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ABSTRACT 

 
Bio-Prospecting Of Plants And Marine Organisms In Saudi Arabia For New 

Potential Bioactivity  

Dina Ahmad Hajjar 

 

The natural resources offer a unique opportunity for the discovery of active 

compounds, due to the complexity and biodiversity of their chemical structures. Natural 

resources have been used as medicines throughout human history. Saudi Arabia’s natural 

resources, for instance its terrestrial medicinal plants and the Red Sea sponges, have not 

been extensively investigated with regard to their biological activities. To better identify 

the diversity of compounds with bioactive potential, new techniques are also necessary in 

order to improve the drug discovery path. 

This study comprises three sections. The first section examines Juniperus phoenicea 

(Arar), Anastatica hierochuntica (Kaff Maryam) and Citrullus colocynthis (Hanzal); 

these herbal plants were screened for potential bioactivity using a newly developed 

pipeline based on a high-content screening technique. We report a new cell-based high-

throughput phenotypic screening for the bio-prospecting of unknown natural products 
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from Saudi Arabian plants, in order to reveal their biological activities. The second 

section investigates Avicennia marina plants, screened for reverse transcriptase anti-HIV 

bioactivity using biochemical assay. Image-based high-content screening with a set of 

cellular stains was used to investigate the phenotypic results of toxicity and cell cycle 

arrest. The third section considers the isolation of Actinomycetes from Red Sea Sponges. 

Actinomycetes bacterial isolates were tested for bioactivity against West Nile Virus NS3 

Protease. Analytical chemical techniques such as liquid chromatography–mass 

spectrometry (LC-MS), gas chromatography–mass spectrometry (GC-MS) and nuclear 

magnetic resonance (NMR) were used to gain more understanding of the possible 

chemical compounds responsible for this bioactivity.  

Overall, the aim of this work is to investigate the potential bioactive effect of 

several Saudi Arabian plants and Red Sea sponges against cancer cells and viral 

infections. Our study demonstrates the efficiency of the newly developed pipeline using 

cell-based phenotypic screening. Anti-cancer potential activity was detected in Juniperus 

phoenicea. Bioactive potential against the reverse transcriptase enzyme of HIV virus was 

confirmed in Avicennia marina leaves. The organic extracts of Actinomycetes bacterial 
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isolates were found active against West Nile Virus NS3 Protease. Here, promising 

starting point for the potential of drug discovery of plants and marine organism of Saudi 

Arabia.   



 

6 

ACKNOWLEDGEMENTS 

 

I would like to thank my committee chair, Professor Timothy Ravasi, my co-chair, 

Professor Christian Voolstra and my committee members, Professor Ute Hentschel 

Humeida, and Professor Ingo Pinnau, for their guidance and support throughout this 

research. I would like to thank my postdoc advisor, Dr. Stephan Kremb for his constant 

help, advice and support. 

My appreciation goes to my friends and colleagues and the department faculty and staff 

for making my time at King Abdullah University of Science and Technology a great 

experience. I would never forget all the beautiful moments I shared with my friends and 

classmates. To Arwa, Manar and Basma, I have always been able to turn to you when I 

have needed a listening ear and opinion. I hope our friendship will continue to be as 

strong in the future.   

Finally, but by no means least, my heartfelt gratitude is extended to my Dad (Ahmed 

Hajjar) and my Mom (Suzan Bakri) for all the support, encouragement and endless love. 

I thank my sisters (Lina and Roza) and my brother (Basim) for almost incredible support. 



 

7 

To my husband (Firas Jamal) for his unconditional support throughout my life and my 

studies. Your constant love and support can’t be forgotten. I want to express my gratitude 

and deepest appreciation to my lovely sweet daughter, Maria. They are the most 

important people in my life, and I dedicate this thesis to them.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

8 

TABLE OF CONTENTS 
 
 

ABSTRACT .................................................................................................................................................... 3 
ACKNOWLEDGEMENTS ............................................................................................................................ 6 
TABLE OF CONTENTS ................................................................................................................................ 8 
LIST OF ABBREVIATIONS ....................................................................................................................... 11 
LIST OF ILLUSTRATIONS ........................................................................................................................ 14 
LIST OF TABLES ........................................................................................................................................ 15 
LIST OF APPENDICS FIGURE .................................................................................................................. 16 
LIST OF APPENDICS TABLE .................................................................................................................... 17 
LIST OF APPENDICS SCHEME................................................................................................................. 18 
1 CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW ....................................................... 19 

1.1 Natural Products in Drug Discovery ............................................................................ 19 
1.2 Identification of Biologically Active Compounds ........................................................ 24 
1.3 The Discovery of Bioactive Natural Products from Saudi Arabia Region ............... 27 
1.4 The Development of High Content Screening Technology of Drug Discovery Field
 30 
1.5 Using Analytical Chemistry Tools in Drug Discovery Field ...................................... 39 
1.6 The Discovery of Anticancer Compounds ................................................................... 43 

1.6.1 Introduction of Cancer............................................................................................... 43 
1.6.2 Topoisomerase Inhibitors as Important Target for Cancer Therapy ......................... 46 
1.6.3 Natural Products and Cancer Therapy ....................................................................... 48 

1.7 The Discovery of Anti-HIV Compounds ...................................................................... 52 
1.7.1 HIV: An Introduction ................................................................................................ 52 
1.7.2 Current Anti-HIV Inhibitors ...................................................................................... 56 
1.7.3 A Critical Target for HIV Therapy: Reverse Transcriptase Inhibitors ...................... 60 
1.7.4 Natural Products in HIV Therapy ............................................................................. 61 

1.8 Overview about Saudi Arabia Herbal Plants .............................................................. 64 
1.8.1 Citrullus colocynthis .................................................................................................. 64 
1.8.2 Anastatica hierochuntica ........................................................................................... 65 
1.8.3 Juniperus phoenicea .................................................................................................. 67 
1.8.4 Avicennia marina ....................................................................................................... 69 

2 CHAPTER 2: REVEALING ANTICANCER ACTIVITY OF SAUDI ARABIAN HERBAL PLANTS 
BY CYTOLOGICAL PROFILING USING AUTOMATED HIGH-CONTENT IMAGING TECHNIQUE ..  
  ................................................................................................................................................................ 72 

2.1 Abstract ........................................................................................................................... 73 
2.2 Introduction .................................................................................................................... 74 
2.3 Materials and Methods .................................................................................................. 77 

2.3.1 Plant Collection, Identification, and Extraction ........................................................ 77 
2.3.2 Cell Culture and Compound Transfer ....................................................................... 77 



 

9 

2.3.3 High-Content Screening Imaging and Analysis ........................................................ 78 
2.3.4 Cell Loss and Cell Cycle Analysis ............................................................................ 79 
2.3.5 Mitosox and Membrane Permeability Test ............................................................... 80 
2.3.6 Caspase-9 Activity and the P53 Assay ...................................................................... 80 
2.3.7 Histone H2AX Phosphorylation ................................................................................ 81 
2.3.8 HPLC LTQ Orbitrap Mass Spectrometry Analysis ................................................... 82 
2.3.9 Chemical Analysis by Gas Chromatography-Mass Spectrometry ............................ 83 
2.3.10 Nuclear Magnetic Resonance Analysis ................................................................... 83 
2.3.11 Statistical Analysis .................................................................................................. 84 

2.4 Results ............................................................................................................................. 85 
2.4.1 Cytological Profiling of Natural Plant Products From Saudi Arabia ........................ 85 
2.4.2 Cytological Profiling of Plant Fractions in Comparison to Reference Compounds .. 87 
2.4.3 Assessment of Cell Loss and Cell Cycle Arrest ........................................................ 88 
2.4.4 Mitosox and Membrane Permeability Test ............................................................... 90 
2.4.5 Characterization of Cell Apoptosis Signaling Genes: Activation of Caspase-9 And 
P53 92 
2.4.6 Assessment of the Double-Strand Breaks in the DNA According to the Level of 
Histone H2AX Phosphorylation ............................................................................................ 94 
2.4.7 Chemical Analysis ..................................................................................................... 96 

2.5 Discussion ....................................................................................................................... 98 
3 CHAPTER 3: DISCOVERY AND ASSESSMENT OF ANTI-HIV-1 BIOACTIVE POTENTIAL OF 
GRAY MANGROVE LEAVES (AVICENNIA MARINA) FROM SAUDI ARABIA. ............................... 103 

3.1 Abstract ......................................................................................................................... 104 
3.2 Introduction .................................................................................................................. 105 
3.3 Materials and Methods ................................................................................................ 107 

3.3.1 Sample Collection and Identification ...................................................................... 107 
3.3.2 Sample Extraction and Fractionation ...................................................................... 107 
3.3.3 HIV-1 RT Assay ...................................................................................................... 108 
3.3.4 High-Performance Liquid Chromatography (HPLC) .............................................. 108 
3.3.5 Gas Chromatography and Mass Spectroscopy (GC-MS) ........................................ 108 
3.3.6 Cell Culture ............................................................................................................. 109 
3.3.7 High-Content Screening and Analysis. ................................................................... 109 
3.3.8 XTT-Microculture Tetrazolium Assay .................................................................... 111 
3.3.9 Cell Cycle Analysis ................................................................................................. 111 
3.3.10 Data Analysis ........................................................................................................ 112 

3.4 Results ........................................................................................................................... 113 
3.4.1 HIV-1 Reverse Transcriptase Activity .................................................................... 113 
3.4.2 Bioactivity of Different HPLC Fractionations on HIV-1 RT .................................. 115 
3.4.3 Chemical Analysis of the Active HPLC Fractions .................................................. 116 
3.4.4 Cytological Profiling for A. Marina Using High-Content Core Features ............... 117 
3.4.5 Evaluate the Viability and Cell Cycle Effect of the SPE Fractions ......................... 119 

3.5 Discussion ..................................................................................................................... 121 
4 CHAPTER 4: ACTINOMYCETES FROM RED SEA SPONGES: SOURCES FOR CHEMICAL 
AND PHYLOGENETIC DIVERSITY. ...................................................................................................... 124 



 

10 

4.1 Abstract ......................................................................................................................... 126 
4.2 Introduction .................................................................................................................. 127 
4.3 Materials and Methods ................................................................................................ 131 

4.3.1 Sponge Collection ................................................................................................... 131 
4.3.2 Actinomycete Isolation and Identification .............................................................. 131 
4.3.3 PCR Screening of NRPS and PKS-II Gene Fragments ........................................... 132 
4.3.4 Secondary Metabolites Extraction and Bioactivity Testing .................................... 133 
4.3.5 Antibacterial and Antifungal Activities Testing ...................................................... 133 
4.3.6 Anti-Trypanosomal Activity ................................................................................... 134 
4.3.7 Anti-Leishmanial Activity ....................................................................................... 134 
4.3.8 West Nile Virus NS3 Protease Inhibition Assay ..................................................... 135 

4.4 Results and Discussion ................................................................................................. 136 
4.4.1 Actinomycete Isolation and Phylogenetic Identification......................................... 136 
4.4.2 PCR-Screening for PKS and NRPS Domains ......................................................... 143 
4.4.3 Anti-Infective Screening ......................................................................................... 146 

4.5 Conclusions ................................................................................................................... 150 
5 CHAPTER 5: CONCLUDING REMARKS ........................................................................................ 151 
APPENDICES ............................................................................................................................................. 153 
BIBLIOGRAPHY ....................................................................................................................................... 186 
PUBLICATIONS AND FIELD PATENT .................................................................................................. 202 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

11 

LIST OF ABBREVIATIONS 

 

ABC abacavir 

AIDS Acquired Immune Deficiency Syndrome 

ARV  antiretroviral 

ART     Antiretroviral Therapy 

AZT     Azidothymidine  

cART     Combination Antiretroviral Therapy 

CBR1 Carbonyl reductase1 

CLL B-cell chronic lymphocyte leukemia  

DBSs DNA double-strand breaks 

ddC zalcitabine 

ddI didanosine  

d4T stavudine 

DDR DNA damage response  

DENV Dengue virus  

dNTPs deoxy-nucleotidestri-phosphate  

FT-ICR/MS Fourier transform ion cyclotron resonance mass spectrometry 

G2 growth phase 2 



 

12 

HCS                            High-Content Screening  

HIV-1   Human Immunodeficiency Virus-1  

HPLC   High performance Liquid Chromatography  

HTLV-1 human T-cell lymphoma virus 1 

HTS High Throughput Screening  

NMR    Nuclear Magnetic Resonance  

MeOH   Methanol 

NCEs New Chemical Entities 

NFkB nuclear factor kappa B  

NNRTI Non-Nucleoside Reverse Transcriptase Inhibitor 

NRTI Nucleoside Reverse Transcriptase Inhibitior 

NMNP non-mammalian natural products 

M mitosis 

SPE     Solid Phase Extract 

PI3K  phosphatidylinositol 3-kinase 

G1 growth phase 1  

S DNA synthesis phase 

RNaseH ribonuclease H 

RT  HIV-1 reverse transcriptase 



 

13 

PIs HIV protease inhibitors  

PR viral protease  

3TC  lamivudine 

 

 

 

 

 

 

 

 

 

  



 

14 

LIST OF ILLUSTRATIONS 
 
 
FIGURE 1: THE SOURCE OF NATURAL PRODUCT NEW MOLECULAR ENTITIES (NMES). ........ 22 
FIGURE 2: SHOWS THE EMERGENCE OF HIV/AIDS WORLDWIDE. ................................................ 52 
FIGURE 3: THE HIV REPLICATION CYCLE. ......................................................................................... 55 
FIGURE 4: FDA APPROVED DRUGS SINCE 1987. ................................................................................. 59 
FIGURE 5: CITRULLUS COLCYNTHIS. ..................................................................................................... 65 
FIGURE 6: SHOWS ANASTATICA HIEROCHUNTICA, THE WHOLE PLANT. .................................. 67 
FIGURE 7: SHOWS JUNIPERUS PHOENICEA SEEDS............................................................................ 69 
FIGURE 8:SHOWS AVICENNIA MARINA PLANT. ................................................................................... 71 
FIGURE 9: ANALYSIS OF CORE CELLULAR FEATURES OF HELA CELLS IN RESPONSE TO 

PLANT FRACTIONS. ......................................................................................................................... 86 
FIGURE 10: CYTOLOGICAL PROFILING HEAT MAP. AUTOMATED HCS WAS USED TO ASSESS 

COMPOUND-RELATED PERTURBATIONS OF HUMAN CELLS USING A FULL SET OF 
CELLULAR MARKERS. .................................................................................................................... 87 

FIGURE 11: THE CYTOTOXIC EFFECT OF PLANT FRACTIONS ON HELA CELLS. ....................... 89 
FIGURE 12: THE EFFECT OF PLANT FRACTIONS ON MITOCHONDRIAL SUPEROXIDE 

PRODUCTION AND CELL MEMBRANE PERMEABILITY. ......................................................... 91 
FIGURE 13: PLANT FRACTIONS INDUCED AN APOPTOTIC EFFECT ON HELA CELLS. ............. 93 
FIGURE 14: ASSESMENT OF THE DOUBLE-STRAND BREAKS IN THE DNA. ................................ 95 
FIGURE 15: STUDYING THE EFFECT OF A.MARINA SPE EXTRACTS FRACTIONS ON THE 

ACTIVITY OF HIV-RT. .................................................................................................................... 114 
FIGURE 16: EVALUATION OF THE EFFECT OF HPLC FRACTION EXTRACT ON RT-HIV-1 

BIOCHEMICAL ASSAY. ................................................................................................................. 115 
FIGURE 17: CYTOLOGICAL PROFILING OF A. MARINA LEAVES. .................................................. 118 
FIGURE 18: THE EFFECT OF A.MARINA LEAVES SPE FRACTIONS ON HELA CELLS. ................ 120 
FIGURE 19: PERCENTAGE DISTRIBUTION OF COMPOUNDS PRODUCED BY SPONGE-

ASSOCIATED BACTERIA (DATA COLLECTED FROM MARINLIT 2013 AND LITERATURE).
 ............................................................................................................................................................ 129 

FIGURE 20: NUMBER OF ACTINOMYCETE ISOLATES (A) PER SPONGE SPECIES, (B) PER 
ISOLATION MEDIA. ........................................................................................................................ 140 

FIGURE 21: MAXIMUM-LIKELIHOOD TREE OF THE ACTINOMYCETE ISOLATES SA1-SA25 (IN 
BOLD) AND THEIR CLOSEST PHYLOGENETIC RELATIVES BASED ON THE 16S RRNA 
GENE MARKER. BRACKETS INDICATE GENUS-LEVEL ASSIGNMENT. BOOTSTRAP 
VALUES (1000 RESAMPLES) ARE GIVEN IN PERCENT AT THE NODES OF THE TREE 
(GREATER THAN 50). THE ARROW POINTS TO THE OUTGROUP (ESCHERICHIA COLI 
KTCT 2441T). ..................................................................................................................................... 142 

 

 

  



 

15 

 
LIST OF TABLES 

 
 
TABLE 1: SHOWS TOP 35 GLOBAL ETHICAL DRUG SALES OF THE 2000, 2001 AND 2002. ........ 51 
TABLE 2: 16S RRNA GENE TAXONOMIC AFFILIATION OF CULTIVATED STRAINS. ............... 137 
TABLE 3: NRPS AND PKS RESULTS OF CULTIVATED STRAINS. .................................................. 144 
TABLE 4: BIOACTIVITY RESULTS OF THE ACTINOMYCETE ISOLATES. ................................... 148 
 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

16 

 
LIST OF APPENDICS FIGURE 

 

APPENDICES FIGURE 1: LC-MS CHROMATOGRAM OF THE STUDIED SAMPLE OVERLAID 
OVER AN ACETONITRILE BLANK. ............................................................................................. 160 

APPENDICES FIGURE 2:  DECONVOLUTION OF THE ION AT M/Z 185.98322 ,+VE ESI OF 
ANALYTE 1. ..................................................................................................................................... 161 

APPENDICES FIGURE 3: DECONVOLUTION OF THE ION AT M/Z 144.98158, +VE ESI OF 
ANALYTE 2 & 3. .............................................................................................................................. 162 

APPENDICES FIGURE 4: DECONVOLUTION OF THE ION AT M/Z 288.29000, +VE ESI OF 
ANALYTE 4. ..................................................................................................................................... 163 

APPENDICES FIGURE 5: DECONVOLUTION OF THE ION AT M/Z 256.26355, +VE ESI OF 
ANALYTE 5. ..................................................................................................................................... 164 

APPENDICES FIGURE 6: DECONVOLUTION OF THE ION AT M/Z 387.18086, +VE ESI OF 
ANALYTE 6. ..................................................................................................................................... 165 

APPENDICES FIGURE 7: DECONVOLUTION OF THE ION AT M/Z 415.21219, +VE ESI OF 
ANALYTE 7. ..................................................................................................................................... 166 

APPENDICES FIGURE 8: DECONVOLUTION OF THE ION AT M/Z 637.30585, +VE ESI OF 
ANALYTE 8. ..................................................................................................................................... 167 

APPENDICES FIGURE 9: EXTENDED CH2 AND CH3 REGION OF NMR SPECTRUM................... 168 
APPENDICES FIGURE 10: EXTENDED OH AND SUGAR REGION OF NMR SPECTRUM. ........... 169 
APPENDICES FIGURE 11: THIS FIGURE PROVIDE EVIDENCE OF MS FINDING OF THE 

EXTENDED AROMATIC REGION OF NMR SPECTRUM. A) ESTRA-1,3,5(10)-TRIENE-
3,6BETA,17BETA-TRIOL TRIACETATE B) BURSERAN C) (+)EUDESMIN D) EXTENDED 
AROMATIC REGION OF NMR SPECTRUM. ................................................................................ 170 

APPENDICES FIGURE 12: SATELLITE MAP SHOWS THE DETAILS OF A), B) RED SEA, SAUDI 
ARABIA. C) SHOWS THE PLACE OF AVICENNIA MARINA COLLECTION. PICTURES WERE 
GENERATED ON GOOGLE EARTH. ............................................................................................. 174 

APPENDICES FIGURE 13: GC/MS CHROMATOGRAM OF PLANT EXTRACT FRACTION # 3 
FROM L_C18_40% HPLC FRACTIONS. ........................................................................................ 175 

APPENDICES FIGURE 14: ZOOM REGION OF GC/MS CHROMATOGRAM OF PLANT EXTRACT 
FRACTION # 3 FROM L_C18_40% HPLC FRACTIONS. ............................................................. 176 

APPENDICES FIGURE 15: GC/MS CHROMATOGRAM OF PLANT EXTRACT FRACTION # 7 
FROM L_C18_40% HPLC FRACTIONS. ........................................................................................ 179 

APPENDICES FIGURE 16: ZOOM REGION OF GC/MS CHROMATOGRAM OF PLANT EXTRACT 
FRACTION # 7 FROM L_C18_40% HPLC FRACTIONS. ............................................................. 180 

APPENDICES FIGURE 17: GC/MS CHROMATOGRAM OF PLANT EXTRACT FRACTION # 2 
FROM L_CN-E_EA% HPLC FRACTIONS. .................................................................................... 182 

APPENDICES FIGURE 18: ZOOM REGION OF GC/MS CHROMATOGRAM OF PLANT EXTRACT 
FRACTION # 2 FROM L-CN-E_EA% HPLC FRACTIONS. .......................................................... 183 

 

  



 

17 

 
LIST OF APPENDICS TABLE 

 

APPENDICES TABLE 1:  SUMMERY ILLUSTRATE INFORMATION ABOUT USED PLANTS IN 
THIS STUDY. .................................................................................................................................... 153 

APPENDICES TABLE 2: FULL DESCRIPTION OF SOLID PHASE EXTRACTION CARTRIDGES 
(SPE-CARTRIDGES) FOR EXTRACTION OF PLANTS NATURAL PRODUCTS. .................... 154 

APPENDICES TABLE 3: THE PANEL’S DESCRIPTION FOR THE CELLULAR FEATURES 
MEASURED IN CYTOLOGICAL PROFILING. ............................................................................. 155 

APPENDICES TABLE 4: THE CORE CELLULAR FEATURES MARKERS WITH PARAMETERS 
MEASUREMENTS AND PHENOTYPIC ATTRIBUTES ARE SHOWN IN THIS TABLE. ......... 157 

APPENDICES TABLE 5: PHYTOCHEMICALS IDENTIFIED IN EXTRACT JUN_C2_60% BY GC/MS
 ............................................................................................................................................................ 158 

APPENDICES TABLE 6: PROPOSED IDENTIFIED CHEMICALS FROM JUN_C2_60% BY LC/MS.
 ............................................................................................................................................................ 159 

APPENDICES TABLE 7: LIST OF COMPOUNDS DETECTED IN FRACTION # 3 FROM L_C18_40% 
HPLC FRACTIONS. EACH COMPOUND IS CORRESPONDS TO PEAK # AND RETENTION 
TIME IN MINUTES. SOFTWARE AMDIS AND LIBRARY DATA NIST 11 IS USED TO DE-
CONVOLUTE AND IDENTIFY THESE COMPOUNDS DETECTED. ......................................... 177 

APPENDICES TABLE 8: LIST OF COMPOUNDS DETECTED IN FRACTION # 7 FROM L_C18_40% 
HPLC FRACTIONS. EACH COMPOUND IS CORRESPONDS TO PEAK # AND RETENTION 
TIME IN MINUTES. SOFTWARE AMDIS AND LIBRARY DATA NIST 11 IS USED TO DE-
CONVOLUTE AND IDENTIFY THESE COMPOUNDS DETECTED. ......................................... 181 

APPENDICES TABLE 9: LIST OF COMPOUNDS DETECTED IN FRACTION # 2 FROM L-CN-
E_EA% HPLC FRACTIONS. EACH COMPOUND IS CORRESPONDS TO PEAK # AND 
RETENTION TIME IN MINUTES. SOFTWARE AMDIS AND LIBRARY DATA NIST 11 IS 
USED TO DE-CONVOLUTE AND IDENTIFY THESE COMPOUNDS DETECTED. ................. 184 

 

 

  



 

18 

 
LIST OF APPENDICS SCHEME 

 
 

APPENDICES SCHEME 1: THE PROPOSED FRAGMENTATION PATTERN MS/MSN (N=2) OF THE 
IDENTIFIED COMPOUND (C17H38NO2) AT M/Z 288.28970. ....................................................... 171 

APPENDICES SCHEME 2: THE PROPOSED FRAGMENTATION PATTERN MS/MSN (N=2) OF THE 
IDENTIFIED COMPOUND (C24H31O6) AT M/Z 415.21151. .......................................................... 172 

APPENDICES SCHEME 3: THE PROPOSED FRAGMENTATION PATTERN MS/MSN (N=5) OF THE 
IDENTIFIED COMPOUND (C28H48O15) AT M/Z 637.30659. ........................................................ 173 

 

 
 

  



 

19 

1 CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

1.1 Natural Products in Drug Discovery 

Crude herbs have historically been used as the foundation of a considerable 

number of conventional medicines throughout the globe [1-4]. The term ‘natural 

products’ denotes those derived from plants, animal and solid inorganic (mineral) sources 

which are used for fundamental medicinal purposes to treat diseases found in humans 

(and sometimes, animals) [5, 6]. The use of herbs and plants to treat disease and illness 

has been known since early man walked the earth. The majority of drugs have their roots 

in, or are amalgamates of, these natural products (secondary metabolites) [4, 5]. The 

20th century saw the birth of considerable innovation in terms of exploring the potential 

and varied use of many drugs. Prior to that date, there were very limited medications 

available for the population, or their animals, and reliance was based almost entirely on 

crude and semi-pure extracts obtained from plants, animals, microbes and minerals. 

Historically, faith was placed in natural compounds as providing an almost ‘magical’ 

effect rather than on any scientific evidence-based approach. However, experiments by 

scientists led to the understanding that there is a scientific basis to the human body’s 

response to a drug; namely, that they are mediated by known interactions of the drug 

molecule with biological macromolecules (predominantly proteins or nucleic acids) to 

biologically activate the drug’s effect. This pivotal point led to an expansion of the 

science of pharmacology, as scientists could now produce pure, isolated chemicals 

directly, rather than obtaining extracts, which in turn meant that certain drugs became 

standardised in terms of optimum treatment for disease [5, 7]. For the first time, the 

nature of many bioactive compounds, largely determining any therapeutic effect they 
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may have imparted, was elucidated through their chemical structure. However, there is no 

such agreement on the definition of a natural product, which continues to be differently 

described by scientists and those with a clinical agenda. Therapeutic natural products are 

defined in various ways, but generally the following are accepted terms [8, 9]: 

(i) Naturally occurring materials and/or unregulated organisms. 

(ii) Unaltered natural materials or compounds, regulated by the Food and Drugs 

Authority. 

(iii) A semi-synthetic, i.e. a compound that has been chemically altered or 

modified in some way. 

(iv) A medicinal compound comprising entirely synthetic composition, but which 

owes its initial impetus to a natural compound.  

 Forty nine percent of the 877 small molecule New Chemical Entities (NCEs) (i.e. 

drugs which contain no active moiety) made available between 1981 and 2002, were 

naturally derived products, semi-synthetic natural product analogues or synthetic 

compounds based on natural products, taken from plants, microbes and other origins 

[10]. Of the 44% of natural products derived from mammalian sources (known as 

biochemical natural products), detailed analysis of the primary source showed that the 

frequency of use in descending order was: bovine, porcine, equine, canine and 

human. Of the non-mammalian natural products (NMNP), 45% of these were 

dominated by plant species, reflecting 25% of the natural products category overall. 

Comparative analysis showed that bacteria made up 29% of NMNPs (16% overall) 

and fungi reflected 22% of NMNPs (12% overall) (Figure 1) [8]. Morphine, approved 

in 1827 and still in use today, was the first plant NME, prior to the creation of the 
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modern FDA in 1938. In 1946, Streptomycin became the initial bacterial and fungal 

NME to be approved, followed, in 953, by phenoxymethyl penicillin. Prior to 1950, 

plant products accounted for 22% of all validated NMEs, but this proportion has since 

reduced to 8.7% in modern times [8]. In the same period (pre-1950), the use of 

microbial derivatives reflected considerably less approval ratings, being just 3.9% of 

all NMEs approved, although still lagging behind, this has since grown to 11%. In-

depth analysis reveals that microbial derived NMEs were approximately equalled by 

bacteria, at 6.2% and fungi, at 4.9%. The rate of approval for natural products 

continues to record an obvious decline, although of all NME’s validated and 

confirmed since the year 2000, plant and microbial products still account for 5.6% 

and 8.9% respectively [8]. 
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Figure 1: The source of natural product new molecular entities (NMEs).  

A) The environmental source of cumulative percentage of FDA-approved natural product 
NMEs. B) Environmental sources are separated overtime by the fraction of annually 
approved NMEs. (Patridge, E., et al., 2015). 

 

The potential invention of new drugs is based largely on finding new drug therapies 

based on the knowledge of a biological target. In this respect, research into natural 

products continues to seek lead structures which may act as templates for the 

pharmaceutical companies to further explore and develop targeted drugs [11]. Such 

developments represent a multiplicity of chemicals involved in the continued effort to 

utilise compounds based on natural sources to underpin the creation of modern drugs.  

There are some notable and very successful drugs derived from natural products for a 

range of therapeutic indications. These range from cyclosporine (used as an 
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immunosuppressant); mevinolin for hypercholesterolaemia (a common condition); 

avermectin to treat parasitic disease; vinca alkaloids (useful to treat hypoglycemia, 

diabetes and some cancers) and taxol, also used to treat cancer. There is a renewed focus 

by the pharmaceutical industry on the potential for natural products to yield useful 

therapeutic benefits with the advent of new technologies which may now make this route 

financially viable [12, 13].  
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1.2 Identification of Biologically Active Compounds 

The introduction of high throughput screening (HTS) offers the potential for 

screening prefractionated extracts at economy of scale. This process produces fractions 

encompassing a range from a few crude fractions right through to a few compounds 

mixed together [14]. The Anti-cancer Drug Discovery Programme, established in 1987, 

demanded the use of HTS through grinding and extraction so that extracts produced by 

the process would act as the ‘feedstock’ for the new 60 human cancer cell line panel, 

intended to be the basis of the primary discovery tool for the detection of anti-cancer lead 

compounds. The resulting processing protocols underpinned the required capability and 

capacity for the production of many thousands of extracts taken from dry plant 

collections each year. The ultimate goal, however, was to produce crude extracts which 

would be representative of all molecules found in specimens in an entirely unaltered 

state, completely undegraded, and still biologically active. Heat, chemical reactivity, time 

in solution, light, oxygen and other factors are thought to be deleterious to the 

preservation of ‘pure’ biological activity. To achieve the stated goal, therefore, thought 

was applied to methods of grinding, exposure to temperature, the solvents used for 

extraction and the time in contact with solvents, its removal, and the appropriate storage 

of materials once dried [6].  

Plants with complex or advanced characteristics contain novel metabolites exhibiting 

different biological properties, although the developed world largely relies on in vitro 

chemical synthesis to produce chemotherapeutics for clinical use. There are exceptions to 

this rule, such as taxol and vincristine, both of which are structurally complex metabolites 

which proved difficult to synthesise in vitro. Some synthetic drugs were responsible for 
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severe side effects which rendered them useful only as treatment of last resort when 

patients have exhausted all other therapies in the drug arsenal, e.g. cancer and other life-

limiting diseases [5]. It is possible that the compromising side effects caused by synthetic 

drug versions may be averted by metabolites found in medicinal plants and natural 

products due to their propensity to accrete within living cells. Semi-synthetic procedures 

can be advantageous since, rather than harvesting a biosynthetic intermediate from the 

final (lead) compound, it could instead be extracted from the natural source and then 

conventional synthesis employed to convert to the final product. There are two main 

advantages offered by this method. Firstly, in terms of yield, the intermediate provides 

more extraction than the final product and, secondly, the potential for synthesising 

analogues of the final product can be considered. An example of this process at work is 

production of semi-synthetic penicillins; or paclitaxel, which was recently produced by 

the extraction from yew needles of 10 deacetylbaccatin, and then subjecting this to a four 

stage synthesis [5]. 

Despite major advances in synthetic pharmaceuticals, natural products remain a 

significant source of material in the development of new drug compounds and efforts 

continue to capitalise on their inherent value using a variety of methods. The ability to 

screen mixtures of structurally complex molecules has been aided by the removal of 

barriers in separating and determining structures due to technological advances. The 

active principle (lead compound) requires separation from other compounds inherent in a 

natural source. It is imperative to isolate and purify the active principle, but the simplicity 

of this task depends on the quantity, structure and stability of the compound. This process 

has been historically problematic, but advanced technologies in freeze drying and 
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chromatography have allowed isolation and purification techniques to be developed, 

allowing, for example, penicillin and other natural products, to be produced at scale [5]. 

Theoretically, it should be a relatively simple procedure to acquire an active compound 

from a plant using bioassay-guided isolation strategies, which work by linking 

information on the chemical profiles of extracts and fractions with the relevant data on 

activity in the in-vitro bioassays undertaken at microscale. This technique speeds up the 

time required for a hit discovery, but still requires an essential series of processes to be 

borne in mind. Some of essential series of processes include: correct plant identification, 

accounting for transformations during extraction and preparation, and/or de-replication of 

previously known compounds in the initial phase of the fractionation procedure. Any 

time delays resulting from bioassay turn-round can potentially be a serious limitation in 

the first phase of discovery research, particularly if NMEs are seeking to move rapidly to 

the next stage of research [15].  

A particularly powerful technique which determines molecular formula is known 

as Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR/MS), which is 

able to calculate molecular mass with pinpoint accuracy on microgram quantities of 

material. Determination of structure by a combination of high-resolution mass 

spectrometry tools along with two dimensional NMR spectroscopy, enables the process 

to be effected within hours, or days whereas previously, it could take months. These 

technological advances have removed a major barrier in the discovery of new drugs, 

although some issues still remain meaning that the determination of complex structures 

continues to be a technical challenge [10].   
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1.3 The Discovery of Bioactive Natural Products from Saudi Arabia Region 

The therapeutic potential of the flora in Saudi Arabia and neighbouring countries 

has been historically overlooked due to its harsh environment that create challenging 

stress such as arid desert climate with scarce rainfall. Alfarhan et al., (1998) observed 

that an initial focus to list and identify Saudi Arabian flora took place in 1974 despite 

traditional plant medicine being held in high regard in the country’s heritage, as Al-Essa 

et al., (1998) note, which continues to be widely used domestically [16-18]. It is now 

apparent that Saudi Arabia contains one of the most important areas of floral biodiversity 

in the Arabian Peninsula, being home to significant genetic resources of medicinal plants 

and crops within a wide range of endemic species comprising as it does components from 

Asia, Africa and the Mediterranean, given its central geographical position [19]. The 

largest diversity of species is found in the western mountainous area of Saudi Arabia, the 

Hijaz, bordering the Red Sea, and in Asir, thanks to a greater propensity of rainfall and a 

wide parameter of altitude differences, from sea level to 9300 feet at Jabal Sawdah, near 

Abha[20]. The Kingdom boasts an impressive 2,250 species of flora, including 

pteridophytes and gymnosperms, found in 142 separate families, divided into 242 

endemic species and 600 rare or endangered wild species [21].  It is therefore paramount 

that a strategic plan should be drawn up to ensure that this rich resource can support 

sustainable development and is properly conserved. Al Yahya et al., (1984) believes that 

the use of indigenous herbs as drugs began in the Arabian Peninsula in ancient times. 

Undoubtedly, Saudi Arabia is blessed with an extensive range of flora comprising shrubs, 

trees and herbs with medicinal properties [21]. Overall, the Kingdom has an extensive 

diversity of medicinal species, anticipated to be over 50% (i.e. more than 1200) of its 
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2,250 known species with the potential for supporting research into new drugs [19].  

Saudi Arabia plants have not been comprehensively examined with regard to their 

biological activities [22]. The domestic markets in Saudi Arabia do not generally trade in 

the plants with know biological activities, and certainly the full range and diversity has 

yet to be fully explored in terms of their potential use for biology research. There is a 

good deal of research which still needs to be undertaken in terms of identification of the 

principal chemical compounds, active ingredients and the mode of action of these plants, 

and the safety aspect must not be overlooked either [16].   

Traditionally, medicinal knowledge within Saudi Arabia is lodged in the memories and 

practice of old men, which is unusual when compared to other areas of the world, such as 

rural communities in Africa, South America and Pakistan, where women hold the 

historical and practical knowledge of the gathering and application of medicinal plants 

indigenous to their area. There is a widespread fear that the elders in whom this 

knowledge resides are failing to pass the information and expertise on to the younger 

generation, which would result in a loss of precious knowledge in a relatively short space 

of time. One of the prime reasons is that younger people prefer to make use of clinics and 

hospitals, thereby accessing ‘modern’ drugs and treatment, although elders and Bedouin 

continue to cling to the old ways. Unfortunately, there is also a grave threat that wild 

herbs may be moving to extinction, since they are being gathered without thought for 

preservation, cultivation or sustainability. This is an important issue since more than 

15,000 species of plant worldwide potentially face extinction as a result of over-

harvesting and particularly loss of habitat [16]. Alhaider et al., (2010) suggest that by 
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expanding the number of relevant publications, this will help to incentivise and log Saudi 

Arabia’s continued need for research in this pharmaceutically vital area [23]. 



 
1.4 The Development of High Content Screening Technology of Drug Discovery 

Field 

The assimilation of chemical and biological information from a broad spectrum of 

compounds is a pre-requisite for effective drug discovery [24]. Despite generating 

significant amounts of data, the significant outlay required by techniques such as gene 

expression profiling, coupled with the challenges of compiling and consolidating 

biological information from various sources, has meant that profiling methodologies 

based on biological function have not developed in line with the progressively elaborate 

techniques available for screening compounds according to their chemical structure [25]. 

Characterisation of ubiquitous pathways of cellular biology, including cell division, 

differentiation, and protein trafficking, has been progressively facilitated by 

methodologies such as cell-based microscopy assays; specifics of protein function and 

gene expression modulation have been addressed by researchers implementing this type 

of in vitro cell culture application. Shortfalls between biomolecular screening and in vivo 

pharmacology have been addressed by such cell-based assays, now commonplace for 

high-content screening of compounds in the drug discovery process [25, 26].  

Live cell imaging has remained primarily a category of science that involves 

observing, recording, describing, and classifying phenomena. Early forms of its 

methodologies were limited in scope, typically evaluating up to 1000 cells. Due to the 

inherently manual procedures required for image analysis, live cell imaging (or 

microscopy-based assays) is materialising as a pivotal technique to endow the drug 

discovery process to utilise increasingly intricate biological models [26].  
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The application of imaging technologies is restricted to the determination of 

specific targets, or mode of action analyses, by reason of the continuous assessment 

needed from highly trained operators, notably during the processing of data obtained 

from digital imagery. Image-analysis methodologies, used in parallel with systems 

designed to capture images from individual cells, subcellular structures, or whole 

populations of cells, can be thought of as cellular imaging, upon which secondary 

compound screening and the general streamlining of drug discovery have been shown in 

a 2005 survey to increasingly rely upon. Uncomplicated image-analysis software and file 

compression, with adequate data storage, are components of an optimal imaging 

platform, along with the capacity for high-resolution analysis of individual cells and high 

throughput in vitro kinetic applications. Rapid plate-reading, as facilitated by modern 

imaging platforms, permits individual runs to apply a greater range of test conditions, 

thus promoting the synergy between novel imaging techniques and programmed image 

capture, conversion, and analysis, on a robust and easy-to-use interface [26-28].  

As a high-throughput system that implements complex image processing 

algorithms in the analysis of automatically-captured cellular imagery from fluorescence 

microscopy, High Content Screening (HCS) has developed from an promising concept 

into an effective methodology, and, in recent years, into an indispensable tool [29-32]. By 

facilitating the study of discreet, physiological events including morphological changes, 

cell or protein interactions, or protein modification, by quantifying changes in intensity, 

location, appearance, or shape, the process broaches a large field of cellular specifications 

for high-throughput analysis [33]. Of demonstrated relevance to secondary compound 

screening, HCS has become widely implemented in commercial drug development [33, 
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34]. Following its broader adoption, and despite the emphasis of previous research on 

HCS as a developing technology, the literature has more recently re-focused on cellular 

processes of interest, with HCS playing a supportive role to the relevant hypothesis or 

novel pathway under investigation [31, 35, 36].  

Robotic imaging technologies developed by commercial suppliers including 

Cellomics, TTP,Evotec, Molecular Devices and GE-Healthcare, have enjoyed widespread 

popularity, mainly as a result of their user-friendly design, low monitoring requirements, 

and robust software. This level of imaging system, the product of a partnership between 

automation and high-level (yet operationally simple) image analysis software, can 

produce a wide variety of data from single cells, while remaining adaptable in the context 

of the available resolution. Specifically, cellular events like protein trafficking between 

subcellular compartments can be characterised at high-resolution, while modifications to 

cell population and morphology, plus other phenotypic changes affecting whole 

populations, can be examined at lower resolution. Furthermore, a broad range of analytic 

specifications, such as average neurite count, length, and quantity of branch points, are 

available to users of the software analytics. Typically operated as low throughput, 

specific functions (such as neurite outgrowth or nuclear translocation assays) can now be 

run as a medium-throughput screen, as a result of the notably shortened assay 

development times enabled by the use of optimised reagents and customised cell cultures 

offered by suppliers such as Cellomics [26, 27].  

High-throughput screening and hit-to-lead studies, adopted early in the drug 

discovery process, can now implement HCS as a result of its recent technological 

advances (despite its use in late-stage drug discovery for over ten years) [27]. Several 
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considerations are required to allow the efficient application of these assays onto 

automated imaging platforms, including [37]: 

• Complete assay validation, particularly for assays that have not been pre-

optimized by the supplier 

• Coupling of the biological importance of assays with the expected throughput; the 

automation of more intricate cell-based assays with a higher throughput is 

desirable, while retaining integrity and robustness of living cells. 

• Data processing and analysis, resulting in the production and subsequent storage 

of large quantities of numerical data in databases of sufficient capacity. The 

identification of the most suitable data storage and handling solution is a key 

consideration. 

• End-result aspects—the selected output should possess a strong signal-to-noise 

ratio, mirroring the target process as much as is feasible.  

Interestingly, despite the potential usefulness of nonobvious measurements on the 

effects of screened compounds, they are typically disregarded by researchers, as a large 

part of the data produced has no clear biological relevance; for example, while nuclear 

DNA quantity is noteworthy, the usefulness of other nuclear parameters (for example, 

DNA texture or nuclear ellipticity) is somewhat less obvious [25, 38]. 

That clusters of variables within a single dataset, displaying a high degree of 

correlation with each other but not with other variables in the dataset, are probably 

representative of a common fundamental characteristic or factor, is the principle 

hypothesis of factor analysis. Categorically, a shared phenotypic property may be 

uncovered by noting highly correlated changes between categories of image-based 
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individual cells traits, induced by various compounds on a HCS platform. If this 

hypothesis is correct, the biological relevance of these traits could be elucidated, 

notwithstanding that they are extracted directly from the data without conjecture as to 

their function [25-27].  

HCS is not merely an alternative methodology; features including the capacity to 

select cell populations and quantify cellular events ensure its central position as a key 

technological progression, as does its essentially multiparametric nature. Multiple distinct 

responses can be evaluated in one assay run using HCS, by applying multiple 

independent fluorescent markers in parallel, a process termed multiplexing. Distinct 

pathways, for instance, sensitive to a stimulus, can be studied by way of an assay 

comprised of three transcription factors. Contrary to spectral flow cytometry, which can 

evaluated as many as 17 proteins concurrently, the number of channels that can be 

utilised in one HCS assay is usually restricted to a maximum of four, due to technical 

constraints in the excitation and emission spectra of most fluorescence dyes available, 

and of the underlying quantifiable protein levels. Nonetheless, both major and minor 

assessments (i.e., auxiliary endpoints that suggest favourable or unfavourable outcomes, 

connected to the major endpoint) can be easily integrated into one HCS assay, despite 

these technical constraints [39].  

Novel developments of HCS have been instigated by the increasing number of 

experienced users, despite the outstanding requirement to resolve basic scale concerns 

(for example, processing speed, responsiveness, and information extraction) and other 

technical considerations. The establishment of assays, however, for many facets of 

cellular science that were historically considered impervious to adequate quantitation, has 
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contributed to the popularity of HCS. Thus, preclinical drug discovery in all its contexts, 

and not just in extremely specialised fields of compound characterisation, can now 

benefit from implementing HCS. Research papers proposing state-of-the-art applications 

of HCS, rather than the more standard applications of cell signaling, oncology, 

neurobiology, in vitro toxicology, and target validation (i.e. RNAi), are becoming more 

commonplace. These novel applications across a wide range of functional cellular 

processes, and not limited to cardiac failure, gap junctions, immunosuppression, 

osteoporosis, phagocytosis, autophagy, centrosome function, fungal pathogenesis, retinal 

repair, circadian rhythms, and screening in yeast, demonstrate the adaptability of HCS 

technology [35].   

Individual assay output for markers of toxicity, for example, cell proliferation, 

mitochondrial activity or membrane permeability has been the traditional approach to 

cellular toxicity screening, which, despite producing some useful data, is an insufficient 

forecaster of in vivo compound toxicity. The future capacity for HCS to facilitate 

increasing intricate and prognostic toxicity assays was identified by vendors such as 

Cellomics Inc. (http://www.cellomics.com) at a relatively early stage; a more detailed 

perception of drug-induced toxicity from simultaneous analysis of several cytotoxic 

markers was implied, permitting the differentiation of early reversible and late 

irreversible events[40]. Early identification of contribution of two chemotherapeutic 

agents, bleomycin and paclitaxel, to DNA damage and microtubule aggregation was 

evaluated by simultaneous measurement of cell numbers, mitochondrial mass, tubulin 

mass and nuclear morphology; a conventional colourimetric assay for mitochondrial 

activity, however, significantly undervalued the cytotoxic effects of these compounds, as 

http://www.cellomics.com/
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demonstrated by Vogt et al., Phospholipidosis, a drug-induced side effect, can be 

assessed by novel HCS assays. Drug-mediated amassment of a fluorescently labelled 

phospholipid in lysosomes was quantified by the parallel application of a membrane-

permeable stain, which distinguished cytotoxicity-induced phospholipid accumulation 

from drug-induced phospholipidosis. 26 out of 28 positive controls, and 8 out of 8 

negative controls, were accurately identified by the assay [33, 40].  

Current research is beginning to exhibit a better comprehension of the usefulness 

of data generated by current HCS platforms, characterising it as rich in content and 

context, and showing strong correlation. A recent study by Young et al., implements 

HCS and ligand-target prediction in the identification of drug-induced modes of action, in 

a seminal example of the range of HCS data application possibilities in a variety of 

contexts. A group of visible cytological features was assessed, based on cell cycle 

permutation, from which six features (nuclear size, replication, mitosis, nuclear 

morphology, EdU texture, and nuclear ellipticity) were selected out of a 36-feature 

subset. Active compounds, from a range of 6,547 profiled, were classified by elicited 

response into seven main groups by phenotypic effect and their subsequent phenotypic 

profiles aligned with chemical structure and likely target profile. Modes of action for 

selected compounds could thus be elucidated from the structure-activity relationship 

outcomes, observed to be more meaningful than those usually observed from a single 

data type [25]. Another example is the application, validation, and evaluation of a high-

content assay versus a library of known active chemical compounds in a Dengue virus 

(DENV) infected cell model is detailed by Shum et al., who aimed to characterise 

inhibitors and modifiers of DENV infection. Immunofluorescence staining of the DENV 
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glycoprotein envelope was thus applied to assess the efficacy of test compounds on 

DENV protein production inhibition, at the same time as measuring cytotoxicity a 

HEK293 cell culture by a high-content technique. An cell viability assessment to quickly 

classify compounds by activity was performed in parallel with directly-monitored viral 

replication in the target cells, employing a multiparametric output. This allowed the 

identification of hits targetting important families of cellular factors such as transporters, 

receptors, and enzymes, by the evaluation of an established array of active compounds 

with high-content assay. A novel role for antiviral therapies against DENV infections 

could potentially emerge from this alternative application. Simultaneous assessment of 

investigational drug cytotoxicity by immunofluorescence of the viral glycoprotein E was 

achieved by live virus infection in a well-characterised and streamlined high-content 

screening process, established by pairing automated microscopy with HTS technology. 

Large collections of compounds can be screened against DENV infected cells by the 

scaling down of this assay to a 384-well microtiter plate format [41]. An impartial 

screening assay to select biologically active small molecules was detailed by Tanaka et 

al., who implemented HCS in model of the unification of chemical genetics and 

phenotypic screening for hit identification. After staining with DNA and microtubule 

markers, phenotypes of five distinct cell types, cultured with 107 small molecules, were 

characterised by HCS. For each image obtained, the capture of multiple shape-, texture- 

and intensity-related features was facilitated by the combination of segmentation and 

intensity distribution algorithms. Hydroxy-PP, one of the treating compounds, explicitly 

induced one of four marked compound-induced phenotypes, characterised by the use of 

principal component analysis. Carbonyl reductase1 (CBR1) was established as its target 
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using affinity chromatography with immobilised hydroxy-PP. The synthesis of a highly 

specific CBR1 inhibitor followed, by the use of X-ray crystallography and chemical 

optimization [42].  

The requirements of a growing user group will incite technology to become 

increasingly affordable, convenient, and user-friendly, pushing HCS from the 

experimental phase to a wide implementation, as apparent from the published research 

discussed earlier. Multiple methodologies for the assessment of cellular processes will 

emerge from the partnership between continued utilisation of auto-fluorescent proteins 

with the advancement of novel reagents and assay conditions. Conventional generation of 

HCS data, as an integral process in directing biological research direction, will be 

facilitated by bolstering HCS assay platforms with increased productivity capabilities, 

both for information output (i.e., assay automation, reagents, and algorithms) and 

evaluation (i.e., data management, visualisation, and extraction). The increasing 

relevance of biological data through the application of multicellular systems, tissues, 

organs, and organisms, will be faciliated by advances in technology, while the central 

applications of HCS will become more widely used. Therefore, a previously 

unimaginable understanding of cell function will emerge from the novel inclination to 

merge “cellomics” with current genomic and proteomic practices [35].   



 

39 

1.5 Using Analytical Chemistry Tools in Drug Discovery Field 

The complexity of plant metabolomes exceeds that of animal metabolomes, with 

more than 200,000 molecules being anticipated to be identified [43, 44]. Ongoing 

interaction with harsh environments alongside particular species and agronomic 

differences is believed to be the source of the variety of plant secondary metabolites, 

which demonstrate specific bioactivity based on their biochemical structures [43, 44]. 

Paclitaxel (taxol), camptothecin (irinotecan, topotecan) and podophyllotoxins (etoposide, 

teniposide) are among the numerous cancer chemotherapeutic drugs produced from plant 

secondary metabolites [43, 44]. It is this promising use of plant secondary metabolites or 

natural products in a healthcare context or new drug discovery that has reinvigorated 

pharmaceutical and nutraceutical research. However, the de novo combinational 

chemistry has so far enabled the development only of a handful of new drugs, numerous 

researchers continuing to attribute successful drug development to natural products and 

their derivatives. Thanks to the medical uses of plants or extracts, active compounds 

started to be isolated in the early 1800s, morphine isolation from opium being one of the 

first such processes. Nevertheless, due to their limited availability in plants, single-active 

phytocompounds are not always detected; conversely, the combined action of several 

ingredients in a single plant or from a multiple medicinal plant formulation, such as that 

used in traditional Chinese medicine (TCM), is needed to produce an observable range of 

pharmacological efficiency [44]. 

The molecular composition of medicinal plants or herb medicinal products can be 

successfully identified with the help of metabolomics approaches based on GC-MS, LC-

MS or 2D NMR. These may also offer evidentiary support for toxicology/safety 
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measures related to particular phytopreparations after metabolism in test mammalians. 

The ultimate aim of pharmaceutical researchers is to integrate different methods to 

aggregate the properties of each of them to determine purity and identity. Additionally, 

this speeds up the examination of samples with small volume and yields greater 

information content. However, instrumental drawbacks may hinder the combination of 

different methods [45]. 

Facilitating the concomitant identification of countless metabolites from a 

biological sample, the developments in mass spectrometry instrumentation which have 

been achieved in the last ten years are the catalyst of the success enjoyed by 

metabolomics. Alongside innovations in bioinformatics instruments like XCMS Online 

(https://xcmsonline.scripps.edu/), this has made it possible to undertake detailed 

comparisons between the intensities of innumerable metabolite peaks from different 

sample groups in an untargeted way [46]. In high-throughput analysis, MS owes its 

efficiency to the ability to use mass to isolate target molecules from a complex mixture in 

a straightforward and selective manner, with no complicated procedure of sample 

preparation. At present, one of the techniques with the highest efficiency in 

pharmaceutical analysis is MS integrated with various chromatographic techniques. MS 

continues to be at the forefront of drug development due to the fact that it is fast, sensitive 

and has a high throughput. One of the major MS methods that has been extensively 

employed in the characterisation of metabolites of human body fluids or plant extracts is 

GC-MS [44, 47]. This method presents high resolution and selectivity and enables 

sensitive analyses of volatile metabolites. However, GC-MS cannot be applied to all 

metabolites as it necessitates derivatisation for non-volatile metabolites. 

https://xcmsonline.scripps.edu/
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Among the main methods for pharmaceutical analyses is LC-MS, which has been 

employed in drug metabolism research, both in vivo and in vitro, drug and metabolite 

high-throughput analysis, detection and analysis of drug impurities and degradation 

products, as well as analysis of chiral impurities. LC-MS fulfils two important functions, 

namely, successful transfer of analytes from the solution phase to the gas phase and the 

process of ionisation, which is an essential component of mass spectrometry analysis. In 

the case of the majority of pharmaceutical analyses, the optimal ionisation method should 

produce one ion equivalent to the molecular weight of the drug compound, with limited 

or without fragment ions. This would facilitate structure confirmation and ensure a highly 

sensitive quantification. The HPLC separation, such as drug components and biological 

matrix, and/or MS-MS, like structure elucidation and improved quantitation, would 

supply the selectivity elements[48, 49]. 

LC/MS/MS can be employed for identification of template structure, process which 

involves several steps. LC/MS analysis of parent drug is the first step. After acquisition 

of retention time and molecular weight information, a product-ion analysis of the parent 

drug is performed with LC/MS/MS and the molecule substructures are allocated 

particular product ions and neutral losses. The identification template takes the form of 

the singular fragment ions that are present in the production mass spectrum of the parent 

drug. Comparable information for unknown compound(s) is obtained by using LC/MS 

and LC/MS/MS to analyse samples. The assumption underpinning the MS/MS 

identification technique is that the metabolites, impurities or degradants will retain not 

only a large proportion of the structure of the parent drug, but also the product ions 

related to singular substructures. By comparing molecular weight and product ions 
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directly, substructural differences can be identified, resulting in an interpreted or 

proposed structure [48]. 

The static and transient proteome attributes in any organism can be effectively 

analysed with nuclear magnetic resonance (NMR) spectroscopy, which is recognised for 

generating characterisations not only of macromolecular structures, but also of molecular 

and supramolecular dynamics. Furthermore, NMR can successfully screen for ligand 

binding to protein targets and does not necessitate information on protein function to 

identify and measure interactions at a high level of sensitivity. Additionally, NMR 

contributes to optimise weak-binding hits into high-affinity leads by supplying structural 

data on the target as well as the ligand [50-53].  
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1.6 The Discovery of Anticancer Compounds  

1.6.1 Introduction of Cancer   

In 2012 the World Health Organization reported the annual number of cancer 

cases to stand at 14 million and the annual number of deaths due to cancer to stand at 8.2 

million, making cancer the a major cause of death, particularly in developed countries. It 

is predicted that by 2030 the annual number of cases will have risen by 57% and the 

annual number of cancer related deaths to have risen by 59% [54]. 

Previously, it was believed that genetic mutations and chromosomal 

abnormalities, which lead to a decrease or misfunction of tumor suppressor genes or a 

hyperactivation of oncogenes, were the sole cause of the development of cancerous cells. 

However, research has indicated that epigenetic factors effecting gene expression may 

also play a role in the development of cancer [55].  

At present, chemotherapy used to treat cancer typically involves the 

administration of a single cytotoxic drug. Often these drugs can have toxic side effects 

and their selective pressure can lead to the expansion of cancerous cells with drug 

resistance. Hence, the development of dual drug therapies with lower toxicity and several 

target sites, to reduce the probability or drug resistance developing, is an active area of 

research. In addition, the use of drugs with multiple mechanisms of action should be a 

more effective treatment, even at lower doses which will be less likely to induce 

unwanted side effects. Scientists are therefore developing and assaying novel substances 

that could be administered in conjunction with known antineoplastic agents and improve 

the outcome of chemotherapy treatment [56]. 
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Programed cell death, are an important mechanism in development and the 

maintenance of homeostasis, as it controls cell number and proliferation, both in single 

and multicellular organisms. Under normal circumstances, cells with DNA damage that 

cannot be repaired undergo apoptosis, allowing damaged cells to be eliminated. It also 

allows the removal of cells with autoimmune properties, such as self-reacting 

lymphocytes, or lymphocytes with nonproductive rearrangements on the antigen receptor 

gene. Failures in apoptosis can lead to cancers such as B-cell chronic lymphocyte 

leukemia (CLL) follicular lymphoma and tumors infected with human T-cell lymphoma 

virus 1 (HTLV-1), such tumors consist of monoclonal cells [57].  

Apoptosis is regulated by a pathway involving several proteins. Defects in these 

regulatory proteins, for example p53, nuclear factor kappa B (NFkB) or 

phosphatidylinositol 3-kinase (PI3K), can result in the growth of malignant cells. The 

transcription factor p53 is vital in regulating downstream genes involved in apoptosis, 

DNA repair and cell arrest as it holds the cell at a checkpoint after DNA damage until the 

damage is repaired and triggers apoptosis if the damage is irreparable. Mutations within 

the p53 gene can lead to flawed cell cycle regulation, genomic instability, and inhibition 

of apoptosis, although it’s mechanism of action is still poorly understood. Thus mutations 

in the p53 gene are a common cause in the development of cancer [58].  

The cell cycle is the process by which one cell (mother cell) divides to forms two 

complete cells. The process can be divided into four phases; growth phase 1 (G1), DNA 

synthesis phase (S), growth phase 2 (G2) and mitosis (M). Environmental factors play a 

key role in the control of the cell cycle and the phases respond to these factors through 

environment sensing signaling pathways. Malignant cells often exhibit dysregulation of 
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the cell cycle. Therefore drugs targeting the cell cycle and suppressing cell division can 

be used to treat cancer. Such drugs mostly restrict tumor cell proliferation by targeting 

cell cycle events which in turn activate check points, cell arrest and apoptosis. A wide 

range of cancers have been treated with such drugs. For example; 5-flurouracil, which 

targets DNA replication, and microtubule-stabilizing paclitaxel, which targets cell 

division, although these drugs can have toxic side effects. Drugs targeting cell division 

machinery have also been developed. These include AurA/B and Plk1, which target 

mitotic kinases, and Kif1 and CENP-E, which target kinesins. Unfortunately these drugs 

have not performed well in in vivo studies with poor tumor suppressing efficiencies, 

highlighting the need for further drugs targeting cell cycle progression to be developed 

[59]. 

In terms of DNA damage, DNA double-strand breaks (DBSs) are the most 

harmful to cell survival. They can be the result of various factors such as; physical, 

biological and chemical factors. If a DBS is not repaired it can result in genomic 

instability, chromosome aberrations, and cell death. When a DBS occurs an intricate 

molecular pathway which detects and repairs DNA damage, named the DNA damage 

response (DDR), is activated. The DDR elicits the activation of many cellular factors. An 

important factor involved in the DDR is the histone variant H2AX, which is 

phosphorylated on serine residue four residues before the C-terminus to produce γH2AX. 

The role of γH2AX includes assembling and guiding proteins at the site of DNA damage 

and the activation of cell cycle checkpoint proteins involved in cell cycle arrest. Thus 

expression of γH2AX can act as a marker of DNA DBSs and, consequently an indicator 

of genotoxic effects of substances. In a clinical setting, assaying the expression of 
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γH2AX can allow the efficiency of an anticancer drug, the sensitivity of a tumor cell to 

DNA damaging agents and the toxicity of anticancer therapies to be assessed [60-63]. 

1.6.2 Topoisomerase Inhibitors as Important Target for Cancer Therapy 

DNA topoisomerases have a key function in unwinding the DNA strand during 

transcription and replication, whereby they mediate the precise separation of a pair of 

identical, whole genomes in two daughter cells after replication [64, 65]. These enzymes 

are also involved in the DNA condensation process, whereby the genome of an individual 

human cell of 3 x 109 base pairs is coiled to fit a 6 µM nucleus with a circumference 

almost a million times smaller than the length of the uncoiled genome (about 1.8 m). 

Similarly, a typical Escherichia coli prokaryotic cell contains a condensed, supercoiled 

genome which, at 4.7 x 109 base pairs in length is approximately three thousand times 

larger than the cell’s circumference. Topological stress and knotting are relieved in the 

coiled genome through the actions of topoisomerases [66].  

Potent chemotherapeutic agents such as etoposide and doxorubicin exert their 

effects by acting on topoisomerase II, a significant observation which has since garnered 

much research attention. Existing literature demonstrates that enzymatic DNA damage 

typically results from the actions of anti-cancer agents that affect topoisomerase II [43, 

67, 68]. Chemotherapeutic research has sought to determine the primary target of this 

class of drugs, given the broad spectrum of clinical contexts in which etoposide and 

doxorubicin have been shown to be effective. The mitigation of secondary cancers and 

other toxic side-effects is a key objective of current and long-term research strategies, in 

parallel with optimisation of the treatment effectiveness of topoisomerase II inhibitors 

[69].  
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        Anti-cancer agents which interfere with topoisomerase II can be classified by 

mechanism of action. Therapeutically-effective drugs such as doxorubicin, etoposide, and 

mitoxantrone comprise the first of these categories, and are characterised by the ability to 

promote the formation of topoisomerase II:DNA covalent complexes. Described as 

topoisomerase II poisons, these drugs lead to DNA lesion formation from covalent 

protein attachment and strand breakages, unlike the second category of drugs which 

target the catalytic activity of topoisomerase II. Described as catalytic inhibitors, this 

family of agents appears to inhibit topoisomerase II enzymatic activity, leading to cell 

death [64, 70]. 

In chemotherapy, a number of effective topoisomerase II inhibitors are available on 

the market. Novel, highly-targeted therapies have increasingly replaced their clinical 

application, however, given that these inhibitors were developed in the 1960s and 1970s. 

As a result, these newer treatments (of which kinase inhibitors and monoclonal antibodies 

are key examples) have become established as the chemotherapeutic agents of choice; 

traditional anti-cancer drugs such as topoisomerase II inhibitors are used less frequently 

nowadays. Whether novel therapies that inhibit topoisomerases should continue to be 

developed remains the subject of much debate, although it appears likely that a need 

exists for new of cytotoxic drugs for a variety of reasons, summarised below. 

1. Effective cytotoxic drugs are often the only therapeutic agent which can 

counteract the growth, advancement, and spread of cancer cells in a number of 

more serious forms of the disease. 

2. Particularly when treating established solid tumours, a combination therapy of 

cytotoxic agents and targeted therapies is indicated. 
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3. For patients receiving long-term chemotherapy, it is often necessary to replace the 

existing therapeutic regime with a cytotoxic agent, used either alone or in 

combination. 

4. Serious side effects such as leucopoenia, toxic gastrointestinal effects, alopecia, 

myelosuppression, and secondary leukaemia can sometimes result from the use of 

established approved topoisomerase II inhibitors, particularly topoisomerase II 

poisons. A need therefore exists for the development of novel therapies which 

give rise to fewer side effects while remaining effective. 

5. Specific types of cancer may respond better to administration of new anti-

topoisomerase II therapies. 

6. Novel therapeutic strategies, whether formulations or therapies, along with better-

tolerated combination therapies, may give rise to improved treatment options 

using existing topoisomerase II inhibitors. Increased knowledge of the 

mechanisms by which these agents exert their effects may be achieved through 

pharmacological research using new molecules. 

7. Oncology research into novel chemotherapeutic agents thus remains focused on 

topoisomerase II, with the aim of developing molecular targets to this important 

enzymatic target [71].  

1.6.3 Natural Products and Cancer Therapy 

Natural biochemical compounds offer the potential for a variety of therapeutic 

applications beneficial to human health.  These include cancer prevention and treatment. 

Such chemo-preventive and antitumor properties are primarily mediated via modulation 

of cell death pathways, such as apoptosis of cancer cells.  Many intervention points exist 
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within the apoptotic processes which mediate the antitumor effects of natural substances. 

Natural compounds often exhibit pleiotropic features which are potentially beneficial 

since it means that specific mechanisms of cell death avoidance can be targeted in cancer 

cells.  Continuing progress is expected to be made with regards to investigations of 

molecular mechanisms responsible for mediation of antitumor characteristics of natural 

compounds.  This is anticipated to further their development as chemopreventive agents 

in the search for improved cancer treatments [72].  

Taxanes, for example, represent a class of anti-tumour compounds of current 

particular interest. One such taxane, Taxol, (Paclitaxel) and its derivatives, act by 

inhibiting cell division via promoting the polymerisation of tubulin and associated 

stabilization of microtubules.   Taxotere (Docetaxel) is a taxoid derivative which has been 

produced as a consequence of the quest for a semi-synthetic Taxol manufacturing route, 

using an extract of 10-deacetylbaccatin Ill (from the needles of Taxus baccata, the 

European yew) as a precursor reagent.  Introduced for the treatment of ovarian, breast and 

non-small cell lung cancers, Docetaxel is also being studied for broader therapeutic uses.  

Further similar investigations into potential synthetic modifications of taxol 

currently represent an exciting research arena with potential for the synthesis of second 

generations anti-cancer taxoids with identified structural activity relationships. These 

types of novel taxoid compounds exhibit enhanced cytotoxic activity compared with both 

Taxol and Taxotere against a variety of drug-resistant and other cell lines.  The 

mechanism proposed for the enhanced cytotoxic activity depends upon facilitating 

diminished binding to the membrane efflux pump P-glycoprotein, which subsequently 

renders the cells less susceptible to efflux by this energy-dependent pump [1, 12, 73].  
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Natural Products derived pharmaceuticals are common in tables of the 2000, 2001 and 

2002 top 35 global ethical drug sales (Table 1).  In 2000 Natural Products derived 

pharmaceuticals represented 40% for ethical pharmaceutical sales and this figure 

remained high over subsequent years (at 24% in 2001 and 26% in 2002). It can therefore 

be seen that natural products not only provide an important raw material for innovative 

pharmaceutical development, they also make important contributions to corporate bottom 

line profitability [14].   
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Table 1: Shows top 35 global ethical drug sales of the 2000, 2001 and 2002.  

Blue color indicates to Natural Products derived pharmaceuticals, Red color indicate to 
Biologically Derived Drugs and Black color indicate to Synthetically Derived Drugs, this 
table adapted from (Butler 2004). 
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1.7 The Discovery of Anti-HIV Compounds 

1.7.1 HIV: An Introduction 

Since its emergence, 34 million people worldwide have died as a result of HIV 

and, in light of the fact that 1.2 [980,000-1.6] million deaths were attributed to HIV-

related conditions in the worldwide population in 2014, it is widely regarded as a 

pressing concern for global public health. Reports reveal that, in the latter part of 2014, 

36.9 [34.3-41.4] million individuals had HIV and, over the course of that year, 2.0 [1.9-

2.2] million of the worldwide population contracted the infection (http://www.who.com). 

It is pertinent to note that 25.8 of the total 36.9 million (70%) individuals worldwide who 

are currently infected live in sub-Saharan Africa (http://www.niaid.nih.gov) (Figure.2).  

 

 

Figure 2: Shows the Emergence of HIV/AIDS worldwide.  

70% of individuals worldwide who are currently infected live in sub-Saharan Africa. This 
figure adapted from (http://www.niaid.nih.gov). 

 

 

http://www.who.com/
http://www.niaid.nih.gov/
http://www.niaid.nih.gov/
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Medical researchers discovered the nature of the causal relationship between the 

Human Immunodeficiency Virus Type 1 (HIV-1) and Acquired Immune Deficiency 

Syndrome (AIDS) at the outset of the 1980s and, from this point, extensive energy has 

been invested in order to treat and prevent HIV infection. The studies involved the 

development of anti-HIV drugs that would target the various phases of the HIV-1 

development process [74].   

As of yet, HIV-1 and HIV-2 are the currently known forms of HIV and, notably, 

HIV-1, generally called HIV, is what the widespread global infections can be attributed 

to. The virus is encountered in numerous varying forms owing to its high propensity for 

mutation, and the range of HIV-1 strains are categorised with reference to the two groups 

– M and O – and ten genetically unique subtypes – from A to J. HIV-2, which is most 

commonly reported in West Africa, is pathogenic to a lesser degree than HIV-1 and 

relatively rare. Additionally, Group O is inclusive of another separate group of varied 

viruses [75]. 

The HIV infection initiates the infection of a suitable host cell by binding to its 

CD4 receptor. Lymphocytes, a central element of the human immune system, often 

contain CD4 on their surfaces, and it has recently been discovered that, in order to HIV to 

penetrate the cell, a co-receptor is required. HIV accesses the cell once the virus has 

fused with the host cell and, in turn, RNA – the virus’ genetic material – is conveyed 

from the virus whereupon it is subject to reverse transcription; DNA is the product of 

this. In order to catalyse the conversion of viral RNA into DNA, reverse transcriptase, 

one of HIV’s enzymes, is required; following this process, the viral DNA is conveyed 

into the nucleus of the host cell. When the process of integrating the viral DNA into the 
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host cell’s genetic material is complete, HIV can remain dormant for a period of several 

years. It is owing to this capacity to remain in a latent state that the considerable obstacles 

to providing an ultimate cure for the infection have not been successful and, moreover, 

this is why, in terms of contemporary courses of treatment, those who are infected must 

permanently stay on anti-viral therapy. Furthermore, New virions are generated and 

budding across the infected cell membrane and later maturation due to the action of 

protease (Figure.3) [75].  
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Figure 3: The HIV replication cycle.  

HIV virus binds and enters the host cell by receptors and co-receptors. Reverse 
transcriptase convert the HIV positive single strand RNA to DNA which subsequently 
integrate to the host DNA by viral integrase. Furthermore, followed by protein synthesis 
and processing and assembly of viral protein and genetic material. Budding and release of 
the virus and form mature HIV virus by cutting HIV polyprotien into functional active 
proteins by viral protease. Adapted from Pomerantz and Horn 2003[76]. 
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1.7.2 Current Anti-HIV Inhibitors 

It should be noted that a suitable preventative vaccine for HIV-1 has yet to be 

developed. Only a small number of candidate vaccines have been admitted into phase III 

trials and, of these candidates, just one was reported as having protected partially against 

the contraction of HIV-1. Despite the fact that the in-depth understanding of vaccines 

acquired by these investigations is contributing to further study, the unsuccessful attempts 

in recent years have motivated the formulation of approaches that attempt to eliminate the 

virus in those living with the infection. Examples of the attempt to introduce what can be 

referred to as a “sterilising cure” are gene therapy and stem cell therapy, and recently 

conducted research has provided an indication that the intention to eliminate is realisable. 

The study reported on a HIV-1 infected patient who, following transplantation with 

chemokine receptor 5 (CCR5)Δ32/Δ32 stem cells, displayed no trace of viral replication 

despite the fact that antiretroviral therapy (ART) had seceded. Although such signs are 

promising, further research must be carried out in order to determine the extent to which 

any of the elimination techniques are pragmatic and successful when applied on a 

considerable scale. In light of this, ART is currently considered as the most effective way 

in which control the contraction of infections and, furthermore, the further spread of 

HIV-1 [77].  

Irrespective of the developments that are being made to eradicate the virus from 

those suffering from the infection, it is notable that suitable antiretroviral (ARV) 

pharmaceuticals can help these individuals live stable, proactive, and comfortable lives. 

ARVs can be employed to assist in preventing the transmission of the virus and, 

furthermore, to control it, and, after the second quarter of 2015, 15.8 million were being 
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treated worldwide. Research has reported that, in the 2000-2015 period, several positive 

developments were recorded: newly contracted infections reduced by 35%, deaths linked 

to reduced by 24%, and 7.8 million people were kept alive and healthy as a consequence 

of the multinational collaborative programme motivated by the Millennium Development 

Goals’ HIV targets. It has been forecasted that providing ART to every HIV sufferer 

worldwide and, furthermore, increasing the available options for prevention could, by the 

year 2030, prevent 21 million AIDS-related fatalities and 28 million newly contracted 

infections (http://www.who.com).  

26 distinct anti-AIDS pharmaceuticals, 13 of which are designed to target RT, 

have received approval since 1987; this was when zidovudine (AZT) was initially 

approved. The other 13 drugs were designed to address a number of critical components 

in the viral development process, including: a) the protease enzyme, which is linked to 

cleaving the viral polyprotein precursors in order to produce functional entities and, 

additionally, to mature the virus particles; b) the integrase enzyme, which initiates the 

integration of the viral dsDNA to the host cell chromosome; and c) the stage of viral 

entry/fusion (Figure.4) [78]. Combination antiretroviral therapy (cART) is necessary in 

the context of durable virologic suppression, and cART ought to include a range of three 

active drugs from at least two classes [77].  

Several compounds have received formal approval with regard to the treatment of 

HIV infections, and these include: a) nucleoside reverse transcriptase inhibitors (NRTIs), 

which, following the process of intracellular conversion to the 50 -triphosphate form, 

interfere as competitive inhibitors of the normal substrates deoxy-nucleotidestri-

phosphate (dNTPs) [i.e. zidovudine (AZT), didanosine (ddI), zalcitabine (ddC), stavudine 

http://www.who.com/
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(d4T), lamivudine (3TC), and abacavir (ABC)]; b) non-nucleoside reverse transcriptase 

inhibitors (NNRTIs), which interrelate in a direct way with the reverse transcriptase at a 

nonsubstrate binding, allosteric site (i.e. nevirapine, delavirdine, efavirenz); and c) five 

HIV protease inhibitors (PIs: saquinavir, ritonavir, indinavir, nelfinavir, and amprenavir) 

that serve to obstruct the precursor cleavage to mature HIV proteins, thereby reducing the 

infectivity of the virus particles that are generated when these inhibitors are present [79, 

80]. Owing to the fact that the pharmaceutical products employed at present are not 

sufficiently strong to eliminate HIV entirely within AIDS patients, this highlights the 

necessity and speed with which new drugs should be produced; another factor 

contributing to this is the knowledge that the currently available drugs cannot suppress 

viral replication and drug resistance progression over a long period of time. The items 

that should be developed as possible anti-HIV drugs include both stronger 

pharmaceuticals that act on the reverse transcriptase or the protease and, additionally, 

pharmaceuticals that obstruct elements including the entry via co-receptors, integration, 

gene regulation (i.e. alternative areas in the virus replication process) [81]. 
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Figure 4: FDA approved drugs since 1987. 

 A) Anti-HIV FDA approved drugs since 1987 until 2015.  B) Key table for abbreviation. 
Adabted form Cihlar and Fordyce 2016. 
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1.7.3 A Critical Target for HIV Therapy: Reverse Transcriptase Inhibitors 

Numerous researchers have focused on HIV-1 reverse transcriptase (RT) as a 

response to the fact that Human Immunodeficiency Virus Type 1 (HIV-1) was 

determined to be the causative agent of Acquired Immune Deficiency Syndrome (AIDS), 

and substantial developments have been made since then. Reverse transcription requires 

the conveyance of the single-stranded viral RNA to double-stranded proviral DNA and, 

following this, integration takes place with the host chromosome. With reference to this 

process, it is clear that the reverse transcriptase performs a critical function in the 

development process of the virus and, hence, it is a fruitful area of research for anti-HIV 

drug therapy [81]. 

The overarching purpose of every anti-AIDS therapy is to eliminate the causative 

agent HIV in the infected individual. It should be noted that three features of reverse 

transcriptase contribute to the effectiveness with which it can be applied in the context of 

antiretroviral approaches: first, it is virus-specific; second, it is a required component in 

viral replication; and third, it functions prior to the virus being integrated into the host 

chromosome. Furthermore, it is noteworthy that, since 2006, several compounds have 

been acknowledged as counteracting the operation of reverse transcriptase [82]. 

Three enzymes are encoded by the Pol gene of HIV: the protease, the RT with 

embedded ribonuclease H (RNaseH) activity, and, additionally, the integrase. The HIV-1 

RT can be described as an asymmetric heterodimer which is constituted of a p66 subunit 

(560 amino acids) along with a p51 subunit (440 amino acids); an identical sequence in 

the viral genome encodes each subunit. RNAseH is constituted of the final (carboxy 

terminal) 120 amino acids of the p66 subunit; it is noteworthy that these are linked to the 
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p15 fragment that is cleaved from the p66 subunit to produce the p51 subunit as a result 

of the viral protease [78, 83]. In addition to this, it is relevant to note that two classes of 

antiretroviral drugs constrain the reverse transcriptase reaction, and these are the NRTIs 

and the NNRTIs. The former can be defined as structural analogues of the enzyme’s 

natural substrates (i.e. the deoxyribonucleosides) that do not have the 3’-hydroxyl group 

connected to their sugar moiety. In a similar way to their naturally occurring 

complements, it is necessary for them to be converted by the host-cell kinases in 5’-

triphosphate nucleotides as this facilitates their incorporation into the emerging DNA. In 

the context of such reactions, NRTIs engage in competition with the corresponding 

dNTPs and, as a consequence of them being incorporated into the newly created DNA, 

DNA synthesis is terminated [84] .  

1.7.4 Natural Products in HIV Therapy 

The natural world has long been a repository of life-saving medications, and it is 

notable that several curative plants have been linked to anti-HIV features. One interesting 

development is that lead molecules have been highlighted as having potential in anti-HIV 

drug research, and this is attributed to the bioactivity-directed fractionation of crude 

extracts. Extensive progression has been witnessed in the medical community over the 

previous ten years as several naturally occurring materials have been revealed to possess 

anti-HIV properties. A range of secondary metabolites collected from naturally occurring 

sources displayed intermediate to effective anti-HIV potential [85], Other studies have 

indicated that alkaloids, flavonoids, and polyphenols have a certain degree of efficacy in 

the suppression of HIV-1 replication [86]. For instance, Xanthohumol (31), a 

prenylchalcone that was isolated at a recent date from hops Humulus lupulus, has 
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demonstrated a capacity to inhibit HIV-1 and to generate IV-1-induced cytopathic effects. 

In addition to this, it has shown the production of viral p24 antigen and reverse 

transcriptase in C8166 lymphocytes at non-toxic concentration[87] . In addition to this, a 

range of other naturally occurring substances have been identified as having anti-HIV 

features, including tea polyphenols such as (−)-epigallocatechin-3-gallate (EGCG) [86]. 

Curative plants have formed the research focus of a number of studies, and this has 

revealed that many impact viral protease (PR) by inhibiting it; notably, viral protease is a 

crucial enzyme for the proteolytic processing of polyprotein precursors into proteins, and 

it is indispensable for the construction of viral constituents. Protease inhibitors are found 

in ART, which is a highly appropriate and widely used programme of therapy used to 

address those who are suffering from HIV infection; the inhibitors in this context are one 

of a range of drugs that are used. Historically, phytochemicals, including triterpene 

derivatives from several curative plants, have displayed constraining impacts on viral 

protease and, in terms of moving forward, it is critical to orient scholarly energy in the 

direction of already characterised protease inhibitors. Along with this, future research 

should focus on identifying novel compounds displaying this kind of activity [88]. 

Natural compounds are frequently screened in order to determine the novel 

inhibitors of HIV-1-RT, and several substances of natural origin have been supported in 

the literature as being active as RT inhibitors. The NCl conducted an expansive screening 

initiative – the largest to date – and, in doing so, found that calanolide A, derived from 

the Calophyllum lanigerum (Guttiferae) plant, was a fascinating example of a naturally 

occurring RT inhibitor. The hopeful prospects that researchers have connected to this 

naturally occurring substance are likely to be linked to a hitherto unknown action process. 

http://europepmc.org/abstract/med/10483367/?whatizit_url_Species=http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=55961&lvl=0
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It should also be noted that it is clear that the natural RT and protease inhibitors that can 

be derived from a range of plants contribute to a wealth of uncharted and unknown 

antiviral compounds [89].  
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1.8 Overview about Saudi Arabia Herbal Plants 

1.8.1 Citrullus colocynthis 

The desert plant, Citrullus colocynthis (L.) Schrad, like pumpkin, melon, 

cucumber and gourd is a member of the Cucurbitaceae Family (Figure 5).  It is known by 

various different common names around the world: it is the Bitter Apple in Britain and 

has many names on the Indian sub-contintent eg Indrayan in Hindi, Kattu Kattu vellari in 

Malayalam, Anedri in Sanskrit, Pcitummatti in Tamil, Rakhal in Bengal and Hanjal in 

Urdu.  The fruit has a wide range therapeutic uses in the treatment of illnesses such as 

leprosy, diabetes, asthma, bronchitis, constipation, joint pain, mastitis and cancer.  On the 

Indian sub-continent and also in other parts of Asia, China and Africa the plant has a 

history of traditional medical application for intestinal conditions such as gastroenteritis, 

dysentery, colic and as a digestive, as well as other conditions such as diabetes, 

toothache, pulmonary disorders and treatment of lacerations [90, 91] 

The history of indigenous therapeutic application of Citrullus colocynthis has 

promoted interest in the examination of the plant’s pharmacological properties, 

particularly with regard to development of novel treatments for diabetes and cancer.  

Several potential compounds with anti-tumour activity, such as cucurbitans [90], have 

been isolated. Cucurbitans have demonstrated good cytotoxicity and antifeedant 

properties highlighting the potential benefits for further study.  The results of 

cucurbitacin glucoside extracts (derived from Citrullus colocynthis leaves) on the 

proliferation of human breast cancer cells have been reported by Tannin-Spitz et al., 

(2007): Cucurbitacin B and E glucosides were observed to result in accumulation of cells 

in the G2/M cell cycle phase with associated induction of apoptosis [92].  A Saudi 
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Arabian study of Cucurbitacin  E (Cu E, 1) and Cucurbitacin I (Cu I, 2) glucosides 

demonstrated that both compounds exhibited significant inhibition of HepG2 activity 

achieving respective IC50 levels of 3.5 nmol / mL and 2.8 nmol / mL[93]. Antifungal 

properties have also been reported [94]. These studies all support the requirement for 

further investigations into the potential anti-tumour properties of Citrullus colocynthis. 

 

Figure 5: Citrullus colcynthis. 

 A) Fruit ripened Shell B) Fully opened ripened fruit and seeds.  

 

1.8.2 Anastatica hierochuntica 

The desert plant, Anastatica hirerochuntica, from the Brassicaceae Family is a 

short, grey annual herb of the Middle East, known as “Kaff maryam” or the Rose of 

Jericho (Figure 6). It is a traditional female remedy for alleviation of difficult labour, 

uterine haemorrhage and promoting expulsion of a dead foetus and also for the promotion 

of menstruation.  Additionally, the aerial parts are used to treat respiratory system 

A) B) 
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complaints, such as asthma, when it is administered as a tea.  The tea also used as a 

painkiller and to treat sterility, dysentery, salmonella, colds, fevers, headaches and for 

epilepsy.  In addition, conjunctivitis and other ocular disorders are treated with drops of 

sap from the fresh leaves of the plant.  Furthermore, the dried plant when pulverised with 

sugar is used as an extreme purge for jaundice, which is then followed by a diet of milk 

[95, 96]. 

Whole plant extracts of Anastatica hirerochuntica in methanol have demonstrated 

significant protective effects on liver tissue when primary cultured mouse hepatocytes 

were exposed to D-galactosamine-induced cytotoxicity [95].  Methanolic plant extracts 

have also demonstrated antioxidant and antimicrobial properties, whereas aqueous 

extracts have demonstrated hypoglycaemic responses in both healthy and diabetic rats.  It 

was concluded that this was due to regeneration and repair of insulin-secreting b-cells 

[97] as well as an overall antioxidant effect of the plant extract [98]. 

Hepatoprotective responses were also reported by Yoshikawa et al., (2003) 

following isolation of two novel skeletal flavanones, Anastatins A and B, from 

Anastatica hirerochuntica.  These isolates demonstrated protective effects for cultured 

mouse hepatocytes subjected to D-galactosamine-induced cytotoxicity. It was also 

possible to purify and isolate several other promising flavonoid compounds from the 

methanolic plant extract, including: naringenin, eriodictyol, aromadendrin, (+)-taxifolin 

(+)-epitaxifolin, 30 -methyltaxifolin and quercetin.  Atypically, these compounds were all 

present as a glycones [99]. 
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Figure 6: Shows Anastatica hierochuntica, the whole plant. 

 

1.8.3 Juniperus phoenicea 

 

A number of 67 species and 37 varieties classified into three genera (Calocedrus, 

Sabina, and Juniperus) make up the family Juniperus (Cupressaceae). Of the existing 

species, Juniperus phoenicea L. is a tree that is naturally encountered along the Asian 

(Israel), European (Portugal) and African (Algeria and Morocco) coasts of the 

Mediterranean, as well as the Canary Islands and Madeira Island (Figure 7) [100, 101]. 
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Plants of the Juniperus sp. have been employed for a very long time in traditional 

medicine for the treatment of a wide range of conditions, from common colds to urinary 

and kidney infection and skin problems [102]. In Saudi Arabia, such plants are used 

mainly for their antibiotic, antipyretic and analgesic effects. In Saudi Arabia, the tree or 

shrub Juniperus phoenicea is called “Arayar” and can grow up to eight metres tall. It can 

be found from the Mediterranean region to the south of the country, in the area of Taif 

[103]. No comprehensive research has yet been conducted on Juniperus phoenicea 

growing in Saudi Arabia. 

Ample research has focused on the chemical composition of the essential oil 

extracted from various Juniperus sp. [101, 104-107], but the other components have not 

attracted equal interest and no in-depth account of the phenolic characterisation of 

Juniperus sp. has been produced. The existence of phenolic compounds such as 

flavonoids, neolignans, phenylpropanoids and terpenoids has been confirmed by earlier 

studies [102]. Furthermore, the diverse compounds of J. phoenicea were reported by 

phytochemical studies, including diterpenoids [108], bioflavonoids [109], lignans [110], 

phenyl-propanoid glucosides [110, 111], furanone glucosides, bis-furanone derivatives 

[112, 113], norterpene and sesquiterpene glucosidesrte [100, 114]. 

Depending on the region of Juniperus phoenicea growth, the extracted oil 

demonstrates antimicrobial[101, 115-117], antioxidant[115, 118], antibacterial[119], anti-

cancer[120], and antiviral effects [121]. The ethanol and aqueous extracts from J. 

phoenicea growing in Saudi Arabia exhibited hepatoprotective effect [103]. Meanwhile, 

phenolic-enriched fractions from four J. phoenicea from Portugal displayed 

neuroprotective potential [102]. In the form of decoction J. phoenicea is used for 
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diabetes, diarrhoea and rheumatism, whilst in the form of dried and powdered fruit it is 

used to treat skin ulcerations and abscesses [118, 122]. 

 

Figure 7: Shows Juniperus phoenicea seeds. 

 

1.8.4 Avicennia marina 

Mangroves, such as Avicennia marina, are well known for their therapeutic 

properties, used in the traditional treatment of a variety of disorders such as ulcers, 

rheumatism and small pox (Figure 8) [123]. The coastal biotope which they occupy is 

endangered although has a wide distribution, covering around 25% of the tropical 

coastline of the globe [124]. The plant’s success may be a consequence of its versatility 

in adapting to extreme and harsh coastal environmental conditions, including changing 

levels of salinity, aridity and water temperature.  Mangroves are also able to take up and 

accumulate significant levels of heavy metals from their surroundings and therefore may 

play a role in phytoremediation or phytostabiliation of coastal environments subject to 

industrial contamination [125].  A Avicennia marina (gray mangrove) is present on the 

north coast of the Red Sea.  Extracts from these plants have been shown to contain a 

variety of secondary metabolites (eg alkaloids, polyphenols, flavonoids, sulphated 
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polysaccharides, coumarins, iridoid glycosides and triterpenes) all with pharmacological 

properties [85, 86, 126].  

Other extracts from Avicennia marina have been demonstrated to contain iridoid 

glycosides, fatty acids, sterols and a range of other hydrocarbons. One novel iridoid 

glycoside isolated was reported to have anti-HIV-1 activity [126-129].  Other studies 

have demonstrated that Avicennia marina foliage contains luteolin derivatives, that have 

also demonstrated significant anti-HSV2 activity.  The seeds of Avicennia marina have 

also been investigated for anti-HIV-1 activities [130]. Other studies have indicated that 

crude Avicennia marina plant extracts have expressed cytotoxic and anti-malarial 

properties in vitro [131]. 
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Figure 8:Shows Avicennia marina plant. 

 Red Sea shore, Thuwal, Saudi Arabia. 

  



 

72 

2 CHAPTER 2: REVEALING ANTICANCER ACTIVITY OF SAUDI 
ARABIAN HERBAL PLANTS BY CYTOLOGICAL PROFILING USING 
AUTOMATED HIGH-CONTENT IMAGING TECHNIQUE 

 
 

This chapter will be submitted as the following publication: 

Revealing anticancer activity of Saudi Arabian herbal plants by cytological profiling 
using Automated High-Content Imaging Technique.  

Dina Hajjar1, Stephan Kremb2, Salim Sioud3, Abdul-Hamid Emwas4, Christian R 
Voolstra2,* and Timothy Ravasi1,* 
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2.1 Abstract 

Natural products have been used for medical applications since ancient times. They are 

commonly structurally complex chemical compounds that interact efficiently with their 

biological targets. Natural products had been used to search for a novel drug candidate 

for cancer Therapy. Cancer is one of the most widespread diseases in the worldwide, and 

its mortality subsequent from cancer is being increased. In cancer therapy, 

Topoisomerase enzymes are characterized as a primary target effect in chemotherapy 

treatment.  

Here, we use cell-based phenotypic profiling and image based high-content screening to 

gain insight into the mode of action and potential cellular targets of plants historically 

used in Saudi Arabia’s traditional medicine. The cytological profiles of fractions taken 

from the plants Juniperus phoenicea (Arar), Anastatica hierochuntica (Kaff Maryam), 

and Citrullus colocynthis (Hanzal) were compared with a set of reference compounds 

with known modes of action. We ran cluster analyses of the cytological profiles, which 

revealed detailed information on the modes of action of the tested compounds as potential 

topoisomerase inhibitors. Cytological profiles showed that some of these compounds 

inhibited cell proliferation causing cell cycle disruption. Using histone H2AX 

phosphorylation as a marker for DNA damage, we discovered that some of these 

compounds induced double-strand breaks in the DNA. Furthermore, chemical analysis 

for the active fraction from Juniperus phoenicea revealed the chemical structure of 

possible active anti-cancer compounds. Our study demonstrates the power of cell-based 

phenotypic screening for bioprospecting of unknown natural products resources to reveal 

their biological activities using High-Content Screening.  
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2.2 Introduction 

Cancer is a leading cause of morbidity and mortality worldwide, exceeding the number of 

cases of illness and death due to HIV/AIDS, malaria, and tuberculosis [132, 133]. In 

2012, 8.2 million cancer-related deaths were recorded, approximately 14 million more 

cases were diagnosed, and its incidence is predicted to increase to as many as 22 million 

cases per year over the next 20 years [134]. , As the size of the population and the 

incidence of cancer increase, so will the economic burden on society. The pathology of 

cancer derives from cellular hyperproliferation that mediates cell differentiation, 

apoptosis, cell growth and invasion, and angiogenesis and metastasis [132, 135, 136].  

A significant development in anti-cancer drug discovery was the characterization of 

Topoisomerase II (topo II) as the primary target of the effect chemotherapeutic 

compounds etoposide and doxorubicin [17, 64]. Topo II is a key enzyme that modulates 

DNA topology by transferring an intact DNA duplex through a DNA helix, which has 

been cut in an ATP hydrolysis reaction, topo II is an essential element of the 

chromosomal scaffold and its mode of action is necessary for chromosome 

disentanglement during cell division. Several key pathways, such as DNA replication and 

recombination are dependent on the DNA strand passage functions of topo II  [64, 68, 69, 

137, 138].  

The discovery process for biologically active small molecules, and their subsequent 

development into therapeutic compounds, can be optimized going forward by the 

application of technologies such as automated microscopy, which can be used in 
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conjunction with image analysis to facilitate phenotypic profiling, based on the 

characterization of cells imaged by fluorescence cytology by a method called high-

content screening (HCS). Rapidly established as a key methodology for next-stage 

compound screening, HCS is a high-throughput platform that uses image processing 

software to review images produced by automated fluorescence microscopy [27, 29-32, 

139]. Quickly integrated as a key technology for drug discovery, the technique facilitates 

the high-throughput analysis of a broad spectrum of biological attributes, thereby 

permitting the investigation of changes in cell localization, intensity, texture or shape and 

hence allowing the elucidation of more discreet and physiologically applicable cellular 

processes such as cell or protein movement, morphological changes or protein 

modification [29, 33].   

Mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are 

common, powerful analytical tools for studying the chemical composition of samples 

[140-143]. These techniques have been coupled to identify and quantify bioactive 

molecules in natural products, such as bio-fluids and plant extracts, with potential 

medicinal value [50, 52, 144-146]. Nowadays, high-performance liquid chromatography 

(HPLC) coupled with NMR spectroscopy has favorably been applied to a wide range of 

natural product studies, particularly to identify chemical compositions of plant extracts 

[147, 148].  

In this study, we used automated HCS to investigate bioactivity from fractions obtained 

from a selection of plants of the Saudi Arabian peninsula. We collected a range of plants 

that have traditionally been used as remedies for treating cancer and infectious diseases in 

Saudi Arabia. We tested the plants Anastatica hierochuntica (Kaff Maryam), Juniperus 
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phoenicea (Arar), and Citrullus colocynthis (Hanzal), of which the two latter have 

previously been reported to have anticancer activities [90, 92, 120]. Using developed 

cytological profiles of small molecules with active compounds (known biological effects) 

and clustering them with plant fractions (unknown biological effects), we selected the 

fractions expected to perturb human cancer cells and those clustered with known drugs 

that showed similar mechanisms. Plant fractions were then tested to determine their 

topoisomerase inhibition activity. Furthermore, chemical analyses of active fractions of J. 

phoenicea were preformed using liquid chromatography-MS (LC-MS), gas 

chromatography-MS (GC-MS), and NMR to gain insight into the active chemical 

compounds present in the plant.   
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2.3 Materials and Methods  

2.3.1 Plant Collection, Identification, and Extraction  

Dried Citrullus colocynthis, Juniperus phoenicea, and Anastatica hierochuntica were 

purchased from herbalists in the Jeddah region. The taxonomic identity of each plant was 

confirmed by Dr. Amal Aldhebiani (Appendices Table 1). The plants were washed, 

crushed in liquid nitrogen, and macerated at 10% in dichloromethane:methanol (1:1) 

overnight at room temperature. Subsequently, samples were centrifuged at 13,000 g for 

30 min to remove particulate material. Extracts were fractionated using solid-phase 

extraction (SPE) with Bond Elut C2, PPL, C18, or CN-E columns (Agilent 

Technologies). Columns were conditioned before fractionation with 1 ml of methanol, 5 

ml of CHROMASOLVE water, and 1 ml of acidified CHROMASOLVE water (pH 2) 

and then 3 ml of the extract was loaded into the column and eluted with 500 µl of a 

gradually non-polar 20-100% water:methanol gradient (20% step size) and 100% Ethyl 

acetate. The properties of the extracted materials were used to help pre-select specific 

chemical structures (aliphatic/aromatic) and chemical properties (polar/non-polar) of the 

potentially active compounds (Appendices Table 2). Fractions were dried under a 

vacuum (CentriVap Complete, Labconco, Kansas City, Montana, USA).  

2.3.2 Cell Culture and Compound Transfer  

HeLa cells (parental HeLa cell line, NIH AIDS reagents and reference program) were 

cultured under typical conditions at 37°C under 5% CO2. HeLa cells were plated in 384-

well clear-bottomed black plates (Greiner) at a density of 2,000 cells per well in 25 µl of 

Dulbecco’s modified Eagle’s medium (DMEM containing GlutaMAX-1; 4.5g/L D-
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Glucose; Pyruvate; Gibco, Darmstadt, Germany). The cells were incubated for 24 h at 

37°C under 5% CO2. Natural product SPE compounds were diluted in DMEM, and 100 

µl of the diluted compound was transferred to 4 of the 384 wells (25µl per well) to a 10-

mM final concentration per well. The plates were then transferred to 37°C for 24 h. 

2.3.3 High-Content Screening Imaging and Analysis 

After 24 h of incubation, the plates (see above) were treated with various fluorescent 

stains and antibodies [149]. For each SPE fraction, we aimed to assay 10 cellular 

organelles and regulatory proteins. To avoid overlap between fluorescent stains, four 

different panel stains were used for each sample. Plates were imaged using an 

ArrayScanTM VTI HCS reader (Cellomics, Thermo Fisher Scientific) with a 10X Zeiss 

objective lens. Images were analyzed with the Compartmental Analysis BioApplication 

(Cellomics, Thermo Fisher Scientific) for a minimum of 500 valid objects. Background 

correction was applied to all the images before being quantified. Panels were as follows: 

1) ER, lysosome, and membrane; (2) nucleus, P53, and caspase-9; (3) nucleus, 

mitochondria, cytochrome C, and NF-κB; (4) nucleus, actin, and tubulin. Cells were 

stained by conducting permeabilization, blocking, and washing steps. The following HCS 

reagents were used: wash buffer I, wash buffer II, blocking buffer, and permeabilization 

buffer (Cellomics, HCS reagents, Thermo Fisher Scientific). Stain specific information 

and incubation times are available in Appendices Table 3. Subsequently, all plates were 

washed three times with wash buffer, sealed and stored at 4°C until further use. 

Measurements from the reader were averaged, converted to feature scores, clustered, and 

analyzed using the multiple experiment viewers option by hierarchical clustering and 

Pearson’s correlation [150]. For each of the tested fractions cytological profile was 
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produced for each compound. In total, 21 core cellular features were selected from 12 

cellular markers. The difference between the treated and control values for each feature 

was normalized to score between -1 and 1. Control wells were incubated with only pure 

DMEM (no fractions). HCS profiling and analysis followed [149]. 

2.3.4 Cell Loss and Cell Cycle Analysis 

HeLa cells were seeded into 384 wells, treated with various concentrations of plant 

fractions (25 l/well), and maintained under culturing conditions for 24 h or 48 h. Cells 

were fixed with 3.7% formaldehyde for 15 min, washed twice with Dulbecco’s 

phosphate-buffered saline (DPBS), and stained with Hoechst 33342 (OG1726671-

Thermo Scientific) prepared in DPBS (1 mg/ml) for 10 min in the dark at room 

temperature. Staining allowed us to quantify the DNA content and to determine cell 

numbers using the HCS reader (Cellomics, Thermo Fisher Scientific) and the BGRFR 

386-23 filter set. 

Cell loss was calculated as the percentage of optical density (OD) of the treated cells 

compared to the negative control (untreated cells): 

 

% Cell Loss= 𝑂𝑂𝑂𝑂 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑣𝑣 𝑠𝑠𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑣𝑣 (𝑒𝑒𝑒𝑒𝑣𝑣𝑣𝑣𝑒𝑒𝑣𝑣𝑡𝑡 𝑐𝑐𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠)
𝑂𝑂𝑂𝑂 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑣𝑣 𝑠𝑠𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑣𝑣 (𝑁𝑁𝑣𝑣𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑣𝑣 𝑐𝑐𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑣𝑣 𝑐𝑐𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠)

× 100  

 

The Cell Cycle Bio Application (Cellomics, Thermo Fisher Scientific) automatically 

categorizes each cell’s total nuclear intensity into one cell cycle phase. Cells categorized 

as having DNA~2N, 2N<DNA<4N, or DNA~4N were assigned the cell cycle phases 
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G0/G1, S, or G2/M, respectively. Cells categorized as DNA<2N or DNA>4N were 

considered to be damaged/apoptotic (low nuclear intensity value) or clumped/higher 

ploidy, respectively (high nuclear intensity value). Cells were treated with 25 µg/ml of 

the appropriate SPE fraction.  

2.3.5 Mitosox and Membrane Permeability Test  

MitoSox Red (M36008, Life Technologies), an indicator of mitochondrial superoxide 

production, and cell membrane permeability dye (V35123-ThermoScientific) were 

prepared according to the manufacturer's instructions. Cells were incubated with 5-mM 

MitoSOX Red and 2-mM cell membrane permeability dye for exactly 20 min at 37°C in 

5% CO2 in the dark. The resulting labeled cells were washed gently with phosphate 

buffer saline (PBS) to remove any excess unbounded dye. Cells were fixed with 4% 

formaldehyde for 20 min, washed twice with PBS, and stained with Hoechst33342 stain 

for 10 min. Cells were evaluated on the HCS reader using the following filter settings: 

BGRFR 485-20 for the permeability dye, BGRFR 549-15 for MitoSOX, and BGRFR 

386-23 for Hoechst.  

2.3.6 Caspase-9 Activity and the P53 Assay 

A time-dependent study of caspase-9 and of P53 activities were performed in triplicate 

using the HCS reader. Cells were treated with various concentrations of plant fractions 

(25 µl/well) for 24 h or 48 h under the culturing conditions described. Next, cells were 

fixed with 3.7% formaldehyde for 15 min and washed twice with DPBS. Fixed cells were 

permeabilized with 0.1% Triton X- 100 in PBS for 17 min and washed twice with DPBS. 

Samples were blocked for 30 min and incubated with cleaved caspase-9 (ASP315- 

http://www.ncbi.nlm.nih.gov/nuccore/M36008
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Thermo Scientific) and P53 antibodies (MA512557-Thermo Scientific) for 1 h. Samples 

were washed three times with wash buffer II (prepared in water), washed twice with 

DPBS, and incubated with goat anti-rabbit IgG550 (GAR-DyLight 550-84541) and goat 

anti-mouse IgG 488 (GAM-DyLight 488-35502) secondary antibodies for 1 h. Cells were 

rinsed three times with wash buffer II, and nuclei were stained with Hoechst 33258 

(OG1726671-Thermo Scientific). Next, cells were washed twice with DPBS and 25µl of 

PBS. Stained cells were visualized and the images were captured using the HCS reader 

(Cellomics, Thermo Fisher Scientific). Primary and secondary antibodies were prepared 

in blocking buffer. A cell profiling bioapplication module was used to quantify the 

fluorescence intensities of each dye: BGRFR 485-20 for P53, BGRFR 549-15 for 

Caspase-9, and BGRFR 386-23 for Hoechst.  

2.3.7 Histone H2AX Phosphorylation  

Cell culturing and preparing were performed as described earlier. Cells were treated with 

various concentrations of plant fractions (25 µl/well) for 6 h and cultured under the 

conditions described earlier. Next, cells were fixed with 3.7% formaldehyde for 15 min 

and washed twice with DPBS. Fixed cells were permeabilized with 0.1% Triton X- 100 

in PBS for 15 min and washed twice with DPBS. Samples were blocked with 2% fetal 

bovine serum for 15 min and incubated with anti-Histone H2AX polyclonal A 

(PA184856-Thermo Scientific) for 1 h. Samples were washed three times with wash 

buffer II (prepared in water) and washed twice with DPBS. Cells were incubated with 

goat anti-mouse488 (GAM-DyLight 488 84540) secondary antibodies for 1 h, rinsed 

three times with wash buffer II, and the nuclei were stained with Hoechst 33342. Finally, 

cells were washed twice with DPBS and 25 µl of PBS. Stained cells were visualized and 
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their images were captured using the HCS reader. Primary and secondary antibodies were 

prepared in blocking buffer. A cell profiling bioapplication module was used to quantify 

the fluorescence intensities of each dye: BGRFR 485-20 for H2AX and BGRFR 386-23 

for Hoechst. 

2.3.8 HPLC LTQ Orbitrap Mass Spectrometry Analysis   

To separate the extracted natural products, we used a C18 (ZORBAX ECLIPS XDB, 5µ, 

4.6x250mm) column (Agilent Technologies) with a gradient composed of 

water/acetonitrile to achieve the most highly resolved chromatography. The mobile phase 

solvents were composed of A: 100% water + (0.1% formic acid) and B: 100% 

acetonitrile + (0.1% formic acid); the injection volume was 10 µL, and the flow rate was 

set to 450 µL/min. Xcalibur TM software (Thermo Scientific) was used to develop and 

treat the data. 

We used a Thermo LTQ Velos Orbitrap mass spectrometer (Thermo Scientific) equipped 

with an electrospray ionization source. The mass scan range was set to 100–2000 m/z 

with a resolving power of 100 000. The m/z calibration of the LTQ-Orbitrap analyzer 

was performed in the positive electrospray ionization mode using a solution containing 

caffeine, MRFA (met-arg-phe-ala) peptide, and Ultramark 1621 according to the 

manufacturer’s guidelines. We performed this analysis with a heated ion source equipped 

with a metal needle and operated at 4 kV. The source vaporizer temperature was adjusted 

to 350 °C, the capillary temperature was set at 250 °C, and the sheath and auxiliary gases 

were optimized and set to 40 and 20 arbitrary units, respectively. The bioactive fraction 

of J. phoenicea was identified by considering the measured mass and the mass provided 

by online software, such as Metlin, MetFrag, and Chemspider. To confirm the identity of 
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the product identified, MS/MS studies were performed.   

2.3.9 Chemical Analysis by Gas Chromatography-Mass Spectrometry  

GC-MS was performed on 20% eluted methanol fractions of J. phoenicea on C2 column 

cartridges. The setup comprised an Agilent 7890A GC system with split injection (280 

C;10:1) coupled to an Agilent MS model 5975C with triple-axis detector (Agilent 

Technologies, USA) with a HP-5MS capillary column (30 m X 250 m; film thickness: 

0.25 m) (Agilent Technologies, USA). The gas chromatography began with an oven 

temperature of 50°C for 1 min, which increased 300°C for 35 min under a constant 

helium pressure (10 psi). Samples were dissolved in methanol and a 1 μl aliquot was 

injected automatically. Compounds were identified by matching their EI-MS spectra with 

those in NIST 2011 Mass Spectral Library using MSD ChemStation (Agilent 

Technologies).   

2.3.10 Nuclear Magnetic Resonance Analysis  

The sample was prepared by dissolving the bioactive fractions in 600 µl of deuterated 

water, D2O, and then 550 µl of the solution was transferred to 5-mm NMR tubes. NMR 

spectra were acquired using a Bruker 600 AVANAC III spectrometer equipped with a 

Bruker broad band observe multinuclear probe (BrukerBioSpin, Rheinstetten, Germany). 

To achieve a high signal to noise ratio, the 1H NMR spectra were recorded by collecting 

4 k scans with a recycle delay time of 2 s. To suppress the water peak, each spectrum was 

induced by an excitation sculpting pulse sequence using a standard (zgesgp) program 

from the Bruker pulse library. The free induction decay (FID) data were collected with a 

spectral width of 18028 Hz digitized into 32 k data points, and the FID signals were zero-
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filled and amplified by an exponential line-broadening factor of 1 Hz before Fourier 

transformation. Bruker Topspin 2.1 software was used in all experiments to collect and 

analyze the data.  

2.3.11 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism Version 6 (GraphPad 

Software, La Jolla, CA). All data are representative of at least four replicates, and data 

are means ± SD unless otherwise indicated. Statistical significance of the comparison 

between two groups was determined by a two-tailed Student's t-test where indicated. 

Significant differences were considered at p-values of ≤ 0.05. 
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2.4 Results 

2.4.1 Cytological Profiling of Natural Plant Products From Saudi Arabia  

A total of 84 natural products fractions were obtained in triplicates, screened, and feature 

scores were calculated in relation to internal controls on each plate. We used a set of core 

cellular features [149] to reduce the dimensional space defined by a set of factors 

reflecting the major underlying phenotypic attributes (Appendices Table 4). All three 

plants showed a positive response to the marker tubulin (Figure 9). C. colocynthis (CIT) 

and J. phoenicea (JUN) heat map profiles showed a similar effect on some markers: a 

negative effect on mitochondria, actin, nuclear area, and intensity and a positive effect on 

NF-κB. A. hierochuntica (ANA) was generally active with fractions high in methanol, 

but cell counts were lower at the higher solvent concentrations found in C2 and C18 

fractions. CIT had no significant affect on cell number while JUN reduced cell number 

significantly in most fractions. ANA fractions eluted from C2 with 60% methanol, C18 

with 60% and 80%, and CN-E with 40% methanol cartridges had a negative effect on 

nuclear intensity and area, mitochondria, actin, and endoplasmic reticulum. CIT fractions 

showed a very strong negative affect on lysosomes and slightly negative effect on 

endoplasmic reticulum and membrane permeability signal. All JUN active fractions 

showed minor negative effects on membrane permeability.   
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Figure 9: Analysis of core cellular features of HeLa cells in response to plant fractions. 

A) Heat map data for A. hierochuntica (ANA), C. colocynthis (CIT), and J. phoenicea 
(JUN) against the core cellular features. Individual plant fractions are presented on the y-
axis and individual core cellular features are presented on the x-axis. Positive deviations 
from HeLa cells treated with plant fractions are displayed in yellow and negative 
deviations are displayed in blue. B) Summary of the data for each plant with respect to 
the core cellular features. 
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2.4.2 Cytological Profiling of Plant Fractions in Comparison to Reference Compounds 

Possible biological targets were assigned to test unknown fractions by comparing 

similarities of high-resolution cytological profiles (consisting of more than 130 cellular 

features) of plant fractions to reference compounds with known modes of action. The 

library of reference compounds contains 735 compounds (LOPAC1280) that affect a 

variety of known cellular targets, including apoptosis, G proteins and cyclic nucleotides, 

gene regulation and expression, ion channels, lipid signaling, multi-drug resistance, 

neurotransmission, and phosphorylation. The reference compound library was screened, 

stained, and analyzed using the same method applied to the plant fractions, which 

previously discussed [149]. Cluster analysis generated data both from reference 

compounds and plant fractions, where several fractions closely matched FDA-approved 

anticancer drugs, including the topoisomerase inhibitors etoposides, camptothecin and 

amsacrine hydrochloride (Figure 10).    

 

Figure 10: Cytological profiling heat map. Automated HCS was used to assess 
compound-related perturbations of human cells using a full set of cellular markers.  

 

To assign possible biological targets to the test compounds, the resulting cytological 

profiles were compared to profiles retrieved from reference compounds with known 

modes of action. Some of the plant fraction extracts closely matched FDA-approved 
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anticancer drugs, clustering with topoisomerase inhibitors. Individual features are 

presented on the x-axis and individual compounds are presented on the y-axis. 

2.4.3 Assessment of Cell Loss and Cell Cycle Arrest 

Cytotoxic anticancer drugs have the potential to elicit cancer cell death by apoptosis or 

cell necrosis. To evaluate the anticancer effect of SPE fractions, HeLa cells were 

incubated with various concentrations of plant cell fractions (1.56, 3.12, 6.25, 12.5, 25, 

and 50 µg/ml) for 24 h or 48 h. After 24 h of incubation, CIT plant fractions caused a loss 

of cells at 12.5µg/ml unlike the fraction ANA_CN-E_40%, which only caused a loss of 

cells at higher concentrations (25 and 50 µg/ml). The most prominent decrease in cell 

number even at the lowest concentration (1.56 µg/ml) was evident from the 

JUN_C2_60% fraction (Figure.11 A). After 48 h of incubation, with the exception of 

CIT_C18_EA%, which reduced cell number only at 12.5 g/ml, all CIT plant fractions 

caused cell loss at 6.25µg/ml. ANA_CN-E_40% showed toxicity only at the highest 

concentrations (25 and 50 µg/ml), while JUN_C2_60% had the overall highest 

cytotoxicity effect on HeLa cells (Figure.11 B).  

Next, we investigated whether the plant fractions affected the cell cycle. Our data suggest 

that several extracted fractions induced cell cycle arrest at different phases (Figure.11 C). 

Results indicated that plant fractions increased the percentage of Sub-G1 cells, an 

indicator of apoptotic cells. Generally, fractions of C. colocynthis and ANA_CN-E_40% 

strongly induced cell cycle arrest in the G0/G1 phase. CIT_C18_EA% strongly induced 

cell cycle arrest in the S phase and JUN_C2_60% strongly induced cell cycle arrest in the 

G2/M phase.  



 

89 

 

Figure 11: The cytotoxic effect of plant fractions on HeLa cells. 

A-B) Cells were treated with various concentrations of plant extracts for 24 h or 48 h, 
stained with Hoechst, and assessed using HCS. Cells showed effects of cytotoxicity, 
which is indicator of induced apoptosis or necrosis. C) The distribution of cells during the 
cell cycle after a 24h treatment with plant fractions. Data shown are the means ± SD. 
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2.4.4 Mitosox and Membrane Permeability Test  

To test for mitochondrial superoxide production we measured MitoSOX Red 

fluorescence in the mitochondrial compartment. Mitochondria play a fundamental role in 

apoptosis, which can be triggered by increased reactive oxygen species (ROS). MitoSOX 

oxidation was significantly higher in all extracts compared with control conditions. 

JUN_C2_60% significantly induced mitochondrial superoxide in a dose-dependent 

manner (Figure 12 A). Figure 12 B shows the effect of SPE plant fractions on the 

membrane permeability of HeLa cells after 24 h: only CIT_PPL_100% caused a 

significant difference in membrane permeability and only at the highest concentration 

50µg/ml (****p<0.0001); all concentrations of JUN_C2_60% caused a significant 

difference, with the most significant difference evident at the lowest concentration 

1.56µg/ml (***p< 0.0003). 
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Figure 12: The effect of plant fractions on mitochondrial superoxide production and cell 
membrane permeability.  

A) HeLa cells were treated with plant fractions for 24 h. An increase in the MitoSox 
signal was detected and correlated with the increasing plant fraction concentration. B) 
HeLa cells were treated with different concentrations of plant fractions for 24 h and then 
subjected to a cell membrane permeability test. Fluorescence readouts were normalized 
against an in-plate control. Each sample was tested in quadruplicate, and the data were 
presented as means ± SD. 
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2.4.5 Characterization of Cell Apoptosis Signaling Genes: Activation of Caspase-9 And 

P53  

To study the molecular mechanism underlying apoptotic processes, we tested cells for the 

activation of caspase-9 and p53 in a dose- and time-dependent manner. Caspase 

activation plays a vital role in the initiation and progress of apoptosis. As shown in Figure 

13, the activity of caspase-9 increases significantly at 24 h, but remained high even after 

48 h of treatment, indicating an increasingly toxic effect of the extract on HeLa cells. 

Treatment with JUN_C2_60% showed the highest activation of both caspase-9 and p53 

starting from the lowest concentration (3.12µg/ml), indicating the activation of an 

apoptotic signaling pathway. 
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Figure 13: Plant fractions induced an apoptotic effect on HeLa cells. 

HeLa cells were treated with several concentrations (1.56, 3.12, 6.25, 12.5, 25, and 50 
µg/ml) of plant fractions for 24 h or 48 h. A, B) Automated HCS was used to measure the 
activity of caspase-9 and C, D) P53. The fluorescence readout was normalized against an 
in-plate control. Each sample was tested in quadruplicate, and the data are presented as 
means ± SD. 
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2.4.6 Assessment of the Double-Strand Breaks in the DNA According to the Level of 

Histone H2AX Phosphorylation  

The induction phosphorylation status of Histone H2AX is considering a good cell marker 

to investigate genotoxcity of the SPE extract. Using HCS, we observed that when 

incubated with SPE fractions, double-strand breaks occurred in the DNA and histone 

H2AX was rapidly phosphorylated. As shown in Figure 14, fractions from C. colocynthis 

induced a distinct accumulation of histone H2AX with increasing dosage: CIT_C18_20% 

and CIT_C18_100% had significantly more histone H2AX than did the control 

(CIT_C18_20%= 25µg/ml, **p<0.0002 and CIT_C18_100%= 50µg/ml, ****p<0.0001). 

JUN_C2_60% induced DNA damage significantly in different dose dependent manner: 

3.12µg/ml, 6.25 µg/ml, 25µg/ml, and 50µg/ml corresponded with **p< 0.00029, **p< 

0.0003, ****p< 0.0001, ****p<0.0001, respectively. Treatment with ANA_CN-E_40% 

showed no significant induction of histone H2AX.  
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Figure 14: Assesment of the double-strand breaks in the DNA.  

HeLa cells were treated with different concentrations of SPE fractions to detect the 
expression of γ-H2AX. The data are shown as means ± SD. 
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2.4.7 Chemical Analysis 

To identify bioactive compounds in the JUN_C2_60% fraction extract, samples were 

subjected to extensive chemical analysis using GC-MS, LC-MS, and NMR. Using GC-

MS we found that the majority of compounds matched the mass spectra of those in the 

NIST library, including 2,2-dimethoxybutane, 2,6-dimethylbenzaldehyde, 3-

trifluoroacetoxydodecane, 2,4-ditert-butylphenol, Ethyl 4-ethoxybenzoate, dodecyl 

acrylate, Stearic acid, hexanedioic acid, bis(2-ethylhexyl) ester and propanoic acid, 3,3'-

thiobis-,didodecyl ester (Appendices Table 5).  

From the LC-MS chromatogram (Appendices Figure 1), eight peaks were identified, 

corresponding to the following compounds: ethephon, (+)-eudesmin or burseran and 

sphinganine, palmitic amide, acesulfame-Na, methyl6-O-[2,3,4-tris-O-(2,2-

dimethylpropanoyl)-6-methyl-β-D-glucopyranuronosyl]-βDgalactopyranoside triacetate, 

and estra-1,3,5(10)-triene-3,6beta,17beta-triol triacetate (Appendices Figure 2-8). 

MS/MS fragmentation studies were performed for some compounds to determine their 

chemical structure (Appendices Scheme 1-3). Appendices Table 6 summarizes these 

compounds. Next, high resolution NMR spectroscopy was employed to record the proton 

NMR spectrum of the JUN_C2_60% fraction extract.  A 1H NMR spectrum was used to 

show different peaks in the aliphatic region, such as signals between 0.8-1 ppm, which 

are generally assigned as CH3 signals, and a strong peak at 1.13 ppm, confirming that the 

sample contains many CH2 groups (Appendices Figure 9). The broad peak at 1.3 ppm is 

usually rated to lipid or lipid-like molecules with several adjacent (CH2) groups, which 

supports observations from MS proposed molecules of the presence of analytes 4 and 5. 

The spectrum also shows broad peaks in the region of sugar and OH signal regions 
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(Appendices Figure 10). Moreover, The 1H NMR spectra support results from the MS for 

the presence of aromatic molecules, such as analyte 6 and analyte 7, as summarized in 

Appendices Figure 11.    
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2.5 Discussion 

This study emphasizes the strength of cytological profiling for natural products drug 

discovery using High-Content Screening (HCS). In recent years, HCS has developed 

from a promising concept into an efficient methodology and indispensable tool. HCS 

now can be implemented into early drug discovery process as a result of its recent 

technological advances [25, 33]. The chemical composition, mode of action, and toxicity 

of Saudi Arabian plants with medicinal properties are not well understood [16].  

Here, we emphasize the strength of cytological profiling to characterize these properties, 

in three native Saudi Arabian plants: C. colocynthis, J. phoenicea, and A.hierochuntica.  

A library of known small molecules with assigned modes of action was used as reference 

compounds and resulting cytological profiles were compared to profiles retrieved from 

fractionated plant extracts. Prediction of MOAs by comparing similarities of HCS-

derived phenotypic profiles was successfully implemented for pure compounds as well as 

fractionated extracts [25, 149, 151]. Cluster analysis of the cytological profiles revealed 

high similarities between seven extracted fractions and topo II inhibitors. Because 

topoisomerase enzymes are among the primary targets of chemotherapy treatment, we 

pursued additional experiments to more specifically evaluate the effect of these seven 

fractions on cancer cells. We found that five extracted fractions of C. colocynthis, a plant 

found abundantly in Saudi Arabia, were phenotypically similar to topo II inhibitors; for 

example, the anticancer drugs etoposide and camptothecin, which induce topo II 

formation [43, 152] and activates several molecules, such as histone H2AX, p53, ATM, 

and Chk1/2, that trigger responses to DNA damage [153, 154].   
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Our data confirmed that the extracted fractions had cytotoxic effects on HeLa cells, 

sharply decreasing cell numbers in a dose- and time-dependent manner (Figure 11A-B). 

We then studied the effect of the extracted fractions on mitochondrial stress, cell 

membrane permeability, and cell cycle arrest. Mitochondrial superoxide indicator was 

detected by MitoSOX Red fluorigenic dye. MitoSOX fluorescence localizes to the 

mitochondrion due to its hydrophobic nature and its positively charged 

triphenylphosphonium moiety [2, 155] Previous research has shown that oxidative stress 

due to an increased number of reactive oxygen species is a signature of selectivity for 

tumor toxicity [154, 156]. We found that with the JUN_C2_60% treatment, tumor 

toxicity increased most significantly and permeability caused to the cell membrane led to 

cell death.  

Because cell cycle dysfunction is a characteristic of cancerous cells, a natural product that 

is capable of blocking the cell cycle could be considered a potential anticancer compound 

[157]. Our findings showed that fractions of C. colocynthis and ANA_CN-E_40% caused 

strong arrest in the G0/G1 phase while JUN_C2_60% caused cell cycle arrest in the 

G2/M phase (Figure 11C). Although topoisomerase inhibitors typically show similar 

cytotoxic affects, they have a different affect on the cell cycle [153].  

Topoisomerase forms double-strand breaks (DSBs) in DNA that are necessary to unwind 

it for repairs; however, if the strands are not reconnected it can lead to cell death. 

Therefore, when topo II inhibitor drugs form a complex between topoisomerase and 

DNA, DNA goes unrepaired, resulting in apoptosis [61, 158, 159]. The formation of 

DSBs during the DNA replication process correlates well with an initial increase in γ-

H2AX, which is considered to be a marker for stalled and collapsed replication forks and 
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reduced activities of topoisomerases I and II. Therefore, H2AX levels are an important 

sensitivity marker of DNA damage processes and acts as a marker for double-strand 

break formation [60-63, 160]. In addition, increases in histone H2AX phosphorylation 

have been observed to correlate with cell cycle arrest and the activation of apoptotic 

signaling pathways, such as caspase-9 and P53 [71, 161, 162]. We evaluated the 

abundance of phosphorylated H2AX as an indicator of DNA damage to find that all 

treatments with C. colocynthis and the JUN_C2_60% treatment had significantly high 

levels of phosphorylation, indicative of DNA damage (Figure 14).   

Results also showed that treatment of HeLa cells with all tested concentrations of C. 

colocynthis and the JUN_C2_60% treatment caused increased caspase-9 and the p53 

tumor-suppressor protein activities (Figure 13) Although p53 has several roles in 

regulating the cell cycle, its overexpression is associated with obstructing cell grown and 

inducing apoptosis at the G0/G1 cell cycle checkpoint[163-165]. Moreover, activation of 

caspase is integral to apoptosis [166]. Thus the upregulation of these two proteins is 

indicative of DNA damage.  

Particularly high levels of γH2AX expression in cells with a G2/M-phase DNA content 

suggests that JUN_C2_60% fraction may be a potential topo inhibitor. Because 

JUN_C2_60% also contributed to the apoptotic pathway, we subjected it to chemical 

profiling to find several structures in common with compounds known to have medicinal 

value.  

The 2,2-dimethoxybutane found in the JUN_C2_60% fraction was known to be toxic to 

microbial membranes, but has never before been shown to behave as an anticancer 
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compound [167-169]. 2,4-ditert-butylphenol is a phenolic compound and secondary 

metabolite in plant. It has been reported to possess strong antioxidant activity, anticancer 

activity, antifungal activity and antibacterial [167, 170-172]. It shows cytotoxic effects 

against MCF7 cells with an IC50 value of 5.75 μg/mL, KB cells (IC50 0.81 μg/mL) and 

CasKi cells (IC50 4.5 μg/mL). Dharni et al., studied the antifungal effect of this 

compound and conclude that it potentially binds to β -tubulin in microtubules, inhibiting 

eukaryotic cell growth by destroying their dynamic instability as effecting cytoskeletal 

polymers in eukaryotic cells [172]. This may suggest JUN_C2_60% fraction could have 

effect on β –tubulin.  From our HCS panel, their shows high intensity effects on tubulin 

which require further study using different concentration of fraction in order to 

understand the exact effect on β –tubulin microtubule (Figure 9). 3-

Trifluoroacetoxydodecane has been reported to have anticancer and antimicrobial 

activities [173] Stearic acid, a saturated long-chain fatty acid with an 18-carbon backbone 

is found in various animal and plant fats, and is a major component of cocoa butter and 

shea butter. Stearic acid has been reported to exert anti-cancer as well as anti-

inflammatory effects [174, 175]. It has been reported that stearic acid inhibited human 

cervical cancer (HOG-1) cell growth and DNA synthesis in a different concentrations. It 

has been show it effects on early signals leading to cell proliferation [176]. This 

correspond will with our finding, J.phoenicea extract shows inhibition in cell growth on 

G2/M phase and detect high level of γH2AX expression which use as marker for DNA 

damage.  Stearic acid was previously found in J. phoenicea from Southern Tunisia [118]. 

Propanoic acid, 3,3'-thiobis-,didodecyl ester has been reported for potential anti-

inflammatory action [177]. Ethyl 4-ethoxybenzoate has been reported as natural local 

https://pubchem.ncbi.nlm.nih.gov/compound/carbon
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anesthetics [178]. Of the compounds that the screening detected, dodecyl acrylate, 2,6-

Dimethylbenzaldehyde and Hexanedioic acid,bis(2-ethylhexyl) ester have had no 

reported anticancer activity unlike ethephon, (+)-eudesmin or burseran and sphinganine 

[179-182]. Sphinganine is reported as an anticancer compound, which support our results 

due to its presence is associated with activation of p38 MAPK and JNK, and weak 

inhibition of AKT, which explains the DNA damage and activation of p53 by J. 

phoenicea fraction [181]. Using LC-MS, we found Methyl6-O-[2,3,4-tris-O-(2,2-

dimethylpropanoyl)-6-methyl-β-D-glucopyranuronosyl]-βDgalactopyranoside triacetate 

and Estra-1,3,5(10)-triene-3,6beta,17beta-triol triacetate. Estra-1,3,5(10)-triene-

3,6beta,17beta-triol triacetate is used as anti-inflammatory drug but no activity were 

reported for Methyl6-O-[2,3,4-tris-O-(2,2-dimethylpropanoyl)-6-methyl-β-D-

glucopyranuronosyl]-β-Dgalactopyranoside triacetate compound.  

Our analysis reinforces the power of HCS for drug discovery. HCS allows reassessing 

historically selected medicinal plants for identification of bioactive compounds. 

Cytological profiles allowed us to identify topoisomerase II inhibitor activity in the plant 

fractions tested, verifying the anticancer compounds in the plant.  Further studies are 

needed to evaluate and better characterized the active compounds identified in our study. 

This can be done by guided fractionation using HPLC to isolate and eliminate the active 

from the non-active compounds and re-test them on the system. Furthermore, synthetize 

the active compounds and test them on vivo system.   
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3 CHAPTER 3: DISCOVERY AND ASSESSMENT OF ANTI-HIV-1 
BIOACTIVE POTENTIAL OF GRAY MANGROVE LEAVES (AVICENNIA 
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3.1 Abstract 

Human Immunodeficiency Virus (HIV) causes AIDS, a life-threatening disease 

characterized by immunosuppressive, opportunistic infections and malignancies. 

Although many drugs have been approved over the past decade as suitable for use in the 

treatment of individuals with HIV, the need for antiviral drugs of greater efficiency is still 

pressing. One valuable source for antiviral bioactivity has been proven to be the natural 

products of a wide range of plants. In this study, we investigated the anti-reverse 

transcriptase (RT) -HIV-1 potential activity of Avicennia marina (gray mangrove) 

collected from the Red Sea shore, Saudi Arabia. Metabolites from A. marina were 

extracted using organic solvents followed by solid phase extraction (SPE) and high-

performance liquid chromatography (HPLC). Gas chromatography mass spectrometry 

(GC-MS) was applied to assess the active HPLC fractions and to establish a correlation 

between the fractions’ chemical composition and biological activity. The chemical 

analyses revealed the existence of many polyphenol compounds. Polyphenol compounds 

have been proven to act as multi-target anti-HIV agents. Furthermore, imaging-based 

High-Content Screening (HCS) with a set of cellular staining was established to 

characterize mechanisms of activity and potential side-effects, such as toxicity and cell 

cycle arrest. In summary, we discovered and assessed for the first time anti- RT-HIV-1 

activity for A. marina collected from Red Sea shore, Saudi Arabia. Our results suggest 

this plant is a promising candidate for the development of potential novel HIV-1 

inhibitors.  
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3.2 Introduction  

For the first time since the emergence of AIDS almost three decades ago, the survival rate 

of individuals infected with HIV is on the rise. This is at least true for patients in 

developed countries [84]. AIDS is caused by the human immunodeficiency virus type 1 

(HIV-1). This virus has been isolated and is the target of antiretroviral drugs. Many drugs 

have been developed, in a relatively short time frame; over 25 approved drugs are 

available for prescription to patients infected with HIV-1 [80, 183]. These drugs are not 

problem-free, however. They are expensive and viral resistance and severe side effects 

have been reported. These issues stimulate continued research in this area [184]. The 

antiretroviral drugs currently on the market often work by attacking viral enzymes, in a 

variety of ways. For example, reverse transcriptase (RT) inhibitors, which make up the 

majority of approved drugs [183, 185], act by blocking an important step in HIV-1 

replication. RT has polymerase and RNase H activity and is involved in synthesizing 

double-stranded proviral DNA from single-stranded viral RNA. Inhibiting this process 

therefore restricts viral replication and has been a popular target when developing 

antiviral drugs. Patients diagnosed with the HIV-1 infection will generally receive highly 

active antiretroviral therapy (HAART). This is treatment with 3 or more medications that 

have different modes of action, thereby providing a broad antiviral coverage. The result 

of this approach to treatment is often a significant, and ongoing, suppression of the virus. 

In many cases, the patient’s immune system has been allowed to recover and progression 

to clinical disease has been prevented [186]. 

Much information on the activity of natural products, using both single molecules and 

fractionated biological extracts, has been made available through imaging-based High-
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Content Screening (HCS) [25, 139, 151]. This approach provides a wealth of data, of a 

broader nature than that provided by toxicity testing of cancer cell lines as a measure of 

anti-neoplastic activity, for example. HCS can be used to study the pathways that lead to 

toxicity by showing multiple levels of cell physiology [25, 151, 187]. In many studies, 

HCS was used to accelerate the drug discovery process and development of promising 

new bioactivities. HCS is primarily applied to study the side-effects of bioactive 

compounds in vitro, leading to improvements in candidate discovery and clinical trials 

[30, 41].  

In the present study, we investigated the anti-viral potential activity of A. marina leaves 

collected from the Red Sea shore. High-performance liquid chromatography (HPLC) 

fractions acquired from active solid phase extracts that possess activity on anti RT-HIV-1 

based on biochemical assay. Therefore, chemical profiling of active fractions of A. 

marina were preformed using GC-MS that provide deep insight about the chemical 

compounds. Furthermore, we used automated imaging-based High-Content Screening to 

investigate toxicity and cell cycle effect of A. marina compounds and reveal some 

information about their mechanism of activity and their potential side effect in vitro 

system. 
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3.3 Materials and Methods  

3.3.1 Sample Collection and Identification 

 Avicennia marina leaves were collected from Saudi Arabia, Thuwal area, Red Sea 

(22.314278, 39.091701) (Appendices figure 12) 

The plants were homogenized using a sterile mortal and pestle with the aid of liquid 

nitrogen. A DNeasy Plant Mini Kit (QIAGEN) was used to extract the DNA following 

manufacturer’s instructions. DNA amplification was done using multiplex PCR Kit 

(QIAGEN). Two primers were used rbcL-1F (5’-ATGTCACCACAAACAGAAAC-3’), 

rbcL-724R (5’-TCGCATGTACCTGCAGTAGC-3’) for amplification Ribulose-1,5-

bisphosphate carboxylase/oxygenase, (RuBisCO) in the chloroplast DNA. QIAquick 

PCR purification kit (QIAGEN) was used for PCR products purification. Chain 

termination  (Sanger sequencing) method was applied for sequencing using ABI3730X 

DNA analyzer. Raw sequences were processed on the software Scanner-2 (Applied 

Biosystems), which was utilized to assessed sequence quality and trimming. Nearest 

related and labeled sequences were searched using BLAST against the NCBI nr database. 

3.3.2 Sample Extraction and Fractionation  

Plants were rinsed thoroughly with sterile seawater and frozen in liquid nitrogen. The 

plants were extracted with 10% in dichloromethane/methanol (1:1) overnight at room 

temperature. Then, samples were centrifuged at 13,000 g for 30 min to remove particulate 

material. Extracts were fractionated using solid phase extraction (SPE) with Bond Elut 

C2, PPL, C18, CN-E columns (Agilent Technologies). Columns were conditioned before 

fractionation with 1 ml methanol, 5 ml CHROMASOLVE water, and 1 ml acidified 
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CHROMASOLVE water (pH 2). 3 ml of extract was loaded onto the column, and eluted 

with 500 µl of a gradually non-polar 20,40,80,100% water:methanol gradient and 100% 

Ethyl Acetate. Fractions were dried in a vacuum (CentriVap Complete, Labconco, 

Kansas City, Montana, USA). 

3.3.3 HIV-1 RT Assay 

HIV-1 RT reverse transcriptase activities were analyzed with an EnzChek Reverse 

Transcriptase Assay Kit (Molecular Probes, Life Technologies) according to the 

manufacturer’s instructions. The PicoGreen reagent provided with the kit was added and 

the resulting RNA DNA duplexes were determined using a spectrofluorometer 

SpectraMax reader (Molecular Devices) using the 480/520 nm filter set.  

3.3.4 High-Performance Liquid Chromatography (HPLC) 

The HPLC fractionation was analysed using Agilent Technologies 1260 infinity. The 

sample was injected with 250 µl of material (approximately 250 mg of dry weight) with a 

flow rate of 1 ml/min using ZOR BEX RX-C8, 9.4 mm, 250 mm column (Agilent 

Technologies), with 50% water and 50% methanol percentage. UV spectra were 

developed in the 210–450 nm wavelength range and the resulting chromatograms were 

integrated at different wavelengths as a function of the UV absorption maximaum of each 

component. 

3.3.5 Gas Chromatography and Mass Spectroscopy (GC-MS) 

The Gas chromatography-Mass spectrometry (GC-MS) analysis of the bioactive plant 

extracts was preformed using Agilent 7890A gas chromatography system coupled to an 

Agilent MS model 5975C with triple axis detector (Agilent Technologies). The GC-MS 
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was equipped using 30 m X 250 m; film thickness: 0.25 m HP-5MS capillary column 

(Agilent Technologies) with split ratio 10:1. Oven temperature was 50 C° for 1 min to 

300 C° for 35 min under a constant helium pressure (10 psi). 1 μl of respective diluted 

samples was automatically injected.  

3.3.6 Cell Culture  

HeLa cells were kept under standard conditions at 37°C in 5% CO2 in Dulbecco’s 

modified Eagle medium (DMEM containing GlutaMAX-1; 4.5 g/L D-Glucose; Pyruvate; 

Gibco, Darmstadt, Germany) supplemented with 10% fetal bovine serum (Life 

Technologies) and 1% antibiotic-antimycotic solution (Life Technologies).  

3.3.7 High-Content Screening and Analysis. 

HeLa cells were transferred into 384-well plates, seeded at a density of 2000 cells per 

well and incubated for 24 h in 25 µl of Dulbecco’s modified Eagle’s medium (DMEM 

containing GlutaMAX-1; 4.5g/L D-Glucose; Pyruvate; Gibco, Darmstadt, Germany). The 

HCS allows the elimination of not living or heavily damaged cells from analysis. 

Therefore, the analysis done using high content machine focused on the living HeLa cells 

in the culture and is not due to cell damage. Followed by subjected to four different 

panels to satin 10 cellular targets[149]. Staining was done using different set of panels in 

order to avoid the overlap between the fluorescent channels. For each extracted sample 

was repeated four times and data set results were normalized to untreated controls to 

score between -1 and 1. Control wells were untreated (without fractions). In all cases 

unless otherwise indicated, cells were fixed with 4% formaldehyde for 20 min. Then 

were subjected to permeabilization, blocking, and washing steps by using HCS-optimized 
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reagents such as Wash Buffer (WB), Wash Buffer II (WBII), Blocking Buffer (BB) and 

Permeabilization Buffer (PB) (Thermo Fisher Scientific). Eventually, all plates were 

washed three times with WB and stored at 4°C until further analysis.  Panels are: (1) 

Fixed cells were permeabilized for 17 min, washed twice with WB, then blocked for 30 

min.  Followed, stained by p53 antibody (MA512557-Thermo Scientific) and Cleaved 

Caspase-9 antibody (ASP315- Thermo Scientific) both antibodies were prepared on 

blocking buffer for 1 h. The secondary staining solution was added 1:500 GAR-DyLight 

488 and 1:500 GAM-DyLight 550 (Thermo Fischer Scientific) in WB for 1 h. Afterward, 

cells were washed once with WBII and stained with Hoechst33342 (OG1726671-Thermo 

Scientific) for 10 min. (2) Cells were incubated with ER (ER-Tracker Blue-White DPX, 

Life Technologies) and Lyso (LysoTracker Red DND-99, Life Technologies) under 

normal cell culture conditions. After fixation, cells were washed twice with WB and 

incubated with Wheat Germ Agglutinin, Alexa Fluor® 488 Conjugate (Life 

Technologies) for 10 min. Then nucleus was stained with Hoechst Stain (OG1726671-

Thermo Scientific) for 10 min. (3) After fixing the cells, cells permeabilized for 15 min 

and blocked for 15 min. Followed by staining solution Phalloidin-FITC (Sigma-Aldrich), 

Beta-3 Tubulin Antibody (MA1-19187, Thermo Fischer Scientific) for 1 h. Then cells 

were washed twice with BB and stained by 1:500 GAM-DyLight 550 (Thermo Fischer 

Scientific) in BB for 1 h. Then nucleus was stained with Hoechst Stain (OG1726671-

Thermo Scientific) for 10 min. (4) Cells were incubated with mitochondrial dye 

(MitoTracker Orange CMTMRos, M7510, Life technologies) under normal cell culture 

conditions for 30 min. Then, stained by NFkappaB/p65 Antibody (PA5-16545) and 

Cytochrome C Antibody (MA5-11823-Thermo Scientific) for 1 h. After, cells were 
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incubated with WBII for 15 min and washed twice with WB. Then, secondary staining 

solution was added 1:500 GAR-DyLight 550 (Thermo Fischer Scientific) in WB for 1 h. 

Next, cells were incubated with WBII for 10 min and stained with a solution of 

Hoechst33342 (OG1726671-Thermo Scientific) for 10 min [149]. 

3.3.8 XTT-Microculture Tetrazolium Assay  

Cells were growing, counted, and inoculated into 96-well microtiter plates at density of 

2000 cells. After 24 h, fractions are added with 25 µg/ml concentration to triplicate 

culture wells, and cultures were incubated for 24 h. Cytotoxicity was measured by XTT 

colorimetric assay [188].  XTT was diluted 1:10 in RPMI medium and treat cells with 50 

l per microculture wells. The absorbance values of the treatments are read using a 

spectrophotometer (Molecular Devices Multi-Mode Detection Platform and Software) at 

the wavelength of 490 nm using the reference absorbance of 650 nm. 

3.3.9 Cell Cycle Analysis 

HeLa cells were plated in 384-wells. Cells were treated with 25 µg/ml concentration of 

SPE extract for 24 h under culturing conditions. Cells were fixed with 3.7% 

formaldehyde for 15 min, washed twice with DPBS and stained with Hoechst 33342 

(OG1726671-Thermo Scientific) for 10 min in dark at room temperature. Hoechst dye 

was prepared in DPBS (1 mg/ml). Staining with Hoechst 33342 was measured using the 

Cellomics ArrayScanTM VTI High Content Analysis reader (Thermo Fisher Scientific) 

and BGRFR 386-23 filter set. 

The Cellomics ® cell cycle BioApplication automatically classifies each cell’s nuclear 

total intensity into one of cell cycle phase’s. Cells classifies as having DNA~2N, 
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2N<DNA<4N,and DNA~4N are assigned the cell cycle phases G0/G1, S, and G2/M 

correspondingly. The DNA<2N assigned to damaged or apoptotic cells (Low nuclear 

intensity value). 

3.3.10 Data Analysis 

All the experiments were repeated four times and results were normalized to untreated 

controls. Entirely row data analyses were performed using Graphpad Prism version 6 

(GraphPad Software, La Jolla, CA). Data are illustrative of at least four replicates. Data 

are mean ± SD. Statistical significance of comparison between two groups was 

determined by two-tailed Student's t-test where specified. Significant alterations were 

measured at p-values of less than 0.05. 
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3.4 Results  

3.4.1 HIV-1 Reverse Transcriptase Activity 

We used a commercially available EnzChek Reverse Transcriptase Assay Kit to examine 

the possible activity of the fractions. The fractions were tested for potential activity at 

 µg/ml concentration, which was used as a cut-off value to determine whether the 

fractions were active or not. Of a total of 20 fractions, 4 extract fractions were 

demonstrated to reduce RT-HIV-1 activity (Figure 15A). Hit extracts were re-tested in a 

dose-dependent manner, with the use of serial dilutions (Figure 15B). L_C18_80% and 

L_CN-E_EA fractions showed a strong inhibitory effect starting from 1.56µg/ml 

concentration. 
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Figure 15: Studying the effect of A.marina SPE extracts fractions on the activity of HIV-
RT. 

A) Scatter plot shows the results of measuring the HIV-RT activity on the presence of 
SPE extract. X-axis shows the extracts designation and on the Y-axis the activity of the 
HIV-RT. B) Hit extracts were re-tested in serial dilution for the active SPE extracts 
fractions.  The black line shows the cut off to distinguish non-active from active extracts. 
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3.4.2 Bioactivity of Different HPLC Fractionations on HIV-1 RT  

To isolate the compound in the active fraction that shows the potent inhibitory effect, we 

investigated L_C18_40% and L_CN-E_EA% extract using an HPLC fractionation 

column to reduce the complexity of the fraction. The HPLC fractions were tested against 

HIV-1 RT biochemical assay in 1.56 µg/ml concentration. In L_C18_40%, fractions 3 

and 7 show a potent inhibitory effect on the RT-HIV-1 assay (Figure 16A). In L_CN-

E_EA%, fraction 2 shows a potent inhibitory effect on the RT-HIV-1 assay (Figure 16B). 

 

Figure 16: Evaluation of the effect of HPLC fraction extract on RT-HIV-1 biochemical 
assay.  

A) Shows the percentage of RT-HIV-1 inhibition using L_C18_40% HPLC fraction 
treatment on RT-HIV-1 biochemical assay. B) L_CN-E_EA%HPLC fraction treatment 
on RT-HIV-1 biochemical assay. 
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3.4.3 Chemical Analysis of the Active HPLC Fractions  

We used GC-MS analysis to evaluate possible active chemical compounds that inhibit 

the activity of HIV-1 RT from A. marina. This identified chemical compounds 

L_C18_40% HPLC fractions 3 and 7 as the most probable inhibitors for anti-HIV-1 

compounds. The GC-MS chromatograms for the two samples are shown in Appendices 

Figure 13-16. The compounds identified in fractions 3 and 7 are listed in Appendices 

Table 7 and 8 ; fraction 3 has the higher intensity. Overlay of GC-MS characteristics for 

HPLC fractions shows four common chemical compounds: 2-methoxyphenol (C7H8O2, 

124.137 g/mol ), methyl m-methylbenzoate (C9H10O2, 150.1745 g/mol), an isomer of 

methyl cinnamate (C10H10O2, 162.185 g/mol), and 2,4-di-t-butylphenol (C14H22O, 

206.324 g/mol). 

By identifying the chemical compounds in L-CN-E_EA%, we found that HPLC fraction 

2 was the most probable inhibitor for anti-HIV-1 compounds. Further analysis using 

GC-MS showed a similar profile to both previous fractions (Appendices Figure 8,9). 

Compounds detected by GC-MS include phenol derivative compounds as well as an 

isomer of methyl cinnamate (C10H10O2, 162.185 g/mol) and dihydrobenzofuran 

(coumaran) (C8H8O, 120.14852 g/mol) , listed in Appendices Table 9. 
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3.4.4 Cytological Profiling for A. Marina Using High-Content Core Features   

To obtain more comprehensive information about the fractions, 21 cellular core features 

were selected for 12 different cellular markers (Figure.17 A and 17 B) [149]. Our 

cytological profiling platform core features were generated for A. marina leaves, for 

which extracts with higher non-polar gradients appear to be more effective, according to 

the cell count number. Total fractions show no or little effect on the cellular markers. 

However, overall fractions show a strong positive effect on the tubulin count, with the 

exception of fractions from C18 and CN-E with higher non-polar concentrations. They 

show high negative effects on nuclear shape and intensity, actin intensity and count, 

mitochondria intensity and count, ER and lysosome count, and membrane permeability 

cell intensity and count.  
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Figure 17: Cytological profiling of A. marina leaves.  

A) Heat map showing cytological profiling dendrogram for A.marina leaves B) 
Summary of the data set for cytological profiling of A.marina leaves. The 
complete data set was visualized using multiple experiment viewers (MeV). 
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3.4.5 Evaluate the Viability and Cell Cycle Effect of the SPE Fractions 

The effect of A. marina SPE fractions on HeLa cells was evaluated by XTT assay, which 

measures cell viability (Figure 18 A). SPE fractions eluted from higher methanol and 

ethyl acetate concentrations showed a strong cytotoxic effect on cell viability. 

The cell cycle was analysed using a high-content screening technique. In general, SPE 

extracts on HeLa cells resulted in increased activity in the sub-G1 phase as well as arrest 

in the G0/G1 cell cycle phase (Figure 18 B). 
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Figure 18: The effect of A.marina leaves SPE fractions on HeLa cells. 

A) Evaluate the effect of SPE fractions on cell viability.  B) Evaluate the effect of SPE 
fractions on Cell cycle distribution. 
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3.5 Discussion  

This study demonstrates the bioactivity of Acivennia marina leaves against anti-HIV-1. 

Our results suggest the activity of A. marina leaves inhibits the HIV reverse transcriptase 

enzyme.  A. marina (grey mangrove), found on the northern coastline of the Red Sea, has 

been shown to produce several groups of secondary metabolites with anti-HIV activity. 

These compounds include alkaloids, polyphenols, flavonoids, sulphated polysaccharides, 

coumarines and triterpenes [85, 86, 126]. As our goal was to target “drug-like” 

compounds, organic solvents were used to extract secondary compounds from A. marina, 

which were subsequently fractioned with high-absorbent capacity for non-polar 

compounds. Due to the great compositional complexity of natural products such as 

plants, solid phase cartridges were used to separate the countless compound fractions 

based on their polarity, and hence simplify their complexity. In an effort to detect the 

inhibitory activity of fraction HIV-1 RT, a commercial biochemical assay was used to 

detect the inhibitory activity of SPE fractions on HIV-1 reverse transcriptase enzyme 

(HIV-1 RT). SPE fractions were tested using one concentration to detect the most active 

fractions, which were re-tested in order to detect the lowest active dose.  

In this study, GC-MS is applied to determine the chemical composition of A. marina 

L_C18_40% extract for fractions 3 and 7 and L-CN-E_EA% extract for fraction 2, with 

the purpose of detecting the chemical compounds that could be potential anti-HIV-1 RT. 

The common chemical compounds were evaluated and proposed as a potential anti-HIV-

1 RT. Many polyphenols have been proven to act as multi-target anti-HIV agents 

compounds [189, 190]. Methyl cinnamate is a phenyl propanoid that shows anti-

microbial, anti-flatoxin, anti-fungal, anti-oxidative [191, 192] and other bioactivity 
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effects [193, 194].  Although it has not demonstrated activity against HIV-1 integrase, the 

effect of methyl cinnamate against HIV-RT has not been studies[195]. Benzofuran 

compounds found in both extracts showed activity against HIV reverse transcriptase 

[196]. In this study, methyl cinnamate was present in abundance in HPLC fraction 7, but 

in a lesser amount in HPLC fraction 3. 2-Methoxy phenol is well-known as gluaiacol 

which has medicinal effects, relaxing bronchial secretions in the respiratory tract. It has 

been reported that gluaiacol is efficient in blocking HIV-1 reactivation in cases of virus 

latency but it has never been reported to show activity against HIV RT [197]. Methyl m-

methylbenzoate was detected in low abundance in both HPLC fractions and no 

bioactivity was reported. Interestingly, 2,4-di-t-butylphenol displayed higher abundance 

in L_C18_40% extract for both fraction 3 and 7.  2,4-di-t-butylphenol has been reported 

to have strong antibacterial, antioxidant activity, anticancer activity and antifungal 

activity [167, 170-172]. In L-CN-E_EA% extract for fraction 2, two intense unknown 

peaks were detected but they could not be recognised. LC-MS and NMR can be used to 

determine the structure of those peaks. 

The high-content imaging cell-based technique was applied in an effort to determine the 

secondary effects of the compound fractions of A. marina leaves. These were stained 

with a different cellular marker to generate 21 cellular core features corresponding to 

intensity, shape, and count for both single cells and well averages, and was accomplished 

as previously explained [25, 149, 151]. Assessment of cellular toxicity of SPE fractions 

was done by XTT assay, which is an indicator of cell mitochondria metabolism [198, 

199]. Most extract fractions showed increasing effect on Sub-G1 as well as an arrest in 

G0/G1. Previously, a similar effect was reported for extracts of A. marina leaves [200]. 
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The anti-cancer activity of A. marina leaf extracts was studied by Huang and co-workers. 

They reported that these extracts initiated apoptosis and inhibited migration of liver and 

breast cancer cells [200]. This result supported previous research on the effect of  A. 

marina extract against cancer cells [201, 202]. 

In conclusion, this study demonstrated for the first time that A. marina leaves contain 

potent anti-HIV-1 RT compounds that constitute promising candidates for the 

development of new HIV-1 inhibitors. The chemical profile analysis indicated 

polyphenol compounds that were well-known to possess anti-HIV-1 RT activity and 

some compounds that need further isolation and testing to validate if they possess 

activity. In the future, further analyses for the proposed chemical compounds are required 

to determine the active chemical compound anti-HIV-1 RT. Moreover, A. marina leaves 

should be tested against other viral infections as well. 
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4.1 Abstract 

The diversity of actinomycetes associated with marine sponges collected off Fsar Reef 

(Saudi Arabia) was investigated in the present study. Forty-seven actinomycetes were 

cultivated and phylogenetically identified based on 16S rRNA gene sequencing and were 

assigned to 10 different actinomycete genera. Eight putatively novel species belonging to 

genera Kocuria, Mycobacterium, Nocardia, and Rhodococcus were identified based on 

sequence similarity values below 98.2% to other 16S rRNA gene sequences available in 

the NCBI database. PCR-based screening for biosynthetic genes including type I and type 

II polyketide synthases (PKS-I, PKS-II) as well as nonribosomal peptide synthetases 

(NRPS) showed that 20 actinomycete isolates encoded each at least one type of 

biosynthetic gene. The organic extracts of nine isolates displayed bioactivity against at 

least one of the test pathogens, which were Gram-positive and Gram-negative bacteria, 

fungi, human parasites, as well as in a West Nile Virus protease enzymatic assay. These 

results emphasize that marine sponges are a prolific resource for novel bioactive 

actinomycetes with potential for drug discovery. 

Keywords: PKS I; PKS II; NRPS; Red Sea; sponges; actinomycetes; 

bioactivity 
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4.2 Introduction 

Sponges (Porifera) are the oldest, evolutionarily ancient multicellular phylum with a 

fossil record dating back to Precambrian times [203]. The phylum Porifera consists of 

three major classes, Hexactinellida (glass sponges), Calcarea (calcareous sponges) and 

Demospongiae (demosponges), with the last group representing 85% of all living sponges 

[204]. Sponges populate tropical reefs in great abundance but also the polar latitudes as 

well as fresh water lakes and rivers [205, 206]. Sponges have developed intimate contact 

with diverse microorganisms such as viruses, bacteria, archaea, fungi, protozoa, and 

single-celled algae and the nature of the sponge-microbe interaction is manifold [207]. 

The microbial distribution in most sponges follows a general pattern with the 

photosynthetically active microorganisms such as Cyanobacteria located in the outer 

light exposed layers while heterotrophic and possibly autotrophic bacteria inhabiting the 

inner core [208]. So far, at least 32 bacterial phyla and candidate phyla were described 

from marine sponges by both cultivation-dependent and cultivation-independent 

techniques; with the most common phyla being Acidobacteria, Actinobacteria, 

Chloroflexi, Cyanobacteria, Gemmatimonadetes, Nitrospira, Planctomycetes, 

Proteobacteria, (Alpha, Delta, Gamma subclasses) and Spirochaetes [203, 204] 

The phylum Actinobacteria represents one of the largest taxonomic units among the 

18 major lineages currently recognized within the domain bacteria [209]. The subclass 

Actinobacteridae includes the order Actinomycetales, members of which are commonly 

referred to as actinomycetes. These are Gram positive bacteria characterized by their 

ability to form branching hyphae at some stages of their development [210]. Within the 

order Actinomycetales, approximately 49 families have been recognized with the most 
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common ones being Actinomycetaceae, Actinoplanaceae, Dermatophilaceae, Frankiaceae, 

Mycobacteriaceae, Micromonosporaceae, Nocardiaceae, and Streptomycetaceae, 

comprising altogether 147 genera [211, 212]. Actinobacteria are widespread in nature and 

have been recovered from a wide variety of terrestrial habitats, where they exist as 

saprophytes, symbionts or pathogens [213-215]. Actinomycetes have been cultivated 

from the marine environment including sea water [216], marine snow, and marine 

sediments [217]. Actinomycetes have also been cultivated from different marine 

invertebrates [218-220], with the majority being isolated from sponges [221, 222]. Marine 

actinomycetes produced a multitude of novel lead compounds with medicinal and 

pharmaceutical applications. Figure 19 shows the percentage distribution of compounds 

obtained from marine sponge-associated bacteria. Here, actinomycetes account for 

approximately half of the natural products (MarinLit database 2013 (John Blunt, 

MarinLit, University of Canterbury, New Zealand) [223, 224]), (Figure 19). Biological 

activities such as antibacterial, antifungal, antiparasitic, antimalarial, immunomodulatory, 

anti-inflammatory, antioxidant, and anticancer activities were reported from sponge-

associated actinomycetes [225-228]. These bioactivities are represented by diverse leads 

of secondary metabolites including polyketides, alkaloids, peptides, and terpenes [226, 

227, 229-232]. 
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Figure 19: Percentage distribution of compounds produced by sponge-
associated bacteria (data collected from MarinLit 2013 and literature). 

 

Polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) are multi-

domain megasynthases that are involved in the biosynthesis of a large fraction of diverse 

microbial natural products known as polyketides and nonribosomal peptides, respectively 

[233]. These enzymes are widely distributed among the actinomycetes, cyanobacteria, 

myxobacteria, and fungi [234]. Structurally, both PKS and NRPS are complex 

polypeptides organized in a modular fashion for assembling carboxylic acid and amino 

acid building blocks into their final products [235]. Each PKS module encodes three 

basic domains including ketosynthase (KS), acyltransferase (AT), and acyl carrier protein 

(ACP), which are involved in the selection and condensation of the correct extender unit. 

Similarly, NRPS modules consist of condensation, adenylation, and thiolation domains 

for recognition and condensation of the starter substrate [233]. In this study, 
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actinomycetes were cultivated from marine sponge species collected from the Red Sea. 

The obtained actinomycetes were phylogenetically characterized based on 16S rRNA 

gene sequencing and their genomic potential for natural products biosynthesis as well as 

their biological activities in an infection context are reported. 
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4.3 Materials and Methods  

4.3.1 Sponge Collection 

Ten sponge species (Amphimedon ochracea, Amphimedon aff. chloros, Acarnus 

wolffgangi, Chalinula sp., Crella cyathophora, Dactylospongia aff. elegans, Hyrtios 

erectus, Monanchora sp., Subera sp., Xestospongia aff. testudinaria) were collected by 

SCUBA diving at depths of 8–12 m in the Red Sea (Saudi Arabia, Thuwal, Fsar Reef, 

GPS: 22°23′ N; 39°03′ E) in June 2012. Taxonomic identification was performed by 

Nicole de Voogd (Naturalis Biodiversity Center, Leiden, The Netherlands). Sponges 

were transferred to plastic bags containing sea water and transported to the laboratory. 

Sponge specimens were rinsed in sterile sea water, cut into pieces of ca. 1 cm3, and 

thoroughly homogenized in a sterile mortar with 10 volumes of sterile sea water. The 

supernatant was diluted in 10-fold series (10−1, 10−2, 10−3) and subsequently plated out on 

agar plates. Processing was equivalent among samples. 

4.3.2 Actinomycete Isolation and Identification 

M1, ISP medium 2 and Oligotrophic media (OLIGO) were used for actinomycete isolation 

as described previously [219]. All media were prepared in artificial sea water and were 

supplemented with cycloheximide (100 μg/mL) and nalidixic acid (25 μg/mL) to inhibit 

fungal growth and fast-growing Gram-negative bacteria, respectively. Actinomycetes 

were picked based on their morphological characteristics and re-streaked several times to 

obtain pure colonies. The isolates were maintained on plates for short-term storage and 

long-term strain collections were set up in medium supplemented with 30% glycerol at 

−80 °C. The isolates were abbreviated as “SA”. 
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DNA was extracted using the AllPrep DNA/RNA mini kit (QIAGEN, Hilden, Germany) 

following manufacturer’s instructions. 16S rRNA gene amplification and sequencing 

were performed using the universal primers 27F and 1492R. Chimeric sequences were 

identified using the Pintail program [236]. Raw sequences were processed on the 

software Sequencher 4.9 (Genecodes Coorperation, Ann Arbor, MI, USA). After 

ambiguous bases were trimmed to a quality over 99%, forward and reverse strands were 

assembled into a contig with the length of more than 1300 bases. Nearest related and 

described sequences were searched with an initial Blast run against the NCBI database. 

The genus-level identification of all the sequences was done with RDP Classifier (-g 

16srrna, -f allrank) [237] and validated with the SILVA Incremental Aligner (SINA) 

(search and classify option) [238]. An alignment was calculated again using the SINA web 

aligner (variability profile: bacteria). Gap-only position were removed with trimAL (-

noallgaps) [239]. For phylogenetic tree construction, the best fitting model was estimated 

initially with Model Generator [240]. RAxML (-f a -m GTRGAMMA –x 12345 –p 12345 

-# 1000) [241] and the estimated model was used with 1000 bootstrap resamples to 

generate the maximum-likelihood tree. Visualization was done with TreeGraph2 [242]. 

The 16S rRNA gene sequences of the putatively novel isolates were deposited in 

GenBank under the accession numbers showed in parentheses: SA7 (KJ599861), SA8 

(KJ599862), SA9 (KJ599863), SA11 (KJ599864), SA12 (KJ599865), SA13 (KJ599866), 

SA14 (KJ599867), and SA15 (KJ599868). 

4.3.3 PCR Screening of NRPS and PKS-II Gene Fragments 

Ketosynthase (KS) domains of type I polyketide synthase (PKS) gene were PCR 

amplified from genomic DNA using the primers K1F (5′-
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TSAAGTCSAACATCGGBCA-3′) and M6R  

(5′-CGCAGGTTSCSGTACCAGTA-3′). Type II PKS sequences were amplified using 

KSαF  

(5′-TSGRCTACRTCAACGCSCACGG-3′) and KSβR (5′-

TACSAGTCSWTCGCCTGGTTC-3′). In order to target adenylation domains of NRPS 

genes, the degenerate PCR primers A3F  

(5′-GCSTACSYSATSTACACSTCSGG-3′) and A7R (5′-SASGTCVCCSGTSCGGTAS-

3′) were used [243]. Sequences of the corresponding PCR products (KS domains, 1250–

1400 bp; KSα and KSβ, 800–900 bp; adenylation domains, 700 bp) [244] were compared 

with NRPS and PKS sequences in the NCBI database by using the Basic Local 

Alignment Search Tool X (BLASTX). 

4.3.4 Secondary Metabolites Extraction and Bioactivity Testing 

Twenty-five strains were cultured in 500 mL Erlenmeyer flasks containing 250 mL of the 

appropriate cultivation medium for each isolate. The liquid cultures were grown for 7–10 

days depending on their growth rate at 30 °C while shaking at 150 rpm. After cultivation 

and filtration, the supernatant was extracted with ethyl acetate (2 × 150 mL). The cells 

were macerated in 100 mL methanol and shaken for 3 h (150 rpm) then filtered. The 

extracts (ethyl acetate and methanol) were concentrated under vacuum and stored at 4 °C. 

4.3.5 Antibacterial and Antifungal Activities Testing 

Antimicrobial activity was tested using the standard disk diffusion assay against Bacillus 

sp. P25, Escherichia coli K12 and Fusarium sp. P21. Sterile filter disks (6 mm) loaded 3 

times with the test extracts (25 μL, 20 mg/mL in methanol) were placed on agar plates 
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that had been inoculated with the test microorganism. After incubation (24 h for Bacillus, 

Escherichia coli K12 and 48 h for Fusarium sp.) at 37 °C (Bacillus, Escherichia coli K12) 

and 30 °C (Fusarium sp.), the antimicrobial potential was quantitatively assessed as 

diameter of the inhibition zone (n = 2). 

4.3.6 Anti-Trypanosomal Activity 

Anti-trypanosomal activity was tested following the protocol of Huber and Koella.[245]  

104 trypanosomes per mL of Trypanosoma brucei brucei strain TC 221 were cultivated in 

Complete Baltz Medium. Trypanosomes were tested in 96-well plate chambers against 

different concentrations of test extracts at 10–200 μg/mL in 1% DMSO to a final volume 

of 200 μL. For controls, 1% DMSO as well as parasites without any test extracts were 

used simultaneously in each plate to show no effect of 1% DMSO. The plates were then 

incubated at 37 °C in an atmosphere of 5% CO2 for 24 h. After addition of 20 μL of 

Alamar Blue, the activity was measured after 48 and 72 h by light absorption using an 

MR 700 Microplate Reader (Dynatech Engineering Ltd., Willenhall, UK) at a wavelength 

of 550 nm with a reference wavelength of 650 nm. The IC50 values of the test extracts 

were quantified by linear interpolation of three independent measurements. 

4.3.7 Anti-Leishmanial Activity 

Anti-leishmanial activity was tested following the method of Ponte-Sucre et al.[246]. 107 

cells/mL Leishmania major promastigotes were incubated in complete medium for 24 h at 

26 °C, 5% CO2, and 95% humidity in the absence or presence of different concentrations 

of the test extracts (10–200 μg/mL, 1% DMSO) to a final volume of 200 μL. Following the 

addition of Alamar Blue, the plates were incubated again and the optical densities were 
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determined after 48 h with a Multiskan Ascent enzyme-linked immunosorbent assay 

(ELISA) reader (Multiskan Ascent, Thermo Electron Corporation, Dreieich, Germany). 

The effects of cell density, incubation time and the concentration of DMSO were 

examined in control experiments. The results were expressed in IC50 values by linear 

interpolation of three independent experiments.       

4.3.8 West Nile Virus NS3 Protease Inhibition Assay 

The West Nile Virus NS3 protease inhibition assay was carried out using the commercial 

kit SensoLyte® 440 West Nile Virus Protease Assay Kit (AnaSep, San Jose, CA, USA) 

[247]. The quantification of protease activity was measured by using the fluorogenic 

peptide Pyr-RTKR-AMC which produces free AMC (7-amino-4-methylcoumarin) 

fluorophore upon NS3 protease cleavage. The extracts and protease solution were applied 

to 384-well plates and the total reaction mixture in each well was 40 μL. All extracts and 

controls were performed with three replicates and were generated according to the 

manufacturer’s instructions. Briefly, the test extracts and protease solution were mixed 

and incubated at 37 °C for 10 min before adding the fluorogenic substrate. After substrate 

addition, the reagents were completely mixed and incubated at 37 °C for one hour. The 

fluorescence intensities were measured using a SpectraMax® Paradigm® Multi-mode 

Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA) at 354 nm 

(excitation) and 442 nm (emission). 
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4.4 Results and Discussion 

The Red Sea is one of the most biodiverse marine environments worldwide. It is 

characterized by high temperature (about 24 °C in spring and up to 35 °C in summer) and 

high salinity (ca. 40.0 psu), rendering this environment physically and chemically different 

from most other marine ecosystems [248]. About 240 demosponges have been formally 

recorded from the Red Sea so far and still many more await discovery [249]. Ngugi et al. 

reported a high bacterial diversity in the Red Sea in comparison to other tropical seas 

[250]. However, few studies have been carried out so far to investigate actinobacterial 

communities from Red Sea sponges. One such example is the study by Radwan et al. [251] 

who explored the microbial diversity of two Red Sea sponges, Hyrtios erectus and 

Amphimedon sp., using cultivation and cultivation-independent analyses. 

4.4.1 Actinomycete Isolation and Phylogenetic Identification 

Twenty-five isolates were selected out of cultivated 47 isolates based on their 

characteristic colony morphology. The 16S rRNA genes as taxonomic markers were 

sequenced and sequences were blasted against the NCBI GenBank database. The results 

showed that the isolates belonged to 10 different genera representing six families 

(Dietziaceae, Micrococcaceae, Micromonosporaceae, Mycobacteriaceae, Nocardiaceae, 

Pseudonocardiaceae) and four suborders (Corynebacterineae, Micrococcineae, 

Micromonosporineae, Pseudonocardineae). Eight putatively new species were identified 

based on sequence similarities <98.2%, which belonged to the genera Kocuria, 

Mycobacterium, Nocardia and Rhodococcus (Table 2). From a taxonomic perspective, 

sequence similarities after BlAST analysis against type strains may even be lower. As 
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one example, the isolate SA8 showed 96% sequence similarity to the closest type strain 

(Rhodococcus trifoliiT). However, as type strains are not available for all obtained 

isolates, this taxonomically meaningful comparison remains restricted. 

 

Table 2: 16S rRNA gene taxonomic affiliation of cultivated strains. 

Isolate 
Code 

Isolation 
Medium 

Sponge Source 
Sequence 

Length (bp) 
Closest Relative by 

BLAST 
% Sequence 
Similarity 

SA1 M1 Amphimedon ochracea 1379 
Micrococcus sp. PN13 

(KF554087) 
99.4 

SA2 ISP2 Amphimedon aff. chloros 1435 
Micrococcus luteus 

strain DAG I 
(KC470045) 

99.7 

SA3 ISP2 Amphimedon aff. chloros 1360 
Micrococcus sp. X2Bc2 

(KF465977) 
99.5 

SA4 ISP2 Hyrtios erectus 1423 
Micromonospora sp. S6 

(HF674982) 
99.7 

SA5 OLIGO Chalinula sp. 1395 
Salinispora arenicola 

CNS-205 (NR_074612) 
99.9 

SA6 OLIGO Chalinula sp. 1372 
Salinispora arenicola 
strain SCSIOZ-SH19 

(KC747487) 
100.0 

* SA7 ISP2 Chalinula sp. 1338 
Nocardia sp. W9912 

(GU992878) 
98.2 

* SA8 ISP2 Chalinula sp. 1461 
Rhodococcus equi 

(AB738794)  
97.4 

* SA9 ISP2 Monanchora sp. 1378 
Rhodococcus sp. L-15 

(JN006270)  
97.9 

SA10 M1 Chalinula sp. 1397 
Micrococcus sp.  

PA-E028 (FJ233852) 
99.8 

* SA11 M1 Monanchora sp. 1416 
Mycobacterium sp. 

CNJ879 PL04 
(DQ448780) 

97.6 
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Table 1. Cont. 

* SA12 ISP2 Chalinula sp. 1374 
Rhodococcus sp. HL-3 

(JF734314) 
97.9 

* SA13 M1 Monanchora sp. 1419 
Mycobacterium sp. 

CNJ879 PL04 
(DQ448780) 

97.8 

* SA14 M1 Amphimedon ochracea 1341 
Kocuria sp. PN5 

(KF554079) 
97.5 

* SA15 M1 Amphimedon aff. chloros 1347 
Kocuria sp. SS263-23 

(JX429815) 
97.3 

SA16 M1 Amphimedon aff. chloros 1395 
Rothia terrae strain 

F77052 (HQ908743) 
99.7 

SA17 ISP2 Crella cyathophora 1401 
Micrococcus sp.  
X-48(JX997909) 

99.9 

SA18 M1 Amphimedon aff. chloros 1413 
Dietzia maris strain 
KMGL1309-AS3 

(KF740541) 
100.0 

SA19 OLIGO Chalinula sp. 1325 
Salinispora pacifica 

strain AMS365 
(HQ873949) 

99.9 

SA20 M1 Subera sp. 1330 
Salinispora arenicola 
strain SCSIOZ-SH19 

(KC747487) 
100.0 

SA21 ISP2 Subera sp. 1443 
Saccharomonospora 
azurea strain RR1 

(KC855265) 
99.2 

SA22 OLIGO Subera sp. 1337 
Salinispora pacifica 

strain S34 (JX007964) 
99.7 

SA23 ISP2 Amphimedon aff. chloros 1396 
Saccharomonospora 

sp. G2Z21 (JF806667) 
99.8 

SA24 M1 
Dactylospongia  

aff. elegans 
1494 

Kocuria palustris strain 
LJ27 (KF515677) 

99.1 

SA25 OLIGO Hyrtios erectus 1453 
Salinispora arenicola 
strain SCSIOZ-SH11 

(KC747479) 
99.9 

* Putatively new species. 
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The recoverability of actinomycetes varied between different sponge sources; for 

example, Amphimedon aff. chloros yielded 17 actinomycetes (six genera), while A. 

ochracea yielded only four isolates from three different genera. These numbers compare 

to the recovery of four actinomycetes (two genera) from Amphimedon sp. from Ras 

Mohamed (Egypt) [219], 16 actinomycete (four genera) from Amphimedon sp. collected 

from Hurghada (Egypt) [251], and zero actinomycetes from A. complanata collected from 

Puerto Rico [252]. Similarly, while Radwan et al. [251] isolated 18 actinomycetes (four 

genera) from Hyrtios erectos, we obtained only three actinomycetes from this sponge 

species, albeit collected at a different location. Contrary to previous reports [253], we did 

not succeed in isolating actinomycetes from Xestospongia aff. testudinaria. This sporadic 

isolation of actinomycetes could be explained by environmental factors that would 

influence the diversity, abundance and recoverability of actinomycetes from sponges. The 

observed differences also highlight the importance of using a wide range of media to 

increase the isolation efficiency of marine sponge-associated actinomycetes. 

M1, ISP2 and OLIGO media were chosen for actinomycete cultivation based on previous 

experience and literature reports [219, 254]. M1 medium produced the highest number of 

actinobacterial colonies (25), followed by ISP2 (16), while only six isolates were 

recovered on OLIGO (Figure 20 B). Zhang et al. demonstrated that the lack of free amino 

acids resulted in low recovery of marine actinobacteria [221]. Accordingly, peptone was 

added to M1 medium which resulted in both, a higher number of actinomycetes and 

recovery of more genera. Consistent with previous studies [252, 255], the genera 

Rhodococcus, Micromonospora, and Nocardia were cultivated preferentially on ISP2, 

while Salinispora grew better on oligotrophic media [256, 257]. 
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The genus Micrococcus was represented by the highest number of isolates (14) which is 

likely due to their fast growing nature, rendering them easy to isolate. The second most 

abundant genus (7) was Salinispora which is frequently isolated from sea water, 

sediments, as well as sponges [257, 258]. The other genera belonged to Rhodococcus (6), 

Kocuria (5), Micromonospora (4), Dietzia (3), Saccharomonospora (3), Mycobacterium 

(2), Nocardia (2), and Rothia (1). 

 

Figure 20: Number of actinomycete isolates (A) per sponge species, (B) per isolation 
media. 

 

A maximum-likelihood tree was calculated for the 25 isolates with the nearest 

sequence relatives from a Blast run included (Figure 21). The Rhodococcus isolates sp. 

SA8, SA9 and SA12 formed a distinct cluster. The high similarity and high bootstrap 

value (100) along with a multifurcation in the tree suggests that the isolates represent the 

same species. The isolates SA11, SA13, SA14, and SA15 form distinct clades in the 
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genera Mycobacterium and Kocuria. Interestingly, isolate SA7 falls within the genus 

Nocardia and also shows the lowest level of similarity (98.2%). In this case, further 

phenotypic and genotypic characterization may be needed to validate the exact taxonomic 

position of this isolate which might be a novel species within the genus Nocardia. 
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Figure 21: Maximum-likelihood tree of the actinomycete isolates SA1-SA25 
(in bold) and their closest phylogenetic relatives based on the 16S rRNA gene 
marker. Brackets indicate genus-level assignment. Bootstrap values (1000 
resamples) are given in percent at the nodes of the tree (greater than 50). The 
arrow points to the outgroup (Escherichia coli KTCT 2441T). 
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4.4.2 PCR-Screening for PKS and NRPS Domains 

Twenty-five actinomycetes were tested using degenerate PCR primers for the presence of 

polyketide synthases Type I and II (PKS-I and PKS-II) and nonribosomal peptide 

synthetases (NRPS). At least one type of biosynthetic gene sequence was recovered from 

20 actinomycete isolates (80%), (Table 3). All three types of biosynthetic genes were 

found in the actinomycetes (7) belonging to genera Micromonospora and Salinispora. 

This is unsurprising since Micromonospora and Salinispora are well known for their 

natural product diversity encompassing different metabolite classes [227, 229, 259]. NRPS 

biosynthetic genes were identified in 19 isolates (76%), while PKS-I genes were detected 

in 12 strains (48%), and PKS-II genes in eight strains (32%). NRPS and PKS sequence 

diversity have been reported in marine actinomycetes isolated from different marine 

environments including marine caves, marine sediments, and marine sponges, where 

these sequences were detected in up to 90% of the tested strains [260, 261]. 
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Table 3: NRPS and PKS results of cultivated strains. 

Isolate 
Code 

Closest Relative by BLASTX (Sequence Length bp, % Sequence Similarity) 
NRPS PKS I PKS II 

SA1 Amino acid adenylation 
domain-containing protein 

[Micrococcus luteus 
(CP001628)] (347, 51) 

- - 

SA2 Non-ribosomal peptide 
synthetase [Micrococcus 

luteus (EFD52022)] (417, 56) 

- - 

SA3 Amino acid adenylation 
domain-containing protein 

[Micrococcus luteus 
(CP001628)] (511, 62) 

- - 

SA4 Amino acid adenylation 
domain-containing protein 

[Micromonospora aurantiaca 
(WP_013285021)] (501, 79) 

Polyketide synthase 
[Micromonospora sp. CNB394 

(WP_018787726)] (473, 67) 

Type II PKS ketosynthase, 
partial [Micromonospora sp. 
SCSIO11524 (AHB18630)] 

(541, 63) 
SA5 Amino acid adenylation 

domain-containing protein 
[Salinispora arenicola 

(WP_012184557)] (521, 72) 

Polyketide synthase 
[Salinispora arenicola 

(WP_018795623)] (541, 64) 

Beta-ACP synthase, partial 
[Salinispora arenicola 

(WP_020608853)] (573, 70) 

SA6 Amino acid adenylation 
domain-containing protein 

[Salinispora arenicola 
(YP_001535283)] (513, 77) 

Polyketide synthase 
[Salinispora arenicola 

(WP_018795623)] (516, 71) 

KAS II  
[Salinispora arenicola 

(WP_020608853)] (581, 67) 

* SA7 - - Polyketide synthase 
[Nocardia nova SH22a 
(AHH16328)] (614, 85) 
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Table 3. Cont. 

* SA8 Non-ribosomal peptide 
synthetase [Rhodococcus equi 

(CBH48735)] (570, 69) 

Putative polyketide synthase 
[Rhodococcus equi 

(WP_022593366)] (518, 65) 

- 

* SA9 Non-ribosomal peptide 
synthetase, partial 

[Rhodococcus qingshengii 
(WP_007730195)] (609, 68) 

Putative polyketide synthase 
[Rhodococcus opacus B4 
(BAH55256)] (428, 75) 

- 

SA10 - - - 
* SA11 - - - 
* SA12 Non-ribosomal peptide 

synthetase [Rhodococcus 
opacus (WP_005253470)] 

(622, 58) 

Putative polyketide synthase 
[Rhodococcus opacus 

(BAH55256)] (428, 75) 

- 

* SA13 - - - 
* SA14 Non-ribosomal peptide 

synthetase [Kocuria 
rhizophila (BAG29492)] 

(532, 74) 

- - 

*SA15 Non-ribosomal peptide 
synthetase [Kocuria 

rhizophila (BAG29492)] 
(462, 68) 

- - 

SA16 - - - 
SA17 Non-ribosomal peptide 

synthetase [Micrococcus 
luteus (EFD52022) (423, 66) 

- - 

SA18 - - - 
SA19 Adenylation domain of 

nonribosomal peptide 
synthetase [Salinispora 

pacifica (WP_018724218)] 
(465, 58) 

Polyketide synthase 
[Salinispora pacifica 

(WP_018824659)] (421, 59) 

Beta-ACP synthase 
[Salinispora pacifica 

(WP_018720155)] (541, 61) 

SA20 Amino acid adenylation 
domain-containing protein 

[Salinispora arenicola 
(WP_012184557)] (465, 58) 

Polyketide synthase 
[Salinispora arenicola 

(WP_019032802)] (506, 61) 

KAS II [Salinispora 
arenicola (WP_020608853)] 

(529, 57) 

SA21 Nonribosomal peptide 
synthetase 

[Saccharopolyspora spinosa 
(WP_010314019)] (665, 74) 

Polyketide synthase 
[Saccharopolyspora spinosa 
(WP_010311945)] (565, 69) 

- 

SA22 Amino acid adenylation Polyketide synthase Beta-ACP synthase 
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domain of nonribosomal 
peptide synthetase 

[Salinispora pacifica 
(WP_018724218)] (476, 59) 

[Salinispora pacifica 
(WP_018824659)] (501, 63) 

[Salinispora pacifica 
(WP_018823591)] (531, 71) 

SA23 Amino acid adenylation 
domain-containing protein 

[Saccharopolyspora spinosa 
(WP_010694383)] (643, 71) 

Polyketide synthase 
[Saccharopolyspora erythraea 
(WP_011873765)] (533, 61) 

- 

SA24 Nonribosomal peptide 
synthetase [Kocuria 

rhizophila (WP_019309050)] 
(592, 73) 

- - 

SA25 Amino acid adenylation 
domain-containing protein 

[Salinispora arenicola 
(YP_001539321)] (453, 68) 

Rifamycin polyketide synthase 
[Salinispora arenicola 

(WP_020217874)] (578, 71) 

Ketosynthase, partial 
[Salinispora arenicola 
AFO70123] (548, 63) 

 

4.4.3 Anti-Infective Screening 

Twenty-five actinomycete isolates were fermented in the medium, from which they were 

originally isolated, and ethyl acetate and methanol were used for extraction of secondary 

metabolites. The ethyl acetate and methanolic extracts were then screened against 

Bacillus sp. P25, Escherichia coli K12, Fusarium sp. P21, Trypanosoma brucei TC 221, 

Leishmania major and NS3 protease of West Nile Virus (Table 4). Nine actinobacterial 

extracts were active against at least one test pathogen.  No activities were documented 

against L. major. Two isolates were active against Bacillus sp. and E. coli K12 while 

antifungal activities were reported for six extracts and anti-trypanosomal activity was 

documented for five extracts. 

Two Micrococcus isolates were bioactive. Members of the genus Micrococcus were 

cultivated from diverse terrestrial and marine environments, however they are not well 

known for production of secondary metabolites. The antibiotic 2,4,4′-trichloro-2′-



 

147 

hydroxydiphenylether from sponge-associated Micrococcus luteus [262] and recently the 

thiazolyl peptide kocurin against methicillin-resistant Staphylococcus aureus [263]. 

Although the two Micrococcus isolates SA1 and SA3 are phylogenetically related 

(identical 16S rRNA sequences, Figure 20), their ethyl acetate extracts exhibited different 

biological profiles. This means that 16S rRNA gene as phylogenetic marker alone was 

not sufficient to distinguish genomic differences between actinomycete isolates sharing 

identical 16S rRNA gene sequence homologies and display different biosynthetic gene 

expression that could result in the production of different natural products [264]. 

The ethyl acetate extracts of Salinispora sp. SA6 and SA22 were active against almost all 

test pathogens, except L. major. The obligate marine Salinispora strains are prolific 

producers of structurally diverse natural products such as salinosporamide A from S. 

tropica, a potent proteasome inhibitor that has reached phase I clinical trials as an 

anticancer agent [265]. Other examples of bioactive compounds from various Salinispora 

species include arenimycin, rifamycins [266], cyanosporaside A, [267] saliniketals A and 

B [268] ,salinipyrones, and pacificanones [269] .The results highlight the high chemical 

potential of Salinispora isolates. 
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Table 4: Bioactivity results of the actinomycete isolates. 

Isolate Code 

Inhibition Zone Diameter (mm) 
IC50  

(μg/mL, 72 h) 
Growth  

Inhibition (%) 

Bacillus 
sp. P25 

Escherichia 
coli K12 

Fusarium 
sp. P21 

Trypanosoma 
brucei TC 221 

West Nile 
Virus Protease 

Micrococcus sp. SA1E 8 12 - <10 - 

Micrococcus sp. SA3E - - 14 - - 

Salinispora sp. SA6E 20 7 22 <10 84 

Salinispora sp. SA22E 18 9 15 <10 79 

* Rhodococcus sp. SA9E - - 13 - - 

* Rhodococcus sp. SA12E - - 16 - 93 

Mycobacterium sp. SA11E 14 - - <10 - 

Saccharomonospora sp. SA21 E 10 12 - - - 

Saccharomonospora sp. SA23 E 11 13 17 <10 - 

• Putatively new species. 
 
 
 

Two extracts of the novel isolates Rhodococcus sp. SA9 and SA12 exhibited antifungal 

activity against Fusarium sp. P21 with Rhodococcus sp. SA12 showing additional 

activity against West Nile Virus NS3 protease. One isolate of the genus Mycobacterium 

showed activity against Bacillus sp. P25 as well as Trypanosoma brucei TC 221. The 

ethyl acetate extract of Saccharomonospora sp. SA21 was active against Bacillus sp. P25 

and Escherichia coli K12 while Saccharomonospora sp. SA23 showed more broad 

activities against Bacillus sp. P25, Escherichia coli K12, Fusarium sp. P21, and 

Trypanosoma brucei TC 221.West Nile Virus (WNV) is a zoonotic virus which is 

widespread and endemic in Africa, the Middle East and western Asia as well as other parts of 
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the world including United States, Europe and Australia [270]. There are commercially 

available animal vaccines, however up to date, no vaccines or treatments have been 

approved for human WNV infections [271]. This illustrates the urgent need to develop 

effective vaccines and antiviral drugs to prevent WNV infection in humans. The WNV 

protease NS3 is a prime target for antiviral drugs and has become the focus of 

considerable research efforts [247, 271]. Interestingly, three ethyl acetate extracts (SA 

6E, 22E, 12E) showed activity against WNV protease NS3 in the present study. 

Bioactivities were documented for ethyl acetate, but not methanolic extracts, which was 

consistent with literature reports showing that the majority of microbial natural products 

are secreted into the medium [272, 273]. 
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4.5 Conclusions 

Marine actinomycetes, such as those associated with marine sponges, are a rich 

source of bioactive natural products. In the present study, we isolated 47 actinomycetes 

representing 10 different genera and including eight putatively novel phylotypes. The 

isolates were obtained from sponges which were collected offshore Fsar reef, Saudi 

Arabia, a largely uncharted territory with respect to bioprospecting. Although 80% of 

actinomycetes contained at least one class of NRPS or PKS gene, antimicrobial activity 

was detected only for 36% of the isolates. This suggests that genomic mining is a 

worthwhile future endeavour. Bioactivities against bacteria, fungi, human parasites as 

well as West Nile Virus protease were reported for nine of the isolates. These results 

underscore the potential of Red Sea sponges as a source of novel actinomycetes with 

underexplored potential for drug discovery. The combination of PCR-based screening, 

phylogenetic analysis as well as bioactivity assays is a useful strategy to prioritize 

actinomycetes for further bioassay-guided isolation work. 
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5 CHAPTER 5: CONCLUDING REMARKS 

 

Saudi Arabia’s rich natural resources of traditional herbal plants and Red Sea 

sponges have not been comprehensively examined with regard to their biological 

activities. The aim of this research is to detect hitherto undiscovered bioactivity within 

these natural resources. A selection of plants were collected and tested for their 

bioactivity against cancer and viral infection.  

A high-content screening pipeline was established and tested on Juniperus 

phoenicea (Arar), Anastatica hierochuntica (Kaff Maryam) and Citrullus colocynthis 

(Hanzal) to reveal hitherto unknown biological activity. The cytological profiles obtained 

led to the identification of plant fractions possessing bioactive topoisomerase II 

inhibition, and these were subsequently analysed further using a variety of techniques. 

Juniperus phoenicea was identified as possessing a fraction with the most bioactivity, 

and further analysis was therefore carried out to determine details of possible 

topoisomerase inhibitors. Here, the chemical analysis was done using LC-MS, GC-MS 

and NMR, and offers an overview of the chemical nature of this fraction and the possible 

bioactive compounds suggested by the literature review. This study demonstrates the 

power of high-content cell-based phenotypic screening in the bio-prospecting of 

unknown natural resources. 

Extract fractions of A. marina were therefore assessed for activity against anti-

HIV reverse transcriptase enzyme. These fractions were tested in vitro on cell based, in 

order to detect their toxicity and cell cycle arrest using high-content screening. Chemical 
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analysis using GC-MS was then carried out. The chemical analyses report the existing of 

many polyphenols compounds. Polyphenols compounds have been proven to act as 

multi-target anti-HIV agents compounds. 

Marine actinomycetes, such as those associated with marine sponges, are a rich 

source of bioactive natural products. These actinomycetes were isolated from sponges, 

and bioactivity against West Nile Virus protease was detected in nine of these isolates. 

These results underscore the potential of Red Sea sponges as a source of novel 

actinomycetes offering underexplored possibilities for drug discovery.  

There are several avenues for further development of the results presented here. 

Further investigation is needed in order to identify the active chemical ingredients 

participating in the observed biological activity. Bioassay-guided isolation is required to 

identify further chemically-active fractions by separating active fractions from non-active 

ones.  Ion Cyclotron Resonance Fourier Transformation Mass Spectrometry (ICR-

FT/MS) could be used, for example, as a high-resolution technique for identifying large 

proteins and to give exact mass size. In vivo testing is required for the compounds 

showing possible bioactivity, to provide confirmation of this; further research should 

therefore involve the synthesis and in vivo testing of these active compounds.   
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APPENDICES 

 
 

Appendices Table 1:  Summery illustrate information about used plants in this study. 

Scientific name Family name Traditional name Code Picture 

Citrullus 
colocynthis (L.) 

Schrad. 
Cucurbitaceae Hanzal CIT 

 

Anastatica 
hierochuntia L. 

Brassicaceae Kaff Maryam ANA 

 

Juniperus 
phoenicea Pall. 

Cupressaceae Arar JUN 
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Appendices Table 2: Full description of Solid phase extraction cartridges (SPE-
Cartridges) for extraction of plants natural products.  

This figure were adapted from the cited publication[274]. 

 

 

 

 

 

 

 

 

 

Bond Elut 
SPE-

Cartridges 

Type of Material Properties Primary 
Retention 

Mechanism 

Typical Sample 
Types 

C2 Silica based, ethyl bonded, 
endcapped 

Alternative sorbent, if 
analytes are retained too 

strongly on C8 or C18 

phases 

Weakly nonpolar Plasma, urine, 
aqueous samples 

C18 Silica based ,trifunctional 
octadecyl bonded,endcapped 

Extreme retentive nature 
for nonpolar 

compounds, applicable 
for desalting aqueous 

matrices 

Strongly nonpolar Water, aqueous 
biological fluids 

CN-E Silica based, cyanopropyl 
bonded,endcapped 

Different selectivity to 
alkyl and aliphatic 

functionalized phases 
due to electron density 

of the aromatic ring 

Moderately 
nonpolar 

(aqueous matrix) 
or polar (nonpolar 

organic matrix) 

Aqueous samples 
(nonpolar),organic 

samples (polar) 

PPL Styrene-
divinylbenzene(SDVB) 

polymer with a proprietary 
derivitized nonpolar surface 

Extreme hydrophobicity 
and surface area, 

achieves high recovery 
levels and fast extraction 

speeds 

Highly polar Waste water 
(phenols) 
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Appendices Table 3: The panel’s description for the cellular features measured in 
cytological profiling.  

Panels 
Cellular 
feature Fluorescent stain Secondary Antibody 

Incubation 
Time 

Panel 
1 

Nucleus 
Hoechst Stain (OG1726671-

Thermo Scientific) 

_____ 

10 min 

ER ER tracker 30 min 

Lysosome Lyso tracker 30 min 

Panel 
2 

Nucleus Hoechst Stain (OG1726671-
Thermo Scientific) 

GAR550(OC183252)-
GAR488(OC183252) 

10 min 

1 hour p53 P53 (MA512557-Thermo 
Scientific) 

Caspase 9 
Cleaved Caspase-9 antibody 

(ASP315- Thermo Scientific) 

1 hour 

 

 

 

Panel 
3 

Nucleus 
Hoechst Stain (OG1726671-

Thermo Scientific) 

GAR488(OI189170)-GAM650 

10 min 

Mitochondria 
MitoTracker Orange CMTMRos 

(M7510, life technologies) 30 min 

NFkB 
NFkappaB/p65 Antibody 

(PA5-16545) 
1 hour 

Cytochrome C Cytochrome C Antibody (MA5-
11823-Thermo Scientific) 

1 hour 

Panel Nucleus Hoechst Stain (OG1726671- GAM550 (NJ172004) 10 min 
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4 Thermo Scientific) 

Actin Phalloidin-FITC 1 hour 

Tubulin 
Beta-3 Tubulin Antibody (MA1-

19187) 1 hour 
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Appendices Table 4: The core cellular features markers with parameters measurements 
and phenotypic attributes are shown in this table.  

 

Core Cellular Markers Cytological Features Phenotypic attributes 

Cell count Valid cell Cell viability 

NF-κB act Circ-ring ratio Nuclear and cytoplasmic area ratio 

P53 act Circ total intensity Nuclear area total intensity 

Casp9 act Circ total intensity Nuclear area total intensity 

Cell Area and shape whole cell marker Area and LWR shape Cell morphology and cell ellipticity 

Nuc Int, Nuc Area and 
Nuc shape 

Nuclear Total intensity, nuclear area and 
nuclear LWR shape Nuclear size, morphology and ellipticity 

Actin Int Ring total intensity 
The total intensity of the area around the 

nucleolus 

Tub Int and Tub count Ring total intensity 
The total intensity of the area around the 

nucleolus and count 

Mito Int and Mito 
Count 

Mitochondria ring total intensity and ring 
spot count 

The intensity of the area around the 
nucleolus and count 

Lyso Int and Lyso 
count 

Lysosome Ring total intensity and ring spot 
count 

The intensity of the area around the 
nucleolus and count 

ER Int and ER count 
Endoplasmic Reticulum Ring total intensity 

and ring spot count 
The intensity of the area around the 

nucleolus and count 

PM Int and PM count 
Permeability membrane ring total intensity 

and ring spot count 
The intensity of the area around the 

nucleolus and count 
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Appendices Table 5: Phytochemicals identified in extract JUN_C2_60% by GC/MS 

 

S.No. R.Time 
(min) 

Proposed Name MF Molecular 
Formula 

Molecular 
Weight 

1 4.632 2,2-Dimethoxybutane 795 C6H14O2 118 

2 12.170 2,6-Dimethylbenzaldehyde 750 C9H10O 134 

3 15.461 3-Trifluoroacetoxydodecane 709 C14H25F3O2 282 

4 15.904 2,4-Di-tert-butylphenol  862 C14H22O 206 

5 16.186 Ethyl 4-ethoxybenzoate  648 C11H14O3 194 

6 18.059 Dodecyl acrylate 859 C15H28O2 240 

7 22.743 Stearic acid  631 C18H36O2 284 

8 24.731 Hexanedioic acid, bis(2-ethylhexyl) ester 697 C22H42O4 370 

9 59.772 
Propanoic acid, 3,3'-thiobis-, didodecyl 

ester 637 C30H58O4S 514 
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Appendices Table 6: Proposed identified chemicals from JUN_C2_60% by LC/MS. 

 

Chroma
togram 
Peaks 

Molecular 
Ion 

Accurate 
Masse (Δm 
≤ 5 ppm) 

Proposed Name 
Chemical 
Structure 

Soft
ware 

MS/MS 
(n) 

1 [M1+Na]+ 185.98322 Acesulfame-Na C4H5NO4

SNa 
Metli

n 
NA 

2 and 3 [M2/3+H]+ 144.98158 Ethephon 
C2H6ClO

3P 
Metli

n 
NA 

4 [M4+H]+ 288.29000 C17 Sphinganine (heptadecasphinganine) 
C17H37N

O2 
Metli

n 
MS/MS 

(2) 

5 [M5+H]+ 256.26355 Palmitic amide 
C16H33N

O 
Metli

n NA 

6 [M6+H]+ 387.18086 

Burseran C22H26O6 
Metli

n NA 

(+)Eudesmin C22H26O6 
Metli

n 
NA 

7 [M7+H]+ 415.21219 Estra-1,3,5(10)-triene-3,6beta,17beta-triol triacetate C24H30O6 
Metli

n 
MS/MS 

(2) 

8 [M8+H]+ 637.30585 
Methyl 6-O-[2,3,4-tris-O-(2,2-dimethylpropanoyl)-6-

methyl-β-D-glucopyranuronosyl]-β-D-
galactopyranoside 

C29H48O1

5 
Met-
Frag 

MS/MS 
(5) 
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Appendices Figure 1: LC-MS chromatogram of the studied sample overlaid over an 
acetonitrile blank.  

Eight beaks were identify from LC-MS chromatogram (1) 185.98322 m/z (2) 144.98225 
m/z (3) 144.98225 m/z (4) 288.28995 m/z (5) 256.26364 m/z (6) 387.18086 m/z (7) 
415.21219 m/z (8) 637.30585 m/z. 

 

 

 

 

 

 

 

 

 



 

161 

 

Appendices Figure 2:  Deconvolution of the ion at m/z 185.98322 ,+ve ESI of analyte 1. 

Acesulfame-K, Chemical Formula: C4H5NO4S. 
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Appendices Figure 3: Deconvolution of the ion at m/z 144.98158, +ve ESI of analyte 2 & 
3. 

Ethephon, Chemical Formula: C2H6ClO3P. 
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Appendices Figure 4: Deconvolution of the ion at m/z 288.29000, +ve ESI of analyte 4. 

Sphinganine, Chemical Formula: C17H37NO2. 
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Appendices Figure 5: Deconvolution of the ion at m/z 256.26355, +ve ESI of analyte 5.  

Palmitic amide, Chemical Formula: C16H33NO. 
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Appendices Figure 6: Deconvolution of the ion at m/z 387.18086, +ve ESI of analyte 6.  

Burseran or (+)Eudesmin, Chemical Formula: C22H26O6. 
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Appendices Figure 7: Deconvolution of the ion at m/z 415.21219, +ve ESI of analyte 7. 

Estra-1,3,5(10)-triene-3,6beta,17beta-triol triacetate. Chemical Formula: C24H30O6. 
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Appendices Figure 8: Deconvolution of the ion at m/z 637.30585, +ve ESI of analyte 8. 

 Methyl 6-O-[2,3,4-tris-O-(2,2-dimethylpropanoyl)-6-methyl-β-D-glucopyranuronosyl]-
β-D-galactopyranoside. Chemical Formula: C29H48O15. 
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Appendices Figure 9: Extended CH2 and CH3 region of NMR spectrum. 

The spectrum was recorded at room temperature using 600 MHz NMR spectrometer. 
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Appendices Figure 10: Extended OH and sugar region of NMR spectrum. 

The spectrum was recorded at room temperature using 600 MHz  NMR spectrometer. 
This figure provide evidence of MS finding of the (Methyl 6-O-[2,3,4-tris-O-(2,2-
dimethylpropanoyl)-6-methyl-β-D-glucopyranuronosyl]-β-D-galactopyranoside) 
molecules where the signals of several CH3 groups were observed.   
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Appendices Figure 11: This figure provide evidence of MS finding of the extended 
aromatic region of NMR spectrum. A) Estra-1,3,5(10)-triene-3,6beta,17beta-triol 
triacetate B) Burseran C) (+)Eudesmin D) Extended aromatic region of NMR spectrum. 
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Appendices Scheme 1: The proposed fragmentation pattern MS/MSn (n=2) of the 
identified compound (C17H38NO2) at m/z 288.28970. 
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Appendices Scheme 2: The proposed fragmentation pattern MS/MSn (n=2) of the 
identified compound (C24H31O6) at m/z 415.21151.  
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Appendices Scheme 3: The proposed fragmentation pattern MS/MSn (n=5) of the 
identified compound (C28H48O15) at m/z 637.30659. 
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Appendices Figure 12: Satellite map shows the details of A), B) Red Sea, Saudi Arabia. 
C) Shows the place of Avicennia marina collection. Pictures were generated on Google 
Earth. 
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Appendices Figure 13: GC/MS chromatogram of plant extract Fraction # 3 from 
L_C18_40% HPLC fractions.  
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Appendices Figure 14: Zoom region of GC/MS chromatogram of plant extract fraction # 
3 from L_C18_40% HPLC fractions. 
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Appendices Table 7: List of compounds detected in fraction # 3 from L_C18_40% HPLC 
fractions. Each compound is corresponds to peak # and retention time in minutes. 
Software AMDIS and library data NIST 11 is used to de-convolute and identify these 
compounds detected. 

 

 

 

Peak# Retention Time (min) Compound ID 

1 3.850 1-hydroxy-2-propanone 

2 6.520 2-methyl-3-butene-2-ol 

3 6.900 Phenol 

4 7.590 1-butanol-3-methoxy acetate 

5 8.000 2,5-dimethyl-2,5-hexanediol 

6 8.070 3-(1-methylethyl)-2,4-pentanediol 

7 8.490 2-methoxyphenol 

8 8.855 Tetrahydo-4-methyl-2H-pyran-2-one 

9 9.427 α-methylbenzeneacetaldehyde 

10 9.679 2-(2-ethoxyethoxy)-ethanol acetate 

11 9.811 2-methylbenzofuran 

12 10.32 Methyl m-methylbenzoate 

13 10.385 Dihydrobenzofuran (Coumaran) 

14 10.762 Methyl phenethyl ketone 

15 11.227 p-Methylbenzoic acid 

16 11.317 Caprolactam 

17 11.584 Isomer of Methyl Cinnamate 

18 11.685 4-Hydroxy-3-methoxystyrene 

19 12.181 2,6-Dimethoxyphenol 

20 12.505 Isomer of cinnamic acid 
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21 12.704 Isomer of Methyl cinnamate 

22 12.929 Vanillin 

23 13.297 Isomer of cinnamic acid 

24 14.03 2,4-di-t-Butylphenol 

25 14.833 3’,5’-Dimethoxyacetophenone 

26 16.019 3,5-Dimethoxy-4-hydroxybenzaldehyde 

27 16.767 Ethyl m-methylbenzoate 

28 16.988 
1-methyl-2-oxocyclohexanecarboxylic acid, 

methyl ester 

29 17.312 Tris(2-chloroisopropyl)phosphate 

30 17.412 
6-Hydroxy-4,4,7a-trimethyl-5,6,7,7a-

tetrahydrobenzofuran-2(4H)-one 

31 18.342 
Possibly, Glutaric acid, hept-2-yl non-5-yn-3-yl 

ester 

32 18.489 Hexadecanoic acid, methyl ester 

33 18.888 n-Hexadecanoic acid 

34 20.193 Methyl p-benzoyl benzoate 

35 20.371 Octadecanoic acid, methyl ester 

36 20.742 Octadecanoic acid 

37 21.242 p,p’-isopropylidenebisphenol 

38 23.195 Triethylene glycol di(2-ethylhexoate) 

39 23.958 5,7-Dihydroxyflavanone 

40 25.734 9-Octadecenamide 
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Appendices Figure 15: GC/MS chromatogram of plant extract fraction # 7 from 
L_C18_40% HPLC fractions. 
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Appendices Figure 16: Zoom region of GC/MS chromatogram of plant extract fraction # 
7 from L_C18_40% HPLC fractions. 
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Appendices Table 8: List of compounds detected in fraction # 7 from L_C18_40% HPLC 
fractions. Each compound is corresponds to peak # and retention time in minutes. 
Software AMDIS and library data NIST 11 is used to de-convolute and identify these 
compounds detected. 

Peak# Retention Time (min) Compound ID 

1 8.484 2-methoxyphenol 

2 10.344 Methyl methybenzoate 

3 10.459 2,5-dimethylbenzaldhyde 

4 10.799 Methenamine (aminoform) 

5 11.71 2-hydroxy-5-methylacetophone 

6 12.723 Isomer of methyl cinnamate 

7 14.03 2,4-di-t-Butylphenol 
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Appendices Figure 17: GC/MS chromatogram of plant extract fraction # 2 from L_CN-
E_EA% HPLC fractions. 
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Appendices Figure 18: Zoom region of GC/MS chromatogram of plant extract fraction # 
2 from L-CN-E_EA% HPLC fractions. 
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Appendices Table 9: List of compounds detected in fraction # 2 from L-CN-E_EA% 
HPLC fractions. Each compound is corresponds to peak # and retention time in minutes. 
Software AMDIS and library data NIST 11 is used to de-convolute and identify these 
compounds detected. 

 

Peak# Retention Time (min) Compound ID 

1 5.712 Possibly 1-methylbutane-1, 3-diol 

2 7.936 2,5-dimethyl-2,5-hexanediol 

3 8.456 2-methoxyphenol 

4 9.112 5-Isopropyl-1, 4-dimethyl-1-cyclopentene 

5 9.416 α-methylbenzeneacetaldehyde 

6 9.671 2-(2-ethoxyethoxy)-ethanol acetate 

7 9.817 2-methylbenzofuran 

8 10.369 Dihydrobenzofuran (Coumaran) 

9 11.227 p-Methylbenzoic acid 

10 11.584 Isomer of methyl cinnamate 

11 11.685 4-hydroxy-3-methoxystyrene 

12 12.499 Isomer of cinnamic acid 

13 12.711 Isomer of methyl cinnamate 

14 13.297 Isomer of cinnamic acid 

15 14.03 2,4-di-t-Butylphenol 

16 14.263 Possibly 1,6-anhydroglycopyranose 

17 16.027 3,5-Dimethoxy-4-hydroxybenzaldehyde 

18 16.767 Ethyl m-methylbenzoate 

19 18.497 n-Hexadecanoic acid, methyl ester 

20 18.901 n-Hexadecanoic acid 

21 20.383 Octadecanoic acid, methyl ester 

22 20.749 Octadecanoic acid 

23 20.961 n-octadecyl isocyanate 
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24 23.958 Unknown (intense peak) 

25 24.303 Unknown (intense peak) 
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