
 

 

 

 

 

 

 

 

 

University of Veterinary Medicine Hannover 

 
Department of Physiological Chemistry 

 
 
 
 

Exploring natural products to boost the host 

innate immune system against bacterial 

infections 

 
 
 
 

 
THESIS 

 
Submitted in partial fulfilment of the requirements for the degree 

 
 

Doctor rerum naturalium 

(Dr. rer. nat.) 

by 

 
Ragheda Yaseen 

 
Aleppo, Syria 

 
Hannover, Germany 2018 



Supervisor: 

 
 

 
Supervision Group: 

 
 
 
 

1st Evaluation: 

Prof. Dr. Maren von Köckritz-Blickwede 

 
 

 
Prof. Dr. Maren von Köckritz-Blickwede 

Prof. Dr. Corinna Kehrenberg 

 
 

Prof. Dr. Maren von Köckritz-Blickwede 

Department of Physiological Chemistry, University 

for Veterinary Medicine Hannover, Germany 

 
Prof. Dr. Corinna Kehrenberg 

Institute for Food Quality and Food Safety, 

University of Veterinary Medicine Hannover, 

Germany 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Date of final exam: 01.11.2018 



 

To my father Riad 

 
Without whom I would never have reached this far 



Parts of the thesis have been published previously in: 

 
Jerjomiceva, N., Seri, H., Yaseen, R., de Buhr, N., Setzer, W., Naim, H., & von 

Köckritz-Blickwede, M. (2016). Guarea kunthiana Bark Extract Enhances the 

Antimicrobial Activities of Human and Bovine Neutrophils. Natural Product 

Communications, 11, 767–770. 

 
 

Yaseen, R., Blodkamp, S., Lüthje, P., Reuner, F., Völlger, L., & Naim, H. Y. (2017). 

Antimicrobial activity of HL-60 cells compared to primary blood-derived neutrophils 

against Staphylococcus aureus. Negative Results in BioMedicine, 1–7. 

https://doi.org/10.1186/s12952-017-0067-2 

 
 

 

Yaseen, R., Branitzki-Heinemann, K., Moubasher, H., Setzer, W., Naim, H., & von 

Köckritz-Blickwede, M. (2017). In Vitro Testing of Crude Natural Plant Extracts from 

Costa Rica for Their Ability to Boost Innate Immune Cells against Staphylococcus 

aureus. Biomedicines, 5(4), 40. https://doi.org/10.3390/biomedicines5030040 

 
 

 

Yaseen, R., Brogden, G., Toutounji, M., Setzer, W., Naim, H., & von Köckritz- 

Blickwede, M. (2018). The activity of Byrsonima crassifolia and its pure extract vitexin 

on boosting neutrophil functions (in preparation). 

https://doi.org/10.1186/s12952-017-0067-2
https://doi.org/10.3390/biomedicines5030040


Conference with active participation as posters 

 
Ragheda Yaseen, William N. Setzer, Hassan Y. Naim, and Maren von Köckritz- 

Blickwede. Exploring natural products to boost the host innate immune system 

against bacterial infections. 

Zentrum für Infektionsmedizin, TiHo, Hannover 20.7.2015 Hannover. 

 
Ragheda Yaseen, William N. Setzer, Hassan Y. Naim, and Maren von Köckritz- 

Blickwede. Exploring natural products to boost the host innate immune system 

against bacterial infections. 

Tagung der DVG-Fachgruppe „Physiologie und Biochemie" 17.10.2014 Berlin. 

 
 

 
Ragheda Yaseen, William N. Setzer, Hassan Y. Naim, and Maren von Köckritz- 

Blickwede. Exploring natural products to boost the innate immune system against 

bacterial infections. 

Tagung der DVG-Fachgruppe „Physiologie und Biochemie" 30.03.2016 Berlin. 

 
 

Ragheda Yaseen, Stefanie Blodkamp, Petra Lüthje, Friederike Reuner, Lena 

Völlger, Hassan Y. Naim and Maren von Köckritz-Blickwede. Testing a 

permanent cell line (HL-60 cells) as an alternative cell model for screening effect of 

plant extracts on neutrophils. 

Neutrophil Extracellular Traps meeting „NETs meeting Berlin" 16th and 17.11.2017 

Berlin. 

 

 
Sponsorship: Ragheda Yaseen was funded by the “Friedrich-Ebert-Stiftung” 



Contents 

 
List of abbreviations I 

List of figures II 

List of tables III 

Summary 1 

Zusammenfassung 3 

Chapter 1 Introduction 5 

1. Staphylococcus aureus disease 6 

2. Risk factors 7 

3. Antibiotics used against Staphylococcus aureus 8 

3.1. Antibiotic Resistance in Staphylococcus aureus 9 

4. The immune system 11 

4.1. Mononuclear phagocytes (Monocytes) 11 

4.2. Neutrophils 12 

5. Neutrophils functions 14 

5.1. Phagocytosis 14 

5.2. Neutrophil Extracellular traps (NETs) 15 

5.3. Degranulation 17 

5.4. Cytokine release 18 

6. Natural products as source for therapeutic intervention 18 

6.1. Active compound 18 

6.2. Pharmacological modulation of neutrophil functions 22 

 
 
 

 
Chapter 2 

 
 

Chapter 3 

7. The aim of the work 24 

References 26 

Antimicrobial activity of HL-60 cells compared to primary blood- 
35 

derived neutrophils against Staphylococcus aureus 

Guarea kunthiana bark extract enhance the antimicrobial 

activities of human and bovine neutrophils 39 

Chapter 4 

 
 

In Vitro testing of crude natural plant extracts from Costa Rica for 

their ability to boost innate immune cells against Staphylococcus 43 

aureus 



 
Chapter 5 

The activity of Byrsonima crassifolia and its pure extract vitexin 

on boosting neutrophil functions 
47

 

Chapter 6 Discussion 73 

1. HL-60 cells as alternative model of primary blood- 76 

derived neutrophils 

2. The ability of plant extracts in inducing the innate 78 

immune system 

3. Risk factor of NETs 83 

Future Outlook 85 

References 87 

Acknowledgements 93 



List of abbreviations  

AMP antimicrobial peptide 

ANCAs anti-neutrophil cytoplasmic antibodies 

ATRA all-trans retinoic acid 

ATP adenosine triphosphate 

APS antiphospholipid syndrome 

BYCRBA Byrsonima crassifolia acetone bark extract 

BCF Byrsonima crassifolia leaves fractions 

BHI Brain heart infusion 

BSA Bovine serum albumin 

CFU colony forming units 

CF cystic fibrosis 

DAPI 4',6-Diamidin-2- phenylindol 

DCs dendritic cells 

DFIs diabetic foot infection 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DPI diphenyleneiodonium chloride 

DPPH 2,2-diphenyl-1-picrylhydrazyl 

E. coli Escherichia coli 

ET extracellular traps 

FITC fluorescein isothiocyanate 

GAS group A streptococci 



GlcNAc N-acetylglucosamine 

 
GTP guanosine triphosphate 

 
GUKUBA Guarea kunthiana acetone bark extract 

 
h hour 

 
HIF-1 hypoxia inducible factor 1 

 
HIF-1α hypoxia inducible factor 1 α 

 
IFN-γ interferon-γ 

 
IL-6 interleukin-6 

 
IL-8 interleukin-8 

 
IL-10 interleukin-10 

 
iNOS inducible nitric oxide synthase 

 
LPS lipopolysaccharide 

 
MAVEVA Madevilla veraguasensis acetone vine extract 

 
min minutes 

 
MOI multiplicity of infection 

 
MPO myeloperoxidase 

 
mRNA messenger RNA 

 
MRSA methicillin-resistant Staphylococcus aureus 

 
MurNAc N-acetylmuramic acid 

 
NADPH nicotinamide adenine dinucleotide phosphate 

 
NE neutrophil elastase 

 
NETs neutrophil extracellular traps 

 
NK natural killers 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/interferon-gamma


NO nitric oxide 

O2- superoxide 

PACs proanthocyanidins 

PAD4 peptidylarginine deiminase 4 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PGN Peptidoglycan 

PFA paraformalde hyde 

PMA phorbol 12-myristate 13-acetate 

PMN polymorph nuclear leukocytes 

RA Retinoic Acid 

RNA ribonucleic acid 

ROS reactive oxygen species 

rpm revolutions per minute 

RPMI roswell park memorial institute medium 

SLE systemic lupus erythematosus 

RT room temperature 

S. aureus Staphylococcus aureus 

S. pyogenes Streptococcus pyogenes 

SSI surgical site infections 

THB todd hewitt broth 

TLRs toll-like receptors 

TNF tumor necrosis factor 



TNF α tumor necrosis factor α 

 
U ubiquitin 

 
VEGF vascular endothelial growth factor 

 
VEOEBA Verbesina oerstediana acetone bark extract 

 
VTE venous thromboembolism 

 
wt wild type 

 
μg micro gram 

 
μm micro meter 

 
μM micro molar 



List of Figures 

Figure 1: Scanning electron micrograph (SEM) of a human neutrophil ingesting 

methicillin-resistant S. aureus (MRSA). Source: bacteriainphotos.com ....................... 5 

Figure 2: Developing antibiotic resistance. Source: (Ventola, 2015) ........................ 10 

Figure 3: Blood cells monocytes and neutrophils. Source: britannica.com ................ 11 

Figure 4: Monocytes of human blood. Source: (Wikimedia, 2014) ........................... 12 

Figure 5: Neutrophil of human. Source: (Wikimedia, 2014) ....................................... 13 

Figure 6: Killing Mechanisms of neutrophils. Source: Modified from 

memorangapp.com .................................................................................................. 14 

Figure 7: Mechanism of NETs release. Source: modified from (Von Köckritz- 

Blickwede et al., 2009) ............................................................................................. 16 

Figure 8:  Common structure of flavonoid ................................................................. 20 

Figure 9: Vitexin, Apigenin-8-C-glucoside ................................................................. 20 

Figure 10: Pancreatic cancer-induced Neutrophil Extracellular Traps: A potential 

contributor to Cancer-Associated Thrombosis. Modified from (Razak et al. 

2017)…………………………………………………………………………………………84 



List of Table 

Table 1: Causes and symptoms of Staphylococcus aureus infections ....................... 6 

Table 2: Pharmacological effects of vitexin ............................................................... 21 

Table 3: Some natural products and their modulatory effect ..................................... 23 

Table 4: Examples for natural products and their modulatory effect on neutrophils ..82 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter I 

 

Introduction 



1 
 

Summary 

Exploring natural products to boost the host innate immune system against 

bacterial infections, Ragheda Yaseen 

Staphylococcus (S.) aureus is one of the common etiological agents of bacterial 

infections. The pathogen represents one of the severe human pathogen that causes life-

threatening septicaemia, endocarditis, and toxic shock syndrome. The infection with S. 

aureus became more risky and a global threatening problem due to the emergence of 

multiple antibiotic resistances.  The complex host-pathogen interaction during infection is still 

not completely understood. Phagocytes such as neutrophils are the first line in killing of 

pathogens through phagocytosis or extracellular antimicrobial traps (NETs). However, in case 

of disease susceptibility, this mechanism is still not strong enough to deal with potent 

pathogens such as S. aureus. Interestingly, it has been shown that some natural reagents 

can enhance and boost the immune reaction against S. aureus.  The nature provides a lot of 

herbs that have been traditionally used against bacterial infections. The goal of this study is 

to characterize the effect of plant extracts on antimicrobial activity of neutrophils against S. 

aureus infections.  

The first goal (chapter 2) was to characterize a neutrophil cell line from human 

leukemia (HL-60 cells) for its usage as a cellular model to investigate the 

antimicrobial activity of neutrophils against S. aureus. These cells can be 

differentiated to neutrophils by dimethyl sulfoxide (DMSO) or retinoic acid treatment.   

The study compared HL60 cell with primary human blood-derived neutrophils, with 

special emphasis on the formation of neutrophil extracellular traps (NETs). In 2004, 

NETs have been discovered as a novel phagocytosis-independent antimicrobial 

activity of neutrophils. Those traps consist of nuclear DNA and are released by the 

cells into the extracellular milieu to entrap and kill bacteria. Importantly, the results 

showed that HL-60 cells behave differently compared to primary human neutrophils, 

for example HL-60 cells showed reduced bacterial killing and significantly less 

formation of NETs compared to primary human neutrophils. Thus, we used primary 

human neutrophils for further studies to detect the effect of plant extract on the 

immune system.  

Using primary blood-derived neutrophils, we show in (chapter 3) that acetone bark 

extract from Guarthea kunthiana (GUKUBA) has the ability to boost the host defense 

of human and bovine neutrophils against S. aureus by boosting formation of 
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neutrophil extracellular traps. 

As a follow-up study (chapter 4), novel natural plant extracts from Monteverde Cloud 

Forest Reserve, Costa Rica provided by Prof. Dr. Setzer were tested for their 

pharmacological effect on the innate immune capacity. In addition, its potential for 

boosting the host immune system in presence of human pathogen Staphylococcus 

aureus has been tested.  Twenty three plant extracts were screened for their ability to 

boost the antimicrobial activity of blood cells. Three plant extracts were able to 

significantly boost the antimicrobial activity of human blood against S. aureus at a 

concentration of 10 µg/ml crude acetone extract of bark from Byrsonima crassifolia 

(BYCRBA), Verbesina oerstediana acetone bark extract (VEOEBA), and Madevilla 

veraguasensis acetone vine extract (MAVEVA). The growth of S. aureus was 

monitored and revealed that BYCRBA, VEOEBA and MAVEVA extracts exhibited no 

direct antimicrobial effect against the bacteria. However, interestingly, we found that 

BYCRBA, VEOEBA, and MAVEVA are able to boost the antimicrobial activities of 

human blood.  

As a next step (chapter 5), the effect and biochemical mechanisms of BYCRBA on 

the antimicrobial activity of neutrophils was investigated more in detail. Interestingly, 

BYCRBA had no effect on phagocytosis or oxidative burst, but BYCRBA boost 

formation of neutrophil extracellular traps. Vitexin, which was recently identified as a 

flavonoide-component of this BYCRBA extract showed similar results. Further 

experiments focussed on the underlying biochemical mechanisms associated with 

this phenomenon. We found out, that BYCRBA and vitexin reduce the cholesterol 

level of the cell, which may lead to substantial changes in the cellular response to 

infection. This might explain the increased formation of NETs. This study confirms the 

presence of bioactive compounds and evaluates the immunomodulatory effect of 

these plants for potential future therapeutic usage. 

In summary, the results support the hypothesis that stimulating the immune system 

might improve the host defence efficiency against invading pathogens such as S. 

aureus and may support the conventional antibiotic-based treatment or offer a new 

strategy against antibiotic-resistant bacteria. Development of drugs to boost host 

innate immunity may help us get around the problem of antibiotic resistance. 
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Zusammenfassung 

Untersuchung der antimikrobiellen und immunmodulatorischen Aktivität  von 

Naturprodukten gegen bakterielle Infektionen, Ragheda Yaseen 

Staphylococcus (S.) aureus ist weitverbreiteter Verursacher bakterieller Infektionen 

und einer der weltweit bedeutendsten human-pathogenen Erreger, der 

lebensbedrohliche Erkrankungen wie Sepsis, Endokarditis oder das Toxic-shock 

Syndrom auslösen kann. Die komplexen Interaktionen von Wirt und Pathogen sind 

bis heute nicht vollständig verstanden. Allerdings werden Infektionen mit S. aureus 

aufgrund der immer häufiger auftretenden Antibiotika-Resistenzen immer schlechter 

therapierbar und damit weltweit zu einem zunehmenden Problem. Die Natur bietet 

eine Vielzahl von Kräutern, die traditionell gegen bakterielle Infektionen verwendet 

wurden. Interessanterweise gibt es natürliche Substanzen, die die Immunreaktion 

gegen S. aureus stimulieren und verstärken können und damit eine erfolgreiche 

Abwehr unterstützen. Phagozyten wie die Neutrophilen Granulozyten nehmen in der 

natürlichen Immunabwehr eine Schlüsselrolle ein und sind auch bei der natürlichen 

Abwehrreaktion gegen S. aureus von hoher Relevanz. Diese Zellen der angeborenen 

Immunabwehr bekämpfen Erreger zum Beispiel durch intrazelluläre Phagozytose 

oder durch extrazelluläre antimikrobielle Wirkmechanismen wie die Bildung von 

„„neutrophil extracellular traps„ (NETs). Das Ziel dieser Studie ist es, die Wirkung von 

ausgewählten Pflanzenextrakten auf die antimikrobielle Aktivität von Neutrophilen 

gegen S. aureus zu charakterisieren.  

Das erste Ziel (Kapitel 2) bestand darin, eine Neutrophilen-Zelllinie Human leukemia 

cell line (HL-60) zu charakterisieren, um die antimikrobielle Wirkung von Neutrophilen 

gegen S. aureus zu untersuchen. In den meisten Studien werden primäre 

Neutrophile, frisch isoliert  aus Spenderblut, verwendet. HL-60-Zellen werden als 

alternatives Zellkulturmodell zur Untersuchung der Neutrophilenreaktion auf 

Infektionen angesehen. Diese Zellen können mittels Dimethyl-Sulfoxid (DMSO) oder 

oder Behandlung mit Retinsäure differenziert wereden. Das Ziel dieses Kapitels war 

die Charakterisierung der antimikrobiellen Aktivität von DMSO- und Retinsäure-

differenzierten HL-60-Zellen gegen S. aureus im Vergleich zu primären Neutrophilen 

unter besonderer Berücksichtigung der Bildung von NETs. Die Ergebnisse zeigten, 

dass sich HL-60-Zellen anders als primäre humane Neutrophile verhalten: HL-60-
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Zellen zeigen eine verringerte bakterielle Abtötung und signifikant weniger NET-

Bildung im Vergleich zu primären Neutrophilen. Daher wurden für  die 

weiterführenden Studien zur Untersuchung der Wirkung von Pflanzenextraktes auf 

das Immunsystem nur noch primäre humane Neutrophile verwendet. Unter 

Verwendung von primären Neutrophilen ließ sich zeigen (Kapitel 3), dass 

Acetonrindenextrakt von Guarthea kunthiana (GUKUBA) die Wirtsabwehr von 

humanen und bovinen Neutrophilen gegen S. aureus verstärken kann, indem die 

Bildung von NETs verstärkt wird. Als Folgestudie (Kapitel 4) wurden anschließend 

neue natürliche Pflanzenextrakte hinsichtlich ihrer pharmakologischen Wirkung auf 

die angeborene Immunabwehr getestet. Darüber hinaus wurde ihr Potenzial zur 

Stärkung des Immunsystems des Wirts in Gegenwart von S. aureus untersucht. 

Dreiundzwanzig ausgewählte Pflanzenextrakte wurden nun auf ihre Fähigkeit hin 

untersucht, die antimikrobielle Aktivität von Blutzellen zu verstärken. Drei 

Pflanzenextrakte konnten die antimikrobielle Aktivität von menschlichem Blut gegen 

S. aureus signifikant steigern: Rohaceton-Extrakt aus Rinde von Byrsonima 

crassifolia acetone bark extract (BYCRBA), Verbesina oerstediana 

Azetonrindenextrakt (VEOEBA) und Madevilla veraguasensis Acetonrebenextrakt 

(MAVEVA). Alle Extrakte zeigten keine direkte antimikrobielle Wirkung gegen S. 

aureus. Interessanterweise sind BYCRBA, VEOEBA und MAVEVA aber dazu in der 

Lage sind, die antimikrobiellen Aktivitäten von menschlichem Blut zu verstärken. In 

einem nächsten Schritt (Kapitel 5) wurden der Effekt und die biochemischen 

Mechanismen von BYCRBA auf die antimikrobielle Aktivität von Neutrophilen näher 

untersucht. Interessanterweise hatte BYCRBA keine Wirkung auf die Phagozytose 

oder den oxidativen Burst, allerdings verstärkt BYCRBA die Bildung von NETs. 

Vitexin, das kürzlich als Flavonoid-Komponente dieses BYCRBA-Extrakts identifiziert 

wurde, zeigte ähnliche Ergebnisse. Weitere Experimente konzentrierten sich auf die 

zugrundeliegenden biochemischen Mechanismen, die mit diesem Phänomen 

verbunden sind. Wir fanden heraus, dass BYCRBA und Vitexin den 

Cholesterinspiegel der Zelle reduzieren, was zu wesentlichen Veränderungen der 

zellulären Antwort auf die Infektion führen kann. Zusammenfassend stützen die 

Ergebnisse die Hypothese, dass die Stimulierung des Immunsystems die Effizienz 

der Wirtsabwehr gegen eindringende Pathogene wie  S.aureus verbessern könnte 

und die konventionelle Antibiotikabehandlung unterstützen oder eine neue Strategie 

gegen antibiotikaresistente Bakterien bieten könnte. 
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Introduction 

Staphylococcus aureus infections are known to cause severe diseases in humans 

and animals. Nowadays some strains that infect patients became resistant to most 

available antibiotics. Over the past years, antimicrobial resistance became a growing 

problem worldwide, mainly based on the frequent occurrence of methicillin-resistant 

S. aureus (MRSA). However, the innate immune system is the first line of defense 

against invading microbes. The role of the innate immune system is to recognize and 

eliminate large number of different pathogens. Neutrophils present the highest 

number of innate immune cells present in blood. They are known to play an essential 

role during the early defense against infections with S. aureus (Fig. 1). Neutrophils 

play a role in bacterial clearance through important process called phagocytosis, 

degranulation of antimicrobial molecules and formation of neutrophil extracellular 

traps (NETs). New therapeutic agents that boost the antimicrobial functions of 

neutrophils might help to fight against antibiotic resistant bacteria such as S. aureus.  

 

Figure 1: Scanning electron micrograph (SEM) of a human neutrophil ingesting methicillin-

resistant S. aureus (MRSA). Source: bacteriainphotos.com 
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1. Staphylococcus aureus disease 

Staphylococcus aureus (S. aureus) is a commensal bacterium and is frequently 

found inside the nasal mucosal membranes and on human or animal skin. S. aureus 

is a Gram-positive, round-shaped bacterium and belongs to the Micrococcaceae 

family. The bacterium is 1 μm in diameter and forms golden to yellow 

clusters/colonies. 

S. aureus is known to grow under aerobic or anaerobic conditions. Almost 30% of the 

human population is colonized with S. aureus (Wertheim et al., 2005). Normally, this 

bacterium is harmless for immunocompetent hosts.  However, in case of 

immunodeficiencies S. aureus can lead to severe infections (see Table 1). 

Table 1: Causes and symptoms of Staphylococcus aureus infections 

Diseases of S. aureus 

 

 

Inflammatory 

diseases 

Superficial/skin 

infection (Folliculitis, 

carbuncles, boils, 

stye, mastitis, 

abscess formation, 

impetigo, furuncles, 

cellulites, surgical 

wound infections and 

mastitis) 

Deep-seated/systemic 

diseases 

(Osteomyelitis, septic 

arthritis, endocarditis, 

meningitis, 

bronchopneumonia, 

empyema, etc) 

Bacteremia               

with multiple 

abscesses in 

tissues:  

due to antibiotic 

resistant 

staphylococci 

Toxin 

medicated 

diseases 

 

Food poisoning 

 

 

Toxic shock syndrome 

 

 

Scalded skin 

syndrome 

There are many types of skin infections described which are caused by the bacteria. 

The most frequent infectious type is characterized by a boil in the hair follicle or oil 

gland. The infected skin region becomes inflamed and red. If infection reaches 

bottomless layers of the skin then cellulitis can grow and may also lead to 

staphylococcal toxic shock syndrome in severe cases. Babies and children are at 

greatest risk with symptoms including fever and swellings.  

https://www.medicinenet.com/toxic_shock_syndrome_tss/article.htm


7 
 

Also S. aureus is a major cause of food poisoning based on its production of toxins. 

Mastitis may be caused by a S. aureus infection of breast tissue usually during 

breastfeeding, resulting in bacteria being released into the milk of mothers, not only 

in human but also in cows (Fang et al., 2016). Pneumonia can be developed if these 

bacteria reach the lungs. Osteomyelitis is caused as soon as S. aureus infection 

migrates into the bone. Furthermore, S. aureus infections can be lethal if the bacteria 

invade the bloodstream (Tong et al., 2015). Babies and children are also often 

exposed to severe infection of S. aureus. This kind of infection has recently been 

characterized in detail in the neonatal cystic fibrosis (CF) pig model (Paemka et al., 

2017). In the hospitals, S. aureus is considered as a severe major nosocomial 

pathogen, because it is an agent of a wide range of serious diseases (Bassetti et al., 

2012; Stoltz et al., 2010). One of the most important problems is arising by 

methicillin-resistant Staphylococcus aureus  MRSA (MRSA), since the infection with 

this strain is very difficult to treat with antibiotics and it can rapidly spread among 

adults and babies (Chambers, 2001). In 1959 Methicillin was first used to treat 

infections caused by penicillin-resistant S. aureus, nonetheless just after two years in 

1961, in United Kingdom it was discovered that S. aureus had developed resistance 

to methicillin (methicillin-resistant Staphylococcus aureus, MRSA) (Kluytmans et al., 

1997). In Italy, 30% of patients infected with S. aureus have been shown to be 

infected with MRSA strains in 2007, but by 2011 this number had increased to 56% 

(Bassetti et al., 2012). This example reflects the rising problem with MRSA infections 

worldwide. 

2. Risk factors 

Certain disorders such as influenza raise the threat of acquiring a S. aureus infection. 

For example, the probability of an infection with S. aureus can increase during the 

pathogenesis of influenza. It has been shown that approximately 35% of people 

diagnosed with influenza can have fatal infections (Joseph et al., 2013). In addition, 

the risk for infection with MRSA increases by different factors including; age, cancer, 

heart disease and neurologic disease. Patients with these increased risk factors also 

have prevalence for high infected levels in the blood stream  (Ayau et al., 2017). 

Furthermore, it has been found that patients with CF are more susceptible to infection 

with S. aureus (Stoltz et al., 2010). Another risk factor increasing the probability of S. 

aureus infection is leukemia; the factors that significantly increase the risk of infection 

https://www.onhealth.com/content/1/respiratory_infections_causes
https://www.webmd.com/skin-problems-and-treatments/understanding-mrsa
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during chemotherapy in acute leukemia were neutropenia (95.5%), mucosal injury 

(80.4%) and a history of bone marrow puncture injury (89.3%) (Biswalet al., 2013). S. 

aureus is the major bacterial cause of surgical site infections (SSI). It has been 

discussed that a proper vaccine would aid in decreasing the danger for antimicrobial 

resistance development (Mohamed et al., 2017).  

Interestingly, clinical isolates were collected from diabetic foot infection (DFIs) over a 

period of six years. S. aureus was the major pathogen in 43% of cases in all 

incidents. Generally, there was no noteworthy increase in the incidence of antibiotic 

resistance to methicillin, rifampicin, clindamycin, or ciprofloxacin with the increase of 

the DFI episodes (Lebowitz et al., 2017). In 2013, authors (Konar et al., 2013) 

showed that another high percentage of isolates from DFIs were Pseudomonas spp. 

(34%), followed by Escherichia coli (E. coli) (27.63%) and S. aureus (25%). In this 

study the authors detected that 36.84% of the S. aureus isolates were methicillin 

resistant.  

3. Antibiotics used against Staphylococcus aureus 

Gram positive bacteria such as S. aureus consist of a cell wall composed of 

polysaccharides such as N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc) units associated with peptides. This forms peptidoglycan (PGN) structures 

that prevent osmotic stress of the bacterial cell. Penicillin belongs to the beta-lactam 

antibiotics and contains a four-membered beta-lactam ring in its structure. β-Lactam 

antibiotics inhibit the formation of peptidoglycan cross-links in the bacterial cell wall; 

this is achieved through binding of the four-membered β-lactam ring of penicillin to 

the enzyme DD-transpeptidase. As a consequence, DD-transpeptidase cannot 

catalyze formation of these cross-links, and an imbalance between cell wall 

production and degradation occurs, causing the growing cell to rapidly die. 

Penicillin is used as target against bacteria, because it does not harm the cell 

membrane of eukaryotic cells since they do not have a similar peptidoglycan cell wall 

(Lobanovska  et al., 2017). However, Gram-negative bacteria contain an additional 

outer membrane composed of phospholipids and lipopolysaccharides facing the 

external environment. Therefore, penicillin is less effective against Gram-negative 

bacteria  (Wylie & Johnson, 1962). 
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3.1. Antibiotic Resistance in Staphylococcus aureus 

S. aureus quickly developed resistance after the discovery of penicillin. The infections 

with penicillin-resistant Staphylococcus aureus (PRSA) occurred shortly after clinical 

application of penicillin. The follow-up alternative antibiotic was named methicillin and 

was discovered in 1959. But just after 2 years the resistance to this antibiotic 

appeared resulting in MRSA (Stryjewski et al., 2014).  

S. aureus becomes resistant to penicillin by the blaZ gene, which encodes a β-

lactamase which hydrolyzes the β-lactam ring of penicillin, rendering the β-lactam 

inactive (McGuinness et al., 2017). In 1948, Barber and Rozwadowska-Dowzenko 

documented the resistance of staphylococci by producing penicillinase in patients 

that are in the hospital.  Three years later, the resistance has been increased from 

14% to 38% to 59%. Forbes (1949) isolated staphylococci that were resistant against 

penicillin from 23 out of 50 nurses. Then in 1949, Martin and Whitehead tested 

isolates from noses, throats, salvias, and skins of 50 students in medical school and 

from the workers of a laboratory (Thompson & Schwabacher, 1951).  Clinical studies 

in the 1950s showed that half of S. aureus strains were resistant to penicillin. 

However, S. aureus also revealed resistance to other antibiotics such as 

erythromycin, streptomycin and tetracycline (Stryjewski  et al., 2014). In other studies 

that were performed in Copenhagen, examination of blood samples from 2,000 

cultures of S. aureus revealed high frequency of bacterial resistance. These studies 

have recorded a resistance for clinical samples of S. aureus between 85% to 90% 

(Chambers, 2001). A Study in 2000 identified a plasmid-Borne Chloramphenicol-

Florfenicol resistance gene in Staphylococcus sciuri (Schwarz et al., 2000) . 

Daptomycine (DAP) also was discovered as antibiotic against gram positive bacteria 

in 2003, however in 2004 and 2005 the resistance to DAP occurred (Mangili et al., 

2018; Tran et al., 2016; Ventola, 2015). Another new discovered antibiotic in 2010 

was called Ceftaroline. Nevertheless, S. aureus quickly developed resistance to 

these antibiotics. The first detected resistant of S. aureus to this antibiotic was found 

in 2011 (Lahiri & Alm, 2016; Ventola, 2015) (Fig. 2).  
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Figure 2: Developing antibiotic resistance. Source: adapted from (Ventola, 2015), (Schwarz 

et al., 2000) 

Based on the massive occurrence of antibiotic resistance there is an urgent needs to 

respond to this challenge by searching for new therapeutic approaches. Traditional 

medicines that boost the innate immune defense of the patients are often discussed 

1943 

1940 

2000 2000 
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as alternatives. However, intense studies on the antimicrobial or immunomodulatory 

effect of traditional or herbal medicine are needed. 

4. The immune system 

The immune system has the key defense role in the human body to protect against 

pathogens, injury, infections and contaminations. The immune system consists of two 

parts, the innate immune system and the adaptive immune system. The innate or 

non-specific immune system is very important as initial response against a pathogen 

(Levels et al., 2000).  The innate immune system consists of immune cells such as 

neutrophils, monocytes (which differentiate into macrophages and dendritic cells), 

and natural killers (NK) cells (Dempsey et al., 2003) (Fig. 3). 

 

Figure 3: Blood cells monocytes and neutrophils. Source: britannica.com   

4.1. Mononuclear phagocytes (Monocytes) 

Monocytes are a type of white blood cells, which are the largest blood cells. They are 

about 3 to 4 times larger than red blood cells. They form about 2 - 10% of white blood 

cells. They fight against bacteria, viruses, fungi and even protozoa by phagocytosis 

(Dempsey et al., 2003; Medzhitov et al., 1997) (Fig. 4). 
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Figure 4: Monocytes of human blood. Source: ( Wikimedia, 2014). 

The monocytes are initially formed in the bone marrow and spleen by monoblasts. 

They can differentiate into dendritic cells (DCs) or macrophages during the infection 

(Geissmann et al., 2011).  

The monocytes attack the microorganisms and destroy them by intracellular 

phagocytosis. In addition, they remove the dead cells and boost immune responses. 

Upon infection they can be released into our bloodstream and they can enter the 

tissues (Geissmann et al., 2003). The activated monocytes can secrete tumor 

necrosis factor (TNF), Interleukin 6 (IL-6), and IL-10  in addition to the inducible nitric 

oxide synthase (iNOS) (Serbina et al., 2003; Wang et al., 2000). Both TNF and iNOS 

have a key role in elimination of bacteria e.g. Listeria infection (MacMicking et al., 

1995). Interferon-γ (IFN-γ) extends the efficiency of antibiotics against MRSA in 

monocyte derived macrophages (Smith et al., 2010). It has been demonstrated that 

membrane-bound TNF from monocytes can protect infected mice (Torres et al., 

2005). iNOS production, on the other hand, increases nitric oxide (NO) in phagocytic 

cells as monocytes, which boosts bacteria killing by inducing DNA damage and 

disrupting bacterial metabolism (Jiang et al., 2016; Nathan et al., 2000). 

4.2. Neutrophils 

Neutrophils or polymorph nuclear leukocytes (PMN) are the most common type of the 

white blood cells with quantity of 60-70%. However, the ratio of neutrophils could 

increase up to 80%, when bacterial infections occur (Actor, 2012). Neutrophils are 

short-lived granulocytes. They are between 12-15 µm in diameter. They play a role 

during the pathogenesis of chronic inflammatory infections and form the first line of 

defense against invading microorganisms such as bacteria, viruses and protozoa in 

addition to fungi  (Khan, 2018) (Fig. 5). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/interferon-gamma
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Figure 5: Neutrophil of human. Source: (Wikimedia, 2014)  

During the beginning of an infection, neutrophils immediately migrate to the site of 

bacterial invasion. This migration is attracted by inflammatory mediators and 

cytokines such as IL-8. Neutrophils play a pivotal role by recruitment and activation of 

other cells of the immune system for example recruitment of macrophages after 

bacterial infection (Fonseca, 2009; Smith, 1994). Neutrophils are formed in the bone 

marrow from hematopoietic stem cell. Stem cells differentiate into myeloblasts, which 

develop into eosinophils, basophils, and neutrophils. The mature neutrophil shows 

the standard feature of a multilobed nucleus (Shah et al., 2017; Talwar et al. 1994). 

Granules are formed in a process named granulopoiesis, which follow the myeloid 

cell differentiation. The development of granules begins at early promyelocytic state 

due to the fusion of immature transport vesicles arising from Golgi (Hartmann et al., 

1995). Based on the characteristic proteins, neutrophils contain four types of 

granules: primary or azurophilic, specific, gelatinase and secretory vesicles, which 

appear sequentially during different granulopoiesis stages. Azurophilic granules, 

which are the first to develop during granulopoiesis are characterized by the content 

of myeloperoxidase. A variety of proteolytic enzymes (cathepsins, proteinase-3, 

elastase and bactericidal/permeability-increasing protein) were detected in the 

azurophilic granules.  The peroxidase-negative granules can be subdivided into 

secondary or specific granules, which contain lactoferrin, and tertiary or gelatinase 

granules, containing gelatinase. Besides these three granule subsets an additional 

regulated storage organelle can be identified, so called secretory vesicles  

(Fiederlein, 2017; Fonseca, 2009). Upon maturation, neutrophils are released into 

the bloodstream where they circulate for ∼10–24 h migration into tissue in response 

to injury or infection where they may function for an additional 1–2 days before 

undergoing apoptosis and being cleared by macrophages (Chong & Celli, 2010). The 
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most important content of the granules are proteins/peptides including MPO, α-

defensins, bactericidal/permeability-increasing protein (BPI), elastase, proteinase-3, 

and cathepsin G. Here are examples about the most important antimicrobial proteins 

and peptides. 

5. Neutrophils functions 

Neutrophils utilize different strategies and mechanisms to kill bacteria such as 

phagocytosis, neutrophil extracellular traps, cytokine release and degranulation that 

are broadly investigated during infectious diseases (Fig. 6). 

 

Figure 6: Killing Mechanisms of neutrophils. Source: Modified from memorangapp.com 

5.1. Phagocytosis 

Elie Metchnikoff was the first person who has described phagocytes and 

phagocytosis (Merien, 2016). He found out and published that phagocytes engulf and 

deactivate the attacking pathogens via lytic enzymes in the phagolysosomes 

(Metschnikoff, 1891). 

The main function of neutrophils and macrophages in the immune system is to 

eliminate the microorganisms and cellular fragments by phagocytosis. The receptor 

on the neutrophils first recognizes antibodies on the pathogen, which causes 

membrane protrusions called pseudopodia to surround the pathogen in a zipper like 

mechanism forming phagosomes. This is followed by fusion with lysosomes to form 

phagolysosome, which lead to the acidification of the phagosome, and degradation of 

the pathogen. 
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Upon this fusion, the inner environment of the neutrophil becomes toxic. Different 

antimicrobial molecules and enzymes attacked the pathogen in the phagosome. The 

activity of large number of V-ATPase molecules, hydrolytic enzymes, including 

various cathepsins, proteases, lysozymes, and lipases insure a complete degradation 

of the pathogen. Scavenger molecules are other microbicidal components of the 

phagosome for example lactoferrin that sequesters the iron required by some 

bacteria and the NADPH oxidase that generates superoxide. Furthermore, NADPH 

oxidase exists in the phagolysosomes and generates superoxide. Superoxides can 

dismutate to H2O2, which can in turn react with O2 
- to generate more reactive oxygen 

species (ROS) (Griffin et al., 1976; Fonseca, 2009). Not only ROS are produced 

within the phagosome but also reactive nitrogen species (Nüsse, 2011). 

5.2. Neutrophil Extracellular traps (NETs) 

In the last decade, NETosis has been discovered as an alternative form of active 

programmed cell death, which can contribute to elimination of bacteria in the infected 

host. NETosis is the formation of neutrophil extracellular traps (NETs), which can be 

formed upon an activation of neutrophils by antimicrobial peptides or other pathogens 

(Brinkmann et al., 2004). The DNA becomes decondensed and subsequently is 

released into the extracellular space after disruption of the cell membrane. These 

DNA fibers have the ability to trap various pathogens (Khan, 2018). Brinkmann was 

the first person who discovered this novel process in 2004. His studies on the 

neutrophils revealed a release of fiber-like structure based on the DNA backbone 

associated with antimicrobial proteins and peptides. He named this process NETosis. 

Additionally, he described it as a last opportunity of fighting against pathogens if 

pathogens attack our body such as bacteria (Brinkmann et al., 2004). As previously 

mentioned, NETs consist of nuclear DNA mixed with proteins such as histones, cell-

specific enzymes (e.g. MPO or elastase) and antimicrobial peptides (e.g. 

cathelicidins like LL-37), proteins like lactoferrin, which have antimicrobial activity 

(Lögters et al., 2009; Von Köckritz-Blickwede et al., 2009) (Fig. 7).   
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Figure 7: Mechanism of NETs release. Source: modified from (Von Köckritz-Blickwede et al., 

2009)  

The neutrophils can be stimulated by several activators like LPS, INF-α/ץ+C5a, 

GMCSF+C5a, chemical substances like phorbol 12-myristate 13-acetate (PMA) and 

microbial pathogens (Von Köckritz-Blickwede et al., 2009). However, PMA has the 

highest efficiency in activating the NETs (Mesa & Vasquez, 2013). After the 

neutrophils being stimulated, NADPH oxidase in the cell and at the phagosomal 

membrane is activated. This activation of NADPH oxidase leads to formation of ROS 

(Von Köckritz-Blickwede et al., 2009). The accumulation of ROS is the key 

mechanism of NETs release, by which an alteration in the morphological structure of 

neutrophil appears: The distinction between euchromatin and heterochromatin is lost, 

similar as the typical nuclear lobulations. Furthermore, the nuclear membrane is 

disrupted. The nuclei increased in size to take greatest part of the cell. 

The release of NETs is accompanied with the release of the nuclear and granular 

components into the extracellular space to entrap and to kill bacteria (Mesa & 
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Vasquez, 2013). Finally, neutrophils die releasing the NET and express death cell 

indicators such as phosphatidylserine at the outer surface (Mesa & Vasquez, 2013).  

On the other hand, NETs can also be released independently from ROS signaling as 

it has been shown in studies on vital NETosis. These studies revealed that 

neutrophils release NETs without losing the nuclear or the plasma membrane in short 

time within 5–60 min, and the NETs occur independently of ROS and the 

Raf/MERK/ERK pathway (Barth et al., 2016; Delgado-Rizo et al., 2017). This process 

has been deeply investigated and demonstrated that NETs release depends on the 

release of the nuclear DNA through three morphological changes: (a) nuclear 

envelope growth and vesicle release, (b) nuclear decondensation, and (c) nuclear 

envelope disruption. It has also been shown that this type of NET-formation can be 

triggered by the recognition toll-like receptors (TLRs) and the complement receptor 

for C3 protein. However, the neutrophils stay viable after release of the nucleus DNA 

and can perform phagocytosis of pathogens, and their lifespan is not affected by 

DNA loss (Barth et al., 2016; Delgado-Rizo et al., 2017). 

5.3. Degranulation 

In addition to NETs release, the neutrophils use another mechanism to eliminate 

pathogens. This mechanism is called degranulation.  Upon neutrophils stimulation, 

granules are being recruited to the phagosomal or plasma membrane, where they 

fuse with the membrane and release their contents. The granulocytes contain 

different mediators including elastase, myeloperoxidase, cathepsins, defensins, 

lactoferrin and matrix metalloprotease 9. These mediators have a wide range of 

activities such as antimicrobial, hydrolysis, and signaling activities. The degranulation 

undergoes a complex signaling steps leading to exocytosis. The first step of 

degranulation and exocytosis is granule recruitment from the cytoplasm to cell 

membrane by remodeling of the actin cytoskeleton and microtubule assembly. The 

second step includes vesicle tethering and docking to the target membrane. In the 

later step, the granule fuses completely with the membrane and release their 

contents. These steps require intracellular Ca2+, as well as hydrolysis of adenosine 

triphosphate (ATP) and guanosine triphosphate (GTP). 

These effectors have numerous target proteins including Ca2+-binding proteins such 

as annexins and calmodulin and GTP-binding proteins such as G proteins and small 
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monomeric proteins. On the other hand, kinases and ATP-hydrolyzing enzymes use 

ATP to ensure phosphorylation of the downstream effector molecules. 

Simultaneously, the activation of these effector molecules takes place with the 

reorganization of the actin cytoskeleton that normally forms a mesh around the 

periphery of the cell as a shield against granule docking and fusion. Upon the 

activation of the effector molecules, the actin cytoskeletal mesh is being 

disassembled and allows access of granules to the inner surface of the plasma 

membrane (Lacy, 2006; Naegelen et al., 2015).  

5.4. Cytokine release 

Cytokine production and degranulation have important role in the regulation of 

inflammatory response. Neutrophils have capacity to produce cytokines with 

possibility to modulate immune response. Nevertheless stimulation of neutrophils by 

different factors can lead to the synthesis of cytokines such as IL-1, IL-6, IL-8, IFN-a, 

(Jablonska et al., 2000). For example the stimulation with bacterial endotoxins (LPS) 

enhances neutrophils to release cytokine such as TNF-α and IL-6 as well as their 

soluble receptors, which modulates the immune response (Naegelen et al., 2015). In 

addition, the cytokines were shown to have a role in the activation of adhesion 

molecules and ROS production. Furthermore, neutrophils are able to produce and 

secrete pro- or anti-inflammatory cytokines, besides other cytokine types and growth 

factors (Tecchio et al., 2014). 

6. Natural products as source for therapeutic intervention 

Natural products including medicinal plants have been used traditionally for 

thousands of years for treating human and animal diseases.  It is well known that 

many active compounds of plants are responsible for potential treatment, such as 

herbs, seeds, and spices or as crude, extracts, mixed and active compounds, used 

as immunostimulants and resulting in enhancement of the innate immune system to 

prevent microbial diseases.  

6.1. Active compound 

All plants have two classes of metabolites, primary and secondary metabolites. The 

primary metabolites have an essential vital role in the plant correlating with 
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respiration, photosynthesis, as well as growth and development of the plant, 

including carbohydrates, lipids, proteins and amino acids. However secondary 

metabolites are not vital to cells which produce them, but they are needed for growth 

and development of plants. Furthermore, they have the capability to protect this plant 

against pathogens. Secondary metabolites are valuable as pharmacological agents, 

dyes, fragrances, insecticides, or flavors (Van Der Fits et al., 2000). Secondary 

metabolites can be separated into three main groups: (1) Flavonoids and allied 

phenolic and polyphenolic compounds, (2) terpenoids and (3) nitrogen-containing 

alkaloids and sulphur-containing compounds. 

a. Flavonoids are a main class of natural products; as mentioned before they 

belong to a class of plant secondary metabolites which have a polyphenolic 

structure, commonly found in fruits or vegetables. Flavonoids are formed in 

plants from the aromatic amino acids phenylalanine and tyrosine, and 

malonate. The core structure is a 2-phenylbenzopyranone, in which the three-

carbon bridge between the phenyl groups is commonly cyclized with oxygen. 

Therefore flavonoids have been recognized as one of the largest and most 

widespread groups of plant secondary metabolites (Kurtagić et al.,  2013), and 

they are the largest group of secondary metabolites and thought to provide 

health benefits through their role in modulation of cell signaling pathways and 

having antioxidant effects, by direct scavenging of ROS and metal chelating 

via the arrangement of their  functional groups on the molecule. These natural 

compounds are characterized by their chemical structure into 6 major 

subgroups as follows: chalcones, flavones, flavonols, flavandiols, 

anthocyanins, and proanthocyanidins or condensed tannins (Fig. 8).    

Flavonoids show multiple pharmacological activities (Fedoros et al., 2018; 

Falcone Ferreyra et al., 2012). These effects have been found in vitro and in 

vivo (Pietta, 2000), for example antioxidant, anti-inflammatory, lipid-lowering of 

blood and cholesterol lowering factors (Pancheet al., 2016). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/functional-groups
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Figure 8:  Common structure of flavonoid  

Vitexin and isovitexin belong to C-glucosylflavones, which have the anomeric 

carbon of the glucose moiety (Hirade et al., 2015). Both of them are active 

compounds found in many traditional medicinal plants. Vitexin is a c-

glycosylated flavone found in leaves (An at al., 2012), in seeds (Das et al., 

2017), fruits (Bosnian et al., 2018), flowers (Bosnian et al., 2018), and in roots 

(Dziedzic et al., 2018) (Fig. 9).   

 

Figure 9: Vitexin, Apigenin-8-C-glucoside 

Vitexin has been extensively studied because of its advantages for health 

(Panche et al., 2016). Vitexin has become as interesting compound due to its 

wide range of pharmacological effects, including anti-cancer (An et al., 2015), 

anti-inflammatory (Kim et al. 2018, Venturini et al. 2018), anti-aging effects 

through their antioxidant capacities (An et al., 2012) and antibacterial activity 

https://en.wikipedia.org/wiki/Apigenin
https://en.wikipedia.org/wiki/Glucoside
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(Whellan et al., 2013). In studies with vitexin against Alzheimer's disease, it was 

found that vitexin inhibits the diubiquitin formation allowing better recovery from 

neurological diseases (Helms et al., 2011) (Table. 2) 

        Table 2: Pharmacological effects of vitexin 

                                        

  

 

 

 

 

 

 

b. Terpenoids are the largest and most variable class of secondary metabolites. 

However, they are produced by plants and microorganisms (McGarvey, 1995) 

and are used in humanity pharmaceutical and food industries (Zwenger & 

Basu, 2008). Terpenoids have biological activities as single chemotherapeutic 

and chemopreventive drug, in liver cancer (Thoppil & Bishayee, 2011). 

Terpenoids also have a role as anti-inflammatory drug. Several triterpenoids 

such as lupane, oleane, and ursane, and their natural and synthetic products 

exhibited anti-inflammatory effects in vitro and in vivo (Heras & Hortelano, 

2009). As an example, some authors found that the plant extract triterpenes 

from Pistacia terebinthus have an effective role against chronic and severe 

inflammation (Giner-Larza et al., 2002). 

c. Alkaloids are a very mixed group of plant extracts that have a nitrogen-bearing 

molecule.  Alkaloids are usually bitter in taste. This is one reason that  they 

have  important role in the defense systems against pathogens and animals 

(Patel et al., 2012). Some herbal alkaloids such as harmine have the ability to 

inhibit the production of proinflammatory cytokines and mediators as tumor 

necrosis factor-a (TNF-a) and nitric oxide (NO).This anti-inflammatory activity 

is independent of its antioxidative property. Therefore it has been shown to be 

                                     Vitexin 

Effects Reference 

anti-cancer  An et al., 2015 

anti-inflammatory Kim et al. 2018, Venturini et al. 2018 

antioxidant capacities An et al., 2012 

antibacterial activity Whellan et al., 2013 

anti-neurological disease  Helms et al., 2011 

anti-aging An et al., 2012 
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helpful to treat chronic inflammatory condition in patients (Yamazaki et al., 

2011).    

6.2. Pharmacological modulation of neutrophil functions 

Many plant extracts and compounds are able to induce phagocytosis such as 

selenium and vitamin E (Mukherjee, 2008). The aqueous extract of roots 

of Baliospermum montanum can significantly increase the ingestion of Candida 

albicans by neutrophils (Patil et al., 2009). Another example is the hydroalcoholic 

extract of Ziziphus jujuba leaves, which has been shown to increase neutrophil 

phagocytosis (Ganachari et al., 2004). Treatment of neutrophils with plant Santolina 

chamaecyparissus leaf extracts inhibits the release of elastase, thus inhibits 

degranulation function (Boudoukha et al., 2016).  

Cranberry juice-derived proanthocyanidins (PACs) has anti-adherence properties 

against Candida albicans through iron chelating from the environment, this leads to 

decreased proinflammatory cytokines by oral epithelial cells infected with C. albicans 

(Rane et al., 2014).  

Many substances have been found to modulate antimicrobial functions such as 

cytokine release by neutrophils such as Green tea extract. This attenuates the 

release of pro-inflammatory cytokines and the inflammatory features of neutrophils 

from obese rats (Albuquerque et al., 2016). Another example for modulating 

antimicrobial functions is wariſteine, alkaloid purified from root and leaves of 

Cissampelos sympodialis. This alkaloid inhibits the antimicrobial events such as 

production of NETs. Warifteine has been used as a potential treatment for 

inflammatory diseases  associated with NETs production (Lima et al., 2014). The 

ethanolic extracts from leaves and fruits of Schinus molle var. areira are useful in the 

treatment of lipid pathologies, they identified a significant increase in the percentage 

of neutrophils (Bras et al., 2010) The data are summarized in (Table. 3). 
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Table 3: Some natural products and their modulatory effect 

Plant extracts Action 
Compoumnd 

concentration 

Neutrophil 

concentrations 
References 

 

Cissampelos 

sympodialis leaves 

and root extract 

 

Inhibit the 

production of 

NETs  

 

20 µg/ml 

 

1 × 10
6 
cells/ml 

 

(Lima et al., 2014) 

 

Cranberry juice-

derived 

proanthocyanidins 

(PACs) 

Have anti-

adherence 

properties 

 

256 or 1024 mg/L 

 

 

- 

 

(Rane et al., 

2014) 

 

Green Tea 
Increase 

neutrophil 

phagocytosis 

 

500 mg/kg of body 

weight 

 

1 × 10
6
 cells/ml 

2.5 × 10
6
 cells/ml 

 

 

(Albuquerque et 

al., 2016) 

 

Santolina 

chamaecyparissus 

leaf extracts 

Inhibit 

neutrophil 

degranulation 

 

10–200 mg/ml 

 

6 × 10
5
 cells/ml 

 

(Boudoukha et al., 

2016) 

 

Schinus molle var. 

areira 

Increase in the 

percentage of 

neutrophils 

 

dose of 2000 

mg/kg of body 

 

oral exposure 

 

(Bras et al., 2010) 

 

Selenium and 

vitamin E 

Increase 

neutrophil 

phagocytosis 

Vitamin E-55 IU/ 

ml acetate and 

Selenium 1.5 mg 

 

1×10
7
 cells/ml 

1×10
6 
cells/ml 

 

(Mukherjee, 2008) 

 

Ziziphus jujuba 

leaves 

 

Increase 

neutrophil 

phagocytosis 

 

5, 10, 25, 50 and 

100 mg/ml 

 

1 × 10
6 
cells/ml 

 

(Ganachari et al., 

2004) 

(IUs) means International units 1 IU of the natural form is equivalent to 0.67 mg of alpha-tocopherol. 
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7. The aim of the work  

Staphylococcus aureus is a serious human pathogen and can cause life-threatening 

disease, which are difficult to treat due to the emergence of multiple antibiotic 

resistances. The first-line of natural defense against S. aureus is the innate immune 

system including phagocytes. Traditional herbal medicine provides a lot of therapies 

to support the body's resistance to sickness through effects on the innate immune 

system. The overall goal of this study was to characterize the immune-boosting 

capacity of natural plant extracts against S. aureus infections. To study the effects of 

natural plant extracts on the human neutrophils, human neutrophils were needed in 

this study. Since it is difficult and time-consuming to harvest primary human 

neutrophils form blood of healthy donors, the first aim of this study was to find an 

alternative model to human neutrophils. The human leukemia cell line HL-60 cells are 

considered an alternative cell culture model to study neutrophil differentiation.  

1. The first aim was to characterize the antimicrobial activity of dimethylsulfoxid 

(DMSO) and retinoic acid-differentiated HL-60 cells against the pathogen S. 

aureus in comparison to primary human blood-derived neutrophils, with 

special emphasis on the formation of neutrophil extracellular traps (NETs) 

(Yaseen et al., 2017) (Chapter 2). 

2. In an initial study, the acetone bark extract from Guarea kunthiana (GUKUBA) 

was used to examine its capability to boost host defence in human and bovine 

neutrophils against S. aureus (Jerjomiceva et al., 2016)  (Chapter 3). 

3. The third aim was the screening of novel natural products that have 

antimicrobial activity and that can boost immune cells against bacterial 

infections. Twenty-three plant extracts from Costa Rica were screened; three 

of the tested products significantly reduced the growth number of S. aureus in 

the presence of human blood without direct antibacterial effects: Byrsonima 

crassifolia acetone bark extract, Mandevilla veraguasensis acetone extract 

and Verbesina oersteiana aceton bark extract (VEOEBA) (Yaseen et al., 2017) 

(Chapter 4). 

4. The fourth aim was to study the mechanistical effects of the identified 

immunomodulatimg plant extracts. The effects of the extracts on the 
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following antibacterial functions were studied: phagocytosis, NETs release and 

degranulation. Furthermore, vitexin as one active compound was 

characterized for its ability to boost the antimicrobial effect of neutrophils 

(Chapter 5).  
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Abstract 

Plant extracts are currently gaining a lot of attention due to their antimicrobial or 

immune modulating properties. The antimicrobial potential of plant extracts may help 

alleviate the overuse of antibiotics and thus reduce the risk and spread of antibiotic 

resistant bacterial strains. Recent research has shown that extracts from Byrsonima 

crassifolia (BYCRBA), a plant native to Costa Rica, can enhance the antimicrobial 

activity of blood cells. Furthermore vitexin, a pure compound extracted from 

BYCBRA, is also capable of increasing the antimicrobial capabilities of whole blood. 

The goal of this study is to explore the immunomodulatory effects of BYCRBA and 

vitexin in vitro focusing on phagocytic innate immune cells. To further investigate the 

mechanisms involved, a range of immune parameters were investigated in 

neutrophils and monocytes. Therefore, human blood derived neutrophils and 

monocytes were treated with either BYCBRA or vitexin and phagocytosis, oxidative 

burst, Neutrophil Extracellular Trap (NET) formation, degranulation and cytokine 

release were quantified. The extracts had no effect on phagocytosis or oxidative 

burst. However, both plant extracts were shown to boost NET formation, an important 

neutrophil extracellular host defence strategy leading to entrapment and eventual 

clearance of pathogens. Furthermore, treatment of neutrophils with BYCBRA or 

vitexin led to a significant reduction in cellular cholesterol content, which will lead to 

substantial changes in the cellular response to infection and may be a precursor of 

NET formation. In summary, these results further support the hypothesis that 

stimulating the immune system might improve the host defence efficiency against 

invading pathogens, such as Staphylococcus aureus, and may support the 

conventional antibiotic-based treatment or offer a new strategy against antibiotic 

resistant bacteria. Development of plant-based drugs to boost host innate immunity 

may help us circumvent the problem of antibiotic resistance occurring. 
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1. Introduction 

Byrsonima crassifolia (BYCRBA) is a medicinal tree, commonly called nanche, which 

is present in the area from South Mexico to Peru, Paraguay and Brazil (Geiss, 

Heinrich, Hunkler, & Rimpler, 1995; Martínez-Vázquez et al., 1999). BYCRBA 

extracts have been described to exhibit many medicinal effects including 

antibacterial, antifungal, anti-inflammatory (Maldini et al., 2009), antioxidant 

(Onoderaet al., 2001; Sannomiya et al., 2005), spasmogenic, and antileishmanial 

effects (Izumi et al., 2011). The bark is used in traditional medicine to treat coughs, 

gastrointestinal disorders, gynecological inflammations and skin infections (C 

caceres, 1993; Geiss et al., 1995). The plant itself is used in traditional medicine to 

treat bloody diarrhea by brewing a tea from the bark (Heinrich et al., 1992; Toma et 

al., 2002).  Additionally, ethyl acetate extract of the root shows antibacterial activity 

against Gram positive and Gram negative bacteria (Martínez-Vázquez et al., 1999). 

Studies have also shown that BYCRBA may act as an antidepressant, with anti-

inflammatory activity (Cotera et al., 2013) and gastro- protective effects (Cotera et al., 

2013; Perez-Gutierrez et al., 2010). Furthermore, the seed of BYCRBA has been 

shown to decrease blood glucose levels and, thus, to treat diabetes (Gutierrez  et al., 

2014).  

BYCRBA extracts have been shown to be rich in bioactive polyphenolics, for example 

research has shown that phenolic components from daily flowers protected against 

neurological diseases (Tian et al., 2017). Vitexin (8-C-glucopyranosyl-4’, 5, 7- 

trihydroxyflavone) is a pure active compound of BYCBRA. Interestingly, vitexin  was 

recently isolated from BYCRBA and identified to inhibit diubiquitin formation, thus 

facilitating better recovery from neurogical diseases (Helms et al.,2011). 

Furthermore, this product induces apoptosis in esophageal cancer EC-109 cells (An 

et al., 2015). There are also reports about the ability of vitexin to have limited direct 

antimicrobial effects against some Gram positive bacteria such as Staphylococcus  

epidermis and Staphylococcus aureus (S. aureus) or Gram negative E. coli (Whellan 

et al., 2013). Recently, we identified that BYCRBA bark extracts significantly reduced 
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the growth of S. aureus in the presence of human blood without a direct antibacterial 

effect (Yaseen et al., 2017). 

However, the underlying mechanisms are still totally unclear. S. aureus is a causative 

agent of several diseases for example: skin infections such as abscesses, respiratory 

infections such as sinusitis, and food poisoning (Kluytmanset al., 1997). Neutrophils 

are one of most the abundant cells of innate immune cells, which are the first line to 

attack and to kill bacteria, utilizing several mechanisms including; phagocytosis, 

degranulation, cytokine release and the formation of neutrophil extracellular traps 

(NETs).  

The aim of this study is to determine how the crude BYCBRA extracts or the pure 

extract vitexin can modulate antimicrobial capacities of blood-derived cells such as 

neutrophils against S. aureus.  

2. Materials and methods 

2.1. Preparation of plant extracts 

The bark was chopped and air-dried; 455.9 g dried bark was extracted with refluxing 

acetone using a Soxhlet extractor for 4 hrs. The solvent was evaporated to give 4.3 g 

crude extract. For further experiments, the crude extract was dissolved in dimethyl 

sulfoxide (DMSO) to produce a 10 mg/ml stock solution that was used for all 

experiments. 

2.2. Isolation and preparation of monocytes and neutrophils  

Human monocytes were isolated from healthy donors by density gradient 

centrifugation using the PolymorphPrep system (Axis-Shield) as previously described 

by (Chow et al., 2011). The upper layer with monocytes was transferred into a fresh 

sterile 50 mL tube and washed with PBS before the cells were resuspended in 

RPMI+2% FCS. Neutrophils were harvested and used as previously described 

(Jerjomiceva et al., 2016).  
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2.3. NET induction assay  

The ability of blood-derived neutrophils to form NETs was assessed after stimulation 

with either phorbol myristate acetate (PMA) as a positive control, selected plant 

extracts or vehicle control. Cells were seeded on 12-mm coverslips coated with poly-

L-lysine, stimulated with selected reagents and centrifuged for 5 minutes at 472 x g. 

The plates were then incubated at 37°C and 5% CO2 in a humidified incubator for 2, 

4 or 6 hours. Cells were fixed by addition of paraformaldehyde (PFA) in phosphate 

buffered saline (PBS) to a final concentration of 4% PFA. For all conditions, 

preparations were performed in duplicate. 

2.4. NET visualization and quantification 

 Fixed cells were washed three times with PBS, permeabilized and blocked with 2% 

bovine serum albumin (BSA) in 0.2% Triton X-100/PBS for 45 minutes at room 

temperature. Cells were then incubated with a mouse monoclonal anti-H2A-H2B-

DNA complex antibody for NET staining (#PL2-6 mouse IgG2b, clone PL2-6; Losman 

et al., 1992), at 0.5 µg/ml in 0.2% Triton X-100/PBS +2% BSA overnight at 4°C, 

followed by washing and subsequent incubation with an AlexaFluor488-labelled anti-

mouse secondary antibody for 45 minutes at room temperature. After washing, slides 

were mounted in Prolong Gold antifade including DAPI and analysed by confocal 

fluorescence microscope using a Leica DMI6000CS confocal microscope with a 

HCXPLAPO 40 0.75-1.25 oil objectives. Settings were adjusted with control 

preparations using an isotype control antibody (isotype mouse IgG whole molecule 

0.5 µg/ml). For each preparation, three randomly selected images were acquired and 

used for quantification of NET producing cells. Data were expressed as percentages 

of NET-forming cells.   

2.5. Blood killing assays  

For blood killing assays, S. aureus Newman was used. Bacteria were grown in brain 

heart infusion (BHI) medium, shaking at 37°C overnight. The overnight culture was 

diluted 1:100 into fresh media and grown to mid-logarithmic phase (OD600=0.5). 

Bacteria were then diluted in PBS (1:120). Thereafter, 600 µl blood was added to 200 

µl bacteria in BHI (diluted 1:120). Fresh human blood from healthy donors was 

collected and treated with the following concentrations of vitexin: 20 µg/ml, 10 µg/ml, 
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5 µg/ml, 2 µg /ml or 1µg/ml. Afterwards, the treated blood was infected with S. aureus 

Newman (OD = 0.5). Based on our previous preliminary results (Jerjomiceva et al., 

2016) , the samples were incubated for 120 min. The treated samples were plated on 

Todd Hinton Broth infusion agar plates (THB). On the following day, colony forming 

units (CFU) was determined.  

2.6. Growth curve of S. aureus in the presence of plant extract  

S. aureus Newman were grown in brain heart infusion (BHI) medium, shaking at 

37°C overnight. The overnight culture was diluted 1:100 into fresh media and grown 

to mid-logarithmic phase (OD600=0.5). Bacteria were then diluted in PBS (1:120). The 

800 µl BHI which contain bacteria (diluted 1:120). BHI was treated with the following 

concentrations of Vitexin: 10 µg/ml, and 2 µg /ml. Then the variously treated BHI was 

infected with S. aureus Newman (OD = 0.5). Based on our previous preliminary 

results, the samples were incubated for 120 min. The treated samples were plated on 

Todd Hinton Broth infusion agar plates (THB). On the following day, colony forming 

units (CFU) was determined.  

2.7. Monocytes killing assay  

S. aureus Newman were grown in brain heart infusion (BHI) medium, shaking at 

37°C overnight. The overnight culture was diluted 1:100 into fresh media and grown 

to mid-logarithmic phase (OD600=0.5). Bacteria were then diluted in PBS (1:120). 

Monocytes were isolated from fresh human blood of healthy donors then diluted in 

RPMI+1%FCS in concentration 1x105 was treated with BYCRBA crude acetone bark 

extract (10 µg/ml or 5 µg /ml), or vitexin 10 µg/ml or 2 µg /ml, or 1µg/ml. Then these 

treated monocytes were infected with S. aureus (OD=0, 5) for different time points (0, 

30, 60, 90, 120, 180 min). Based on our previous preliminary results, (Yaseen et al., 

2017) the samples were incubated for 120 min. The treated samples were plated on 

Todd Hinton Broth infusion agar plates (THB). On the following day, colony forming 

units (CFU) was determined.  

2.8. Neutrophil killing assay 

S. aureus Newman were grown in brain heart infusion (BHI) medium, shaking at 

37°C overnight. The overnight culture was diluted 1:100 into fresh media and grown 
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to mid-logarithmic phase (OD600=0.5). Bacteria were then diluted in PBS (1:120). 

Neutrophils were isolated from fresh human blood of healthy donors then diluted in 

RPMI 1x105 was treated with BYCRBA crude acetone bark extract 10 µg/ml or 5 µg 

/ml, or vitexin 10 µg/ml or 2 µg /ml, or 1µg/ml. ml. Then these treated neutrophil were 

infected with S. aureus (OD=0, 5), and then diluted in PBS (1:120) for different time 

points (0, 30, 60, 90, 120, 180 min). The samples were incubated for 120 min. The 

treated samples were plated on Todd Hinton Broth infusion agar plates (THB). On the 

following day, colony forming units (CFU) were determined.  

2.9. Determination of phagocytic uptake  

Neutrophils (5 ×105 cells/250 µL) were treated with wither acetone bark extract or 

with pure vitexin for 2 at 37°C in 5% CO2. To block phagocytosis, neutrophils were 

additionally treated with 10 µg/mL cytochalasin D for 15 min. Then heat-killed 

fluorescein isothiocyanate (FITC)-labeled S. aureus (Wood strain, Sigma) were co-

incubated with neutrophils for 30 min at 37°C in 5% CO2. Afterwards, the cells were 

washed with PBS to remove unbound bacteria. FITC fluorescence, as a marker for 

phagocytosis, was measured using a Beckman Coulter EPICS XL Flow Cytometer. 

Mean green fluorescence intensity per neutrophil (Gx-Mean of FL-1) was recorded 

and represents the mean relative phagocytosis of FITC-labeled S. aureus per 

neutrophil.  

2.10. ROS Formation  

ROS was determined by change in fluorescence resulting from oxidation of the 

fluorescent probe dye 2', 7'-dichlorofluorescein (DCF). Briefly, 5 x 105 cells/ 250 μL 

were treated with PMA or vehicle control DMSO for 30 min at 37°C in 5% CO2. After 

incubation, cells were then incubated with fluorescent dye DCF (10 μM) for 10 min at 

room temperature. The relative ROS formation was analysed using the fluorescence 

detector FL-1 of an Attune NxT Flow Cytometer. Mean green fluorescence intensity 

of all (x-Mean of BL-1) was recorded and represents the mean ROS production. 

2.11. Cytotoxicity assay  

For this test neutrophils were isolated from fresh human blood of healthy donors then 

diluted in RPMI (concentration 5*106) was treated with BYCRBA crude acetone bark 
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extract 10 µg/ml or 5 µg /ml, or vitexin 10 µg/ml or 2 µg /ml, or 1µg/ml. and incubated 

at 37 ⁰C, 5% CO2.. After 90min, and 4h the percentage of dead cells were calculated. 

For each independent experiment, samples were tested in duplicate. 

2.12. DPPH test for antioxidative activity 

Antioxidative activity was determined using 2,2-diphenyl-1-picrylhydrazyl (DPPH). 

140 µl of freshly prepared DPPH dissolved in methanol (OD= 0,7-0,8), was added to 

10 µl plant extract at a concentration of 10 µg/ml, and  incubated for 10, 20 or 30 min 

at  room temperature in the dark. After incubation, the absorbance at 517 nm was 

measured and offset against a of pure ethanol blank reading. The following equation 

was used to evaluate the percentage inhibition:    

             
                                   

           
 

2.13. Lipid analysis  

The cholesterol content of neutrophils was analyzed after treatment of human 

neutrophil cells with BYCERBA or Vitexin. MβCD, a known cholesterol sequester, 

was used as a positive control. Neutrophils (8×107 cells/mL) were treated with 10 

µg/ml BYCRBA, 10 µg/ml Vitexin or 10 mM MβCD (Methyl-β-cyclodextrin, M=1331 

g/mol, Sigma, Ref # C45555-1G), prepared freshly, cells were adjusted  to 3×106 

cells/300µL, then the cells were incubated for 2h and 4h at 37 oC in 0.5% CO2. All 

subsequent steps were performed on ice. After centrifugation of the cells at 400 x g 

for 5 min at 4°C, the cells were washed twice with 500 µl PBS and the centrifugation 

step was repeated. Then, a solution of chloroform:methanol (1:1) was added to the 

cell pellet to resuspend the pellet. The cells were lysed by using a 26G cannula 20 

times. The samples were stored at -20 ⁰C for further processing. As control, a 

solution of 10 µg/ml BYCRBA in water as well as 10 µg/ml vitexin in water was used 

for further processing, the samples prepared as described previously (Neumann et 

al., 2014). Prior to HPLC analysis, the samples were redissolved in 500 µl of 

chloroform/ methanol (1:1). HPLC analysis of cholesterol was performed as 

previously described in (Brogden et al., 2017). The results are expressed as µg 

cholesterol per 1 x107 cells.  
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3. Results 

3.1. Effect of vitexin on bacterial growth and the antimicrobial activity of 

human blood against Staphylococcus aureus 

Recently, we have shown that BYCRBA extracts have the ability to boost the 

antimicrobial activity of human blood against S. aureus (Yaseen et al., 2017). Here 

we tested the crude extract of vitexin for a similar effect. Therefore, bacteria were 

incubated with and without vitexin for various time points in the presence or absence 

of human blood and then plated to check for surviving bacterial counts. It was found 

that there was a significant decrease of bacterial survival count in the presence of 

vitexin 10 µg/ml, at time point 90 min and 120 min, (Fig. 1A). To determine if vitexin 

has a direct effect on bacteria, vitexin was tested for antimicrobial activity against 

Staphylococcus aureus Newman in the absence of blood and revealed no direct 

antibacterial effect (Fig. 1B). 
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Figure 1: (A) Significant reduction of the bacterial count was recorded after treatment of 

fresh human blood with vitexin at 10 µg/ml after 90 min and 120 min. (B) No reduction of the 

bacterial count was recorded in the presence of BHI with vitexin at 10 µg/ml.  DMSO was 

used as a vehicle control (n=3) (P˂0, 05) One tailed, paired Student’s t-Test. 

 

3.2. BYCRBA and vitexin do not enhance monocyte ability to inhibit the 

growth of bacteria 

The same extracts used above were screened with monocytes in a killing assay to 

see if the plant extracts can enhance the monocytes ability to kill bacteria by 

phagocytosis. For this reason, bacteria were incubated with and without these 

products for various time points and then plated to check for survival. Results 

revealed that there is a very slight but not significant effect of treated monocytes with 

BYCRBA on bacterial count; however, vitexin treatment did not result in a 

monocytes-associated reduction in the S. aureus count (Fig. 2). 
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Figure 2: (A) and (B) No effect on bacterial count was recorded after treatment of fresh 

human monocytes with BYCRBA at 10 µg/ ml or with vitexin 10 µg/ml (n=4) (P˂0, 05) One 

tailed, paired Student’s T-Test. 
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3.3. BYCRBA and Vitexin enhance neutrophil ability to inhibit S. aureus 

Newman 

The next aim was to find whether the plant extracts enhance neutrophil ability to kill 

bacteria, and if so, whether neutrophils kill bacteria by phagocytosis or NETosis. We 

found that at 120 min there was increased killing with the sample treated with 

BYCRBA and with vitexin already at 60 min (Fig. 3).  

0

1 0

2 0

3 0

5 0

1 0 0

1 5 0

0  m in 3 0  m in 6 0  m in 9 0  m in 1 2 0  m in

0 .0 6
D M S O + N e u tro p h ils

s
u

v
iv

a
l 

fa
c

to
r

B Y C R B A + N e u tro p h ils

(A )

0

1 0

2 0

3 0

5 0

1 0 0

1 5 0

0  m in 3 0  m in 6 0  m in 9 0  m in 1 2 0  m in

0 ,0 5

D M S O  + N e u tro p h ils

V ite x in  + N e u tro p h ils

s
u

v
iv

a
l 

fa
c

to
r

(B )

0 .0 6

Figure 3: (A) Slight reduction in the bacterial count was recorded after treatment of 

neutrophils with BYCRBA at 10 µg/ml after 120 min. (B) Slight reduction of the bacterial 

count was recorded after treatment of neutrophils with vitexin at 10 µg/ml at time point 60 

and 90 min (n=4, P≤0, 05 One tailed, paired Student’s T-Test). 
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3.4. Cytotoxicity of BYCRBA and Vitexin on the neutrophil cells 

Trypan blue exclusion assay was performed to determine the effect of BYCRBA and 

vitexin treatment on the viability of neutrophil cells which were isolated from fresh 

human blood of healthy donors at for 90 min and 4h time points. PMA was used as 

positive control and revealed the most significant reduction at the 4th hour time point 

on neutrophil cells. Overall, there was no significant reduction in viability, with DMSO, 

BYCRBA, and vitexin (Fig. 4). 
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Figure 4: After 90 min of incubation the treated neutrophil cells with BYCRBA, and vitexin 

(10µg/ml) showed no significant increase in dead cells compared to the vehicle control cells. 

PMA served as positive control and revealed increased number of dead cells. (n=4, P≤0, 05 

One tailed, paired Student’s T-Test) 
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3.5. Effect of BYCRBA and vitexin on phagocytic uptake 

To get an idea how vitexin and BXCRBA extracts may influence neutrophil killing of 

S. aureus, we characterized the effect of plant bark extract BYCRBA, and pure 

extracts vitexin on phagocytic uptake of S. aureus fluorescent bioparticles. As shown 

in Fig. 5, there was no significant alteration of phagocytosis of S. aureus bioparticles 

detectable in human neutrophils after treatment with BYCRBA and vitexin compared 

with vehicle control. Cytochalasin D (Cyt D) was used as control, since it inhibits actin 

polymerization and phagocytosis (Fig. 5).  
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Figure 5: Effect of BYCRBA is on phagocytosis of bacteria in neutrophils. BYCRBA did not 

induce uptake of S. aureus in human neutrophils after 2 h of incubation (n = 3). Also pure 

extract vitexin in concentration of 10 µg/ml did not significantly enhance uptake of S. aureus 

in human neutrophils (n = 3). Cytochalasin D was used to significantly reduce intracellular 

uptake of bacteria *p < 0.05. All data are shown as mean ± SEM. 
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3.6. Oxidative burst 

To determine if BYCRBA and Vitexin have a general effect on oxidative burst in 

human neutrophils, quantitative measurement of ROS was performed with the 

fluorescent dye 2', 7'-dichlorofluorescein (DCF) using flow cytometry. PMA was used 

as positive control and revealed significant boosting of ROS formation in the cells 

(Fig. 6). In contrast, vitexin and BYCRBA extracts did not boost oxidative burst of 

neutrophils (Fig. 6) 
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Figure 6: Effect of oxidative burst on human neutrophils after 30 min of incubation (n = 3). 

Oxidative burst (relative fluorescent indicated by x-mean value of the respective fluorescence 

detector) of neutrophils was measured by flow cytometry (n=3).  PMA was used as positive 

control *p < 0.05. All data are shown as mean ± SEM. 

 

3.7. Enhancement of NET formation by different plant extracts 

In 2004, NETs have been discovered as a novel phagocytosis-independent 

antimicrobial activity of neutrophils (Brinkmann et al., 2004). The first person who 

discovered this phenomen is Brinkmann in 2004. This process leads to the formation 

of neutrophil extracellular traps (NETs) and release of fiber-like structure based on 

DNA backbone associated with antimicrobial proteins and peptides. 

 

The effect of the plant extracts on the ability of neutrophils to form NETs was studied 

using primary blood-derived neutrophils which were stimulated with or without PMA 
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as positive control. DMSO was used as vehicle control (10 µg / ml), since all plant 

extracts are dissolved in DMSO. BYCRBA were used at 10 µg/ml and vitexin at a 

concentration of 2 µg / ml. When n=3 samples were compared, it was found that 

there was a significant increase of NET-formation with BYCRBA 10 µg/ml, and vitexin 

10 µg/ml, or vitexin 2 µg/ml. This increase was recorded after 4 hours of neutrophil 

incubation (Fig. 7).  
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Figure 7: BYCRBA and vitexin significantly induce the NET formation of human neutrophils 

after 4 h of incubation compared to DMSO control. Depicted are the percentages of NET-

releasing cells compared to total amount of neutrophils per field of view. Representative 

images are shown in A. and B NETs were visualized using a double-staining of DAPI to stain 

DNA (blue), monoclonal mouse anti-H2A-H2B-DNA complex antibody followed by an Alexa 

488-rabbit anti-mouse antibody (green) (n=6). (P˂0, 05) One-tailed, paired Student’s t-Test.  
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3.8. BYCRBA and vitexin deplete cholesterol in human neutrophils 

Cyclodextrins, such as MβCD have been widely used to deplete cholesterol from 

cellular membranes (Brogden et al., 2015, 2017; Zidovetzkiet al., 2007). Here we 

used MβCD as positive control. Primary blood-derived neutrophils were treated with 

MβCD, BYCRBA or vitexin for 2 h. The effect of MβCD, BYCRBA, or vitexin on the 

cholesterol content of the cells was determined by HPLC analysis (Fig.8). Treatment 

of human neutrophils with MβCD and BYCRBA resulted in a significant twofold 

decrease in cholesterol concentration after 2 h of incubation. Treatment with vitexin 

also resulted in a significant decrease in cholesterol content, however less than that 

seen after BYCRBA and MβCD treatment.  
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Figure 8: BYCRBA and vitexin (10µg/ml) lead to a significant depletion in cholesterol after 2 

hours incubation compared to the untreated control. MβCD was used as a positive control for 

cholesterol depletion (n=6).  * = P≤0.05, one tailed, paired Student’s T-Test. 
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4. Discussion and conclusion 

Here we characterized the effect of BXCRBA extracts on the ability to modulate 

functions of innate immune cells. BYCRBA plant extract has no direct effect on S. 

aureus Newman (Yaseen et al., 2017). The same result was observed here for 

vitexin.  However, BYCRBA or vitexin have the ability to significantly reduce the 

bacterial count in the presence of human blood. In contrast to monocytes, both 

extracts are able to slightly boost the antimicrobial effect of neutrophils against S. 

aureus.  Since neutrophils are the most abundant antimicrobial active cells in blood, 

tthese results support the finding that treatment of neutrophils with BYCRBA or 

vitexin increases the capability of these cells to reduce the growth of S. aureus. 

Interestingly, there was no effect on the phagocytic uptake of bacteria or oxidative 

burst. However, NETs have been recently described by several authors to contribute 

to the antimicrobial effect of neutrophils against S. aureus. NETs have been 

described as a novel phagocytosis-independent antimicrobial process of neutrophils 

(Brinkmann et al., 2004). Those traps consist of nuclear DNA fibres and are released 

by cells into the extracellular milieu to entrap and kill bacteria. Here we show that 

BYCRBA extracts and vitexin both boost the formation of NETs. In good correlation 

to these data, both plant extracts also reduce the cholesterol level of the cells.  

Interestingly, BYCRBA showed stronger cholesterol depleting capabilities compared 

to vitexin, however further research must be conducted to determine which additional 

compounds in the crude BYCBRA preparation are responsible (Figure 8). Depletion 

of cholesterol by methyl-beta-cyclodextrin (MβCD) (Neumann et al., 2014) or statins 

has been recently described to mediate ROS-independent NET-formation (Chow et 

al., 2011). In line with this finding, no alteration of oxidative burst was found after 

treatment of neutrophils with vitexin or BYCRBA. 

Both BYCRBA and vitexin have shown to exhibit antioxidant activity (An et al., 2012). 

Here, we also tested antioxidative activity using 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

as substrate: Whereas 100 µg/ml of vitexin causes 50% inhibition of DPPH, only 10 

µg/ml of BYCRBA are enough to cause 50% inhibition of DPPH (data not shown).  

Thus, vitexin has lower antioxidant activity, which may be due to the fact that 

BYCRBA has additional active compounds besides vitexin (de Souza et al., 2018). 
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Altogether, these data indicated that treatment of immune cells with BYCRBA plant 

extracts e.g. vitexin might have beneficial effects against S. aureus infections. 

However, the detailed cellular processes need to be characterized and also in vivo 

effects need to be evaluated in future work. 
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1. Discussion 

We are daily exposed to disease triggers caused by pathogens like bacteria or 

viruses. Our general challenge is now to eradicate the infectious disease that can be 

pandemic. In case of an infection, the immunity system in our body is immediately 

activated to fight and eliminate the pathogens. The immune system consists of two 

main classes: the innate and the adaptive immune system. Neutrophils represent a 

key element of the innate immune system that is involved in the host defense against 

many common microorganisms. One of the most eligible functions of neutrophils is 

phagocytosis to eliminate invading pathogens. In addition, formation of antimicrobial 

DNA-based extracellular traps (NETs), degranulation and cytokine release can be 

alternative strategies of neutrophils to support their function in the immune response 

(Pietrocola et al., 2017). However, bacterial pathogens have developed strategies to 

avoid that defense mechanism.  

Many studies have been performed on different types of bacteria to understand the 

strategies that enable bacteria to evade entrapment by NETs. One of these studies 

focused on S. aureus. It has been found that S. aureus degrades NETs. Once S. 

aureus is entrapped into the NETs, it converts NETs to deoxyadenosine, which 

triggers the caspase-3 mediated death of immune cells (Thammavongsa et al.,2013). 

Another example came from pulmonary infection: Once the pulmonary cells become 

infected, S. pneumoniae produces virulence factors (EndA) that degrade DNA and 

allow S. pneumoniae to escape from NETs (Beiter et al., 2006; Zhu et al., 2013). 

Furthermore, studies on Group A Streptococcus (GAS) revealed that these bacteria 

have DNase activity encoded by the Sda1gene.  This activity is sufficient to degrade 

NETs and to escape from the entrapment by NETs (Buchanan et al., 2006). 

The combination of immune evasion with emergence of antibiotic resistance still 

nowadays leads to major problems in the health systems. An alternative approach to 

using antibiotics is needed to overcome the threat of this resistance. Herbal products, 

which are used traditionally in the treatment of a lot of diseases including bacterial 

infections, are of interest to search for new therapeutic targets. The literature 

supports the usages of natural compounds as antioxidant, anti-inflammatory, 

anticancer as well as antibiotic agent. Nevertheless, therapeutic capabilities of plant 

and animal source were used long ago without isolation of pure compounds. Thus, 

the plant species supply definite physiological effects from a huge number of 

compounds such as alkaloids, terpenoids, flavonoids, glycosides and phenolics. 
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These chemical compounds are known as a source of secondary metabolites with a 

lot of interesting biological activities (Andriani et al., 2015). Looking back to the 

history, plants are the major source of medicine (Prince et al., 2011). Many 

flavonoids have bioactive properties such as antimicrobial or insecticidal and 

pharmacological properties. Therefore especially flavonoids are very important in 

medicine as therapeutics (Panche et al., 2016). To date many traditional medicines 

are used to support our immune system against bacterial infection.  

The goal of this study was to characterize the ability of selected natural products to 

stimulate innate immune cells as neutrophils. However, first, we tested the 

antimicrobial activity of DMSO- and retinoic acid-differentiated HL-60 cells as an 

alternative model of human neutrophils against the pathogen S. aureus in 

comparison to primary human blood-derived neutrophils. But the data revealed that 

HL-60 do not serve as alternative model (chapter 2). 

Then, one of our initial studies (chapter 3) showed that acetone bark extract from 

Guarea kunthiana (GUKUBA) has the ability to boost the host defense of human and 

bovine neutrophils against bacterial infections (Jerjomiceva et al., 2016)  Therefore, 

the next aim was to screen for novel natural products that have antimicrobial activity 

for their capability to boost the immune cells against bacterial infections (chapter 4). 

In addition, our interest was to study the detailed effects of selected natural products 

on innate immune-stimulating functions, such as phagocytosis, NETs release, and 

degranulation (chapter 5).  

1. HL-60 cells as alternative model of primary blood-derived 

neutrophils 

The usage of primary blood-derived neutrophils has difficulties, because fresh blood 

from healthy donors is needed for the experiments. Consequently there is a limited 

availability and amount of cells. Therefore, the first goal of my study was to 

characterize an alternative model for screening the effect of plant extracts on 

neutrophils. Here we tested HL-60 cells.  

In 1977, the HL-60 cell line was established from a patient with acute myeloid 

leukaemia. The cells basically look like progranulocyte or (promyelocytes) but can be 

differentiated in vitro to granulocyte-like cells by some reagents, others to 

monocyte/macrophage-like cells. HL-60 cell line is an attractive model for studies of 
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human myeloid cell differentiation (Birnie, 1988).  Dimethylsulfoxide (DMSO) can 

induce HL-60 cell line to differentiate to neutrophils (Hauert et al., 2002). Or by using 

another agent  such as Retinoic Acid (RA) neutrophils can be differentiated 

(Navakauskieneet al., 2002). 

In this paper we characterized the antimicrobial activity of DMSO- and retinoic acid-

differentiated HL-60 cells against the pathogen S. aureus in comparison to primary 

human blood-derived neutrophils, with special emphasis on the formation of NETs. In 

2004, NETs have been discovered as a novel phagocytosis-independent 

antimicrobial activity of neutrophils (Brinkmann et al., 2004). Those traps consist of 

nuclear DNA and are released by the cells into the extracellular milieu to entrap and 

kill bacteria.  

We could show that the treatment of the cells with DMSO or retinoic acid can lead to 

more than 90% myeloperoxidase positive cells. Myeloperoxidase can be used as a 

marker to verify differentiation to a neutrophil-like phenotype. However, despite that 

fact, the HL-60 cells do not produce significant amounts of NETs upon stimulation 

with PMA or S. aureus. That means HL-60 cells are of limited usage as an alternative 

model to study antimicrobial functions of neutrophils (Chapter 2). 

It has been shown that HL-60 cells induced by DMSO are significantly less 

responsive to the chemokine IL-8 in comparison to formylated peptides regarding 

changes in their shape and chemotaxis (Hauert et al., 2002). On the other hand, the 

use of all-trans retinoic acid (ATRA)-differentiated HL-60 cells yields a transcriptional 

profile similar to that of infected neutrophils. Depending on these, it has been 

identified that the transcriptional responses of A. phagocytophilum-infected ATRA-

differentiated HL-60 cells has impact on gene transcription and nuclear architecture 

(Dumler et al., 2018). In another study they found one small differences between 

human neutrophils and HL-60 cell: For example, HL-60 cells are polarized at 10 min 

after addition of stimulus, while the fraction of polarized neutrophils still increases up 

to 30 min of incubation (Hauert et al., 2002). In summary, our study showed besides 

others that HL-60 cells are only of limited use as an alternative model for human 

neutrophils. Especially the antimicrobial activity against the pathogen S. aureus is 

limited and thus, in future work we used primary blood-derived neutrophils instead of 

HL-60 cells (Yaseen et al., 2017). 
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2. The ability of plant extracts in inducing the innate immune system 

An initial study of the thesis revealed that acetone bark extract from Guarea 

kunthiana (GUKUBA) has the ability to boost the host defense of human as well as 

the bovine neutrophils against bacterial infection (Jerjomiceva et. al, 2016; chapter 

3). Based on this we similarly investigated in this study the pharmacological effect of 

twenty three natural plant extracts on the innate immune capacity in human. 

Moreover, we examined the potential antimicrobial activity of these plant extracts in 

human blood cells in the presence of human pathogen S. aureus. From these twenty 

three tested plant extracts Byrsonima crassifolia acetone bark extract (BYCRBA), 

Mandevilla veraguasensis acetone vine extract (MAVEVA) and Verbesina 

oerstediana acetone bark extract (VEOEBA) extracts significantly boosted the 

antimicrobial activity of human blood against S. aureus at a concentration of 10µg/ml. 

The literature showed that BYCRBA has been used as antileishmanial drug and anti-

inflammatory drug (Izumi et at., 2011; Maldini et al., 2009). Moreover, the bark 

extract of VEOEBA has been used in traditional medicine to treat diabetes (Andrade-

Cetto & Heinrich, 2005) and the MAVEVA was found to treat snake bites  (Gomes et 

al., 2010). 

Until now, no antimicrobial activity of the plant extracts VEOEBA or MAVEVA have 

been reported. However, the ethyl acetate of BYCRBA roots as an antimicrobial 

reagent against many bacteria including S. aureus was addressed (Martínez-

Vázquez et at., 1999). We examined the ability of the acetone bark extract of 

BYCRBA to boost the antimicrobial activities of human blood. Nevertheless, the non-

direct antimicrobial activity of BYCRBA extracts is still not reported. Interestingly, our 

results revealed that the plant extracts of BYCRBA, MAVEVA and VEOEBA 

significantly inhibited the growth of S. aureus in the presence of human blood 

(Yaseen et al., 2017). Moreover, the pure extract of BYCRBA vitexin showed a 

similar effect on S. aureus at 90 min of incubation in the presence of fresh human 

blood. However, there was no effect in the absence of blood confirming the non-

direct antimicrobial effect of these plant extracts. This data is in agreement with 

previous finding  where vitexin has no direct influence on S. aureus growth (Becker et 

al., 2005; Afifi et al., 2012). However, another study  revealed that vitexin has 

minimum inhibitory concentration at 256 µg/ml against S. aureus (Das et al., 2018).  
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These data demonstrate the role of the natural products in activation and boosting 

the immune system. We further tested the pharmacological effects of the 

aformentioned extracts on the innate immune cells. Therefore, we suggested that the 

plant extracts could enhance the antimicrobial capabilities of neutrophils or 

monocytes in vitro. Our results showed that BYCRBA or vitexin has no effect on the 

clearance of the bacteria that was incubated with monocytes. Interestingly the 

incubation BYCRBA and vitexin with the neutrophils showed a tendence effect to 

reduce the counted number of bacteria. In comparison, tests on VEOEBA could 

assess its role as antimicrobial in presence of monocytes and neutrophils, which are 

key effector cells of the innate immune response machinery against S. aureus. 

We further investigated the immunemodulatory effect of VEOEBA, BYCRBA and 

vitexin on the phagocytosis process of neutrophils. Our results showed no 

immunemodulatory effects concerning the phagocytosis. Nontheless, VEOEBA, 

BYCRBA and vitexin have been found to boost the production of anti-bacterial DNA-

based extracellular traps (ETs) by human neutrophils  (NETs) (Yaseen et al., et al., 

2017).  

Furthermore, we addressed the question whether the activation of neutrophils under 

the treatment with the BYCRBA or vitexin is ROS dependent. Our results showed 

that neither BYCRBA  nor vitexin were able to induce ROS production, indicating that 

these plant extracts induced NETs release in ROS independent manner. This data is 

compatible with previous study in which uric acid (UA), which has chemical structure 

similar to vitexin, directly induces NETs formation by ROS-deficient patients of 

chronic granulomatous disease (CGD) (Arai et al., 2014). On the other hand, our 

study on GUKUBA showed that the inhibition of NADPH oxidase with diphenylene 

iodonium (DPI) in neutrophils treated with GUKUBA caused a significant reduction of 

NETs formation (Jerjomiceva et al., 2016). This confirmes that treatment with 

GUKUBA caused NETs release in ROS dependent pathway. Similarly, the primary 

active component of cashew nut shell extract (anacardic acid) showed also ROS-

dependent NETs formation due to the alkyl chain that cause oxidative burst (Hollands 

et al., 2016). However, the absence of this alkyl chain in our tested plant extracts can 

explain the ROS-independent NETs release.  
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Interestingly, a previous study showed that vitexin inhibits the migration of leukocytes 

and reduces the release of TNF-α, IL-1β, NO, PGE2 and increases the IL-10 release 

through LPS activated RAW 264.7 cells,  which elucidates the anti-inflammatory 

properties of vitexin (Rosa, et al., 2016). Another study focussed on the natural 

product bakuchiol and also showed the ability to inhibit the degranulation in human 

neutrophils in-vitro and in mice during zymosan-induced inflammation. In addition, it 

inhibits myeloperoxidase activity, consequently it prevents the generation of oxidants 

such as hypochlorous acid. Therefore, bakuchiol can decrease tissue damage 

produced by hydrolytic enzymes in human leukocytes (Ferrándiz et al., 1996).  

To assess our findings on vitexin biochemically, we analysed the effects of the plant 

extracts on the lipid homeostasis. A study by Chow et al showed that the treatment of 

phagocytes with statin caused a formation of NETs by inhibition of the sterol pathway 

in a ROS-independent manner (Chow et al., 2011). Moreover, a previous study in our 

group showed that the treatement of neutrophils with methyl-beta-cyclodextrin 

(MβCD) caused depletion of cholesterol from membranes of neutrophils and at the 

same time significantly enhanced the formation of NETs independent of NADPH-

oxidase-dependent ROS-formation (Neumann et al., 2014). Therefore, we tested the 

depletion of cholesterol in the neutrophils that were treated with BYCRBA or vitexin. 

Interestingly, a significant reduction in the cholesterol level was observed in these 

cells, which might be a similar mechanisms like described above. 

Alltogether, our results showed that the biochemical mechanism of BYCRBA and 

vitexin is due to the cholestrol depletion in the cell membrane of neutrophils, which 

subsequently causes the release of NETs that entrap and kill the bacteria. In 

addition, these plant extracts did not show cytotoxicity on human neutrophil and HL-

60 cells when tested in vitro by concentration of 10µg/ml. Interestingly, in good 

correlation to our data, also no cytotoxicity has been detected in  fibroblasts treated 

with the Byrsonima crassifolia leaves fractions (de Souza et al., 2018).  However, 

studies with higher concentration (greater than 200 μg/ml) showed a low cytotoxic 

effect of vitexin (Rosa et al., 2016).  

Here, we observed in our investigations that BYCRBA, VEOEBA and vitexin at 

concentrations of 10 μg/ml could stimulate the release of NETs without affecting the 

viability of cells. These observations were assessed by other studies on NETs 
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release showing that NETs can be released independently from ROS signaling by 

viable neutrophils. Some studies revealed that neutrophils release NETs without 

losing the nuclear or the plasma membrane in short time within 5–60 min, and the 

NETs occur independently of ROS and the Raf/MERK/ERK pathway (Barth et al., 

2016; Delgado-Rizo et al., 2017). Another study showed that Byrsonima crassifolia 

leaves fractions (BCF) caused inhibition of free-radical production and scavenging of 

free radicals species, that leades to inhibition in MPO activity, or decrease of 

neutrophils migration to the affected skin area (de Souza et al., 2018). This also goes 

in line with ROS-independent formation of NETs. Taken together, our plant extracts 

show beneficial use in boosting the immune system over other agents that depends 

on ROS. Furthermore, our results hypothesize  that BYCRBA, VEOEBA, and vitexin 

trigger the non-classical NETosis, without involvement of ROS. That means, 

BYCRBA and vitexin may enhance neutrophils to release NETs without causing 

neutrophil death. Summary data are collected in (Table 4). 
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Table 4: Examples for natural products and their modulatory effect on neutrophils  

Natural 

compound 

Action 
Compoumnd 

concentration 

Mechanism 
Neutrophil 

concentrations 

References 

 
 

Anacardic Acid 

 

NETs ROS-

dependent 

 

10µM 

Cell death pathways via activation 

of PI3K 

 

1.106cells/mL 

 

(Hollands et al., 

2016) 

 
Bakuchiol 

Inhibition of 

degranulation of 

neutrophil 

 

1-100µM 

Inhibited MPO activity  

preventing the generation of 

oxidants 

 

108cells/mL 

(Ferrándiz et al., 

1996) 

 
BYCRBA 

NETs ROS- 

independent 

 

10µg/ml, 1µM 

 

Depletion of cholestrol 

 

106cells/mL 

(Yaseen et al., 

2017) 

 
GUKUBA 

NETs ROS-

dependent 

 

10µg/ml, 1µM 

 The role of NADPH oxidase-

derived ROS, NADPH oxidase-

dependent NETosis 

 

106cells/mL 

 

(Jerjomiceva et al., 

2016) 

 
Mevastatin 

NETs ROS-

dependent 

 

50μM 

 

Alteration of sterol patrhway 

 

106cells/mL 

 

(Chow et al., 2011) 

 
VEOEBA 

NETs ROS- 

independent 

 

10µg/ml, 1µM 

 

Depletion of cholestrol 

 

106cells/mL 

(Yaseen et al., 

2017) 

 
Vitexin 

NETs ROS- 

independent 

 

10µg/ml, 1µM 

 

Depletion of cholestrol 

 

106cells/mL 

(Yaseen et al., 

2017) 

(MBC) means minimum bactericidal concentrations 
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3. Risk factor of NETs 

As described in the introduction, the NETs are fiber-like structure based on the DNA 

backbone, which can interact  with antimicrobial proteins and peptides to attack 

pathogens such as bacteria (Brinkmann et al., 2004). However, these NETs have 

also been described to have detrimental effects on the host as e.g. a potential 

contributor to hypercoagulability  (Boone et al., 2018). Here, we will now discuss 

some examples that show the detrimental effects of NETs. Some studies revealed an 

involvement of NETs in atherosclerosis, arterial thrombosis (atherothrombosis), and 

myocardial infarct (Döring et al., 2017). Furthermore, mechanistic studies using in 

vitro and in vivo models, have demonstrated that several NET components are 

capable of contributing to coagulation and thrombus formation (Rao, 2015). As a 

therapy, some authors found out that treatment with either deoxyribonuclease (which 

dissolves NETs) or a neutrophil-depleting antibody reduced thrombosis (Döring et al., 

2017).  

Another study revealed that NET formation can be stimulated by pancreatic cancer 

cells, on the other side, NETs release is a platform for platelet adhesion and thrombi 

formation. The degradation of NETs by DNAse I, and/or inhibition of histone-platelet 

interaction by heparin, could be used as a potential new drug possibility for 

pancreatic cancer patients (Razak et al., 2017). Furthermore, since NETs have also 

been involved in cancer metastasis, cancer-associated thrombosis targeting NETs 

may not only reduce risk of developing venous thromboembolism (VTE), but it may 

also decrease the development of highly metastatic pancreatic tumors (Razak et al., 

2017) (Fig. 10).  
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Figure 10: Pancreatic cancer-induced neutrophil extracellular traps: A potential contributor to 
cancer-associated thrombosis.  Modified from  (Razak et al., 2017) 

Several autoimmune diseases are related to increase of NETosis and decreased 

NET clearance, nevertheless also determine an increased risk of arterial and venous 

events. It can therefore be found that NETs contribute to the prothrombotic nature of 

diseases like systemic lupus erythematosus (SLE), anti-neutrophil cytoplasmic 

antibodies (ANCAs)-associated vasculitis, and antiphospholipid syndrome (APS) 

(Rao et al., 2015). Taken together, it should be kept in mind that using these plant 

extracts as an immunomodulatory reagent might have harmful side effects on patient 

with heart diseases and cancer. Therefore, the potential function and the dose 

dependency should be taken in consideration to prevent the potential side effects.  
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Future Outlook  

In summary, our study aimed to characterize the immune modulatory activity of a 

natural plant extract against antibiotic-resistant bacteria as an alternative handling or 

prophylactic approach. With this data, we could strongly suggest that these plant 

products could enhance the immune system by boosting human neutrophils to form 

NETs to entrap and to kill bacteria, as shown for GUKUBA, VEOEBA, BYCRBA, and 

vitexin. Finally, this project might identify new therapeutic targets based on natural 

products, which can be further developed as new therapeutic treatment strategies 

against bacterial infections.  However, the described detrimental effects of NETs 

need to be considered. 

In the future, it is important to determine the detailed function of these natural 

products in the immune system by characterizing their biochemical mechanisms. 

Based on the results presented in this thesis, further research should be conducted 

in vivo to gain a better understanding of how these natural products function in a 

more complex setting. One approach that can be done to clarify the changes in the 

aforementioned cells is to look at the gene expression in neutrophils; this gene 

expression can be altered upon treatment with the plant extracts. Indeed, most of the 

genes in the immune cells are very well characterized and their function in disease 

and health is well investigated. Upon treatment with the plant extracts, the 

upregulation or the downregulation of specific genes could lead to the identification of 

a pathway that is activated to boost the immune response of the cells. Furthermore, a 

proteomic and lipidomic analysis of the neutrophils and monocytes will be done in 

parallel to support that data obtained from the gene expression to determine the 

pathways that are affected under the BYCRBA and vitexin.  In addition, it is important 

to verify that the boosting of immune cells does not lead to a reduction in the number 

of immune cells in the blood, since it is still unknown if the activated and NET 

releasing cells die after they have performed their function. Showing that NET 

release is revisable in immune cells and that the number of immune cells is not 

affected under the treatment with the herbals is necessary to strengthen the case for 

a potential use of the herbals as a treatment against bacterial infections. Here, I have 

shown that the mechanism of NET release is not only ROS-dependent but also ROS-

independent. Therefore, if the herbals do not initiate ROS production, the cells stay 
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viable after the treatment with the plant extracts. This in addition can be investigated 

by testing some enzymes that are involved in classical NETosis, such as chromatin 

decondensation, dependent upon the enzymes (PAD4), neutrophil elastase (NE) and 

myeloperoxidase (MPO).  

The results presented here show that plant extracts can modulate cellular levels of 

cholesterol and induce NETs formation. However they do not induce ROS production 

which may influence the oxidation of lipids such as cholesterol. Recent research has 

shown that oxidized cholesterols, such as 7-ketocholesterol, can induce NET 

formation (Wang et al., 2017). Further research can be conducted into oxidized 

cholesterols to potentially differentiate between the ROS dependent and independent 

NETs forming pathways.  

Finally, we propose that our plant extracts have direct effects on the cytokine 

production in the cells which might affect recruitment of immune cells. To test this 

hypothesis the following approaches will be performed: selected candidate extracts 

will be tested in a well-established subcutaneous wound infection using the mouse 

model for staphylococcal infections (Loof et al., 2015; Berends et al., 2010; Von 

Köckritz-Blickwede et al., 2008). The survival times of S. aureus in infected/treated 

mice will be measured. In addition the size of skin lesions caused by S. aureus and 

the bacterial load in organs and skin of the mice will be analyses. The inflammatory 

cytokines such as (IL-1, IL-6, and TNF- α) will be measured in the blood and in the 

organs by ELISA. Finally, especially the in vivo data will help to verify the protective 

effects of the compounds and help to verify new therapeutic targets. 
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