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Summary

Shima Hassan Mohamed Baien: Impact of traditional medicinal plants on host pathogen 

interaction during Staphylococcus aureus infection.

Herbal medicine is one of the most important and effective therapies all over the world, 

especially in developing countries. They are used to treat different diseases such as 

inflammation, infectious diseases, metabolic disorders, etc. Based on traditional usage a number 

of several bioactive compounds have been explored from medicinal plants. Indeed, plant 

derivatives as polysaccharides, proteoglycans or glycoproteins are promising bioactive 

compounds. They have broad-spectrum biological activities such as immunomodulatory effects, 

antibacterial and antiviral effect among others. Gum arabic (GA) is a well-known dried gummy 

exudate from stems and branches of Acacia (A.) Senegal (L) Willdenow trees. Chemically GA is 

a water-soluble polysaccharide and has highly branched complex arabinogalactan protein 

fractions. In the traditional medicine, it is known that GA has anti-inflammatory, anti-diarrhoea 

and anti-bacterial effects. 

Staphylococcus (S.) aureus and Escherichia (E.) coli are worldwide pathogenic bacteria that 

cause life-threating infections in human and animals. Unfortunately, misuse and overuse of 

antibiotics lead to emerging drug resistant strains that are difficult to treat. For this reason, 

developing new treatment strategies to overcome these problems are urgently needed. One of 

these strategies is boosting host immune cells against invading pathogens. Therefore, the 

immunomodulatory effects of GA on the antimicrobial activity of human and bovine 

granulocytes will be elucidated in this thesis. Furthermore, the direct antibacterial effect of GA 

against three different S. aureus strains and two E. coli strains will be elucidated.

Firstly, a new protocol to isolate pure and active bovine granulocytes from fresh blood was 

developed (Chapter 2). This model shall then be used as a model to study the effect of GA on 

the antimicrobial activity of bovine granulocytes in vitro. Thus, we compared K3EDTA and 

Lithium heparin as an anticoagulant to isolate granulocytes from bovine blood. Moreover, the 

effect of different RBCs lysis methods was investigated. We found that density gradient 

centrifugation of K3EDTA-blood results in higher purity of bovine granulocytes compared to 

Lithium heparin-blood. In contrast to water lysis, NaCl lysis method is recommended to avoid 

pre-stimulation of cells that may occur during hypotonic water lysis. Therefore, we used a 
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combination of K3EDTA-blood and NaCl lysis method during our study to isolate bovine 

granulocytes. 

Secondly, the effect of GA on the antimicrobial activity of freshly isolated bovine or human 

granulocytes was investigated (Chapter 3). Interestingly, natural crude extract (NCE) and 

ethanol precipitate (EP) enhanced the antimicrobial activity of granulocytes by the induction of 

intracellular ROS production. In line with these data, NCE increased the phagocytosis rate of E. 

coli. No effect was seen on NET-formation that mediates extracellular killing of extracellular 

bacteria like S. aureus.

As a next step, the direct antibacterial effect of NCE, EP and commercial GA (CGA) on S. 

aureus strains and E. coli strains was tested (Chapter 3). Also GA showed significant growth 

inhibition in a concentration-dependent manner in the case of S. aureus Newman, S. aureus Rd5 

and E. coli 25922, but not in the case of S. aureus USA300 and E. coli K1.Transmission electron 

microscopic analysis confirmed an antibacterial effect of GA on the bacteria. Interestingly, the 

effect of EP, which contains fewer sugars, was tested and caused a similar antibacterial effect on 

bacteria as well as an increased oxidative burst of the granulocytes. Finally, we assume that the 

complex composition of GA extracts, not only the sugars alone, exhibit this biological activity on 

bacteria directly and enhance the antimicrobial activity of granulocytes.

In summary, we show that GA has a slight bacteriostatic effect. GA boosts the antimicrobial 

activities of granulocytes through increasing production of intracellular ROS which may lead to 

more phagocytosis and intracellular killing of intracellularly invading pathogens.
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Zusammenfassung

Shima Hassan Mohamed Baien: Einfluss von traditionellen Medizinal pflanzen auf die 
Erreger-Wirt-Interaktion von Infektionen mit Staphylococcus aureus

Pflanzlich basierte Medizin ist eine der wichtigsten und effektivsten Therapieformen weltweit, 

mit besonderer Bedeutung, speziell in Entwicklungsl ndern. Sie wird genutzt um verschiedene 

Krankheitsformen wie Entz ndungen, Infektions- und Stoffwechselerkrankungen zu behandeln. 

Nicht zuletzt durch die lange traditionelle Anwendung von Pflanzen in der Heilkunde wurde eine 

Vielzahl bioaktiver Wirkstoffe entdeckt. Derivate wie Polysaccharide, Proteoglykane und Glyko-

proteine z hlen dabei zu den vielversprechendsten Komponenten. Sie zeigen ein breites 

Spektrum biologischer Aktivit t wie, immunmodulatorischer Effekte, antivirale oder 

antibakterielle Wirkung. Gum arabic (GA) ist ein bekanntes, gummiartiges Exsudat aus dem 

Stamm und der Rinde des Acacia Senegal (L). Willdenow Baumes. Chemisch ist das Exsudat ein 

wasserl sliches Polysaccharid mit hohem Verzweigungsgrad und komplexen Arabinogalactan-

Protein Fraktionen. In der traditionellen Pflanzenheilkunde ist GA bekannt als Wirkstoff mit 

entz ndungshemmenden, Diarrh  lindernden und antibakteriellen Effekten. 

Staphylococcus (S.) aureus und Escherichia (E.) coli sind ubiquit re pathogene Bakterien, die 

lebensbedrohliche Infektionserkrankungen in Mensch und Tier verursachen. berm iger und 

missbr uchlicher Umgang mit Antibiotika f hrte zum Auftreten von antibiotikaresistenten 

Erregerst mmen, die schwierig zu therapieren sind. Um diese Problem zu l sen ist die 

Entwicklung neuer Therapieans tze dringend erforderlich. Ein Ansatz ist dabei die Verst rkung 

der k rpereigenen Immunzellen und ihrer Antwort auf eindringende Pathogene. Aus diesem 

Grunde werden in dieser These die immunmodulatorischen Effekte von GA auf die 

antimikrobielle Aktivit t humaner und boviner Granulozyten aufgekl rt. Au erdem wird die 

direkte antibakterielle Wirkung von GA gegen drei S. aureus und zwei E. coli St mme erl utert.

Zuerst wurde ein neues Protokoll zur Isolation reiner und aktiver boviner Granulozyten aus 

frischen Blut (Kapitel 2) entwickelt. Dieses wurde als Modell genutzt f r Studien zum Effekt 

von GA auf die antimikrobielle Aktivit t boviner Granulozyten in vitro. In dieser Studie wurden 

die Antikoagulantia K3EDTA und Lithium Heparin bei der Isolation boviner Granulozyten aus 

Blut verglichen und berdies der Effekt verschiedener Methoden zur Lysis der roten 
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Blutk rperchen untersucht. Die Dichtegradienten Zentrifugation mit K3EDTA behandeltem Blut 

resultierte in einer h heren Reinheit der bovinen Granulozyten, verglichen mit Lithium 

Heparin behandeltem Blut. Im Gegensatz zur hypotonischen Lysis durch Wasser wurde bei der 

NaCl basierten Lysis eine m gliche pr -Stimulation der Granulozyten verhindert. Daraus ergab 

sich die genutzte Kombination von K3EDTA behandeltem Blut und einer NaCl Lysis f r die 

Isolation boviner Granulozyten f r die weiteren Experimente.

Als zweites wurde der Effekt von GA auf die antimikrobielle Aktivit t von frisch isolierten 

bovinen und humanen Granulozyten untersucht (Kapitel 3). Interessanterweise verst rkten das 

nat rliche Extrakt (natural crude extract (NCE)) und das Ethanol Pr zipitat (EP) den 

antimikrobiellen Effekt der Granulozyten durch die Induktion der intrazellul ren ROS-

Produktion. Damit einhergehend konnte gezeigt werden, dass NCE zu einer erh hten 

Phagozytoserate von E. coli f hrte. Es konnte kein Effekt auf die Ausbildung von neutrophilen 

extrazellul ren Fallen beobachtet werden, welche die Abt tung extrazellul rer Bakterien wie S. 

aureus vermitteln w rde. 

Anschlie end wurde der direkte antibakterielle Effekt von NCE, EP und kommerziell 

erworbenem GA (CGA) auf S. aureus und E. coli St mme getestet (Kapitel 3). In einem 

dosisabh ngigen Schema zeigte GA eine Wachstumsinhibition im Fall von S. aureus Newman, 

S. aureus Rd5 und E. coli 25922, jedoch nicht f r die St mme S. aureus USA300 und E. coli K1. 

Mittels Transmissionselektronenmikroskopie konnte der antibakterielle Effekt von GA best tigt 

werden.Bemerkenswert war, dass das EP, welches weniger Saccharide enth lt, in den 

Experimenten einen hnlichen antibakteriellen Effekt zeigte und einen verst rkten oxidativen 

Schub in den Granulozyten verursachte. Abschlie end kann angenommen werden, dass die 

komplexe Komposition des GA Extraktes, jedoch nicht die Saccharide allein, zur biologischen 

Aktivit t f hren, in Bezug auf die direkten Effekte auf Bakterien, als auch die Verst rkung der 

antimikrobiellen Aktivit t der Granulozyten. 

Zusammengefasst wurde gezeigt, dass GA einen leichten bakteriostatischen Effekt aufweist. GA 

verst rkt die antimikrobielle Aktivit t von Granulozyten durch gesteigerte intrazellul re ROS-

Produktion, die wiederum zu einer erh hten Phagozytose und intrazellul rer Abt tung von 

intrazellul ren Pathogenen f hrt. 
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Chapter 1

1. General introduction

Traditional medicinal plants are widely used by indigenous medical practitioners to treat and 

prevent a wide variety of human and animal ailments. Based on the WHO report, between 65% 

and 80% of the populations of developing countries use medicinal plants as remedies (Palhares et 

al., 2015). This is because, natural plant products are inexpensive and easily available. Moreover, 

it is considered as safe as there are no or low side effects known. Indeed, several bioactive 

compounds have been explored from medicinal plants. Among this natural plant products 

polysaccharides, proteoglycans and glycoproteins are one of the promising bioactive compounds. 

Based on traditional claims, they have wide-spectrum biological activities and immune-

modulatory effects considered as one of the important prevalent properties. GA is one of the 

renowned natural gummy exudates, produced by Acacia Senegal (L) Willdenow trees and other 

species. They have a high-molecular-weight and are neutral or slightly acidic polysaccharides. 

Besides, it is classified as kind of arabinogalactan (AG) and arabinogalactan-protein (AGPs) 

complex (Akiyama et al., 1984). As a medicine, GA is used in Sudan, India and other countries 

as an alternative remedy for the treatment of many disorders such as hypoglycaemia, chronic 

renal failure, inflammation, diarrhea and bacterial infections.

S. aureus and E. coli are worldwide pathogenic bacteria that cause life-threating infections in 

human and animals.In 1928Sir Alexander Fleming discovered penicillin which led to successful 

treatment of bacterial diseases worldwide (reviewed by (Adedeji, 2016)). Entering its 7th decade, 

the era of antimicrobial therapy has greatly reduced the morbidity and mortality of infectious 

diseases. However, in 1962, the first case of methicillin-resistant S. aureus (MRSA) was reported 

in the United Kingdom, followed by the United States in 1968. Nowadays, the world faces the 

problem of antibiotic drugs resistance and the situation becomes worse, due to the lacking 

development of new drug by the pharmaceutical industry (Ventola, 2015). Therefore, there is a 

high demand for new alternative treatment strategies to overcome these problems. In this regard, 

using GA as immunomodulatory natural product for innate immune cells, mainly neutrophils as 

effector cells, may be a promising solution for these problems. 
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The following introduction reviews current knowledge on the biological activities of poly-

saccharides, AG and AGPs with special focus on immunomodulatory effects on innate and 

adaptive immune cells. Moreover, this introduction summarizes current knowledge of GA as 

well as neutrophils as theoretical background to this thesis.
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1.1 Polysaccharides

Polysaccharides are very complex carbohydrate polymers consisting of different mono-

saccharides and have a wide range of molecular weights (Di Donato et al., 2014).Animals, 

microorganisms, and plants produce them. Between all types of polysaccharides, those derived 

from higher plants have been considered as excellent therapeutic agents because of their minimal 

cytotoxicity and low side effects (Reviewed by (Schepetkin et al., 2006)). AGPs are plants 

macromolecules, belonging to the family of glycoproteins and proteoglycans (Ellis et al., 2010).

Recently, studies have demonstrated that AGPs have good impact on human and animal health. 

Using traditional medicine as guideline, a number of bioactive polysaccharides and AGPs have 

been isolated from different parts of medicinal plants and mushrooms, like Resist Aid  from 

larch trees, Agaricus blazei murill powder and Coriolus versicolor which are used to support the 

immune system against infectious agents (Ooi& Liu, 2000; Riede et al., 2013). Moreover, 

progress in extraction techniques helps to explore new pure active compounds that nowadays can 

be used in drug formulation. Today, a large number of medical polysaccharide and AGPs

products are available for consumers. 

In general, polysaccharides and AGPs from various plants have a broad range of important 

biological activities such as antioxidant, antitumor, immunomodulatory, antibacterial, antiviral, 

anticoagulant, pro-inflammatory and anti-inflammatory activities (Campos et al., 2012; Kang et 

al., 2011; Lei et al., 2015; Saleh et al., 2017; Wang et al., 2016; Xie et al., 2008). In the 

following chapter some examples are given.

1.1.1 Antibacterial effects

During the last years, researchers extensively conducted experiments, to discover new 

antibacterial compounds that can help to reduce the problems of arising bacterial drug 

resistances. Now, some examples of plant extracts with special focus on polysaccharides will be 

given with antibacterial effects.

Broussonetia papyrifera is a flowering plant native to East and South Asia, its bark and fruits 

are used in traditional medicine as a laxative and antipyretic. Three polysaccharides fractions 

were isolated from fruits of this plant using ultrasound-assisted extraction and fractionated with 

Sephadex G-100. Arabinose, glucose and mannose were the main monosaccharides, besides that 

proteins and uronic acid were found. Antibacterial activities against E. coli ,Pseudomonas(P.) 
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aeruginosa, Bacillus(B.) subtilis and S. aureus were evaluated using agar disc diffusion and 

minimal inhibitory concentration assays. Concentrations ranging from 0.05 to 5 mg/ml were 

tested. Fraction number three, which contained higher rhamnose and uronic acid, gave the best 

antibacterial activity against all tested bacteria in a concentration depending manner. Moreover, 

all fractions showed free radical scavenging activities of antioxidants in vitro in dose depending 

manner (Han et al., 2016).

Naqash and Nazeer, 2011isolated sulphated polysaccharide from leaves from the tropical plant 

Tridaxprocumbens. In India, this plant is used as an insect repellent, in bronchial catarrh, 

diarrhoea and dysentery. Furthermore, it has anticoagulant, antiherpetic and antibacterial 

activities. To test the antibacterial effect of Tridaxprocumbens against Vibrio(V.) alginolyticus

and Vibrio(V.) Harveyi, disc diffusion assay was performed using 100 g /disc from fractions. 

Interestingly, results showed that sulphated polysaccharide fractions extracted from 

Tridaxprocumbens have a strong inhibitory effect against V. alginolyticus and V.harveyi (Naqash 

and Nazeer, 2011).

These are just two examples of natural products with polysaccharide extracts that exhibit 

antibacterial effects. However, more are found in literature or waiting for discovery. 

1.1.2 Antiviral effects

Exploring new antiviral therapies for control and treatment of viral infections is one of the most 

active research areas in virology. Medicinal plants are considered as an excellent source for new 

antiviral drugs that can inhibit viral replication and spread with a low side effect.

The antiviral activity of Polygonatum cyrtonema polysaccharides against Herpes simplex2 

(HSV-2) was investigated in vitro using Vero cell culture. In Chinese medicine Polygonatum

cyrtonemais used for treatment of cough lung problems and dizziness. Five polysaccharides 

fractions were isolated from Polygonatum cyrtonema using Bio-Gel P4 chromatography. 

Cytopathic inhibition, plaque formation inhibition and neutral red dye assay were performed to 

check antiherpetic activities of fractions at a concentration of 8mg/ml. A fraction consisting of a 

mixture of tetra and penta-saccharides showed the best antiherpetic activities in vitro (Liu,F et 

al., 2004).
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As another example, proteoglycan fraction isolated and purified from Ganoderma lucidum

mushroom had strong antiviral activities against HSV-1 and HSV-2. Different concentrations of 

polysaccharide were tested, the result showed that at 40 g/ml virus yield was reduced and 

80 g/ml strongly inhibited viral multiplication in Vero cells. Noteworthy, 1000 g/ml of 

polysaccharide almost provided full protection against HSV-1 and HSV-2 without cytotoxic 

effect (Liu, J et al., 2004).

1.1.3 Antioxidant effects

Antioxidants play an important role in the protection of the body against the harmful effect of 

free radicals. One of the best knows antioxidants are of plant origins. In contrast to synthetic 

antioxidant, they are considered to be safer and more effective to protect the body against the 

damage of reactive oxygen species (Cheng et al., 2013; Xie et al., 2016).

Poriacocos is a Chinese medicinal mushroom traditionally used for the treatment of chronic 

gastritis, oedema and emesis. The major active compounds of this plant are polysaccharides 

which are composed of mannose, glucose, galactose, and arabinose. Four different extracts from 

Poriacocos were evaluated for antioxidant activity by using DPPH radical, hydroxyl radical and 

metal chelating ability. Concentrations starting from 0.0 to 2.4 mg/ml were tested. The result 

revealed that Poriacocos, especially microwave-assisted extracts, had strong in vitro antioxidant 

activity (Wang et al., 2016).

Another plant that has antioxidant activity is Acanthopanax senticosus, it is a small woody tree 

indigenousto the Northeastern Asia. In folklore medicineit used for treatment and prevention of 

ischemic heart diseases, hypertension and allergies. Leaves of Acanthopanax senticosus

contained 89.47% carbohydrate 7.45% uronic acid and 2.16% protein. Three different fractions

were obtained using fast flow Sepharose anion exchange chromatography. Fraction number two 

was the predominant fraction, glucose and xylose were the main monosaccharides. To assess the 

antioxidant activities of A. senticosus following assays were performed; ferric-reducing power, 

superoxide radical scavenging, hydroxyl radical scavenging and 2,2-diphenyl-1-picrylhydrazyl 

radical (DPPH). Fraction number two had powerful antioxidant activity. Moreover, it induced 

lymphocyte proliferation in vitro, which led to activation of both cellular and humoral immune 

responses (Chen et al., 2011).
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1.1.4 Immunomodulatory effects

Isolation of bioactive polysaccharides with immunomodulatory activities from medicinal plants 

attracted great attention in recent years (reviewed by (Xie et al., 2015)). Indeed, plant-derived 

AG and AGPs are one of the promising immunomodulatory components for both innate and 

adaptive immune cells.

For example, Tanacetum vulgare flowers that are traditionally used for the treatment of 

rheumatism, fever, and digestive disorders have strong immunomodulatory activities. It contains 

a number of physiological active compounds such as flavonoids and terpenoids. Analysis of 

fractions by Yariv test showed that type II AG was the most dominate compound. In addition, 

uronic acid was detected and main monosaccharides were galactose, arabinose and rhamnose. 

The effects of Tanacetum vulgare onactivities of neutrophils, macrophage and complement 

systemwas investigated. The result showed that Tanacetum vulgare polysaccharides induced 

production of reactive oxygen species (ROS), nitric oxide (NO) and tumor necrosis factor-

(TNF- -

human neutrophils to release myeloperoxidase (MPO). Furthermore, it had potent complement-

fixing activity (Xie et al., 2007).

In agreement with this finding, a pectic polysaccharide extracted from fresh Leek (Allium 

ampeloprasum) was reported to induce production of NO from RAW 264.7 macrophages. 

Concentrations ranging from 100 g/ml to 500 g/ml were tested. Fractions number two and three 

strongly induced NO production. Moreover, fraction number three had a complement-fixing 

effect. In contrast, alcohol insoluble extract of Leek reduced ROS significantly in whole blood 

human neutrophils (Nikolova et al., 2013).

Echinacea purpureais flowering plant growing on the American continent. It is used by Native

American Indians for treatment of wounds, burns, stomach cramps,etc. The role of Echinacea 

purpurea AGPs type II on complement system was examined. The results revealed that AGP had 

complement-stimulating activities in vitro in concentration-dependent manner for both, the 

classical and alternative pathway (Alban et al., 2002).

In that direction, AGPs extracted from roots of Echinacea pallida,Echinacea purpurea and

Baptisia tinctoria had strong immunostimulatory effect in vitro. They induced interleukin (IL-6) 
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production and NO-
2 from alveolar mouse macrophages in concentration-dependent manner. 

Moreover, elicited IgM production from mouse lymphocytes (Classen et al., 2006).

Riede et al., 2013 investigated the immunostimulatory effect of Larch (Larixspecies) AG during 

human common cold. Interestingly, found that daily uptake of 4.5gof Larch AG for 12 weeks

reduced incidence of the episodes by 23% and enhanced body defense against common cold

(Riede et al., 2013).

These data has good correlations with another study which showed that, pre-treatment of healthy 

adults with Larch AG boosted the adaptive immunity by increased antibody response to the 

pneumonia vaccine (Udani et al.,2010).

Another example of plants that contain bioactive polysaccharides is Sutherlandia frutescens, it 

contains glucose and galacturonic acid units with a pectin-like structure. They are used in Africa 

to treat cancer patients, infections and inflammatory conditions. In vitro studies showed that 

stimulation of murine macrophages with 50 g/ml,100 g/ml and 200 g/ml of Sutherlandia

frutescens significantly induced ROS and NO via activation of toll-like receptor-4 (Lei et al., 

2015).

On the other hand, -Glucan fractions isolated from Ganoderma lucidumboosted the 

antimicrobial functions of human primary neutrophils and HL-60 cells. Indeed, they enhanced 

neutrophils phagocytic activity in concentration (10 g/ml, 30 g/ml, 100 g/ml and 300 g/ml) 

and time dependent manner. Moreover, it induced neutrophils chemotaxis through activation of 

phosphatidylinositol 3-kinase, protein kinase C and Src tyrosine kinases signaling pathway. This

activation allowed neutrophils to migrate towards sites of infection or inflammation and kill 

invading pathogens (Hsu et al., 2003).

Another study demonstrated that polysaccharide fractions isolated from Anacyclus pyrethrum 

and Alpiniagalanga roots had a powerful immunostimulatory effect. They induced in vitro and in 

vivo proliferation of the murine spleen at concentrations of 50 and 25 mg/kg (Bendjeddou et al., 

2003).

In addition, Coriolus versicolor a medicinal mushroom used in traditional Chinese medicine for 

more than thousand years has been claimed to promote health, strength and longevity after eating 
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or drinking. The active compounds included polysaccharides and polypeptides. They promoted 

immune responses via activation of T and B lymphocytes, monocytes, macrophages and natural 

killer cells. Moreover, it induced production of IL-2 and IL-6, interferon, and TNF (Reviewed by 

(Saleh et al., 2017)).

A recent study demonstrated that AGPs extracted from the seed of Acacia. senegal and 

Adansoniadigitata play an essential role in skin innate immune response. It increased the level of 

ROS in HaCaT keratinocyte cells. Moreover, AGPs from Acacia seed had an antioxidant effect 

on HaCaT stressed cells (Zahid et al., 2017).



Chapter 1

13

Table 1: Summary of examples for biological activities of plant compounds

Main compounds Plant Biological effect Reference

Arabinose, glucose and 
mannose beside proteins and 
uronic acid

Broussonetia
papyrifera

Antioxidant and antibacterial activities Han et al., 
2016

Sulphated polysaccharide Tridaxprocumbens Anticoagulant, antiherpetic and 
antibacterial activities

Naqash et 
al., 2011

A mixture of tetra and penta-
saccharides

Polygonatu
mcyrtonema

Antiherpetic activity Liu,F et al., 
2004

Proteoglycan Ganoderma lucidum Antiherpetic activities Liu,J et al., 
2004

Mannose, galactose glucose, 
arabinose, uronic acid and 
protein

Poriacocos Wolf Antioxidant, antitumor, treatment of 
chronic gastritis

Wang et al., 
2016

Glucose, xylose, rhamnose, 
mannose, arabinose, 
galactose, uronic acid and 
protein

Acanthopanax 
senticosus

Immunomodulatory and antioxidant 
activity

Chen et al., 
2011

Galactose, arabinose, 
rhamnose and uronic acid

Tanacetum vulgare Used for treatment of rheumatism, ulcers, 
fever, digestive disorders antibacterial
antihelminthic activity and 
immunomodulatory

Xie et al., 
2007

AGPs type II Echinacea purpurea Used for treatment of wounds, burns, 
stomach cramps, etc

Alban et al., 
2002

Pectic Polysaccharides Leek Induces production of reactive nitrogen 
(NO) species and complement-fixing 
effect

Nikolova et 
al., 2013

AG Larch tree Used for treatment of common cold Riede et al., 
2013

Glucose and glucuronic acid 
units

Sutherlandi
afrutescens

Used for treatment of cancer, infections 
and inflammatory conditions

Lei et al., 
2015

AGPS Adansoni adigitata
and Acacia Seeds

Immunomodulatory activities Zahid et al., 
2017

Polysaccharides, polypeptides Coriolus versicolor Promote health, strength and longevity 
after eating or drinking

Saleh et al., 
2017
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1.2 Gum arabic(GA)

GA is a gummy exudation produced naturally or obtained by tapping of branches and stem of 

Acacia (A.)senegal (L) Willdenow trees or closely related species such as Acacia seyal belonging 

to the family Leguminosae (Peter and Williams, 2000).Acacia is a native tree in tropical and 

warm temperate areas of the world, currently the family contains about 1350 species (Al-Assaf et 

al., 2007). Annually A. senegal produce 20 g to 2 kg per year of GA depending on the tree.

1.2.1 Chemical composition and structure

Chemically it is a natural anionic hyperbranched polysaccharide, consisting of D-galactose, L-

arabinose, L-rhamnose, D-glucuronic. In addition, it contains calcium, magnesium, and 

potassium salts and 4-O-methyl glucuronic acid (Lopez-Torrez et al., 2015; Oliveira et al., 2018; 

Osman et al., 1993).

The protein content of GA makes around 1 % of the total mass and the amino acids composition 

consists of hydroxyproline, serine, proline, threonine, leucine, glycine, and histidine(Peter and 

Williams, 2000). Indeed,GA is also considered to contain arabinogalactan-proteins (Akiyama et 

al., 1984). Analysis of A. senegal gum by refractive index detected two main peaks. The major 

one is AG fraction which about 90% and the other one is 10% AGP- fraction (Mahendran et al., 

2008).

Generally, chemical and physicochemical characteristics of A. senegal gum differ depending on 

location and age of the tree, origin, exudation time, and climate (Idris et al.,1998). In contrast, 

the composition of A. senegal gum versus A. seyal gum in regard to amino acid content are 

comparable. However, A. seyal gum has lower rhamnose, glucuronic acid and nitrogen but its 

contents of arabinose and 4-O-methyl glucuronic acid are higher than gum from A. Senegal(Peter 

and Williams, 2000).

1.2.2 Applications

GA is widely used as thickening and emulsifier agent in drugs, chewing gum, sweets and soft

drinks as well as a binder for watercolor painting (reviewed by (Khalid et al.,2012; Masuelli, 

2013)). A. senegal var. senegal and A. senegal var. karensis are acceptable as food additives 

(Compendium of food additive specifications. Addendum 7 / Joint FAO/WHO Expert 

Committee on Food Additives, 1999).
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In Africa, GA has been used by native people for the treatment of gastrointestinal disorders and 

diarrhea. This traditional information is supported by studies showing that GA enhanced removal 

of NO from the gut, which leads to the treatment of diarrhea associated with an exacerbation of 

NO production (Rehman et al., 2001). Another study showed that ingestion of GA decreased 

proinflammatory prostaglandin synthesis by cecal and colonic mucosal cells and improved the 

outcome of ulcerative colitis (Demichele et al., 2018). Moreover endogenous mammalian 

digestive enzymes are unable to digest GA and it is fermented by large intestine microbes so it is 

considered as non-digestible polysaccharide and defined as dietary fiber (Michael et al., 2010).

Figure 1: (A) A. senegal (L) Willdenow trees. It is avery branching, small and spiny tree with 
umbrella-shaped crown and height of up to 2-6 m. It grows normally in sandy soils but it can grow
also on slightly loamy sands in Sudan called hashab tree or Gum Arabic tree. (B) Gum arabic formed 
on a wounded branch of A. senegal.

https://www.feedipedia.org/node/342    http://natura-sd.com/projects/gum-arabic-hashab/

A B

http://natura-sd.com/projects/gum-arabic-hashab/
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aTotal content of sugars was calculated by the difference of proteins and minerals from 1000 mg g-1in dry 

basis.bSugar composition was determined by GC-MS.

1.2.3Antibacterial effects
GA is used by local people in the Middle East and North Africa as mouth hygiene substance. 

In1991,Gazifound that chewing of GA five times per day for a period of one week reduceddental 

plaque.In line with these data, in vitro studies showed that GA has bacteriostatic effects on

Porphyromonas gingivalis and Prevotella intermedia, the causative agents of chronic periodon-

titis, at concentrations of 0.5-1.0% w/v. (Clark et al., 1993). Furthermore, the antimicrobial effect 

of five different crude extracts of Omani and Sudanese GA were investigated using disc 

diffusion assay. Four different clinical pathogenic isolates were tested including S. aureus, 

Klebsiella pneumoniae and three different E. coli strains. Concentrations of 2, 1, 0.5 and 0.25 

mg/ml were tested. The chloroform extract gave the best antibacterial effects at all tested 

concentrations (Musallam et al., 2018). On the other hand, different parts of A. senegal had 

antimicrobial effects as well. For example, A. Senegal brake extracts had strong antimicrobial 

activities against S. aureus and Candida albicans at 5 mg /disc in agar diffusion test (Saini et al., 

2008). Moreover, crude and pure extracts of cashew tree gum which is similar to GA had the 

same antimicrobial effect. Both extracts had strong antimicrobial effects against methicillin-

Component (mg g-1) A. senegal A. seyal

Total dry matter 889.0  0.27 893.0  0.02

Sugarsa 940.0 950.0

Galactose(%)b 35.8  1.20 36.9  1.05

Arabinose (%)b 30.3  2.50 47.6  0.60

Rhamnose (%)b 15.5  0.35 3.0  0.30

Glucuronic acid (%)b 17.4  1.15 6.7  0.40

4-O-Me-Glucuronic acid(%)b 1.0  0.05 5.8  0.55

Table 2: Biochemical composition of A. senegal and A. seyal gums in dry basis mean  
standard deviation. Source:(Lopez-Torrez et al., 2015).
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sensitive S. aureus (MSSA),methicillin-resistance S. aureus (MRSA) and Listeria innocua at 

concentrations of 40 and 30 mg/ml. Using atomic force microscopy imaging it was found that 

cashew gum caused the collapse of bacterial cells(Campos et al., 2012).

1.2.4Antiparasitic effects

Malaria is alife-threatening parasitic disease, caused by Plasmodium species, that affects humans 

and animals. It is widespread in the tropical and subtropical region. The effect of GA on 

Plasmodium falciparum and Plasmodium berghei was investigated using human erythrocytes 

and a mice model. Interestingly, GA improved the outcome of Plasmodium lethal infection 

during early stages by lowering parasitaemia and increased survival of infected mice (Ballal et 

al., 2011).

1.2.5 Immunomodulatory effects

Dendritic cells are one of the most impotent antigen presenting cells, they play a central role in 

innate and adaptive immunity. In vitro studies showed, treatment of murine dendritic cell with 

0.5 % GA enhanced differentiation and maturation of dendritic cells. Moreover, it reduced

phagocytic activity of dendritic celland induced upregulation of major histocompatibility 

complex class II (MHC II). Furthermore, its simulated production of the pro-inflammatory and 

anti-inflammatory cytokines, such as the interleukins 6 (IL-6), IL-10 and IL-12p70 as well as 

(Xuan et al., 2010). On the other hand, GA can obstruct macrophage functions completely. 

These finding was approved by a study showing that pretreatment of rat hepatic macrophages 

with 10% GA lowered ROS in dose depending manner (Fujiwara et al., 1995). In addition to the 

effect on immune cell function, GA has also been considered as a potent complement system 

activator for alternative and classical pathways. For example, Bovo et al., 2016 reported that in 

vitro treatment of sheep and rabbit erythrocytes with GA and cashew nut tree gum triggered 

complement system, especially classical pathways.

1.2.6 The adverse effect of GA

Short and long-term studies in human and animal model were performed to test the adverse 

effect associated with GA consumption. Interestingly, no cytotoxic effect was observed in guinea 

pig and rat, fed with a diet containing 15 % GA. Moreover, body weight gains were improved 

(Booth et al.,1949; Booth et al., 1963).
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In agreement with this finding, feeding of rats with 5 % GA for 90 day had no adverse effect on 

rats as well (Doi et al., 2006). Furthermore, chronic effect was investigated by feeding rats and 

mice for 103 weeks with GA and no histopathological effect was detected in treated animals 

(Melnick et al., 1983). In human, daily intake of 30 mg of GA for six weeks may lead to 

abdominal disturbance in the first week (Lang et al., 2012). In contrast, prolong occupational 

contact to the gum may cause sensitivity for some workers(Harold. and Gelfand, 1943). 

According to FAO and WHO report GA is considered as a safe product and can be used without 

restriction (FAO/WHO, 1969). 

Table 3: Summary of antimicrobial effect of GA

Bacteria Plants Concentrations Method used to detect 
antimicrobial effect

Reference 

Porphyromonas
gingivalis and Prevotella 
intermedia

GA 0.5-1.0% w/v Minimal inhibitory 
concentrations

Gazi, 1991

S. aureus, Klebsiella 
pneumoniae and three 
different E. coli strains.

GA 2, 1, 0.5 and 
0.25 mg/ml

Disc diffusion assay Musallam 
etal., 2018

S. aureus and Candida 
albicans

A. Senegal
brake 
extracts

5 mg /disc Agar diffusion method Saini et al., 
2008

Methicillin-sensitive

S. aureus, methicillin-
resistant S. aureus and 
Listeria innocua

cashew 
tree gum

40 and 30 
mg/ml

Minimal inhibitory 
concentration and 
atomic force 
microscopy

Campos et 
al., 2012
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1.3 Granulocytes

Granulocytes, consisting of neutrophils, basophils and eosinophils, are important effector cells of 

innate immunity. They are produced from hematopoietic stem cells, localized in the bone 

marrow in a process called granulocytopoiesis and then released to general circulation system

(Nerlov et al., 1998). Among all granulocytes, neutrophils are dominant cells in blood stream and 

are the first cells that arrive at sites of infection. 

Moreover, neutrophils are fully equipped with three differenttypes of antimicrobial granules that 

are able to kill and digest invading microorganisms (Borregaard et al., 2007). The primary or 

azurophilic granules which contain, myeloperoxidase (MPO), defensins and the serine proteases 

elastase and cathepsin G. The other major types of granules present are secondary granules that

contain, alkaline phosphatase, lysozyme, NADPH oxidase, lactoferrin, and cathelicidin. Tertiary 

granules containcathepsin, gelatinase and collagenase (Bainton and Farquhar, 1968 ;Kjeldsen et 

al., 1993; Spitznagel, 1990). In addition, neutrophils have a number of cell surface receptors such 

as G-proteins, adhesion receptors, Fc-receptors, cytokine receptors and other innate immune 

receptors like Toll-like receptors and C-type lectins (Futosi et al., 2013).Upon activation 

neutrophils have ability to release cytokines such as TNF- -1- , IL-8 and IL-1- (Cassatella, 

1995). Moreover, neutrophils are able to modulate functions of other immune cells such as 

dendritic cells, T and B cells, natural killer cells and macrophages, resulting in a more effective 

Figure 2: Three types of granulocytes neutrophil, eosinophil and basophil. They are classified 
basis of differences on the in cellular morphology and the staining of their characteristic cytoplasmic 
granules.

https://commons.wikimedia.org/wiki/File:1907_Granular_Leukocytes.jpghttps://upload.wikimedia.org/wikipedi
a/commons/7/71/1907_Granular_Leukocytes.jpg

Neutrophil Eosinophil Basophil

https://commons.wikimedia.org/wiki/File:1907_Granular_Leukocytes.jpghttps://upload.wikimedia.org/wikipedi
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immune response (Abdallah et al.,2011; Boudaly, 2009; Jaeger et al., 2012; Soehnlein 

andLindbom, 2009).

Different strategies used by neutrophils to overcome invading microbes include phagocytosis, 

degranulation, oxidative burst, production of cytokines and chemokines (reviewed by 

(Kobayashi et al., 2005)). In general, the intracellular killing of phagocytic microbes by 

neutrophils can be divided into two different mechanisms; oxygen-dependent and oxygen-

independent (Owen et al., 2013). The oxygen-dependent mechanism occurs when NADPH 

oxidase converts oxygen to a superoxide ion, which has an antimicrobial effect, this phenomenon 

is called respiratory burst ((Segal & Abo, 1993); reviewed by (Elsbach & Weiss, 1985)). 

Furthermore, hydrogen peroxide and hypochlorous acidare also produced through catalytic 

action of MPO (Hampton et al.,1996). Any defect in the NADPH oxidase defense mechanism 

leads to recurrent bacterial and fungal infections as seen in chronic granulomatous disease 

(reviewed by (Lekstrom-Himes & Gallin, 2000)). Moreover, deficiency in MPO caused lower 

immunological responseto several bacterial pathogens (reviewed by (Nauseef, 2007)). In contrast 

to that, oxygen-independent mechanisms are mediated by a number of antimicrobial proteins and 

antimicrobial peptides (AMPs) such as cathepsins, defensins, lactoferrin, and lysozyme

(Spitznagel, 1990). These proteins are able to destroy and digested invading microbes. For 

example, lactoferrin has antibacterial effect against Bacillus stearotherrnophilus and Bacillus 

subtilis by sequestration of iron, needed for bacterial growth (Oram& Reiter, 1968).

Volker Brinkmann et al., 2004 discovered a new extracellular killing mechanism of neutrophils, 

called neutrophils extracellular trap (NETs). In this process, neutrophils secrete decondensed

chromatin and granular proteins that can entrap and kill the pathogen. In general, neutrophils 

initiate NETosis in response to different stimuli such as microbes, microbial products and 

cellular mitogen such as (phorbol 12-myristate 13-acetate (PMA)) (Kenny et al., 2017). During 

NETosis, neutrophils undergo a unique cell death which is different from apoptosis and necrosis 

and depending on production of NADPH (Fuchs et al., 2007). In contrast, viable neutrophils can 

also form NETs without any cell death through the NADPH-independent mechanism and process

(Yousefi et al., 2009). Moreover, NETs are characterized by presence 

of specific biochemical markers such as hypercitrullinated histones (Erpenbeck et al., 2016). In 

addition, ETs can be formed by other immune cells such as eosinophils, macrophages and mast 
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cells (Doster et al , 2018; von K ckritz-Blickwede et al., 2008). Nevertheless, not always NETs 

have beneficial effects. For example, accumulation of NETs during nephritis promotes 

production of autoantibodies against neutrophils leading to sever autoimmune disease

(Kessenbrock et al., 2009).

1.3.1 Role of neutrophils during disease

Neutrophils are the first line of defense against various pathogens, especially bacteria e.g. S. 

aureus. S. aureus is a gram-positive bacterium that causes severe illness in human and animals. It 

has the ability to infect many different organs leading to a seriously threatening infection(Naimi 

et al., 2003). Neutrophils provide a substantial contribution in defense against S. aureus. They

killS. aureus by oxidative killing mechanisms through the action of superoxide and MPO 

(Hampton et al., 1996). Moreover, neutrophils secreted defensins in response to S. aureus

infections resulting in damaging the bacterial cell wall (Ganz et al., 1985).

In addition, neutrophilsplay a substantial role in elimination of other pathogens. For example, 

Leishmania donovani is a protozoa and causative agent of visceral leishmaniasis.McFarlane et 

al., 2008 reported that depletion of neutrophils from mice, infected with Leishmania 

donovani,lead to deployment of infection especially during early stage of leishmaniasis. Another 

study showed that neutrophils form NETs in responses to Eimeria bovis infection, resulting in 

trapping of sporozoites and stopping them from infection of other cells (Behrendt et al., 

2010).The antiviral effect of neutrophils against Japanese encephalitis virus has also been 

investigated, indicating that neutrophils also act against viruses. The result showed that the virus 

induces the production of ROS that killed phagocytosed virion (Srivastava et al., 1999). In 

addition, macrophages and neutrophils have an important role during pathogenesis of H1N1 

influenza virus infection. In vivo studies in mice showed that depletion of these cells lowered 

expression of cytokines and chemokines and increased virus multiplication, ending with a higher 

mortality rate (Tumpey et al., 2005).

On the other hand, some highly pathogenic S. aureus strains have the ability to avoid killing by 

neutrophils, by using different strategies to cause unusual severe disease. One of these bacterial 

virulence strategies is the survival inside neutrophils. Gresham et al., 2000 found that peritoneal 

neutrophils isolated from mice, infected with S. aureus, contained viable bacteria which were 

protected from killing by immune cells. Moreover, S. aureus secreted cytotoxin a called Panton-
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Valentine leukocidin, that was able to stimulate neutrophil apoptosis via the mitochondrial 

pathway on concentration dependent manner (Chalabreysse et al., 2005). Another virulence 

factor secreted by S. aureus is nuclease. Berends et al., 2010 showed that nuclease has the ability 

to lyse NETs, leading to dissemination of S. aureus infection. In addition, Boff et al., 2018 

reported that protracted stay of neutrophils in sites of S. aureus arthritis might lead to permanent 

tissue damages, persistence of the inflammatory response and over production of cytokines.

This is also known for other pathogens like viruses which have a number of proteins that are able 

to overcome the immune response. For example, Poxvirus block neutrophils and dendritic cell 

phagocytosis by binding of A39R viral protein to Plexin C1 receptor of these cells, resulting in 

low immune response (Walzer et al., 2005). 

Thus, a therapeutic strategy could focus on the boosting of neutrophils to be more active against 

highly pathogenic bacteria. Several investigators reported the ability of natural and synthetic

substances to modulate neutrophil function to become more active against pathogens.

For instance, statins, a drug that is normally usedfor treatment of hyperlipidemia ,have the ability 

to kill S. aureus by inducing formation of NETs through sterol pathway inhibition (Chow et al., 

2010).This study elucidated pervious clinico-epidemiological observations which reported lower 

mortality rates in patients receiving statin therapy. Furthermore, treatment of mice neutrophils 

with glucan enhanced phagocytic activity of neutrophils against E. coli. Moreover, it induced

bone marrow proliferation of neutrophils when injected intraperitoneally to mice(Williams et al., 

1988). Additionally, previous studies from our laboratory have demonstrated that natural plant 

product had a substantial impact on antimicrobial activities of neutrophils. For example, Guarea

kunthiana bark extract promoted antimicrobial activities of bovine and human neutrophils 

against S. aureus and E. coli through NETs formation (Jerjomiceva et al., 2016). Recently, 

Yaseen et al., screened immunomodulatory effects of crude natural plant extracts from Costa 

Rica. The result showed that Byrsonima crassifolia acetone bark extract, Mandevill

averaguasensis acetone vine extract and Verbesina oerstediana acetone bark extract substantially 

reduced S. aureus growth using human blood (Yaseen et al., 2017).
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1.4 Aims
GA is a promising medicinal plant that contains a number of bioactive compounds such as AG, 

AGPs and minerals. Moreover, GA is considered as an ideal candidate for treatment of infections 

as well as inflammation. Therefore, the aim of this study was to elucidate the immunomodulatory 

effect of GA on the antimicrobial activity of human and bovine granulocytes. Furthermore, the 

study aimed to test direct antimicrobial effect on S. aureus and E. coli strains as important human 

and animal pathogens. 

Aim 1: Development of a protocol to isolate bioactive bovine granulocytes from fresh blood 

for an in vitro model to investigate granulocyte function (Chapter 2).

Isolation of pure and active granulocytes from blood is one of the biggest challenge 

researchers face in laboratories. This is due to purity and activity having direct influence 

on biological activity of isolated cells. The anticoagulants and red blood cells (RBCs) 

lysis used in the isolation procedure may influence cell harvest, purity, cell marker 

expression and pre-activation of cells. Therefore, in the first part of thesis, effects of 

K3EDTA and lithium heparin as anticoagulant to isolate bovine granulocytes from fresh 

blood were investigated. Furthermore, the role of RBCs lysis solutions used during this 

procedure was investigated as well.

Aim 2: Exploration of antimicrobial and immunomodulatory effects of Gum arabic on 

human and bovine granulocytes against Staphylococcus aureus and Escherichia coli

(Chapter 3).

1. Testing direct antibacterial effect of natural crude extract (NCE), ethanol 

precipitate (EP)and commercial GA (CGA)on the following bacteria strains:

S. aureus USA300 (a community acquired methicillin-resistant strain), S. aureus

Newman (a well-characterized laboratory strain) and S. aureus Rd5 (a multi-resistant 

clinical bovine mastitis isolate), E. coli K1 (serotype O18:K1:H7; isolated from a child 

with meningitis) and E. coli antibacterial effect NCE, 

EP and CGA on the growth of above-mentioned strains was monitored by measuring the 

optical density OD595nm. Moreover, transmission and scanning electron microscopy was 

used to visualize direct antibacterial effect. In addition, artificial sugars rhamnose, 
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arabinose and galactose (main compounds of GA) were prepared in a ratio equivalent to 

the sugar percentages of NCE also tested.

2. Screening the immunomodulatory affect of GA on biological activity inhuman and 

bovine granulocytes.

Granulocytes are the key cells that act against invading bacteria during early phase of 

infection. But nothing is known on the direct effect of GA on neutrophils. This study 

aimed to evaluate the effect of GA on the antimicrobial functions of granulocytes as the 

first line of defence against bacterial infections. In this thesis, the ability of NCE and EP 

to modulate human and bovine neutrophils antimicrobial functions against S. aureus and 

E. coli was tested. Among the antimicrobial functions, phagocytosis, ROS production and 

formation of NETs was tested.
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Abstract

Granulocytes play a key role in the defense against invading pathogens. To study granulocyte 

functions, the isolation of a pure and active cell population from fresh blood is required. 

Anticoagulants and red blood cells (RBCs) lysis used in the isolation procedure may influence 

cell harvest, cell marker expression and pre-activation of cells. In this study, the influence of the 

anticoagulants K3EDTA or lithium heparin and the effect of different RBCs lysis methods on 

bovine granulocyte population from fresh blood of healthy cows after density gradient 

centrifugation were investigated. Venous blood from healthy cows was collected in K3EDTA 

and lithium heparin tubes. Density gradient centrifugation to separate granulocytes from other 

cells was conducted using Biocoll. Then, RBCs were lysed with hypotonic water or 0.2% sodium 

chloride (NaCl). Immediately after isolation, harvest, viability, size, granularity, purity, and 

CD11b expression as a marker for granulocytes was analyzed by flow cytometry. In addition, as 

a marker for activation and reactivity of the granulocytes, we stimulated cells with phorbol-

myristate-acetate (PMA) to evaluate the release of reactive oxygen species. 

Furthermore, extracellular trap (ET) formation was investigated by confocal 

immunofluorescence microscopy in untreated control cells and cells treated with the cholesterol-

depleting agent methyl- -cyclodextrin. We did not find a significant difference in percentage of 

dead cells when comparing the two anticoagulants or the different RBCs lysis methods. 

However, the percentage of granulocytes in the harvested population was significantly less using 

lithium heparin blood as anticoagulant compared to K3EDTA. The granulocytes harvested from 

lithium heparin blood and water lysis exhibited higher clumping and pre-activation of 

unstimulated control cells as indicated by isolation of doublet cells, increased CD11b expression, 

increased oxidative burst and higher amount of ET releasing cells. Furthermore, the combination 

of K3EDTA as anticoagulant and NaCl as RBCs lysis method revealed the lowest variability and 

highest difference between untreated and methyl- -cyclodextrin treated cells when quantifying 

ET formation. 

In conclusion, density gradient centrifugation of K3EDTA-blood resulted in higher purity of 

bovine granulocytes compared to lithium heparin-blood. In contrast to water lysis, NaCl lysis 

method is recommended to avoid pre-activation of cells which may occur during hypotonic 

water lysis.
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Abstract

Gum Arabic (GA) is a traditional herbal medicine from Acacia Senegal (L.) Willdenow trees,

which consist of a complex mixture of polysaccharides and glycoproteins. Itis used in daily 

applications for several diseases and is considered to protect against bacterial infections. The 

detailed mechanisms behind these observations are still unclear.

In this study, we investigated the direct antibacterial activity of GA water and ethanol extracts 

against Staphylococcus (S.) aureus or Escherichia (E.) coli and the immunomodulating 

direct antimicrobial effect of GA was tested on three different S. aureus strains and two E. coli

strains. The growth of bacteria was analyzed in the presence of different GA concentrations over 

growth inhibition in a

concentration-dependent manner in the case of S. aureus Newman, S. aureus Rd5, and E. coli

25922, but not in the case of S. aureus USA300 and E. coli K1. 

bacteria. Secondly, the immunomodulatory effect of GA on the antimicrobial activity of bovine 

or human blood-derived granulocytes was evaluated. Interestingly, water and ethanol extracts 

enhanced antimicrobial activity of granulocytes by the induction of intracellular ROS production. 

In line with these data, GA increased the phagocytosis rate of E. coli. No effect was seen on 

neutrophil extracellular trap (NET) formation that mediates killing of extracellular bacteria such 

as S. aureus.

In conclusion, we show that GA exhibits a direct antibacterial effect against some S. aureus and 

E. coli strains. Furthermore, GA boosts the antimicrobial activities of granulocytes and increases 

intracellular ROS production, which may lead to more phagocytosis and intracellular killing. 

These data might explain the described putative antimicrobial activity of GA used in traditional 

medicine.
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Chapter 4
General Discussion

The infectious agents such as viruses, bacteria, fungi and parasites can cause severe illnesses to 

human and animals and sometimes lead to deaths. In case of minor infections, the body it self 

can overcome the infections by it is own immune defense mechanisms. If the body is not able to 

eliminate the infection, antimicrobial therapy is needed. However, emerging antibiotic resistant

strains and presence of highly virulent strains aggravated the situation. Therefore, alternative 

treatment by boosting the immune system to address this problem is an important priority. Since 

ancient times, traditional medicinal plants continue to form the basis of rural medical care 

worldwide. In Sudanese folk medicine, some plants were claimed to have therapeutic values 

such as GA. Local people believe that GA acts as an antioxidant, anti-inflammatory and

antibacterial agent, treats stomach disorders, promotes wound healing and treats renal failure. 

GA is used in traditional medicine as a drinkable solution prepared by dissolving it in water, 

however, fresh and wet gum can be eaten directly. Several in vivo and in vitro studies were 

performed to elucidate therapeutic values behind of the usage GA. Nevertheless, little

information is available about the impact of GA on the innate and adaptive immune system,

particularly on neutrophils as a key cell of the innate immune system and first line in the host 

defense against invading pathogens. Hence, this thesis emphasizes the immunomodulatory 

effects of GA on bovine and human granulocytes against S. aureus and E. coli. Additionally, the 

direct antibacterial effect of GA against these pathogens was investigated as well.

The results presented in this thesis demonstrated that the NCE and EP enhanced the 

antimicrobial activity of granulocytes by the induction of intracellular ROS production. 

Furthermore, GA exhibited a direct antimicrobial effect by inhibiting the growth of the bacteria. 

Now, in the next pages, those results will be discussed starting with the direct effect of GA on 

the bacteria.
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1. Direct effect of GA on bacterial killing
Ethnomedicinal uses of GA are claimed to have antibacterial effects. To provide scientific 

support, the growth of S. aureus strains and two E. coli strains were analysed in the presence of 

commercial GA (CGA) from Sigma, natural crude extract (NCE) from Acacia Senegal (L) 

Willdenow trees from Sudan and ethanol precipitate (EP) generated from NCE. Interestingly, 

NCE and CGA showed significant growth inhibition in a concentration-dependent manner in the 

case of S. aureus Newman, S. aureus Rd5 and E. coli 25922. S. aureus Newman was 

significantly inhibited by NCE and CGA, starting at 5 mg/ml (Chapter 3, Fig. 5A and 5B). On 

the other hand, inhibitory effects on S. aureus Rd5 and E. coli 25922 were detected at 40 mg/ml 

NCE (Chapter 3, Fig. 5Eand 5G). In contrast, no antibacterial effect was detected in the case of 

S. aureus USA300 and E. coli K1 for both types of gum (NCE and CGA) (Chapter 3, Fig. 5C, 

5D and 5I). Almost, a similar result was reported by Musallam et al., 2018 using disc diffusion 

assay. They tested the antibacterial effects of five organic extracts prepared from Sudanese and 

Oman GA. Interestingly, they found that n-hexane and chloroform extract from both types of GA 

had a significant antibacterial effect against S. aureus, K. pneumoniae and three different E. coli

strains at 2, 1, 0.5 and 0.25 mg/ml(Musallam et al., 2018). Additionally, GA inhibited the growth 

of periodontopathic bacteria. Clark and colleagues found that treatment of Porphyromona

sgingivalis and Prevotella intermedia with 0.5% w/v sonicated GA reduced protease activities of 

these bacteria and lowered growth (Clark et al.,1993). 

According to the literature, GA typically and mainly contains D-galactose, L- arabinose and L-

rhamnose (Osman et al., 1993). However, it is still very unclear which component of GA acts 

antibacterial. Therefore, the question was arising if sugars as the main component of GA act

antibacterial or any other component, or a combination. Therefore, TLC analysis was performed 

to control purity and quantity of monosaccharides, following European Pharmacopoeia 

guideline. The result showed that, NCE and CGA samples had higher galactose, arabinose, and 

less rhamnose. Besides, the EP generated from NCE showed significantly less monosaccharide 

(arabinose and galactose) compared to NCE as well as CGA, as expected (Chapter 3, 

Supplemental Fig. 6). In line with the presented results, Lopez-Torrez and colleagues have 

determined sugar composition of GA by gas chromatography-mass spectrometry. They found 

that GA contains 15.5 % rhamnose, 30.3% arabinose and 35.8% galactose (Lopez-Torrez et al., 
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2015). Thus, the sugar content in NCE used in this study reflects the described composition in 

the literature.

Repeating previous growth behavior studies, bacteria were grown in the presence of EP. 

Interestingly, EP with a lower concentration of sugars showed the same antibacterial effect as

NCE on S. aureus Newman, S. aureus Rd5 and E. coli 25922 (Chapter 3, Fig. 6A to 6D). In 

good correlation with these data, the artificial monosaccharides galactose, arabinose and 

rhamnose alone showed no significant effect on bacterial growth (Chapter 3, artificial sugars 

Fig. 5). That means the sugars alone are not the antibacterial effector. In agreement with this 

finding, Shehu et al., 2018 found that EP of GA had an antibacterial effect against E. coli and P. 

aeruginosa at 100, 50 and 25 g/L (Shehu et al.,2018). Additionally EP generated from Acacia 

niloticagum, which is closely related to Acacia Senegal, had also antibacterial effect against 50 

bacterial strains out of 100 strains(Dubey et al., 2015). This result was also reported in another 

type of gum produced by the cashew tree (Anacardium occidentale). This gum is similar to GA

and mainly consists of sugars 70% galactose, 11% glucose, 6% glucuronic acid, 5% arabinose, 

4% rhamnose 1% mannose and anacardic acid(de Paula & Rodrigues, 1995). Both crude extract

and EP of cashew tree gum had strong antimicrobial effects against methicillin-resistant and 

methicillin-sensitive S. aureus and Listeria innocua at 40 and 30 mg/ml (Campos et al., 2012).

In literature, several studies reported the antibacterial effect of GA on different bacterial strains 

as mentioned above. However, nothing is known about the mechanism behind antibacterial 

effects and the mode of action. In this thesis, transmission and scanning electron microscopy 

were used to visualize the antibacterial effects of NCE and EP on S. aureus Newman. As a first 

step, using these methods, it was tested if GA caused morphological changes e.g. cell surface 

changes or cell division. This can give ideas on the mode of action. Interestingly, moderate 

morphological changes in bacterial architecture, occasional cytoplasmic blebbing were detected. 

In addition, less frequent central planes of cell division were seen after NCE and EP treatment 

and this effect was absent in bacteria grown without treatment (Chapter 3, Fig. 7A-C). By 

counting, the number of dividing cells it was revealed that approximately half numbers of cells 

were dividing in NCE and EP treated samples as compared to untreated samples. In contrast to 

that, scanning electron microscopic analysis revealed neither membrane destabilization nor 

cytoplasmic exudation of S. aureus Newman after NCE or EP treatment (Chapter 3, Fig. 8). As 
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a positive bactericidal control, S. aureus Newman was treated with LL-37. Itis a cationic 

amphipathic antimicrobial peptide and it is mode of action is based on disrupting the bacterial 

membrane (Neville et al., 2006). Here, the result revealed membrane destabilization and 

cytoplasmic exudation on S. aureus Newman after LL-37 treatment. Comparing the pictures of 

GA treated groups with LL-37 group, GA had bacteriostatic rather than a bactericidal effect on 

the bacteria. This result goes in line with the previous study shown that treatment of S. aureus

MRSA with cashew tree gum caused morphological changes including the phenomenon that 

bacterial cells collapsed and became rougher (Campos et al., 2012).

Since GA treatment induced morphological changes in bacterial architecture, S. aureus Newman 

identify the mode of action of GA on the bacterial cell wall. This 

mutant had a defect in dltA, a gene of the dlt ABCD operon. DltA facilitates the transfer of D-

Alanine to dltC. This initial step is crucial for subsequent esterification of teichoic acids of the 

bacterial cell wall with D-Alanine, thereby, introducing positive charges into the otherwise 

negatively charged cell wall(Debabov et al., 2000; Perego et al., 1995). Consequently, S. aureus 

Newman mutant has un-esterified teichoic acids and a more negatively charged cell wall. 

Previously mutant towards 

several antimicrobial peptides HNP1 3, protegrins from porcine leukocytes, tachyplesins, 

magainin I and gallidermin which have a positive net charge as a common structural feature

(Peschel et al., 1999). Here, S. aureus

NCE as any decreased growth behavior in comparison to S. aureus Newman (Chapter 4, Fig. 3). 

That means the mode of GA is different from antimicrobial peptides. The electron microscopy 

pictures of LL-37 and NCE support these findings as the NCE treated groups looked different 

from LL-37 treated groups (Chapter 3, Fig. 8).
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To identify which fraction of GA had antibacterial effects a total of 1 g/5 ml NCE was 

fractionated using a column containing Sephacryl S-300 high-resolution media. Total of 96

fractions were harvested and checked for the presence of polysaccharides, glycoproteins or 

proteoglycans in an SDS-PAGE followed by silver staining. Finally, four fractions designed I, II, 

III and IV were harvested, dialyzed against 1 M NaCl (1d) and water, then freeze-dried 

(Chapter 4, Table 4). For screening the active compounds, the growth behavior studies of S. 

aureus Newman were repeated in the presence of the individual four fractions I-IV and pooled 

fractions (a mixture from all four fractions with the equal volume). The result showed that only

fraction I led to significant growth inhibition (Chapter 4, Fig. 4). The other fractions caused 

only a weak (insignificant) inhibitory effect. Comparing the effect of NCE with the separate 

fractions, the antibacterial effect of fraction I was not as strong as the effect of the crude NCE 

suggesting that not merely one component alone but the interplay of different components in the 

four fractions can cause the effect observed in the NCE. It appears that fraction I had the highest 

Figure 3: Effect of NCE on growth of S. aureus Newman wt and S. aureus Newman
mutant in MHB over 14 h. The growth of S. aureus Newman wt and S. aureus Newman was 
analysed in presence of 5 mg/ml NCE by measuring the OD in a plate reader. NCE significantly 
inhibited the growth of S. aureus Newman wt compared to untreated control, whereas GA 
ameliorated the growth of S. aureus Statistical analysis was done by 
two-way ANOVA compared to growth control followed by Dunnett's multiple comparisons test. 
Each treatment was done in duplicates and a mean of duplicates was used for statistical analysis. 
The number of independent experiments is presented above. P values *P< 0.05 were considered 
significant.
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concentration of active components, containing either the strongest effector molecules or the 

most effective composition of active components.

However, the pooled fractions did not have the same effect as the NCE as they did not at all 

impair the growth of S. aureus Newman. In contrast, the antibacterial effect of separated 

polysaccharides fractions have been successfully reported in several other studies (Han et al., 

2016; Naqash & Nazeer, 2011) Nevertheless, in most of these studies the active polysaccharides 

fractions were found in combinations with other substance e.g. sulphate groups or uronic acid. 

Moreover, the final concentration of polysaccharide fractions in these studies is known and 

antibacterial substances only lead to an effect when present in a sufficient concentration. Here, 

the true concentration of the fractions was unknown; it might vary and did at least not always 

equal the theoretical concentration of 5 mg/ml. Moreover, equal mixing of all four fractions 

might then led to dilution of the active components and so the antibacterial effect was lost. In 

additions, the fractions might contain these active components in rather low concentrations 

because they were partially lost during the fractioning process. Thus, more intense future studies 

are needed on GA fractionation process to identify the antibacterial active compound.

Figure 5: Effect of NCE and fractions on growth of S. aureus Newman wt in MHB over 14 h.
S. aureus Newman wt was treated with fractions and 5 mg/ml NCE or 1:1:1:1 mixture of fractions 
(pooled fractions) and growth was monitored by TECAN plate reader. Only 5 mg/ml NCE and 
fraction I led to significant growth impairment compared to an untreated sample (n=3).Statistical 
analysis was done by two-way ANOVA compared to growth control followed by Dunnett's 
multiple comparisons test. Each treatment was done in duplicates and a mean of duplicates was 
used for statistical analysis. P< 0.05* was considered significant.
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Taken together, GA had an antibacterial effect against gram-positive and negative bacteria and 

this effect varies depending on strains, concentrations and time. Interestingly, the sugars alone as 

the main compound in GA are not the antibacterial effectors alone. For the first time, the 

antibacterial effect of GA on bacteria morphology was detected by using transmission and 

scanning electron microscopy technique. Our result showed that the mode of action GA is 

different from the antimicrobial peptide and revealed an inhibitory effect of GA on cell division 

and moderate morphological changes in bacterial architecture.

As next steps, the immunomodulatory effects of GA on bovine and human granulocytes against 

S. aureus and E. coli will be discussed. To optimally perform this study, the effects of 

anticoagulants and red blood cells (RBCs) lysis during isolation procedure of bovine 

granulocytes from fresh blood was analyzed and will also be discussed.

Fractions Pools (Fractions out 

of 96 total fractions) 

Fraction I 19 37 

Fraction II 38 42

Fraction III 43 54

Fraction IV 55 66 

Table 4: Pooling and designing of NCE 
fractions. NCE was fractionated using a 
column containing Sephacryl S-300 high-
resolution media. Total of 96fractions were 
harvested. According to a silver stainingresult 
only fractions19 to 66 contained positive 
signals of NCE. Finally four fractions designed 
I, II, III and IV were harvested and dialysis 
against 1 M NaCl (1d) and against water.
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2. Development of a protocol to isolate bioactive bovine granulocytes from 
fresh blood

To study the immunomodulatory effects of GA on granulocyte functions, the isolation of a pure 

and active cell population from fresh blood is required. It has been shown that anticoagulants and 

red blood cells (RBCs) lysis used in the isolation procedure may influence cell harvest, cell 

marker expression, and pre-activation of cells (El Habbal et al., 1995; Freitas et al., 2008; 

Guzman et al., 2008; Ibeagha-Awemu et al., 2012; Shalekoff et al., 1998). However, most of 

these studies were done in human and little information was available about bovine cells. 

Therefore, the first part of the thesis aimed to establish a protocol for isolation of bovine 

granulocytes from fresh blood. Indeed, the influence of the anticoagulants K3EDTA or lithium 

heparin and the effect of different RBCs lysis methods on bovine granulocyte population from 

fresh blood of healthy cows after density gradient centrifugation were investigated (Baien et 

al.,2018).

In this paper cell number, purity, viability, oxidative burst, and the release of ETs were 

determined. The result showed no significant difference in total cell number (Chapter 2, Fig. 

1A) and percentage of dead cells (Chapter 2, Fig. 1D) when comparing the anticoagulants 

K3EDTA and lithium heparin or the different RBCs lysis methods (Chapter 2, Fig. 1).

When discriminating single cells (singlets) and clumped doublets from each other based on flow 

cytometry (Chapter 2, Fig. 1C) a significant difference in amount of singlets was identified 

between the K3EDTA and lithium heparin group independent of the RBCs lysis method 

(Chapter 2, Fig.1B). Furthermore, more clumping cells were found in the heparin/water lysis 

isolated group (Chapter 2, Fig. 2D). Additionally, the mean size of granulocytes isolated from 

K3EDTA-treated blood was significantly higher compared to the mean size of isolated cells from 

lithium heparin blood (Chapter 2, Fig. 3A). These result in line with previous study showed that 

heparin leads to the formation of platelet and platelet-neutrophils clumping (Mahony & 

Ferguson, 1992). Conversely, calcium-chelating anticoagulants (citrate and EDTA) inhibits 

platelet clumping by decreasing the calcium concentration of blood . 

To address influence of the anticoagulants and RBCs lysis methods more in detail, CD11b was 

stained as a marker for granulocytes. Interestingly, the percentage of CD11b positive cells in 

K3EDTA/NaCl isolation group reached the highest value when compared to others (Chapter 2, 
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Fig. 4A). These data are in good correlation with granulocyte morphology found in (Chapter 2, 

Fig. 3C and 3D) confirming that the percentage of granulocytes in the harvested population was 

significantly less using lithium heparin blood as anticoagulants compared to K3EDTA blood. 

Furthermore, the mean fluorescence intensity of CD11b expression level per individual cell was 

tested and revealed significant lower CD11b expression in granulocytes isolated from K3EDTA 

blood compared to lithium heparin blood (Chapter 2, Fig. 4D). This effect was independent of 

the RBCs lysis method. In agreement with this finding, Shalekoff et al., 1998 found thatCD11b 

expression on granulocyte was markedly reduced in the presence of EDTA blood compered to 

heparin blood (Shalekoff et al., 1998).

As a functional read-out parameter, the production of intracellular ROS or the formation of 

NETs in control cells compared to a positive stimulus were investigated. The results showed that 

PMA induces intracellular ROS production in all tested groups (Chapter 2, Fig.5A). Moreover, 

the lowest background was detected in the K3EDTA/NaCl isolated group. For the first time,

effects of anticoagulants on NETs were evaluated. Interestingly, we identified that methyl- -

cyclodextrin (CD) induced ETs only in granulocytes isolated with K3EDTA/NaCl method with a 

significant difference compared to the respective negative control. This group showed the lowest 

variability and highest difference between unstimulated control and CD stimulated cells 

(Chapter 2, Fig.5B C; Fig. S2 in Supplementary Material).

In conclusion, density gradient centrifugation of K3EDTA-blood results in higher purity of 

bovine granulocytes compared to heparin-blood. In contrast to water lysis, NaCl lysis method is 

recommended to avoid pre-stimulation of cells which may occur during hypotonic water lysis.

Depending on these results, the combination of K3EDTA/NaCl was used for isolation of bovine

granulocytes in this thesis. 
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3. Effect of GA on bovine and human granulocytes
As initial control experiment, the cytotoxicity of NCE was tested on freshly isolated bovine 

granulocytes using flow cytometry after staining the cells with propidium iodide. The results 

revealed no cytotoxic effect after 120 min of incubation with up to 40 mg/ml NCE (Chapter 3, 

Supplemental Fig. 2). In agreement with this finding, short and long-term studies in human and 

animal model were performed to test the cytotoxic effect associated with GA consumption using 

different concentrations (Booth et al., 1949; Booth et al., 1963; Doi et al., 2006; Lang et al., 

2012; Melnick et al., 1983). In all these studies no cytotoxic effect was observed.In addition, 

Alawi et al., 2017tested thecytotocxicity ofsix organic extracts prepared from GA in vitroat 

concentrations of 10 to1000 g/ml usingbrine shrimp lethality method and results revealed no 

cytotoxic effects (Alawi et al., 2017). 

Since lipopolysaccharide (LPS) is considered as potential immunostimulants that often 

contaminates drugs and biological products. LAL-assay was performed to detect the presence 

and concentration of LPS in GA. Interestingly, LPS amount in the NCE and EP was under the 

detection value of the LPS assay and therefore less than 0.1 EU/ml as biologically active 

concentration. Thus, modulatory activities of GA in this thesis were due to effects of the 

polysaccharides and their complexes rather than contaminating LPS.

To address the immunomodulatory effects of GA on innate immune defense, the ability of GA to 

induce reactive oxygen species from human and bovine granulocytes was determined after 30 

minutes treatment with 0 to 20 mg/ml NCE or EP. In human samples, NCE and EP (with a lower 

concentration of sugars) treatment of granulocytes significantly induced oxidative burst in a 

dose-dependent manner compared to unstimulated cells (Chapter 3,Fig. 1A and Fig. 9A). In 

bovine granulocytes, NCE and EP distinctly induced ROS activity in a dose-dependent manner, 

but in contrast to human cells only 20 mg/ml showed a significant ROS induction (Chapter 

3,Fig. 1B and Fig. 9B). Comparing this results to other typeofgum, Moret o et al., 2003 found 

that peritoneal macrophages isolated from mice treated with 200 mg/kg acidic 

heteropolysaccharide extracted from Anadenanthera colubrina gum (containing mainly 

galactose and arabinose) significantly produced ROS (Moret o et al., 2003).GA contains

arabinogalactan (AG) and arabinogalactan-protein (AGPs) (Akiyama et al., 1984). In literature, 

several studies indicated the ability of AGPs and AG to induce ROS production. For example, 
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type II AG extracted from Tanacetum vulgare flowers induced ROS and NO from 

macrophages(Xie et al., 2007). Moreover, AGPs extracted from Adansoniadigitata increased the 

level of ROS in HaCaT keratinocyte cells (Zahid et al., 2017). Also, Sutherlandia frutescens

pectin-like structure polysaccharides (contains glucose and galacturonic acid units) significantly 

induced ROS and NO from murine macrophage via activation of toll-like receptor-4 after 20 h 

incubation (Lei et al., 2015). 

As oxidative burst is involved in phagocytosis, the ability of GA-treated cells to uptake S. aureus

fluorescence-labelled bio-particles were tested using flow cytometer. The results showed that the 

uptake/association of granulocytes was significantly higher after stimulation with 5 mg/ml NCE 

compared to untreated cells (Chapter 3, Supplemental Fig. 3), but did not reach higher values 

with a 20 mg/ ml NCE. In line with the presented results, Hsu and colleagues found that

polysaccharides fractions ( -Glucan) isolated from Ganoderma lucidum enhanced neutrophils 

phagocytic activity in concentration and time dependent manner (Hsu et al,, 2003).Since the flow 

cytometer reports only cell-associated fluorescence, it cannot differentiate between phagocytized 

and surface-bound but not enclosed targets (reviewed by(Simons, 2011)). For this reason, the 

gentamicin-protection assay was conducted to determine the phagocytosis and killing rate of 

living bacteria using human and bovine whole blood. Interestingly, NCE treatment increased the 

phagocytosis and killing rate of the intracellularly killed bacterium E. coli K1 in human blood 

(Chapter 3,Fig. 2B). The similar tendency was seen in the case of bovine blood with an E. coli

ATCC 25922 strain (Chapter 3, Fig. 2C). These data are in good correlation with the increased 

ROS-production after NCE treatment of granulocytes. Moreover, GA is considered as a potent 

complement system activator for alternative and classical pathways (Bovo et al., 2016). This 

effect improves phagocytosis especially when whole blood components were used. In contrast to 

the E. coli results, the NCE treatment did not increase the phagocytosis rate of the 

predominately-extracellular pathogen S. aureus in bovine or human blood (Chapter 3, Fig. 3).

To further address, the immunomodulatory effects of GA on extracellular granulocyte killing.

NETs as an extracellular killing mechanism of granulocytes were investigated. Here, no 

significant differences in NET-formation between NCE treated groups and the negative controls 

were detectable over time (90 min and 4 h) in bovine granulocytes (Chapter 3,Fig. 4) or human 

granulocytes (Chapter 3, Supplemental Fig. 5). This means NCE treatment did not lead to an 
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increased extracellular immune cell pathogen interaction by NET-formation. On the other hand, 

it is well know that NETs as extracellular innate immune killing mechanism play a substantial 

role in the elimination of S. aureus (Brinkmann et al., 2004; Pilsczek et al., 2010),which is a 

bacterium considered as an extracellular pathogen (Finlay & Cossart, 1997). Hence, this might 

explain why killing rate of S. aureus was not increased after GA treatment despite higher ROS 

production (Chapter 3, Fig. 3).

Summarizing these results, GA significantly increased the oxidative burst of bovine and human 

granulocytes and may enable a more efficiently killing of the intracellular pathogens e.g. E. coli. 

No effect was seen for GA to enhance the formation of extracellular traps, which may act against 

extracellular pathogens such as S. aureus. On the other hand, GA had a direct antibacterial effect 

against gram-positive and negative bacteria. This means GA has great therapeutic effects, 

especially during bacterial infections because it can work directly against bacteria or indirect by 

boost immune cells functions. 
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4. Future outlook
The results presented in this thesis highlight the immunomodulatory and antimicrobial effects of 

GA as natural therapeutic agent. Since CGA, NCE and EP with a lower concentration of sugars 

showed the same antibacterial effects, sugars alone as main compound of GA are not the 

antibacterial effectors. The question for the active components remains open and needs to be 

further investigated in the future. Indeed, antimicrobial effects of GA fractions need to be studied

more in detail with known concentration of the fractions. Additionally, the effects of these 

fractions on granulocytes function need to be tested as well to identify the active compound of 

immunomodulation. The evidence from published studies showed that AG and AGPs have

important immunomodulatory and antimicrobial effects. Therefore, the presence of AGPs on GA 

fractions can be tested usinga synthetic phenyl glycosides probe (Yariv phenylglycosides) that 

interacts and binding spastically with AGPs, to clarify the therapeutic value of those fractions.

In this thesis, GA significantly induced ROS production from bovine and human granulocytesin 

a dose-dependent manner (investigated by flow cytometer technique). As conformation study to 

this result, the expression of inducible ROS at protein level can be quantified by Western blot 

technique. Therefore, expression ROS producing enzymes e.g. NADPH oxidase can be 

quantified.

It was reported that plant polysaccharides and glycoproteins induced macrophage activation via

toll-like receptor-4,complement receptor 3, CD11b/CD18, scavenger receptor and mannose 

receptor (reviewed by (Schepetkin & Quinn, 2006)). Therefore, interesting future prospects 

would be to identify if the same receptors are required for granulocyte activation after GA 

treatment or not. This might help to identify signaling pathways that lead to activation of GA 

treated granulocytes. In addition, ELISA can be used to determine the production of the pro-

inflammatory cytokines such as (IL-1, IL-6, and TNF- and anti-inflammatory(IL4, IL-10, IL-

13, IFN- ) from GA treated granulocytes.

The results presented here show thatGA treatment did not induce NET-formation. On the other 

hand, we observed that percentage of NET releasing cells lowered after treatment with GA 

especially at 20 mg/ml in comparison to untreated cells (Chapter3,Fig 4C). Not always NETs 

have beneficial effects, for example, accumulation of NETs during nephritis promotes 

production of autoantibodies against neutrophils leading to sever autoimmune disease 
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(Kessenbrock et al., 2009). In addition, several studies revealed that NET-formation is involved 

in atherosclerosis, arterial thrombosis and myocardial infarction ((reviewed by (D ring et al., 

2017)). Therefore, GA might have beneficial immunomodulatory effects on those patients. One 

idea to test this hypothesis can be by induction of NETosis in vitro, using phorbol 12-myristate-

13-acetate (PMA) or Methyl- -cyclodextrin (CD), in the present of GA to see if NET-formation 

is lowered after GA treatment or not. Given the fact that GA lowers NET- formation, in vivo

models can be used as next steps to see if GA treatment has beneficial effects on disease where 

NETs are detrimental.

Finally, this works highlights the potential of GA as natural plant to act antimicrobial and also 

immunomodulatory.
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