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ABSTRACT

ANEETA UPPAL. Investigating the molecular mechanisms of essential oils on
human health. (Under the direction of DR. CORY BROUWER)

The essential oil (EO) industry continues to grow as consumers search for more al-

ternative and complementary therapies. When possible, EO users often turn to EOs

for basic medical ailments instead of traditional medications/pharmaceuticals. With

the continually high growth of EO consumers, the scientific research to support their

many medical claims is inadequate. Due to the large gap in EO research, consumers

do not have enough rigorous scientific sources to make informed decisions in regards

to EOs. There is a crucial need for more EO related research. My dissertation work

will provide a new resources and information for users to educate themselves on EOs

from a scientifically driven stand point. It will also provide new data and insights on

the application and molecular mechanisms of Boswellia carterii (frankincense) EO

for targeting inflammation.



iv

DEDICATION

I would like to dedicate this dissertation to more than one. Each and everyone of

you played a large role in how I got myself here.

To God, my parents (Kashmir and Charanjit Uppal), my brothers (Pardeep and

Gurveer Uppal), my dogs (Sophee and Neo), and closest friends, I never would have

been able to complete this project without the constant encouragement and never-

ending support from all of you.

The teachers that always encouraged me from high school and beyond within the

field of science: Siobhan Julian, Matthew Brincka, Dawn Carter, Andre Hudson,

Robert Osgood and Ravinder Kaur.

To all my kids (and some in memory) at Levine’s children hospital that I have had

the blessing to teach for the past 4 years, you have provided me with the courage and

perseverance to never give up by displaying it through yourselves.



v

ACKNOWLEDGEMENTS

I would like to thank my PI, Cory Brouwer and my committee members: Jeremy

Jay, Wei Sha, Weijun Luo, and Matthew Parrow for providing the support, encour-

agement and insights to complete this dissertation research. I would like to extend a

big thank you to all of my colleagues within the boinformatics department for provid-

ing me the support and resources needed to complete this work: Robert Reid, Steven

Blanchard, Kevin Lambirth, Colby Ford, Elizabeth Cooper and Aaron Trautman.

Additional staff and faculty at UNC Charlotte: Ian Marriott, Lisa Russell-Pinson,

Elizabeth Malone and Shastra Solomon.

Additional appreciation to Alon Mantel, Tergus Pharmaceuticals and Jean-Philippe

Therrien for providing me the resources and mentoring to complete the wet-lab re-

search portion of this project. Richard Carlson at Young Living Essential Oils for

providing me with the EOs and other tools used through out this project. Jorge

Signes, Oksana Gordon and Heather Holycross at DHMRI. Essential oil University

database and Life-science publishing for the permission to use their data in the find-

ings of my work.

Finally, thank you to my PhD program advisor, Cynthia Gibas and the GAANN

fellowship, the bioinformatics department at UNC Charlotte and the UNC Charlotte

Graduate School for providing me with my stipends and tuition funding.



vi

TABLE OF CONTENTS

LIST OF TABLES xii

LIST OF FIGURES xv

LIST OF ABBREVIATIONS xix

CHAPTER 1: INTRODUCTION 1

1.1. History of essential oils 1

1.2. EOs in the industry today 2

1.3. Chemistry and production of EOs 2

1.4. Testing of EOs 5

1.5. Marketing and FDA regulations 6

1.6. Applications of EOs 7

1.7. The debate of the efficacy of EOs in regards to their health
claims

8

1.8. Risks associated with EOs 9

1.9. Current research 11

1.9.1. Clinical studies 12

1.9.2. Placebo controlled trials 12

1.9.3. Animal studies 13

1.9.4. Gene expression studies 13

1.9.5. Cell line studies 14

1.10.Challenges and limitations of current research studies 14

1.10.1. Variation of chemical profiles 14

1.10.2. Lack of oil-based controls or well-established standards 15



vii

1.10.3. Blends versus single oils 15

1.10.4. Limitations of cell line studies 16

1.10.5. EOs versus plant extracts 16

1.11.Using bioinformatics based approaches to further investigate
EOs

17

1.12.Main aims of this dissertation 18

CHAPTER 2: THE DESIGN AND IMPLEMENTATION OF THE EO
KNOWLEDGEBASE (EOKB) AND ITS UTILIZATION FOR AN-
ALYZING EOS

19

2.1. Introduction 19

2.1.1. Deriving a KB driven hypothesis 20

2.2. Methods 21

2.2.1. Data collection 22

2.2.2. Development and design of the EOKB 27

2.2.3. ETL mapping and programming 32

2.2.4. Structure query language (SQL) joins and analysis 32

2.3. Results 34

2.3.1. EOKB query 34

2.3.2. Stringdb results 37

2.4. Discussion 40

2.4.1. Challenges and limitations 41



viii

CHAPTER 3: STUDYING THE EFFECTS OF EOs ON LPS-
STIMULATED EX-VIVO HUMAN SKIN EXPLANTS

42

3.1. Introduction 42

3.1.1. Inflammation 42

3.1.2. EOs of interest for testing purposes 44

3.2. Methods 45

3.2.1. EO acquisition 45

3.2.2. Human skin preparation 46

3.2.3. Topical and systemic applications 47

3.2.4. Controls 48

3.2.5. LPS-stimulation 48

3.2.6. RNA isolation for RT-qPCR 49

3.2.7. RNA isolation for RNA-sequencing 49

3.2.8. cDNA library construction and RNA-sequencing 49

3.2.9. RNA-sequencing 50

3.3. Results 52

3.3.1. GC/MS results of EOs and FAME profile of FCO 52

3.3.2. Statistical analysis of RT-qPCR data 57

3.3.3. DESeq2 results 66

3.4. Discussion 67

3.4.1. Connecting results back to EOKB derived hypotheses 68

3.4.2. Limitations 69

3.4.3. Future studies 70



ix

CHAPTER 4: PREDICTING THE MOLECULAR MECHANISM OF
FRANKINCENSE EO

72

4.1. Introduction 72

4.1.1. Pathway analysis 73

4.1.2. Frankincense gene expression data in comparison with
NSAIDs and steroids

74

4.1.3. Predicting the mechanism of frankincense EO 74

4.2. Methods 74

4.2.1. Ingenuity pathways analysis 74

4.2.2. Generally applicable gene set enrichment (GAGE)
with Pathview

75

4.2.3. Gene set enrichment analysis (GSEA) 75

4.2.4. EO chemical analysis 75

4.2.5. Alternative splice (AS) site detection 76

4.2.6. Weighted gene co-expression network analysis
(WGCNA)

76

4.2.7. Analysis of anti-inflammatory pharmaceuticals in com-
parison to frankincense EO

77

4.2.8. Analysis of anti-inflammatory plant extracts in com-
parison to frankincense EO

78

4.3. Results 78

4.3.1. Ingenuity pathway analysis 78

4.3.2. Analysis of frankincense systemic results 79

4.3.3. Analysis of frankincense topical results 91

4.3.4. Analysis of FCO topical results 94



x

4.3.5. Analysis of the untreated results 97

4.3.6. WGCNA 100

4.3.7. Comparison of frankincense to traditional NSAIDs 103

4.3.8. Comparison of frankincense to five non-hematopoietic
treated with a methylprednisolone

105

4.3.9. Comparison to frankincense with colchicine 107

4.3.10. Principal component analysis (PCA) and hierarchical
clustering of frankincense EO species using chem-
ical profiles

107

4.3.11. Pathway analysis results in comparison to previously
generated RT-qPCR results

115

4.3.12. Pathway analysis results for frankincense systemic in
comparison to EOKB Predictions

115

4.4. Discussion 117

4.4.1. Pathway analysis 117

4.4.2. PCA and hierarchical clustering 118

4.4.3. Comparisons with pharmaceuticals and OTCs 119

4.4.4. Limitations 119

4.4.5. Conclusion 120

CHAPTER 5: CONTINUATION OF FRANKINCENSE EO ON LPS-
INDUCED EX-VIVO SKIN EXPLANTS

121

5.1. Introduction 121

5.2. Methods 123

5.2.1. Human skin acquisition and testing 123

5.2.2. EO acquisition 123



xi

5.2.3. Experimental design 124

5.2.4. Topical and systemic applications 124

5.2.5. RNA-isolation and RT-qPCR 125

5.2.6. Statistical analysis 125

5.2.7. Results 125

5.3. Discussion 131

CHAPTER 6: CONCLUSION 133

6.1. Improvements 133

6.2. Future studies 133

6.2.1. Enhancers/vehicles to aid in dermal absorption 133

6.2.2. Synergistic effects of EOs 134

6.2.3. How EOs can effect the microbiome 134

6.2.4. Accessibility of the EOKB 135

6.2.5. Further use of the EOKB 135

6.3. Applications of EO research in current health affairs 136

6.4. Significance in the real world 138

6.5. Social Media Reach 138

6.6. Timeline and reflection 140

REFERENCES 142

APPENDIX A: GITHUB 159



xii

LIST OF TABLES

TABLE 1.1: Cosmetics and personal care products lead the list of the
most common substances implicated in pediatric exposures[1]

10

TABLE 1.2: Pain medications lead the list of the most common substances
implicated in adult poison exposures (20 years or older) (NCPC,
2018)[1]

10

TABLE 2.1: Kegg pathway Stringdb results for frankincense 38

TABLE 2.2: Reactome pathway Stringdb results for frankincense 38

TABLE 2.3: Kegg pathway Stringdb results for myrrh 38

TABLE 2.4: Reactome pathway Stringdb results for myrrh 39

TABLE 2.5: Kegg pathway Stringdb results for blue spruce 39

TABLE 2.6: Reactome pathway Stringdb results for blue spruce 39

TABLE 3.1: LPS stimulation study design per donor 48

TABLE 3.2: Samples used for RNA-sequencing from D1 50

TABLE 3.3: GC/MS results of frankincense EO 53

TABLE 3.4: Physical test results of frankincense EO 54

TABLE 3.5: GC/MS results of myrrh EO 54

TABLE 3.6: Physical test results of myrrh EO 54

TABLE 3.7: GC/MS results of blue spruce EO 55

TABLE 3.8: Physical test results of blue spruce EO 55

TABLE 3.9: Fatty acid composition of FCO 56

TABLE 3.10: Composition of FCO by fat type 56

TABLE 3.11: RT-qPCR measurements 57



xiii

TABLE 3.12: Results from ANOVA using log transformed fold change
data. Applications with significant results are displayed on the axis
labels using asterisks based on their p-values as follows: * <0.05, **
<0.01, *** <0.001

58

TABLE 3.13: Dunnett’s method for D1 (COX2 and IL1β based on log
transformed fold change data). Applications with significant results
are displayed on the axis labels using asterisks based on their p-values
as follows: * <0.05, ** <0.01, *** <0.001

59

TABLE 3.14: Dunnett’s method for D1 (CXCL10 and IL8 based on log
transformed fold change data). Applications with significant results
are displayed on the axis labels using asterisks based on their p-values
as follows: * <0.05, ** <0.01, *** <0.001

60

TABLE 3.15: Dunnett’s Method for D2 (COX2 and IL1β based on log
transformed fold change data). Applications with significant results
are displayed on the axis labels using asterisks based on their p-values
as follows: * <0.05, ** <0.01, *** <0.001

60

TABLE 3.16: Dunnett’s Method for D2 (CXCL10 and IL8 based on log
transformed fold change data). Applications with significant results
are displayed on the axis labels using asterisks based on their p-values
as follows: * <0.05, ** <0.01, *** <0.001

61

TABLE 4.1: Number of DEGs per sample using DESeq2. Cut off set at
p-adjusted value <0.05 and Log2FC -1.5/+1.5

79

TABLE 4.2: Top Canonical Pathways of frankincense systemic 79

TABLE 4.3: Diseases and disorders of frankincense systemic 80

TABLE 4.4: Key genes associated with inflammatory-mediated response
by frankincense systemic

80

TABLE 4.5: Subset of predicted activation states for the listed diseases
above based on p-values, number of gene associations and z-scores.

82

TABLE 4.6: Subset of upstream analysis regulators and their predicted
activation states based on literature findings, pvalues, gene associa-
tions and z-scores.

83

TABLE 4.7: Pathview summary results for frankincense systemic 85



xiv

TABLE 4.8: Top canonical pathways of FCO topical 94

TABLE 4.9: Diseases and disorders of FCO topical 94

TABLE 4.10: Molecular and cellular functions of FCO topical 95

TABLE 4.11: Top canonical pathways of the untreated applications 97

TABLE 4.12: Diseases and disorders of untreated application 97

TABLE 4.13: Key genes with Log2FC from inflammatory response figure
produced by untreated

98

TABLE 4.14: Kegg pathway Stringdb results for frankincense EO (sys-
temic) based on the DEGs calculated from the RNA-seq data

116

TABLE 4.15: Reactome pathway Stringdb results for frankincense EO
(systemic) based on the DEGs calculated from the RNA-seq data

116

TABLE 5.1: GC/MS results of the new frankincense EO 124

TABLE 5.2: LPS and EOs continuation study design per donor 3 124

TABLE 5.3: Results from ANOVA (based on log transformed fold change
data). Markers where a significant change was observed according to
their F-values were indicated by: * <0.05, ** <0.01, *** <0.001

125

TABLE 5.4: Dunnett’s method for D3 (COX2 and IL1β based on log
transformed fold change data). Applications with significant results
are displayed on the axis labels using asterisks based on their p-values
as follows: * <0.05, ** <0.01, *** <0.001

126

TABLE 5.5: Dunnett’s Method for Donor 3 (CXCL10 and IL8 based
on log transformed fold change data). Applications with significant
results are displayed on the axis labels using asterisks based on their
p-values as follows: * <0.05, ** <0.01, *** <0.001

126

TABLE 6.1: Contains running totals of social media page statistics to
date (11-11-20)

140

TABLE 6.2: Demographics and age range of social media followers 140

TABLE 6.3: Timeline of dissertation research 141



xv

LIST OF FIGURES

FIGURE 1.1: Steam distillation process of producing EOs[2] 4

FIGURE 1.2: Number of EO-based scientific publications increases over
the last 20 years

11

FIGURE 2.1: Multi-query used for Gene_Chemical_Association table
and other related EO tables illustrated within the ER diagram

24

FIGURE 2.2: Entity-relationship diagram for EOKB part 1 28

FIGURE 2.3: Entity-relationship diagram for EOKB part 2 29

FIGURE 2.4: Legend for Crow’s foot notation 31

FIGURE 2.5: Utilizing the EOKB to connect chemical-gene associations
with gene and pathway information

33

FIGURE 2.6: Utilizing the EOKB to connect chemical-gene associations
with other EOs that share similar chemical components with frank-
incense EO

34

FIGURE 2.7: EOKB driven hypothesis for frankincense 35

FIGURE 2.8: EOKB driven hypothesis for myrrh 36

FIGURE 2.9: EOKB driven hypothesis for blue spruce 37

FIGURE 3.1: Pictured on the left: Franz cell diagram from PermeGear,
Ltd. Pictured on the Right: Franz cell used in the lab with EO mixed
into media for systemic experimental application.

47

FIGURE 3.2: RNA-sequencing pipeline 52

FIGURE 3.3: RT-qPCR results from COX2 and CXCL10 (D2). Each
graph displays the Log2FC values for each application according to
the labeled biomarker on the top left corner of each plot. Applications
with significant results are displayed on the axis labels using asterisks
based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

62



xvi

FIGURE 3.4: RT-qPCR results from IL1β and IL8 (D1). Each graph
displays the Log2FC values for each application according to the
labeled biomarker on the top left corner of each plot. Applications
with significant results are displayed on the axis labels using asterisks
based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

63

FIGURE 3.5: RT-qPCR results from COX2 and CXCL10 (D1). Each
graph displays the Log2FC values for each application according to
the labeled biomarker on the top left corner of each plot. Applications
with significant results are displayed on the axis labels using asterisks
based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

64

FIGURE 3.6: RT-qPCR results from IL1β and IL8 (D2). Each graph
displays the Log2FC values for each application according to the
labeled biomarker on the top left corner of each plot. Applications
with significant results are displayed on the axis labels using asterisks
based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

65

FIGURE 3.7: MA plot results of DEGs from DESeq2. The x-axis dis-
plays the log2 mean expression of the data while the y-axis displays
the Log2FC. DEGs were filtered before plotting for a Log2FC value
of -1.5/+1.5 with a p-adjusted value <0.05. DEGs up regulated dis-
played in red and DEGs down regulated displayed in blue. Genes
that were not statistically significant displayed in grey.

67

FIGURE 4.1: DEGs from frankincense systemic associated with
inflammatory-mediated response

84

FIGURE 4.2: Partial image generated by Kegg and Pathview for the
frankincense systemic application on the cytokine-cytokine receptor
interaction pathway(hsa04060) Log2FC scale displayed in bottom left
area of the figure

86

FIGURE 4.3: The graph on the left displays the distribution of the enrich-
ment score (ES) of the LPS controls versus the frankincense systemic.
The figure on the right shows the correlation between the ranked gene
sets based on the sample conditions.

88

FIGURE 4.4: Heat map of top 50 features for each condition showing the
correlation between the ranked genes and the treatment type, us-
ing two different gene signature databases (MSigDB/DSigDB). Gene
expression is represented by a range of colors (red, pink, light blue,
dark blue) shows the range of expression values (high, moderate, low,
lowest)

90



xvii

FIGURE 4.5: On the left: Heat map of top 50 features for each condition
showing the correlation between the ranked genes and the treatment
type between LPS controls and frankincense topical (MSigDB: C7).
Gene expression is represented by a range of colors (red, pink, light
blue, dark blue) shows the range of expression values (high, moderate,
low, lowest) On the right: ES scores based on the number of gene lists,
and correlation profile of the gene lists in comparison with treatment
applications

93

FIGURE 4.6: On the left: Heat map of top 50 features for each condition
showing the correlation between the ranked genes and the treatment
type between LPS controls and FCO topical (MSigDB: H). Gene
expression is represented by a range of colors (red, pink, light blue,
dark blue) shows the range of expression values (high, moderate, low,
lowest) On the right: ES scores based on the number of gene lists,
and correlation profile of the gene lists in comparison with treatment
applications

96

FIGURE 4.7: On the left: Heat map of top 50 features for each condi-
tion showing the correlation between the ranked genes and the treat-
ment type between LPS controls and untreated (MSigDB: H). Gene
expression is represented by a range of colors (red, pink, light blue,
dark blue) shows the range of expression values (high, moderate, low,
lowest) On the right: ES scores based on the number of gene lists,
and correlation profile of the gene lists in comparison with treatment
applications

99

FIGURE 4.8: Sample clustering by euclidean distances with WGCNA 100

FIGURE 4.9: The dendrogram displays the clustering of genes with dis-
similarity based on topological overlap, together with assigned mod-
ule colors

101

FIGURE 4.10: Graph displays all genes in common with frankincense
systemic from the NSAID treatments with a Log2FC ≤ -1.5

104

FIGURE 4.11: This graph displays expression data for genes that had a
Log2FC ≤ -1.5 between the 5 non-hematopoietic cell lines

106

FIGURE 4.12: This graph displays a PCA plot by looking at the weight
of the metabolites of the varying kinds of frankincense EO

109

FIGURE 4.13: This graph displays a PCA plot by adding in the variables
(chemical components)

110



xviii

FIGURE 4.14: This graph displays a PCA plot of different EOs within
the Sapindales order, which contained two families Burseraceae and
Rutaceae.

112

FIGURE 4.15: This graph displays two hierarchical clustering graphs.
Both are displaying the same data presented with different labels.

114

FIGURE 5.1: RT-qPCR results from COX2 and CXCL10 (D3). Each
graph displays the Log2FC values for each application according to
the labeled biomarker on the top left corner of each plot. Applications
with significant results are displayed on the axis labels using asterisks
based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

128

FIGURE 5.2: RT-qPCR results from IL1β and IL8 (D3). Each graph
displays the Log2FC values for each application according to the
labeled biomarker on the top left corner of each plot. Applications
with significant results are displayed on the axis labels using asterisks
based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

130

FIGURE 6.1: Genes in common between Coronavirus strains with frank-
incense EO, directly involved in cytokine-cytokine receptor pathway
(hsa:04060) In the venn-diagram SARS-CoV-1(Cov1), SARS-CoV-
2(cov2), and MERS-CoV(Mers)

137

FIGURE 6.2: Oilyscientist Instagram page providing EO education from
scientifically driven resources and peer-reviewed studies

139



xix

LIST OF ABBREVIATIONS

ANOVA Analysis of variance

Blue spruce Picea pungens

D1 Donor 1

D2 Donor 2

D3 Donor 3

DB Database

DE Differentially expressed

DEGs Differentially expressed genes

EOKB Essential Oil Knowledgebase

EOs Essential oils

EOUdb Essential Oil University Database

ER Entity relationship

ES Enrichment score

ETL Extract, transform and load

FA Fatty acids

FCO Fractionated coconut oil

FDA Food and Drug Administration

FDR False discovery rate

Frankincense Boswellia carterii



xx

GC Gas chromatography

GEO NCBI Gene Expression Omnibus

GSEA Gene Set Enrichment Analysis

IPA Ingenuity Pathway Analysis

KB Knowledgebase

Log2FC Log2 ratio fold change

LPS Lipopolysaccharide

MS Mass spectrometry

MSigDB Molecular Signature Database

Myrrh Commiphora myrrha

NCBI National Centre for Biotechnology Information

NLP Natural language processing

NSAIDs Non-steroidal anti-inflammatory drugs

OTC Over-the-counter

p-adj P-adjusted Value

p-val P-value

PCA Principal component Analysis

PK Primary key

RDMS Relational database management system

RNA-seq RNA-sequencing



xxi

RT-qPCR Quantitative reverse transcription polymerase chain reaction

WGCNA Weighted Gene Co-expression Network Analysis



CHAPTER 1: INTRODUCTION

1.1 History of essential oils

The use of essential oils (EOs) and other plant extracts can be traced back to

thousands of years ago.[3] An EO is defined as a concentrated liquid of a complex

mixture of volatile compounds that are extracted from different parts of a plant.[4]

EOs and plant extracts are mentioned in ancient texts such as the bible and Egyptian

hieroglyphics.[4] Mummification processes included the use of aromatic plant extracts

during the embalming of wealthy people and were poured all over the body.[5] They

were also used through out the middle ages and the renaissance, most commonly

in religious practices.[6] The first researchers to study plant compounds originated

from France in the 1800’s.[7] These chemists played important key roles in the isola-

tion and identification of different plant-based molecules that began to unravel our

understanding of plant chemistry (M. J. Dumas, M. Berthelot, O. Wallach, Hesse,

Gildemeister, Betram, Walbaum andWienhaus).[7] As time went on, more researchers

began to identify different plant molecules and improve the methods and our under-

standings of chemical extractions, isolation and identification of organic molecules.

In 1937, Gattefosse, a french chemist first coined the term "aromatherapy," and its

use for medicinal applications.[4] However, many of these medical claims were based

on anecdotal evidence and not clinical research studies. During this time the use of

EOs and their aromatic compounds were increasing in the perfume industry and for

cosmetic applications.[7] As the use of EOs began to increase, as well as their demand,

it opened the doors for a market of adulterated and synthetic EOs in the early to

mid 1900s.[7] EOs containing contaminants, synthetics and diluted with fatty acids

began to rise, and is still an issue today in the EO industry.[7]
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1.2 EOs in the industry today

The industry for EOs continues to grow at a fast rate. Market researchers have

predicted that the EO market will continue to increase with a growth rate of 9%

from 2016-2024.[8] In 2015, the market size for EOs was estimated to be valued

at about USD 3.36 billion.[8] Today, there are hundreds of varying EOs available for

purchase online and in retail businesses with many industry companies now producing

them. Industries for food/beverage, spas, cleaning and home products are utilizing

EOs and their chemical compounds within their products. Many companies are now

introducing EO infused products to the marketplace. Diffusers and EOs are appearing

all over stores and online markets worldwide. The Food and Drug Administration

(FDA) does not regulate the EO industry.[9] This leaves companies with the freedom

to create their own standards on how their EOs are produced and labeled. This

includes designing their own protocols for cultivating the crops, distilling the oils,

bottling and testing before the product enters the marketplace. Since EOs fall under

the category of "aromatherapy" they cannot be used to treat or prevent any illness

or disease, and cannot be advertised as such.[9] Many of these oils are being used for

basic medical ailments and as complementary therapies. The lack of standards and

regulations for EOs imposes risks for consumers when the quality and testing of EOs

can vary between different brands. The variance in the chemical profiles of EOs can

be caused by the geographical location of the cultivation, species/variety of the plant,

time of harvest and distillation practices. It is possible these varying properties could

pose a threat to consumers if they are misused or present misleading labels.

1.3 Chemistry and production of EOs

An EO is comprised of a complex mixture of volatile organic compounds that

have been produced from different parts of the plant.[10] The current industry stan-

dards of essential oils are set by the International Standards Organization (ISO) and



3

the French National Organization for standardization and its International Organi-

zation for Standardization member body (AFNOR).[7][3] They state EOs should be

produced by some type of water/steam distillation method, or mechanical process

(also known as dry distillation or cold-pressed methods) that do not cause signifi-

cant changes in the plant composition.[3][7] Although these standards are recognized

in the EO industry as global standards, no one enforces them across the industry.

The process of EO production utilizes three main methods: 1) Hydro or steam dis-

tillation method (most common), 2) cold-pressed extraction, and 3) dry-distillation

(rarely used).[10] Solvent extractions and supercritical carbon dioxide extractions are

widely used for producing oils, but it is argued that these methods of production

produce EO absolutes, which are not technically considered EOs, as termed by ISO

standards.[7] EOs produced in the methods mentioned above should not contain fatty

acids, explained into detail in section 1.10.2.

The traditional method of producing EOs is hydrodistillation, and is still employed

for many EOs. Steam distillation has become the general standard method for com-

mercially produced EOs.[11] Hydrodistillation immerses the entire plant into water

and brings it to boiling temperatures. Next the condenser collects the vapors of the

steam and oil molecules. The oil and water can now be easily separated.[12] Instead of

submerging the plant matter into boiling water, steam distillation injects steam into

the chamber containing plant material. There, the oil vapors are released within the

steam. The steam and oil vapors move into the condenser where the oil and aqueous

layer can be separated.[2] This process of steam distillation is outlined in figure 1.1

below.
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Figure 1.1: Steam distillation process of producing EOs[2]

Certain EOs require cold-pressed methods to release the oils from the rinds of the

fruit.[3] Using immense pressure, the rinds of fruits are pressed and the oils are re-

leased. The oil is then filtered and bottled.[3][7] EOs commonly produced in this

manner include citrus oils such as lemon and orange. As EO production has grown

in industry, new methods of plant extraction have been introduced. Mentioned pre-

viously as the third method. These methods include: supercritical fluid extraction,

subcritical fluid extraction, and solvent free microwave extraction method.[11] Em-

ploying different methods of EO production generates different yields and varying

chemical profiles. Technically, the oil distiller has the freedom to choose the appro-

priate method for the production of their EOs.

EOs are comprised of many different chemical compounds. They contain mixtures

of terpenic and sesquiterpenic hydrocarbons, alcohols, aldehydes, ketones, alkanes, es-

ters, carboxylic acids, phenols, ethers, and more.[7] Essential Oil University Database

(EOUdb) is a publicly available database that has recorded over 4,221 compounds

in 4,152 different EOs.[13] The underlying molecular mechanisms inside the body re-

main unknown for the majority of these chemicals due to the shortage of general EO
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research.

EO composition can vary based on the cultivar of the plant in which they are

produced from. Two different plants can phenotypically look similar, reside within

the same family, yet vary greatly in their chemical profiles.[3] For example, Rose-

mary EO a common herb can have many different cultivar/chemotypes including:

alpha-pinene, 1,8-cineole, camphor, verbenone, camphene, and myrcene.[14][10] These

varying chemotypes can cause large variations in the applications of the oil. Not

only can EOs vary in chemical profiles based on cultivars, but they can also dif-

fer greatly depending on: geographic location, climate (stress/drought), cultivation

methods (fertilization, pesticide use, irrigation methods), time and conditions of culti-

vation/harvesting, primary processing of the harvested plant, methods of distillation

and testing, as well as bottling, packaging and storing.[3][10][7]

1.4 Testing of EOs

Each company will differ in the production and testing standards of their EOs.

Physical characteristics of oils can be determined by measuring the refractive index,

specific gravity, melting point, flash point, and viscosity of the EO.[15] EO molecules

are small in size and can be hard to identify.[3] Analytical chemical testing meth-

ods can be implemented to determine the chemical composition of EOs. Some of

the more popular used tests include: Gas chromatography (GC), mass spectrometry

(MS), nuclear magnetic resonance (NMR), high performance liquid chromatography

(HPLC), HPLC combined with MS/NMR methods, inductively coupled plasma mass

spectrometry (ICP-MS), GC-fourier transform infrared spectroscopy (GC-FTIR) and

GC-isotope-ratio mass spectrometry (GC-IRMS) .[12][3][10][7] These testing proce-

dures can tell oil makers the chemical composition of their oil and detect the presence

of contaminants within the product. Furthermore, analytical chemists are the only

trained scientists to understand the results from these testing methods. Each individ-

ual oil is said to have a specified range of relative area percentage for each chemical
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component that is true to that native species of the plant.[12] There are also concen-

tration standards/limits for known toxic substances set by the FDA and the World

Health Organization (WHO), that are allowed in products labeled for consumption.[7]

The average consumer will not have the means to test their own samples that they

have purchased. Due to the limitations on chemical composition testing paired with

the lack of regulations and industry standards, customers are forced to place their

trust in the company they choose to buy EOs from

1.5 Marketing and FDA regulations

In marketing aspects, companies cannot suggest the use of EOs to diagnose, treat,

cure or prevent any illnesses or disease.[9] Products that make such claims have to be

approved by the FDA and undergo clinical trials. Most companies will not market

their EOs for such uses due to liability. However, there are thousands of websites,

blogs, phone applications, and reference guides that contain information on how to

use specific EOs to treat, cure and prevent specific diseases/illnesses and related

symptoms. Most reference guides have hundreds of user suggestions for EOs relieving

symptoms as minor as headaches and rashes to treating symptoms and diseases as

severe as cancer, Alzheimer’s disease, hepatitis, and many more. These suggestions

are not always given by accredited researchers and medical professionals, but there is

no way to effectively prevent and regulate the resources being circulated to the public

by those not trained in medicine or scientific research. There are a number of EO

books written by authors with no scientific or medical background suggesting how

users should utilize EOs in human health and disease applications without citing rep-

utable scientific data to support their claims. In a world where many people already

have preexisting medical conditions and take medications, this has the potential to

be harmful.
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1.6 Applications of EOs

Most EO users are utilizing EOs in 3 main areas of application: Topical, aromatic,

and ingestion. Topical applications of EOs has users apply the EO diluted with a

fatty-acid carrier oil to areas of attention/need. For example: those experiencing

sore joints due to inflammation may apply oils topically to their knee area in a 1:1

dilution with a fatty acid carrier oil. Some users apply oils neat, but many advise

against this as it can cause contact dermatitis and irritation due to the properties of

EO constituents.[3] Others will apply oils topically simply for the aromatic properties

they provide, similar to perfumes or body care products. Many are utilized in skin

issues such as acne/scarring or blemishes.

Aromatic applications involve the inhalation of EOs. Some users may apply the oil

in the palm of their hands and inhale it, or inhale the oil from the bottle. Others will

diffuse the oil. Although there are different styles of diffusers, the most commonly

used diffusers are ultrasonic water-based diffusers. The user adds EOs directly into the

water chamber of the diffuser. The ultrasonic vibrations from the diffuser cause the

EO molecules to disperse with the water vapors into the environment.[16][17] There

are many different types of diffusers sold by industry companies. The most common

uses for the diffusion of EOs are for pleasant aromas, relieving negative emotions or

feelings, as sleep aids, air purification and for relieving symptoms associated with

congestion.

The ingestion of EOs is an area of dispute between many different researchers,

medical professionals, and aromatherapists. Many advise against the ingestion of

EOs, however there are many users that do ingest EOs. The FDA has listed a

number of EOs and natural extractives as substances "generally recognized as safe"

(GRAS) in their Code of Federal Regulations.[18] Currently, it is at the discretion of

the user on whether they choose to ingest EOs. Not enough clinical research has been

conducted in the area of EO ingestion to know specifics about how EOs are digested
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and metabolized. There are no current studies in humans studying the effects of EO

consumption at different dosages, the rate of excretion/absorption of the EOs, or the

mechanisms of how these oils are fully metabolized within the body at the molecular

level. As the field of pharmacogenomics grows, there is a deeper need to understand

how genetic variations in individuals can play a key role in understanding how these

molecules are metabolized and processed within the body. Research continues to grow

in areas of the microbiome. With many EOs containing antimicrobial properties,

it is also unknown whether the ingestion of EOs can cause alterations of the gut

microbiota.[19][20] Some studies are just beginning to investigate the role of herbal

medicine on the gut microbiome, but there are very few, if any studying essential oils

and their effects on the microbiome.[21]

1.7 The debate of the efficacy of EOs in regards to their health claims

Are EO claims true? Can these oils heal various health conditions and diseases?

It is very possible they are doing something from the thousands of personal claims

and anecdotal evidence consumers are making regarding their own personal user ex-

periences. Many claim they have experienced little to no side effects when using EOs

over standard medications. Many researchers believe these claims raise concerns of

EOs causing a placebo effect. However, many chemicals extracted from plants have

already been re-purposed into products, pharmaceutical applications and many over-

the-counter (OTC) products that are widely used today. An example of this would

be methyl salicylate, an ester found in wintergreen plants and a major component

of its EO. Methyl salicylate is commonly used in topical applications for pain relief

associated with acute tissue injuries, sciatica and rheumatic conditions.[22] It is also

utilized in some countries as a local analgesic for human and veterinary medicine.[23]

One could also argue, consumers would not continue to purchase and use a product

if they did not receive favorable results from it. With over 4,000 recorded chemicals

in EOs, the list for their possible individual uses has yet to be determined.[13] In the
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last decade, there has been a large growth in consumer demands for all natural alter-

natives in place of traditional pharmaceuticals or synthetic products. Just because

an alternative method or complementary therapy is natural, does not mean it is still

safe. This has many scientists and researchers currently trying to bridge the gap for

the applications of EOs backed up by substantial scientific research.

1.8 Risks associated with EOs

Information regarding the effects of EOs in humans at the metabolic level remains

widely unknown. The risks associated with the use of EOs seems somewhat un-

known. According to the US National Capital Poison Center (NCPC), there is 1

poison exposure roughly every 15 seconds in the USA. As of 2018, the most com-

mon substances that are the cause of poison exposures in children are cosmetic

and personal care products followed by cleaning substances, analgesics, and foreign

bodies/miscellaneous items. Table 1.1 lists pediatric poison exposures according to

substance for children less than 6 years old. This age group makes up the major-

ity of poison exposures reported to the NCPC. EOs fall under the dietary supple-

ments/herbals/homeopathic category and make up on a small fraction of the total

exposures recorded in children. Most exposures in children are unintentional. Pain

medications are reported as the single most frequent cause of pediatric fatalities.[1]

Supplements/herbals/homeopathic substances are not on the list for the most fre-

quent cause of poisoning fatalities reported.

The most common substances for poison exposure in adults are recorded in table

1.2. Analgesics and controlled substances are highest on the list. It is important to

note most exposures in adults are often intentional. Dietary supplements, herbals,

homeopathic or vitamins do not make the list for adult exposures. In 2017, 84% of

exposures to the NCPC are typically non-toxic or minimally toxic. According to these

statistics, one could argue the risks for EOs and other herbal remedies are quite low,

and most likely minimally toxic or non-toxic. This is not meant to take away from
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Table 1.1: Cosmetics and personal care products lead the list of the most common
substances implicated in pediatric exposures[1]

Substance No. %
Cosmetics/personal care products 117,298 12.1

Cleaning substances 103,387 10.7
Analgesics 87,526 9.0

Foreign bodies/toys/misc. 66,519 6.9
Topical preparations 45,397 4.7

Antihistamines 44,734 4.6
Vitamins 41,581 4.3

Dietary supplements/herbals/homeopathic 39,984 4.1
Pesticides 35,015 3.6

Gastrointestinal preparations 25,293 2.6

previously emphasized statements for the need to further understand these oils. But

rather question whether they could be safer products for accidental exposure than

traditional standard household items such as cosmetics and cleaners. EOs may also

be less prone to substance abuse as seen with alcohol and prescription drugs which

make up the majority of the reports. It is important that we learn how EOs could

play a role in drug metabolism and interactions.

Table 1.2: Pain medications lead the list of the most common substances implicated
in adult poison exposures (20 years or older) (NCPC, 2018)[1]

Substance No. %
Analgesics 128,419 10.9

Sedatives/hypnotics/antipsychotics 109,739 9.3
Antidepressants 86,018 7.3

Cardiovascular drugs 76,647 6.5
Cleaning products 64,340 5.5

Alcohols 56,099 4.8
Anticonvulsants 49,730 4.2

Stimulants and street drugs 41,940 3.6
Pesticides 40,760 3.5

Antihistamines 39,921 3.4
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1.9 Current research

Upon searching the National Centre for Biotechnology Information (NCBI) there

are over 20,000 published articles in regards to EOs, volatile oils or aromatherapy

studies. Of these articles, around 1,500 are recorded as a review article. Research

in this area continues to grow every month.[24] This number gives the impression

that there is an ample amount of scientific literature available on EOs. However, it

is actually somewhat lacking when comparing it to the number of published studies

around different diseases and other topics in science. When searching for studies

based on a disease such as rheumatoid arthritis for example, there are over 133,000

publications. Upon searching for a specific substance, for example, steroids, returns

results of over 200,000 publications. When taking into account the high number of

different EOs available with their variations in chemical constituents, the amount of

scientifically driven data is inadequate. With the growing number of users utilizing

EOs, the crucial need for the research increases. Figure 1.2 shows the increasing

number of scientific publications involving EOs. NCBI PubMed reported that 261

EO-related articles were published in 2000. Currently, 2019 has the highest recorded

number of EO related articles of 1840.

Figure 1.2: Number of EO-based scientific publications increases over the last 20
years
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The majority of these scientific studies are done on some of the most common

plants and EOs, such as lavender (lavandula angustifolia), basil (Ocimum basilicum),

peppermint (Mentha piperita), etc. Search results for plants and oils such as cy-

press (Callitris intratopica), palo santo (Bursera graveolens) and elemi (Canarium

luzonicum), returns many fewer clinical studies investigating their therapeutic prop-

erties. Research studies can vary in complexity from basic assays on the biological

and chemical properties of oils to cancer studies in mice and even a small subset of

clinical studies in humans.

1.9.1 Clinical studies

There are some clinical studies on EOs that are focused more towards the aro-

matherapy application and some based on topical applications. Worldwide there is

roughly 248 EO clinical trial studies listed in the clinicaltrials.gov database.[25] Of

those total trials, around 81 of them have or are being conducted in the United States.

Unfortunately, the majority of these studies do not post the completed results of the

study, even though they have been marked as completed. Many are undergoing or

still recruiting. NCBI PubMed returns approximately 693 results related to clinical

human studies conducted on EOs. Many of those articles conclude the possible use,

potential and encouragement of further investigation for EOs as therapeutic treat-

ments.

1.9.2 Placebo controlled trials

Most clinical studies for EOs administer a placebo to a number of participants.

Placebo controlled trials are important, but finding a realistic placebo for EOs or EO

based products is extremely difficult. Taking into consideration the strong aromatic

properties of EOs, it is difficult to find a placebo of similar nature. If a study uses

coconut oil as a placebo versus the EO treatment, some variation could be seen in

the results due to the scent associated with the EO product versus the coconut oil. A
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patient receiving a treatment that has different odors associated with it, may think

they are receiving the testing treatment versus the placebo. This can be especially

challenging in placebo controlled aromatherapy trials. Finding a suitable placebo can

be difficult.

1.9.3 Animal studies

EO related studies carried out on animal models (excluding humans) account for

about 25% ( 5,600) of the results indexed in PubMed. The majority of EO studies have

used ex-vivo/in-vitro methods for testing. Animal models are mainly used to study

the therapeutic/supplemental use of EOs. There is an extensive number of studies

analyzing their efficacy as insecticides and anti-microbial agents. The more commonly

used animal models are mice (Mus musculus) and rats (Rattus norvegicus).[26] Studies

on livestock is limited to several hundred articles, but continues to slowly increase.[27]

EO research in relation to dog (Canis familiaris) and cat (Felis catus) models are

sparse, but gradually increasing as researchers investigate the possible supplementa-

tion of oils for digestive system support, the inhibition of bacterial growth, and lipid

oxidation.[28][29] Other studies have analyzed the insecticidal properties and cyto-

toxic effects of EOs, specifically on mosquito (culicidae) populations.[30] A literature

review concluded over 216 different EOs were deemed effective for their larvicidal

capabilities.[31]

1.9.4 Gene expression studies

As the field of bioinformatics continues to grow there is a continued shift in ex-

periments that are generating genomics related data. Gene expression measurement

studies generally use methods of microarrays, sequencing, quantitative reverse tran-

scription PCR (RT-qPCR), northern blots or other similar methods. The RNA is

isolated from treatment models and usually requires a step that provides some type

of target probe hybridization for microarray studies.[32] RNA-sequencing (RNA-seq)
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has been increasing in its use due to its high sensitivity, and varying capabilities to

not only look at gene expression but also single nucleotide polymorphisms (SNPs),

insertions, deletions and alternative splice sites.[33] Currently, there is a low number

of gene expression analysis studies on EOs involving either microarrays or RNA-seq

methods. Searching NCBI’s Gene Expression Omnibus (GEO) returned only a total

of 19 data sets for EOs, with only 5 of them from humans.[34] One of the more re-

cently published data sets is the first gene expression study that looked at the effects

of sandalwood EO on skin tissue at multiple time points (9 hours and 24).[35] Studies

testing multiple time points are more costly but provide insight on the efficacy of the

treatment over time.

1.9.5 Cell line studies

After reviewing experimental studies on cell line assays, the majority of studies are

carried out on 2D cell lines. Very few studies tested EOs on 3D cell/tissue models.

The majority of 2D cell line studies explore the potential therapeutic applications

of EOs. Some of these studies used EOs to observe the possible cytotoxic effects of

the oils on carcinoma cell lines.[36][37] The majority of EO based cell culture assays

test oils on different cancerous/diseased cell lines. Unfortunately, there are not many

studies testing the general effects of EOs on healthy cell lines.[38][39][40]

1.10 Challenges and limitations of current research studies

1.10.1 Variation of chemical profiles

EOs can vary greatly in their chemical compositions. Depending on the plant, culti-

var, geographical location and methods of cultivation/distillation. For these reasons it

is important that every EO study provides supplemental information on the chemical

composition of the EO that was used. Some studies will list only the main constituents

without the full chemical composition. The main components of most EOs include

their aromatic compounds. Aromatic compounds may not necessarily be the driving
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factor for the favorable effects observed from the EO. Trace amounts of bio-active

molecules within an EO, could cause significant differences in the treatment groups.

It is crucial that the entirety of all the molecules that were detected/characterized in

an EO are listed in the publications (main article or supplementary). This will aid

researchers in pinpointing certain effects to specific chemical molecules.

1.10.2 Lack of oil-based controls or well-established standards

As EO studies continue to develop, standards and controls need to be established.

This is difficult, as it is hard to determine ideal positive and negative controls. Many

studies are beginning to use a fatty acid based oils as controls due to their hydropho-

bic nature. EOs do not contain fatty acids (FA). FA molecules are lost during the

distillation process due to their relatively large molecular size.[41] The FA oils serve

as a control by providing another oil-based substance. Using FA oils is helpful in any

experiments involving cell/tissue culture assays that involve media. If too much EO

is added to the media, it can create a film along the surface of the solution, reducing

the amount of oxygen available to the cells. Some EOs can even form small precipi-

tates when added to solutions.[42] It is unclear whether FA oils would be the "best

ideal" experimental control, considering they differ in composition to EOs. Coconut

oil, grapeseed oil, olive oil, vegetable oil and almond oil are all commonly used to

dilute EOs for topical applications.

1.10.3 Blends versus single oils

Among the studies published, many investigated the effects of a specific blend of

EOs. Although, this information may be useful, it makes it even more difficult to

pinpoint which oils and compounds were causing the results concluded by the study.

Researchers may use more than one oil in hopes of receiving better results by using

a blend. This does not aid researchers in understanding the chemical properties of

each individual oil. Adding multiple oils only increases the variability within the
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study. Researchers should focus on single oils until each one is well investigated and

understood. This continues to cause issues in gene expression studies. When a gene

is effected by a blends of oils rather than single oils, it becomes difficult to predict

which oil or molecules are causing the change.

1.10.4 Limitations of cell line studies

Many experiments utilize cell lines in their study designs. These studies play a

vital role, serving as a baseline for the preliminary research of EOs. The results from

cell line studies are not translational to human applications. When EOs are added

to cell culture media, it creates a heavy systemic effect on the cells. EOs are volatile

extracts, and generally hydrophobic in nature.[3]Their hydrophobic properties and

varying viscosities can limit how well an oil can disperse evenly through the media.

With so many people already using EOs in many areas of application, it is necessary

for researchers to move EO studies to more clinically applied and translational models.

1.10.5 EOs versus plant extracts

EOs vary from plant extracts. Many studies have been conducted on the extracts

of the Boswellia sp. (frankincense) plant. When an EO is steam or hydro distilled,

large molecules of the plant matter are lost due to their heavy molecular weight.[43]

Therefore, frankincense EO has variations in its chemical profile compared to frank-

incense extracts. Boswellic acids from frankincense extracts have been investigated

in previous studies. These acids are said to have bio-active properties that can aid in

cancer treatment and inflammation.[44][45] These acids are large and are not typically

or easily captured in commercial standard distillation methods. There are a limited

number of articles where boswellic acids were captured in the EO product.[46][47] If

the acids are present in the EO, they are found in very trace amounts, as compared

to the extracts and require specific distillation methods that are not set standards in

the EO industry.[46][47] The findings from frankincense extracts and boswellic acid
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studies are not directly translational for the findings of traditional frankincense EO.

1.11 Using bioinformatics based approaches to further investigate EOs

Using a bioinformatics skill set, our goal is to continue expanding our knowledge

on the molecular mechanisms of EOs. Using computational based approaches such as

text-mining, we built an EO knowledgebase (EOKB) that integrates data surround-

ing EOs from various data sources. The number of scientific resources available for

EOs is low compared to the number of people that are actively using oils. Some of

these resources make suggestions on the uses of EOs with no clinical data or scien-

tific evidence. The purpose of the EOKB is to integrate different platforms of EO

information from credible sources to better educate the consumer from a scientific

perspective. It can also be utilized by researchers and medical professionals to learn

more about the general research surrounding EOs. The EOKB can be used to find

more information on the chemicals of EOs and their effects based on scientific research

published in NCBI PubMed.[24] We hypothesize that we can utilize the EOKB to

make a knowledgebase (KB) driven hypothesis, that we can then take to the lab to

verify its predictive measures based off of the resources available in the EOKB. We

hope to learn more about the molecular mechanisms of EOs and bring more scien-

tifically driven data into the EO world, so users can make more scientifically sound

decisions when using and educating others on EOs. Using the EOKB and informa-

tion derived from different sources, we have chosen three main EOs to study. Some

studies have investigated the basic anti-inflammatory potential of frankincense EO.

There are fewer studies on myrrh (Commiphora myrrha) EO, and even less on the

EO of blue spruce(Picea pungens). Although frankincense EO is one of the mostly

widely known and used EO due to its ancient history, there is only a low number

of clinical studies conducted on it. There is a large need to increase gene expression

studies on EOs. Despite the high costs, RNA-seq will provide some insights on the

capabilities of frankincense EO at the transcriptomic level.
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1.12 Main aims of this dissertation

This dissertation has been broken down into four main chapters of research. Chap-

ter 2 introduces the structure, design and implementation of the EOKB. Chapter 3

focuses on the testing of EOs on lipopolysaccharide (LPS)-induced ex-vivo human

skin explants. Three different EOs were applied to human skin explants before induc-

ing inflammation. The RNA was extracted and used for RT-qPCR to measure the

effects of the EOs on pro-inflammatory markers. Later, the RNA from 30 samples

were sequenced using Illumina HiSeq2500. Chapter 4 applies computational methods

to compare the gene expression networks and associated pathways targeted by the

frankincense EO treatment. The frankincense expression data will be used to compare

its capabilities to other plant extracts, steroids and non-steroidal anti-inflammatory

drugs (NSAIDs) investigated in previously published studies for inflammation. Chap-

ter 5 is a continuation on the experimental studies described in chapter 3, with ad-

justments to the overall study design, with the purpose of improved targeted topical

applications on the skin biopsy models.



CHAPTER 2: THE DESIGN AND IMPLEMENTATION OF THE EO

KNOWLEDGEBASE (EOKB) AND ITS UTILIZATION FOR ANALYZING EOS

2.1 Introduction

The use of text-mining and KB development have grown in the biological sciences

due to their ability to integrate data from various sources. A KB differs from a

traditional database (DB) in several ways. A DB is defined as a repository used to

store, organize, and easily retrieve core data that belongs to a particular core system.

DBs focus on quality assurance and control rather than data interpretation.[48] For

example: A DB may contain a genome of an organism, and its sequences, but no

further interpretation of the data. Online there are many interpretations of what a

KB is comprised of. For biological purposes, in the NIH’s strategic plan for data

science, a KB is described as a type of DB that links growing bodies of information

and require a significantly larger amount of human curation than standard DBs.[49] A

KB contains a multitude of different data types. It allows information from different

areas to be easily retrievable in one space for the user. As opposed to a traditional

DB described above, a KB would include an organism’s relative gene expression data,

pathway networks, splicing variants, and text-mined data, in addition to its genome

and sequences. It would also provide the means to create links and connections

between data sources. A KB is often designed from scientific literature, but is curated

for human use and interpretation.[49] This has become a fundamental method to

collectively store various types of related scientific data in order to find new trends

or patterns in the data. The application of a KB can lead to new discoveries or

hypothesis generation for scientists. Researchers have created KB specific databases

for different areas of research. Some of the most popular ones include: PharmGKB,
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UniprotKB, and the Reactome Pathway KB.[50][51][52]

A free and publicly available, centralized KB for EOs does not currently exist.

There is a need to provide a more in-depth KB for EOs. The only two scientific

EO-based DBs that exist are the Essential Oil University Database (EOUdb) and

the ESSential OIL DataBase (EssOilDB).[13][53] These two DBs contain only EOs

by their varying names, their chemical composition and what study it was published

in. Both are limited with the amount of information they contain pertaining to

EOs. In 2018, a new database was published for EO related plants and research

known as AromaDB.[54] However, all reported links to the database are unreachable.

Three years ago, we began creating the essential oil knowledgebase (EOKB). It serves

as an accessible and integrated KB source for researchers to learn and derive more

information in regards to EOs. The EOKB can be utilized by anyone with the desire to

increase their knowledge about EOs from a scientifically driven stand-point. One of its

main benefits is its use to derive KB-driven hypotheses. It can also be applied to find

validating/supporting evidence for the possible uses of different EOs with the ability

to provide scientifically-driven data. This can provide new insights for unknown oils

based on their chemical profiles. Information from numerous data sources have been

integrated to develop new hypotheses for the EOs used in this dissertation. The

data in the EOKB was updated in August 2020. This included text-mined data

from NCBI PubMed, different EOs and their chemical profiles from EOUdb, gene

and pathway information, proposed medical applications of EOs, and any available

microarray/RNA-seq data of available single EO studies.[24][13][55][56][10][34] The

EOKB served as a central location to store and organize all of the data generated

and collected through out this dissertation.

2.1.1 Deriving a KB driven hypothesis

Using the EOKB we were able to predict whether the oils we tested in the lab

would have an effect on inflammation based on the information already available on
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each EO and its chemical compounds. Many EOs share similar chemical components.

Existing data on an EO can be leveraged to make a prediction on the effects of an

unknown EO. We used the EOKB in order to derive information already available

on Frankincense EO, Myrrh EO and Blue Spruce EO. Tables 3.3-3.8 in Chapter 3,

section 3.3, contain the GC/MS results of all three EOs used in the experimental assay

in Chapter 3. Using the EOKB, the chemical compounds present in these oils can be

queried to see if any previously published studies have examined these compounds.

For example, one of the main chemical components of frankincense EO is alpha-

pinene. Based on existing data, one study found alpha-pinene in Roman Chamomile

increased gene expression of COX6C after inhalation of the oil.[57] Another study

examined mice with cerulein-induced acute pancreatitis that were pretreated with

alpha-pinene before being induced with cerulein, displayed decreased expression of

pancreatic tumor necrosis factor (TNF), interleukin-1-beta (IL1β) and interleukin 6

(IL6).[58] All of these study findings could be translational for the application of

frankincense EO, due to its high content of alpha-pinene. This information can aid

in the future hypotheses for EOs that may share similar mechanisms of action based

on their chemical constituents.

2.2 Methods

Data for the EOKB was collected from publicly available databases containing any

and all relevant scientific information in regards to EOs. An exception to this was the

proposed medical applications of EOs. These were provided from a reference book,

and consent from the publishing company was given for the information to be used

in the EOKB.[10]
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2.2.1 Data collection

2.2.1.1 Linguamatics for text-mining

Linguamatics, i2E is a text-mining software that provided the tools to text-mine

data from published research using natural language processing (NLP).[59] The soft-

ware takes libraries of information provided to it and indexes it into the software.

The user has the freedom to build very complex and nested search queries using built

in ontologies to extract information out of the source that was provided to it. Lin-

guamatics was leveraged to text-mine through abstracts indexed on NCBI PubMed

for EO based literature for the EOKB. When designing queries, it seemed best to

implement each item as its own query. As there are multiple ways to describe EOs,

the EO query was designed to look for: essential oil(s), volatile oil(s), aromather-

apy, ethereal oil(s), and aethrerolea. The chemical query was designed to find any

chemicals related to EOs. The chemical query was given the extracted list of over

4000 EO based chemicals from the EOUdb.[13]. This allows for this query to find

any articles related to these chemicals that may have been conducted, even if they

did not mention an EO specifically. A gene text-mining query was built onto a pre-

viously existing multi-query package designed by Linguamatics within their example

query package. Their original query in figure 2.1 was from the subtraction function

underneath the gene join, and everything underneath it. This query was previously

optimized by Linguamatics to aid in the extraction of Entrez human genes from the

material given to it. Their query had many built in layers to reduce the amount of

noise while looking for genes. Within this built-in query they nested other queries

to reduce errors. As seen in the figure 2.1, these queries searched and filtered for

genes that may have contained a Greek letter in the gene symbol, genes that had

multiple synonyms, and genes that were listed with other genes. Even with all of

these layers/filters for noise reduction, queries were further altered and leveraged into

the multi-query searches. Specific words were negated from literature that often got
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picked up by the software as a gene in order to increase accuracy of the queries. These

queries were all combined in numerous combinations to search the text for different

purposes.

The EO query, gene query, and chemical query were combined in a Gene_Chem_

Association multi-query to search the text for all gene-chemical associations found in

EO-related studies. The multi-query was given key words to look for, that may help

to indicate the type of relationship present between the genes and the chemicals. This

included variations of gene expression related key words: Induce, increase/decrease

gene expression, regulate, reduce, express, increase/decrease activity, etc. Experi-

mental keywords and their variations it included were: RNA-seq, PCR, microarrays,

etc. With the chemical list, key words to aid in extrapolating relationships, and

built in queries created by Linguamatics, the Gene_Chemical_ Association table in

table 1, figure 2.2, in the Entity-relationship diagram explained in section 2.2.2 was

populated. Linguamatics was also used to build the Plant_Chemicals table and the

plant_species tables in the ER-diagram (figure 2.2) All of the resulting data sets

extrapolated from Linguamatics were built into PostgreSQL, a relational database

management system (RDMS).[60]
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Figure 2.1: Multi-query used for Gene_Chemical_Association table and other related
EO tables illustrated within the ER diagram

2.2.1.2 Comparative Toxicogenomics Database

The Comparative Toxicogenomics Database (CTD) is a publicly available database

that manually curates its own gene-chemical associations related to human health

applications, designed by NC State University.[61] CTD manually curates their own

gene-chemical associations from published literature based on their designed hierar-

chical interaction-type vocabulary list that aims to pull out key words in relation to

gene and chemicals.[62] The purpose of CTD is to study the affects of environmental

exposures on human health.[62] As these results can differ from what Linguamatics

was able to curate, the associations generated from CTD were added to the EOKB

to provide a wider variety of possible associations. The same list of EO compounds

from the EOUdb was used as the input chemical list for generating the chemical-gene

associations from the CTD.[13]
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2.2.1.3 Microarray and RNA-sequencing data

Any published microarray or gene expression data set available in NCBI GEO, was

added to the EOKB if the study was completed on a single oil and demonstrated

on human samples. Any studies using a EO blend was excluded from the EOKB

due to the variability within blends. The Log2 fold changes(Log2FC) of the different

studies were calculated and added to the EOKB using GEO2R.[34] Access to avail-

able gene expression data, allows for the user to connect gene associations from one

EO experiment to other gene-chemical associations from other studies to form better

predictive methods on the possible mechanisms of certain EOs based on its chemical

components and associated data. Three gene expression data sets included in the

EOKB thus far were Sandalwood EO treated on 3D skin explants, rosemary super-

critical extract tested on colon cancer cells, and frankincense/sandalwood treated on

bladder cancer cells.[35][63][64] To minimize complexity of the ER diagram only one

general table is displayed for gene expression data sets. These gene expression studies

have varying testing conditions in place for their studies. Some are carried out on

cancerous cell lines with no controls of using healthy cells. When utilizing them for

analysis, it is the users responsibility to keep the experimental conditions in mind.

2.2.1.4 Gene and pathway information

Gene information was downloaded from NCBI gene.[56] The entire gene set of

recorded genes in humans on NCBI was downloaded and parsed into the gene-info

table 7, figure 2.3. This table contains gene IDs, gene symbols, aliases, description,

chromosome number/position and species information, and more. This table can be

joined with the Chem_Gene_Association table to find more information on specific

genes that may be of interest related to a specific chemical. A three way table can

be created connected genes of interest to gene information and pathway information.
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2.2.1.5 Pathway information

Pathway information was extracted from David.[65][66] David is a bioinformatics

tool that takes an input gene list and has the option to connect it to GO terms,

associated pathways from Kegg, functional annotations, and OMIM diseases.[67] [68]

The Pathway_information table, table 8, figure 2.3 was curated by David using the

Entrez humans gene ID list from NCBI. David then curated all of the pathway in-

formation related to the genes given in the query. The results were downloaded and

parsed. The results were added to the pathway-information table. This table includes

gene ID, gene name, organism, associated pathway and any possible related OMIM

diseases.

2.2.1.6 Proposed medical applications

Most EO users rely on published reference materials for medical applications. One

of the most popular reference materials is Life Science Publishing’s Essential Oil

Desk Reference.[10] Proposed medical applications from this book were extracted

and added to the EOKB to utilize these applications in conjunction with the available

published research for EOs. These applications were added to their own table 10 in

the EOKB containing the oil name, the plant family, genus and species, proposed

medical properties and their proposed medical uses, seen in figure 2.2.

2.2.1.7 Essential Oil University Database

The Essential Oil University Database (EOUdb) was designed by Dr. Robert Pap-

pas and contains 4,221 chemical compounds recorded in 4,152 different EOs.[13] This

database lists the full chemical compositions of different recorded oils and where they

were published. With permission, we extracted the chemical compounds and their

respective oils from this database using web scraping techniques in python. This data

was loaded into the EOKB. The list of chemical compounds recorded in EO studies

were utilized to leverage more Linguamatics queries to find all possible EO based
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compounds mentioned in any Medline literature. This allows the user to look for a

specific compound, see what different oils this compound is found in, and then look

back through the Linguamatics curated data to see the published studies where this

chemical has been investigated.

2.2.1.8 DrugBank

DrugBank is a database containing detailed worldwide information on drug data

and drug targeting. The company and developers for this database are based in

Canada. This database provides information on only a handful of EOs. It also

has a few entries of EO constituents that are found in OTC medications as well

as approved pharmaceuticals.[22] DrugBank has a freely available XML dump of its

database contents that can be re-purposed for research applications. The full list of

drugs and their respective gene targets were parsed from the XML and added into the

EOKB to make comparisons of predicted gene targets for EO chemical compounds.

2.2.2 Development and design of the EOKB

2.2.2.1 Entity-relationship schema

Shown below in figures 2.2 and 2.3 is the entity-relationship (ER) diagram of the

EOKB in Crow’s foot notation generated by Lucid Chart.[69] The ER diagram was

split in half into two figures to fit on this document. The rectangles indicate the

different tables (entities) contained within the database, and the rows in each table

indicate the columns of that specific table known as the table’s attributes. The

columns on the right of each table indicates the data type and constraints for each

specific attribute. For simplicity, the schema only displays one entity of microarray

data, and one entity of the RNA-seq data generated from the experiments in chapters

3 and 4. Tables within the ER-diagram have been numbered for simplicity when

discussing relevant information specific to each entity.
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Figure 2.2: Entity-relationship diagram for EOKB part 1
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Figure 2.3: Entity-relationship diagram for EOKB part 2

On the left column of each entity displays the appropriate keys for the table. Keys

are used in relational-database management systems (RDMS) in order to identify a

specific row of data in the table. Tables can have multiple keys depending on what

attributes they contain. A primary key (PK) is a type of candidate key (CK) that

defines itself as the main key for the table. A PK must uniquely identify each record

in its corresponding table and cannot contain null value. A candidate key (CK) is the

minimum number of combined fields that can uniquely identify each record within

the table, But each key is an independent standalone primary key (PK). A CK is a

type of PK when combined with another or multiple PKs. Choosing only 1 PK for

each entity was nearly impossible. Due to the complexity of the data, many records

were not unique within each column alone. For example, table 1 in figure 2.2 displays

the Chem_Gene_Association table. This table was created from the information

curated by text-mining. Within this table, chemical name, gene symbol, reference

ID, are all attributes of the entity. However, none of these attributes are unique when
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they stand alone. The text-mining query will find the same chemical compounds and

gene symbols within different studies. However, when you combine the gene name,

chemical name and reference ID records, all three of them combined can create a

primary key known as a composite key (CompK). A CompK is a key that is created

based on the minimum number of fields that can be combined in order to uniquely

identify each record in the table.[48] These attributes combined create a key that can

uniquely identify each record in the table, but cannot be their own key independently.

Due to the repetitive nature of the biological data in the EOKB, many tables used

CompK (multiple combined attributes) as their PK. When a primary key of one table

is listed in another table but not unique to its according entity, it becomes a foreign

key (FK). An example of this would be in figure 2.3 table 7: Gene_Info, its PK

is gene symbol. As this attribute is unique to each record in this entity. But when

connecting table 7 to table 1, entrez gene symbol within table 1 now becomes a FK to

table 7, as it is not uniquely identified in each record in table 1. Keys are important

in RDMS as they exhibit the integrity within the design of the database. This often

gets difficult in biologically driven databases, such as this one. It is not ideal for an

entity to need multiple combined attributes to create PKs/CompKs, however, in the

text-mining results it is necessary as the data can become very repetitive, even within

each article it pulled the information from.

Relationships describe the associations between the different entities using the var-

ious arrows seen in the ER diagram. These arrows, known as Crow’s foot notation,

describe the type of association or connectivity between two entities. Figure 2.4

explains the different type of relationships that are seen on the ER diagram.
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Figure 2.4: Legend for Crow’s foot notation

In the ER diagram one can see numerous "M:M" relationships, due to the entities

sharing many similar attributes such as chemicals and genes. In figure 2.3 table 7:

Gene_Info we can see a M:M relationship with table 8: pathway info. As attributes

of the Gene_Info table may have multiple associated relationships to the pathway

table because many genes are involved in numerous metabolic pathway and not just

1. For example: Gene A from Gene_Info table 7, can connect to many different

metabolic pathways in the Kegg pathway table. Gene B from the Gene_Info table 7,

can also connect to the same and different metabolic pathways in table 8, including

the same ones as Gene A connected to. In some instances there may be a 0 or 1:1

relationship. Meaning one attribute may connect to another tables attributes 1 time,
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or 0 times.

2.2.3 ETL mapping and programming

Each set of data had to be parsed and organized according to its purpose and use

for querying in the EOKB. Programming in both Python and bash were utilized for

the extraction, transformation, and loading (ETL) of the large quantities of data that

were collected and added into the EOKB. The data was loaded accordingly into a

RDMS in PostgreSQL according to the database design shown in figures 2.2 and 2.3.

2.2.4 Structure query language (SQL) joins and analysis

Using SQL coding, table joins were formed to create linkages between genes, their

relative information and associated pathways. Instead of the user having to manually

go between databases to find more supporting evidence for a gene and its related

EO research, the information has already been integrated and is available within

the EOKB. Figure 2.5 demonstrates how the EOKB can be useful in finding more

supporting evidence.
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Figure 2.5: Utilizing the EOKB to connect chemical-gene associations with gene and
pathway information

In regards to figure 2.5, table 1.1 contains the gene-chemical associations related

to the compounds found in frankincense. Each statement in the body of the table

describes a column of data found in that table. The columns used for the table joins

are bold. Table 1.1, table 7 and table 8 can all be joined to form a new table 1.2

that now contains combined information from the 3 tables specific to frankincense.

Table 1.2 now contains the gene-chemical associations of frankincense and additional

information on each gene (chromosome, location, name, aliases) joined from table

7. Table 1.2 also contains pathway and OMIM disease associations relative to those

genes from table 8. Shown in figure 2.4, table 1.1 can also be used to find out what

other oils may share similar chemical compounds with Frankincense EO. Tables 4

and 5 in figure 2.4 can be used in conjunction with table 1.1 to produce table 1.3.

Tables 4 and 5 can be joined on compound IDs and join with table 1.1 on chemical

names. This join produces table 1.3 which now contains all other oils from previously
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published studies that share common chemicals with frankincense along with their

specific composition percentages.

Figure 2.6: Utilizing the EOKB to connect chemical-gene associations with other EOs
that share similar chemical components with frankincense EO

Using the EOKB we can learn and discover new trends and patterns in existing data

and apply it to oils we know very little about. This could provide more supporting

evidence for their uses or provide insight on areas that still need to be researched and

explored.

2.3 Results

2.3.1 EOKB query

Data already available on existing EO compounds can be leveraged to predict the

possible effects of the oils used in this project. Figures 2.7, 2.8 and 2.9 display only

a subset of chemicals, genes and pathways that the EOKB had previously existing

gene-chemical data for. Please refer to the supplementary file for the full query results
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for each of these EOs based on their chemical profile.

Each oil is displaying only a subset of their chemical composition with their respec-

tive relative area percentages in the blue rectangles. The grey squares are a subset

of associated genes for that chemical based on the EOKB findings. To the right of

the figures are the listed proposed medical applications of each oil.[10] Below the

proposed medical applications displays partial results of the associated pathways.

Figure 2.7: EOKB driven hypothesis for frankincense

Frankincense displayed associations with many inflammatory-mediated cytokines.

Many of these genes play key roles in inflammatory-mediated pathways.
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Figure 2.8: EOKB driven hypothesis for myrrh

The EOKB did not contain results for all of Myrrh’s chemical components. As

stated previously, the chemical profile of myrrh is quite unique. Germacrene B and

Furanoedudema-1,3-diene resulted in no gene associations from the text-mined lit-

erature. This is not surprising considering the low number of studies published on

myrhh. Myrrh did contain chemical components associated with some inflammatory-

mediated genes such as IL1β, TNF, and MMP2. Myrrh has an interesting chemical

profile that should be pursued further in EO research studies.
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Figure 2.9: EOKB driven hypothesis for blue spruce

Due to the overlap of similar chemical compounds in blue spruce and frankincense,

the two queries resulted in very similar gene sets and associated pathways. It will

be interesting to observe whether the two will have the same effect on inflammation

when they are further studied in Chapter 3.

2.3.2 Stringdb results

Stringdb is a publicly available database to study protein-protein interactions based

on indirect and direct relationships.[70] Stringdb connects associated pathways based

on the gene set given to the program. It counts the number of genes associated

with pathways in Kegg and Reactome.[52][55] These pathways are based on the per-

centage of genes present in related networks from the input data set.[70] The genes

generated from the EOKB query were input into Stringdb. The results were used to
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visualize the gene interaction networks from the data generated from the EOKB. The

results display tables of pathway information, the number of genes from the gene set

in association with each relative pathway, and their respective false discovery rates

(FDR).

Table 2.1: Kegg pathway Stringdb results for frankincense

KEGG pathways
Pathway Description Gene count FDR
hsa05161 Hepatitis B 35/142 1.65E-22
hsa05200 Pathways in cancer 56/515 3.65E-21

hsa05167 Kaposi’s sarcoma-associated herpes
virus infection 36/183 8.83E-21

hsa05152 Tuberculosis 35/172 1.01E-20

hsa04933 AGE-RAGE signaling pathway
diabetic complications 28/98 6.74E-20

Table 2.2: Reactome pathway Stringdb results for frankincense

Reactome pathways
Pathway Description Gene count FDR
hsa-168256 Immune system 106/1925 2.04E-18

hsa-1280215 Cytokine signaling in immune
system 60/654 2.04E-18

hsa-6785807 IL-4 and IL-13 signaling 28/106 2.70E-18
hsa-449147 Signaling by interleukins 49/439 2.70E-18
hsa-162582 Signal transduction 116/2605 4.76E-14

Table 2.3: Kegg pathway Stringdb results for myrrh

KEGG pathways
Pathway Description Gene count FDR
hsa05206 microRNAs in cancer 17/149 5.21E-17
hsa05205 Proteoglycans in cancer 17/195 1.74E-15
hsa05200 Pathways in cancer 23/515 1.74E-15

hsa04933 AGE-RAGE signaling pathway
diabetic complications 13/98 4.88E-14

hsa05161 Hepatitis B 14/142 1.26E-13
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Table 2.4: Reactome pathway Stringdb results for myrrh

Reactome pathways
Pathway Description Gene count FDR
hsa-6785807 IL-4 and IL-13 signaling 14/106 5.36E-14
hsa-449147 Signaling by interleukins 17/439 1.86E-09

hsa-1280215 Cytokine signaling in immune
system 19/654 7.32E-09

hsa-162582 Signal transduction 34/2605 6.14E-08
hsa-168256 Immune system 29/1925 6.84E-08

Table 2.5: Kegg pathway Stringdb results for blue spruce

KEGG pathways
Pathway Description Gene count FDR
hsa05161 Hepatitis B 29/142 8.03E-19
hsa05152 Tuberculosis 29/172 4.18E-17
hsa05200 Pathways in cancer 45/515 7.29E-17

hsa05167 Kaposi’s sarcoma-associated herpes
virus infection 29/183 9.37E-17

hsa05210 Colorectal cancer 22/85 1.51E-16

Table 2.6: Reactome pathway Stringdb results for blue spruce

Reactome pathways
Pathway Description Gene count FDR

hsa-1280215 Cytokine signaling in immune
system 53/654 1.21E-17

hsa-449147 Signaling by interleukins 43/439 5.93E-17
hsa-6785807 IL-4 and IL-13 signaling 24/106 4.36E-16
hsa-168256 Immune system 82/1925 7.75E-13
hsa-8953897 Cellular responses to external stimuli 37/459 3.18E-12
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2.4 Discussion

Many chemical compounds studied in previous literature found gene associations

related inflammatory-mediated pathways. Some of these genes include: Tumor necro-

sis factor (TNF), toll-like receptor 4 (TLR4), interleukins (IL-1β, IL-6, IL-11), nuclear

factor kappa B1 (NFκB1), matrix metallopeptidases (MMP9 and MMP2) and oth-

ers. (Please see supplementary file for a full list of results from each EOKB query.)

In total, the EOKB query found 396 genes associated with the chemical constituents

found in frankincense EO, 82 genes associated with the chemicals found in myrrh EO,

and 325 genes associated with blue spruce EO. It is interesting to see the number of

associated pathways based on the gene associations predicted from the literature.

Cytokine-cytokine signaling, chemokine signaling, rheumatoid arthritis, TNF signal-

ing and NFκB signaling are all pathways that mediate inflammation.

All 3 EOs displayed associations with inflammatory-based pathways/networks, in-

cluding cancer pathways. Since frankincense and blue spruce share many chemical

compounds, their related pathway associations results are quite similar. Myrrh EO

also contained many associated pathways involved with interleukin signaling, and

more interestingly many cancer pathway associations. One of the top proposed uses

of Myrrh EO is its application for fighting cancers.

This may help support proposed uses for frankincense, blue spruce and myrrh

for inflammatory applications. It can also be utilized to discover new purposes for

frankincense based on its similarities to other EO studies. Inflammation can effect

different genes depending on where it is located. Knowing which genes and pathways

are being targeting can provide more specific and targeted applications for EOs rather

than broad uses. Using the information already available in this manner can save time

and money for researchers. Based on the figures from the query results and Stringdb,

these oils could support uses for inflammation and provide enough preliminary data

to test more specifically for this application.
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2.4.1 Challenges and limitations

Due to the large size of the multi-query, the software was often overloaded with

too many results. Queries had to be carried out in batches with for example, 500 EO

related chemical compounds at each submission. To speed up queries in the future, a

general chemical list could be designed and maintained for future EO-related queries.

Furthermore, the ever changing research and published literature requires indexes to

be updated constantly and queries needing to be rerun or adjusted to have the most

recent data available in the EOKB.

With all the specific details and parameters within the text-mining queries, there

was still some noise that was hard to overcome. This will always be a challenge due

to the complexity of the English language and scientific literature. Some scientific

acronyms can be easily be picked up as a gene name due to the structure of the

acronym. Due to this, each query result within the table in the EOKB includes the

Ref_ID, which is the PubMed ID in order to trace the query back to the article to

verify whether the relationship extracted by the query is accurate.



CHAPTER 3: STUDYING THE EFFECTS OF EOs ON LPS-STIMULATED

EX-VIVO HUMAN SKIN EXPLANTS

3.1 Introduction

3.1.1 Inflammation

One of the more commonly used application of EOs is for inflammation. EOs are

utilized by users for both acute inflammation and chronic inflammation relief. Acute

inflammation is commonly caused by tissue damage. This type of tissue damage usu-

ally arises after trauma, infections, stress, exposure to certain chemical compounds or

environmental pollutants.[71] Acute inflammation typically arises quickly but tends

to dissipate after a few days. Chronic inflammation occurs when the inflammation

is prolonged for periods of months to years.[72] Chronic inflammation can lead to an

array of chronic diseases. Some of these include: Alzheimer’s disease, arthritis, can-

cer, Chrohn’s disease, multiple sclerosis and Parkinson’s disease.[73] Chronic diseases

affect more than 133 million Americans.[74] Many often end up with multiple condi-

tions. Due to this high number, the majority of health care costs are due to chronic

illnesses.[74] The most common treatments for some of these chronic diseases include

steroids, Nonsteroidal anti-inflammatory drugs (NSAIDs), or monoclonal antibody

drugs.[75] Unfortunately, many of these drugs can cause complicated side effects for

the patient. Many suffering are beginning to look at alternative forms of treatment

for pain and symptom management such as life style changes, nutrition, acupunc-

ture, herbal supplements and EOs. Some of the recommended oils for inflammation

according to numerous references included: ginger, lavender, thyme, frankincense,

patchouli, fennel, peppermint and among many many more.[10][76][77][78][79][80] A
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review study published in Oxidative Medicine and Cellular Longevity, reviewed over

20 different studies that explored the use of EOs for inflammation.[81] It reviews key

EOs that have been explored for inflammation as well as different methods for the

testing and application of EOs for inflammation. Some EOs seem to have the po-

tential to block mitogen-activated protein kinase (MAPK) pathways as well as the

potential to inhibit NF-KB pathways by reducing oxidative stress.[81]

To investigate the effects of various EOs on inflammation, we utilized a franz cell

diffusion system, developed by PermeGear. This system allows for pre-clinical test-

ing for transdermal drug administration.[82] A systemic inflammatory response was

induced within these culture models through the supplementation of lipopolysaccha-

ride(LPS) within the medium. LPS is an endotoxin derived from the cell wall of

gram negative bacteria and stimulates an innate immune system response.[83] Toll

like receptors (TLRs) present on macrophages and dendritic cells can detect different

pathogen associated molecular patterns (PAMPs), including the presence of LPS.[84]

TLRs will activate the transcription factor nuclear factor-kappaB (NFκB).[85] This

activation of the NFκB signaling pathway regulates the body’s immune responses

to infections by inducing the expression of various cytokines and chemokines.[86] In-

correct activation of NFκB has been linked to the cause of autoimmune diseases,

chronic inflammation and cancer.[84] The addition of LPS will induce the release of

pro-inflammatory cytokines (IL6, IL4, IL1β, IL1α, IL15, IL17A, IL8 and COX2), pro-

inflammatory chemokines (CCL2, CCL3, CCL5, CXCL1, CXCL2 and CXCL10) and

matrix metalloproteinases (MMPs).[87] [88][89] Most of these cytokines/chemokines

are produced by neutrophils, T cells, dendritic cells, macrophages and natural killer

cells.[90][84] LPS is a common method for introducing inflammation in animal, cell

and tissue models for testing therapeutics.
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3.1.2 EOs of interest for testing purposes

Upon conducting a heavy literature review, several EOs were chosen as test subjects

for this experiment through the utilization of the EOKB in chapter 2. Frankincense

EO was chosen due to its long held high value through out ancient history. Some stud-

ies have been done on frankincense oils and frankincense extracts that have suggested

the anti-inflammatory effects of frankincense. However, many of these studies inves-

tigate the therapeutic use of boswellic acids (BAs). BAs are a chemical compound

contained within the resin of the frankincense plant. Due to their large molecular

size, they are lost during traditional/standard steam and hydro distillation methods

for commercial EO production. BA can be selected for in trace amounts in frankin-

cense oil under very specific distillation methods and identified using HPLC.[91][47]

Many studies have claimed that boswellic acids posses powerful therapeutic proper-

ties for inflammation and cancer.[92] After the review of these articles, frankincense

EO became the main oil of interest for this study to test whether the same potential

exists within the EO as the frankincense extract. Myrrh became a secondary oil of

interest due to its lack of supportive research but its ample support of human testi-

monies and recommendations for its use for inflammation. One study investigated the

use of myrrh combined with constituents of frankincense for their combined possible

anti-inflammatory mechanisms.[93] Myrrh has a chemical profile that is somewhat

unique of its own in comparison to other EOs. Due to its minimal scientific research,

but similar composition of frankincense EO, blue spruce EO was the third oil cho-

sen for this study. The chemical components they have in common are alpha-pinene,

beta-pinene, limonene, camphene, sabinene, myrcene, bornyl acetate and terpinolene.

The chemical composition and acquisition of the oils used in this study are shown in

section 3.3.

The oils were tested separately for their topical and systemic efficacy. The topi-

cal application is more translation to current human use applications. The involves
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adding the EO directly onto the skin to target an area of interest and rubbing the

oil in. Some users do this by diluting the oil with a fatty-acid based oil before ap-

plication or by applying the oil neat. Systemic application required adding the EO

into the media that resides underneath the skin tissue. This method is not a used

or recommended application for EOs*. It was implemented to observe how much

the results could differ with two very different styles of application. Fractionated

coconut oil (FCO) served as an oil based control for this experiment. FCO is one

of the most commonly used carrier oils among EO users due to its stable shelf life,

availability and low cost.[94] EOs do not disperse evenly within medium solutions

due to their hydrophobic nature. Therefore, we added an oil based control to verify

that the results were not dependent on using any oil-based substance. The oils were

added on or below the skin tissue prior to inducing the LPS response. This may seem

counter-intuitive as users of EOs typically apply oils after experiencing some type of

inflammation and not as often in preventative measures. The presence of LPS in the

skin models will begin to reduce viability within the skin tissue. The viability of skin

biopsy samples is not long. This is one main caveats of working with biopsy samples.

For this reason, the EOs needed to be added prior to the LPS and incubated for

24 hours for our first set of assays. The tissue was harvested after the experimental

trial and the RNA was extracted to measure the effects of the oils on 4 different

pro-inflammatory cytokines (CXCL10, COX2, IL1β and IL8) with RT-qPCR. Later,

30/100 samples were sent for RNA-seq (the frankincense samples and controls from

donor 1 (D1) ).

3.2 Methods

3.2.1 EO acquisition

Three different EOs used in this study were obtained from Young Living®Essential

Oils, an EO company based in Utah. Boswellia carterii(Frankincense EO) and Com-

miphora myrrha(Myrrh EO), were both produced from their respective trees culti-
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vated in Somalia. Picea pungens (Blue Spruce EO) was distilled from blue spruce

trees in Idaho, United States. The chemical compositions of these oils were deter-

mined by gas chromatography/mass spectometry (GC/MS) and are listed accordingly

in section 3.3. The optical rotation, specific gravity and refractive index of each oil

was determined as well.

The fatty acid composition of the fractionated Cocos nucifera (Coconut) oil (FCO)

was determined in collaboration with Creative Proteomics (Shirley, NY, USA) using

fatty acid methyl esters (FAME) profiling. The fatty acids were identified via di-

rect methylation in the presence of known amounts of added tridecanoin and methyl

tricosonate. The fatty acid methyl esters were prepared using boron trichloride in

methanol and heating the methylation tubes in a heating block at 95°C for 30 min-

utes. The fatty acid methyl esters were then analyzed by a Agilent 7890B gas-liquid

chromatograph with a 60-m DB-23 capillary column. Standard mixtures for both

qualitative and quantitative analysis along with the known fatty acid components for

retention time verification were used. Internal standards were obtained from NuChek

Prep (Elysian, MN, USA). Quality control standards were purchased from Millipore-

Sigma Canada (Oakville, ON, Canada). Recovery was determined by comparison of

peak area between internal standards (90-110%). Results of the analysis are in section

3.3.

3.2.2 Human skin preparation

All skin tissue acquisition and testing was completed in collaboration with Ter-

gus Pharma (Durham, NC, USA). The human skin tissue used in these experiments

were ethically acquired from healthy patients with signed consent, undergoing ab-

dominoplasty surgery. Once the skin was collected, subcutaneous fat was removed

from the skin. It was then transferred to a container containing phosphate buffered

saline (PBS) and supplemented with 1% antibiotic/antimycotic. The 12mm punch

biopsies were excised using a punch biopsy tool. The skin was then spread on a re-
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ceptor chamber, covering the 7mm hole with the skin punch (see Franz cell set up

on the left side, below in figure 3.1). The donor chamber was then placed on top

and clamped. Using a pasteur pipette to dispense into the sampling port to avoid

bubbles, the receptor chamber was filled with 2mL of cornification medium. Franz

cells were placed in an incubator at 37°C overnight to allow cells recover/equalize

before applying experimental applications.

Figure 3.1: Pictured on the left: Franz cell diagram from PermeGear, Ltd. Pictured
on the Right: Franz cell used in the lab with EO mixed into media for systemic
experimental application.

3.2.3 Topical and systemic applications

After the initial 24 hour incubation period, we treated the skin tissue with topical

and systemic application of the EOs. Topical application To test this topical

application, A total of 2uL of EO was added directly onto the top of the skin of each

experimental sample while they were still in the Franz cell chamber. Medium was

replenished with standard cornification medium. The samples were placed back in

the incubator for another 24 hours at 37°C.

Systemic application To test the systemic application of the EOs, 2uL of EO was

added to 2mL of cornification medium and sonicated to ensure equal dispersion of
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the EO molecules. The current medium was removed from the receptor chamber and

replenished with the EO supplemented medium. The samples were placed back in the

incubator for another 24 hours at 37°C. Displayed above on the right side of figure

3.1 is the SA of Myrrh. The oil can be seen dispersed within the medium that was

added underneath the skin within the receptor chamber.

3.2.4 Controls

For each donor, each sample had 5 biological replicates. 5 samples served as neg-

ative controls (untreated by EOs or LPS). Another 5 replicates served as a positive

control (supplemented with LPS and no EOs). FCO served as an oil-based control

and was applied to the tissue systemically and topically. During the topical appli-

cation and systemic application, the untreated controls and LPS-controls were only

replenished with new cornification medium. Table 3.1 displays an outline of the num-

ber of biological replicates per human donor. There were two donors total (D1 and

D2) to yield a total of 100 biological samples.

Table 3.1: LPS stimulation study design per donor

Sample numbers Experimental application Total volume of oil used
1-5 Untreated N/A
6-10 LPS N/A
11-15 FCO (systemic) + LPS 10uL
16-20 Blue spruce (systemic) + LPS 10uL
21-25 Myrrh (systemic) + LPS 10uL
26-30 Frankincense (systemic) + LPS 10uL
31-35 FCO (topical) + LPS 10uL
36-40 Blue spruce (topical) + LPS 10uL
41-45 Myrrh (topical) + LPS 10uL
46-50 Frankincense (topical) + LPS 10uL

3.2.5 LPS-stimulation

Once the incubation period was completed, the medium was removed from all

the Franz cells and replaced with medium supplemented with the addition of LPS
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(1ug/mL). The only samples not supplemented with LPS and replenished with corni-

fication medium were the untreated samples. Samples were then incubated an addi-

tional 24 hours at 37°C. On day 3, the medium and skin tissue were harvested. The

medium was collected and stored at -20°C for each sample. The tissue for each sample

was cut into fourths and placed in RNAlater, stored at 4°C overnight and then moved

to -20°C.

3.2.6 RNA isolation for RT-qPCR

Total RNA isolation was carried out using Precellys tissue homogenizer and RNeasy

plus kit (Qiagen). The total RNA quantity and quality were determined using a

Thermoscientific nanodrop. Equal amounts of total RNA was subjected to qPCR

analysis using QuantStudio™12K Flex Real-Time PCR System. PCR reactions were

carried out using Taqman primers designed to detect biomarkers: CXCL10, IL-8,

IL-1β and COX-2. According to manufacturer’s protocol.

3.2.7 RNA isolation for RNA-sequencing

The RNA from 30 tissue samples displayed in the table 3.2 from D1, were ex-

tracted using the RNeasy Fibrous Tissue Mini Kit from Qiagen, per manufacturers

protocol with minor adjustments. For all of the samples, the Proteinase K treatment

after homogenization was increased to 60 minutes. Samples were eluted in water and

the quality of the RNA preparation was assessed by spectrophotometry (A260/A280;

A260/A230). RNA integrity was measured by calculation of the RNA integrity num-

ber (RIN) using an Agilent Bioanalyzer.

3.2.8 cDNA library construction and RNA-sequencing

Thirty sequencing libraries were created using the TruSeq RNA Library Preparation

kit from Illumina following the manufacturers protocol. After the library preparation,

sample library size was validated using the Agilent Bioanalyzer DNA 1000 kit and

samples were quantitated using qPCR. Libraries were combined in equimolar propor-
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Table 3.2: Samples used for RNA-sequencing from D1

Samples Experimental application
1-5 Untreated
6-10 LPS
11-15 FCO (systemic) + LPS
26-30 Frankincense (systemic) + LPS
31-35 FCO (topical) + LPS
46-50 Frankincense (topical) + LPS

tions and loaded onto a flow cell lane for clustering. The flow cell was a 75 basepair

(bp) paired end run and was performed on the Illumina HiSeq2500 instrument. RNA

isolation, cDNA library construction and sequencing steps were performed in the

Genomics laboratory of the David H. Murdock Research Institute, Kannapolis NC.

3.2.9 RNA-sequencing

The 4 main aspects to assemble RNA-sequencing (RNA-seq) data includes: quality

control/adapter trimming, sequence alignment, transcript assembly and calculating

the differentially expressed genes (DEGs). Figure 3.2 shows the overall pipeline for

the RNA-seq assembly. Trimgalore! is a wrapper tool to automate CutAdapt and

FastQC for quality control and filtering of RNA-sequencing reads. CutAdapt will

trim adapter ends of paired reads based on the phred quality score that is specified

by the user.[95][96][97] Figure 3.2 shows the parameters used for each tool used within

the pipeline. FastQC will run the output files for quality checks. Next the reads were

processed through HiSAT2.[98] HiSAT2 is an alignment program developed by John

Hopkins University.[99] It is a fast and sensitive alignment program that utilizes a

graph FM index, designed and implemented by the software developers. This is based

of off the Burrows-Wheeler Transform (BWT) algorithm for graphs. HiSAT2 utilizes

a new index scheme that uses local indexes and several alignment strategies to produce

fast and accurate alignments of RNA/DNA sequencing reads. Their indexing method

for this is referred to as "hierarchical Graph FM Index." The human index files used as
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references for alignment were built using NCBI’s RefSeq human reference genome and

annotation file (GRCh38).[100] No major issues were seen with any of the samples,

all produced alignment rates of over 96%. The files were sorted using Samtools.[101]

Next the reads were counted in features using HTseq-count. This program utilizes

a python library to develop scripts for processing the RNA-seq data. HTseq took

the input SAM files and pre-processed it for differential expression analysis. It uses

the same gene annotation file and counts how many reads map to each gene.[102]

The count data generated by HTseq was analyzed using DESeq2 in R in order to

identify the DEGs among the samples.[103][104][105] In a brief overview, the count

data is fitted into a generalized linear model (GLM), that follows a negative binomial

distribution.[104] The GLM fitted model compares treatments and control groups

and returns coefficients that convey overall expression strength of the genes using

the Log2FC.[104] P-values are determined with Wald’s test and corrected with the

Benjamini-Hochberg method.
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Figure 3.2: RNA-sequencing pipeline

3.3 Results

3.3.1 GC/MS results of EOs and FAME profile of FCO

Tables 3.3-3.8 below list the GC/MS composition results of each of the EOs used

in this experimental assay. Below each GC/MS table, is an additional table for each

EO that lists the tested physical properties.

Tables 3.9 and 3.10 display the results from the fatty acid composition of the FCO

used in the experiment.



53

Table 3.3: GC/MS results of frankincense EO

Component Relative area
percent Component Relative area

percent
Alpha-pinene 24.39% Alpha-humulene 0.53%

Alpha-thujene 17.43% Gamma-
terpinene 0.53%

Limonene 8.23% Germacrene D 0.53%

Para-cymene 5.70% Trans-
pinocarveol 0.53%

Sabinene 5.50% Gamma-
muurolene 0.48%

Myrcene 3.96%
Isopropyl-

methyl benzene
(isomer)

0.44%

Terpinen-4-ol 3.00% T-Cadinol 0.35%
Trans-beta-
caryophyllene 2.72% Incensol acetate 0.34%

Beta-pinene 1.72% Bornyl acetate 0.30%
Alpha-

phellandrene 1.71% Beta-
bourbonene 0.29%

Delta-3-carene 1.44% Beta-selinene 0.29%
Camphene 1.15% Alpha-selinene 0.21%
Isopropyl-
methyl
benzene

0.96% Allo-
aromadendrene 0.20%

Eucalyptol +
beta-

phellandrene
0.92% Alpha-

muurolene 0.19%

Gamma-
cadinene 0.78%

Alpha-
campholene
aldehyde

0.16%

Alpha-copaene 0.74% Alpha-cubebene 0.16%
Alpha-terpineol 0.68% Terpinolene 0.16%
Cis-verbenol 0.68% Carveol 0.14%
Caryophyllene

oxide 0.64% Alpha-
gurjunene 0.13%

Beta-elemene 0.61% Calamenene 0.10%
Delta-cadinene 0.60% Incensol 0.09%

Thujone 0.60% Alpha-terpenyl
acetate 0.08%

Total 90.4%
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Table 3.4: Physical test results of frankincense EO

Optical Rotation -7.5°
Specific Gravity 0.865
Refractive Index 1.470

Table 3.5: GC/MS results of myrrh EO

Component Relative area percent
Furanoeudesma-1,3-diene 47.21%

Curzerene 25.99%
Lindestrene 13.40%
Beta-elemene 5.3%

2-Methoxy Furanogermacrene 3.24%
Germacrene B 1.06%
Gamma-elemene 0.98%
Alpha-selinene 0.82%
Delta-elemene 0.64%
Germacrene D 0.62%

Total 99.26%

Table 3.6: Physical test results of myrrh EO

Optical Rotation +74.3°
Specific Gravity 1.016
Refractive Index 1.527
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Table 3.7: GC/MS results of blue spruce EO

Component Relative area percent
Alpha-pinene 30.41%
Limonene 22.04%
Beta-pinene 10.14%
Camphene 7.26%

Bornyl Acetate 6.60%
delta-3-carene 6.34%

Myrcene 4.23%
Camphor 2.52%

Beta-phellandrene 1.80%
Terpinolene 1.62%
Sabinene 1.35%
Tricyclene 0.87%

Exomethyl Camphenilol 0.86%
Borneol 0.82%
Cembrene 0.80%
Cembrenol 0.44%
Para-cymene 0.38%
Terpinen-4-ol 0.41%

Gamma-terpinene 0.33%
Citronellol 0.17%

Delta-cadinene 0.17%
Total 99.56%

Table 3.8: Physical test results of blue spruce EO

Optical Rotation -28.3°
Specific Gravity 0.870
Refractive Index 1.473
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Table 3.9: Fatty acid composition of FCO

Units % By
weight Units % By

weight

C6:0-Methyl Caproate 0.49 C18:3N3-Methyl
Lionleate 0.01

C8:0-Methyl Caprylate 6.93 C18:4N3-Methyl
Stearidonate 0.08

C10:0-Methyl Caprate 8.08 C20:0-Methyl
Arachidate 0.11

C12:0-Methyl Laurate 37.31 C20:1-Methyl
Eicosenoate 0.23

C14:0-Methyl Myristate 15.47 C20:2N6-Methyl 11-14
Eicosadienoate 0.01

C14:1-Methyl
Myristoleate 0.93 C20:3N6-Methyl

Homogamma Linolenate 0.04

C15:0-Methyl
Pentadecanoate 0.35 C20:4N6-Methyl

Arachidonate 0.08

C16:0-Methyl Palmitate 10.41 C20:3N3-Dihomo-
gamma-linoenate 0.06

C18:0-Methyl Stearate 3.18 C22:0-Methyl Behenate 0.05
C18:1-Methyl Oleate 12.96 C22:1-Methyl Erucate 0.80
C18:2N6-Methyl

Linoleate 2.33 C22:2N6-Methyl
Docosadienoate 0.01

C22:5N6-Methyl
Docosapentaenoate 0.05

Other 0.00 Total 100.00

Table 3.10: Composition of FCO by fat type

Type % By weight
Saturated 82.40

Monounsaturated 14.92
Polyunsaturated 2.69

Total 100.00
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3.3.2 Statistical analysis of RT-qPCR data

For the LPS-stimulated ex-vivo assay, there was a total of 50 biological samples per

donor. Table 3.11 highlights the number of measurements for the assay. There were

two plates total per donor with 4 different experimental biomarkers measured for each

biological sample (CXCL10, IL-8, IL-1β and COX-2). Housekeeping gene (GADPH)

was used as a control, on each of the two RT-qPCR plates, yielding measurements

for two more markers. Each biological sample had 2 technical replicates plated. Each

donor output a total of 600 measurements. Biological samples per application(5) x

each measured marker: CXCL10, IL8, IL1β, COX2, GADPH, GADPH(6) x technical

replicates(2) = 60.

Table 3.11: RT-qPCR measurements

Samples Experimental application
Total

measurements per
5 samples

1-5 Untreated 60
6-10 LPS 60
11-15 FCO systemic + LPS 60
16-20 Blue spruce systemic + LPS 60
21-25 Myrrh systemic + LPS 60
26-30 Frankincense systemic + LPS 60
31-35 FCO topical + LPS 60
36-40 Blue spruce topical + LPS 60
41-45 Myrrh topical + LPS 60
46-50 Frankincense topical + LPS 60

The technical replicates were averaged and then normalized according to the GADPH

control. The data from each donor was analyzed separately. All of the data was log

transformed and analyzed using R and the multcomp R package.[103][106] The data

was subset for analysis by each donor, per genetic marker. It was checked for any out-

liers using studentized residual test. When using standardized residuals to calculate

outliers, the regression model can get pulled towards the outlier, and thus outliers
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may not be as easily detected using standardized residuals. To correct for this issue,

studentized residuals detects outliers in an alternative form. The observations are

deleted one at a time. During each deletion, the model is refitted on the remaining

(n-1) observations. The model can then be compared to the observed response val-

ues based on their fitted values with the ith observation deleted. This will produce

deleted residuals, which are standardized and become studentized residuals.[107] If

the studentized residuals had a value greater than -/+ 3, they were removed from the

data set. No outliers were detected in the data set. Next an analysis of the variance

(ANOVA) test was applied to each data set. The ANOVA demonstrated a variance

in the means between the experimental groups. These results are shown below in

table 3.12.

Table 3.12: Results from ANOVA using log transformed fold change data. Applica-
tions with significant results are displayed on the axis labels using asterisks based on
their p-values as follows: * <0.05, ** <0.01, *** <0.001

Marker Donor F-value Pr(>F)

COX2 D1 2.493 0.0289*

COX2 D2 4.078 1.73E-03**

IL1β D1 28.4 2.46E-13***

IL1β D2 11.85 4.43E-08***

CXCL10 D1 3.26 6.77E-03**

CXCL10 D2 3.885 2.28E-03**

IL8 D1 3.919 2.27E-03**

IL8 D2 5.292 2.01E-04***

Dunnett’s method was utilized to detect if there was a significant difference in gene

expression for each treatment group compared against the LPS-control. Dunnett’s

method is a multiple comparison test that increases the power of the test by mini-
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mizing the number of tests between experimental groups, reducing the false-discovery

rates. Tables 3.13- 3.16 highlight the statistical findings for each application, based

on donor and marker from the statistical analysis.

Table 3.13: Dunnett’s method for D1 (COX2 and IL1β based on log transformed fold
change data). Applications with significant results are displayed on the axis labels
using asterisks based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

Application t-value Pr(>|t|) t-value Pr(>|t|)

Marker COX2 COX2 IL1β IL1β

Myrrh systemic - LPS -1.066 0.8462 -8.469 <0.001***

Blue spruce systemic - LPS 0.450 0.9988 -0.794 0.961

FCO systemic - LPS -0.112 1 0.535 0.996

Frankincense systemic - LPS -3.210 0.0179* -8.837 <0.001***

Myrrh topical - LPS 0.222 1 -2.092 0.216

Blue spruce topical - LPS -0.277 1 1.037 0.862

FCO topical - LPS -0.108 1 -0.038 1

Frankincense topical - LPS -1.073 0.8425 -1.31 0.686
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Table 3.14: Dunnett’s method for D1 (CXCL10 and IL8 based on log transformed fold
change data). Applications with significant results are displayed on the axis labels
using asterisks based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

Application t-value Pr(>|t|) t-value Pr(>|t|)

Marker CXCL10 CXCL10 IL8 IL8

Myrrh systemic - LPS -2.99 0.0308* -0.446 0.9986

Blue spruce systemic - LPS -2.981 0.0314* 0.003 1

FCO systemic - LPS 0.04 1 0.456 0.9983

Frankincense systemic - LPS -2.385 0.1214 -2.998 0.0298*

Myrrh topical - LPS -2.279 0.1507 -1.102 0.8044

Blue spruce topical - LPS -1.137 0.8035 1.855 0.3109

FCO topical - LPS -1.596 0.4842 0.511 0.9964

Frankincense topical - LPS -3.408 0.0107* -0.143 1

Table 3.15: Dunnett’s Method for D2 (COX2 and IL1β based on log transformed fold
change data). Applications with significant results are displayed on the axis labels
using asterisks based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

Application t-value Pr(>|t|) t-value Pr(>|t|)

Marker COX2 COX2 IL1β IL1β

Myrrh systemic - LPS -1.314 0.6586 -4.902 1.64E-04***

Blue spruce systemic - LPS -0.537 0.9951 -0.703 0.979929

FCO systemic - LPS 0.911 0.9088 0.354 0.999794

Frankincense systemic - LPS -3.392 0.0111* -5.833 <1E-04***

Myrrh topical - LPS -2.221 0.1611 0.703 0.979984

Blue spruce topical - LPS 0.279 1 0.485 0.998079

FCO topical - LPS -0.223 1 0.026 1

Frankincense topical - LPS -1.569 0.4798 -0.806 0.957727
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Table 3.16: Dunnett’s Method for D2 (CXCL10 and IL8 based on log transformed fold
change data). Applications with significant results are displayed on the axis labels
using asterisks based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

Application t-value Pr(>|t|) t-value Pr(>|t|)

Marker CXCL10 CXCL10 IL8 IL8

Myrrh systemic - LPS -1.133 0.809 -1.764 0.377

Blue spruce systemic - LPS -0.78 0.965 -0.111 1

FCO systemic - LPS 1.723 0.406 -0.476 0.998

Frankincense systemic - LPS -1.648 0.453 -4.422 <0.001***

Myrrh topical - LPS 2.155 0.194 1.038 0.862

Blue spruce topical - LPS 1.881 0.316 -0.344 1

FCO topical - LPS 0.205 1 0.745 0.972

Frankincense topical - LPS -0.57 0.995 -0.396 1

Figures 3.3-3.6 display results for each donor according to each individual pro-

inflammatory marker that was measured shown in the graph titles. Results display

the log2FC values from the RT-qPCR results. The statistically significant applications

are emphasized with asterisks on the axis labels described in the figure descriptions.

The frankincense systemic application displayed the most significant overall impact on

both donors compared to the treatments. The myrrh systemic reduced 3/8 measured

markers. Myrrh and frankincense systemic both reduced the expression in IL1β, most

significantly. Blue spruce and myrrh systemic reduced the expression in CXCL10 in

D1. Interestingly, frankincense topical only effected one marker in D1 (CXCL10).
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Figure 3.3: RT-qPCR results from COX2 and CXCL10 (D2). Each graph displays
the Log2FC values for each application according to the labeled biomarker on the
top left corner of each plot. Applications with significant results are displayed on the
axis labels using asterisks based on their p-values as follows: * <0.05, ** <0.01, ***
<0.001
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Figure 3.4: RT-qPCR results from IL1β and IL8 (D1). Each graph displays the
Log2FC values for each application according to the labeled biomarker on the top
left corner of each plot. Applications with significant results are displayed on the
axis labels using asterisks based on their p-values as follows: * <0.05, ** <0.01, ***
<0.001
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Figure 3.5: RT-qPCR results from COX2 and CXCL10 (D1). Each graph displays
the Log2FC values for each application according to the labeled biomarker on the
top left corner of each plot. Applications with significant results are displayed on the
axis labels using asterisks based on their p-values as follows: * <0.05, ** <0.01, ***
<0.001
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Figure 3.6: RT-qPCR results from IL1β and IL8 (D2). Each graph displays the
Log2FC values for each application according to the labeled biomarker on the top
left corner of each plot. Applications with significant results are displayed on the
axis labels using asterisks based on their p-values as follows: * <0.05, ** <0.01, ***
<0.001



66

3.3.3 DESeq2 results

After the RNA-seq of the subset of samples from D1, referenced in table 3.2, the

counted genes from HTSeq were analyzed in DESeq2 to detect the number of DEGs

from the experiment. The standard workflow protocol for moderated estimation of

fold change and dispersion for RNA-seq data with DESeq2 was followed to calculate

the number of DEGs.[104] LPS samples were used as reference values to measure

the EO treatments against the positive LPS controls. Shown in figure 3.7 are the

summarized results in a mean-average (MA) plot using DESeq2 data with ggpubr

R package.[108] Log2FC parameters were set at -1.5/+1.5 with a p-adjusted (p-adj)

value of <0.05. The frankincense systemic application displayed the highest number

of DEGs. The majority of DEGs in frankincense systemic were down regulated, and

the majority in the frankincense topical were upregulated. The resulting number of

DEGs for frankincense topical was low. The FCO systemic is not displayed in a graph

as it did not produce any DEGs.
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Figure 3.7: MA plot results of DEGs from DESeq2. The x-axis displays the log2 mean
expression of the data while the y-axis displays the Log2FC. DEGs were filtered before
plotting for a Log2FC value of -1.5/+1.5 with a p-adjusted value <0.05. DEGs up
regulated displayed in red and DEGs down regulated displayed in blue. Genes that
were not statistically significant displayed in grey.

3.4 Discussion

The RT-qPCR data displayed varying levels of significant results for the EO ap-

plications tested in this experiment. The frankincense systemic application had the

most significant impact on both donors compared to other treatments. It reduced

expression in IL1β in both donors, COX2(D2), and IL8 in (D1). The myrrh systemic

application performed well, significantly reducing three out of the eight measured

markers. IL1β in both donors was reduced, as well as COX2 and CXCL10(D1). The

blue spruce systemic achieved only one significant result in CXCL10(D1).

The frankincense topical was the only topical application that had a significant
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effect on CXCL10(D1). The plausible reasoning for this could be the inability for the

oils to deeply penetrate the skin models. The systemic applications most likely pro-

duced higher changes in gene expression due to the specific targeting of the systemic

treatments.

After the data was analyzed in DESeq2, the frankincense systemic resulted in the

highest number of DEGs. Due to the hydrophobic nature of FCO, we can predict

that it may have not dispersed well enough within the media to produce any change

for the systemic applications. The EOs seemed to disperse quite evenly through

out the media in the systemic applications. This was demonstrated in the franz

cell (figure 3.1) where the presence of myrrh gave the media an evenly dispersed

cloudy appearance. Overall, these results provide supporting evidence for EOs to

display possible anti-inflammatory properties. Although further studies need to be

done to verify this, the results of the systemic applications could provide therapeutic

alternatives in the treatment of inflammation.

3.4.1 Connecting results back to EOKB derived hypotheses

The EOKB predictions discussed in chapter 2 were revisited after seeing the effects

the oils had on the given pro-inflammatory markers. For blue spruce EO, previ-

ously published studies have noted decreased gene expression in COX2, IL1β, and

IL8(CXCL8) in the presence of limonene.[109][110][111][112] Other studies observed

decreased expression levels in IL1β in association with plant compounds: gamma-

terpinene, p-cymene and terpinolene.[113][114][115] Blue spruce however, only dis-

played decreased expression levels in CXCL10 (D1). This finding is interesting con-

sidering CXCL10 was not in the previously predicted gene set for blue spruce. Con-

sidering almost a quarter of blue spruce EO is comprised of limonene, one would have

expected it would have confirmed previous findings of limonene showing decreased

levels of pro-inflammatory cytokines. There is also evidence of alpha-pinene decreas-

ing expression in pro-inflammatory markers such as TNF, COX2 and NFκB.[116][117]
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It seems logical, one would expect to see more of an anti-inflammatory response on

the skin biopsy samples than what was observed by blue spruce. It is possible that

the best application for blue spruce EO may not be for inflammation, which further

proves and supports why this area of research need to continue to grow. Even though

blue spruce contains chemical compounds that seemed to have anti-inflammatory ef-

fects, it is possible that when combined, they may not be producing the same results.

Previous studies on chemical compounds related to Myrrh EO, reported compounds

such as beta-elemene decreased expression in IL1β, COX2 and TNF.[118] [119][120]

Not many studies have been conducted on curzerene, but one noted its effects on

decreasing inflammation in rats experiencing renal failure.[121] Myrrh EO did signifi-

cantly decrease inflammation in its systemic applications on CXCL10 (D1) and IL1β

in both donors. This could further support the possibility of beta-elemene providing

anti-inflammatory effects within the skin tissue. The EOKB derived hypothesis for

frankincense will be further discussed into detail with the RNA-seq results in chapter

4.

3.4.2 Limitations

3.4.2.1 Minimal number of skin donors

If 1-2 more donors were added to this experiment, the samples could have been

pooled together and analyzed collectively. Since there was only two donors due to

cost constraints, this was not possible. There is variation that can occur between

different skin donors due to age, ethnicity, gender, etc. In general, the LPS control

for COX2 in D1 did not show that high levels of increased expression. Even though

the frankincense systemic treatment was still deemed as significant, it raises questions

whether this person could have been taking an non-steroidal anti-inflammatory drug

(NSAID) which plays a role in the inhibition of COX2. This could explain why

the control marker did not display as high levels of inflammation compared to other

markers. Variation of skin samples will always be a limiting factor in these assays and
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the only way to increase power of these tests is to add more samples (skin donors).

3.4.2.2 Are the results translational?

It appears the topical applications for these EOs did not achieve optimal target-

ing/penetration. The reason why the systemic applications displayed decreased levels

of pro-inflammatory cytokines, could be due to the fact they were specifically targeted

to the exact area of inflammation. Many issues around developing effective therapeu-

tics depends on the drugs mechanism for targeting and delivery. Unfortunately, the

systemic applications are not directly translational since humans are not injecting

EOs underneath the skin. This raises the question of whether EOs are reaching

optimal penetration and targeting from traditional topical applications.

3.4.2.3 Dosage and application

Only 2uL of oil was added directly onto the skin for each sample. Human ap-

plications typically involve adding 1mL of oil in a topical application. There is the

possibility that the dosage of the topical application needs to be increased. When

adding oils onto the skin topically, the user typically rubs the oil into the skin. This

is almost a second form of application. The stimulation of rubbing the oil into the

skin may aid in deeper penetration.

3.4.3 Future studies

Future studies should investigate whether applying the oils with stimulation can

achieve better penetration into the skin. The RNA-seq results discussed in chapter

3, show that the FCO did penetrate the skin in the topical applications due to the

number of DEGs. This raises a new hypothesis that FCO may be able to enhance

absorption and penetration of the EOs. Most aromatherapists suggest to use a type

of carrier oil for topical application due to possible skin sensitivities and irritation

that can arise from applying oils neat. Many users still choose to apply oils neat. It

is possible that the carrier oil is also doing an additional important task of not just
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relieving irritation and sensitivity but enhancing penetration and absorption. Our

next assay will test whether FCO can enhance our topical applications discussed into

detail in Chapter 5. A better study design would have been to add samples that were

treated with EOs but were not stimulated with LPS. This would allow us to observe

the effects of the EO alone on untreated skin. However, adding this factor would have

increased our sample size of 50 to 70 samples, per donor. This increases costs and

also makes it difficult to source a patient that would provide enough skin for the high

number of testing applications.



CHAPTER 4: PREDICTING THE MOLECULAR MECHANISM OF

FRANKINCENSE EO

4.1 Introduction

Each EO has its own array of diverse applications. Some of these applications are

based on scientific literature and other applications are based on Chinese medicine,

historical uses, or anecdotal evidence.[4] With over 4,000 recorded and identified chem-

icals from EOs and an estimated 500,000 recorded land plant species, the uses for

plants and their chemical compounds could be endless.[122] Scientists estimate that

more species of plants exist that are still undiscovered.[122] This means there could

be many more EOs that could exist for production that have not been discovered

or investigated yet. The costs of testing all of these EOs clinically and individually

would take an extremely long time and will require large quantities of funding and

resources. Leveraging bioinformatics based skills and methods could aid us in learn-

ing more about these EOs without having to spend the time and money on studying

each of them individually. Using all of the data we have currently available and

what we have generated, we hypothesize that we can predict the molecular mecha-

nisms of frankincense to help verify existing claims as well as generate new possible

medical-based applications and hypotheses.

The DEGs generated in chapter 3 were first analyzed using Qiagen’s Ingenuity

pathway analysis (IPA) program to discover what genes/pathways are related to the

application of frankincense EO on our inflammatory-induced 3D human skin explants.

This provided a data set of genes and pathways that the frankincense EO may be

targeting to possibly ameliorate inflammation. There was no further analysis in this

chapter for FCO systemic. It appears the FCO systemic application did not mix
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well with the media, and did not result in any DEGs. This is most likely due to

the fact the FA molecules of FCO are highly hydrophobic in nature and presumably

did not disperse within the media and floated back up towards the sampling port

(Franz cell set up: figure 3.1 for reference). The FCO topical application did result

in a subset of DEGs. FCO is recommended for its use in the dilution of EOs for

sensitive skin. For example, one may dilute an EO by adding 1 drop of an EO in

a bottle, adding 5 drops of FCO, mixing the solution and then applying 1 drop at

the diluted concentration onto the skin. FCO is commonly used for dilution purposes

when applying EOs to dogs and children. There are mixed statements on whether a

FA oil can aid in transdermal absorption of an EO. Some studies have shown olive

oil to have the greatest enhancement for skin penetration and absorption and could

be explored for future studies to improve the penetration of EOs.[123]

The chemical profile of frankincense listed in table 3.3 presented the chemical com-

position of the frankincense EO used in this study. Chemical profiles for frankincense

can vary greatly depending on the species of Boswellia the EO is produced from as

well as the geographical location of cultivation. This makes it uncertain whether all

frankincense EOs will ever behave the same, or similarly. This issue also impacts ex-

perimental reproducibility in EO studies of all types. A principal component analysis

(PCA) was conducted compare the possible variances between the different frankin-

cense oils available online and their chemical profiles to see if any trends or patterns

could be spotted between the different species based on their chemical compositions.

4.1.1 Pathway analysis

Using the DEG data sets generated by RNA-seq, an in-depth pathway analysis

can be conducted on our samples. StringDB and the EOKB was utilized in chapter

2 in order to construct a knowledgebase driven hypothesis on frankincense oil. The

results from the pathway analysis can now be used to see how the EOKB hypothesis

did with real curated gene expression data. Many genes and pathways overlapped
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within previously published studies and our findings in frankincense systemic. These

results will be further discussed in this chapter.

4.1.2 Frankincense gene expression data in comparison with NSAIDs and steroids

For mild cases of inflammation, OTC NSAIDs are typically used for pain relief. For

more severe cases of inflammation, typically seen in autoimmune disorders, steroids

are utilized to suppress the systemic inflammatory response of the immune system. To

investigate how frankincense would compare to these drugs, several publicly available

gene expression studies were used to compare the genes and pathways associated

with NSAIDs and steroids and compare it back to the pathway analysis previously

conducted with the frankincense RNA-seq data.

4.1.3 Predicting the mechanism of frankincense EO

We hypothesize that with this data, we can combine different computational meth-

ods to integrate and combine data sources in order to verify that frankincense EO

holds potential as a therapeutic in the ameliorating inflammation by pinpointing

specific mechanisms and pathways involved.

4.2 Methods

4.2.1 Ingenuity pathways analysis

The DEG data obtained from DESeq2 was further analyzed using IPA. Each sample

set was uploaded and analyzed individually. The LPS samples were used as the

reference for calculating the DEGs, and were therefore not analyzed in IPA. When

the data was uploaded into IPA, it ran the analysis for each data set using the log2

fold change (Log2FC) values with their respective adjusted p-values of less than 0.05.

Results are summarized in section 4.3.
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4.2.2 Generally applicable gene set enrichment (GAGE) with Pathview

Pathway analysis images were generated by Pathview based on the DEGs calculated

from the frankincense samples.[124] The Log2FC data calculated for the samples by

DESeq2 were uploaded to Pathview.[125] Pathway selection was set to auto. The

bounds for the Log2FC were set at -10/+10. This parameter displayed the DEGs

optimally. Some genes had Log2FC lower than -10, but increasing the scale to -

20/+20 moved too many genes into the gray scale (mid) bounds. This reduced the

overall impact of the treatment on the lower DEGs, that still hold significance.

4.2.3 Gene set enrichment analysis (GSEA)

Performing a gene-set enrichment analysis (GSEA) on the RNA-seq data in order

to compare the results of related gene sets to those found with Pathview. GSEA,

developed by the Broad Institute, takes the normalized count data calculated from

DESeq2 to determine which genes show statistically significant, concordant differences

between different biological states.[126][127]. The data was uploaded to GSEA and

compared against the molecular signatures database (MSigDB) C7 immunologic gene

sets. The program output different gene set associations and heat maps based on the

different testing groups used in the comparison.

4.2.4 EO chemical analysis

Principal component analysis (PCA) was used in R in order to visualize metabolite

data of different EOs. Publicly available GC/MS data was utilized from the EOUdb

to see if trends could be detected in the data between frankincense EOs of different

species.[13] PCA is used to visualize multi-dimensional data. It is a dimension reduc-

tion technique that takes correlated variables, transforms them and projects the now

de-correlated data into a new coordinate system. Hierarchical clustering will also be

employed in R to group different EOs based on the nearest neighbor chain algorithm.

This algorithm utilizes Ward’s distance method. This method merges clusters based
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on the similarity of distances of different clusters based on their chemical profiles

using their calculated Euclidean distances.

4.2.5 Alternative splice (AS) site detection

One of the many benefits of using RNA-seq, allows for the user to search for AS

sites within the data. One gene can produce multiple transcript variations that occur

naturally. It is important to investigate whether any of these transcript variants

arose from the treatment. The frankincense systemic data contained a little over

200 transcript variants or isoforms that were differentially expressed (DE). From

these transcripts, a small subset of genes involved in inflammatory/immunological

related pathways were chosen to investigate. Transcripts were visualized using the

Integrative Genome Browser (IGB).[128] In IGB all 5 of the BAM alignment files

from the frankincense systemic application were uploaded to IGB. Overall coverage

and alignment of the reads for each sample was very good. Using IGB we can visualize

whether these alternative transcripts are actually within the reads across our replicate

samples. Upon further investigation, most of these transcripts were variants that are

naturally occurring variations. No transcripts identified as something novel or unique.

Some transcripts did however, display some intron retention.

4.2.6 Weighted gene co-expression network analysis (WGCNA)

Using the normalized count data generated from HTseq from the RNA-seq anal-

ysis, a weighted gene co-expression network analysis (WGCNA) can be performed

on the data. This method uses pairwise correlations between the genes to study the

relationships between co-expression modules. It then compares the modules to the

different EO applications.[129] WGCNA was applied to the data using the R pack-

age "WGCNA."[130] One of the added benefits of using WGCNA allows the user to

check for correlations in the data between the samples and their trait data. For this

analysis, since the samples came from the same human, there was not much trait
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data to be added outside of the testing conditions. The software can still be used to

identify and cluster samples based on associated genes to find trends across different

testing conditions.

4.2.7 Analysis of anti-inflammatory pharmaceuticals in comparison to

frankincense EO

The ideal data set to compare the anti-inflammatory effects of frankincense would

be to use another RNA-seq set that tests an NSAID on skin tissue. Ideally, this would

be a topical ointment such as diclofenac gel. Upon searching for this data, the perfect

ideal data set is not available. The best approach was to analyze and compare several

gene expression data sets that involved the use of different NSAIDs/steroids and use

them all as a comparison against the frankincense. One study measured gene expres-

sion changes over several time points on human aortic smooth muscle cells treated

with 2 different NSAIDs.[131] The main issue with finding related gene expression

studies suitable for comparable analysis was the fact most studies test NSAIDs and

other related drugs on cancerous cell lines or diseased tissue. This is not an ideal

model for comparisons considering healthy skin tissue was used in the previous ex-

periments that we conducted with the EOs. There is a newly available RNA-seq

study that stated Glucocorticoids have both direct and indirect effects on gene ex-

pression when they tested it on five non-hematopoietic (endothelial cells, fibroblasts,

myoblasts, osteoblasts, and preadipocytes).[132] This makes for an excellent compar-

ison tool due to the cells being obtained from a separate cohort of 4 unrelated healthy

human donors.[132] Even though steroids tend to have a more direct immunosuppres-

sant effect, it can still be used in comparison with Frankincense EO.
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4.2.8 Analysis of anti-inflammatory plant extracts in comparison to frankincense

EO

Publicly available data is limited for the testing of NSAIDs on healthy human

tissues. However, we can still utilize some data sets of plant extracts also studied

for their possible anti-inflammatory effects. One study investigated colchicine, an

alkaloid used to treat inflammation. They conducted a microarray of colchicine effects

on human umbilical vein endothelial cell lines.[133] There were data sets available that

studied plant extracts on different cell lines, however most were carcinoma related cell

lines.

4.3 Results

4.3.1 Ingenuity pathway analysis

The results for the pathway analysis are summarized according to each sample in

the sections below. The frankincense systemic had the highest number of DEGs.

A cut off value was set for the Log2FC of -1.5/+1.5, for all of the samples. The

frankincense topical had a very low number of resulting DEGs after adjusting the

results to the p-adj values of the data set. The FCO systemic application did not

produce any DEGs, and therefore does not have any summarized results below. The

supplementary file contains the PDFs of the full results from IPA for all of the samples

within the GitHub repository. The number of DEGs detected by IPA and DESeq2

differ slightly due to duplicate genes based on transcript variants or present isoforms.

When multiple transcript IDs of the same gene variant were uploaded, IPA chose

the highest valued transcript based on Log2FC/p-adj values and included it in the

analysis.

The results are divided by subsection, for each EO application. IPA generated the

top canonical pathways respective to each EO application. IPA bases the results on

the number of gene associations and their corresponding p-adj values. The canonical
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Table 4.1: Number of DEGs per sample using DESeq2. Cut off set at p-adjusted
value <0.05 and Log2FC -1.5/+1.5

Application Total DEGs Up Down
Frankincense systemic 1223 500 723
Frankincense topical 3 0 3

FCO systemic 0 0 0
FCO topical 219 177 42
Untreated 48 10 38

pathways and diseases/disorders results do not infer the overall effects of the treatment

on the pathways.

4.3.2 Analysis of frankincense systemic results

The pathways listed for frankincense systemic in table 4.2 are involved in mainly

immune-related responses. This is due to the high number of chemokines, cytokines

and interleukins that decreased in expression from the frankincense systemic treat-

ment.

Table 4.2: Top Canonical Pathways of frankincense systemic

Name Overlap
Granulocyte adhesion and diapedesis 18.9% 34/180

Hepatic fibrosis/hepatic stellate cell activation 17.7% 33/186
Agranulocyte adhesion and diapedesis 16.6% 32/193

Atherosclerosis signaling 19.7% 25/127
Hepatic fibrosis signaling pathway 11.7% 43/368

IPA generates the top associated diseases and disorders for the data set based on

the highest number of gene associations. Within each one of the 5 categories listed in

table 4.3, IPA lists subcategories for each specific disease and the number of associated

genes from the data set.

These results align with the high number of inflammatory-mediated genes reported

from the input data set. Table 4.4 highlights key genes DE in the frankincense

systemic that play key roles in mediating an inflammatory response. These cytokines
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Table 4.3: Diseases and disorders of frankincense systemic

Name Number of molecules
Cancer 1139

Organismal injury and abnormalities 1156
Inflammatory response 396
Gastrointestinal disease 1022
Cardiovascular disease 310

displayed varying levels of decreased Log2FC values.

Table 4.4: Key genes associated with inflammatory-mediated response by frankin-
cense systemic

Gene symbol Log2FC Gene symbol Log2FC
CCL2 -3.330 CCL13 -2.491
CCL8 -3.322 CCL19 -2.801
CCL7 -8.282 CCL22 -5.645
IL6 -4.108 IL15 -4.812
IL10 -5.105 IL1α -3.432
IL2RA -5.993 IL11 -3.823
CXCL2 -3.256 CXCL6 -9.978
CXCL3 -4.367 CXCL8/IL8 -4.634
CXCL5 -8.015 CXCL10 -4.984
IL1R1 -2.566 CXCL12 -2.742
MMP9 -5.908 MMP7 -2.034

Cytokines are soluble extracellular proteins or glycoproteins that regulate and

mobilize cells that engage in adaptive and innate inflammatory host defenses, cell

death/growth, differentiation and processes that restore homeostasis.[84] Interleukins

(IL) and chemokines (CXC, CC) all belong to the cytokine family. Chemokines are

a type of cytokine that stimulate the migration and activation of mainly phagocytic

cells and lymphocytes.[84] They play a fundamental role in inflammatory responses

and the pathogenesis of autoimmune inflammatory diseases.[134] The CXC subfamily

activate neutrophils and members of the CC subfamily attract and activate mono-

cytes and lymphocytes.[135] Transforming growth factor beta 1 (TGF-β1) did exhibit
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a slight decrease (-1.295). TGFβ is known to suppress cytokine signaling by inhibiting

the activity of Th1 and macrophages.[136] Pro-inflammatory cytokines: IL8(CXCL8),

CXCL10, IL6, CCL2, and IL1α were decreased from the LPS controls. IL1β was sig-

nificantly lowered in the RT-qPCR assays but missed the cut off value for the p-adj pa-

rameters set for the RNA-seq data. Secretion of IL1β activates TLR2 and TLR4.[137]

TLR3 and TLR4 presented Log2FC values of -2.323 and -3.568 respectively. Of these

cytokines, studies investigating the functioning of anti-inflammatory cytokines have

found their role to vary based on the biological condition they reside in.[138] IL10, an

anti-inflammatory cytokine can produce a pro-inflammatory functions when residing

in an inflammatory environment or condition, where endotoxins, such as LPS, are

present.[138][139][140] Further analysis of a subset of targeted genes: IL1α, IL1R1,

IL6, CXCL8/IL8, IL15, CXCL10, MMP9, IL2RA, CCL7, revealed many current and

investigational drugs that are being or have been tested to target these genes. These

drugs range in use from treatments for autoimmune diseases, dermatological diseases,

chronic inflammation and tumor suppression.[22] Due to the high number of cytokines

that displayed a decrease in expression, IPA predicted decreased activation states for

the diseases and functions listed in table 4.5 below.

Many different metabolic pathways are linked to cancer due to the numerous types

that exist. Most inflammatory markers play roles in cancer-associated pathways, re-

sulting in the high number of associated genes in cancer. Further upstream analysis

for the frankincense systemic revealed inhibited activation states for the upstream reg-

ulators listed in table 4.6. Of these upstream regulators, it was intriguing to see that

LPS was listed as a predicted inhibited chemical drug due to the high number of asso-

ciated inflammatory genes and over 39,000 literature findings. The presence of LPS in-

creases expression in TNF, IL6, IL1β, NOS2, PTGS2, NFκB (complex), IL10, IL12B,

CXCL8(IL8), nitric oxide, TLR4, CCl2, IL12 (complex), CXCL10 and CXCL3. All

of which were significantly decreased in the frankincense systemic samples. Activa-
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Table 4.5: Subset of predicted activation states for the listed diseases above based on
p-values, number of gene associations and z-scores.

Categories
Diseases/
functions

annotation
p-value

Predict.
activation

state
Z-score # of

genes

Organismal
injury and

abnormalities
Cancer 6.25E-56 Decreased -2.52 1138

Immune cell
trafficking

Leukocyte
migration 1.75E-26 Decreased -3.722 182

Immune cell
trafficking

Cell movement
of leukocytes 6.25E-24 Decreased -3.763 155

Cell-to-cell
signaling and
interaction

Activation of
cells 3.12E-23 Decreased -3.968 176

Inflammatory
response

Inflammatory
response 1.20E-21 Decreased -4.438 150

tion of tumor necrosis factor (TNF) and/or nuclear factor-kappa-B (NFκB) regulate

signaling genes that mediate and signal inflammation in innate and adaptive immune

responses. IPA predicted the inhibition of the NFκB complex, IL1β and LPS based

on the upstream analysis. Myrrh and frankincense systemic treatments both had

significant effects on reducing IL1β signaling in the initial RT-qPCR assay. Further

investigation of cardiovascular disease showed the decreased activity of occlusion of

blood vessel and artery based on the downstream analysis of the 90 associated genes

from the data set. Membrane metallo-endopeptidase (MME) presented a Log2FC

value of -3.549. Increased MME expression within the neutrophils is detected in

patients with early phase acute myocardial infarction (AMI). These increased expres-

sion levels of MME may play a role in the pathophysiology of ischaemia/reperfusion

myocardial injuries by increasing degradation in neutrophils.[141]

The IPA software curated the results into different networks based on associations

with other related networks and genes. Figure 4.1 illustrates the number of genes

associated with an inflammatory response and the cellular locations of each of the
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Table 4.6: Subset of upstream analysis regulators and their predicted activation states
based on literature findings, pvalues, gene associations and z-scores.

Upstream
regulator

Molecule
type

Predict.
activation

state
Z-score P-val of

overlap
Mechanistic

network

TNF Cytokine Inhibited -6.111 2.94E-37 431 (11)

LPS Chemical
drug Inhibited -6.758 1.29E-25 410 (13)

IL1β Cytokine Inhibited -6.376 7.81E-23 370 (12)
P38 MAPK Group Inhibited -4.583 3.04E-19 349 (13)

NFκB
(complex) Complex Inhibited -6.684 2.43E-13 430 (13)

targeted genes. Green shapes indicate decrease measurements of gene expression.

The red shapes indicated increased measurements of gene expression. Refer to the

IPA legend for more detailed descriptions. Numerous cytokines existing within the

extracellular space were decreased from the LPS controls. Specific Log2FC values were

excluded from the image due to complexity, but can be found in the supplementary

files under chapter 4 results for IPA.
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Figure 4.1: DEGs from frankincense systemic associated with inflammatory-mediated
response
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4.3.2.1 Generally applicable gene-set enrichment of frankincense systemic in

pathview

Pathview applied the generally applicable gene-set enrichment (GAGE) method to

the frankincense systemic data set. The software auto-detects KEGG pathways from

genes that are co-regulated towards a single direction. The canonical pathways gen-

erated by IPA allow for changes in both directions of the genes. Pathview generated

a total of 6 associated Kegg pathways for the frankincense systemic data listed in the

table below.

Table 4.7: Pathview summary results for frankincense systemic

KEGG pathways
Pathway Description
hsa04060 Cytokine-cytokine receptor interaction
hsa04062 Chemokine signaling pathway
hsa04510 Focal adhesion
hsa04630 Jak-stat signaling
hsa04640 Hematopoietic cell lineage
hsa04668 TNF-signaling pathway

The majority of the DEGs from the frankincense systemic were involved with

the cytokine-cytokine receptor interaction pathway. Partial results of the cytokine-

cytokine pathway are pictured in the figure below. Due to the complexity of the

pathway, the image displays only part of the pathway containing the majority of the

genes residing in the chemokine and cytokine families. (Full images can be found in

GitHub repository) Diseases associated with this pathway include: Type 1 diabetes,

Chron’s disease, inflammatory bowel disease, ulcerative colitis, juvenile idiopathic

arthritis, chronic mucocutaneous candidiasis and many others. There are 414 listed

drugs for this pathway. The genes are colored in the figure below based on a log2FC

scale of -10/+10.
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Figure 4.2: Partial image generated by Kegg and Pathview for the frankincense sys-
temic application on the cytokine-cytokine receptor interaction pathway(hsa04060)
Log2FC scale displayed in bottom left area of the figure

An intriguing finding was the decreased expression values for IL2 receptors IL2RA

and IL2RG under the class I helical cytokines which activates JAK3 and activates

tyrosine phosphorylation. JAK3 is associated with a variety of immunodeficient-

related diseases. The highest expression change was seen in the CXC subfamily,

also seen in table 4.4. CXC chemokines bind to their receptors and can induce a wide

array of responses including: allergic responses, inflammation, infections, autoimmune

diseases and tumor growth.
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4.3.2.2 Gene set enrichment analysis (GSEA) of frankincense systemic

The overarching goal of GSEA is to determine whether the members of a given

gene set, tend to occur towards the top or bottom of the list in correlation with the

distinctive treatment types.[126] The frankincense systemic was compared against the

LPS controls with the chosen MSigDB C7 immunologic gene data sets. This gene

set contains a variety of expression data from different cell types and states within

the human and mouse immune system. Since it is known that most of the associated

pathways from frankincense systemic were from the immune system, and since samples

were target with LPS, it was suitable to use this MSigDB gene set. Results displayed

that the frankincense systemic displayed mostly negative enrichment scores (ES) in

association with the gene sets. Figure 4.3 below displays 2 graphs. The first graph on

the left summarizes the results of the enrichment score given by GSEA. ES is scored

based on a running sum statistic that depends on the magnitude of correlations

between the given genes and the phenotypes of the data. It reflects the degree to

which a gene set is over-represented at the extremes of the entire ranked list.[126]

Next, its level of significance is calculated by creating a correlation structure based

on the data by using permutations of the phenotype labels. Lastly, the score is

adjusted using for multiple hypothesis testing using FDR.[126]

Since GSEA ranks based on genes upregulated within the gene sets, the LPS control

samples received a higher ES due to the highly expressed immunologic-related genes.

Frankincense received a negative correlation score with genes seen as upregulated in

LPS controls. This is due to the majority of genes that were down-regulated due

to the frankincense EO treatment application. The graph on the left in figure 4.3

displays the distribution of the ES against the number of enriched gene sets. The

correlation profile on the right side of the figure, demonstrates a positive correlation

of upregulated genes in the positive LPS controls, as well as a high enrichment score.

The frankincense systemic displays a low enrichment score and is negatively correlated
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with the ranked gene list due to the number of down regulated genes measured in

those samples.

Figure 4.3: The graph on the left displays the distribution of the enrichment score
(ES) of the LPS controls versus the frankincense systemic. The figure on the right
shows the correlation between the ranked gene sets based on the sample conditions.

Two heat maps are shown in figure 4.4. These heat maps rank the top 50 genes

correlated with each condition based on expression values. Dark blue indicates lowest

expression values and red indicates highest expression values. The first heat map on

the left are the results from running GSEA on the data with the MSigDB C7 gene

sets. When GSEA was run a second time, MSigDB was changed out and replaced

with a drug signature database gene set (DSigDB).[142] This gene set contains tar-

get genes of FDA-approved drugs. GSEA applies scores for each drug based on the

correlation of the disease signature genes from the expression changes in the sam-

ples. This can be used to compare experimental/investigational drugs to already

existing approved drugs.[143] The results from this run, presented extremely similar

results even when using two different gene signature data sets. Frankincense sys-

temic presented ES negatively correlated with upregulated genes in the LPS controls

using either DSigDB/MSigDB. It is clear here based on the figure, that there is a
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high number of completely separate genes correlated with each of the two condition

types. Cytokines CXCL6, CCL7, CCL22, CXCL5, CXCL10, CXCL8/IL8, displaying

opposite gene expression values versus the LPS controls in both GSEA runs.
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Figure 4.4: Heat map of top 50 features for each condition showing the correlation
between the ranked genes and the treatment type, using two different gene signature
databases (MSigDB/DSigDB). Gene expression is represented by a range of colors
(red, pink, light blue, dark blue) shows the range of expression values (high, moderate,
low, lowest)
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4.3.3 Analysis of frankincense topical results

The frankincense topical application resulted in a very low number of DEGs with

the tight cut off parameters set for IPA (p-adj <0.05). These genes and their respec-

tive Log2FC values were SPRR2A(-9.282), CXCL10(-3.211), and IFIT2(-2.148). The

results from the RNA-seq and the RT-qPCR for CXCL10 from frankincense topical

donor 1 were in agreement. CXCL10 binds to CXCR3 in order to regulate immune

cell activation, signaling, migration and differentiation.[144] It is highly expressed in

a wide variety of human diseases, including cancer and autoimmune diseases. Its

increased expression proliferates inflammation and can cause tissue damage.[145] De-

creasing the expression of CXCL10 can interfere with its binding to the CXCR3

receptor and could slow the progression of central nervous system (CNS) associated

diseases such as epilepsy, multiple sclerosis (MS), and Alzheimer’s disease.[146] El-

delumab is a human antibody drug currently in the investigational phase that binds

to CXCL10 in order to block calcium flux, cell migration and reduce the production of

pro-inflammatory cytokines.[22] It is being studied on multiple inflammatory diseases:

rheumatoid arthritis, inflammatory bowel disease (IBD) and MS. It is possible that

the topical application of frankincense could provide a similar mechanism of action,

however more studies need to be continued for its use in therapeutics. A full pathway

analysis could not be conducted on the frankincense topical due to the low quantity

of DEGs.

4.3.3.1 GSEA of frankincense topical

Although the resulting DEGs from frankincense topical were low, the normalized

counts generated by DESeq2 were still analyzed in GSEA. The results from the GSEA

for frankincense topical, mimicked similar results to those seen in the frankincense

systemic. The frankincense topical displayed mainly negatively correlated gene lists

and enrichment scores compared to the LPS controls seen in figure 4.5. Figure 4.5 also
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displays the same heat map explained in section 4.3.2.2. A trend can still be observed

in the gene sets expressing opposing correlations between the LPS and frankincense

topical. However, the results here are not as distinctly separated as seen previously

in the frankincense systemic heat map. As noted earlier, CXCL10 is still heavily

down-regulated in comparison to the LPS samples as presented in the heat map. The

majority of these genes, did not make the cut off parameters for the analysis that was

completed in IPA.
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Figure 4.5: On the left: Heat map of top 50 features for each condition showing the
correlation between the ranked genes and the treatment type between LPS controls
and frankincense topical (MSigDB: C7). Gene expression is represented by a range
of colors (red, pink, light blue, dark blue) shows the range of expression values (high,
moderate, low, lowest) On the right: ES scores based on the number of gene lists,
and correlation profile of the gene lists in comparison with treatment applications



94

4.3.4 Analysis of FCO topical results

The DEGs in the FCO topical samples were not mainly associated with signaling or

mediating inflammation. This implies that the LPS was able to successfully induce

inflammation within the tissue. Therefore, most inflammatory signaling molecules

did not change significantly from the controls. Genes from the FCO topical were

involved in the binding, transporting, and metabolizing of fatty acids. These fatty-

acid related genes and proteins prompted a significant increase in expression versus the

LPS controls, therefore supporting effective absorption of the FCO in the skin biopsy

models. Genes from the FCO topical had increased expression levels in the listed

diseases in table 4.9, but were not main targets in mediating or signaling inflammation.

Table 4.8: Top canonical pathways of FCO topical

Name Overlap
Role in IL-17A in Psoriasis 30.8% 4/13

Intristic prothrombin activation pathway 9.8% 4/41
SPINK1 pancreatic cancer pathway 7.3% 4/55

Fatty acid activation 15.4% 2/13
Cholesterol biosynthesis I 15.4% 2/13

SPINK1 pancreatic cancer pathway 6.7% 4/60

Table 4.9: Diseases and disorders of FCO topical

Name Number of molecules
Dermatological diseases and conditions 148
Organismal injury and abnormalities 208

Cancer 206
Skeletal and muscular disorders 40

Immunological disease 42

4.3.4.1 GSEA of FCO topical

A GSEA was also conducted on the FCO topical samples. The MSigDB used for

the FCO samples was the Hallmark (H) gene sets. This signature database was chosen
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Table 4.10: Molecular and cellular functions of FCO topical

Name Number of molecules
Cell morphology 26
Lipid metabolism 26

Small molecule biochemistry 30
Cellular development 16

Post-translational modification 12

to look at a more overall effect of the FCO topical, since many DEGs of the FCO did

not play direct roles in immunologic-related pathways. The results from the GSEA

produced very different gene sets due to the fact FCO topical was associated with

different pathways than the LPS controls. Cytokines CCL21 and IL17A displayed in

the heat map in figure 4.6 were observed to have decreased gene expression levels.

The fact that many cytokines are not seen on the heat map indicate that they were

the same in both the LPS controls and the FCO topical treatments, since they were

not DE from one another.
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Figure 4.6: On the left: Heat map of top 50 features for each condition showing the
correlation between the ranked genes and the treatment type between LPS controls
and FCO topical (MSigDB: H). Gene expression is represented by a range of colors
(red, pink, light blue, dark blue) shows the range of expression values (high, moderate,
low, lowest) On the right: ES scores based on the number of gene lists, and correlation
profile of the gene lists in comparison with treatment applications
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4.3.5 Analysis of the untreated results

The untreated samples were not stimulated with the addition of LPS or EOs.

The untreated samples served as a negative control and provided a solid baseline

in regards to inflammation. The expression data for the untreated samples were

analyzed in IPA. The small subset of resulting genes from the untreated samples were

the expected inflammatory-mediated genes that significantly increased within the

positive controls after the addition of LPS. Most of these genes are associated with

similar inflammatory-related pathways as seen in the frankincense systemic samples.

Table 4.11: Top canonical pathways of the untreated applications

Name Overlap
Granulocyte adhesion and diapedesis 5.6% 10/180
Agranulocyte adhesion and diapedesis 5.2% 10/193

Role of IL-17F in allergic inflammatory airway diseases 14.3% 6/42
TREM1 signaling 8.0% 6/75

Role of IL-17A in arthritis 9.3% 5/54

The number of resulting molecules seen in these diseases are fewer than those DE

in the frankincense systemic.

Table 4.12: Diseases and disorders of untreated application

Name Number of molecules
Inflammatory response 33

Connective tissue disorders 24
Inflammatory disease 26

Organismal injury and abnormalities 44
Skeletal and muscular disorders 24

Table 4.13 highlights key genes from the untreated samples that are the cause of

the resulting canonical pathways and related diseases seen in the table above. These

cytokines in the untreated samples were identified as DEGs from the LPS controls.

These are ideal results for the untreated samples, as we can confirm the addition of
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LPS in the media did produce a substantial inflammatory response within the skin

tissues. It is also important to note that all the skin biopsy samples were treated

with 1% antibiotic/antimycotic solution upon arrival before they began experimental

testing to reduce risk of bacterial/fungal contamination in the skin culture assay.

Since the untreated samples were never treated with anything else but fresh media,

this could be why the baseline began at a relatively lower level of inflammation.

Table 4.13: Key genes with Log2FC from inflammatory response figure produced by
untreated

Gene symbol Log2FC Gene symbol Log2FC
CCL2 -2.331 CCL7 -5.533
CXCL2 -2.703 CXCL3 -3.087
CXCL5 -3.427 CXCL8(IL8) -2.876
CXCL10 -3.762 CXCL13 -3.087

4.3.5.1 GSEA of the Untreated Samples

The untreated samples were added in GSEA with MSigDB Hallmark (H) gene set.

The GSEA with the untreated samples produced results similar to those derived with

IPA. IL10, an anti-inflammatory cytokine can be seen with lower expression levels

that those in the control. It is interesting to note most of the genes seen as DE in

the untreated samples were also DE in the frankincense systemic samples as well as

additional genes. The addition of frankincense EO at the systemic level, may have

been able to retain these low expression levels as well as induce others, before the

addition of LPS.
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Figure 4.7: On the left: Heat map of top 50 features for each condition showing the
correlation between the ranked genes and the treatment type between LPS controls
and untreated (MSigDB: H). Gene expression is represented by a range of colors (red,
pink, light blue, dark blue) shows the range of expression values (high, moderate, low,
lowest) On the right: ES scores based on the number of gene lists, and correlation
profile of the gene lists in comparison with treatment applications
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4.3.6 WGCNA

Using WGCNA, data was first clustered according to euclidean distances within

the data set in order to detect any outliers. Next it was linked to the trait data

to visualize whether the trait data had any connection with the illustrated dendro-

gram. The frankincense systemic samples clustered together. The sample names are

labeled according to their testing condition. The FCO topical samples also clustered

closely together. This would support our findings as the DEGs in the FCO topical

applications were much different than the findings in the frankincense systemic.

Figure 4.8: Sample clustering by euclidean distances with WGCNA

WGCNA detected a total of 22 different modules. A total of 1504 genes were

seen in the module with the highest number of genes, and 39 genes were detected

in the module with the lowest number of genes. Next the genes within the data

set are clustered according to genes with dissimilarity based on topological overlap,

together with the assigned modules. First the dissimilarity between the genes is

calculated using the topical overlap measure (TOM). TOM measures the pairwise
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similarity measure between the genes. If TOM is high, then genes have similar overlap

between neighbor genes. This implies the genes have similar expression patterns

across the samples.[130] Although, TOM is measuring similarity between the genes

and their networks 1-TOM will produce the dissimilarity seen in the dendrogram.

The dendrogram produces hierarchical clustering results of the genes based on module

detection. All 8390 genes were split into 2 total gene blocks which produced 2 different

cluster dendrograms. Pictured on the top half of figure 4.9.

Figure 4.9: The dendrogram displays the clustering of genes with dissimilarity based
on topological overlap, together with assigned module colors

The heat map on the bottom left of figure 4.9 displays genes that are highly corre-

lated due to high co-expression interconnections. The more saturated the yellow and
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red colors appear, the more the modules correspond to highly interconnected genes.

The tips of each of the branches meet the modules where genes display the highest

interconneectedness with the rest of the genes in the module.[130] The heat map was

limited to the top 400 genes, as suggested by the developers due to high complexity

and time of generating a heat map with all of the genes. Unfortunately, no clinical

trait data could be used to see if there were any patterns between different traits

and the gene expression networks. They are typically utilized in the graph pictured

on the bottom right in figure 4.9. The traits will typically be intermixed within the

module colors to detect modules with close relatedness to the gene cluster modules.

The clustered modules were extracted from WGCNA and added into Stringdb to

detect whether there was a general trend based on the genes present in each module.

The larger modules did display more connected genes within the network, however,

just because they displayed relativity with each other, they did not produce many

associated pathways that provided much meaning. This could be due to the fact that

the testing applications did vary greatly between samples. The genes produced by

the FCO, were quite different than those generated by the frankincense. The genes

from each of these modules were further analyzed using Stringdb to detect any trends

within the modules. Some of the smaller modules failed to produce results that clearly

indicated any clear pathway associations within the gene groups. Some of the largest

modules produced many gene connections, but not necessarily coherent networks of

genes that play a biological role in many related/clustered pathways. In the bot-

tom image of 4.9, displaying the hierarchical clustering dendrogram of the modules,

MEbrown and MEblack share the same branch. Upon further investigation of these

modules in Stringdb, the black module played a role in chemokine signaling pathways,

TNF signaling pathways, and IL17 signaling pathway and rheumatoid arthritis. The

brown module had genes involved in PI3K-AKt signaling and cancer. The result-

ing brown and black modules are most likely due to genes involved with cancer and
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inflammation associated with the frankincense EOs, the untreated samples and the

LPS controls.

4.3.7 Comparison of frankincense to traditional NSAIDs

A microarray study had previously pre-treated celecoxib and rofecoxib on human

aortic smooth muscle cells (3F1243) and exposed them to pro-inflammatory cytokine,

IL1β. (GSE59671) The transcription profiling was compared to the results generated

by frankincense systemic. Genes from each treatment were separated by their trend

(increased/decreased expression) and compared. Celecoxib originally resulted in a

higher number of DEGs than Rofecoxib. Frankincense systemic shared 44 genes that

decreased in expression levels with the Celecoxib. Of these related genes, the majority

of them were involved in IL-17 signaling, TNF signaling, cytokine-cytokine receptor

interactions and chemokine signaling.[147] Both Celecoxib and Rofecoxib are known

to target COX2 and are used to treat acute pain and inflammation in various types of

arthritis.[22] Celecoxib and frankincense systemic both shared lower expression values

for COX2 (-3.82, -2.60) respectively. Celecoxib has several other targets, but none

were DE in the data set nor within the frankincense data set. Since Rofecoxib resulted

in a low number of DEGs to begin with, those that could be used in comparison with

frankincense were low. From the graph in figure 4.10, not many genes from Rofecoxib

were DE and in common with frankincense systemic. Rofecoxib was commonly used in

cases of arthritis but was voluntarily withdrawn from the market by the manufacturers

due to possible increased risk of heart attack or stroke with long term usage of the

drug.[22]
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Figure 4.10: Graph displays all genes in common with frankincense systemic from the
NSAID treatments with a Log2FC ≤ -1.5
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4.3.8 Comparison of frankincense to five non-hematopoietic treated with a

methylprednisolone

A newly available RNA-seq data set that tested methylprednisolone, a glucocor-

ticoid on 9 different cell lines.[132] This data was used as a comparison tool for

examining the inflammatory-related gene associations between the glucocoticoid and

the frankincense systemic. The five non-hematopoietic (endothelial cells, fibroblasts,

myoblasts, osteoblasts, and preadipocytes) were treated with the steroid. Samples

were taken at two time points (2h and 6h). The data from the 6h time point was used

in this comparison analysis. The graph shows genes in common that decreased in gene

expression in both the steroid treatments and the frankincense systemic treatments.

Genes that presented a Log2FC value of ≤ -1.5 were compared against frankincense

systemic genes that also presented a Log2FC value of ≤ -1.5. The Log2FC values are

colored in varying shades of green based on the Log2FC value of that individual gene

in the steroid data set.

The graph in figure 4.11 displays these genes that were in common with those found

in frankincense.
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Figure 4.11: This graph displays expression data for genes that had a Log2FC ≤ -1.5
between the 5 non-hematopoietic cell lines

Methylprednisolone is known to target the glucocorticoid receptor (NR3C2). NR3C2

is involved in regulating an inflammatory response. NR3C2 was recorded in the data

as a DEG in only one of the 5 non-hematopoietic: the myoblast cell line. Annexin A1

(ANXA1) is the second recorded target for methylprednisolone. ANXA1 was not seen
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in the 5 non-hematopoietic expression data as a targeted gene. It is clear that both

this steroid treatment and frankincense decreased expression in similar gene sets.

The highest number of genes in common with frankincense are seen in the fibrob-

lasts cell line. Many cytokines are shared amongst frankincense and these cell lines.

CCL7, CCL8, CXCL6, CXCL8(IL8), IL1α, are some of the main cytokines showing

a decreased expression values after the treatment of methylprednisolone, and are also

seen in the frankincense systemic treatments. The large overlap of similar DEGs from

the data proposes the question of whether frankincense could be capable and further

utilized as a therapeutic with steroid-like suppression capabilities.

4.3.9 Comparison to frankincense with colchicine

The number of DEGs from this data set was quite low in expression level values

to be used for comparison against the frankincense. Furthermore, many of the genes

described as producing an anti-inflammatory mediated effect by the colchicine were

not many in relation to the cytokine family. Some were associated with cell growth

and differentiation, but very few were involved in inflammation.

4.3.10 Principal component analysis (PCA) and hierarchical clustering of

frankincense EO species using chemical profiles

The data scraped from the EOUdb, was used in R in order to plot a PCA based

on the chemical profiles of different EOs, with the permission of EOUdb. The data

was manipulated into the correct format to run this analysis and was loaded into R.

R packages utilized for this analysis were: Readr, plyr, devtools, dplyr, mclust, and

ggbiplot.[148][149][150][151][152][153][154]

At first, all the EOs in the EOUdb were used in the first analysis. This did not work

well, considering the high dimensionality of the data. Many chemical components seen

in some EOs are not seen in others. Making their scores unhelpful in drawing any

conclusions about the data. Next based on reference guides, those suggested for uses
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in inflammation were used next. But also proved to have the same issues, chemical

profiles were too varied to use that large of a subset of oils. This would have been

easier if the data set contained more numerical variable measurements seen across all

oils, rather than certain ones. For these data sets all that was available was, chemical

name, relative percentage (amount of that chemical present in the oil), oil name and

the family the oil belongs to. Typically data sets used in these types of analyses have

more phenotype or trait data that can be used in tandem with PCA calculations.

First we used PCA to generate a graph based on different frankincense EOs and their

chemical profiles based on chemicals and their respective relative percentages, seen

in figures 4.12. In the figure the species of frankincense are color coded by their

groupings shown in the figure legend. The principal component axes, displays the

scores which are a linear combination of all the measurements. PC1 accounted for

35.5% of variance within the data, and PC2 accounted for 12.8%. The bottom image,

displaying the projected scores on PC2 and PC3 axis, allow for a better visual for

separation/grouping of the frankincense EO by family. Figure 4.13 projected the

different chemical component variables in relation to the species of frankincense.
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Figure 4.12: This graph displays a PCA plot by looking at the weight of the metabo-
lites of the varying kinds of frankincense EO
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Figure 4.13: This graph displays a PCA plot by adding in the variables (chemical
components)
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Trying to perform a general PCA on the oils with proposed inflammatory properties

(864 EOs) was too difficult to see any distinct variation between the types of EOs

or their respective plant families. The generated variances from the PCA were too

low. Frankincense belongs to the Burseraceae family, also known as the Torchwood

family.[155] This family resides in the order of Sapindales. Sapindales is an order of

flowering plants and contains many trees, as well as citrus producing trees.[155] It

was intriguing to find out that maybe there was distinct groupings of the chemical

components of different families within the Sapindales order. The Sapindales order

contains many different families of plants. Only EOs belonging to 2 of families of the

Sapindales order them were logged into EOUdb. This included mainly citrus EOs

(Rutaceae family), frankincense EOs, and myrrh EOs(Burseraceae). They were used

to perform the PCA in figure 4.14. EOs within the Burseraceae family seemed to

show a slight distinction with EOs in the Rutaceae family, but there was not enough

explained variance to support it.
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Figure 4.14: This graph displays a PCA plot of different EOs within the Sapindales
order, which contained two families Burseraceae and Rutaceae.
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Hierarchical clustering was employed in R using the mclust package.[149][152] The

groupings displayed in figure 4.15 display some general grouping of Boswellia carterii,

however other samples of the same species did not group in the same branch. The

bottom figure displays the same data and graph, presented with different labels.

Labels were replaced with those containing the geographical location for each sample.

There are no clear groupings based on species, however, the groupings on the far right

side did display a general Africa trend, even though they present different species of

frankincense.
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Figure 4.15: This graph displays two hierarchical clustering graphs. Both are dis-
playing the same data presented with different labels.
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4.3.11 Pathway analysis results in comparison to previously generated RT-qPCR

results

4.3.11.1 Frankincense systemic

The RT-qPCR results discussed in chapter 3, was generally in agreement with the

frankincense systemic results from the RNA-seq. Pro-inflammatory biomarker IL1β

was significantly decreased in both donors and had a Log2FC of -4.197. However, IL1β

did not meet the cut off parameters set for the p-adj values in the RNA-seq results.

IL8 (CXCL8) was decreased in both donors and confirmed in the RNA-seq results.

CXCL10 expression was reduced in the RT-qPCR results in both donors but not at

a statistically significant level. In the RNA-seq data, the Log2FC of CXCL10 was

-4.984 with a p-adj of 2.76E-08. COX2 was decreased in both donors, and identified

as a DEG in the RNA-seq data. Reported as its alias, PTGS2 with a Log2FC value

of -2.64, p-adj value of 3.83E-03.

4.3.11.2 Frankincense topical

In the RT-qPCR results, frankincense topical decreased 1 marker significantly in

D1, CXCL10. This was further confirmed in the RNA-seq data as one of the few

DEGs from the frankincense topical.

4.3.12 Pathway analysis results for frankincense systemic in comparison to EOKB

Predictions

The EOKB derived 421 genes from various studies that were associated with the

chemical compounds found in frankincense EO. The 1224 DEGs were also added

into Stringdb to see the comparison in the associated Kegg and Reactome pathways

previously predicted for frankincense EO. Chapter2, Stringdb found the top 5 Kegg

pathways to be different from the top 5 predicted associated pathways using the

EOKB data (table 2.1 for reference).

However, the top 5 generated Reactome pathways from the DEG data yielded
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Table 4.14: Kegg pathway Stringdb results for frankincense EO (systemic) based on
the DEGs calculated from the RNA-seq data

KEGG pathways
Pathway Description Gene count FDR

hsa04060 Cytokine-cytokine receptor
interaction 49/263 7.22E-07

hsa05323 Rheumatoid arthritis 22/84 8.12E-05
hsa04668 TNF signaling pathway 25/108 8.12E-05
hsa05144 Malaria 14/47 0.0014
hsa04657 IL-17 signaling pathway 20/92 0.0014

pathway associations similar for 4/5 predicted by the EOKB data

Table 4.15: Reactome pathway Stringdb results for frankincense EO (systemic) based
on the DEGs calculated from the RNA-seq data

Reactome pathways
Pathway Description Gene count FDR
hsa-6783783 IL-10 signaling 20/45 1.95E-06
hsa-449147 Signaling by interleukins 61/439 3.2E-04

hsa-1280215 Cytokine signaling in immune
system 79/654 7.4E-04

hsa-168256 Immune system 177/1925 0.0073
hsa-6785807 IL-4 and IL-13 signaling 21/106 0.0111

These findings were similar pathways predicted by pathview, based on the ex-

pression data.[124] When comparing the number of DEGs detected in the RNA-seq

analysis (1224) to those generated by the EOKB (421), 39 of those genes were found

in common between the two data sets. The genes in common were: UBB, LEP,

CCL19, MFSD11, CRP, GLA, CDSN, SNAI1, IL1α, FST, PTGS2, XYLT2, NR4A3,

MRC1, HMOX1, FLT1, IL10, SOD1, STIP1, NFκBIA, NOD2, TREM1, TLR2,

CD55, MAGEE1, PRDX1, MERTK, CYP4F3, CXCL8(IL8), HOXA10, CCL2, IL6,

RNY5, CLU, ICAM1, ST13, IL11, F3, and MMP9. These genes are associated with

Kegg Pathways: Rheumatoid arthritis, malaria, TNF-signaling, cytokine-cytokine re-

ceptor interaction, Leishmaniasis, IL-17 signaling, and NFκB signaling. These results

reveal the possible validation of the genes generated by the EOKB in conjunction with
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those produced by the RNA-seq. This poses more potential for the possible thera-

peutic applicability for frankincense EO.

4.4 Discussion

4.4.1 Pathway analysis

The FCO systemic application did not yield any DEGs and it did not show any

promising results in the RT-qPCR experiments. Due to its hydrophobic nature, it

most likely did not mix well enough during sonification with the medium. Once

the fatty-acid molecules settled, they most likely aggregated and floated back into

the top of the receptor chamber. The FCO topical application, did penetrate the

skin and produced 291 DEGs. Looking at the initial results in table 4.9, it appears

the FCO topical application was involved with diseases and disorders similar to the

frankincense systemic application. However, upon further investigation of some of the

pathways listed (cancer, immunological disease, neurological disease) it appeared that

the FCO topical application did not have much of a profound impact on any crucial

cancerous markers or inflammatory markers. The frankincense systemic application

had two more added tables than the FCO topical application. This was the "top

regulator effect networks" and the "top upstream regulators" tables ( 4.5 and 4.6).

This is because the FCO did not have strong enough data for the IPA program to

predict an inhibition or activation action of any of the listed upstream regulators.

Given a set of observed DEGs, the activation state of the upstream regulator is

determined as "predicted" or "inhibited" by IPA.[156] This prediction is based on the

associated relationship of the regulator to multiple associated genes in the data set

using their relative z-scores to determine whether the regulator has significantly more

"activated" predictions rather than "inhibited" predictions, or vice versa.[156] Results

from IPA showed implications of possible hepatotoxicity of the frankincense systemic,

due to the number of associated genes with their relative pathways. Upon further

investigation of these targets, IPA displays genes interacting in liver inflammation and
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viral hepatitis as the ones displayed in the inflammatory network above. As seen in

the figure the majority of these genes are being down regulated. Similar observations

can be made in networks associated with cardiotoxicity. This should continue to be

investigated in a dosage dependent matter. Another interesting finding, not associated

with inflammation was the networks affected that were associated with cancer-related

pathways. The number of genes involved in cancer mediated pathways could be a

future area of research for targeted cancer applications for frankincense. Results

cannot be interpreted in regards to cancer applications due to the fact non-cancerous

skin tissue was used in these models.

4.4.2 PCA and hierarchical clustering

Using PCA to possibly predict general trends in EO composition based on their

uses, did not produce such results. This is most likely due to the high variability in

these oils, at the species level, geographical areas of cultivation, and other factors.

Variation in results can also be due to the fact some studies post general EO com-

position profiles and others state and identify each individual compound, even those

found in trace amounts (>1%). This is an issue across research studies when publish-

ing compositions of EO profiles. When looking using PCA to visualize the frankin-

cense samples at a species level did explain more of the seen variance. However, more

samples would be ideal before any evident trends can be detected. Employing hier-

archical clustering for the frankincense data did not produce profound results either.

Although, one grouping displayed Boswellia carterii species group together, there

were still other branches also containing other samples of Boswellia carterii as well.

When looking at the groupings by continent or country, no general trend could be

seen based on the geographical location that were similar with frankincense species.

This could be improved as the sample size for GC/MS results for frankincense oils

increases. Boswellia serrata had a very limited number of samples. If the sample size

could increase for this particular species, it may be easier to see more distant groups
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from a clustering analysis of this frankincense species of EOs.

4.4.3 Comparisons with pharmaceuticals and OTCs

The results from the comparison analysis of gene expression studies utilizing NSAIDs

and steroids versus frankincense EO were only used to investigate whether similar

mechanisms and pathways may be at play. The conclusions of these data analyses

cannot be relied on too heavily considering the models for testing applications were

very different between the experiments. Further more, one of the bigger key differ-

ences were much shorter incubation times for the drugs tested (0hrs -6hrs) where as

the frankincense EO incubated for 24 hours. The celecoxib/rofecoxib was a more

comparable data set due to the fact the cells were pre-treated with the NSAIDs,

similar to the EO and then exposed to IL1β.[131] In the study that tested methyl-

prednisolone on non-hematopoietic cells, used cells derived from healthy donors and

never exposed the cells to any type of inflammation. Comparisons were not made to

the 4 hematopoietic cells also used in this study. This was due to the fact they circu-

late within the blood and bone marrow and would not be an ideal comparison model

against the skin biopsy samples.[157] It was interesting to note how many genes in

common that were DE in the frankincense systemic as well as in cell samples treated

with either NSAIDs or glucocorticoids.

4.4.4 Limitations

For the experiment ran in Chapter 3, the incubation was 24 hours for the EO, and

then following the EO treatment, they were stimulated with LPS and incubated an

additional 24 hours. Due to the long period of incubation time, it becomes some-

what unclear on whether the results seen from the frankincense EO produced a direct

response seen in ALL of these genes. It is very possible that frankincense targeted

only a few genes during the initial phase of incubation, which then induced secondary

associated responses induced by the chemokines as time increased. Ideally, this ex-
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periment should be redone with skin samples that are tested with just EOs and no

LPS. This would help determine what direct effects (if any) the frankincense itself

may be causing. It would also deepen our understanding on the possible secondary

response that may be initiated after triggering the immune system. The protocols

used in the experiments in chapters 3 and 5 were based on Tergus pharmaceuticals

and their protocols based on their internal studies. After further investigation, they

noted similar results are seen in applications where incubation can be completed for

only 6 hours after supplementation of LPS at a higher dosage to receive the same in-

flammatory mediated effects. Continuing to improve these protocols could also yield

in more accurate results for future experiments.

4.4.5 Conclusion

Based on all of the data no solid conclusions can be made about the molecular

mechanism of frankincense EO. However, indications from the data imply that frank-

incense EO has the potential to play a key role in mediating inflammation via initi-

ation of the cytokine-cytokine receptor pathway as well as the TNF/NFκB pathway.

Because the frankincense was added prior to inducing inflammation, it is possible the

frankincense EO is playing more of a protective role in response to the LPS within

the skin tissue. It could instead be behaving as an antagonist on TNFα, and toll-

like-receptors (TLRs) which mediate inflammatory responses induced by LPS. Or it

could be playing a role as a precursor to recruiting protective immune cells. Inhibition

of TNFα or TLRs will decrease inflammatory signaling, and further prevent NFκB

signaling.[158] It is important to keep in mind that the RNA-seq data is looking at

expression from the mRNA level. This does not necessarily mean that these are the

changes that will be seen in the protein level. Further studies could be used to test the

effect of frankincense EO on protein levels by running enzyme-linked immunosorbent

assays (ELISA). These results reinforce the need to continue exploring this area of

EO research in therapeutic applications.



CHAPTER 5: CONTINUATION OF FRANKINCENSE EO ON LPS-INDUCED

EX-VIVO SKIN EXPLANTS

5.1 Introduction

In order to increase the statistical power of the results from chapter 4, it was ideal

to add a third donor to our experimental data set. However, in this continuation of

experiments, it was decided to focus on solely frankincense EO LPS-induced ex-vivo

skin explants. The experimental design differed slightly from our previous experi-

mental design described in chapter 4. The previous studies conducted in chapter 3,

tested a frankincense EO that was produced in 2016. EOs will degrade over time

due to oxidation and their sensitivities to light and temperature.[7] The rate of oxi-

dation will vary depending on the chemical composition of the EO. Oxidation tends

to occur faster in EOs with higher concentrations of monoterpenes and other volatile

compounds.[3] This would include EOs rich in alpha/beta-pinene or limonene. As

EOs oxidize over time, its been shown in some studies to have an effect on efficacy

of the EO.[159] EOs that have anti-fungal/antimicrobial properties can be effected as

EOs oxidize over time.[160] EOs containing high concentrations of antioxidants (typ-

ically phenolic compounds) are less prone to degradation, such as eugenol, thymol,

carvacrol and 1,8-cineole.[161][3] Degraded EOs have a higher probability of inducing

contact dermatitis and other skin sensitivities.[162][163][164] The EOs used during

these experiments were stored properly, out of direct sunlight and/or warm temper-

atures. It is not clear whether frankincense EO will lose or vary in efficacy due to

these factors and oxidation. Based on the chemical composition of frankincense, it

has some potential to degrade, but there are no current existing studies to verify how

much or to what extent. For this reason, it was ideal to add a newer frankincense
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EO in addition to the old frankincense EO for testing purposes. They are both man-

ufactured by the same company which provides more consistency in the cultivation,

harvesting and distillation between the two batches. The constant variability in EO

profiles is a downside of testing any natural plant extracts. It makes reproducibility

and standardization between experimental assays difficult.

Fatty acid (FA) oils are commonly used in cosmetic and beauty care products

as emulsifiers, stabilizers and to enhance absorption of the product.[123] FAs and

their ability to penetrate the skin has not been incredibly well documented. More

research focuses on FA uptake and lipid metabolism inside the body/cells. This

area of research is beginning to pick up traction due to the increased use of FA

oils in beauty products. Dupont studied the penetration of fatty acid isomers on

skin in 1989 and did not report significant findings for any associations between

unsaturated fatty acids or saturated fatty acid differences as enhancers.[165] They also

reported these fatty acid oils had minimal skin irritation potential.[165] Most trained

aromatherapists recommend always adding a FA carrier oil to EOs before topical

applications in order to dilute the EOs to reduce the risk of contact dermatitis.[3]

This can include: grapeseed oil, FCO, almond oil, olive oil, jojoba oil, and more. FCO

is commonly chosen as a carrier oil of chose due to its stable shelf life. There is some

variation on what FCOs are comprised of. There are different methods for producing

FCO. Some may be refined, bleached and deodorized in order to elongate their shelf

life, which makes it more valuable for use with EOs.[94] The coconut oil industry, will

state that FCOs "should" undergo processes to remove long chain fatty acids, leaving

mainly medium-chain triglycerides (MCTs) in the final product.[166] However, like all

natural products, there are no federally regulated guidelines on the composition and

production of FCO and other coconut oil products. Furthermore, composition of FCO

can only be determined through FA testing methods. The FCO used in our assays

was advertised as containing mainly MCTs, however, composition testing in table 3.9,
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revealed that the FCO was not mainly comprised of MCTs and carried a profile very

similar to standard coconut oil. It was seen in the previous results that the FCO

topical did penetrate the skin successfully. We hypothesized that FCO may be able

to enhance penetration and absorption of the topical applications of the frankincense

EOs. Of the DEGs expressed by FCO topical, most of them did not play key roles in

mediating or ameliorating inflammation, but it may help to improve the absorption

of the EO into the skin. Many users utilize FCO to dilute EOs for dermal application

purposes. Many roll-on oil bottles typically contain components from FCO such

as caprylic-capric triglycerides (CCTs). Previous studies have looked at coconut oil

for enhancing skin absorption.[167] The FCO was comprised of mainly saturated

triglycerides and a small portion of monounsaturated triglycerides. There are studies

investigating CCTs for use in conjunction with nanoparticles and active therapeutic

molecules for drug for drug targeting and delivery.[168] It is unclear whether the FCO

will deepen the penetration of frankincense EO based on the literature and previous

studies.

5.2 Methods

5.2.1 Human skin acquisition and testing

This skin testing was completed in collaboration with Tergus Pharma. The meth-

ods used for acquiring, prepping and testing on the skin were the same as described

in chapter 3, section 3.2.

5.2.2 EO acquisition

The same Boswellia carterri (frankincense) EO and FCO used in chapter 3, section

3.2 were also used in this continuation study. The addition of a new frankincense EO

was added to this assay. This new frankincense EO was also cultivated and distilled

in Somalia by the same company that produced the previously used frankincense EO.

The chemical profile for the new frankincense was determined using GC/MS and is
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displayed in table 5.1.

Table 5.1: GC/MS results of the new frankincense EO

Component Relative area percent
Alpha-pinene 47.4%
Limonene 13.0%
Myrcene 5.4%
Sabinene 3.6%

Alpha-thujene 3.3%
Octyl acetate 0.2%

Total 76.2%

5.2.3 Experimental design

This experimental design differs slightly from chapter 3. This experiment produced

the same number of samples as the previous donors have (50 total). Instead of testing

blue spruce and myrrh EO, we used 2 different frankincense EOs (old and new). The

experimental design is displayed below in figure 5.2.

Table 5.2: LPS and EOs continuation study design per donor 3

Samples Experimental application Total vol. of oil used
1-5 Untreated N/A
6-10 LPS N/A
11-15 FCO (systemic) + LPS 10uL
16-20 New frankincense (systemic) + LPS 10uL
21-25 Old frankincense (systemic) + LPS 10uL
26-30 FCO (topical) + LPS 10uL
31-35 New frankincense (topical) + LPS 10uL
36-40 Old frankincense (topical) + LPS 10uL
41-45 New frankincense blend 1:1 FCO (topical) + LPS 20uL
46-50 Old frankincense blend 1:1 FCO (topical) + LPS 20uL

5.2.4 Topical and systemic applications

Topical and systemic applications were treated the same was as stated in chapter 5,

section 3.2. In addition to the topical and systemic applications we added a 1:1 blend,
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stated in samples 40-50 (figure 5.2). The frankincense blend application consisted of

a 1:1 (Frankincense:FCO) mixture ratio (4uL of total volume, per sample) added

topically onto the skin.

5.2.5 RNA-isolation and RT-qPCR

The RNA extraction and RT-qPCR were conducted in the same exact manner

described in chapter 3, section 3.2. Taqman primers were designed to detect the

same biomarkers in chapter 3(CXCL10, IL8, IL-1β and COX-2).

5.2.6 Statistical analysis

The same statistical analysis was conducted in this section as performed in chapter

3, section 3.2. Studentized residual test was used to check for outliers and 8 were

eliminated from the data set based on an r-student values of more that +3/-3.

5.2.7 Results

The ANOVA test produced significant results for each inflammatory marker. How-

ever, upon further analysis, it was seen some of the FCO applications increased in-

flammation significantly from the LPS controls.

Table 5.3: Results from ANOVA (based on log transformed fold change data). Mark-
ers where a significant change was observed according to their F-values were indicated
by: * <0.05, ** <0.01, *** <0.001

Marker Donor F-value Pr(>F)

COX2 D3 50.23 2E-16***

IL1β D3 61.05 2E-16***

CXCL10 D3 58.4 2E-16***

IL8 D3 82.11 2E-16***

Tables 5.4 and 5.5 displayed significant results in D3 based on application. Which

will be discussed into further detail with figures 5.1 and 5.2 below.
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Table 5.4: Dunnett’s method for D3 (COX2 and IL1β based on log transformed fold
change data). Applications with significant results are displayed on the axis labels
using asterisks based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

Application t-value Pr(>|t|) t-value Pr(>|t|)

Marker COX2 COX2 IL1β ILβ

FCO systemic - LPS 5.143 <0.001*** 3.188 0.0193*

Old frank systemic - LPS -7.769 <0.001*** -11.544 <0.001***

New frank systemic - LPS -7.231 <0.001*** -10.636 <0.001***

FCO topical - LPS 3.061 0.02714* -0.355 0.9998

Old frank topical - LPS -2.533 0.0866 0.560 0.9951

New frank topical - LPS 3.891 0.00320** 1.774 0.3751

Old frank blend topical - LPS 5.895 <0.001*** 2.666 0.0672

New frank blend topical - LPS 3.841 0.00359** 0 1

Table 5.5: Dunnett’s Method for Donor 3 (CXCL10 and IL8 based on log transformed
fold change data). Applications with significant results are displayed on the axis labels
using asterisks based on their p-values as follows: * <0.05, ** <0.01, *** <0.001

Application t-value Pr(>|t|) t-value Pr(>|t|)

Marker CXCL10 CXCL10 IL8 IL8

FCO systemic - LPS 4.010 0.0023** 3.080 0.0257*

Old frank systemic - LPS -10.438 <0.001*** -12.818 <0.001***

New frank systemic - LPS -11.794 <0.001*** -10.740 <0.001***

FCO topical - LPS 2.642 0.0731 0.837 0.9507

Old frank topical - LPS -6.550 <0.001*** -0.289 1

New frank topical - LPS -1.115 0.8251 3.052 0.0277*

Old frank blend topical - LPS -1.974 0.2747 5.756 <0.001***

New frank blend topical - LPS -0.268 1 2.601 0.0787
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Displayed in figure 5.1 the FCO produced significant increases in LPS signaling

in COX2 and CXCL10. The blends with added FCO also increased inflammation

significantly. Both the frankincense systemic applications decreased inflammation

significantly. The old frankincense topical neat application, did display a decrease in

CXCL10, as seen in D1, both the RT-qPCR results and the RNA-seq results.
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Figure 5.1: RT-qPCR results from COX2 and CXCL10 (D3). Each graph displays
the Log2FC values for each application according to the labeled biomarker on the
top left corner of each plot. Applications with significant results are displayed on the
axis labels using asterisks based on their p-values as follows: * <0.05, ** <0.01, ***
<0.001
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The old and new frankincense systemic applications continued to reduce inflamma-

tory markers IL1β and IL8. The new frankincense topical application in IL8, when

applied to the skin neatly, seemed to also increase inflammation significantly versus

the LPS controls alone.
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Figure 5.2: RT-qPCR results from IL1β and IL8 (D3). Each graph displays the
Log2FC values for each application according to the labeled biomarker on the top
left corner of each plot. Applications with significant results are displayed on the
axis labels using asterisks based on their p-values as follows: * <0.05, ** <0.01, ***
<0.001
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5.3 Discussion

After observing the results from the first assay in our EO studies, we hypothesized

that the FCO could help to enhance penetration of the EO into the skin. However,

we did not achieve those results in this third assay. In fact, the addition of FCO

actually increased inflammation significantly. The FCO applications in chapter 3

seemed to not aid nor enhance the LPS response in the skin tissue systemically or

topically. After the RNA-seq analysis, results suggested FCO penetrated the skin and

produced DEGs involved in FA transport and metabolism. This sparked the curiosity

for FCO to serve as a vehicle for the EO without further increasing the inflammatory

signaling induced by the addition of LPS. Studies suggest that the coconut oil aids in

alleviating skin inflammation, which has given it its rise in popularity in cosmetic and

personal care products.[169][170] Lipids are typically non-immunogenic, and but have

the possibility of being haptens.[84] Haptens can bind to proteins within the body and

produce mild allergic reactions. Allergies to coconut oil are plausible, but quite rare.

The Food Allergy and Anaphylaxis Network did a survey for nut allergies and found

only 4 out of 5149 participants reported a coconut allergy.[171] Statistics on coconut

oil allergies are not very precise or readily available. Coc n2, a 7S globulin and Coc

n4, 11S globulin have been identified as allergens of coconut.[172] It is still possible for

coconut oil to induce mild contact dermatitis or anaphylaxis, and symptoms should

not be ignored due to low reported numbers of coconut allergies.[172] More doctors are

noting the increase in children experiencing coconut allergies.[173] Many blogs have

also reported increased anecdotal evidence of sensitivities and irritations to coconut

oil when applied on the face.[174][175] It is unclear whether the patients skin samples

that were used for this assay experienced any irritation or contact dermatitis from

the FCO.

Another possibility could be the quality of the FCO may have degraded over time

due to oxidation. Rancid oils have an increased likelihood of inducing irritation or
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contact dermatitis.[3] A very recent FA composition test was carried out on the FCO

in May 2020 before this FCO was used in these continued assays. No contaminants

were found in the oil. The refinement process of coconut oil to produce FCO is

supposed to increase its shelf life. The FCO itself appeared clear, colorless and

odorless. However, it remains uncertain why in this assay it increased inflammation.

The main reasoning for using two different frankincense EOs was due to the pos-

sibility of the older frankincense losing efficacy or increasing inflammation due to

possible oxidation and degradation of the EO. It was interesting to see that the two

frankincense EOs did not differ immensely between their results. It is also interesting

to note that the older frankincense EO topical application, decreased CXCL10 as seen

in our previous experiments and RNA-seq analysis. However, the newer frankincense

EO did not produce that same effect on CXCL10 in its topical applications. Both

frankincenses performed similarly in their systemic applications for the various pro-

inflammatory markers. The slight differences seen in their results could be due to

the fact they have slightly different chemical profiles, rather than the age of the EO

itself. This is another area that should be investigated further to fully understand

the difference in effects of EOs that have had a substantial amount of time to oxidize

and degrade.

If future experiments are conducted it would be wise to test a pharmaceutical

enhancer as a vehicle to guarantee successful penetration of the EO topically for

results.[176] A clear limitation of using skin biopsy samples resides in variability

within the skin. As the human donor can vary in race/ethnicity and age, how the

skin reacts to treatments can vary between some of these factors. Therefore, it would

be ideal to continue adding more sample donors of various sex/age and ethnicity to

increase statistical power of the results.



CHAPTER 6: CONCLUSION

6.1 Improvements

The experiments carried out in chapters 3 and 5 could have been improved by

increasing the number of samples and harvesting the skin of a subset of samples

at earlier time points. This would have provided a more in depth look at the initial

effects of LPS, rather than possible targets that were secondary effects from the longer

incubation period and signaling of cytokines.

Another improvement to the study would have been to add skin samples that were

tested with the EO and not stimulated with the LPS. This would have provided

insights on the effects of the EO alone without inducing the inflammatory response.

Adding these samples would also provide data for more complex statistical analyses.

6.2 Future studies

The application of frankincense EO for inflammatory-mediated diseases is a subject

worth researching. If the capabilities are there for frankincense EO to hit gene targets

associated with major inflammatory-mediated pathways, it should be further inves-

tigated on how to mimic these results through topical applications. If the systemic

results can be replicated in topical applications, it could be used to provide relief in

targeted areas of inflammation. For example: Joint pain from rheumatoid arthritis,

skin inflammation inflicted by psoriasis or eczema, or localized areas of tissue damage

from trauma.

6.2.1 Enhancers/vehicles to aid in dermal absorption

The use of pharmaceutical enhancements to drive penetration deeper should be

tested in future studies. Dimethyl sulfoxide (DMSO) could be tested on skin tissue
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as a carrier to enhance penetration and absorption of EOs into the skin.[177]

Nanoparticles have grown in popularity for their application in drug delivery. Using

nanotechnology, researchers are now able to encapsulate drugs within nanoparticles

for more effective targeted delivery of the drug, while providing the drug at lower

dosages.[178] This field of nanotechnology in medical applications is now coined as

nanomedicine, and can soon be seen on the forefront as personalized medicine con-

tinues to develop.[179] A nanoparticle delivery system for these EOs could provide

insight on whether these systemic effects can be seen through topical applications.

6.2.2 Synergistic effects of EOs

Due to the fact EOs are comprised of many different chemical compounds, it re-

mains unclear whether the effects can be pinpointed to one molecule alone, or rather

the effects are due to molecules working together in synergy. Further studies could

isolate these compounds and test them individually. The possible synergistic effects

of EOs could be utilized in areas of polypharmacology. Collective data on several

studies have noted the possible polypharmacological properties of just 1 EO chemical

alone.[180] Further investigation of EOs and their chemical compounds separately

and cohesively, could aid in the development of multi-targeting drug design.

6.2.3 How EOs can effect the microbiome

As more researchers begin to unravel the details of the microbiome, we are learning

just how many factors may be influencing the gut flora. Researchers are still trying

to understand the relationship between nutrition and different supplements can have

on the microbiome. With people ingesting EOs as well as applying them topically, it

raises concerns on whether these oils can alter the gut or skin flora. As mentioned

earlier, there are many studies investigating the antimicrobial properties of EOs.[181]

It currently remains unknown on whether these EOs can have an effect of the mi-

crobiome either through ingestion or in areas where applying topically. Studies have
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suggested our skin flora can play a vital role in skin disorders and the functioning of

immune systems.[182]

6.2.4 Accessibility of the EOKB

The EOKB is a fascinating tool to learn more about EOs and their chemical com-

ponents. It was built in PostgreSQL but is lacking a graphical user interface (GUI).

To access the EOKB, has to be done on the back end which requires basic knowledge

of coding and databases. A GUI would provide accessibility for anyone without that

knowledge or experience to access and use it. The most ideal version of this EOKB

would reside in a phone application. Where users can look up basic information and

explore current research that is available on EOs. Making the EOKB publicly avail-

able and accessible would also require general maintenance in order to repopulate

entities and update them with the most recent literature findings. This could be a

fairly reasonable internship project for a computer science student or web developer.

Currently, there are several PostgreSQL client cross-platforms that allow a user to

securely access their databases and query from the database right through the phone

application. However, query designing/writing (although not substantially difficult)

is not something the average person will know how to do. PostgreSQL is a widely

used database management system, and there are many readily available tools and

resources to build an interface for it. PgAdmin, DBbeaver, Navicat and Datagrip are

some of the most commonly used GUI tools for PostgreSQL.[183]

6.2.5 Further use of the EOKB

Many companies are now recommending personalized supplement plans to clients

based on 23&me data. Using 23&me data with permission from the user, allows

companies to look at individual single nucleotide polymorphisms (SNPs) and make

health recommendations based on those SNPs. Utilizing this data within the EOKB

could be useful to make connections between certain genes/SNPs with associated
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studies of EOs based on these SNPs. This could be a potential area of further research.

6.3 Applications of EO research in current health affairs

The year 2019/2020 will forever be remembered by the year of the global pan-

demic inflicted by novel Coronavirus, SARS-CoV-2. Many health care systems had

to gear up in preparations for the high influx of patients they were going to begin

treating with Coronavirus disease of 2019 (COVID-19). FDA-approved drugs were

being investigated for re-purposing measures and newly designed drugs were under-

going clinical trials for their uses in COVID-19. As we learned more about patients

with COVID-19, it was noted that many patients with severe cases of COVID-19

began experiencing a "cytokine storm." A cytokine storm occurs when the immune

system goes into an over-drive state trying to fight the virus, that it ends up inflicting

more damage in the organism itself due to the high level of systemic inflammation.

It has been theorized that elevated cytokines IL1, IL2, IL6, IFNγ, and TNF, can in-

duced disseminated intravascular coagulation, multi-organ failure, acute respiratory

distress syndrome and the potential of viral sepsis.[184] This caused research to begin

investigating whether anti-inflammatory medications could help fight the infection.

Other studies argue, immunosuppressive or anti-inflammatory drugs could be more

damaging and detrimental to those with weakened immune systems, and may cause

them to become unable to fight off the virus altogether.[185] However, it is important

to note that the research and theories surrounding COVID-19 is a rapidly evolving

topic, and most findings still remain unclear. Two clinical studies are currently be-

ing tried to test whether monoclonal antibodies that target IL6 can be beneficial

to those with COVID-19, experiencing elevated levels of cytokines. (NCT04306705,

NCT04322773)[186][25] It could be interesting to investigate whether frankincense

EO could target any of those specific elevated cytokines.

Linguamatics was utilized by fellow PhD student, Aaron Trautman, to text mine

associated genes from published studies in relation to corona viruses: SARS-CoV-
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1, SARS-CoV-2, and MERS-CoV. Of these genes, those that played a role in the

cytokine-cytokine receptor pathway were pulled aside. These genes were compared

against DEGs associated in the cytokine receptor pathway from the frankincense

systemic EO application discussed in chapters 3 and 5. IL6 was not targeted (directly

or indirectly) by frankincense EO in our previous assays. However, when looking at

figure 6.1, 5 genes in total were seen in common between all 3 Coronavirus strains and

frankincense, CXCL10 being one of those genes, that was also seen in the frankincense

topical application. CXCL8/IL8 was seen in both SARS-CoV-1 and SARS-CoV-2.

Figure 6.1: Genes in common between Coronavirus strains with frankincense EO,
directly involved in cytokine-cytokine receptor pathway (hsa:04060) In the venn-
diagram SARS-CoV-1(Cov1), SARS-CoV-2(cov2), and MERS-CoV(Mers)

It is clear there is still much more to learn about Corona viruses and frankincense

EO before the two can be investigated together. However, this poses another potential

area of application for it, proving that EOs would be worth exploring more.
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6.4 Significance in the real world

This dissertation research served as a needed source for not only the public but also

for researchers. The views/thoughts that were shared by other scientists when they

heard this project focused on EOs was doubt, criticism and sometimes comedic jokes

of pseudoscience. The perception of studying plant based medicine in the sciences if

often not taken seriously and far too often overlooked. The excuse for lack of control

and variability in natural substances, is a poor excuse for the scientific world to not

pursue research topics in such areas. It should be a duty as researchers to push

studies into areas that are unknown. We should have the desire to gain new insights

and understanding in areas we know very little about. The fact that frankincense

oils/extracts have their first reported uses dating back to BC eras, but to this day

in 2020, NCBI only has a total of ≈227 research studies indexed on it, almost seems

slightly unbelievable.[24] Noting that ≈39% of these total studies involve some type

of cancer or inflammatory application. Currently two substantially large world wide

health issues. At the end of the day there are millions of consumers (and growing)

in the EO market. There are growing numbers of industry companies, producing

and utilizing EOs and their chemical components(synthetic or natural) in body care

products, cosmetics, cleaners, fragrances, supplements and foods, without having the

extensive amount of research that is needed to be using these products and utilizing

them fully.

6.5 Social Media Reach

While creating a dissertation that would provide more scientific evidence and edu-

cation for the use of EOs, I created an Instagram platform in August, 2020 for just

that. The Instagram page: oilyscientist shown in figure 6.2, has gained over 4,300

followers and continues to grow daily. Topics of discussion have included: Whether

EOs contain vitamins, if EO molecules can accumulate within the body, whether one
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can experience an allergic reaction to EOs even though EOs do not contain antigens,

using EOs safely, interpreting scientific studies, etc. All discussions and information

provided cites peer-reviewed scientific studies. The purpose of this platform is to

break down and simplify the scientific concepts used in these studies for a general

audience to understand. Followers are taught different aspects of judging the findings

of scientific studies based on models used, experimental designs, testing methods,

analytical methods and more.

Figure 6.2: Oilyscientist Instagram page providing EO education from scientifically
driven resources and peer-reviewed studies

Basic insights/statistics of overall page totals are listed in table 6.1. The demo-

graphics of followers in table 6.2 display followers spread across multiple continents
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such as South Africa, the USA and Australia. Although the majority of the audience

is females between the ages of 25-34, it is interesting to see some followers in the

youngest age bracket (18-24) as well as the oldest age bracket of 65+.

Table 6.1: Contains running totals of social media page statistics to date (11-11-20)

Posts 39
Videos 4

Video views 15765
Likes 5721

Comments 1209
Sharing content in stories/messages 1643

Saves 1520

Table 6.2: Demographics and age range of social media followers

Demographics Ages
Location % of followers Age Range % of followers

USA 75% 18-24 8.2%
United Kingdom 4.9% 25-34 51%

Canada 4.0% 45-54 8.2%
South Africa 3.2% 55-65 2.7%
Australia 2.7% 65+ 1.2%

6.6 Timeline and reflection

All of the goals were met from the first proposed timeline of the dissertation pro-

posal. An additional donor was added in chapter 5, as requested by the dissertation

committee. Additional tasks were completed such as submission of an NIH R21 grant

to further the studies seen in chapters 3 and 5. The LPS paper for the results seen in

chapters 3 and 4 is currently undergoing edits by collaborators before being submitted

for publication, but is expected to be submitted by this fall (2020).
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Table 6.3: Timeline of dissertation research

Aim Year 1 Year 2 Year 3 Year 4

1.1 Text mining/data collection

1.2 EOKB construction

1.3 EOKB analysis

1.4 EOKB updates

2.1 Inflammatory skin assay

2.2 RNA extraction for RT-qPCR

2.3 Analysis for RT-qPCR

2.4 RNA extraction for RNA-seq

2.5 RNA-seq assembly

3.1 Gene expression analysis

3.2 Pathway and GSE analysis

3.2 Analysis of metabolites of Frankincense

3.3 Comparison to other NSAIDs

3.4 Comparison to steroid/plant extract

3.5 Additional added donor

3.6 Submission of NIH R21 grant

3.7 Publication for LPS Study
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APPENDIX A: GITHUB

The first repository (dissertation research) contains sub directories broken up by

chapter. Each sub-directory contains the codes used for different aspects of the

project. https://github.com/aneetauppal/DissertationResearch

The LPS study repository contains the codes used in chapters 3 and 5 for RT-qPCR

analysis and the RNA-sequencing assembly. https://github.com/aneetauppal/LPSstudy
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