterpenes in theegso(Geroret al., 2000). Lawrence
(2000) stated that the most appropriate and coamemnethod to concentrate the essential oil
should be selected. If the activity is based omtingure, and not on a single compound, then
all components should be concentrated from thatesl(Lawrence, 2000). Generally most
essential oil constituents are small, volatile algbphilic compounds, thus a key
consideration is the need to separate them froneae plant materials (Lahlou, 2004b;
Lawrence, 2000; Nakatgst al., 2000).

The physical methods used include distillation ¢oglistillation, steam distillation and
hydrodiffusion) (Figure 1.1), cold pressing (exmies), maceration/distillation and
microwave irradiation (Lahlou, 2004b). In the hydistillation process, the plant material is
heated in two or three times its weight of watethwndirect steam from outside the still. In
contrast, in steam distillation the plant matersalsolated by direct steam produced in the
still, or by indirect steam produced outside and feto the still. In hydrodiffusion, low
pressure steam (0.1 bar) replaces the volatil&anh the intact plant material by an osmotic
action (Lahlou, 2004b; Lawrence, 2000).

Figurel.l: A schematic diagram showing a distillation appasaised for the isolation of
essential oils (adapted from Nakagesal., 2000).
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Cold pressing (Figure 1.2) is a technique usedstdaie citrus peel oil and many other
essential oils from seeds, grains, kernels antsf{imouyeet al., 2001; Nakatset al., 2000).
During this process, machines score the fruit/sedelsing the oil. Nakatset al. (2000)
mentioned that this method has recently been usegtdat advantage in isolating oxygen-

containing terpenes, which tend to degrade oraage when heat is applied.

Figure1.2: An industrial machine used for isolating essenbigd during cold pressing
process (Lahlou, 2004b).

During maceration/distillation the plant materialmacerated in warm water to release the
enzyme-bound essential oil. Examples of essentgjpooduced by this technique are garlic,
wintergreen and bitter almond (Carson and Riley@5)9Microwave irradiation is a modern
technique using microwaves to excite water molexirethe plant tissues, thus causing the
plant cells to rupture and release the essentislti@pped in the extracellular tissues of the
plant (Lahlou, 2004b).

Solvent isolation is used to isolate essential vdsn those plants that cannot withstand the
process of distillation and heat (e.g. jasminesofvent such as hexane or supercriticabCO
can be used to isolate the essential oil and s tkoved with alcohol and distilled to obtain

the required amount of essential oil (Lahlou, 2004b



1.5 The chemistry of essential oils

Various factors influence the quantity and compasitof the essential oil synthesised by
plants. These include soil conditions, geographacel seasonal variations, climate (rainfall)
and altitude; as well as harvest method, isolagehnique and which part of the plant is used
(Lahlou, 2004b). In addition, each plant can predseveral different chemotypes with

biochemical variations that change the compositiod ratio of essential oil constituents and

ultimately influence its therapeutic efficacy (\é§net al., 2005).

Essential oils are volatile, complex mixtures, cosgd of numerous terpene hydrocarbons
and oxygenated compounds (Grifthal., 1999; Lis-Balchin, 1997). These constituents are
not only volatile, but also lipophilic (Griffiret al., 1999). All terpenes are synthesized
through the condensation of isopentyl diphosph®) and its allylic isomer, dimethylallyl
diphosphate (DMAPP as seen in Figure 1.3) (MahnandaICroteau, 2002).

Jdoo o o
OPP OPP

DMAPP
a
éi/\ OPP
/
| GPP ——> Monoterpenes (C10)
OPP

FPP Sesquiterpenes (C15)

Triterpenes (C30)

Figure1.3: An overview of isoprenoids biosynthesis pathwaypiants (adapted from
Mahmoud and Croteau, 2002). Where IPP = isopentyhadphate;
GPP = geranyl pyrophosphate; FPP = farnesyl pyrggiete and DMAPP =
dimethylallyl diphosphate.



1.5.1 Terpenes

Terpenes are hydrocarbons that usually contairoomaore C=C double bonds (Griffat al.,
1999). They are derived from the condensation oprisne units (Figure 1.4a) and are
categorised according to the number of these unithe carbon skeleton. They can be
divided into two subcategories, monoterpeneg)((2.g.a-pinene) and sesquiterpenesdC
(e.g. B-caryophyllene) (Figure 1.4b and c, respectiveBgsides being linear (acyclic)
(e.g.a-myrcene; Figure 1.5i), terpenes can be monocyelisicyclic molecules, for example:

limonene (Figure 1.5c¢) arfitcaryophyllene (Figure 1.4c), respectively.

H

T

4 /
(@) (b) (c)

CHp=C—CH=CHy

CH3

Figurel4: The chemical structures of (a) an isoprene uf) o-pinene and

(c) B-caryophyllene (adapted from Nakatgwal., 2000).

These monoterpenes and sesquiterpenes are widshjbdied in various medicinal and
aromatic plants. SpikenardNdrdostachys jatamans) is almost entirely composed of
sesquiterpenes (Lahlou, 2004a). The sesquiterpaoeipgalso constitutes secondary
metabolites, some exhibiting stress-induced comgea.g. gossypol; Figure 1.5k) formed

as a result of disease or injury to the plant.

1.5.1.1 Monoterpenes

These compounds are found in nearly all esseni&land are biogenetically derived from
geranyl pyrophosphate (GPP) (Figure 1.3), and Hevecarbon atoms derived from two
isoprene units. Monoterpenes react readily to ied. ©xidize readily) and heat sources.

Common examples are limonene (Figure 1.5c)f&apthene (Figure 1.5b).

1.5.1.2 Sesquiterpenes
They consist of 15 carbon atoms and are biogetigtdarived from farnesyl pyrophosphate
(FPP) (Figure 1.3) and can also be linear (eigarnesene; Figure 1.5a), monocyclic

(e.g.p-bisabolene; Figure 1.5j) or bicyclic (efycaryophyllene; Figure 1.4c).
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Figure1.5: Various chemical structures of essential oil ciunsits (a - j) and a secondary
metabolite (k = gossypol) showing some degree ofization (adapted from
Nakatsuet al., 2000).

1.5.2 Terpenoids

These are oxygen-containing analogues of the tegpand are subdivided according to the
number of carbon atoms in the same manner as rents and can be linear (e.g. nerolidol;
Figure 1.5g), monocyclic (e.g. pulegone; Figureel & bicyclic &+ thujone; Figure 1.5d).
The skeleton of terpenoids may differ from justiaddsoprene units by the loss or shift of a
fragment, generally a methyl group is replaced lufted by an @ in various functional
groups (Nakatset al., 2000). These oxygenated compounds belong tordbauof different
chemical groups including the alcohols (nerolid@)dehydes (citronellal), esters (linalyl
acetate), ketones (fenchone), oxides (1,8-cineat®) phenols (eugenol). Terpenoids are
usually very expensive, because like most secondatabolites they are synthesized by
plants in relatively small amounts (Lawrence, 200@) addition, due to their complex



structures, most terpenoids cannot be obtainedoioftable way through chemical synthesis
and as are normally isolated by steam distillaflaahlou, 2004b).

1.5.2.1 Alcohols

Alcohols are not water soluble and are less pranexidation and for this reason they
evaporate quite slowly (Nakatset al., 2000). They can further be subdivided into
monoterpene alcohols (e.g. linalool; Figure 1.58 sesquiterpene alcohols (exgbisabolol;

Figure 1.5h). Other examples are nerol, geraniwgreellol and patchoulol.

1.5.2.2 Aldehydes
The majority of the lemon scented oils fall intastlgroup (Onawumnet al., 1984), and

include citral, geranial, neral and citronellal.

1.5.2.3 Esters
Esters sometimes have a trademark fruity aroma aaadformed when acids react with
alcohols (Cowan, 1996). Linalyl acetate, neryl atetand geranyl acetate are common

examples.

1.5.2.4 Ketones
The ketones consist of some of the most toxic efesnef essential oils (Zhoet al., 2004).

Some of these includetp-thujone (Figure 1.5d) and pulegone (Figure 1.5e).

1.5.2.5 Oxides
Oils containing oxides are generally camphoracaousature (Nakatset al., 2000). This
group contains essential oil constituents like @sarand ascaridol and some non-toxic oxides

like 1,8-cineole (eucalyptol), bisabolol oxide dimilool oxide.

1.5.2.6 Phenols

Phenols found in essential oils normally have d&aarside chain and are more hydrophilic
and evaporate more quickly than oils that do nattaio phenols (Nakatsat al., 2000).
Examples of phenols are eugenol, thymol, carvagaigcol, chavicol and australol.

1.6 M edicinal applications and adver se effects of essential oils
In humans, essential oils exhibit a wide spectrunplmarmacological activities such as

infection control, wound healing, pain relief, naas inflammation and anxiety
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(Onawunmiet al., 1984; Halcon, 2002; Kalemba and Kunicka, 2008n%nd Kang, 2003).
Traditional medicines containing essential oilsenéeen scientifically proven to be effective
in treating various ailments like malaria and oshet microbial origin (Campbeét al., 1997;
Cragg et al., 1997; Lopeset al., 1999; Nakatsuet al., 2000; Goulartet al., 2004).
Nakatsuet al. (2000) reported that although each essentiaisodlifferent in composition,
there is considerable overlap in their actions. &ample, essential oils &fppia javanica,
Tetradenia riparia andVirola surinamensis have reported antimalarial activities yet theyéhav
different essential oil profiles (Lukwa, 1994; Cdwmepl et al., 1997; Lopest al., 1999).

The biological activities of the essential oils balkeen attributed to the composition or

specific essential oil constituent, for example:

a) Sesquiterpenes in German chamomiMatficaria recutita) have anti-inflammatory
properties and are also useful in the treatmeastifma (Nakatset al., 2000);

b) Alcohols in tea treeMelaleuca alternifolia) or true lavenderlL@vandula angustifolia) or
baboonwood Virola surinamensis) have antimicrobial and antimalarial properties
(Cowan, 1996; Lopet al., 1999);

c) Aldehydes in lemonsgrasymbopogon citratus) have anti-inflammatory properties
(Onawumniet al., 1984; Shalet al., 1999);

d) Esters in clary sages{lvia sclarea) have anticholinesterase properties (Savetea.,
2003);

e) Ketones in sweet fennefgeniculumvulgare) aid in wound healing and dissolving mucus
and fats (Nakatset al., 2000).

f) Oxides in ‘lanyana’ Artemisia afra) have effective expectorant properties and are tesed
treat bronchitis and common colds (Subramangaah., 1996);

g) Phenols in thyme Thymus wulgaris) and clove FEugenia caryophyllata), have
antimicrobial properties and can be used as foedgovatives (Nakatsai al., 2000).

However, Zhowet al. (2004) reported that while some of the traditiamadicines with their
essential oils may be unequivocally helpful, otheesy be dangerous because ultimately they
do more harm than good. For example, pennyroydésitha pulegium) and their essential oil
constituents used as flavourants and in fragrahaes been reported for their hepatic, renal,
and central nervous system toxicities (Zleal., 2004). Whilst some esters such as geranyl
acetate and neryl acetate are skin sensitizerstted dermal application may cause skin
irritation (Halcon, 2002). Ketones like thujone apdlegone are toxic and have been

associated with epileptic seizures, convulsiongpriale effects, and mental confusion
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(Zhou et al., 2004). Some oxides such as asarone and ascangplcause convulsions
(Nakatsuet al., 2000). Another example of an essential oil cmimig oxides is peppermint

oil. In high oral doses it has produced severectogiactions, and its major component,
menthol, has been associated with apnoea and sgagerdice in babies and patients with
glucose-6-phosphate dehydrogenase (G6PD) defigiearmy hepatotoxicity (Halcon, 2002;
Zhouet al., 2004).

1.7 Route of administration

When applying essential oils for any medical reasdime route of administration is selected
based on pathophysiology, desired outcome, safadytaxicity data, professional practice
parameters, and cultural preferences (Cowan, 1B8&on, 2002). For example, although
inhalation is the best route of administration foeating respiratory symptoms and for
affecting mood or cognition, topical applicationlilely to work best for burns, wound care
and most dermatological conditions. For instanssertial oils of ‘lanyana’Artemisia afra)
can be inhaled or used as a chest rub (topicatlyjréat common colds and bronchial
disorders (Viljoenet al., 2006). Whilst essential oils of lavendérayandula angustifolia)
may be applied topically to treat burns and wounidations (Nakatset al., 2000).

Some essential oils, such BEsicalyptus globulus, can be toxic even when a teaspoon is
ingested. Thus, the patient or provider should skoanother route of administration or
another species &ucalyptus that has similar therapeutic effects, but prestss danger of
toxicity (Cowan, 1996; Halcon, 2002). Internal apgtion of essential oils by suppository or
oral ingestion is very common in places such asd&@awhere essential oils are prescribed by
physicians. While in the United Kingdom and the tgddi States topical preparations and
inhalation are common, where they are employed hyses and other health care
professionals (Halcon, 2002). In Africa, oral ing@s, topical application and inhalation of
essential oils are common routes of administratiad are commonly used by traditional

healers.

1.8 The commercial importance of essential oils

Essential oil terpenes such@pinene,d-limonene and turpentine are used as a component of
semi-aqueous cleaning solutions or by themselvesh(Wbud and Corteau, 2002; Nakagsu

al., 2000). Terpenes are volatile organic compoutllss flammable. Regardless, in the
industrial world they are used as solvents forrdhixes, fingerprints, heavy petroleum

greases, and oils (Constanénal., 1991). In addition, they can be used with imnogr&and
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ultrasonic systems, often working well at room tenspure (Constantiret al., 1991).
Terpenes may produce explosive mists when spradlyad,they should only be used in spray
applications with proper safety precautions, sushirert gas blanketing (Halcon, 2002).
Moreover, they need to be incinerated at an apprdaeility and not be discarded via
drainage system (Constanénal., 1991).

Overall essential oils are pertinent for pharmacayt cosmetic and food research and
development, and are widely viewed as templatestiarcture optimization programs with
the goal of creating new drugs (Crag@l., 1997). Essential oils forming part of the bioaet
molecules of medicinal plants have been in exigdac much longer than any drug company
(De Smet, 1997). Because most essential oil coestit like terpenoids are biologically
active, they are employed for medical purposes. Hstance, the antimalarial drug
artemisinin (fromArtemisia annua) and the anticancer drug paclitaxel (T&joare of a
terpene nature with an established medical apmitdCowan, 1996; Crageg al., 1997; De
Smet, 1997).

With respect to the pharmacokinetic profile of esse oils, it is believed that they are
absorbed and metabolized according to their chéngoaposition, dose and route of
administration, as is the case with other substfidalcon, 2002). However, this cannot be
assumed. To avert this serious dilemma such thegnéal oils can be clinically used,
scientific evidence confirming their safety andiet€y including their pharmacokinetics (i.e.
their bioavailabilty, distribution rate and dosaggimen) are necessary (Cragal., 1997).
This requires phytotherapeutic and pharmacologitadies to confirm their use as medical
drugs or lead molecules for novel drug development.

1.9 Publicinterest in the use of essential oils

The use of essential oils forms the basis of aifasing plant-based traditional medicine
system that has been utilized in countries sudbhasa, France and India, but predominantly
in the developing countries of the African continemere finance to buy classical synthetic
drugs is a major challenge (Nakaigual., 2000). In addition, one of the issues driving th
interest in essential oils is the increased puldie of complementary therapies. As a result,
health sciences education and training in compléangrtherapies have taken a lead to
encourage medical personnel to be aware of theangkbenefits of essential oils and to also
educate their patients regarding these issuesqgtall, 1999).

13



In general, public interest in the therapeutic uslesssential oils has grown much faster than
the available scientific research to back it uperéhis, however, a growing body of published
laboratory and human studies on specific essewil@that are employed for selected health
outcomes. This information can aid practitioners aidvising patients and can provide
direction for future clinical research (Halcon, 2D0Among South African medicinal plants
‘lanyana’ Artemisia afra) is a common example that is used extensivelynaandgibacterial
and an antifungal and is also used as a compotidragrances in toiletries, cosmetics and
perfumes (Subramanyaehal., 1996).

1.10 Essential oilsin the twentieth century

The volatile compounds from plants have played raportant part in the medical field
throughout the twentieth century (Craggal., 1997; De Smet, 1997). Peppermint oil is a
good example of an essential oil that has a histdbgontinuous wide use and holds promise
for medicine, but also warrants caution becausgsgiotential side effects (De Smet, 1997;
Shaleet al., 1999). Peppermint in a variety of forms canduenfl in toothpaste and countless
other products and foods (Halcon, 2002). Althougimerous studies on essential oils have
been undertaken by the food, cosmetics, and tobadcstries, access to the information by
the healthcare community has been limited (Hal@@#92; Mahmoud and Corteau, 2002;
Nakatsuet al., 2000). Essential oils of thyme and clove are albiquitous as food and
cosmetic additives, drawing on their well known ganevative (antimicrobial) properties
(Nakatsuet al., 2000).

1.11 Single ver sus combination therapy

From the historical perspective, people traditipnaking medicines believed that complex
diseases could be treated with a 'single magic'.h&rperfect example is that ddelaleuca
alternifolia (tea tree) and its essential oils, which has le@drly used over the past 30 years
(Carson and Riley, 1995; Cax al., 2001). Numerous studies have reported theaefyi of
M. alternifolia essential oil against a variety of pathogenic aocganisms including many
Saphylococcus aureus isolates (including methicillin-resistai® aureus), as well as other
bacteria and fungi (Carson and Riley, 1995; @oal., 2001). However, it is also important to
note that many plants are referred to as “tea’tlad, that the above applies only 1.
alternifolia (Carson and Riley, 1995).

Traditionally in South Africa, aromatic plants usedcombination include the following few

examples. The Cape snowbudfri¢cephalus africanus) can be blended with sandalwood
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(Santalum album) or bergamot Citrus bergamia) and the mixtures applied topically or via
inhalation for the treatment of depression, coldd #u, menstrual problems, muscular aches
and pain (Constantiet al., 1991). Another example is the combination ofHw@gathosma
betulina) with lavender I(avandula angustifolia), when applied topically or via inhalation are
useful in the treatment of burns, wound infectioasd as an anxiolytic/sedative
(Subramanyarnat al., 1996).

It is unequivocally incorrect and unwise to relymonotherapy, as a possible drawback is the
tendency of the organisms to develop resistand@dcantimicrobial and antimalarial drug
(Cox et al., 2001). If medical science has to rely on a Isingperapeutic compound to
eradicate disease, it would mean a serious cap@&rim human health as microbial resistance
is already increasing at an unprecedented rateséagt al., 2002). It is widely accepted that
agents should be used in combination to avoid rtreat failure (Bell, 2005). Thus, the
discovery of new and effective chemical entities uggently required. Essential oil
constituents are possible candidates to be usenmbination and together with standard

antimicrobials to combat this dilemma.

Cassellaet al. (2002) reported that it is an accepted premis@riagtising aromatherapists,
that essential oils act better when used in contbiman order to optimise their efficacy. The
interaction of two or more drugs is said to be sgistic if the potency of the combination is
higher than the expected activity of the individdalig activity. However, if the potency of
the combination is lower, then the end result isindeé as an antagonistic interaction
(Bell, 2005). It has been claimed that the mostidatmg constituents in the essential oil are
the ones eliciting the activity attributed to théole oil (Nakatsuet al., 2000).Despite this
fact, constituents in very small amounts are often fotmde as useful as the principal
constituent (Cassellt al., 2002; Nakatset al., 2000). For example, when the antibacterial
activity of the whole oil of thyme Thymus vulgaris) was compared to its principal
constituents (borneol, carvacrol, camphene, thymalymene andx-pinene) the whole oil
was more active than these individual constitu@dekatsuet al., 2000; Viljoenet al., 2006).
This suggests that minor essential oil constitupfaged a significant role in the biological

activity of this essential oil.

Moreover, synergistic and antagonistic effects dalso be achieved by using the essential
oils in combination, but also by combining the es$is¢ oils with other standard drugs.
However, there are few published studies investigasuch interactions (Cassek al.,
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2002), which are vital since essential oils haveagpotential as adjuvants in the symptomatic
management or treatment of a wide range of heattblgms (Cowan, 1996; De Smet, 1997).

1.12 Future of essential oils

Essential oils applied at the correct concentratiand appropriately administered have
resulted in few known complications (Gollin, 1998% such, physicians who want to include
the use of essential oils in their therapies mastew literature, participate in established
courses, or partner with a qualified and experidnodividual (Gollin, 1999). Halcon (2002)
mentioned that conservatism is essential to prqiatéents, but it is also vital to recognize
that exposure to essential oils is neither newrace. The increasing public and professional
interest in essential oils is prompting an urgesechfor laboratory and clinical research to
expand and clarify the evidence base as well aadditional research on safety and toxicity.
The World Health Organization (WHO) Guidelines tbe Assessment of Herbal Medicines
(WHO, 2003) allows variation in the usual clinidaial path in the case of therapeutic
substances that have a long history of appareatussige. Some essential oils including those
of M. alternifolia may fit this criterion (Cot al., 2001). Aromatic plants will continue to be
used in South Africa as long as the majority ofgledeep on consulting traditional healers.
Thus, the layperson as well as the medical andtitradl healthcare workers need to be better
informed in order to optimize safety and therapeapplications of essential oil preparations
(Nchinda, 1998).

While the reported biological properties are quied, there are numerous studies that
report on the efficacy of essential oils againsttéaa, fungi and parasites (eRJasmodium
falciparum) and their use as anti-oxidants and acetylchakmase inhibitors (Burfiled and
Reekie, 2005; Goulart al., 2004; Nakatswet al., 2000; Atindehotet al., 2004; Pauli and
Schilcher, 2004). However, very little informatias known about the contribution of the
individual essential oil constituents to the ovieaativity of the crude essential oils and their
combined interaction with each other and standandsd Thus, this project was undertaken to
contribute and enhance this versatile and growmegemoir of scientific knowledge on

essential oils.
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1.13 Study objectives
1. To assess the biological activity of twentyape essential oil constituents from seven
structural chemical groups. Activities included:
1.1 Antibacterial and antifungal
1.2 Antimalarial
1.3 Anti-oxidant
1.4 Anticholinesterase
To determine the toxicity profile of the essalnil constituents.
3. To determine whether the combination of seleetxkntial oil constituents interact in a
synergistic, additive, indifferent or antagonisti@anner with each other, as well as with

standard antimalarial and antimicrobial agents.
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CHAPTER TWO
SELECTION OF ESSENTIAL OIL CONSTITUENTS

2.1 Introduction

Essential oils are complex mixtures comprising maimgle compounds, with each of these
constituents contributing to the beneficial or adeeeffects of the oils (Dormans and Deans,
2000). Many essential oils have been applied fotwees in local healing rites, however,

their composition and biological activity are pgorecorded (Nakatset al., 2000; Zhouet

al., 2004). The analysis of essential oils is gehenqarformed using gas chromatography
(GC; quantitative analysis) and gas chromatographgs spectroscopy (GC-MS; qualitative
analysis) (Lahlou, 2004b).

Identification of the main components is carried bty the comparison of both the GC
retention times and mass spectroscopic (MS) daamsigthose of the reference standards.
Lahlou (2004b) reported that, analytical conditi@msl procedures used should carefully be
described and these include:

e Apparatus of oil analysis (make and model numbehefequipment);

e Column type and dimensions;

e Carrier gas flow rate;

e The temperature programming conditions includirjgator temperature, detector and

column temperatures, in addition to mass speckeat(enic impact).

Many essential oils are isolated, analysed andr th&in components are identified,
characterized and then published without any biodddgesting whatsoever (Campbetlal.,
1997; Nakatsiet al., 2000). Their useful biological activities canm@n unknown for years
(Carson and Riley, 1995; Cowan, 1996). Therefdrere is an urgent need to increase the
knowledge base on the potential uses and benefitessential oils and the specific
constituents. Guided by the fact that essentialcoiistituents vary quantitatively between
various plant species (Halcon, 2002), twenty esseoil constituents (EOC’s) were selected
based on the reported biological activity.
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2.2 Methodology

2.2.1 Materials used

Twenty EOC’s were purchased from Sigma-Aldrich (USA) ahak& (Switzerland). These
EOC’s included both terpene hydrocarbons and oxatgdnterpenes (Figure 2.1 and Table
2.1).

2.2.2 Gas chromatographic analysis of essential @bnstituents

Analysis of all standards was performed on a Shmmall/A gas chromatograph using the
following conditions; Column: J&W-DB1 (60m x 0.25mid., 0.2%um film thickness);
Temperatures: injection port 230°C, column 60°C Tomin, 5°C/min to 180°C, 180°C for
2min, (total = 25min). Helium was used as a cagas.

2.2.3 The chromatogram

The chromatogram is observed as a series of pehkseveach peak represents a chemical
compound. The x-axis represents the time scalg¢tf@tme at which the peak is recorded is
called the retention time (R The peak height and peak area is an indicatidheoquantity of
the compound in the mixture. The peak area is rated as a percent of the total. The purity
of the purchased EOC’s was verified by GC to tragmplied by Sigma-Aldrich and Fluka
(Figure 2.1 and Table 2.2). The specific chiraktyas not confirmed and the suppliers

specifications were considered correct.

19



OH
N
OH | X oh =
| | |

(a) (-)-o-Bisabolol (bYrans-Geraniol (c) (¥)-Linalool (- andZ-(x)-Nerolidol
o-Ac E
X ~ =0
0-Ac |
CHO

(e) (-)-Citronellal () Geranyl acetate (g) Linalyl acetate (h) (&)+ B-Thujone

?/ S R

X <

(i) (+)-Carvone ()] (-)-Fenchone (K) (-)-Menthone (I (-)-Pulegone

;E ~ OH
(m) Carvacrol (n) Eugenol (o) (+)-w-Pinene (p) (4)-Pinene
(q) y-Terpinene (N (R)-(+)-Limonene  (sCymene (t) 1,8-Cineole

Figure 2.1: The chemical structures of 20 essential oil aorestts from seven different
structural groups (Nakatstial., 2000).



Table 2.1: Properties of 20 selected essential oil constisi@ralues and synonyms have been obtained fro it

references as well as from the supplied compguBigsa-Aldrich or Fluka, 2006 and Merck, 2001).

Molecular

TZ

Essential oil Chemical Empirical . Density | Boiling point
constituents structure formula S (o (°C/mmHg) SIS AT
(g/mol)
Alcohols
_ Mahmoud
. Figure i 6-Methyl-2-(4-methyl-3-cyclohexener
(-)-a-Bisabolol 21a Ci5H260 222.37 0.929 157-158 1-yl)-5-hepten-2-ol ?ch()jog)roteau
: Figure i trans-3,7-Dimethyl-2,6-octadien-1-ol} Nakatsu
trans-Geraniol 2.1b CutheO | 154.25 | 0.889 ) 229-230 | () 3 7 Dimethyl-1,6-octadien-3-ol | et al. (2000)
(¥)-Linalool Figure (¥)-3,7-Dimethyl-3-hydroxy-1.6- Lukwa
21 ¢ C10H180 154.25 0.870 194-197 octadien-1-ol (1994)
, Figure 3,7,11-Trimethyl-1,6,10-dodecatrien: Nakatsu
E- andZ-(x)Nerolidol 21d Ci5H260 222.37 0.875 114 3.0l et al. (2000)
Aldehyde
: Figure (9-3,7-Dimethyl-6-octenal; Nakatsu
(-)-Citronellal 2.1e Caotti 0 154.25 0.851 207 Hydroxy-citronellal et al. (2000)
Esters
Fioure trans-3,7-Dimethyl-2,6-octadien-1-yl Onawumni
Geranyl acetate 9 Ci12H2002 196.29 0.916 200-201 | acetate;
2.1f ) et al. (1984)
Geraniol acetate
. Figure i 3,7-Dimethyl-1,6-octadien-3-yl Onawumni
Linalyl acetate 21 g Ci12H200, 196.29 0.895 115-116 acetate et al. (1984)




Table 2.1 continued:Properties of 20 selected essential oil constitien
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. . . Molecular : Boiling
ooy | Shemeal| Eereal | Cwegnt | ety | poin
(g/mol) g (°C/mmHg)
Ketones
(cisttrans)-(£)a+3- Figure 1-Isopropyl-4-methylbicyclo [3.1.0] | Lahlou
Thujone 2.1h Caotti0 152.23 0.920 100" | hexan-3-one (2004b)
Fioure p-Mentha-6,8-diene-2-one; campbell
(+)-Carvone gur C10H140 150.22 0.960 228-230 | (9-5-Isopropenyl-2-methyl-2- b
2.11 et al. (1997)
cyclohexenone
(-)-Fenchone (1R)-1,3,3-Trimethylbicyclo[2.2.1]
: heptan-2-one;
Fz'gfr.e CiHiO | 15224 | 0.945|  191-195| 2-Norbornanone: EZ‘T""EZ‘(‘)OO)
) (-)-1,3,3-Trimethyl-2-norbornanone; '
(-)-1,3,3-Trimethylnorcamphor
Figure i p-Menthan-3-one,; Zhouet al.
(-)-Menthone 2.1k CaoH160 154.25 0.896 85-88 2-1sopropyl-5-methylcyclohexanone | (2004)
: (9-2-1sopropylidene-5-methylcyclo-
(-)-Pulegone Fz'gfrle CiH160 152.24 0.936| 223-224 | hexanone; (Zzhooouga"
) p-Menth-4-(8)-en-3-one
Phenols
Figure i 5-1sopropyl-2-methylphenol; Nakatsu
Carvacrol o1 m C10H140 150.22 0.976 236-237 o-Cymen-2-ol et al. (2000)
Figure 2-Methoxy-4-(2-propenyl) phenol ; | Nakatsu
Eugenol oqn | G0z | 16421 ) 1.067 254 | 4 Allylguaiacol et al. (2000)




Table 2.1 continued:Properties of 20 selected essential oil constitien

ec

. . . Molecular : Boiling
Essetr_l tt 'aln(i" ;?eé?l(ﬁl %Lnrfr']t?sl weight D((enlls)lty point Synonyms References
constituents uctu (g/mol) g (°C/mmHag)
Terpene Hydrocarbons
(1R,5R)-2,6,6-
. Figure ) Trimethylbicyclo[3.1.1]hept-2-ene; | Cowan
(+)-a-Pinene 210 CioH16 136.24 0.858 155-156 (1R,5R)-2-Pinene: (1996)
Pseudopinene;
(1R,5R)-6,6-Dimethyl-2-
) . Dormans
. Figure ) methylenebicyclo [3.1.1]heptane;
(+)-B-Pinene 21p CioH16 136.24 0.872 164-165 (1R,5R)-2(10)-Pinene: ?cht)jolg)eans
Nopinene
y-Terpinene - 1-Isopropyl-4-methyl-1,4-
TOUe | CiHi | 13624 | 0848 |  183-186 | cyclohexadiene; g%'gg;‘
-4 p-Menth-1-en-8-ol
(R)-4-1sopropenyl-1-methyl-1-
: cyclohexene;
(R)-(+)-Limonene Fz'gfrre CioH1s 136.24 0.840 |  176-177 | (+)-p-Mentha-1,8-diene: '(‘26‘5'53‘;)
' (+)-Carvene;
Dipentene
: 1-Isopropyl-4-methylbenzene;
P-Cymene legf rse CioH14 134.22 0.860 176-178 | 4-Isopropyltoluene; (Bllgcghgb)auer
' p-Cymol
Oxide
: 1,3,3-Trimethyl-2-oxabicyclo[2.2.2]
1,8-Cineole Figure C10H180 154.25 0.921 176-177 | octane; Campbell
2.1t et al. (1997)
Eucalyptol




Table 2.2: Verification of percentage purity of 20 selectadential oil constituents.

Essential oil constituents

Determined Purity (%) ‘ Reported Purity (%)

Alcohols
(-)-a-Bisabolol 90.32 ~97.0
trans-Geraniol 95.65 98.0
(¥)-Linalool 97.00 97.0
E- andZ-(+)-Nerolidol 94.43 98.0
Aldehyde
(-)-Citronellal 100.00 >98.0
Esters
Geranyl acetate 98.73 98.0
Linalyl acetate 96.81 97.0
Ketones
(£)-a+B-Thujone 98.73 ~98.0
(+)-Carvone 96.81 >99.0
(-)-Fenchone 96.81 ~98.0
(-)-Menthone 80.85 >97.0
(-)-Pulegone 98.62 ~99.0
Phenols
Carvacrol 95.48 ~98.0
Eugenol 96.32 ~97.0
Terpene Hydrocarbons
(+)-o-Pinene 95.48 ~99.0
(+)-B-Pinene 96.32 >97.0
y-Terpinene 94.71 98.0
(R)-(+)-Limonene 92.98 97.0
P-Cymene 93.19 >99.5
Oxide
1,8-Cineole 93.13 >99.7
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CHAPTER THREE
ANTIMALARIAL ACTIVITY

3.1 Definition of malaria

Malaria is a common public health catastrophe &figcmillions of people throughout the
tropics and subtropics (Nchinda, 1998). People ghbthat this life threatening disease came
from fetid marshes, hence the namml aria’ (bad air) (Haywaret al., 2000). Later in 1880,
scientists discovered the real cause, a one-ceffoppal parasite nameé@lasmodium
(Haywardet al., 2000). It was found to be transmitted from parsw person through the bite
of a femaleAnopheles mosquito, which depends on a blood meal to mahee eggs
(Nchinda, 1998). Less common modes of transmigsicinde: inoculation of infected blood,
use of contaminated needles and from an infectethendo her infant during pregnancy
(Nchinda, 1998).

3.1.1 Malaria burden

Today malaria causes more than 300 million aclnneskes and at least one million deaths
annually in the world (Atindehowt al., 2004; Benoit-Vicalet al., 1999; WHO, 2005).

It continues to be a major obstacle in the soaml economic development of developing
countries. In the last decade, the prevalence ofarmmahas been escalating at an
unprecedented and uncontrolled rate, especiallfica (WHO, 2005). Cases in Africa
account for 90% of malaria cases in the world, #neddisease reduces the working capacity
of those infected (Nchinda, 1998). It affects therall quality of life and undermines efforts
at sustainable development. Young adults and ackiés are now dying of severe forms of
the disease, where in Africa alone it is estimatest more than a million children die of
malaria each year (Boyost al., 2003). Between 1994 and 1996, malaria epidemick4i
countries of Sub-Saharan Africa resulted in an cepi@ably high number of deaths, in many
areas previously free of the disease (Nchinda, 1998 South Africa alone about 13399
malaria cases and 89 fatal cases were reporte@Dih, 2vhile in 2005, 4539 malaria cases and
35 deaths were reported (Department of Health, 2005

3.1.2 Malaria distribution

Many of the tropical developing countries in Afric@merica and Asia continue to experience
the occurrence of malaria (WHO, 2005). In Southig&fr malaria occurs more commonly in
low altitude areas below 1000m in north eastern Zua-Natal, Limpopo and Mpumalanga.
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Other limited areas in which malaria may occasilyna¢cur are the north west and northern
Cape Provinces along the Molopo and Orange riMadaria is a distinctly seasonally based
problem with the highest risk occuring during thetveummer months (October to May)
(Department of Health, 2005). Malaria cases hage aken reported in Gauteng with 366
cases and five deaths being reported since theniagi of 2006. These cases were due to
people returning from holiday in countries outsitie borders of South Africa. But cases
reported in Johannesburg have been attributed squitwes being imported from malaria
areas by being transported in planes, motor vehael trains (Department of Health, 2005).

3.1.3 Signs and symptoms of a malaria infection

Human malaria is an infectious disease caused foptazoan of the gent®asmodium and

the subspecieB. falciparum, P. vivax, P. malariae andP. ovale. In Sub-Saharan Africa over
90% of human malaria infections are dueRofalciparum and is accountable for severe
morbidity and mortality. The other three specieaseaa milder illness, witf. ovale and

P. vivax infections sometimes recurring if treatment is ragpropriate. Infections are
characterized by a high degree of parasitaemiairaaeath through complications such as
renal failure, severe haemolysis and anaemia, jmdnyooedema and a variety of serious
neurological disorders (Noedial., 2003). The symptoms of a malaria infection depelfter

10 — 14 days following a mosquito bite. These nmayallly resemble a “flu-like” illness with
one or more of the following; fever, rigors, heduacsweating, fatigue, mylagia, diarrhoea,
loss of appetite, nausea, vomiting and a cough. mbst severe manifestations are cerebral
malaria (mainly in children and persons withoutvywas immunity) and anaemia (mainly in
children and pregnant women) (Noethl., 2003). Persons repeatedly exposed to the disease
acquire a considerable degree of clinical immurbty, is unstable and disappears after a year
away from the endemic-disease environment (Nchib@83).

3.1.4 Diagnosis

The diagnosis of malaria should be an early ans®rconsideration for any patient with
fever who has travelled to or lives in a malarieaareven if chemoprophylaxis has been taken
(Haywardet al., 2000; Noedkt al., 2003). An examination of blood for parasites ¢en
performed by a rapid malaria test (dipstick methad)lood smear or flow cytometry (Boyom
et al., 2003). In recent years a number of new technitpassd on the “dip-stick™ format have
become available for diagnostic purposes. Hayveadal. (2000) reported that these methods
detect plasmodial histidine rich protein-2 (HRP#2p. falciparum or parasite-specific lactate
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dehydrogenase (pLDH), which can be used to difteatn betweenP. falciparum and
P. vivax infections (Boyonet al., 2003).

3.1.5 Life cycle ofPlasmodium

The life cycle of thePlasmodium malaria parasite involves two hosts (Figure 3nBmely:
human (host stage) and the femai®pheles mosquito (vector stage). During a blood meal, a
malaria-infected femalénopheles mosquito inoculates sporozoites into the humarn @s
Sporozoites infect the liver cel®and mature into schizon®, which rupture and release
merozoites®. (Of note, inP. vivax andP. ovale a dormant stage [hypnozoites] can persist in
the liver and cause relapses by invading the bloealsm weeks, or even years later.) After
this initial replication in the liver (exo-erythrgtic schizogonyld), the parasites undergo
asexual multiplication in the erythrocytes (erydyioc schizogony:!). Merozoites infect the
red blood cells=*. The ring stage trophozoites mature into schizomksch rupture releasing
merozoitesi’’. Some parasites differentiate into sexual erytytiostages (gametocyte®.

Blood stage parasites are responsible for thecaelimanifestations of the disease.

The gametocytes, male (microgametocytes) and fe(naderogametocytes), are ingested by
an Anopheles mosquito during a blood me®. The parasites’ multiplication in the mosquito
is known as the sporogonic cy@@ While in the mosquito's stomach, the microgaméiss
with the macrogametes generating zygo@s The zygotes in turn become motile and
elongate into ookinete®which invade the midgut wall of the mosquito whétey develop
into oocysts®. The oocysts grow, rupture and release sporozZBteshich make their way
to the mosquito's salivary glands. Inoculation leé sporozoite® into a new human host
perpetuates the malaria life cycle.

3.1.5.1 Human stage

The life cycle within the human host occurs in betlithrocytes (intra-erythrocytic) and in
the hepatic cells (extra-erythrocytic) (Nchinda, 982 The mosquito infected with
Plasmodium injects the sporozoites through the skin of hurhast, which travel within
seconds to the liver via the bloodstream (Figuié. 3.

In the hepatocytes, sporozoites develop into eythacytic schizonts and undergo nuclear
division to mature into approximately 32000 daughterozoites that are released into the
blood stream. Within seconds the merozoites peteetitee erythrocytes, and initiate the

asexual intra-erythrocytic life cycle. The meroesitire small in size, approximate|yn in
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Figure 3.1: The various stages of the life cycle of the malarparasites

(http://www.cdc.gov/malaria/biology/lifecycle.htm).

diameter and each consists of a single nucleuhencytoplasm (Noedét al., 2003). A
vacuole forms in the parasite as it transforms thi ring stage. After about 12 - 24h the
yellow-brown crystalline pigment appears in a foedcuole. The malaria pigment or
haemozoin is the inert end product of the digeseetiblood cell haemoglobin, which was
endocytosed as a source of amino acids essentithdoparasites (Noedt al., 2003). The
parasite appears as a solid body and occupiesiabaportion in the host cell, and is now

known as a trophozoite (Figure 3.1).

When nuclear division starts to occur within theptiozoite, the parasite is referred to as a
schizont. The nucleus starts to divide very quicklyP. falciparum as compared to other
species. Nuclear division continues until the sehizmatures with the formation of 16 - 32
daughter merozoites (Boyort al., 2003). The erythrocyte-containing schizont ruogsu
releasing the merozoites into the plasma, suchttieat reinvade new erythrocytes, thereby
initiating the next cycle of asexual developmenigyFe 3.1). Some of these merozoites
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differentiate into the sexual forms of the parasitee macrogametocytes (female) and the
microgametocytes (male) (Boyort al., 2003). The male gametocyte is more easily

distinguishable than the female gametocyte byaitgdr nucleus and the pale cytoplasm.

3.1.5.2 Vector stage

This next phase that occurs in the femal®pheles mosquito is referred to as sporogony
(i.e. spore formation). The blood is ingested imhe midgut of the insect, where the
macrogametocyte rapidly escapes the erythrocyte ftom a macrogamete.
Microgametogenesis is a slower process, but alfeutaten minutes, the nucleus divides into
eight flagellated microgametes that are activelttilmm@nd break free from the parent body
and move quickly to fertilize the female macrogam@toedlet al., 2003). The two nuclei
fuse and a zygote is formed, which elongates irglow motile ookinete (Nchinda, 1998).

The ookinete penetrates the epithelial layer ofrth@gut and comes to rest on the external
surface, where it develops into an oocyte. The @orsyenclosed within a thin cyst wall, and
contains a single nucleus, pigment granules andl sesidual structures of the ookinete. The
oocyte expands and its nucleus divides repeateatty maturity is reached. From a single
oocyte, nuclear division gives rise to approximateD000 sporozoites (Noedl al., 2003).
The mature oocyte ruptures and the sporozoitegltinvthe haemocoelomic fluid from the
midgut and accumulate in the acrinal cells of thiesary glands of the mosquito. Thus, when
the mosquito bites the human host, the sporozp#ss with the saliva into the host, and the
life cycle repeats itself.

3.1.6 Parasite resistance to classical antimalaridrugs

Parasite populations are known to adapt in an enment where a sub-therapeutic
concentration of an antimalarial agent is introduead thereby initiating drug resistance
(Noedl et al., 2003). Malaria parasites are capable of passieg genetic information to
future generations to ensure the succession ofwsigtant malaria parasites (Gouletral.,
2004). Drug resistance in malaria has therefore la¢en defined as the ability of the parasite
strain to survive and/or multiply, despite the awistration and absorption of the drug given
in doses higher than those usually recommendedwitbin the limits of tolerance of the
subjects (Noedit al., 2003).

A factor contributing to the development of resiste is drug failure, which involves

pharmacokinetic issues such as absorption, bicdubiy (distribution and metabolism),
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elimination and dosage regimen. If sufficient amsu(.e. the low doses) of the active
metabolites of a drug cannot reach the targettbigedrug will not be able to kill and clear the
parasite from the patient's body (Noedtllal., 2003). But these sub-therapeutic doses allow
for the more resistant strains to survive, whife¢ sensitive ones are killed. This contributes
to the ever increasing number of cases of sevetarima@and even deaths. Treatment failure,
poor patient compliance and inappropriate drug megis have all contributed to the

development of multi-drug resistant parasites.

Advances in molecular techniques, have allowed ragwearkers to be identified and have
been investigated for their association with antamal drug resistance (Haywaret al.,
2000). Resistance has developed more rapidly agtnasfolate antagonists, which include
pyrimethamine, sulfadoxine, proguanil and dapsofige synergistic interaction between
pyrimethamine and sulfadoxine inhibiting the consee dihydrofolate reductase and
dihydropteroate synthetase enzymes, respectivedyepts the synthesis of folinic acid and
subsequent DNA/RNA synthesis (Gregson and Plow85R0 his combination has up until
the early 2000°s been the first line of treatmentimcomplicated cases, but the development
and spread of resistance to this effective cominindtave necessitated alternative therapeutic
agents (Noedkt al., 2003). The association between pyrimethamineteexe and point
mutations on the dihydrofolate reductagéf() gene, as well as sulfadoxine resistance and
point mutations on dihydropteroate synthetadleps) gene, have been well documented
(Haywardet al., 2000; Gregson and Plowe, 2005).

The first cases df. falciparum resistance to chloroquine were recorded in 195Phiiland,

and from then on there was rapid worldwide sprefadntbroquine-resistan®. falciparum
malaria (Haywardkt al., 2000). With the first case in Africa being refaar in 1979 in Kenya
(WHO, 2003). However, despite the extensive spre&desistance inP. falciparum,
chloroquine is still widely used to tre& vivax, as sporadic resistance cases have only
recently been reported. Currently in South Afridde prophylactic combination of
chloroquine and proguanil is less favoured over longine, doxycycline and the new
combination of atovaqoune and proguanil (Departno¢itealth, 2005). But monotherapy of
chloroquine is still used in Mozambique to maintasymptomatic parasitaemias in patients

to induce semi-immunity in the infected patients.

The resistance of the parasite to chloroquine marigan a minimal loss of effect, detected

only by delayed recrudescence (RI), to a high lefalesistance, at which the drug has no
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suppressive effect (RIIl) (WHO, 2005). These vagylavels of resistance are attributed to
various genetic changes (Haywatdl., 2000; WHO, 2005).

3.1.7 Antimalarial drug development

Several attempts have been made to synthesizecangaar monoclonal antibodies to alter
immune response to a malaria infection (Noetddl. 2003; Nchinda, 1998). However, no
therapeutic agent has as yet been successful thwatighe continent. Thus, until the release
of a successful vaccine, therapeutic managemehidies preventative non-pharmacological

measures as well as antimalarial drugs.

In the last 30 years very few antimalarial druggehbeen developed (Ridley, 2002), and it is
now common practice to use these drugs in combinat attempts to decrease the rate of

resistance from developing.

Looking at the history of antimalarial drug deveimgnt, it could be noted that the majority
were plant-derived. One of the most important leathpounds against malaria is quinine,
isolated fromCinchona bark and was used as the template for the systlesthloroquine
and mefloquine (Schwikkard and van Heerden, 200®)e recently, artemisinin isolated
from the Chinese plafirtemisia annua, has successfully been used to synthesize a sHries
derivatives to which chloroquine-resist&htfalciparum are susceptible.

With the realisation that medicinal plants coulelgi more lead compounds or structures
modelled on these molecules, there has been a eenéwerest in phytomedicine and
traditional remedies (Anthongt al., 2005). According to the South African Health Miny,

an estimated 70% of the population uses traditiomadicines on a regular basis (Sabtal .,
2004). For example, most of the South Africansttraious illnesses including malaria and
its associated symptoms by relying on the use dbdieplant remedies (Watt and Breyer-
Brandwijk, 1962). Approximately 500 plant specieee acurrently used as traditional
medicines in South Africa. A range of these meditiplants have been scientifically
validated for their antimalarial properties and édnashown potential to be as effective as
Western medicine (Prozeskyal., 2001; Clarksomt al., 2004; Kamatowt al., 2005; Waako

et al., 2005).

When evaluating the pharmacological effects of fslamost studies have concentrated on the

solvent extracts (aqueous or alcoholic), withdittvork carried out on the purified essential
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oils. The essential oils could be as or more effecin treating or preventing a parasitic
disease (Anthonet al., 2005; Burfield and Reekie, 2005). Several stsidiave shown the
antimalarial activity of essential oils isolatesrin plants such aSalvia (Kamatouet al.,
2005), Helichrysum (van Vuurenet al., 2006),Cochlospermum (Benoit-Vical et al., 1999),
Lippia (Valentinet al., 1995),Virola (Lopeset al., 1999) andletradenia (Campbellet al.,
1997).

Although these studies have determined the compositf the essential oil, there has been
little or no work done with regards to which of theajor and/or minor constituents are
responsible for the inhibitory activity. Thus, itas/ the aim of this study to investigate the
antimalarial effects of 20 essential oil constitisefE OC’s) that would be present in varying
guantities in these active plant essential oilac&ithe essential oil is composed of numerous
EOC's, it is likely that an interaction will exidbetween the EOC’s. To examine this
possibility, selected EOC’s with varying activityrofiles were combined and their

pharmacological interaction recorded.

3.2 Methodology

3.2.1 Culture maintenance

The chloroquine-resistant strain ¢flasmodium falciparum (FCR-3) was continuously
maintainedn vitro according to the method of Jansen and Trager j1&¥6the departmental
protocol. The parasites were maintained in culiieuman red blood cells (RBC’s) to which
complete culture medium (Section 3.2.1.1) was ad@eadasitised red blood cells (pRBC’s)
were maintained at a parasitaemia of 5-10% and &toeamt of 5%. The stock culture was
flushed with a gas mixture of 5% GB% G and 92% N, sealed and incubated at 37°C.
There was a fast growth rate of the stock cultsreegen by the doubling of parasitaemia every
42 - 48h. In order to ensure optimal growth of plaeasites, the culture medium was replaced
daily, and the culture was diluted with freshly Wwed red blood cells every second day when
the parasites were in the trophozoite-schizontestag

3.2.1.1 Preparation of complete culture medium

The culture medium was prepared in autoclaved 1@fli water with: 10.4g/l RPMI-1640
(Highveld Biologicals, South Africa), 5.9g/ HEPE®-2-hydroxyethyl-piperazine-N-2-
ethane-sulfonic acid) buffer (Merck), 4.0g/l D-ghse (Merck), 44mg/l hypoxanthine
(Sigma-Aldrich) and 50mg/l gentamicin sulphate (&agAldrich). The culture medium was
sterilized through a Sterivex-6.22um filter and stored at 4°C. Before additionthie
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cultures, the complete hypoxanthine culture medivas prepared by adding 10% (v/v)
human plasma (Section 3.2.1.2) and 4.2ml of steatdum bicarbonate [NaHG{(6% (w/v)]
(Merck), to adjust the pH of the complete culturedmm to approximately 7.4.

3.2.1.2 Plasma preparation

Human plasma was obtained from the South Africamo8I|Transfusion Service and heat
inactivated at 56°C in a water bath for 2h. Thetivated plasma was centrifuged at 3000rpm
for 10min. The supernatant was aliquoted into 56talile tubes and stored at -20°C until

required.

3.2.1.3 Red blood cell preparation

The whole blood was drawn and stored in a test tasgaining citrate phosphate dextrose
adenosine-1 (CPDA) (to avoid coagulation) at 49C3foveeks. The whole blood was washed
three times by centrifugation at 2000rpm for 5rmrphosphate buffer saline (PBS, pH 7.4)
solution. Care was taken to remove the buffy cbhe PBS solution consisted of 136.89mM
NaCl (Merck), 4.02mM KCI (Merck), 4.10mM NEPO,.2H,O (Merck) and 1.47mM
KH2PO, (Merck), which was sterilized by autoclaving thdusion at 120°C for 20min. To
avoid dehydration the washed red blood cells wespended in experimental medium and
stored at 4°C. The experimental medium was prepasdte hypoxanthine containing culture
medium (Section 3.2.1.1), but did not contain gemtan and hypoxanthine.

3.2.1.4 Assessment of parasite growth using lighticnoscopy

To ensure optimal growth conditions, the culturesvexamined microscopically each day.
A thin smear was made by taking a small amountl@dd from the bottom of the culture
flask and depositing it on a clean slide. The sme&ss air dried before being fixed with 100%
methanol. Thereatfter, the dried slide was immemetiuted Giemsa stain for approximately
20min. The diluted stain consisted of neat Gientam $BDH) diluted in a Giemsa buffer in a
1:10 (v/v) ratio. The Giemsa buffer consisted 26i{M,PO, and 40mM NgHPO,.12H,0.
The slide was then washed with water, dried andnéxed under oil immersion at 1000x
magnification. From the slide, the morphology oé tparasites was determined and the

percentage parasitaemia in at least 10 fields aigsilated using Equation 3.1.

Equation 3.1:
% Parasitaemia = Total number of parasitisecbtedd cells x 100

Total number of uninfected + parasitised blood cells
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3.2.2 Synchronization of the culture

In order to obtain a culture consisting predomityaté ring-infected RBC’s the methodology

described by Lambros and Vanderberg (1979) was. udeel pelleted RBC’s were treated
with 10 volumes of 5% (w/v) D-sorbitol (Merck) fdi0 - 20min at room temperature. As a
result of an osmotic action, D-sorbitol has theligbto lyse the mature trophozoite and

schizont stages but does not affect the ring-iefé@nd uninfected RBC’s. The culture was
then centrifuged at 2000rpm for 5min and the restltpellet resuspended in complete
hypoxanthine culture medium (Section 3.2.1.1), gdssd incubated at 37°C.

3.2.3 Tritiated hypoxanthine incorporation assay

To determine the effects of the EOC’s on parasitevth, the basic method of tritiated
hypoxanthine uptake assay according to Desjartiaé. (1972) was used. Hypoxanthine is
required by the parasite for DNA synthesis. Theapies cannot synthesise hypoxantidaee
nova and thus relies on the human host to supply thdentide precursor. The uptake of
radio-labelled tritiated hypoxanthine was used asagker of the sensitivity of parasites to the
potentially novel antimalarial agents. The expenim&as repeated thrice to ensure that there

was consistency among all runs.

3.2.3.1 Preparation of uninfected red blood cells

Uninfected control RBC’s were washed three timesdatrifugation at 2000rpm for 5min in

PBS buffer (Section 3.2.1.3), before being suspegnalea 1% haematocrit in complete
experimental medium. The complete experimental aradionsisted of experimental medium
(Section 3.2.1.3) with 10% human plasma and 4.2r&%6 (w/v) NaHCQ (Section 3.2.1.1).

3.2.3.2 Preparation of the parasites

Ten fields of the Giemsa stained blood smear weumted to obtain the average percentage
parasitaemia. The stock culture was centrifugedSfain at 2000rpm. The supernatant was
discarded and parasite pellet resuspended in PB8$8eamtrifuged again. To remove any trace
amounts of hypoxanthine this was done three times. fields of the Giemsa stained blood

smear were counted to obtain the average percemagsitaemia (Section 3.2.1.4). The

parasitaemia was then adjusted to 0.5% with th@&iadaf washed uninfected RBC’s and the

haematocrit to 1% with the addition of completeerxmental media.
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3.2.3.3 Preparation of the drug and essential oilboistituents

The effect of quinine and EOC’s on the resistargtirstof P. falciparum was tested. Stock
solutions were freshly prepared before each exmartirand the highest possible grades of the
drug and EOC’s were purchased from Sigma-AldrichRloka.

3.2.3.3.1 Preparation of the classical antimalariadirug

Quinine sulphate (M= 324.43g/mol) (Sigma-Aldrich) served as the refese antimalarial
agent. The stock solution of quinine was preparéth & dilution factor of 10 taken into
account. This stock solution was prepared in aat@tl Milli-Q® water, to the concentration
of 0.1mM. The dilutions were prepared in plasticp@mdorf tubes using incomplete

experimental medium.

3.2.3.3.2 Preparation of essential oil constituents

The stock solution of 10% (v/v) of each EOC wasparred by diluting 10ul of neat pure
EOC in 90ul of 100% DMSO (dimethyl sulfoxide) (M&)ycNotably the density of each EOC
was taken into account when the stock solutionpvapared. All further EOC dilutions were
made up in plastic eppendorfs using DMSO. The idilufactor resulting from addition to

wells in plates was taken into account and detexdhio be 125x by dividing the amount of

oil added (2ul) plus 23ul of experimental mediuno ithe total volume of the wells (250pl).

3.2.3.4 Preparation of microtitre plates

Two microlitres of EOC dilution plus 23ul of incotepe experimental medium were added in
triplicate from Al — G12 (Figure 3.2). Thereaft2@0ul of the parasite suspension (Section
3.2.3.2) was added to all the wells except the fsr wells of row H. These wells served as
the uninfected RBC’s control, where 200ul of 1% )whinfected RBC suspension (Section
3.2.3.1) was added. The last eight wells servetie@slrug-free parasitised RBC’s control. To
ensure that the total volume in each well was 25Ppil| of experimental medium was added
to all wells of row H.

3.2.3.5 Incubation in a micro-aerobic environment

To create a micro-aerobic environment suitabledptimal parasite growth, the candle jar
method described by Jansen and Trager (1976) wed. Uster preparing the microtitre
plates, they were placed in an airtight humifiedsgldesiccator with candles. These candles
were lit before the cover was fitted and when thené died the gas content in the candle jar

35



was similar to that used to maintain the cultureanely 3% @, 5% CQ and 92% N. The
candle jar was then incubated for 24h at 37°C.

=elof Decreasing EOC EOC EOC
#1 concentration #2 #3 #4

of EOC'’s

I & M m OO O m >»

Uninfected RBC's Parasitised RBC's

Figure 3.2: A schematic representation of the 96-well micretjtlate.

3.2.3.6 Preparation of the isotope and labelling qfarasites

Tritiated labelled hypoxanthine (5mCi/ml) (Amersh&marmacia Biotech, UK) was stored in
50% ethanol/water at -20°C. Ten microlitres #f]fhypoxanthine was taken from the stock
solution and the ethanol was evaporated off witbrilst filtered CQ (0.22um filter).
Thereatfter, 2.7ml experimental medium was addethéoisotope and 25ul of this mixture
(0.5uCi) was added to each well. The plates we@ned to the candle jar as before for a
further 24h. This incubation period is hereaftdemed to as the "single parasitic erythrocytic
life cycle" as the typical life cycle d®. falciparum takes 42 - 48h to complete (Jansen and
Trager, 1976).

3.2.3.7 Harvesting and scintillation counting

After 48h of incubation, a semi-automated cell kater (TiterteR cell harvester, Flow
Laboratory, Norway) was used to aspirate the parasispension from each well and deposit
the parasitic DNA onto a glass fibre (GFB) filtetm&hereatfter, the filtermat was allowed to
dry overnight. The filtermat along with 10ml Wall&etaplate Sciftt scintillation fluid was
enclosed in a sample bag and heat sealed. Therehédiltermat was correctly aligned in a
cassette and placed in a Wallac BetafSldfguid scintillation counter and each sample
counted for one minute. The results from the dtatibn counter were expressed in counts
per minute (CPM). Equation 3.2 was used to expilessCPM values as a percentadjd]{
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hypoxanthine incorporated into the parasite DNAthwhe uninfected RBC and parasitised

controls taken into account.

Equation 3.2:
% [°H]-Hypoxanthine incorporation
= CPM (EOC) — CPM (mean uninfected RBC contxdl)00
CPM (mean parasitised RBC control) — CPMgmeninfected RBC control)

The concentration that inhibited 50% 6#]-Hypoxanthine incorporation or parasite growth
(ICso values) was obtained from the log sigmoid doseaese curve generated by the
Enzfitte® software (Biosoft, UK).

3.2.4 The combinations between the standard antimaial and essential oil constituents

To evaluate the interactions between the EOC sablowve described tritiated hypoxanthine
incorporation assay (Section 3.2.3) was modifiedhddoommodate testing selected EOC’s in
combination. These combinations were repeatedpiictite to confirm consistency. Based on
the antimalarial activity of the individual EOC&ght combinations were selected as seen in
Table 3.1, and one of the most active E®E gndZ-()-nerolidol) was also combined with

quinine.

Table 3.1:  Essential oil constituents used in the combinasioaly (n = 3).

EOC, EOC;

Linalyl acetate (+)-Pinene

Linalyl acetate Carvacrol
p-Cymene E- andZ-(z)-Nerolidol
E- andZ-(x)-Nerolidol (-)-Pulegone
(-)-Pulegone p-Cymene
(+)-a-Pinene Carvacrol

Carvacrol p-Cymene
p-Cymene y-Terpinene

3.2.4.1 Essential oil constituent and drug preparain
Eight fixed ratios of the EOC’s depicted in Tablel 3vere prepared such that as the
concentration of one EOC increased, the conceolratf the other decreased. Both EOC's

were also prepared in the absence of the other 6G€rve as a positive control. The eight
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dilutions for each individual EOC were preparedOMSO as described above (Section
3.2.3.3.2).

The dilutions were then combined in a 1:1 (v/v)aaA further dilution factor of 2 was taken
into account, so that the final dilution factor neased to 250x for the EOC’s and 20x for
quinine. In the wells of row A, 2ul of the combinE®C’s and 23l of experimental medium
were plated out in triplicate. From row B to F, dQ serial dilution was prepared in
experimental medium, while a 1:100 dilution waspared in row G. After serially diluting
the combined EOC'’s, 65ul of the content from row B was discarded and 175ul discarded
from row G. To the remaining 25ul EOC’s, 200ul sdtised suspension was plated out as
described in Section 3.2.3.3 and incubated for Z8ection 3.2.3.5), before®H]-
hypoxanthine was added for a further 24h (Secti@33%) and then the DNA harvested and
filtermats counted (Section 3.2.3.7).

3.2.5 Data analysis

The data was initially analysed as for the indi@dEOC’s (section 3.2.3). From the eight log
sigmoidal dose response curves, eight Malues were calculated, and in turn theplgalues
for the other EOC’s were calculated using direcoportion. The drug ratio values
(or otherwise known as fractional inhibitory contration (FIC) values) were calculated by
dividing the 1Go values of each EOC’s combination by theg@lues of the individual EOC.

3.2.5.1 Isobologram construction

The drug ratio values (Kg value of combined EOC’s/ig value of individual EOC) were
then used to construct an isobologram, from whitehriature of the interaction between the
two EOC’s could be determined as seen in FigurgBeBenbaum, 1989; Meadoves al.,
2002). Each experimental run was done in triplicateconfirm consistency. In order to
observe the interaction between EOC’s and classitahalarial agents used in the treatment
of malaria, one of the most active EOC’s was coetbiwvith quinine. Quinine was prepared
as described in Section 3.2.3.3.1. It must be chthat there may be some points on the
isobolograms overlying on each other and cannatlderly seen sometimes. This can be the

case irrespective that six fixed ratios of the ®80C"s were combined.
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Figure 3.3: An isobologram showing possible interactions eféissential oil constituents
(Berenbaum, 1989).

3.2.5.2 Fractional inhibitory concentration determnation

To verify the interaction read from the isobologsatie sum offractional inhibitory
concentrations X FIC or FIGg) was calculated for each combination using Equa8c.
Notably, the sum of the FIC values <0.5 is synéigiand 0.5-1.0 is additive, >1.0 is
indifferent while that >2.0 is antagonistic (Beranin, 1989).

Equation 3.3:

FICag = 1Gs0a in combination +  1Gpg in combination

IC504 alone IGog alone

Where A and B are the two selected EOC's used mmbamation.
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3.2.6 Statistics

The data were presented as mean = s.d. of thedtiplvalues. To test for correlation between
variables, linear regression analysis was perforamedi squared correlation coefficient)(r
was calculated; with a p value of <0.05 being rdgdras significant.

3.3 Results

3.3.1 The antimalarial activity of individual essetial oil constituents

The twenty EOC’s were found to inhibit the growthPofalciparum to varying degrees with
ICso values ranging between 0.99 to 152848(Figure 3.4 and 3.5kF- andZ-(x)-Nerolidol,
(-)-pulegone, (+k-pinene and linalyl acetate were approximately towdhree times more

active than the plant-derived compound, quiningFe 3.5).

120

=
o
=}

~
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% 3H-Hypoxanthine incorporation
N
q'l

log [ EOC or Standard antimalarial] (puM)

Figure 3.4: The log sigmoidal dose response curves of quifig p-cymene ¥ ) and
E- andZ-(%)-nerolidol (M).
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3.3.2 The relationship between essential oil content density and antimalarial activity
There was no correlation?( 0.008) between the antimalarial activity and demsities or

lipophilicity of the 20 EOC'’s (Figure 3.6).

rz2 = 0.008207
3 o

log Antimalarial
IC50values
N
|
R

0

'1 I I I I I 1
-0.100 -0.075 -0.050 -0.025 -0.000 0.025 0.050

log Density (g/l)

Figure 3.6: The linear relationship between the density ofessential oil constituents and

their antimalarial activity.

3.3.3 The antimalarial activity of the combined esmtial oil constituents

After investigating the antimalarial activity of dividual EOC’s, various combinations
depending on spectrum of activity of EOC’s werefqrened (Table 3.2). Representative
isobolograms showing the synergistic (betwgeaymene andE- and Z-(x)-nerolidol or
y-terpinene) and antagonistic (betwdenand Z-(x)-nerolidol and (-)-pulegone) interactions

are illustrated in Figures 3.7 and 3.8, respedtivel
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Table 3.2: The combined interaction between two essentiadanitituents (n = 3).

EOC; EOC; > FIC value | Interaction
Linalyl acetate (+)-Pinene 0.91 Additive
Linalyl acetate Carvacrol 0.14 Synergistic
p-Cymene E- andZ-(z)-Nerolidol 0.09 Synergistic
E- andZ-(¥)-Nerolidol | (-)-Pulegone 2.03 Antagonistic
(-)-Pulegone p-Cymene 11.30 Antagonistid
(+)-a-Pinene Carvacrol 0.22 Synergist|c
Carvacrol p-Cymene 0.02 Synergistic
p-Cymene y-Terpinene 0.37 Synergistic
1.25
c =50
28w
% z 2 E 0.754
D=
€35 2 £ 050
% c 3 3
S TR0
L
0.25H

OOL T ;i.. 1

I I
0.00 0.25 0.50 0.75 1.00 1.25

p-Cymene
(ICsgcombined EOC /
ICsq individual EOC)

Figure 3.7: p-Cymene interacted in a synergistic manner whenbooed with
y-terpinene. ) andE- andZ-(%)-nerolidol (A).
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Figure 3.8: An antagonistic interaction betweBnandZ-(x)-nerolidol and (-)-pulegone.

3.3.4 The antimalarial activity of quinine and themost active essential oil constituent
A synergistic interaction)FIC = 0.01) was observed when the most active ExaMely

E- andZ-(%)-nerolidol, was combined with the standard leuatiarial agent, quinine.

3.4 Discussion

3.4.1 The antimalarial activity of individual essetial oil constituents

Of the twenty EOC’s tested- and Z-(x)-nerolidol was found to be the most active
(ICs0 = 0.2ug/ml = 0.9uM) (Figure 3.5). The antimalarial adyviof the EOC’s did not
correlate with their density or lipophilicity (Figel 3.6), which indicated that all the EOC'’s
crossed the various red blood cell and parasite breemes equally well in order to reach their
respective targets. But once across the membrtreasability to interfere or bind with their

respective target differed greatly.

E- andZ-(£)-Nerolidol is also one of the EOC’s in the ed&d oils of numerous plant species
that have been reported to possess antimalariitgcE- andZ-(+)-Nerolidol found in the
oil of Virola surinamensis (Myristiceae) has previously been reported to hanemalarial
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activity where 100, 10 anduty/ml inhibited the development of young trophozeite the
schizont stage (without haemozoin formation) (Loged., 1999). In trying to determine the
mechanism of action d&&- andZ-(x)-nerolidol, Lopest al. (1999) found that 1Q0 had no
effect on overall protein synthesis (as indicatgd §3°S]-methionine incorporation), but did
inhibit the incorporation of D-[U’C]-glucose especially when young trophozoites were
differentiating into mature trophozoites (22 - 4&lhture).

From this it was proposed th& and Z-(x)-nerolidol interferes with malaria growth by
inhibiting glycoprotein biosynthesis (Lopes al., 1999). Possibly by inhibiting specific
pathways in the biosynthesis of isoprenoids thay @n important role as components of
structural cholesterol and in ubiquinones (Figu® BGoulartet al., 2004). It has been shown
thatE- andZ-(z)-nerolidol inhibits the biosynthesis of coenay@® and other intermediates of
the isoprenoid pathway (dolichol) in all intra-dmacytic stages (De Maceds al., 2002).
This could be achieved bg- and Z-(x)-nerolidol competing with natural substratesain

enzyme-substrate reaction (Goularél., 2004).

Terpenes such & and Z-(£)-nerolidol have a chemical structure similarth@at of some
intermediates of the isoprenoid pathway such aesefad pyrophophate (FPP,:4L and
geranylgeranyl pyrophosphate (GGPRs) @Figure 3.9) (Holstein and Hohl, 2003). As such,
E- andZ-(z)-nerolidol could inhibit the biosynthesis oktipolyprenyl pyrophosphate side and
chain attached to ubiquinone (De Macedl@l., 2002). Alternativelye- andZ-(z)-nerolidol
could inhibit the biosynthesis of both dolichol atié isoprenic chain of coenzyme Q. De
Macedoet al. (2002) proposed th&- andZ-(x)-nerolidol interfered with the mechanism of
elongation involved in the biosynthesis of dolictasid the isoprenic chain attached to the

benzoquinone ring of coenzyme Q.

In addition,E- andZ-(zx)-nerolidol as well as the monoterpene (R)-(#)enene, have been
shown to inhibit the isoprenylation of proteins,sukting in the interference with
mitochondrial metabolic processes like pyrimidinesignthesis (De Macedet al., 2002).
The difference in the mechanism of action of thiege constituents is probably due to the
difference in chemical structure, where the hydtogyoup and linear structure of
E- andZ-(£)-nerolidol could allow better interaction withe target enzyme compared to the
six-member ring backbone of (R)-(+)-limonene (F@w.1, d and s) (De Maceds al.,
2002).
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The antimalarial activities obtained in this stu@9uM) are similar to those reported by
Goulart et al. (2004) (0.8uM), even though a differeRt falciparum strain was used.
Regardless of this potent activity, tBe and Z-(x)-nerolidol-rich oil (45.2%) fromLippia
multiflora only displayed moderate antimalarial activity @u/ml) even in the presence of a
high concentration of (%)-linalool (20.2%) (Valemtet al., 1995). Thus, the interaction
between major and minor constituents dictates tegadl activity of the oil and needs to be

taken into account.

Both (R)-(+)-limonene and (%)-linalool were found tnhibit the isoprenoid biosynthesis
pathway at a much earlier step compared to farnéssl possible that these monoterpenes
((R)-(+)-limonene and (%)-linalool) inhibit the ksgnthesis of dolichol and ubiquinones by
interfering with the condensation between isopeyitB® and dimethylallyl-PP (Figure 3.6)
(Goulartet al., 2004).

In addition (R)-(+)-limonene was found to inducen®o inhibition of Ras-like protein
isoprenylation in the ring and schizont stages (M@t al., 2001). Holstein and Hohl (2003)
noted that the (+)- and (-)-isomers of menthol ldigpd varying inhibitory activity on
isoprenylation, where (-)-menthol was active corepgao the inactive (+)-isomer. It was also
suggested that alcohols with an open chain su¢h)dmalool andtrans-geraniol are inactive
or have low inhibitory activity on isoprenylatioH@lstein and Hohl, 2003).

The antimalarial activity ofe- and Z-(x)-nerolidol, (¥)-linalool and R-(+)-limonene are

comparable, even though a 3D-7 chloroquine-sempsgivain was used compared to FCR-3
chloroquine-resistant strain in this study. Goaukiral. (2004) reported values of 0.8uM,

0.28mM and 1.22mM respectively, and this study regab values of 0.9uM, 0.3mM and

0.5mM, respectively (Figure 3.5). The differencesantimalarial activity of these terpenes
could be attributed to their structural differencé¥hile the (R)- and (S)-enantiomers

displayed similar activity to downregulate Ras-tedaproteins, overall it was found that the
order of activity was related to the presence obaygenated substituent at the C7 position;
where alcohol followed by aldehydes and acids weresequently more active (Holstein and
Hohl, 2003). Whilst the deoxygenated form of (R)-linonene was found to be inactive

(Holstein and Hohl, 2003).

Even though (#)-linalool is similar in structure E- and Z-(x)-nerolidol and contains a

hydroxyl group, the shorter chain greatly redudesantimalarial activity of (z)-linalool and
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trans-geraniol (Figure 2.1, b, ¢, and d). In contrds¢, presence of an acetate group increases
(250 fold) the activity of linalyl acetate compared(+)-linalool (Figure 2.1, ¢ and g).

One of the proposed mechanisms by which the matarasite induces drug resistance is the
presence of a mutamifcrt protein transporter that is present in the mendmainthe food
vacuole (Figure 3.10). It is in this food vacudt@tt chloroquine accumulates and inhibits the

formation of the inert haemozoin.

Red cell
of host

Proton
pump

»
Base =
chloroquine

Mutant Pgh'1

Cytoplasm of parasite

Figure 3.10: The effect of chloroquine (CQ) on haem (FP9) ditmation in the lysosome
of a chloroquine-resistant malaria parasite (Watii2001). Where PfCRT =
Plasmodium falciparum chloroquine-resistant transport; Pghl = p-glyctgro
homologue 1 and AA = amino acid.
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The chloroquine-haem complex is toxic to the p&easesulting in lipid peroxidation and
parasite death (Warhurst, 2001). Tgfert pump transports the accumulated chloroquine out
of the food vacuole, thereby decreasing its comadah and the possibility of interacting
with the haem units and results in the death oprasite. This process closely resembles the
mechanisms by which cancer cells become multidesgtant.

Yoshibaet al. (2005) reported that the essential oiZahthoxyli fructus inhibited the activity

of the p-glycoprotein transport pump, resultinghe accumulation of anticancer drug in the
cells and subsequent cell death. The chief compgsranthis essential oil were the acyclic
monoterpenoids (geraniol, linalool, citronellal andtronellol) and the monocyclic
monoterpenoids (limonene and 1,8-cineole). It wamdl that the acyclic monoterpenoids,
(R)-(+)-citronellal and (S)-(-p-citonellol were potent inhibitors of p-glycopratetompared
to the other EOC’s.

However, in this study (-)-citronellal was relafiyeinactive as an antimalarial agent
(ICs0 = 698.5+£36.5uM) (Figure 3.5). This aldehyde commblike drugs such as verapamil
(a calcium channel blocker) have the ability tocklothe action of p-glycoproteins in cancer
cells (Yoshibaet al., 2005). In addition, it can block transport punfpkrt) in the malaria
parasite (Warhurst, 2001), even if it is relativemgffective in directly inhibiting parasite
growth. These drugs including verapamil are terfinedersal agents” which, when combined
with an antimalarial agent such as chloroquine n&véhe resistance in the strain, resulting in
the parasite being more sensitive to the inhibiteffects of chloroquine. To verify this
hypothesis, chloroquine should be combined witkcigrpnellal to determine if the interaction
is synergistic. If so, then (-)-citronellal couldtas a “reversal agent” and could be used as
adjunct therapy in the treatment of malaria.

The oils of Tetradenia riparia (Lamiaceae) contain the ketone fenchone (13.6%) herve:
also been reported to have moderate antimalari&itgq1Cso= 50.3.g/ml) (Campbelkt al.,
1997). However, this activity is possibly due tteractions with other constituents present in
the oil, as (-)-fenchone alone has poor antimdlagavity (Figure 3.5).

It is interesting to observe that the two strudtusamers, (+)a-pinene and (+B-pinene

(Figure 2.1, o and p, respectively) displayed amsitng activity with (+)e-pinene being 250
times more active than ($Hpinene againsP. falciparum, although the two compounds
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displayed identical toxicity profiles (Figure 5.4This could indicate that the conformation of
(+)-a-pinene is crucial for its interaction and bindiogts plasmodial target.

3.4.2 The antimalarial activity of the combined esmtial oil constituents

When two EOC’s were combined and assessed for dhéplasmodial activity the overall
interaction between the various combinations wenend to be synergistic, although to
varying degrees (Table 3.2). The combination betwde least active and most active
EOC’s,p-cymene (152848V)) and E- andZ-(+)-nerolidol (0.92M) displayed a pronounced
synergistic interaction (Figure 3.7- and Z-(+)-Nerolidol with its reported mechanism of
action (Lopeset al., 1999) potentiated the antimalarial activity ptymene which had
minimal activity when used individually (or vice rga) (Figure 3.5). Goulast al. (2004)
reported that most terpenes inhibit the isoprebmdynthetic pathway iR. falciparum. It is
likely that the interaction oE- andZ-(£)-nerolidol with p-cymene might assigi-cymene to
reach the site of action in the parasites (or wieesa), or they may have acted on the

complementary targets.

The volatile oils fromV. surinamensis also showed the predominancepedymene (42.0%),
a-pinene (11.7%), anfl-pinene (5.2%) and nerolidol (3.8%) (Lop&sal., 1999). From the
results of this study, it can be seen thatymene ang-pinene (which constitute 47% of the
whole oil) were both relatively poor inhibitors phrasite growth (Figure 3.6). However,
100ug/ml of this oil inhibited 100% parasite growth ov48h of treatment. Thus, the
remaining two major constituents, nametpinene and nerolidol contributed to the effective
antimalarial activity of this essential oil. Thibustrates the importance of considering the
combined effect of EOC’s even though the activestituents only represent 15.5% of the

essential oil.

In this present study the two least active EOCasnely carvacrol (1067.®1) andp-cymene
interacted synergistically (Table 3.2p-Cymene is the biological precursor of carvacraol, b
lacks a phenolic hydroxyl group (Figure 2.1, m andNhile carvacrol is structurally similar
to (R)-(+)-limonene but has one less hydroxyl gramg appeared to act well in combination
with p-cymene. Limonene has been found to inhibit thprisoylation of proteins, resulting in
interference with mitochondrial metabolic procedfespyrimidine biosynthesis (De Macedo
et al., 2002).
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When the least active EOC g;terpinene (1003iM) and p-cymene (152848M) were
combined a synergistic interaction was observedilstVvhen the most active EOC’s,
E- and Z-(¥)-nerolidol and (-)-pulegone were combined amagaonistic interaction occured
(Figure 3.8). Likewise the combinations of the twwst active EOC’s [linalyl acetate
(1.4uM) and (+)ea-pinene (1.AM)] showed an additive interaction (Table 3.2). Wtihat of
the most and the least active EOC’s ((-)-pulegoné cymene) showed an antagonistic
interaction (Table 3.2). It may be that these #@C’s competed for the same site in an
essential biochemical process I falciparum. Moreover, this study shows that the
interactions that exist when two EOC’s are comhinedly depending on the concentration
and ratio of the agents used. Boy@mal. (2003) stated that in the case of malaria, the
physical properties of essential oil constituengsnaly its low density (~0.94g/ml) and
lipophilicity which facilitates rapid diffusion agss cell membranes, might enhance targeting
of the active components into the intracellular anal parasite. But the final interaction
between the two EOC’s depends on their respectiidar targets.

3.4.3 The combined effect of quinine an&- and Z-(x)-nerolidol

The combination of a classical antimalarial drugmely quinine withE- andZ-(£)-nerolidol
displayed a synergistic interactiopKIC value = 0.01). The ability of these two agetats
target separate cellular components may have boted to their enhanced interaction; with
E- and Z-(x)-nerolidol able to inhibit isoprenoid biosyntie (Goulartet al., 2004) and
quinine able to inhibit haemozoin formation (Wartyr2001). Quinine is also proposed to
inhibit malaria growth by decreasing the plasmo®BIA strand separation and transcription,
thereby inhibiting protozoal protein synthesis (Nbet al., 2003). Thus, if a patient does
combine a volatile oil (for example through inhaa) with the more classical agents to treat
malaria, the patient will not be compromised by ttombination.

In the absence of vaccines, people rely on chemeykeatic agents to prevent and treat an
infection. These results indicate that plant-detiee chemically synthesised EOC’s have the
potential to be used in adjunct therapy with anlamal agents. In addition, they could be
used as new templates for drug design.
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CHAPTER FOUR
ANTI-OXIDANT AND ANTICHOLINESTERASE ACTIVITIES

4.1 Introduction

The study of anti-oxidants and anticholinesteraseproducing a medical revolution that
promises a new age in health and disease managelmeiné past few years, there has been
renewed interest in studying the anti-oxidant atgtiof essential oils from aromatic plants
due to their health promoting benefits (Clebal., 2000; Nakats&t al., 2000). There have
been numerous reports on the anti-oxidant propexieessential oils (Sanchez-Moreno,
2002), however, there is little or no research cateld on the anticholinesterase activity of
essential oils (Gfiamannet al., 2000). Natural anti-oxidants found in plantsypdamajor role

in the prevention of complex pathological processsduding cardiovascular diseases,
cerebrovascular diseases and carcinogenesis (Sakfldreno, 2002). In addition, both
anti-oxidants and anticholinesterases play a vitdé in minimising the progression of

neurodegenerative and chronic diseases like Alztrésndisease (Mi-Yeost al., 2000).

In many pathological cases, reactive oxygen spe@&®€3S) play an important role; where
ROS are generated by several types of inflammatetis, for example: neutrophils and
macrophages in order to defend the host from imgadnicroorganisms (Chat al., 2000).

A continuous or over production of ROS and restlialammatory reactions may lead to
tissue damage. In the central nervous system afmatwith Alzheimer’s disease, not only do
free radicals such as ROS damage the mitochoraitéhinuclear DNA, but the development
of senile plaques and neurofibrillary tangles,ahtribute to the pathology of Alzheimer’s
disease (Mi-Yeomt al., 2000).

It is also pertinent to note that apart from betngrapeutically used in Alzheimer’s disease,
anticholinesterases are used as pesticides andeab other medical conditions. These
anticholinesterases are able to inhibit cholinestereversibly or irreversibly (Ringman and
Cummings, 1999). Generally, the reversible anticlesterases, such as edrophonium,
pyridostigmine, neostigmine, distigmine and phygosine are used as medicines; whilst the
irreversible inhibitors such as parathion and nhédet are used as pesticides. Although
ecothiophate, which is an irreversible inihibitgerused to treat glaucoma. It is important to
know that all pesticides are lipophilic and aredigaabsorbed through the skin and cross the

blood brain barrier causing central cholinergiceef§, in addition to the full spectrum of
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peripheral nicotinic and muscarinic effects (PagpaB004). These include markedly
impaired vision, copious lacrimation, nasal disgeaand salivation, accompanied by slurred
speech, wheezing, impaired respiration, gastrcsimal cramping, diarrhoea, urination,
profuse sweating, vomiting, dehydration, bradycamhnd hypotension. These complications
are treated with atropine (an anticholinergic age@stompanied by an acetylcholinesterase
enzyme regenerator, obidoxime (Pappano, 2004).

When studying any disease profile or in any sitbratvhere there is possible tissue damage,
one has to bear in mind that free radicals maynbelved. Along with the knowledge that
essential oils possess anti-oxidant propertiesSahda essential oils have been used in the
treatment of Alzheimer's disease (Savelet al., 2003), the anti-oxidant and

anticholinesterase activities of the individualezggl oil constituents were investigated.

4.1.1 Free radicals

Anti-oxidants play a vital role in preventing diseaand strengthening the immune system,
particularly when one is suffering from a chronisese. Their main function is to protect the
body against free radicals (also called oxidarig)neutralising or scavenging the oxidants
before they can damage cells and tissues (Sancheznigl, 2002).

What are free radicals? A free radical can be anlecnle containing one or more unpaired
electron(s) and is capable of independent exist€Baachez-Moreno, 2002). Each atom has
two elements: a nucleus, consisting of protons @ewatrons, and an electron that revolves
around the core (Peiwat al., 1999). Free radicals are highly reactive, wiit# tesult that they
have a very limited lifespan. They are, howevet, ardy produced within the body but also
from substances in the environment, such as tobsegwke, exhaust fumes, compounds in
food, pollutants in drinking water and alcohol tmaay enter our bodies (Ghamannet al.,
2000).

Extensive research has shown that the body prodowee free radicals under certain
conditions, which in turn places greater pressuréhe immune system (Chet al., 2000).

For example, prolonged or uncontrolled stress @avéng period can significantly increase
free radical production (Gpahannet al., 2000). Sports participants also produce more fre

radicals on account of increased catabolic metsivo{Grgmannet al., 2000).
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Free radicals are extremely destructive and ifldbdy is exposed to high levels over an
extended period of time, oxidative stress is thsiltant effect. Oxidative stress occurs when
the bodys supply of anti-oxidants is insufficient and isabfe to cope with the excess free
radicals (Sanchez-Moreno, 2002). Oxidative streshe major cause of endogenous damage

to DNA, proteins, lipids and other macromolecules.

During oxidative stress ROS like superoxide, hyérogoeroxide (KHO.) and hydroxyl
(OH)-type radicals are generated by inflammatotis ¢e.g. macrophages and neutrophils) to
defend the host from invading microorganisms (Peéwwal., 1999). Phagocytes release
superoxide, which at physiological pH undergoesdistion to form HO, and oxygen (©).
While neutrophils produce nitric oxide (NO) whicleact with superoxide to form
peroxynitrite (Peiwtet al., 1999).

Myeloperoxidase (MPO) an enzyme contained in thetrophils, oxidizes halides to their
corresponding hypophalous acids usingOfas an oxidant. These hypophalous acids in
return react with B0, and form single reactive oxygen species. Other R@ed include
OH-radical produced by iron-catalyzed decompositibh,O, (Figure 4.1).

O, + € + H — HO, (hydroperoxyl radical)

HO, — H" + O, (superoxide radical)

O, + 2H" + € — H,O, (hydrogen peroxide non radical)
OH + & — H,0

Figure 4.1: A stepwise reduction of an oxygen molecule resgltn different free radicals
(Peiwuet al., 1999).

Human health is unwillingly vulnerable to diseasd afections and is under attack from free
radicals every hour of the day. Free radicals weake bodis immune system and are

implicated in most chronic diseases, depending loiciwcells, tissue and organs are attacked.

If the pancreas is attacked, free radical damagg coatribute to the development and
progression of diabetes; they may cause or worsediovascular disease by adversely
affecting blood vessels; they may aid in the preassaging; while in the brain and nerves
they may cause neurodegenerative diseases likeeielis disease (Sanchez-Moreno,

2002). All forms of chronic diseases such as ostho@as and rheumatoid arthritis, cancer,
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emphysema and HIV/AIDS result in an increased pectdn of free radicals, which further
potentiate and prolong the damage caused by theaghs Thus, an increased intake of

anti-oxidants may prevent cellular damage by fesbcals.

4.2 Anti-oxidant activity

Humans have their own natural anti-oxidant defenseshe form of enzyme systems.
However, we rely greatly on external anti-oxidasteh as vitamin C and k;tocopherol,
[-carotene, glutathione and other flavonoids indiat (Nakatsiet al., 2000). Non-enzymatic
anti-oxidants also play a role in resistance agamsdative stress. They protect normal
human body function from free radical damage byw@néing the formation of excess free
radicals, scavenging free radicals and repairingadged molecules (Sanchez-Moreno, 2002).
Vitamin E is considered the “master” anti-oxidastitiis a very efficient neutralizer of the

free radical damage, especially to the lipid stieeeof our cell membranes (Claial., 2000).

Furthermore, anti-oxidants complement each othectsvity, for instance, L-ascorbic acid
(vitamin C) helps to regenerate vitamin E. As aexabluble anti-oxidant, L-ascorbic acid is
in a unigue position to "scavenge" aqueous peraaglicals before these destructive
substances have a chance to damage the lipidarksvalong with vitamin E, a fat-soluble
anti-oxidant, and the enzyme glutathione peroxid@setop free radical chain reactions.
Anti-oxidants have been shown to be beneficialr&venting or delaying the progression of a
number of disease states such as cancer, Alzhaindéséase, and macular degeneration
(Sramek and Cutler, 2000). A study in China inahgdi29584 adults showed that
supplementation with-tocopherol-carotene and selenium reduced stomach cancer%y 21
and oesophageal cancer by 42% (Sanchez-Moreno).282bservational study of 991522
participants from 1982 to 1988 showed that regladag-term use of vitamin E reduced the
risk of death from bladder cancer by 40% (Sanchezeo, 2002).

The evidence for anti-oxidants is strong enougttderFood and Drug Administration (FDA)
to allow a limited claim of anti-oxidants in thegpention of cancer (Gpanannet al., 2000).

The Age-Related Eye Disease Study (AREDS) undeflthe benefits of anti-oxidant intake
in people who suffer from age-related macular deggion (AMD), a leading cause of
blindness in the elderly (Sramek and Cutler, 2000Yhis interventional trial, patients with
intermediate or advanced stage AMD who receivedatiant supplementation (vitamin C,

vitamin E, B-carotene and zinc) had a 28% reduced risk of éurpiogression of this disease
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(Sramek and Cutler, 2000kurthermore, anti-oxidants showed benefits in imiyuand
reduced the risk of infections in elderly patiemt&ursing homes.

A healthy diet rich in vegetables and fruits is finst step toward obtaining a well-balanced
anti-oxidant regimen. However, the beneficial dogsed in many studies are higher than one
can obtain from diet alone, since essential nuisiane lost in the harvesting, processing and
cooking of food even before it is consumed (Nakagtsal., 2000). So it is advisable that
consumers choose a supplement that has a widergpeotf anti-oxidants in their most
natural and bioavailable form (Peivetial., 1999). The anti-oxidant dose should be sufficien
to aid in the defense against free radicals (aldoweiltivitamin), but not mega-doses that may
be harmful (Nakatsat al., 2000).

There has been much attention on using anti-oxsdntnhibit lipid peroxidation or at least
afford protection from damage by free radicals. elBal oils from Citrus paradis and
Cymbopogon citratus have been reported to play a vital role as antiants (Peiwuet al.,
1999). Some phenols such as carvacrol and eugerellteen reported for their anti-oxidant
activity, but there is limited information on thataoxidant activity of the individual EOC'’s
present in these essential oils (Nakadsal., 2000). Thus, twenty essential oils were selected
from seven chemical groups and their individuali-aridant activity was evaluated in

comparison to L-ascorbic acid (vitamin C).

4.2.1 Methodology

4.2.1.1 2,2-Diphenyl-1-picrylhydrazyl assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay used to measure the ability of
anti-oxidants to scavenge the stable free radit@l2diphenyl-1-picrylhydrazyl. This stable
free radical is dark violet in colour and is deaslsed when an anti-oxidant compound
donates an electron. This degree of decolourisasostoichiometric with respect to the
number of electrons seized by DPPH.

A number of assays have been introduced to medkartotal anti-oxidant activity of pure
compounds. In this study, the DPPH assay was seéleahd used to assess fihnevitro
anti-oxidant activity of essential oil constituesatscording to Vardar-Unlét al. (2003). This
assay is considered a valid and easy assay to atgathe scavenging activity of the
anti-oxidants as the radical compound is stabledo®s not have to be generated as in other

free radical scavenging assays.

56



4.2.1.2 2,2-Diphenyl-1-picrylhydrazyl preparation
A 96.2uM solution of DPPH (Fluka) was prepared itinanol. The solution was stable for a
week, but needed to be kept in the dark and stairdéC.

4.2.1.3 Preparation of essential oil constituents

Approximately 32mg of EOC was weighed out and dig=sib in 500ul DMSO to prepare a
stock solution of 10000ppm (= 650mM), which is egént to 1%, since 1lppm equals
0.0001%. This solution was then vortexed beforel s added to 950ul of DMSO to

prepare various concentrations.

4.2.1.4 Preparation of microtitre plates

Of the dilutions, 50ul (= 3250uM) was added to eaeil of row B to row G (Figure 4.2).
Whilst, 50ul DMSO was added to the wells in row$oAH to serve as the untreated controls.
HPLC grade methanol (200ul) was added to columms 8, 8, 10 and 12 to serve as colour
control while an equal volume of DPPH solution vpéested out in columns 1, 3, 5, 7, 9 and
11. As a result the concentration was diluted tOppdn (= 650uM). Furthermore, seven
dilutions were prepared by 1:10 serial dilutionglastic eppendorfs using DMSO from the
stock solutions and each plated out into its releydate. Each plate was set up as mentioned

above.
sample wells with DPPH )
sample wells with methanol
4 6 8 10 12
- - - <«—— control wells
Decreasing
concentrations
- - - <——— control wells
Figure 4.2: The schematic representation of the setup ohtlueotitre plate used in

the 2,2-diphenyl-1-picrylhydrazyl assay.
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4.2.1.5 Reading of the plate and data analysis

The test plate was shaken for 2min in a UV-VIS spghotometer and thereafter the
absorbance was measured at a wavelength of 540merstéindard plate was then rinsed with
methanol and discarded together with its contértis.test plate was left to stand for 30min in
an incubator at 37°C. After which, the absorbanaes wead at 540nm using Gen8sis
software (Biosoft, UK). Taking the appropriate cofg into account, the percentage
decolourisation of each well was determined. Theeerent was repeated at least twice. The
ICso values were calculated using the Enzfftterersion 1.05 software. L-Ascorbic acid
(vitamin C) was used as the positive control.

4.2.2 Results

The anti-oxidant activity of the 20 essential odnstituents was very poor. The phenol,
eugenol was the only constituent that possessedpa@tle anti-oxidant activity to
L-ascorbic acid (Table 4.1)

Table 4.1:  The anti-oxidant activity (165 values) of essential oil constituents.
Essential oil constituent An?i-_oxidant Essen_tial oil An?i-_oxidant
activity (uUM) constituent activity (uUM)
Alcohols Ketones
(-)-a-Bisabolol >449.7 (xp+B-Thujone >656.9
trans-Geraniol >648.3 (+)-Carvone >665.7
(¥)-Linalool >648.3 (-)-Fenchone >656.9
E- andZ-(z)-Nerolidol >449.7 (-)-Menthone >648.3
Aldehyde (-)-Pulegone >656.9
(-)-Citronellal >648.3 Terpene Hydrocarbons
Esters (+)-a-Pinene >734.0
Geranyl acetate >509.5 (B)Pinene >734.0
Linalyl acetate >509.5 y-Terpinene >734.0
Phenols (R)-(+)-Limonene >734.0
Carvacrol >665.7 p-Cymene >745.1
Eugenol 46.6+£0.12 Control
Oxide L-Ascorbic acid 17.03+0.06
1,8-Cineole >648.3
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4.2.3 Discussion

4.2.3.1 The anti-oxidant activity of essential oitonstituents

The essential oils from clove (Nakateual., 2000) and citrus (Chaat al., 2000) possess
potent anti-oxidant activity. However other studies/e indicated that not all essential oils
have anti-oxidant activity (e.ddelichrysum species) (Lourenst al., 2004). In this study,
eugenol, the major constituent of the essentialobiEugenia caryophyllata (clove) and
Myristica fragrance (nutmeg) (Nakatsét al., 2000) is the only constituent that possessed
comparable anti-oxidant activity to L-ascorbic adding approximately three fold less active
(Table 4.1). The therapeutic potential @€imum sanctum as a neuroprotective agent in
cerebral ischaemia is attributed to the high canfed) and very low toxicity (Table 5.1) of
eugenol (Yanpalleweat al., 2004).

In one study, essential oil from the leaves of &yroreganum@riganum syriacum) was
found to contain 49.02% monoterpenes, 36.60% ox3tgein monoterpenes and 12.59%
sesquiterpenes (Peiwat al, 1999). The major components were as folloysgerpinene,
carvacrol,p-cymene and-caryophyllene. The oil's anti-oxidant activity wasmpared to
that of ascorbic acid, and 2,6-di-tert-butyl-4-myggbhenol (BHT, butylated hydroxytoluene).
The results showed that the anti-oxidant activitthe oil was 3 to 4 times lower compared to
L-ascorbic acid or BHT (Peiwet al, 1999).

Vardar Unliiet al. (2003) reported that thymol and carvacrol from ¢issential oil oThymus
pectinatus, were individually found to possess weaker antdamt activity than the crude ol
itself, indicating that other constituents of thgsential oil contribute to the anti-oxidant
activity observedlt is also interesting to note that although carebd+)-linalool, y-terpinene
and trans-geraniol have been reported to possess anti-oxidetivity (Choiet al., 2000;
Nakatsuet al., 2000), in this study they had little activity @i compared to eugenol and
L-ascorbic acid (Table 4.1). The difference in \atyi between eugenol and carvacrol (both
phenols) may possibly be attributed to the preseneemethyl group at the second carbon of
eugenol, which is absent in carvacrol (Figure &hBnd n).

Epidemiological data suggest that anti-oxidants rhaye a beneficial effect on many
age-related diseases: atherosclerosis, cancer, seanedegenerative (Alzheimer’'s disease)
and ocular diseases. However, the widespread usatebxidants is hampered by several
factors; the lack of prospective and controlledl&s; growing evidence that free radicals are

not only by-products, but also play an importam ia cell signal transduction, apoptosis and
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infection control. Despite these, the results ab thtudy show that some essential oil
constituents are good anti-oxidants.

4.3 Acetylcholinesterase activity

There are two forms of cholinesterase enzyme fommdan, namely acetylcholinesterase (EC
3.1.1.7) and butyrylcholinesterase (or otherwisevikm as pseudocholinesterase; EC 3.1.1.8).
Acetylcholinesterase is an extremely active enzpmesent in three isoforms: G1, which is
present in the brain; G4, in the brain and the oewscular endplate; and G2, in skeletal
muscle and blood-forming cells (erythrocytes). Wittityrylcholinesterase found in blood
plasma and in lower concentrations in the hippo@mpd cortical areas known to receive
cholinergic innervation (Ellis, 2005). The functidor these enzymes is the hydrolysis of
acetylcholine to choline and acetic acid. Acetylot® is the neurotransmitter essential for
cholinergic or parasympathetic transmission in #wtonomic nervous system (Pappano,
2004).

4.3.1 Cholinesterase inhibitors and alzheimés disease

This age-related dementia is associated with adbsgurons, and alterations to brain tissue,
particularly in the hippocampus and basal forebr&myloid plaques and neurofibrillary
tangles characterise the condition. The loss oliréic fibres (in the basal forebrain nuclei)
is proposed to be a key factor in this disease. dénelopment of Alzheimer’s disease
requires two events to occur. The first one is afge-related abnormal production of free
radicals, which damage mitochondrial and nuclea’ADNthe brain. The second event is a
deficiency of the neurotransmitter acetylcholingha synapses of cerebral cortex (Savetev
al., 2003).

Probable Alzheimer’s disease is characterized éythRsence of neuritic amyloid plaques and
neurofibrillary tangles in the brain, pathologic aclges associated with cholinergic
denervation. Acetylcholinesterase and butyrylcledterase are both associated with amyloid
plagues. Although it is unknown whether acetylamedterase plays a role in accelerating the
neurotoxicity of amyloid plagues, there is somedewce that butyrylcholinesterase may
accelerate maturation of benign plaques into plagssociated with neuronal degeneration
and Alzheimer’s disease. Long-term inhibition oblihesterase activity may result in the
activation of normal amyloid precursor protein @ssing in patients with Alzheimer’'s
disease, as opposed to abnormal amyloid precursteip processing, which leads to senile
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plague formation and causes many of the cognithapairments in Alzheimer’s disease
(Sramek and Cutler, 2000).

Anticholinesterase drugs currently form the basfs neodern drugs available for the
symptomatic treatment for patients with Alzheimetisease, and have a modest efficacy with
predictable parasympathomimetic side effects. Deugh as donepezil and the plant-derived
isolates like galanthamine, physostigmine and tigasne are effective inhibitors of
acetylcholinesterase. Rivastigmine preferentialhyhibits the G1 molecular form of
acetylcholinesterase and is the only cholinestenalsibitor to have exhibited preferential
selectivity for any of the three isoforms of acehglinesterase (Ellis, 2005). Selective
inhibition of acetylcholinesterase occurs with g#tamine and donepezil, whereas
rivastigmine inhibits both acetylcholinesterase bat/rylcholinesterase.

Galanthamine is a tertiary alkaloid acetylcholieesse inhibitor that has been approved in
several countries for the symptomatic treatmensesfile dementia of the Alzheimer's type.
Derived from bulbs of the common snowdrop and sdvekmaryllidaceae plants,
(-)-galanthamine has long been used in anaesthaticeverse neuromuscular paralysis
induced by turbocurarine-like muscle relaxants andre recently, has been shown to
attenuate drug- and lesion-induced cognitive dsfiech animal models of learning and
memory (Miyazawa and Yamafuji, 2005).

Galanthamine also stimulates pre- and postsynaptatinic receptors, although the clinical
significance of this finding is yet unclear. Numesovariants and analogues of galanthamine
have also been developed, with varying potencynimbiting acetylcholinesterase activity.
Galanthamine is readily absorbed after oral admmatisn, with a Tax of 52min and plasma
elimination TY2 of 5.7h (Miyazawa and Yamafuji, 2009 he efficacy of galanthamine
administered to Alzheimer's disease patients ha bveell demonstrated by large-scale
clinical trials. Typical of anticholinesterasesg timost common adverse events associated with

galanthamine are nausea and vomiting.

A growing body of evidence indicates that both gcéblinesterase and

butyrylcholinesterase play important roles in chelgic transmission. For this reason, both
cholinesterases are considered legitimate targbeshwnanaging Alzheimer’'s disease. The
enhanced cholinergic function following treatmenthmcholinesterase inhibitors provides the

symptomatic improvements observed in patients pitbable Alzheimer’s disease.
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Although a number of other therapeutic approacheage hbeen investigated in order to
enhance cholinergic function and cognition in pase with Alzheimer's disease,
cholinesterase inhibition is the only strategy thed thus far proven to have beneficial effects.
In light of this and the reported traditional uddale essential oil fronsalvia lavandulaefolia

as having anticholinesterase properties (Sawlal,, 2003), further research is warranted in
determining which of the essential oil constituearts able to inhibit acetylcholinesterase.

4.3.2 Methodology

A simple and rapid qualitative thin layer chromatgghy (TLC) bioautographic assay
(Marston et al., 2002) was used to screen the selected ess@itiabnstituents for the
anticholinesterase activity. Acetylcholinestera€ (3.1.1.7) and the reference compound,
galanthamine were purchased from Sigma-Aldrich (WJS&is-HCI; bovine serum albumin
and 1-napthyl acetate were obtained fromdkleand Fast Blue B salt was from Fluka

(Switzerland).

4.3.2.1 Preparation of essential oil constituents
One microlitre of an essential oil constituent wdsted in seven microlitres of methanol and

1pl was applied to the TLC plates.

4.3.2.2 Preparation of acetylcholinesterase
Acetylcholinesterase (1000U) was dissolved in 156M0.05M Tris-HCI buffer (pH 7.8).
Bovine serum albumin (150mg) was added to the isoluh order to stabilise the enzyme

during the bioassay.

4.3.2.3 Bioautography

TLC plates were eluted with an appropriate sohfangtone) in order to wash them, and were
thoroughly dried just before use. The mobile phased contained a ratio of 93:7 (v/v) of
toluene and ethyl acetate, respectively. Afterratign of the EOC sample, the TLC plate
was dried with a hair dryer for complete removaaoétone. The plate was then sprayed with
the enzyme stock solution and thoroughly dried md@or incubation of the enzyme, the plate
was laid flat on plastic plugs in a plastic tankt@oning little water, such that the water did
not come into direct contact with the plate, bud #imosphere was kept humid. The cover

was placed on the tank and incubation was perfoeh&d°C for 20min.
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The enzyme had satisfactory stability under thes®itions. For detection of the enzyme,
solutions of 1-naphthyl acetate (250mg) in ethgh®Dml) and Fast Blue B salt (400mg) in
distilled water (160ml) were prepared immediatedyoloe use to prevent decomposition. After
incubation of the TLC plate, 10ml of the naphthyetate solution and 40ml of the
Fast Blue B salt solution were mixed and spraydd tme plate to give a purple colouration
after 1 - 2min. The relative to the front (Rf) veduwere determined.

Galanthamine was used as the positive control,has dlkaloid initially isolated from
Galanthus nivalis, the snowdrop, has for many years been used axetylcholinesterase
inhibitor (Pappano, 2004).

4.3.3 Results

Based on the interpretation of the results, thaclolinesterase activity of each tested
compound was expressed as: ++++ = very active; #+#moderately active; ++ = slightly
active; - = not active, relative to the intensitl the white spots of the positive control,
galanthamine (Figure 4.3 and Table 4.2). Eugenal3-ciheole, (f)atp-thujone,
trans-geraniol, (+)e-pinene and geranyl acetate were the most activepamble to the
standard anticholinesterase compound, galanthamihge the other compounds had little

((-)-menthone) or no activity ((-)-fenchone).

T 2 3 o 6 NG 9 ® 1 n ®» 1»  m 15 da 17 18 19
Sammy. S

Figure 4.3: A thin layer chromatographic plate showing the @mdlinesterase activity of
19 essential oil constituents. The essential aistituents and the reference
compound with their corresponding numbers are degim Table 4.2
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4.3.4 Discussion

Overall the acetylcholinesterase enzyme was foarmktgenerally susceptible to the action of
the essential oil constituents (Table 4.2). AltHoulis was the general trend for the tested
constituents, eugenol, 1,8-cineole, B-thujone,trans-geraniol, (+)e-pinene and geranyl
acetate were comparable to galanthamine exhibpirggnising anticholinesterase activity
(Figure 4.3). The oxide, 1,8-cineole has previolmggn reported to possess anticholinesterase
activity (Mills et al., 2004; Savelewt al., 2003), which is in agreement with the present
study. Although, Miyazawa and Yamafuji (2005) répdrthat essential oil constituents with
the pinane skeleton, like (t)pinene and not (H}-pinene, showed a strong inhibitory effect
on acetylcholinesterase, as is the case withoH@mer, a-pinene in the present study
(Table 4.2).

Lahlou (2004a) also reported that some monoterpEmesatives such as linalyl acetate,
geranyl acetate, eugenol and carvacrol inhibit ydceblinesterase, which is congruent with
the results obtained in this present study (Tal#¢. & he action of acetylcholinesterase in the
neuromuscular junction ensures muscle contractiss if the action of acetylcholinesterase
is inhibited there will be an increased accumulatad acetylcholine in the synaptic cleft
which will induce further muscle contraction or @antagonise the effects of pancuronium
(a neuromuscular blocker). However, this is not ¢idy mechanism by which EOC’s are
proposed to cause muscle contraction. Lahlou (206tsorted that EOC'’s like eugenol are
able to induce muscle contraction (or blockade xditation-contraction coupling) by
releasing calcium ions from the sarcoplasmic ré&iicu Moreover, the spasmolytic effect of

(¥)-linalool was thought to be mediated throughlicyadenosine monophosphate (CAMP).

Miyazawa and Yamafuji (2005) also reported thatralethe hydrocarbon compounds
showed potent inhibition of acetylcholinesterasecampared with alcohols and ketones.
However, in our study most EOC’s like (R)-(+)-limewe, carvacrol, linalyl acetate and
E- andZ-(£)-nerolidol showed equipotent activity (Tabl&4and Figure 4.3), irrespective of
the class each falls under. Whilst the alcohtans-geraniol showed moderate
anticholinesterase activity. The degree of satumatincluding the position of the C=C
double bond, affected the inhibitory activity ofeédgcholinesterase and is also related to the
strength or potency of inhibition of acetylcholiteraise (Miyazawa and Yamafuji, 2005).
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Table 4.2:  The anticholinesterase activity of 19 essentiatoiistituents. Where:
++++ = very active; +++ = moderately active; ++ hglstly active; - = not

active.

Essential oil constituents

Corresponding number in TLC

plate (Figure 4.3)

Anticholinesterase activity

Alcohols
(-)-o-Bisabolol 13 -
trans-Geraniol 11 4+
(¥)-Linalool 5 -
E- andZ-(z)-Nerolidol 16 444
Aldehyde
(+)-B-Citronellal 4 -
Esters
Linalyl acetate 7 +++
Geranyl acetate 19 4+
Ketones
(¥)-at+p-Thujone 6 ++++
(+)-Carvone 8 ++
(-)-Fenchone 15 -
(-)-Menthone 18 o+
(-)-Pulegone 10 -
Phenols
Carvacrol 2 F++
Eugenol 1 o+
Terpene hydrocarbons
(+)-a-Pinene 12 o+
(+)-B-Pinene 9 -
(R)-(+)-Limonene 14 +++
p-Cymene 17 o+
Oxide
1,8-Cineole 3 4+
Control
Galanthamine ® 4+
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EOC's like (-)ua-bisabolol, (-)-fenchone, (-)-pulegone, and (-yamiellal, (£)-linalool and
(+)-B-pinene did not show any anticholinesterase agtitiowever, (-)e-bisabolol from the
Salvia specieshas been reported to possess anticholinestras@yaf®erryet al., 2003). The
difference between the activities of the EOC’s frstudy to study could be attributed to the
existence of infraspecific chemical differencesthe essential oils of some aromatic plants
(or chemovarieties). It is important to pinpoinathhe test method applied in this study may
not be the best when testing the anticholinesteaeeity and might have contributed to the
poor activity of most EOC’s. Regardless, it is valet to mention that acetylcholinesterase
inhibitors including most EOC’s mentioned aboveyeéha broader spectrum of activity and
thus possess possible therapeutic potential otier just for Alzheimer's disease. These
include:

1. Anthelmintic infections: drugs such as pyrap@mnoate used in the treatment of pinworm
(Enterobius vermicularis), ascariasis Ascaris lumbricoides), hookworm Ancylostoma
duodenale and Necator americanus) and Trichostrongylus orientalis infections are known to
be depolarising neuromuscular blockers, but alshibih the activity of helmintic
acetylcholinesterase enzyme, resulting in paralsa subsequent expulsion of the helminth
(Rosenthal and Goldsmith, 2004).

2. Insecticidal agents: organophosphates (pargttaod organocarbamates are irreversible
pesiticides and used to control infestations (Pappa004).

3. Bilharzia infections: the agent metrifonate usid the treatment ofSchistosoma
haematobium (bilharzia) and as an insecticide, is an organsphate cholinesterase inhibitor;
where the active metabolite, 2,2-dimethyldichlonyi phosphate irreversibly inhibits
acetylcholinesterase enzyme. The pharmacokineticthis metabolite is favourable for
long-term treatment of Alzheimer’'s disease with tiedf-life of cholinesterase inhibition
being approximately 26 days; even though the plasatialife of the drug is 2-3h. This drug
is currently under investigation to determine idesy and efficacy in the treatment of the
cognitive symptoms of Alzheimer's disease (Ringm@uash Cummings, 1999).

4. Antagonists to neuromuscular blockers: acetyiobsterase inhibitors, such as
physostigmine and neostigmine are regularly usecewerse the effects of neuromuscular
blockers, such as pancuronium. Thus, if the sgbetfile of the essential oil constituents
(e.g. geranyl acetat&ans-geraniol, (x)ec+p-thujone, eugenol, (+g-pinene and 1,8-cineole)
will be acceptable then further investigations nheywarranted in using the EOC’s in this
scenario.

5). Ectoparacidal agents: organophosphates (diaddordiazinon) and organocarbamates
(carbaryl, propoxur) are regularly used in the riatey treatment of ectoparasites such as
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ticks, lice and fleas. The organophosphates irggvigr phosphorylate acetylcholinesterase,
while the organocarbamates reversibly inhibit enzyactivity such that the increased

endogenous acetylcholine causes muscle fascicadatiath subsequent paralysis and death.
Dichlorvos is effective in the treatment of roundwoin pigs and horses (McKellar and

Jackson, 2004).

Although the inhibition of acetylcholinesteraseidatt may be beneficial in many diseases
and clinical situations, it should also be remeratethat this enzyme is necessary for the
metabolism and breakdown of numerous drugs suclthasester-type local anaesthetic
(procaine) and neuromuscular blockers (succinylobolmivacurium). The consequence
being increased plasma concentrations of the dwits increased risk of adverse drug
effects. These types of interactions should berntak® account when further investigating

the potential of using the EOC’s.
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CHAPTER FIVE
CYTOTOXICITY PROFILE

5.1 Introduction

Toxicology is concerned with the deleterious efeaft chemical agents on all living systems.
However, in the biomedical area toxicology is pmityaconcerned with unfavourable effects
in humans resulting from exposure to drugs andrathemicals, including plant extracts and
essential oils (Plaa, 2004). As with all drugsnplessential oils can also exhibit unfavourable
or deleterious effects on mammalian cells suchl3stopical effects including the skin,
mucous membranes, eye irritation, phototoxicityn Sensitization and photosensitization; 2)
systemic effects including mutagenicity, carcinagey, embryotoxicity and reproductive
toxicity (Yoo et al., 2005). Furthermore, these adverse effects cariva specific organs like
the liver, heart, kidney and brain. The cytotoyiaif an essential oil may be changed by the
presence of other compounds, where the compoungigpotantiate each other’s activity or
chemically modify each other or alter their respecthioavailability and overwhelm their
therapeutic range. For example, Tea Tree oil ctmsismany chemical constituents that are
also prominent in pine oil and because of theirlainproperties, simultaneous administration
could potentiate the expected adverse effectseif thoses are not adjusted (Nakatsal.,
2000). Therefore, essential oil usage by peoplegusiher drugs may lead to complications of
essential oil-drug interactions, because some dnage a narrow therapeutic range (e.g. an
anticoagulant warfarin), thus these can compromide pharmacokinetic and
pharmacodynamic profiles of therapeutic agentse@é¢linical cases have been documented
on the interaction and treatment failure betweemdaemedies and prescribed medications
(Constable, 2006). The combined use of severalahgreparations (garlic, feverfew and
ginseng) can increase the risk of bleeding, athede preparations inhibit platelet aggregation
(Constable, 2006).

Overdosing or incorrect usage of essential oils maylt in serious side effects (Zhewal.,
2004), since most essential oils should not be usékir pure (neat) form, but diluted with
carrier oils before used topically and on mucousnbr@nes. Infants, children, the elderly,
pregnant and lactating women and epileptics areevable, therefore, particular care should
be taken when using essential oils (Lawrence, 20Dl general rule of thumb is to avoid
prolonged use of oils; so it is advisable to takeaks from their usage (Lawrence, 2000).
This is due to the tendency of building up a residn the body which may result in
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deleterious effects (Zhoat al., 2004). There is well established evidence thatformation of
reactive metabolites of drugs is associated witlgdoxicity (Zhouet al., 2004). Likewise,
there is data suggesting that the formation oftreaenetabolites through bioactivation has a
significant role in herbal toxicity and carcinogety. Reports revealed that these resultant
reactive metabolites covalently bind to cellulantpins and DNA, leading to toxicity through
multiple mechanisms such as direct cytotoxicitycagene activation, and hypersensitivity
reactions (Zhowet al., 2004). For example, with aristolochic acids presin Aristolochia
species, the nitro group is reduced by hepaticotytime P450 (CYP1A1/2) or peroxidases in
extrahepatic tissues, this results in a reactiicyitrenium ion. The nitrenium ion possibly
reacts with DNA and proteins, resulting in actigatiof H-ras oncogene, gene mutation and
ultimately carcinogenesis (Zhoet al., 2004). Other examples are pulegone present in
essential oils from many mint species; and teuéyjna diterpenoid found in germander
(Chamaedrys) used as add on therapy to slimming tablets (Laeee2000; Yot al., 2005).

An excessive metabolism of pulegone may genepateesol which depletes glutathione
(Zhouet al., 2004). The furan ring of the diterpenoids inrgender is oxidized by CYP3A4
to a reactive epoxide which reacts with CYP3A apdxé&e hydrolase (Yot al., 2005).
Zhou et al. (2004) reported that hepatic cytochrome P450 mesy(CYPs) are known to
metabolize more than 95% of therapeutic drugs aigiede a number of procarcinogens as
well. Therefore, mechanism-based inhibition of CYRay explicitly explain some reported
herb-drug interactions and chemopreventive/chemapeaitic herbal and essential oil
activities (Zhouet al., 2004).

Toxic reactions vary qualitatively depending on theation of the exposure, with a single
exposure occurring over a day or two, presentinggeaexposure which is reversible and tends
not to be severe. However, multiple exposures namg over a longer period of time
represent a chronic exposure, which result in sevadverse effects (Plaa, 2004).
Overexposure to essential oils, topically or viaalation can result in nausea, dizziness,
headache or a light-headed feeling (Ya@l., 2005); but more serious topical and systemic
effects as mentioned below, have also been reported

5.1.1 Topical effects

e Allergic reactions are common with essential oif&l anclude possible symptoms like
nausea, dizziness, sweating, palpitations, stomaa&ins and irritation to mucous
membranes. If these problems are experienced,aitlvssable to discontinue the use of

essential oils as the reactions are reversible.
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Skin irritation is an inflammatory reaction to @art essential oils and the severity
depends upon the concentration and duration ofsexpoto the oil. It may be partially
attributed to the terpene content in the oils, ibig more likely to be caused by the high
phenol content in certain oils (Yabal., 2005).

Dermatitis is possible even when a diluted esskailias applied to the skin, sometimes
even the vapours can cause a sensitization readflmn effects can present as a rash,
blotches and itching, or blistering. Allergies itw® the interaction of the immune system
forming antibodies to render the antigen/esseutiaharmless. However, investigations
demonstrated that dermatitis is an immunologicapo@se not an antigen-antibody
reaction (Yocet al., 2005). By far, only a few skin sensitizing agehave been identified,
namely: basil, cinnamon, lemon, lemongrass, mel@sppermint, thyme and tea tree oils
(Nakatsuet al., 2000).

Phototoxic reactions resulting in photosensitizatieedness and trauma to the skin when
exposed to sunlight have been reported to occur bargamot, lemon, lime, orange and
other citrus oil (Nakatsat al., 2000).

Essential oils with thujone or apiol are abortiéati and have been proposed to cause
blood accumulation in the pelvic-uterus area aner ldamage (Zhosdt al., 2004). These
oils include hyssop, mugwort, parsley, pennyrogage and thuja. Thus, pregnant women
should avoid these essential oils and also othack s basil, camphor, clary sage,
cedarwood, juniper, marjoram, myrrh, rue, tansywodmwood (Yooet al., 2005).
Overdosage of oils containing thujone and apiol edso have narcotic, analgesic or
paralyzing effects (Zhoet al., 2004).

Essential oils that are excreted via the renalesystuch as juniper and sandalwood are
rendered nephrotoxic and their use must be disueedi after four weeks (Yoet al.,
2005).

5.1.2 Systemic effects
Hypertensive patients must be cautious when usssgreial oil of hyssop, rosemary, sage

and thyme (Zhowt al., 2004), while those patients with epileptic seasumust be careful

when using oils from fennel, hyssop, rosemaryesagvormwood (Halcon, 2002).

Toxicological cases caused by volatile oils such eagalyptus, sassafras, turpentine,

wintergreen, chenopodium, citronella oil, pennyisyand peppermint oils have also been

reported (Halcon, 2002). In infants these aforeroest oils may cause respiratory

depression or even death, when applied directly ihe nose or close to the nose onto the
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skin or mucous membranes (Halcon, 2002). Theselgmsbarise due to misidentification,
drug-herb interactions and lack of standardizatime mechanism of herbal or essential oil
toxicity remains elusive and the following systerpioblems may also arise from abuse of

essential oils.

5.1.2.1 Hepatotoxicity

The liver has various functions and helps with oasfarate and lipid metabolism, secretion
of bile as well as the synthesis of proteins, yeistrpeople perceive the liver as only a
detoxification organ for blood. Metabolism of ess&noil constituents is via human hepatic
cytochrome P450 enzymes to non-toxic metabolitesthe formation of toxic metabolites is
also possible (Zhowet al., 2004). The monooxygenases oxidizing metabolidnthese
essential oil constituents require a haemoprotedbOP a flavoprotein NADPH-P450
reductase and phospholipids (Uesi@l., 2005).

In the human liver, CYP1A2, CYP2A6, CYP2C9, CYP2[®/P2E1, and CYP3A4 are the
major forms of the cytochrome P450 enzymes, whamstitute about 13%, 4%, 18%, 2%,
7%, and 29% of total P450 contents, respectivelgn@et al., 2005). Hepatotoxicity is
unlikely to occur following administration of thesential oil to the skin; but it is more likely
to occur following oral ingestion. No essential should be taken internally unless so
prescribed by a licensed medical practitioner. BEs$skeoils which are hepatotoxic when
swallowed are aniseed, buchu, basil, clove andaonam bark (Uengt al., 2005).

5.1.2.2 Carcinogenicity

Some essential oils are carcinogenic and have baened (Table 5.1) in aromatherapy and
cannot be applied for internal usage. The oils tisidll raise doubts are calamus oil (contains
asarone), and those containing ample amounts odlsdike sassafras found in yellow and
brown camphor (Nakatset al., 2000). Other carcinogenic compounds in essemisl
include methyl chavicol found in basil oil. Notaplthis statement does not make basil
dangerous, but care should be taken to select asé bil containing ample amounts of
linalool and lowest methyl chavicol content (Uestcal., 2005). It must however be pointed
out that studies showed that these oils can beincgrenic when applied daily in high
concentration for many months (Lawrence, 200€nget al., 2005).
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Table5.1: IFRA banned aromatic raw materigfodified from
http://www.users.globalnet.co.uk/~nodice/new/magainhagsafetylecture.htm).

NAME BOTANICAL NAME ACTION
Cade crude oil Juniperus oxycedrus Carcinogenic
Calamus oil Acorus calamus Carcinogenic
Costus root Saussurea costus Sensitizer
Elecampane oil Inula helenium Sensitizer
Fig leaf absolute  |Ficuscarica Sensitizer
Horseradish oil Armoracia rusticana Toxic and irritant
Mustard oil Brassica nigra Toxic and irritant
Peru balsam Myroxylon var. pereirae Sensitizer
Savin oll Juniperus Sabina Toxic and sensitizer
Verbena oil i_rii?)ﬂwalc;triodora/Al oysia Sensitizer
Tea absolute ;uﬁgsneng s/Camellia Sensitizer
Sassafras oil Sassafras albidum Carcinogenic
Stryax gum Ligquidambar orientalis Sensitizer
Wormseed Chenopodium ambrosioides Toxic
Wormwood oil Artemisia absinthium Neurotoxin

5.1.2.3 Cardiac problems

Although essential oils and aromatherapy can bedwdwe to radiant health, caution is
necessary when using them with certain existingica¢donditions (Uengt al., 2005). This
refers to any cardiovascular problem that may besgmt. Thus, it is best to exclude
peppermint oil as part of the treatment regimerewgn during an aromatherapy massage
(Zhouet al., 2004).

Certain aromatic raw material including essentidgd are banned (Table 5.1) and others
restricted (Table 5.2) by the International FrageenResearch Association (IFRA), because
of their particular deleterious effects. Even thodlgose in Table 5.2 are not banned, caution
is indispensable with regards to the amount ofvacingredients/compounds contained in
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them, as the existence of the side effects sudeasitization and phototoxicity is possible

when treating patients with various clinical coradis (Uengget al., 2005).

Table5.2: IFRA restricted aromatic raw materials (modifiedrfr
http://www.users.globalnet.co.uk/~nodice/new/magamagsafetylecture.htm).
NAME BOTANICAL NAME ACTION
Angelica root oil Angelica archangelica Phototoxic
Bergamot oll Citrus bergamia Phototoxic
Bitter orange oll Citrus aurantium Phototoxic
Cassia oll Cinnamomum cassia Sensitizer
Cinnamon bark Cinnamomum zeylanicum  |Sensitizer
Cumin oll Cuminum cyminum Phototoxic
Grapefruit oil Citrus paradis Phototoxic
Lemon oll Citrus limon Phototoxic
Lime oll Citrus aurantifolia Phototoxic
;ggglttise oil and Tagetes minuta Phototoxic
g::jk rrgs(?i?\z ic'ébsolute Evernia prunastri Sensitizer
Pinaceae oils Iﬁnglcr?:;;nugo;vgigcr; Sensitizer
Rue oll Ruta graveolens Sensitizer
Verbena absolute i_rii?)ﬂwalc;triodora/Al oysia Sensitizer
Tree moss absolute |(Pseudo) Evernia furfuracea |Sensitizer

Due to the wide use and easy availability of herbalicines, there is increasing concern
about essential oil toxicity (Constantgh al., 1991). Despite this fact, there is still a great
necessity for more scientific evidence on the tibxiof volatile oils. Thus, this study took the
opportunity to meet this increasing demand by itigating the toxic profiles of selected
essential oil constituents when used individuatigh & combination.

73



5.2 M ethodology

5.2.1 Principles of the method

The methods to measure the number of viable pratifeg cells vary widely, thus a reliable,
versatile and quantitative method for detecting trability is a prerequisite. Tetrazolium
compounds are an increasing popular non-radioactpi®n. Moreover, assays involving
tetrazolium salts such as the MTT [3-(4,5-dimetPythiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide] assay, can easily detect diveells, and the resultant colour formation
depends on the degree of functionality of the nhitoxria. The main advantages of this assay
are: 1) no washing steps; 2) no radioisotope igired; and 3) results can be read with high
degree of accuracy, reproducibility and rapidityo@vhann, 1983).

The MTT assay is reliant on succinate dehydrogemdseh is an enzyme localised in the
mitochondria of living cells that cleaves the tetiaum ring of a tetrazolium dye. The yellow,
water soluble MTT dye changes to a violet, insduptoduct (MTT-formazan) (Mosmann,
1983). This chemical reaction can easily be meashyea spectrophotometer, and the amount
of formazan formed is directly proportional to cadinsity.

5.2.2 Culture maintenance

The transformed human kidney epithelial (Grahanils ogere continuously maintained
vitro at 37°C in 5% C@according to the departmental protocol. The ceksenmaintained
with complete culture medium at least thrice weedky trypsinized (Section 5.2.2.4) once
weekly to subculture the cells.

5.2.2.1 Preparation of complete culture medium

The culture medium was prepared in Mill2Qvater with the following ingredients: 9.8g/l
HAM F10 supplemented with 1.18g/l NaHG.O'he culture medium was sterilized through a
Sterivex-GS 0.22um filter unit (Highveld BiologisalSouth Africa) and stored at 4°C. Before
use, the complete culture medium was prepared pglementing the culture medium with
5% foetal calf serum (FCS, Section 5.2.2.2) anan0Ddf sterile 50mg/ml gentamicin. The
gentamicin stock was prepared by dissolving 50mdageicin sulphate in 1ml PBS (Section
3.2.1.3), filtered through a Sterivex-GS 0.22urtefilunit and stored at 4°C until required.
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5.2.2.2 Preparation of foetal calf serum

FCS (Highveld Biologicals, South Africa) was heaadativated at 56°C in a water bath for 1h.
The inactivated FCS was centrifuged at 1500rpm 1f0min. Thereafter, aliquots of the
supernatant were stored at -20°C until required.

5.2.2.3 Assessment of cell growth

The cells were examined microscopically to assés# tgrowth at least thrice weekly.
Following which the spent medium was discarded 2@ohl of the fresh complete culture
medium was added and the cells were then inculzat8dC.

5.2.2.4 Trypsinization

Trypsinization was carried out to adjust the numifesdherent proliferating cells in the flask
in order to optimize growing conditions. A volumé4ml of 0.25% trypsin-0.1% Versene-
EDTA (Highveld Biologicals, South Africa) was addead the culture flask and allowed to
cover the bottom of the flask, left to stand atmo@mperature for 5 - 10min, thereafter the
flask was gently agitated to loosen the cells. Ctheecells were in suspension, 6ml complete
culture medium was added to neutralise the trypeie FCS in the culture medium has the
ability to inactivate trypsin. Thereatfter, the sellere gently agitated to ensure a single cell
suspension. Thereafter, 9ml of this suspensioneitasr discarded or used for experimental
purposes. To the remaining cells, 50ml complettucellmedium (Section 5.2.2.1) was added
and the cells were then incubated at 37°C in 5%<DCh as to readhere and propagate.

5.2.3MTT cytotoxicity assay

To investigate the toxicity profile of the EOC'BetMTT assay was performed on the human
kidney (Graham) epithelial cells according to thetmod of Mosmann (1983). Various
dilutions of twenty essential oil constituents wareubated under optimal conditions with the

cells for 48h to determine their effect on the peo&tion of the cells.

5.2.3.1 Preparation of the cells

From Section 5.2.2.4, the cell suspension was ib@pd at 1500rpm for 5min and the

supernatant discarded. A volume of 20ml experimemidium (i.e. the complete culture

medium (Section 5.2.2.1) but without gentamicin)swihen added to the cells in a 50ml
centrifuge tube. The cells were once again gergitated to ensure a single cell suspension.
The cells were then stained with 0.2% trypan bitua i.:1 (v/v) ratio and two grids of cells

counted using a haemocytometer at 100x magnificafidne trypan blue is taken up into
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compromised or dead cell, whilst viable cells egelthe dye. At least, 95% cellular viability
was ensured before using the cells in the expetinfé® number of cells/ml was determined
using Equation 5.1 before the cell suspension wiasted with experimental medium to 0.25

million cells/ml.

Equation 5.1:
Cells/ml = number of counted cells/2 x dilutiontfac(2) x 1¢

5.2.4 Preparation of essential oil constituents and control drugs
Test compounds and a positive control drug, quinimere prepared in eppendorfs as
previously described in Sections 3.2.3.3; 3.2.33.2.3.3.2; 3.2.4 and 3.2.4.1.

5.25 Selection and preparation of essential oil constituents used in combination assays
Based on the 1§ values obtained from the individual EOC’s, vari®@@C combinations
were selected; namely: two of the most active EQ@e of the most active with one of the
least active, as well as two of the least activeCEO Eight fixed ratios of the two
predetermined EOC’s were then prepared such thatahcentration of one EOC increased,
the concentration of the second EOC decreased. BOt were also prepared in the absence
of the other EOC to serve as a positive controé €lght dilutions for each individual EOC
were prepared in DMSO as described in Chapter 8ti8e3.2.3.3.2). Further, at least six
dilutions from each of the abovementioned eightutaihs were prepared by 1:10 serial
dilution in eppendorfs using DMSO.

The dilutions were then combined in a 1:1 (v/v)aaA further dilution factor of 2 was taken
into account, so that the final dilution factorreased to 200x for the EOC’s. In the wells of
row A, 2ul of the first dilution of the combined EX3 were plated out in triplicate and 18ul
RPMI experimental medium (Section 3.2.1.3) was ddda rows B to G 18ul RPMI
experimental medium was added before 2ul of prevailution was transferred from row to
row. To row H, only 20ul of 18ul RPMI experimentaédium was added, while 180ul of the
adjusted cell suspension (Section 5.2.3.1) was chdae all the wells of the plate
(Section 5.2.6), except in the first well of row Fhis latter well served as a cell free blank,
and contained 180ul of HAM F10 experimental mediand 20ul of RPMI experimental
medium. The experimental runs were repeated ifidaie for reasons of consistency.
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5.2.6 Preparation of microtitre plates

A volume of 180ul of the adjusted cell suspensias\added to all wells except one. This
well served as the cell-free blank control, to ihiB0ul of experimental HAM F10 culture
medium containing FCS plus 20ul hypoxanthine-fresglionm (Section 3.2.1.3) were added.
The cells were incubated for 6h under humidifieddibons in 5% CQat 37°C so that they
could adhere to the bottom of the wells of theelaell. After this incubation period, 2ul of
the individual EOC or combined EOC’s and 18ul gbdxanthine-free medium were added
to all wells, except the last row (row H). A totdl20pl| of each dilution of the test EOC’s and
control, and quinine were added in triplicate tollsv®f rows A-G. To row H, 20ul of
hypoxanthine-free medium was added and servedeasdrtig-free controls. Thereafter, the
cells were incubated under humidified condition§% CQ at 37°C. After 44h of incubation,
40ul of 50mg/ml (= 0.05mM) MTT (Section 5.2.7) wadded to all wells and the plate was

further incubated for 4h.

5.2.7 Addition of MTT and DM SO

A 0.05mM stock solution of MTT (USB) prepared in PBS (Section 3.2.1.3) was sterile
filtered using a Sterivex-GS 0.22um filter unit astdred at 4°CAfter 48h of incubation,
200ul of the contents from all wells was aspiraaed discarded from all wells. Thereatfter,
150ul of DMSO was added to all the wells to stop tkaction and dissolve the purple

formazan crystals.

5.2.8 Data analysis

The plate was shaken for 4min using a UV-VIS spgdtotometer to ensure complete
dissolution of the crystals and the absorbancereag at the test wavelength of 540nm and
reference wavelength of 690nm using the Astauiftware (Biosoft, UK) and log sigmoidal
dose response curves drawn. The percentage a&bilityi was calculated with the appropriate

controls taken into account according to Equati@ 5

Equation 5.2
Cellular viability = Drug treated absorbancklean absorbance of cell-free control x 100%

Mean absorbance of drug-free contidiean cell-free control

Thereafter, the 16 valueswere determinedsing the Enzfittét software (Biosoft, UK). The
ICsp values from at least three independent experimgats used to calculate the mean and

standard deviation for each EOC. Data from the agnation experiments were analysed and
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isobolograms constructed to determine the type rdéraction between the EOC's.
Isobolograms were drawn using Graphpad Ptissoftware (Biosoft, UK) by plotting
fractional 1Go values for one compound against fractionakyl@alues for the second
compound. The trend of the graphs gave an indieaif synergistic, antagonistic or additive
interactions (Berenbaum, 1989). Points lying abthe straight diagonal line (convex in
shape) and those lying below the straight diagdinal (concave in shape) indicated an
antagonistic or synergistic interaction, respedyivéPoints lying on the straight line indicated
that the combination of the two compounds had alitiad interaction (Figure 3.3). It must
be noted that there may be some points on the Isgtzons overlying on each other and
cannot be clearly seen sometimes. This can beatde irespective that six fixed ratios of the
two EOC’s were combined. The FIC values were cafedl as described in Section 3.2.5.2
(Equation 3.3). In addition, the ratio of the safetdex between the antimalarial activity and
the toxicity profile of the EOC'’s was calculatedngsEquation 5.3.

Equation 5.3: Safety index = Toxicity profile/Antimalarial actty

5.2.9 Statistics

All values were expressed as means + s.d. (standiewdhtions). To test for correlation
between variables, linear regression analysis wadomnmed and squared correlation
coefficient (f) was calculated, with p <0.05 considered to beifiignt.

5.3 Resaults

5.3.1 Thetoxicity profilesof theindividual essential oil constituents

In vitro toxicity profiles of 20 EOG including terpene hydrocarbons and oxygenated
compounds have been investigated (Figure 5.1). Thest toxic EOC was

E- andZ-(z)-nerolidol, with an 1Gy value of 5.5£1.2uM; whilst the least toxic was engl
with an 1G; value of 1358.4+13.0uM (Figure 5.8- andZ-(+)-Nerolidol was approximately
13 times more toxic than quinine which had ag&alue of 71.2+0.01uM, whereas eugenol

was 19 times less toxic than quinine.

5.3.2 The combination studies of the selected essential oil constituents

Based on the results of the toxic activity of th@ i2dividual EOCs, the two most toxic
(E- andZ-(%)-nerolidol and (-)-pulegone), two least toxiEedymene ang-terpinene) and one
toxic ((-)-pulegone) and one least actiyecymene) EOC were selected and tested for their

toxicity profiles.
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Figure5.1:  The toxicity profile of the individual essential oonstituents.



From the isobolograms of the combinations testebhiole 5.3, it was evident that the toxicity
profiles between the combined EQEFigures 5.2 and 5.3) were all potentiated.

Table5.3: The toxicity profile of the combined essential @nstituents (n = 3).

EOC; EOC; > FIC value I nteraction
E- andZ-(x)-Nerolidol | (-)-Pulegone 0.076 Synergism
p-Cymene y-Terpinene 0.002 Synergism
p-Cymene (-)-Pulegone 0.306 Synergism
1.257

1.0

O/\
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e
oW g
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(ICsgcombined EOC /
ICsq individual EOC)

Figure5.2: The synergistic interaction betweEnandZ-(£)-nerolidol and (-)-pulegone,

indicating an increase in their toxicity profile.

5.3.3 Thetoxicity profile of the essential oil constituent and quinine

Potentiation of the toxicity profiled{(FIC= 0.001) was observed when the most active EOC
(E- and Z-(¥)-nerolidol) was combined with the standard wanmatiarial agent, quinine
(Figure 5.4).
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Figure5.4: The synergistic interaction between quinine BréndZ-(x)-nerolidol.
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5.3.4. Therelationship between essential oil constituent toxicity profilesand density
There was a lack of correlatiorf & 0.045) observed between the density and tegJ&ues

of the toxicity profile of these 20 EOC’s (Figur&p

1500 r2 = 0.04494
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X o 500
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O_
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Figure 5.5: The linear relationship between the density ofassential oil constituents and

their toxic effects on the human kidney epithedialls.

5.35 The relationship between essential oil congtituent toxicity profiles and
antimalarial activity
There was no correlation’@ 0.310) between the kgvalues of the antimalarial activity and
the toxicity profile of the 20 EOC’s (Figure 5.8)0 determine the selectivity of the EOC for
a mammalian cell or the malaria parasite, the gafelices of the 20 EOC’s were calculated
(Table 5.4). Overall, the EOC'’s displayed geneyabtoxicity rather than selectivity towards
the malaria parasites, as shown by the low safatices of y-terpinene (0.09) and
(-)-a-bisabolol (0.14), in comparison to that of theimafarial agent, quinine (245.5). The
only comparable safety index was that of {Hpinene (143.5), which contrasted the safety

index of its (+)B- isomer (0.52).
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Figure5.6: The linear relationship between the antimalarivity of the essential oll
constituents and their toxic effects on the humanéy epithelial cells.

5.4 Discussion

5.4.1 Thetoxicity profiles of theindividual essential oil constituents

In spite of the extensive use of EQCnot much safety data is available. The resudisgnted
here concur with the regulations governing the alseome constituents as food additives
(Table 5.4), with eugenol, (R)-(x)-limonene apatymene being considered safe for public
consumption (Buchbauer, 1993; Cebal., 2001).

This study also clearly shows the variability ire ttoxicity profiles of the constituents with
E- andZ-(¥)-nerolidol being approximately 250 times mooit than eugenol (Figure 5.1).
Eugenol is a major constituent of the essentiaisolated fromEugenia caryophyllata, which
has been widely used as a herbal drug to treaie@gsn acute/chronic gastritis and diarrhoea
(Lawrence, 2000). The essential oil of this plaais halso been reported to have local
anaesthetic and analgesic properties, antifungatjcanvulsant, anticarcinogenic and
antimutagenic activities (Yoet al., 2005). Generally at low concentrations eugesdhiown

to act as an anti-oxidant and an anti-inflammaitaggnt, whereas at high concentrations it
acts as a pro-oxidant resulting in the enhancecergéion of tissue damaging free radicals
(Yoo et al., 2005). The anti-oxidant property of low concatitins of eugenol was verified in
this study (Table 4.1).
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Table5.4: The safety indices of 20 essential oil constitudxased on their 165 values as

a measure of the toxicity and antimalarial propstti

Essential oil constituent Uedely prellenil) chtllt\l/f::jl Z[Il\flll) ISrf:\;eet)y(/
Average s.d. Average s.d.
(-)-a-Bisabolol 41.8 5.1 307.3 0.01 0.14
trans-Geraniol 128.5 4.7 135.4 7.03 0.95
()-Linalool 882.7 25.4 254.4 10.2 3.47
E- andZ-(x)-Nerolidol 55 1.2 0.9 0.3 6.11
(-)-Citronellal 238.3 24.9 698.5 36.5 0.34
Geranyl acetate 796.4 26.4 114.p 11.6 6.97
Linalyl acetate 80.0 2.9 1.4 0.1 57.0
(%)-a +B-Thujone 81.0 12.9 528.6 43.1 0.1
(+)-Carvone 140.9 9.6 57.3 4.3 2.46
(-)-Fenchone 132.2 3.1 457.9 47.2 0.29
(-)-Menthone 672.1 15.1 505.8 19.9 1.33
(-)-Pulegone 64.6 3.3 1.1 0.1 58.7
Carvacrol 251.8 32.8 1067.9 44.5 0.24
Eugenol 1358.4 13.0 753.7 33.8 1.8
(+)-a-Pinene 172.2 13.4 1.2 0.2 1435
(+)-B-Pinene 166.7 19.6 318.5 35.6 0.52
y-Terpinene 86.5 11.8 1006.7 18.7 0.09
(R)-(+)-Limonene 1042.0 41.1 533.5 17.5 1.95
p-Cymene 673.6 35.4 1528.8 44.9 0.44
1,8-Cineole 69.1 9.4 70.2 4.0 0.98
Quinine 71.2 0.02 0.3 0.04 245)5

Eugenol is oxidized in an enzymatic or non-enzymanner via the electron pathway to a
phenoxyl radical and subsequently could be condexdesugenol quinomethides, which are
involved in cytotoxicity (Lahlou 2004a; Yoet al., 2005). Yooet al. (2005) showed that
eugenol is able to induce apoptosis through ROSergéion, depleting the intracellular
reduced glutathione (GSH) and protein thiols resglin loss of mitochondrial membrane
potential, thus releasing cytochrome C into th@sgt in human leukaemia cells.
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Terpenes have a number of common characteristads &si their highly lipophilic properties
and most of them readily interact with biomembrari®ey can increase the fluidity of the
membranes, which leads to uncontrolled efflux afsicand metabolites, resulting in cell
leakage and ultimately in cell death (Griffet al., 1999). A conformational change of
membrane proteins (e.g. ion channels and tranggpitan occur when lipophilic compounds
enter biomembranes and accumulate close to the remlproteins (Griffiret al., 1999). If
Na', K" or C&" channels are affected, a disturbance of signabthaction could result. The
use of essential oils to treat spasms and light pathe case of dyspeptic or gall disorders
could thus be plausibly explained. Since the lipkipherpenes can cross the blood brain
barrier, sedative and analeptic effects ascribedeeral complementary drugs could be
explained. Dormans and Deans (2000) reported higbility of terpenes to cross the blood
brain barrier may be attributed to their size aedsities (Figure 3.6). This membrane activity
is rather unspecific, therefore terpenes show aotohial, antimalarial, anti-oxidant and
cytotoxic activities against a wide range of orgams, ranging from bacteria, fungi, to insects
and vertebrates; such that they are used to treettetal and parasitic infections and
respiratory tract disorders (Halcon, 2002; Nakagswal., 2000). The lipophilicity of the
EOC’s enable them to readily cross the membrangtsthis is not the sole determinant of
their biological or toxic activity as can be segnablack of correlation between the toxicity
profiles and density (Figure 5.5) or antimalariatiaty (Figure 5.6) of the EOC’s. Thus,
further research is required to determine the peecellular target(s) of the EOC's.

The monoterpene ketone, pulegone constitutes mare80% of the terpenes in the oils from
many mint species such as the pennyroyals, whiokasd as a flavourant/fragrant constituent
or to induce menstruation (Zhaa al., 2004). Many pennyroyals containing pulegone have
been reported to cause gastritis, induce aboréind,result in hepatic failure, central nervous
system, renal and pulmonary toxicity, and evenldéahouet al., 2004). The toxic profile is
confirmed in this study where (-)-pulegone plttsandZ-(z)-nerolidol inhibited the growth of
human kidney epithelial cells (Figure 5.2). Thutew examining the efficacy of an essential
oil its toxicity profile needs to be considered esplly since the composition and ratio of
EOC’s are influenced by seasonal and geographéc@tion (Buchbauer, 1993; Viljoest

al., 2005). With all factors considered, the toxicitl/ the oil may be minimised and the
therapeutic benefit optimised.
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5.4.2 Thetoxicity profile of the essential oil constituent and quinine

The combined effects of various EOC’s were assefssettheir resultant toxicity properties
(Table 5.3; Figures 5.2 to 5.4). Essential oils ststhof numerous constituents present in
variable concentrations. Thus, to examine the aut#n between some of these EOC’s
various combinations were assessed to determine thew may contribute to the overall
toxicity profile of the plant. All tested EOC comiaitions potentiated each other’s toxicity
profile (Table 5.3). For example, theshfralues of the individual oil&- andZ-(£)-nerolidol,
the most active EOC’s, ang-cymene, the least active EOC’s, were 5.5+1.2uM and
673.6£35.4uM respectively, but when combined thegy lGalues decreased dramatically.
Similarly, for the other combined EOC's, the conduintoxic effect was more potent
compared to the effects of the individual EOC's.

Thus, although the alcohok- and Z-(x)-nerolidol and the ketone, (-)-pulegone disgldy
promising antimalarial activity when used indivitlya (Figure 3.5) and interacted
antagonistically when used in combination (Tabl2),3they are not ideal candidates to be
used in combination therapy due to the increasedity profile of the two EOC’s when used
in combinations (Table 5.3). This possibly indicatleat there is a more specific effect on the
malaria parasite rather than non-specific inhilyitor toxic effects on viable cells. Notably,
even if this is the cas&- andZ-(x)-nerolidol was the most active antimalarial aaido the
most toxic. The combination dE- and Z-(x)-nerolidol and quinine showed promising
antimalarial activity YFIC = 0.01), but had a high toxicity profile)FIC = 0.001)
(Figure 5.4).

The combination of two monoterpenes, namebgrpinene ang-cymene (Figure 5.3) also
displayed a very potent toxicity profil@’EFIC = 0.002). Likewise when the ketone, such as
(-)-pulegone was combined with the monoterpgreymene (Figure 5.3), the combination
had a potent toxic profileFIC = 0.306) (Table 5.3). The cytotoxic effectstioése EOC’s
are confirmed by their low safety indices, rangirggn 0.09 to 143.5 (Table 5.4). Thus, based
on these observations of thevitro effect of the EOC’s on human kidney cells, the eoot
administration and the concentration used shouldapefully monitored to avoid detrimental
and even fatal adverse effects. These cytotoxieceffin the kidney could be due to a
membrane or a membrane-protein interaction (Lavaed800).

Although, this study of twenty EOC’s concentratedrenon the cytotoxic effects of

individual EOC’s and some selected combinatiorns pitofiles of many essential oil products
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and other individual constituents are as yet nihy fuinderstood. As is the maximum dose that
can safely be administered (Cragg, 1997; Casselih, 2002). Infants, children, the elderly,
and people with severe illnesses should not usngakoils internally except under the strict
supervision of an experienced physician. Healthyttadshould use well established products
(such as peppermint oil and its constituents) fbictv safe dosages have been determined
(Cassellaet al., 2002). Topical or inhaled essential oils are consideref@rsthan orally
administered oils. However, allergic reactions mhaled or topical plant fragrances are
common. Furthermore, when applied to the skin, se@sgential oils might also promote
hypersensitivity reactions, photosensitizationyeéase the risk of skin cancer, or be absorbed
sufficiently to cause systemic toxic effects (Jedw et al., 1990; Carson and Riley, 1995;
Lis-Balchinet al., 1997; WHO, 2003).

In many chemotherapeutic regimens, drugs are umsedmbination to delay or overcome
factors of resistance. If EOC’s were to be combimetth the standard antimalarial agent,
quinine, the combined antimalarial effect wouldgmentiated Y FIC = 0.01; Section 3.3.4).
However, so would the likelihood of increased adegeeffects XYFIC = 0.001; Table 5.3).
But, therapeutically the administration of an EQU¢h ass- andZ-(x)-nerolidol would not

compromise patient treatment or recovery.

Thus, it is clear from this study that extensiveeach still needs to be conducted to
determine the toxic profiles of the whole esseraitd and the individual EOC’s before they
are widely administered and combined with othereesal oils or “western” drugs. In
addition, it is known that the essential oil magea severe effect on an individual organism
or cell type, but may have no effect on other tgles. Thus, it is essential that timevivo
effects be determined where the effects of metaivodéind the resultant metabolites may alter
the profile observed in this study.
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CHAPTER SIX
ANTIMICROBIAL ACTIVITY

6.1 Introduction

The antimicrobial properties of plant essentigd and their constituents from a wide variety
of plants have been assessed against a compredeasge of organisms (Griffit al., 1999;
Harris, 2002; Knobloclet al., 1989; Lis-Balchinet al., 1997; Dormans and Deans, 2000;
Kalemba and Kunicka, 2003; Kaegal., 1992; Nakatset al., 2000; Onawumnet al., 1984;
Ultee et al., 2002). It is clear from these studies that th@aat volatile oils have potential
application in the cosmetic, food and pharmaceltrdustries (Halcon, 2002; Ultest al.,
2002). Investigations into the antimicrobial adies, mode of action and potential uses of
these essential oils have regained momentum (Geffial., 1999). There appears to be a
revival in the use of traditional approaches in fhietection of livestock and food from
diseases, pests and spoilage (Dormans and Dea®B). 2@Essential oils have been used
against food spoiling organisms (Ulteteal., 2002) and food poisoning organisms (Dormans
and Deans, 2000), spoilage by mycotoxigenic filatmes fungi (Knobloctet al., 1989) and
pathogenic or dimorphic yeasts (Grifhal., 1999).

In addition to these, Kalemba and Kunicka (2003)oreed on the usage of tea tree oil in
treating mucous membrane infections, including beaiteria and oropharyngeal candidiasis.
Studies have also been conducted in the treatnfiehea pedis and toenail onychomycosis,
acne, dandruff and headlice, whereby tea tree adl fwund to be as effective or even better
than standard treatment and often presented withver side effect profile (Halcon, 2002;
Lis-Balchinet al., 1997). Since 1887, research has shown thetiw#eess of volatile oils on
the major illnesses afflicting mankind, such as #mtibacterial actions of volatile oils on
anthrax spores (Knoblockt al., 1989; Lis-Balchinet al., 1997). Aromatherapists and
caregivers also know that the inhalation of esaéwtis emitted from salve of menthol was
one of the best treatments for respiratory infeti(Kanget al., 1992).

The antibacterial properties of volatile oils wesell demonstrated in 1924 on a mixed
bacterial culture obtained from the human respigai@ct (Lis-Balchiret al., 1997). Later, in

1958 this was confirmed by using the direct contaethod to test the antimicrobial activity
of these volatile oils against selected bacterid amgi (Kalemba and Kunicka, 2003;
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Lis-Balchin et al., 1997). This study showed that 90% or more ofdie were effective in
killing Aspergillus niger (Kalemba and Kunicka, 2003; Lis-Balchghal., 1997). In 1959, it
was again shown that the same volatile oils wefecegve againstCandida albicans and

A. niger, with 82 of the 100 volatile oils inhibiting theayth of A. niger (Lis-Balchinet al.,
1997). In 1960, 133 volatile oils were tested agaia number of bacteria including
Escherichia coli, Saphylococcus aureus, Streptococcus faecalis, Salmonella species and
Mycobacterium avium (Knobloch et al., 1989). The documented data indicated that
Gram-positive bacteria where more vulnerable temss oils than Gram-negative bacteria
(Knoblochet al., 1989). Inouyeet al. (2001) reported that essential oils in their gasestate
were effective against the respiratory tract pa¢ingg

As investigations in this field continued, analysisthe literature revealed that the results
were not convincing. It was concluded that the afaifity in the results was due to the
volatility, low water solubility and complexity dhe essential oils (Janssetral., 1987). The
following main factors which require consideratiwhen testing essential oils are: extraction
procedures, dissolution and dispersion of the(tlils purity of the essential oils), the various
chemical and biological assay techniques (the drowedium, the microorganisms being
tested, the incubation periods) (Lahlou, 2004b; &isiket al., 2000). On examination of the
literature it is difficult to compare the antimidrial activity of essential oils (Nakatst al.,
2000). The methods used to assess the biologitaitias of the essential oils also differed
widely, such that it was difficult to reproduce acdmpare results (Inouyet al., 2001).
Knoblochet al. (1989) highlighted the problems with the solupilbf the essential oils and

the assay procedures used and that these erranstdehd credibility to the reported results.

6.1.1 Microbial infections

Microorganisms are ubiquitous and can be transditiem person to person in many ways;
direct contact, inhalation of infected air and aongtion of contaminated water or food
(WHO, 2003). Not all microorganisms cause diseBseteria exist on the skin surface or in
the bowel without causing ill-effects and their g@ece is beneficial to the host
(Nakatsuet al., 2000; WHO, 2003). Infectious diseases occur whenbody has little or no
natural immunity to the infection in question, @chuse the number of invading microbes is
too great for the immune system to overcome or umEahe organism is pathogenic
(Halcon, 2002; Burt, 2004). Microbial infectionsaspa huge variety of different types of
life-threatening diseases, involving bacteria, furand viruses. These infections can
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effectively be managed, however pathogens congtaathpt and develop resistance to
established therapies (Cowan, 1996).

Classic examples of such infectious bacteria ireltlte Gram-positivé&s. aureus which is
found mainly on human skin and in skin glands (nuscomembrane) and sometimes in the
mouth, blood, mammary glands, intestinal, genitcany and upper respiratory tracts (Gax
al, 2001; Jirovertzet al., 1990). Pathogenic strains are known to formn®xand their
antibacterial resistance has been reported tow@rtistam antibiotics (oxacillin and
ampicillin), aminoglycosides (gentamicin), macrekd (erythromycin), quinolones
(ciprofloxacin), clindamycin, chloramphenicol, t@tycline and trimethropim, to mention a
few (Coxet al, 2001; De Smet, 1997).

Another Gram-positive bacteriunBacillus cereus is well known for food spoilage and its
pathogenic strains form toxins causing severe s#nén the host (Ulteest al., 2002).
Antibacterial resistance has been reported fpilactam antibiotics (oxacillin),
aminoglycosides (gentamicin), macrolides (erythrom) clindamycin and chloramphenicol
(Gollin, 1999).

Resistance by Gram-negative bacteria, suck.ali have also expanded against various
antibacterial drugs such aB:lactam antibiotics (ampicillin), aminoglycosidegjinolones,
chloramphenicol, doxycycline and trimethoprim (@mifet al., 1999; Inouyeet al., 2001).
Escherichia coli belongs to the normal intestinal flora of humartgwever the
enteropathogenic strains are capable of formingnsoxhat can cause severe diarrhoea
(Burt, 2004).

Historically, fungal infections have taken a lowigpity in the clinical, laboratory and
medicinal research settings (De Smet, 1997). Homyelese infections are now occurring in
ever-increasing numbers among neutropenic (lowewhlbod cell count) cancer patients,
transplant recipients and patients with AIDS (Kabamand Kunicka, 2003). These patients
are particularly more susceptible to infections,edto the administration of cancer
chemotherapeutic or immunosuppressive agents ticasteroids (Halcon, 2002). Although,
many species of yeasts live commensally in and hen human body and lack clinical
significance, some of them Ilik€. albicans can cause systemic or topical pathological
changes in susceptible persons (Tampgteai., 2005).
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6.1.2 Microbial resistance

The key message from the market analysis is that the next two decades resistance will
develop to all of the antibacterial and antifunggénts that are currently in use and thus there
is a drive to meet this need for new antimicrobgénts (Craget al., 1997). To be successful

in this market, scientists must discover and dgvetmovative antibacterial and antifungal
agents that are effective against resistant strdust over a decade ago, it was postulated that
bacterial and fungal infections were going to baditbons confined to the medical history
textbooks (Craggat al., 1997; De Smet 1997). However, time has provénriat to be the
case. Today and for the unforeseeable future, we tae problem of microorganisms
evolving and becoming increasingly resistant to warld’s antibacterial and antifungal

defences.

Thus, there is an increasing demand to searchofeglrmolecules that can be developed into
new antimicrobial drugs to meet this demand. Mi@bimfections affect everyone and are
one of the largest markets for pharmaceutical petsd(Cragget al., 1997). It has been
reported that infectious diseases cause more tBanillion deaths each year, and according
to WHO (2003) this is approximately 30% of deatherldwide. This therapeutic area
therefore consists of significant commercial oppoities for companies able to predict future
disease patterns and customer needs, and developative anti-infective drug therapies
including plant-derived medicines (Craggal., 1997). Plus, resistance to synthetic drugs
leaves a space for the potential of plant-basedaimedto be further explored. With this real
and growing medical need as the focus in this stuthe antimicrobial activity of twenty
EOC'’s from seven different structural chemical grewvere investigated. To determine the
interaction between some of these EOC'’s, varionsbtigations were also investigated.

6.2 Methodology

To determine the antimicrobial activity of selecte@C’s, they were initially screened using
the disc diffusion assay (Section 6.2.2). Thereafteeir minimum inhibitory concentration

(MIC) values were determined usimgiodonitrotetrazolium violet (INT) method (Section
6.2.3.4). Various combinations of EOC’s were comthinas well as with standard

antimicrobial agents (Section 6.2.3.2).

6.2.1 Preparation of microbial culture
The antimicrobial activity of the 20 EOC’s was detmed against two Gram-positive
bacteria, Saphylococcus aureus ATCC 25923 andBacillus cereus ATCC 11778 and one
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Gram-negativeEschericia coli ATCC 11775, as well as the ye&&indida albicans ATCC
10231. These reference stock cultures were obtaired the South African Bureau of
Standards (SABS), Johannesburg. They were maictauigble in the Pharmaceutical
Microbiology Laboratory, University of the Witwasrand, Johannesburg. For the disc
diffusion and MIC assays, the inoculum size of appnately 1 million colony forming units
(CFU)/ml, was prepared in Tryptone Soya broth (@xdiom the stock microbial culture.

6.2.2 Disc diffusion assay

6.2.2.1 Preparation of individual essential oil costituents

The individual EOC’s were prepared by asepticabiysferring a 6mm paper disc into a petri
dish with a sterile needle and then the disc wagated with 20l of the pure (100%) EOC.

6.2.2.2 Preparation of the combinations of two orfiree essential oil constituents

Based on the values of the zones of inhibition iabthfrom the individual EOC’s, forty five
combinations of the EOC's per each microbial straentioned above were performed. When
two EOC's or three EOC’s were combined, 20ul of mvahree EOC’s were combined in a
1:1 or 1:1:1 (v/v) ratio in eppendorfs, respectyvelhe oils were vigorously mixed before
20ul was applied to the disc paper.

6.2.2.3 Preparation of agar and bioassay agar plate

Agar was prepared by dissolving 30g of Tryptone&agar (Oxoid) into 750ml of distilled
water and autoclaved at 121°C for 15min to steritize solution. The sterilized agar was
poured into bioassay plates in two layers: the fager served as the base and was half the
total volume added to the plate. This was leftdlid€y before the second layer which was
seeded with the test organism was poured on toge @his had solidified, paper discs
impregnated with EOC’s (Section 6.2.2.1) were timmed onto each of the four seeded agar
plates using a sterile needle. The discs weretdefirediffuse for at least 1h at 4°C before
being incubated at 37°C for 24h (bacteria) and {fgkast). Prediffusion is of utmost
importance as it enhances diffusion of the EOC theoagar (Janssehal., 1987; Onawumni

et al., 1984). Neomycin (30ung, Oxoid) and nystatin (L)0Oserved as positive controls for
the bacteria and yeast, respectively. The assay nepsated in duplicate to confirm

consistency.
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6.2.2.4 Data analysis and interpretation

After the respective incubation periods, the zohmlobition was measured from the edge of
the disc to the edge of the zone in millimetres Jrmasing a vernier caliper. From the zones
of inhibition (Zol), the antimicrobial activity odach EOC was determined. The interactions
between two EOC'’s were evaluated and defined dmafel antagonism: Zgls) < > Z0l(a+g),
synergism: Zqhgs) > > ZOla+g) and indifferent includes additive: Zgd) > or < either Zqh)

or Zolg), that is, when the combination of the two EOC’sn&t clearly defined as one
compound may be antagonistic whilst the other gyisgc relative to Zahg). For three
EOC’s the same applies except that there is ara&@C added, thus the above will be
substituted withY) Zola+s+c), ZOliaecy and Zojay or Zolg) or Zolc). Where Zojs) is the
value of the zone of inhibition obtained from thl@rbination of the EOC’Sy Zola+s) is the
sum resulting from adding the individual valuediwd zones of inhibition and Z@j or Zolg)

or Zol, refers to the value of the zone of inhibition éarch individual EOC.

6.2.3 Minimum inhibitory concentration microplate assay
6.2.3.1 Preparation of individual essential oil costituents
A mass of 128mg of oil was weighed out and dissbimel ml of acetone, to obtain a starting
concentration of 32mg/ml in the first well, halvitige concentration every time the oil was

added to the subsequent row (i.e. 100ul of thdilited in 100ul of sterile water).

6.2.3.2 Preparation of essential oil constituentsrostandard antimicrobials for the
combination studies
To determine the combined effect of two selectedCED100ul of one EOC was combined
with 100ul of another EOC or the standard antinb@b The concentrations used in the
combination experiment were based on the MIC vablgained from the individual EOC’s
and nine fixed ratios of the two EOC’s were comtbias follows: 10:90; 20:80; 30:70; 40:60;
50:50; 60:40; 70:30; 80:20; 90:10 (v/v). The diuts for each individual EOC were prepared
in acetone and diluted two-fold as previously diésct. To row A, 100ul of the nine
combined EOC dilutions were added to the first mo@secutive wells and then serially
diluted. Based on the antimicrobial activity of tihéividual EOC’s, the most active EOC on
the respective microorganism was also combined whih standard antimicrobial agent
(ciprofloxacin or amphotericin B).
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6.2.3.3 Preparation of microtitre plates

Sterile water (100ul) was aseptically added tonalls of a 96 well flat bottom microtitre
plate. To this, 100ul of various EOC solutions evadded into the wells of row Al to Al0.
In contrast, for the combinations, 100ul of eachentOC dilutions (Section 6.2.3.2) were
plated out to the wells of row Al to A9. Whilst, ttee wells of row A10, A11 and A12, 100ul
of one EOC, another EOC or standard antimicromdl microbial culture, respectively, were
added. Thereatfter, serial dilutions were perforrfrednh A to B and B to C until row H,
diluting the EOC two folds each time. In row Alletreference antimicrobial agent (positive
control) was added, while water/acetone was addedw Al2 and served as the negative
control. To all the wells, 100ul of the culture wexdded and the plates were then incubated
for 24h (bacteria) and 48h (yeast) at 37°C.

6.2.3.4 Determination of minimum inhibitory concetration

The MIC was determined using the INT method acegydo Eloff (1998). A stock solution

of 0.2mg/ml of INT chloride (Sigma-Aldrich) was jpared in sterile water, to make an INT
stock solution of 0.04% (= 0.05mM). After the appriate incubation periods, 40ul INT was
added to all inoculated wells. The MIC correspotaighe lowest concentration inhibiting
microbial growth seen as a clear well of the mitr@fplate.

6.2.3.5 Data analysis and interpretation

6.2.3.5.1 Isobologram construction

To evaluate the interactions between the two EQC'#he EOC and standard antimicrobial
drug, the abovementioned MIC assay was modifiedcmmmodate their testing. The drug
ratio values (MIC value of combined EOC’s/MIC valoeindividual EOC) were then used to
construct an isobologram, from which the naturghef interaction between the two EOC’s
could be determineds previously described in Section 3.2.8&renbaum, 1989; Meadows
et al., 2000). Values on the isobologram lying above lihe were interpreted as being
antagonistic, below as synergistic and on thedmadditive. It must be noted that there may
be some points on the isobolograms overlying o @dlecer and sometimes cannot be clearly
seen. This can be the case irrespective that ixied fatios of the two EOC’s were combined.

Each experimental run was done in duplicate toiconéonsistency.
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6.2.3.5.2 Fractional inhibitory concentration detemination
To verify the interaction read from the isobologsanthe sum offractional inhibitory
concentrations XFIC or FIGg) was calculated for each combination according to

Equation 6.1.

Equation 6.1:
FICag = MIC, in combination+ MICg in combination
M{@lone Migalone
Where A and B are the two selected EOC’s used rmbagation.

Values from thes@ FIC or FIGs calculations were interpreted as follows: HEIC values
<0.5 is synergistic, 0.5-1.0 is additive, >1.0 nslifferent, while that >2.0 are antagonistic
(Berenbaum, 1989). Combinations were performeduiplicate for both the MIC and disc

diffusion assays to ensure consistency betweerethsts.

6.3 Results

6.3.1 Disc diffusion assay

6.3.1.1 The disc diffusion assay: individual essial oil constituents

Table 6.1 summarizes the results of the disc ddfuassay of the 10 individual EOC’s. All

the bacterial strains and the yeast demonstratadugadegrees of sensitivity to the EOC’s
tested. The EOC with the widest spectrum of antiofi@l activity was found to be eugenol

and had the highest zones of inhibition in mostainses. Its values of the zones of inhibition
againstS aureus, E. coli, B. cereus and C. albicans were 3mm, 3.4mm, 10mm and 11.1mm,

respectively.

6.3.1.2 The disc diffusion assay: the combined efts of two essential oil constituents

When the selected EOC’s were combined, the combnsatinteracted in varying ways
(Table 6.2; Tables A.1 and A.2 in Appendix A). Tiaev data for the disc diffusion assay in
Tables A.1 and A.2 are interpreted and summarigsedables 6.2 and 6.3. In order to
highlight some of the interactions between theviatlial EOC’s that could occur in the whole
essential oil mixture, the combined effects ofiaberactions on various organisms are shown
in Figures 6.1 to 6.4. The EOC’s interacted in Byiséc, additive, indifferent and
antagonistic manners, with (R)-(+)-limonene dfidandZ-(x)-nerolidol displaying the most
synergistic interaction against all test organigxseptB. cereus (Table 6.2; Figures 6.1, 6.2,
6.3 and 6.4).
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Table 6.1: The antimicrobial disc diffusion activity of 10 essgial oil constituents (n = 2).

Essential oil Zones of inhibition (mm)
constituent S. aureus| E.coli B. cereus | C. albicans
Alcohols
trans-Geraniol 0.9 2.2 12 9.4
(¥)-Linalool 0.9 0.9 12 1.6
E- andZ-(z)-Nerolidol 0.9 0 0 0
Aldehyde
(-)-Citronellal 0 0 12 15
Esters
Linalyl acetate 0.9 0 12 0
Geranyl acetate 0.9 0 12 1.2
Ketone
(-)-Menthone 0 0 12 1.6
Phenol
Eugenol 3 3.4 10 11.1
Terpene Hydrocarbons
(+)-a-Pinene 0 0.9 0 2.7
(R)-(+)-Limonene 0 0 12 0
Controls
Neomycin 15 15 15 -
Nystatin - - - 16

In contrast, (-)-citronellal and eugenol interactedre antagonistically than geranyl acetate
with eugenol otrans-geraniol against all four test organisms (Tab®).6As seen in Figure
6.2, the potent antibacterial activity of eugengdiastE. coli is antagonised when combined
with E- and Z-(¥)-nerolidol. In contrast, the potent activity efigenol againgB. cereus is

potentiated when combined wilh andZ-(+)-nerolidol (Figure 6.3).

Of the 45 combinations tested agaiBstaureus, 25 were antagonistic and 11 synergistic in
nature (Table 6.2). The synergistic interaction ween E- and Z-(x)-nerolidol and
(R)-(+)-limonene againsS. aureus (Figure 6.1),E. coli (Figure 6.2) andC. albicans

(Figure 6.4) was also observed.
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Table 6.2: The antimicrobial disc diffusion interactions beem two selected EOC's (An:
antagonism, I: indifferent andsgnergism, Raw data seen on Table A.1, n = 2).

Essential oil constituent

Zones of inhibition (mm)

S.aureus | E.coli | B.cereus C. albicans
Linalyl acetate An [ An An
Geranyl acetate I An
(#)-Linalool An [ An
trans-Geraniol [ An An
(-)-Citronellal - "Eygenol An An An An
(+)-a-Pinene I An I An
E- andZ-(x)-Nerolidol [ An An
(-)-Menthone [ An An
(R)-(+)-Limonene An An
Geranyl acetate An [ An
trans-Geraniol An An An An
Eugenol An An An
- (+)-a-Pinene An I I An
Linalyl acetate o i7-@)-Nerolidol | An | l |
(-)-Menthone An I An An
(¥)-Linalool An An An
(R)-(+)-Limonene [ An
(#)-Linalool An I An An
trans-Geraniol An An An An
Eugenol An An An An
Geranyl acetaté (+)-a-Pinene An I An An
E- andZ-(x)-Nerolidol An I An An
(-)-Menthone An I An An
(R)-(+)-Limonene An I An An
trans-Geraniol An An An
Eugenol An An An
(#)-Linalool (+)-a-Pinene ' An An I An
E- andZ-(x)-Nerolidol An I I An
(-)-Menthone An I An An
(R)-(+)-Limonene [ An
Eugenol An An [ An
(+)-a-Pinene An | An
trans-Geraniol | E- andZ-(+)-Nerolidol An An An An
(-)-Menthone An An An An
(R)-(+)-Limonene An An An
(+)-a-Pinene An An An
E- andZ-(x)-Nerolidol An An An
Eugenol
(-)-Menthone An An An An
(R)-(+)-Limonene An An An
E- andZ-(x)-Nerolidol [ [ An
(+)-a-Pinene | (-)-Menthone I An An An
(R)-(+)-Limonene [ An
E- andZ-(z)- (-)-Menthone [ [ An An
Nerolidol (R)-(+)-Limonene I
(-)-Menthone (R)-(+)-Limonene [ An An




In addition, the combinations of EOC'’s agaikstoli showed 21 antagonistic interactions of
the 45 tested combinations (Table 6.2). While syisen was only observed six times when
(R)-(+)-limonene interacted with one of the followi EOC’s: E- and Z-(x)-nerolidol,
(+)-a-pinene (Figure 6.2), (-)-citronellal, (-)-menthonét)-linalool and linalyl acetate
(Table 6.2).
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Figure 6.1: The antimicrobial disc diffusion activity of sielected combinations of

essential oil constituents agaigaphylococcus aureus.

The combination of (+§-pinene andE- and Z-(x)-nerolidol was extremely synergistic
againstB. cereus (Figure 6.3), while individually both EOC’s did nehow any antibacterial
activity (Table 6.1). Only three synergistic intetians were observed of the 45 combinations,
with eugenol interacting favourably with (¢)Hpinene orE- andZ-(x)-nerolidol (Figure 6.3).
Thirty-four antagonistic interactions were recordsdh the more antagonistic interaction
observed between (+)-pinene and (R)-(+)-limonene (Figure 6.3), (-)-nfeme along with
either (R)-(+)-limonene, geranyl acetate and lihalgetate; as well as between (z)-linalool

andtrans-geraniol (Table 6.2).
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Figure 6.2: The antimicrobial disc diffusion activity of sielected combinations of
essential oil constituents agaistchericia coli.
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Figure 6.3: The antimicrobial disc diffusion activity of sixelected combinations of

essential oil constituents agaitsBgtcillus cereus.
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Furthermore, the combinations of EOC’s agai@stalbicans were dominated by mostly
antagonistic interactions with 35 of 45 combinasiobeing antagonistic. While nine
synergistic interactions were observed when (Rjl(rpnene interacted with either
E- and Z-(¥)-nerolidol, (+)e-pinene, (x)-linalool or linalyl acetate) (Table 26.and

Figure 6.4). Moreover, when geranyl acetate intedhcsynergistically with either
(-)-citronellal ortrans-geraniol or linalyl acetate or (+)-linalool anchdilyl acetate with the

latter EOC againgt. albicans (Table 6.2).
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Figure 6.4: The antimicrobial disc diffusion activity of sielected combinations of

essential oil constituents agai@indida albicans.

6.3.1.3 The disc diffusion assay: the combined etts of three essential oil constituents

Due to the complexity of the essential oils, thHE€@C’s were combined and tested against the
four test microorganisms (Table 6.3; Table A.2 ppAndix A; Figure 6.5). The antagonistic
interactions among the following EOC’s were obsdrvagainst all test organisms:
(-)-citronellal, trans-geraniol and geranyl acetate; linalyl acetate, -ligglool and
(R)-(+)-limonene;  (R)-(+)-limonene, trans-geraniol and (-)-menthone; eugenol,
E- and Z-(x)-nerolidol and (%)-linalool.The only exception were indifferent interactions
among linalyl acetate, (£)-linalool and (R)-(+)-bmene againdk. coli and (R)-(+)-limonene,

trans-geraniol and (-)-menthone agail$saureus.
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Table 6.3:  The antimicrobial disc diffusion interactions amdhgee selected essential oil

constituents (Raw data seen on Table A.2 in Appefdn = 2).

Essential oil constituents

Zones of inhibition (mm)

S.aureus | E.coli | B. cereus | C. albicans
(-)-Citronellal +trans-Geraniol An An An An
+ Geranyl acetate
Linalyl acetate + (+)-Linalool An I An An
+ (R)-(+)-Limonene
(R)-(+)-Limonene +trans-Geraniol + I An An An
(-)-Menthone
Eugenol +E- andZ-(z)-Nerolidol + (z)-Linalool An An An An

1 (-)-Citronellal B (-)-Citronellal +trans-Geraniol
+ Geranyl acetate

T trans-Geraniol
1 Geranyl acetate
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Figure 6.5: The antimicrobial disc diffusion activity of fouselected combinations of

essential oil constituents against four test migganisms.

6.3.2. The minimum inhibitory concentration micropae assay

6.3.2.1 The minimum inhibitory concentration assayindividual essential oil

constituents

The in vitro antimicrobial activity of the 20 EOC’s are shownTiable 6.4 along with the

antibacterial and antifungal controls. The EOCshited the growth of Gram-positive and

Gram-negative bacteria, with MIC values rangingrfrd2.2 to >238.4mM.
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Table 6.4: Invitro antimicrobial minimum inhibitory concentration aty of 20
individual essential oil cohsents and the standard antimicrobial agents Zi =

Essential oil Antimicrobial activity (mM)
constituent S. aureus E. cali B. cereus C. albicans
Alcohols
(-)-a-Bisabolol 143.9+0.0 143.9+0.0 143.9+0.0 36.0+0.0
trans-Geraniol 38.9+18.2 25.9+0.0 51.9+0.0 19.5+0.0
()-Linalool 77.8+37.0 51.9+29.8 103.7+29.8 38.930
E-andZ-(4)- 143.9:0.0 | 143.9+24.7|  143.9+247  143.9:0.0
Nerolidol
Aldehyde
(-)-Citronellal 129.7+£55.1 207.5+45.4 207.5+64.8 .840.0
Esters
Geranyl acetate 163.0£35.7 163.0£29.0 163.0£51.0 3.0#0.0
Linalyl acetate 163.0+0.0 163.0+0.0 163.0+51.0 .066.0
Ketones
gl%“{ﬁzi))rf? 210.1#0.0 |  210.240.0 210.240.0 157.740.4
(+)-Carvone 53.3+0.0 106.5+0.0 106.5+0.C 106.50+0.
(-)-Fenchone 105.1+0.0 210.2+0.0 210.2+0.0 2102+0
(-)-Menthone 207.559.6 207.5x0.0 207.50.0 6.46+0.
(-)-Pulegone 157.7+¢36.1  157.7+36.1 105.1+0.0 2630
Phenols
Carvacrol 13.3+0.0 20.0+9.3 13.3+0.0 1.66%0.0
Eugenol 194.946.7 12.2+0.0 12.2+0.0 79.21+0.0
Terpene Hydrocarbons
(+)-a-Pinene 234.9+0.0 234.9+0.0 234.9+0.0 88.1+0.0
(+)-B-Pinene 22.0£1.5 117.4+0.0 117.4+0.0 7.3%0.0
y-Terpinene 234.9+0.0 234.9+0.0 234.9+0.0 44.0+0.0
(R)-(+)-Limonene | 176.2+40.4  176.2+40.4 234.9+0.0 4%8.0
p-Cymene 238.4+0.0 238.4+0.0 238.4+0.¢ 238.4+0/0
Oxide
1,8-Cineole 207.5+0.0 207.5x0.0 207.50.0 207.6x0
Controls
Ciprofloxacin 0.91+0.0 1.840.0 0.3+0.0 -
Amphotericin B - - - 0.7+0.0
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The MIC values forC. albicans ranged from <1.66 to >238.4mM. Carvacrol displayeel
broadest spectrum of activity, whifecymene possessed the weakest antimicrobial activit
against Gram-negative and Gram-positive bacterbCaralbicans. In addition, to carvacrol,
(-)-menthone and (H}-pinene were very active against b&thcoli andB. cereus (Table 6.4).
Of note, (+)B-pinene was approximately 10x more active than(-pinene agains®. aureus
andC. albicans (Table 6.4).

6.3.2.2 The minimum inhibitory concentration assay:combined effects of two selected
essential oil constituents

After investigating the antimicrobial activity ofndividual EOC’s, twelve various

combinations were duplicated (Table 6.5; Figures 1. 6.8 and Figures B.1 to B.6 in

Appendix B). The interactions are depicted as itmgrams: two of the most active EOC’s

againstC. albicans, namely (+)B-pinene and (-)-menthone (Figure 6.6) greatly amtagpd

each other’s antifungal activity to a much grealegree than when (H-pinene was

combined with 1,8-cineole (Table 6.5 and Figure iB.Appendix B).

The synergistic interaction betwe&n and Z-(x)-nerolidol andy-terpinene againd®. cereus
(Figure 6.7) was observed. Contrasting interactiese observed againg coli, with an
indifferent interaction betweels- andZ-(£)-nerolidol and eugenol; compared to the additiv
interaction betweek- andZ-(x)-nerolidol and geranyl acetate (Figure 6.8).

6.3.2.3 The minimum inhibitory concentration assay:the combined effect of selected
essential oil constituents and standard antimicrolal agents

The synergistic interactions observed when an EO&imbined with a standard antibacterial

or antifungal agent are indicated in Table 6.6;uFeg 6.9, 6.10 and Figure B.6 in

Appendix B.
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Table 6.5:

The combined antimicrobial minimum inhibitory cont®tion activity of

selected essential oil constituents (n = 2).

Micro- > FIC : Figure /
organism 2010 EOC, valye | 'Mteraction Appendix
Carvacrol (+)B-Pinene 0.33 Synergisti¢ B.1
S aureus y-Terpinene (+)B-Pinene 0.34 Synergisti¢ B.4
vy —Terpinene Geranyl acetaje  0.31 Synergistic B.4
Eugenol trans-Geraniol 0.32 Synergistig B.3
B. cereus trans-Geraniol E- andZ-(t)- 0.36 | Synergistic B.5
Nerolidol
E- andZ-(x)-Nerolidol | vy —Terpinene 0.36 Synergistic 6.7
Eugenol trans-Geraniol 0.60 Additive B.3
E. coli E- andZ-(x)-Nerolidol | Geranyl acetate  1.04 Additive 6.8
E- andZ-(z)-Nerolidol Eugenol 1.44 Indifferent 6.8
1,8-cineole Geranyl acetate  0.90 Additive B.2
C. albicans (+)-B-Pinene (-)-Menthone 9.80 Antagonistic 6.6
1,8-cineole (+)B-Pinene 0.35 Synergistic¢ B.2
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Figure 6.6: An antagonistic interaction between @pinene and (-)-menthoragainst

C. albicans.
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Figure 6.7: A synergistic interaction betweéi andZ-(+)-nerolidol andy-terpinene against
B. cereus.
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Figure 6.8: Contrasting interactions agairistcoli, with an indifferent interaction between
E- andZ-(x)-nerolidol and eugenoM); compared to the additive interaction

betweerkE- andZ-(+)-nerolidol and geranyl acetata j.
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Table 6.6:  The antimicrobial minimum inhibitory concentratiaativity of an essential oil
constituent combined with a standard antimicroagent (n = 2).

Standard SFIC Figure /
Microorganism antimicrobial EOC Value Interaction | Appendix
agent
S aureus Ciprofloxacin Eugenol 0.35 Synergistic 6.9
B. cereus Ciprofloxacin Carvacrol 0.22 Synergistic 6.9
E. cali Ciprofloxacin Eugenol 0.23 Synergistic B.6
C. albicans Amphotericin B | Carvacrol 0.41 Synergistic 6.10
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Figure 6.9: A synergistic interaction between ciprofloxacin angyenol against
S aureus (™) andE. coli (A).
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Figure 6.10: A synergistic interaction between amphotericin B aarvacrol against
C. albicans.

6.4 Discussion
6.4.1 The disc diffusion assay: the antimicrobial @ivity of 10 individual essential oil
constituents
These results (Table 6.1) are not unexpected aphbeaol eugenol, has previously been
reported to be highly active against various tegfanisms (Dormans and Deans, 2000,
Kalemba and Kunicka, 2003). Members of this classkamown to be either bacteriostatic or
bactericidal, depending upon the concentration {Bedmans and Deans, 2000). Dormans
and Deans (2000), Knobloo#t al. (1989) and Ulteest al. (2002) have shown that the
hydroxyl group in the phenols (Figure 2.1, m andnfluence their activity against Gram-
positive, Gram-negative bacteria and yeast. Theshitghest activity of phenols is explained
by the acidic nature of the hydroxyl group, formmdyydrogen bond with an enzyme active
centre of the microorganism (Kalemba and Kunick@03). These latter reports are in
agreement with the results of the present studilél@ 1). Eugenol (11.1mm) and the alcohol
trans-geraniol (9.4mm) displayed good antimicrobial atyi against the yeast. albicans.
Kang et al. (1992) however, reported that these EOC’s shdittéal or no activity against
another strain ofandida.
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The ketone, (-)-menthone has demonstrated thaprésence of an oxygen function in its
framework (Figure 2.1k) increases its antimicrolaativity (Knoblochet al., 1989). This
study revealed that (-)-menthone (1.6mm) has thdestoantimicrobial activity again€l.
albicans, whilst B. cereus is the most significantly affected (Table 6.1).vi&ver, the results

in the disc diffusion assay of the study by Dormand Deans (2000) revealed that among the
test organisms use8, aureus was significantly affected, which is not the cas¢he present
study. Notably, it is not clear in the study by Bamns and Deans (2000) which strain they
used.

The terpene hydrocarbon, (R)-(+)-limonene demotesdréttle or no activity against all the
test micoorganisms, when using the disc diffusiesag (Table 6.1). However, when the
MIC assay was used it showed some antimicrobialiggGt suggesting that the method
employed in the study can and does influence thaultee Individually, the EOC’s
demonstrate antimicrobial activity, although theambined properties are poorly studied and
understood.

6.4.2 The disc diffusion assay: the combined effescdf two essential oil constituents

The interactions between the combined effects af ®0OC’s were diverse and can be
categorised as discussed below (Figure 6.2 toTaldle 6.2 and Table A.1 in Appendix A).
Antagonism was observed between the following EO&jainst all four test organisms:
(-)-citronellal and eugenol; (-)-menthone and ewdetrans-geraniol and linalyl acetate;
trans-geraniol andE- and Z-(+)-nerolidol; trans-geraniol and (-)-menthondtans-geraniol
and geranyl acetate. Notably, individualhans-geraniol was the second most active, while
eugenol was the most active against all test osgas)i excepB. cereus, where eugenol was
83% less active compared withans-geraniol and other EOC’s, except (*pinene and
E- andZ-(z)-nerolidol (Table 6.1).

Upon selecting the most active EOC’s when usedviohally namely,trans-geraniol and
eugenol, one would have expected a synergisticractien. However, their observed
interaction was antagonistic against all four tesganisms, irrespective of their potent
individual antimicrobial activity (Table 6.2 and Ala A.1 in Appendix A). It was also clearly
observed that against two Gram-positive bact&iaureus andB. cereus the obtained Zodg)
values (i.e. from the results) of the combined affef these two EOC’s were 82.5% and
54.5% less than the expectgdol+g) values (i.e. the added sum of the values of thmies

of inhibition), respectively. In addition, againgte Gram-negativé. coli bacteria andC.
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albicans yeast, the obtained Zas) values were 46.4% and 22.4% less than the expected
Y Zola+g) Values, respectively (Table 6.1 and 6.2).

It has been mentioned (Section 6.4.1) that apan fihe influence of the hydroxyl group in
the structure of eugenol, the high activity of thkenolic components may be further
explained in terms of the alkyl substitution intoetphenol nucleus (Figure 2.1, m; for
example the presence of a methyl group), whichrniswn to enhance the antimicrobial
activity of phenols (Dormans and Deans, 2000). &utlore, the distribution of alkylation has
been proposed to alter the distribution ratio betwihe aqueous and the nonaqueous phases
(including bacterial phases) by reducing surfagesib; or altering the species selectivity
(Dormans and Deans, 2000). While alcohols includnags-geraniol are known to possess
bactericidal rather than bacteriostatic activityaiagt vegetative cells (Griffiet al., 1999),
they act either as protein denaturating agentsestd or dehydrating agents (Kalemba and
Kunicka, 2003). It is possible that these two EO@ans-geraniol and eugenol) by attacking
the same target sites on the microbial cell mendraecreased each other’s effect in an
antagonistic manner (Table 6.2 and Table A.1 inekgjix A).

While antagonism was observed for most combinatisage combinations such as linalyl
acetate and eugendhans-geraniol and (z)-linalool; (£)-linalool and eugdneugenol and
(R)-(+)-limonene, showed synergism agaiffstaureus and antagonism againgt coli, B.
cereus andC. albicans (Table 6.2). The advantageous synergistic effetthe EOC’s have
been observed before (Dormans and Deans, 200GinGatifal., 1999). However, if eugenol
and (R)-(+)-limonene were to be chosen as the randtleast active EOC’s, respectively,
irrespective that (R)-(+)-limonene had potent amtivagainst B. cereus, they interacted
antagonistically against all test organisms excgpaureus. When (R)-(+)-limonene was
combined with (x)-linalool or linalyl acetate (aster enantiomer of (x)-linalool), synergism
againstE. coli and C. albicans; indifference againsg. aureus and antagonism againBt
cereus were seen. The combination of (%)-linalool and alyh acetate interacted
synergistically againsC. albicans and antagonistically again§ aureus, E. coli and B.
cereus. The interaction of these two enantiomers appe@rd® more active against the yeast
than against Gram-positive and Gram-negative bactéls quite interesting though, as it has
been reported before that Gram-positive bacteganasre susceptible to EOC’s than Gram-
negative bacteria (Burt, 2004), as both bactenweaged to be less susceptible in this instance.
Linalyl acetate withE- and Z-(x)-nerolidol showed an indifferent interactionaagst E. coli
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andC. albicans;, and an antagonistic interaction agaiistureus (Table 6.2 and Table A.1 in

Appendix A). These interactions between an estgralfl acetate) and the alcohols
((¥)-linalool or E- andZ-(%)-nerolidol), further show that when these tweemical groups are

combined they have no potent inhibitory effect aarG-positive bacteria.

When the two alcohols, namely (¥)-linalool ald and Z-(z)-nerolidol were combined
antagonism was observed agaisstaureus and C. albicans; and an indifferent manner
againstE. coli andB. cereus (Table 6.2 and Table A.1 in Appendix A). In contrashen
another set of alcohols, namely and Z-(x)-nerolidol andtrans-geraniol were combined,
they interacted in an antagonistic manner agalh&iwa test organisms. Here the interactions
observed cannot be associated with the Gram-reactithe microorganism, that is, whether
the combination affected Gram-positive bacteria entlran Gram-negative bacteria or vice
versa. In contrast, when two esters (linalyl aeetnd geranyl acetate) were combined,
antagonism, indifference and synergism were obsgeagainstS aureus and B. cereus;

E. coli andC. albicans, respectively (Table 6.2). In this scenario, thparted observation
(Burt, 2004), that Gram-positive bacteria are msusceptible than Gram-negative bacteria
has been verified.

The combination betweeB- and Z-(x)-nerolidol with (+)e-pinene resulted in synergism
against B. cereus, indifference againstS aureus or E. coli and antagonism against
C. albicans. When (+)e-pinene and R-(+)-limonene were combined, synergagainst

E. coli (Figure 6.2)and C. albicans, antagonism againsB. cereus (Figure 6.3) and
indifference againstind S. aureus. The indifferent interaction between (&)pinene and
(R)-(+)-limonene against. aureus (Figure 6.1 and Table 6.2) may be due to the tiaat
these two terpene hydrocarbons appear to act atattme target site where they both access
and accumulate in the microbial membrane and extiibir antimicrobial activity, but failed

to increase each other’s effect when combined. Batlecules have carbon to carbon double
bonds, where this feature of conjugation has beescribed as having an increase
electronegativity arrangement which increases thibacterial activity (Dormans and Deans,
2000). Electronegative compounds may interfereiatofical processes involving electron
transfer and react with vital nitrogen componeatg, proteins and nucleic acids and therefore
inhibit microbial growth (Dormans and Deans, 20G0iffin et al., 1999; Kanget al., 1992).
Moreover, the alkylation of (R)-(+)-limonene [1-rhgt-4-(1-methylethenyl)-cyclohexene]
(Table 2.2 and Figure 2.1, r), could influenceaitgibacterial activity, as seen agaigstcoli
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(Kanget al., 1992) especially when combined with etpinene (Table 6.2 and Table A.1 in
Appendix A).

The combinations of the EOC’s in varying ratios duwed synergistic, indifferent or
antagonistic interactions (Figures 6.1 to 6.4 amld 6.2). However, the mechanism of
action of these combinations is not yet fully ustieod, and warrants further detailed

investigation.

6.4.3 The disc diffusion assay: the combined effescdf three essential oil constituents
Essential oil constituents in triple combinatiortagire 6.5; Table 6.3 and Table A.2 in
Appendix A) failed to show potent antimicrobial iaityy. Antagonistic interactions were
observed when (-)-citronellalfans-geraniol and geranyl acetate; linalyl acetate;li(@lool
and (R)-(+)-limonene; (R)-(+)-limonenetrans-geraniol and (-)-menthone; eugenol,
E- and Z-(x)-nerolidol and (z)-linalool were combined agstirall four test organisms. It is
unknown why such an observation occurred. It ippsed that there is an optimal ratio at
which the EOC’s interact such that there is nafietence with their uptake and incorporation
into the bacteria or fungi. In these triple combima studies, the three EOC’s were combined
in 1:1:1 ratio, however, it should be noted that thtio at which an optimal effect is achieved
can be quite variable and specific against a pdaticmicroorganism. However, indifferent
interactions were noted for linalyl acetate, (falool and (R)-(+)-limonene againgt coli
and (R)-(+)-limonenetrans-geraniol and (-)-menthone agairnSt aureus. In contrast, the
yeastC. albicans was relatively susceptible to all of the combioas testeqTable 6.3 and
Table A.1 in Appendix A), where the interaction kvithe cell wall structure and cellular

target(s) could have influenced this observation.

6.4.4 Minimum inhibitory concentration assay: the atimicrobial activity of the
individual essential oil constituents

Gram-negative bacteria are generally less susdeptilthe action of essential oils due to the

presence of the outer membrane surrounding thewadl] which restricts the diffusion of

lipophilic compounds through the lipopolysaccharaderering (Burt, 2004). While this was

the general trend for the tested constituents, rmalgecarvacrol, trans-geraniol and

(¥)-linalool showed promising activity agairtst coli and Gram-positive bacteria (Table 6.4).

Carvacrol is a major constituent in the essentil of thyme and oregano (Burt, 2004,
Vardar-Unliiet al., 2003) and displayed the broadest spectrum d¥ilgctagainst Gram-
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negative and Gram-positive bacteria @dlbicans. It has been reported that the activity of
carvacrol against the food-borne pathogBngcereus is ascribed to the interaction of the
phenolic hydroxyl group with the bacterial cell manane (Ulteest al., 2002). Where it aligns
between the fatty acid chains in the phospholipidybr increasing membrane permeability
and impairing the pH gradient that is required dgsential processes in the cell, ultimately
resulting in cell death (Ulteet al., 2002). In contrastp-cymene which is the biological
precursor of carvacrol possessed weak antimicr@wgvity which is possibly linked to the
absence of the phenolic hydroxyl group (Figure thland r) (Burt, 2004; Ulteet al., 2002;
Vardar-Unliiet al., 2003). Interestingly, carvacrol (Figure 2.1, wis only a tenth more
active than eugenol (Figure 2.1, n) agalstereus. The activity of both these two phenols
compared favourably against this microorganismmaagt be attributed to the presence of the
hydroxyl groups and their lipophilic property (Kdobh et al., 1989; Ulteeet al., 2002).

In addition, the high activity of phenolic compotemay also be explained in terms of the
alkyl substitution into the phenol nucleus, which known to enhance the antimicrobial
activity of phenols (Dormans and Deans, 2000). 4lamith other studies, these results
support the fact that along@cymene is ineffective; whilst carvacrol or eugecould be
applied therapeutically as an antibacterial orfangal agent (Griffiret al., 1999; Ulteeet al.,
2002).

The non-phenolic alcohols suchtaans-geraniol (Figure 2.1, b) and (x)-linalool (Figu2el,

c) were less active than the above phenolic alsol®tiffin et al. (1999) showed that in
alcohols the presence of a functional group rattien its location along the carbon chain, is
more crucial for the antimicrobial activity agairistcoli, S aureus andC. albicans. In the
present study, among the four alcohols tested blel@.4,trans-geraniol was the most active
against all four test microbes. While, ()-linalo@ds half as active asans-geraniol against
all these microbes. The antimicrobial activity @ tacyclic monoterpenoid alcohtrans-
geraniol, found mainly in the oils of citrus fruif€hoi et al., 2000), concurs with that
reported forS aureus and various fungi including. albicans (Tampeiriet al., 2005) and
Aspergillus (Shin and Kang, 2003). Similarly, the activity of){linalool, the major
constituent in the oils d®erilla frutescens, Lavandula angustifolia andMelaleuca alternifolia
correlates with that reported f& aureus andE. coli (Carson and Riley, 1995; Karg al.,
1992; Knoblochet al., 1989; Nakatsiet al., 2000). The oil ofP. frutescens (Lamiaceae)
forms part of the traditional Chinese herbal mewdicprescribed for colds, coughs and for
promoting digestion (Kangt al., 1992). However, this study does not confirmdhbgvity of
y-terpinene againdt. coli andS. aureus (Kanget al., 1992).
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Carvacrol was the most active agai@stalbicans with (-)-menthone, (+B-pinene,trans-
geraniol, (-)-pulegone, (g-bisabolol, (x)-linalool ang-terpinene also displaying favourable
activity, as previously reported (Constargiral., 2001; Tampeiret al., 2005). Interestingly,
of the two structural isomers, ($}pinene (Figure 2.1, 0) was approximately two telts
times more active than (t)pinene (Figure 2.1, p) against both Gram-positane Gram-
negative bacteria as well @ albicans (Table 6.4). There is corroborative evidence Hwa-
isomers are relatively more microbiologically aetithan alpha-isomers (Carson and Riley,
1995). These two isomers predominate in the oilthefleaves and flowers éfedychium
gardnerianum and show antimicrobial activity agains® aureus and Pseudomonas
aeruginosa (Medeiroset al., 2003). Terpinene, found in tea tréé. @ternifolia) and citrus
fruit oils is active againsC. albicans, but the results of this MIC assay unlike thoselist
diffusion assay, do not confirm this antifungal ity of eugenol (Griffinet al., 1999;
Tampeiriet al., 2005). Linalool has been shown to suppress sfowmeation, while linalyl
acetate inhibited spore germination and fungal ¢inaiKanget al., 1992).

The aldehyde, (-)-citronellal, most ketones inahgdi(+)-at+p-thujone, the hydrocarbons,
p-cymene and 1,8-cineole (Table 6.4) all showed mmahiantimicrobial activity, although
citronellal has been reported to be active againstger (Shin and Kang, 2003). The relative
inactivity of (-)-citonellal, (x)e+p-thujone, p-cymene and 1,8-cineole has been associated
with their low water solubility and hydrogen bonginapacity, thus limiting their entry into
the Gram-negative organisms that possess ineffidigdrophobic pathways in the outer
membrane (Griffiret al., 1999). 1,8-Cineole (eucalyptol), a major constitt (60%) in the oil
of Osmitopsis asteriscoides (Asteraceae) has been shown to be active ag@inatbicans
(Viljoen et al., 2003),E. coli andS. aureus (Nakatsuet al., 2000). A possible reason for this
disparity is that Tween™ was used as an oil-in-waulsifier that could facilitate the
uptake of EOC’s which was not the case in thisystud

Geranyl acetate (3,7-dimethyl-2,6-octadiene-1-cdtai®) a colourless liquid prepared by
acetylation of geraniol (Nakatstial., 2000) was five fold less active thaans-geraniol. The
addition of an acetate moiety to the molecule amzkéo decrease the antibacterial activity.
This effect is mirrored with linalyl acetate ang-{talool (Table 6.4).

These antimicrobial results are not unexpected laasi been reported that terpene aldehydes,
terpene hydrocarbons, terpene ketones and terpstees eare generally less active in
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comparison with the terpene alcohols (Burt; 2004ffiG et al., 1999; Knobloclet al., 1989).

In contrast to the former compounds the terpenehals,trans-geraniol and (£)-linalool also
possessed a broad spectrum of activity against Godim-positive, Gram-negative bacteria
andCandida.

6.4.5 Minimum inhibitory concentration assay: the atimicrobial activity of the two
combined essential oil constituents

This study investigated the antimicrobial activity EOCs in combinations against three

bacteria and a yeast (Table 6.5). The isobologiatise combinations of the selected EOC’s

for each microorganism are given in Figure 6.6 1. @he following isobolograms show

antagonism (Figure 6.6), synergism (Figure 6. Qifierence and additivity (Figure 6.8).

Based on previous studies (Griffeh al, 1999; Kalemba and Kunicka, 2003) the combined
antimicrobial action of essential oils and theinstituents are prposed to take place through
two stages. Firstly, the transfer of the terpenamts a bioavailable form, followed by
penetration into the lipid bilayer of the cytoplasnmembrane in sufficient amounts to
instigate membrane disruption (Griffie, al, 1999). For Gram-negative bacteria, entry of the
terpenoids into the lipid bilayer depends on thetgutive cellular structures, molecular size

and hydrogen bonding parameters of these orgarflsalemba and Kunicka, 2003).

In contrast, for other organisms like fungi and @#positive bacteria antimicrobial potency
depends on logdk (the solubility factor). Thus, terpenoids requiregerties that will allow
them to enter and accumulate in bioavailable fotonsause membrane disruption (Griféh
al., 1999). Thus, terpene alcoholgafis-geraniol andE- and Z-(x)-nerolidol), ketones
((-)-methone) and oxides (1,8-cineole) possessfsential balance of properties to exhibit

promising antimicrobial activity.

For example, when (#)-pinene was combined with 1,8-cineole agaibsalbicans (Figure
B.2 in Appendix B and Table 6.5) andterpinene withE- and Z-(x)-nerolidol against
B. cereus (Figure 6.7 and Table 6.5), synergistic interadiovere observed. Likewise, when
geranyl acetate was combined with 1,8-cineole ag&nalbicans (Figure B.2 in Appendix B
and Table 6.5) an additive interaction was obserVWadile an indifferent interaction between
E- andZ-(z)-nerolidol and eugenol was observed agdinsbli (Figure 6.8 and Table 6.5).
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However, the combination of geranyl acetate v#hand Z-(x)-nerolidol againstE. coli
(Figure 6.8) showed an additive interaction. Ipassible that these two EOC’s might have
had simultaneous inhibitory effect at the same ot cell targets or acting on different
targets in the microbial cell membrane (Halcon,200

The other mechanism by which terpenoids destroyntlmeoorganism is by accumulating in
the microbial cytoplasmic membrane, resulting i@ ithibition of cell growth (Kalemba and
Kunicka, 2003). This is attributed to an increabddyer disorder and direct bilayer damage,
as well as K leakage as shown with coli (Griffin et al., 1999). Once the osmotic balance
of the microbial cell due to loss of small ionsdisturbed, the microbial cell energy stores
become depleted. Thus, the microbial structuragrity becomes compromised resulting in a
detrimental effect on the cytoplasm and nuclearenef eventually leading to cell death or
inhibition of cell growth (Halcon, 2002).

This study showed that if at any given dose the B®©Gnable to reach the targeted site in
sufficient amounts, it cannot exert a desired eftégamicrobial cell death. When combining
two EOC’s targeting the same site or differentssitthe chance of killing a microbe is
increased. This is due to the synergistic or addinteraction that occurs between them
(Figure 6.7 and Table 6.5). It is important to nbtevever, that the activity of two active
EOC’s can be compromised when they are combinedekample the combination of a
ketone, (-)-menthone and a monterpene,p(p)pene showed antagonism agaiSstureus
(Table 6.4 and Figure 6.5). (B}Pinene like other terpene hydrocarbons has beentes to
disrupt microbial membranes (Griffet al., 1999; Knobloctlet al., 1989). However, together
with (-)-menthone they are precluded from accesiimgmembrane in abundance to exhibit
antimicrobial activity, hence failure to eradicéte microbial cell.

6.4.6 Minimum inhibitory concentration assay: the atimicrobial activity of essential
oil constituents with the standard antimicrobial agents

Potential interactions of EOC’s with antibioticsaisother area where essential oils hold a
great promise. In an age of increasing microbisistance to drugs, there is a trend to look for
ways to minimise the development of resistancextstiag drugs instead of seeking new and
stronger antibiotics. The benefit is that due ®¢hemical complexity of the combination, the
chance of developing resistance is significantlguced. Harris (2002) reported that the
combination of chloramphenicol and essential ofsnf Korean aromatic plants, were

effective in a synergistic manner agairt aureus. The present study shows that the
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combination of eugenol with ciprofloxacin is alsifeetive againssS. aureus andE. coli in a
synergistic way (Table 6.6 and Figure 6.9). Sinylavhen another phenol namely, carvacrol
was combined with ciprofloxacin and amphotericinaBainstB. cereus (Figure B.6 in
Appendix A and Table 6.6) an@. albicans (Figure 6.10 and Table 6.6), respectively,

synergistic interactions were observed.

6.4.7 The correlation between the disc diffusion ah minimum inhibitory
concentration assay
There was no correlation found between the resiiitse disc diffusion and MIC assays. The
more contrasting observation was when for examphkns-geraniol was combined with
eugenol orE- and Z-(x)-nerolidol againstB. cereus, indifference and antagonism were
observed, respectively, in the disc diffusion agJaple 6.2); whilst in the MIC assay (Table
6.5) synergistic interactions were observed. Gdlyettgese differences in the results could be
accounted for by the different methodological ctinds used. Where the main contributing
factors have proposed to be: assay technique,rtdvetly medium, the microorganism and the
essential oil (Nakatswet al., 2000). However, under the experimental cond#icaand
environment of this study, the former three facttas be eliminated as the growth media was
the same in both assays, as was the source or foattiie microorganism and essential oil.
Lahlou (2004b) reported that laboratory conditiamsl the techniques used to evaluate the
pharmacological activities of essential oils shobkl standardized. The lipophilicity and
volatility of the EOC’s are a major concern whealeating these compounds, but these too
can influence the observed results. Solvents sachiwveeen™ can be used to solubilise and
facilitate incorporation of the EOC. However, uppoubation at 37°C a certain percentage of
the EOC is inevitably going to escape into the aphere and may contribute to any
observed discrepancies.

In conclusion, the antimicrobial results of thisdst show that EOC’s in combination have the
ability to potentiate each others mechanisms abacand can be an advantage when treating
microorganisms resistant to standard antimicrodggnts (Table 6.5). However, the dosage
and route of administration of the EOC togetherhvat standard drug still require further

research to support their credibility as a plagsibierapeutic combination to eradicate

resistant infectious microorganisms.

Essential oil constituents individually and in candiions clearly demonstrate promising

antimicrobial activity, but efforts to find a cotation between their structure, potency and the
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mechanism by which they affect the microbial ce#ls yet not been brought to a satisfactory
conclusion (van Zylet al., 2006). In the antimicrobial action of EOC’s, thgophilic
character of their hydrocarbon skeleton and therdpfilic character of their functional
groups are of main importance (Kaagal., 1992). The potency rank of the antimicrobial
activity of the essential oil components is asoleh: phenols > aldehydes > ketones >
alcohols > esters > hydrocarbons (Kalemba and kaniz003). However, the general trend
observed in the seven chemical group in this steidg follows phenols > alcohols > ketones
> aldehydes > esters > hydrocarbons > oxides. Hewmvethe antimicrobial activity of
essential oils is not only dependent on the EOQ@esgmnt, but on their percentage
composition, as well as the degree of resistandbeomicrobial strain (Burt, 2004; Kalemba
and Kunicka, 2003).
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CHAPTER SEVEN
CONCLUSIONS

e Essential oil constituents individually and in cdndtion showed promising
biological activities including antimalarial, amkidant, anticholinesterase and
antimicrobial activity. However, thim vitro data suggests that some oil constituents
may be toxic and thus may be dangerous to humdthhea

e Individually, linalyl acetate, (-)-pulegone, (#}pinene andE- and Z-(+)-nerolidol
were the most active EOC’s with potent antiplasrabdifects, whilep-cymene was
the least active EOC. Of the two structural isomér9-a-pinene had superior
antimalarial activity compared to (fjpinene. Some terpenes including
E- and Z-(%)-nerolidol, (R)-(+)-limonene and (z)-linaloolalve chemical structures
similar to some intermediates of the isoprenoid hpaty such as farnesyl
pyrophophate and geranylgeranyl pyrophosphate.difference in activity between
E- andZ-(x)-nerolidol and (R)-(+)-limonene is probably digethe difference in their
chemical structures, where the hydroxyl group andear structure of
E- and Z-(x)-nerolidol allows better interaction with tharget enzyme compared to
the six-member ring of (R)-(+)-limonene. Even thbuf)-linalool is similar in
structure toE- andZ-(zx)-nerolidol and contains a hydroxyl group, theger chain
length greatly reduces the antimalarial activity (@)-linalool. In combination,
p-cymene (the least active) ald and Z-(x)-nerolidol (the most active) displayed
significant synergistic interaction. The antimadractivity of this combination was
higher when compared to the interaction betw&erand Z-(x)-nerolidol and the
standard antimalarial, quinine.

e This study revealed that eugenol (a phenol), psesesomparable anti-oxidant
activity to vitamin C, while another phenol, cark@g lacked anti-oxidant activity.
Both carvacrol and eugenol have hydroxyl groupsweicer, the potent anti-oxidant
activity of eugenol is attributed to the alkyl stitbgion (the presence of a methyl
group) in the phenol nucleus.

e The degree of saturation and the position of the&C @ouble bond, affected the
inhibitory activity of acetylcholinesterase. The masaturated the EOC the better the
strength or potency as an anticholinesterase. kample, the activity of eugenol,
1,8-cineole, (x)atp-thujone,trans-geraniol, (+)e-pinene and geranyl acetate were

comparable to galanthamine. EOC's like (R)-(+)-lmaae, carvacrol, linalyl acetate
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and E- and Z-(x)-nerolidol showed equipotent activity, irrespee of the chemical
class each belongs to. The alcolidns-geraniol showed moderate anticholinesterase
activity.

From the results obtained in this study an infeeecen be drawn that some EOC'’s are
not ideal candidates to form an integral part @f tombination therapy, due to their
increased toxicity profiles. For examplg; andZ-(x)-nerolidol was the most active
antimalarial and also the most toxic. In combimati® and Z-(x)-nerolidol with
(-)-pulegone or quinine had high toxicity profiles.

The observed results indicated that for the twacstral isomers, (+p-pinene was
approximately two to twelve times more active th@)-a-pinene against both
Gram-positive and Gram-negative bacteria as wel.aalbicans. Overall, carvacrol
displayed the broadest spectrum of activity agaBrstim-negative and Gram-positive
bacteria andC. albicans. Among the phenolic alcohols testérhns-geraniol was the
most active against all four test micro-organistile (£)-linalool was half as active
as trans-geraniol against all the tested microorganismse Téduced antimicrobial
activity of (x)-linalool may be attributed to itsharter chain when compared to
trans-geraniol. When using disc diffusion assay, in coration, trans-geraniol and
eugenol displayed an antagonistic interaction afagdl test organisms except
B. cereus, where an indifferent interaction was observed.il®M#vhen using the MIC
assay a synergistic interaction was observed agdnscereus. Alcohols like
trans-geraniol possess bactericidal activity, while #kpn enhances the
antimicrobial activity of phenols. However, thedraction between these compounds
suggests that they may be competing for the sargettaite. In triple combinations,
EOC'’s failed to show antimicrobial activity agairaktest microorganisms. When the
most active EOC, carvacrol was combined with cipeafcin againsB. cereus and
amphotericin B again$. albicans, synergistic interactions were observed.

Most EOC’s had favourable antimalarial (eky. and Z-(x)-nerolidol), antimicrobial
(e.g. carvacrol) anti-oxidant (e.g. eugenol) andticAnlinesterase activities
(e.g. eugenol and 1,8-cineole). Furthermore, inlmoations some EOC’s potentiate
each others’ mechanisms of action which may caueito the management and
treatment of microorganisms resistant to standaweysd However, their toxicity
profiles reveal that they cannot be applied safelgless they are thoroughly
scientifically investigated.
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CHAPTER EIGHT
RECOMMENDATIONS

There are several 100’s of essential oil consttsignown today. However, this study
acutely focussed on only 20 EOC's, such that thanca still needs to be assayed in
similar studies.

Furthermore, regarding their antimalarial activionly two combinations were
performed between two EOC’s and one EOC with thadsrd antimalarial. It is here
were three or more combinations are required toienitme activities of the crude
essential oils. Moreover, extra combinations betw&®©OC’s and other different
standard antimalarial agents (chloroquine, artenmsi halofantrine, sulfadoxine,
pyremethamine and mefloquine) warrant further itigesion.

To mimic the anti-oxidant activities of the crudesential oils, various combinations
of EOC'’s are also required.

Moreover, a qualitative method should be used terdene the anticholinesterase
activity of the individual EOC's.

To determine a more complete toxicity profile of tBOC'’s, other cell lines need to be
considered (e.qg. liver and lung cells).

The promising antimicrobial results of these EO@lsne, in double combinations
with themselves or standard antimicrobials andleripombinations suggest that
further combination variations with other standamdtimicrobials demand further
investigation. More importantly, the spectrum ofcrobrganisms needs to be
expanded to further determine the bacteriostatictdyicidal and antifungal effects of
these EOC's.

It is clear from this project that the test methd@dse the potential to influence the
results and it is a prerequisite to use standaddiestablished and convenient test
method if excellent reproducible results are toob&ined. In addition, other factors
like the mechanism of actions of essential oil ¢titunsnts are very important and still
require thorough investigation. To safely use easseails alone or in combinations,
further research on their safety profiles is reggirThus,in vivo studies to address

issues like safe routes of administration are ingyar
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APPENDICES

APPENDIX A: The combined antimicrobial disc diffusion activity selected essential
oil constituents.

Table A.1: The interaction between two selected essentiatanktituents as determined
by the disc diffusion assay (Raw data of Table 6.2,2).

Essential oil constituent Zones of inhibition (mm)
S. aureus E. coli B. cereus C. albicans
(-)-Citronellal 0 0 12 15
Linalyl acetate 0.9 0 12 0
(-)-Citronellal + Linalyl acetate 0 0 12 0.9
(-)-Citronellal 0 0 12 15
Geranyl acetate 0.9 0 12 1.2
(-)-Citronellal + Geranyl acetate 1 0 12 2.9
(-)-Citronellal 0.9 0 12 1.5
()-Linalool 0.9 0.9 12 1.6
(-)-Citronellal + (z)-Linalool 0 0.9 12 3.2
(-)-Citronellal 0 0 12 15
trans-Geraniol 0.9 2.2 12 9.4
(-)-Citronellal + trans-Geraniol 0.9 0.9 12 12
(-)-Citronellal 0 0 12 1.5
Eugenol 3 3.4 10 11.1
(-)-Citronellal + Eugenol 15 2.1 8.1 3.6
(-)-Citronellal 0 0 12 1.5
(+)-a-Pinene 0 0.9 0 2.7
(-)-Citronellal + (+)-a-Pinene 0 0 0 2.2
(-)-Citronellal 0 0 12 1.5
E- andZ-(x)-Nerolidol 0.9 0 0 0
(-)-Citronellal + E- and Z-(x)-Nerolidol 1.2 0 8.4 0.9
(-)-Citronellal 0 0 12 1.5
(-)-Menthone 0 0 12 1.6
(-)-Citronellal + (-)-Menthone 0.9 0 4.5 15
(-)-Citronellal 0 0 12 1.5
(R)-(+)-Limonene 0 0 12 0
(-)-Citronellal + (R)-(+)-Limonene 0.9 0.9 12 3.2
Linalyl acetate 0.9 0 12 0
Geranyl acetate 0.9 0 12 1.2
Linalyl acetate + Geranyl acetate 0 0 12 1.5
Linalyl acetate 0.9 0 12 0
()-Linalool 0.9 0.9 12 1.6
Linalyl acetate + (+)-Linalool 0 0 12 1.9
Linalyl acetate 0.9 0 12 0
trans-Geraniol 0.9 2.2 12 9.4
Linalyl acetate +trans-Geraniol 0.9 0 12 2.2
Linalyl acetate 0.9 0 12 0
Eugenol 3 3.4 10 11.1
Linalyl acetate + Eugenol 4.3 3.3 57 4.1
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The interaction between two selected essentiatankstituents
as determined by the disc diffusion assay (Raw data

Table A.1 (continued):

Table 6.2).
Essential oil constituent Zones of inhibition (mm)
S. aureus E. coli B. cereus C. albicans
Linalyl acetate 0.9 0 12 0
(+)-o-Pinene 0 0.9 0 2.7
Linalyl acetate + (+)o-Pinene 0 0.9 0 21
Linalyl acetate 0.9 0 12 0
E- andZ-(x)-Nerolidol 0.9 0 0 0
Linalyl acetate +E- and Z-(z)-Nerolidol 0.9 0 0 0
Linalyl acetate 0.9 0 12 0
(-)-Menthone 0 0 12 1.6
Linalyl acetate + (-)-Menthone 0 0 0 0.9
Linalyl acetate 0.9 0 12 0
(R)-(+)-Limonene 0 0 12 0
Linalyl acetate + (R)-(+)-Limonene 0.9 2.5 6.6 3.9
()-Linalool 0.9 0.9 12 1.6
Geranyl acetate 0.9 0 12 1.2
Geranyl acetate + (x)-Linalool 0 0.9 12 2.5
Geranyl acetate 0.9 0 12 1.2
trans-Geraniol 0.9 2.2 12 9.4
Geranyl acetate +trans-Geraniol 0.9 0 12 3.1
Geranyl acetate 0.9 0 12 1.2
Eugenol 3 3.4 10 11.1
Geranyl acetate + Eugenol 1.5 2.6 12 3.4
Geranyl acetate 0.9 0 12 1.2
(+)-a-Pinene 0 0.9 0 2.7
Geranyl acetate + (+)a-Pinene 0 0.9 6.5 1.6
Geranyl acetate 0.9 0 12 1.2
E- andZ-(x)-Nerolidol 0.9 0 0 0
Geranyl acetate +E- and Z-(z)-Nerolidol 0.9 0 4.6 0
Geranyl acetate 0.9 0 12 1.2
(-)-Menthone 0 0 12 1.6
Geranyl acetate + (-)-Menthone 0 0 0 1.9
Geranyl acetate 0.9 0 12 1.2
(R)-(+)-Limonene 0 0 12 0
Geranyl acetate + (R)-(+)-Limonene 0 0 0 0.9
()-Linalool 0.9 0.9 12 1.6
trans-Geraniol 0.9 2.2 12 9.4
(¥)-Linalool + trans-Geraniol 25 0.9 0 4.7
()-Linalool 0.9 0.9 12 1.6
Eugenol 3 3.4 10 11.1
(¥)-Linalool + Eugenol 4.7 2.8 12 6.9
()-Linalool 0.9 0.9 12 1.6
(£)-a-Pinene 0 0.9 0 2.7
(¥)-Linalool + (+)-a-Pinene 0 0.9 12 2.1
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Table A.1 (continued): The interaction between two selected essentiatamktituents
as determined by the disc diffusion assay (Raw data

Table 6.2).
Essential oil constituent Zones of inhibition (mm)
S. aureus E. coli B. cereus C. albicans
()-Linalool 0.9 0.9 12 1.6
E- andZ-(x)-Nerolidol 0.9 0 0 0
(¥)-Linalool + E- and Z-(+)-Nerolidol 0.9 0.9 12 0.9
()-Linalool 0.9 0.9 12 1.6
(-)-Menthone 0 0 12 1.6
(¥)-Linalool + (-)-Menthone 0 0.9 12 0
()-Linalool 0.9 0.9 12 1.6
(R)-(+)-Limonene 0 0 12 0
(¥)-Linalool + (R)-(+)-Limonene 0.9 4.1 12 4.5
trans-Geraniol 0.9 2.2 12 9.4
Eugenol 3 3.4 10 11.1
trans-geraniol + Eugenol 3.2 2.6 12 4.6
trans-Geraniol 0.9 2.2 12 9.4
(+)-o-Pinene 0 0.9 0 2.7
trans-Geraniol + (+)-a-Pinene 2 0.9 12 3.4
trans-Geraniol 0.9 2.2 12 9.4
E- andZ-(x)-Nerolidol 0.9 0 0 0
trans-Geraniol + E- and Z-(+)-Nerolidol 0.9 0.9 0 2.6
trans-Geraniol 0.9 2.2 12 9.4
(-)-Menthone 0 0 12 1.6
trans-Geraniol + (-)-Menthone 0 0 6.6 4.6
trans-Geraniol 0.9 2.2 12 9.4
(R)-(+)-Limonene 0 0 12 0
trans-Geraniol + (R)-(+)-Limonene 2.4 0.9 12 3.1
Eugenol 3 3.4 10 11.1
(+)-a-Pinene 0 0.9 0 2.7
Eugenol + (+)e-Pinene 2.5 3 12 4.9
Eugenol 3 3.4 10 11.1
E- andZ-(x)-Nerolidol 0.9 0 0 0
Eugenol +E- and Z-(+)-Nerolidol 3.1 0 12 3.4
Eugenol 3 3.4 10 11.1
(-)-Menthone 0 0 12 1.6
Eugenol + (-)-Menthone 2.3 0 12 4.1
Eugenol 3 3.4 10 11.1
(R)-(+)-Limonene 0 0 12 0
Eugenol + (R)-(+)-Limonene 3.5 2.5 12 5.3
(+)-a-Pinene 0 0.9 0 2.7
E- andZ-(x)-Nerolidol 0.9 0 0 0
(+)-a-Pinene +E- and Z- ()-Nerolidol 0.9 0.9 12 0
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The interaction between two selected essentiatankstituents
as determined by the disc diffusion assay (Raw data

Table A.1 (continued):

Table 6.2).
Essential oil constituent Zones of inhibition (mm)
S. aureus E. coli B. cereus C. albicans
(+)-a-Pinene 0 0.9 0 2.7
(-)-Menthone 0 0 12 1.6
(+)-a-Pinene + (-)-Menthone 0 0 0 0
(+)-o-Pinene 0 0.9 0 2.7
(R)-(+)-Limonene 0 0 12 0
(+)-o-Pinene + (R)-(+)-Limonene 0 2.5 0 4
E- andZ-(x)-Nerolidol 0.9 0 0 0
(-)-Menthone 0 0 12 1.6
E- and Z-(x)-Nerolidol + (-)-Menthone 0.9 0 0 0
E- andZ-(x)-Nerolidol 0.9 0 0 0
(R)-(+)-Limonene 0 0 12 0
E- and Z-(x)-Nerolidol + (R)-(+)-Limonene 21 21 12 3.3
(-)-Menthone 0 0 12 1.6
(R)-(+)-Limonene 0 0 12 0
(-)-Menthone + (R)-(+)-Limonene 0 0.9 0 0.9
Controls
Neomycin 15 15 15 -
Nystatin - - - 16
Table A.2: The interaction among three selected essentiatambtituents as determined
by the disc diffusion assay (Raw data of Table 6.3,2).
Essential oil constituent Zones of inhibition (mm)
S. aureus E. coli B. cereus | C.albicans
(-)-Citronellal 0 0 12 1.5
trans-Geraniol 0.9 2.2 12 9.4
Geranyl acetate 0.9 0 12 1.2
(-)-Citronellal + trans-Geraniol + Geranyl acetate 0.9 0 0 1.8
Linalyl acetate 0.9 0 12 0
()-Linalool 0.9 0.9 12 1.6
(R)-(+)-Limonene 0 0 12 0
Linalyl acetate + (+)-Linalool + (R)-(+)-Limonene 0 0.9 0 0.9
(-)-Menthone 0 0 12 1.6
trans-Geraniol 0.9 2.2 12 9.4
(-)-Menthone 0 0 12 1.6
(R)-(+)-Limonene +trans-Geraniol + (-)-Menthone 0 0 0 2.9
Eugenol 3 3.4 10 11.1
E- andZ-(x)-Nerolidol 0.9 0 0 0
()-Linalool 0.9 0.9 12 1.6
Eugenol +E- and Z-(z)-Nerolidol + (+)-Linalool 2.4 1.8 3.3 3.4
Controls
Neomycin 15 15 15 -
Nystatin - - - 16
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APPENDIX B:

(+)-B-Pinene
(MIC combined EOC /

The combined antimicrobial minimum inhibitory conttion
activity of selected essential oil constituents stashdard
antimicrobials.
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Figure B.1: A synergistic interaction between carvacrol +pinene against
S aureus.
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Figure B.2:
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An additive interaction was observed between in8ale and geranyl
acetate @) compared to a synergistic interaction betweercih8ole

and (+)g-pinene (¥) againstC. albicans.
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Figure B.3: The synergistic and additive interactions weresoled between eugenol

andtrans-geraniol againsB. cereus (M) andE. coli (A), respectively.
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Figure B.4: y-Terpinene interacted in a synergistic manner Wwith (+)$-pinene @A)

and geranyl acetat&() againstS. aureus.
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Figure B.5: A synergistic interaction betwedrans-geraniol ande- andZ-(x)-nerolidol
againsB. cereus.
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Figure B.6: A synergistic interaction observed between cignadcin and carvacrol

againstB. cereus.
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