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ABSTRACT 

More and more drugs are becoming useless as a result of increasing numbers of drug resistant 
pathogen bacteria strains. The urge to find new active drugs, pure or modified, has become a 
critical task to overcome the limitations that older, still in use, drugs have faced. Drug companies 
and research facilities are screening different sources with different techniques to fill this need. For 
a successful screening process, optimized high-quality methods are needed.  

In this study, erythromycin resistant Streptococcus pyogenes strains, mefA, ermB and ermTR, and 
the Staphylococcus simulans ermC strain of Finnish origin were used to optimize a turbidometric 
screening assay using a 96-well microplate for detecting new antimicrobials. Optimization was 
assisted by using quality parameters S/N (signal-to-noise), S/B (signal-to-background) and Z’ 
factor (screening window coefficient) to confirm the reliability and repeatability. The optimized 
assay was used for screening a small-scale library of natural compounds and their derivatives 
against the antibiotic resistant strains. The results showed that gallic esters, specially octyl gallate, 
had potential inhibition effect against tested strains. Lichen acids were also found to be good 
inhibitors against all tested strains.  

The search for novel antibacterial agents can be facilitated by virtual screening of compound 
databases against a known bacterial target. Following this approach, approx. 200 000 compounds 
were screened in silico for binding to ErmC’ and used for selecting the 49 best-binding, drug-like 
compounds for in vitro evaluation. As a primary screen, a fluorometric, biochemical assay 
measuring the inhibition of catechol-O-methyltransferase (COMT), structurally very similar to 
ErmC’, was employed to evaluate the potential activity against ErmC. Out of the selected 49 
compounds, two structurally very similar compounds were identified as confirmed hits with 
reasonable activity (IC50 values of 26 and 73 μM). However, no marked activity was observed in a 
cell-based assay performed with the Staphylococcus aureus ermC strain. 

High-performance liquid chromatography (HPLC) was used for microfractionation of natural 
extracts to overcome limitations of photometric measurement of colored samples that can affect the 
results of a screening assay. The microfractionation was successfully combined with the 96-well 
microplate antibacterial assay. The study demonstrated that the use of microfractionation coupled 
with bioactivity screening is a powerful tool for the identification of active components in natural 
extracts.

To study natural extracts and their safety, a miniaturized Ames test with Salmonella typhimurium
TA98 and TA100 strains in a 6-well plate was used. With a miniaturized method, the cost of the 
test can be decreased, and less time, workspace and amounts of compound are needed than in a 
normal Ames test. The assay was used to screen mutagenicity and antimutagenicity of rapeseed, 
pine bark and raspberry extracts and their factions with vinylsyringol, a pure compound from crude 
rapeseed oil. None of the extracts were shown to be mutagenic. When the metabolic activator (rat 
liver S9 enzyme) was not added with known positive control (mutagen) and extract, all of the 
extracts were observed to have antimutagenic properties.  

The natural extracts were further studied with the Caco-2 model to evaluate their ability to affect 
the permeability of co-administrated drugs across the cell monolayer. It has been previously shown 
that some natural extracts can have drug interactions and affect the drug's cellular permeability. 
Here, the permeability of verapamil, ketoprofen, metoprolol, and paracetamol under the influence 
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of co-administered natural extracts were studied. As a result, none of the extracts had notable 
effects.

In conclusion, it is important to have a proper approach when screening natural products for 
biological activity. Using the latest technology can be the key for finding new promising drug 
candidates. Assay validation and miniaturization are good ways to get results quickly and with less 
money and work. High-quality methods and a thorough investigation that also take safety aspects 
into account can have a significant effect on the overall success of the screening process. 

6



LIST OF ORIGINAL PUBLICATIONS 

This dissertation is based on the following publications, referred to in the text by the Roman 

numerals I-V. 

I. Kreander, K., Vuorela, P., Tammela, P., A rapid screening method for detecting active 

compounds against erythromycin-resistant bacterial strains of Finnish origin. Folia 

Microbiologica (2006). In press. 

II. Kreander, K., Kurkela, M., Siiskonen, A., Vuorela, P., Tammela, P., Identification of COMT 

and ErmC inhibitors by using a microplate assay in combination with library focusing by 

virtual screening. Die Pharmazie (2006). In press. 

III. Wennberg, T., Kreander, K., Lähdevuori, M., Vuorela, H., Vuorela, P., Primary screening of 

natural products using microfractionation combined with a bioassay. Journal of Liquid 

Chromatography & Related Technologies. (2004) 27, 2573-2592. 

IV. Kreander, K., Galkin, A., Vuorela, S., Tammela, P., Laitinen, L., Heinonen, M., Vuorela, P., 

In vitro mutagenic potential and effect on co-administered drugs across Caco-2 cell 

monolayers of Rubus idaeus and its components. Journal of Pharmacy and Pharmacology. 

(2006). In revision. 

V. Vuorela, S., Kreander, K., Karonen, M., Nieminen, R., Hämäläinen, M., Galkin, A., Laitinen 

L., Salminen, J-P., Moilanen, E., Pihlaja, K., Vuorela, H., Vuorela, P., Heinonen, M., 

Preclinic evaluation of rapeseed, raspberry and pine bark phenolics for health related effects. 

Journal of Agricultural and Food Chemistry (2005) 53, 5922-31. 

Reprinted with the permission of the publishers. 

7



ABBREVIATIONS 

3D  3-dimensional 

ADME  absorption, distribution, metabolism, excretion 

ATCC  American Type Culture Collection 

B  buffer 

Caco-2  human colon adenocarcinoma cell line 

CFU  colony-forming unit 

COMT  catechol-O-methyltransferase 

DMSO  dimethyl sulphoxide 

FDA  fluorescein diacetate 

G-6-P  glucose-6-phosphate  

HBSS  Hanks’ balanced salt solution 

HEPES  N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) 

his  histidine operon 
+  histidine independence His
-  histidine requiring His

HPLC  high-performance liquid chromatography 

HTS  high-throughput screening 

concentration yielding 50% inhibition IC50

KTL  National Public Health Institute (FIN) 

LPS  lipopolysaccharide 

MeOH  methanol 

MIC  minimum inhibitory concentration 

MLS  macrolide, lincosamide, and streptogramin  

MMT  mini mutagenicity test 

MS  mass spectrometry 

N.A.   no extract added 

NADP  nicotine adenine dinucleotide phosphate 

NMR  nuclear magnetic resonance 

R-ratio  mutagenic ratio  

R-factor  plasmid that has antibiotic resistance factor in its genome 
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S9  rat liver enzyme 

S/B  signal-to-background 

S/N  signal-to-noise 

SAH S-adenosyl-L-homocysteine 

SAM  S-adenosyl-L-methionine 

SOS  error-prone DNA repair mechanism 

TEER  transepithelial electrical resistance 

TTC  2,3,5-triphenyltetrazolium chloride 

YMBO Culture collection of the Division of General Microbiology, Department of 

Biological and Environmental Sciences, University of Helsinki (FIN) 

Z  screening window coefficient calculated from library sample data 

Z’  screening window coefficient calculated from control sample data 

9



1. INTRODUCTION

Antibiotic resistant bacteria strains with different mechanisms are found continually and thus new 

drugs are required (Streit et al. 2004). The British National Formulary (2002) has listed 63 

antibiotics that are available for the treatment of bacteria infections; many of those antibiotics are 

structurally related and are directed against only a few biochemical targets. For example, after the 

antibiotic nalidixic was discovered, it took 37 years before discovering the new antibiotic, 

linezolid. All other antimicrobial agents that came on market during that time period were 

modifications of existing molecules. Therefore, the finding of new antimicrobial agents with novel 

mechanisms of action is essential and extensively pursued in antibacterial drug discovery (Coates 

et al. 2002). 

Many of the drugs that are used today are related in terms of natural structure. In many cases, 

chemically synthesised drugs have obtained the model structure from nature. During 1981-2002, a 

total of 163 new chemical entities that are used as drugs was discovered. Many of those new drugs 

are based on natural products as a source of novel structure. Synthesised compounds have become 

a more interesting research area in the search for new antimicrobial agents, especially when 

optimizing structures to approved agents. With better techniques and knowledge, synthesised 

compounds will most likely also lead to better results in the future (Taylor et al. 2002, Newman et 

al. 2003).  

The problem of how to find new antimicrobial agents can be approached from a variety of angles. 

Using combinatorial chemistry has recently increased as a method for finding and optimizing target 

site matching compounds (Coates et al. 2002). The classical method is whole-cell screening, where 

new compounds screened with cells and potent compounds, though without knowing their cellular 

targets, are selected for further studies. In the cell-free method, more information about the target 

can be obtained and larger compounds can be screened, compared to cell-based assay. Genetic 

approaches have resulted with the genetic revolution of the 1990s, when more and more data have 

been discovered about bacterial genomes. In genetic assays, new antimicrobial agents that inhibit 

special target proteins can be found and the mechanism of action determined. An advantage of cell-

based screening compared to biochemical cell-free assays is the fact that the cells are the biological 
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environment where the drug should ultimately work (Miesel et al. 2003, Johnston and Johnston 

2002). 

When developing drugs, the question of safety has to be addressed as early as possible. The main 

safety aspects in the development of new drugs are: pharmacology (toxicity due to drug-target 

interactions), chemistry (structure), toxicology (in vivo cell cultures), drug metabolism and 

pharmacokinetics (metabolic-related toxicity), and risk factors (physiological, environmental and 

genetic) (Li, 2004). For early studies, the Ames-test is widely used for toxicity tests to reveal the 

possible mutagenic and toxicology effects that new compounds might have (Maron and Ames 

1983). From another point of view, Caco-2 cells are a widely accepted model for assessing drug 

permeability and drug interactions at the cellular level (Artursson et al. 2001, Laitinen et al. 2004).  
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2. REVIEW OF THE LITERATURE 

2.1. Bacterial resistance and bacteria-targeted screening 

The antibiotic resistance of pathogens can be a result of several different factors (for mechanisms, 

see Table 1). Resistance among bacteria is continuously increasing. Strains such as methicillin-

resistant Staphylococcus aureus (MRSA) and penicillin-resistant Streptococcus pneumoniae are 

known, causing a constant need for new drugs. Even resistance against vancomycin has been 

found, an antibiotic that was for a long time considered to be the “antibiotic of last resort” (Coates 

et al. 2002, Streit et al. 2004, Tally 1999). Prolific numbers of resistant bacterial strains against 

another antibiotic, erythromycin, have also occurred during the last few years. As erythromycin is 

the main alternative antibiotic for penicillin-allergic patients, new alternative drugs are needed 

against these strains (Seppälä et al. 1993, Seppälä et al. 1998, Cantón et al. 2002, Hotomi et al. 

2005). 

2.1.1. Mechanisms of bacterial resistance 

The resistance of bacteria can be categorised into five main types of mechanism (Table 1). The 

resistance can be due to a modification of the target site, a bypass of pathways, a decreased uptake, 

an enzymatic inactivation or an overproduction of the target. The following chapters will 

concentrate mainly on resistance mechanisms found against erythromycin, that is, on altered target 

site (most erm genes), enzyme inactivation (ermC) and decreasing uptake (mef). 
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Table 1. Genetic resistance mechanisms developed by bacteria to antibacterial agents (Coates et al. 

2002, with modifications). 

Mechanism Description 
1. Altered target site The site of action (enzyme, ribosome or cell-

wall precursor) can be altered 
2. Bypass pathways The inhibited steps can be bypassed 
3. Decreased uptake Reduced intracellular concentration of the 

antimicrobial agent. Either reducing membrane 
permeability or by active efflux pump 
Drug can be inactivated. For example -
lactamase will destroy penicillin -lactam ring 

4. Enzymatic inactivation or modification  

5. Overproduction of target The targeted enzyme can be overproduced by 
bacteria

Macrolide, lincosamide, and streptogramin (MLS) antibiotics are ribosomal inhibitors of 

peptidyltransferase reaction and of peptide bond formation. Resistance among bacteria against 

MLS antibiotics is increasing. Erythromycin as part of MLS is a 14-membered ring macrolide 

antibiotic that inhibits protein synthesis in prokaryotes. Many different mechanisms of 

erythromycin resistance in Streptococcus pyogenes have been discovered. They are encoded by 

erythromycin methyltransferase (erm) genes or by mefA genes resulting in active efflux mechanism 

(Leclerq and Courvalin 1991a, Leclerq and Courvalin 1991b, Clancy et al. 1995, Seppälä et al. 

1998, Coates et al. 2002). Different antibiotic resistance strains and mechanisms vary widely 

between countries and geographical regions. In North America mefA and in Europe ermB are the 

most common resistance genes (Farrell et al. 2002). Lately Cantón et al. (2005) has reported that 

the mefA gene is now also the most common in Europe. 

More than 30 different erm-related genes have been identified, including ermB, ermC, ermD, ermE, 

ermK and ermTR (Seppälä et al. 1998, Bussiere et al. 1998). Gene ermC, originally isolated from 

Staphylococcus aureus and then transferred naturally to Bacillus subtilis, is the best characterized 

gene of the erm family. Gene ermC is very site-specific compared to other erm genes (Denoya and 

Dubnau 1987, Hajduk et al. 1999). The ermC gene constitutively encodes ErmC methyltransferase 

(MTase). MTases are enzymes that methylate a wide variety of substrates using S-adenosyl-L-

methionine (SAM) as the methyl donor and releasing S-adenosyl-L-homocysteine (SAH) as a 

reaction product (Bussiere et al. 1998, Männistö and Kaakkola 1999). Target site modification by 
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ErmC is a result of 23S rRNA subunit methylation. The methylated 23S rRNA part of the subunit 

50S makes the bacteria resistant to erythromycin due to the fact that the binding site for 

erythromycin is no longer available in the 50S subunit (Weisbum 1995, Clancy et al. 1995, Clancy 

et al. 1996, Champney et al. 2003). ErmC is not biochemically very stable, therefore its stable 

variant, also plasmid-encoded ErmC’, that differs only in five amino acids, is cloned and expressed 

for studies in Escherichia coli. The crystal structure of ErmC’ protein is well known and used in 

many Erm inhibitor studies (Clancy et al. 1995, Bussiere et al. 1998, Schluckebier et al. 1999, 

Werckenthin et al. 1999). Synthesized compounds have been studied as Erm inhibitors and found 

to have weak inhibitor effects (Hajduk et al. 1999).  

Not only is there a problem in finding new antibiotics to fight old diseases, because resistant strains 

of bacteria have emerged, but there is a parallel problem in finding new antibiotics to fight new 

diseases. In the past two decades, many "new" bacterial diseases have been discovered 

(Legionnaire's disease, gastric ulcers, Lyme disease, toxic shock syndrome, "skin-eating" 

streptococci, all role players in chronic diseases). We are only now able to examine patterns of 

susceptibility and resistance to antibiotics among the new pathogens that cause these diseases. This 

is good to bear in mind since the searches can be combined. 

2.1.2. Sources for antibacterial screening 

Natural products, in contrast to chemically synthesized, as a source of novel antimicrobials are still 

common as one-third of the best selling drugs are based on them. The problem with natural 

products as a source of new drugs is that there are no longer any so-called “easy” new drugs to 

discover, and new techniques such as high-throughput screening (HTS) are easier and faster to use 

with synthetic chemicals than natural products. As separation and detection technologies have been 

proven to overcome difficulties in natural product screening, interest in them has grown (Tammela 

et al. 2004b, Hostettmann et al. 2001). Combinatorial chemistry and structure-based drug design 

have become main research areas in industry due to their better automatability and suitability for 

screening large compound libraries in a short time. Combinatorial chemistry includes study with 3-

dimensional (3D) structure of target site, or theoretical modelling of compounds and their 

interactions with the target (Strohl 2000). Even though combinatorial techniques have succeeded in 
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optimizing structures of new agents, no de novo combinatorial compound has been approved as a 

drug in 1981-2002 (Newman et al. 2003). 

Natural products are still mostly an unexplored research area with a great potential for drug 

discovery. Major sources include marine organisms and microorganisms, among the fungi which 

are well-known as a source of antimicrobials. Also insects and animals, mostly venomous, are large 

but poorly characterized reservoirs (Hadacek and Greger 2000, Harvey 2000, Tulp and Bohlin 

2004). Plants have been the largest natural source of new drugs, though only less than 5% of 

known plants have been chemically characterized. Especially extracts from plants can have 

significant value in antimicrobial research as they may inhibit bacterial growth by different 

mechanisms than conventional antibiotics. For example, plant extracts that contain different 

phenolics have shown good antimicrobial effects and are receiving growing interest (Eloff 1998, 

Cowan 1999, Rauha et al. 2000, Dorman and Deans 2000). 

In cancer therapy, an average of 62% of new chemicals have been non-synthetic during 1981-2002. 

At the same time in the antihypertensive area, 48 of 72 formally synthetic drugs can be traced to 

natural product structures. Of all anti-infective drugs (antibacterial, -fungal, -parasitic and -viral), 

antibacterial drugs are the largest group —90 of a total of 159 drugs —and many of those drugs are 

natural products (e.g. miokamycin) or are derived from nature (e.g. rokitamycin). Natural products 

as a source of novel structures, but not necessarily as the final drug entity, are still a respected 

research area (Newman et al. 2003). 

2.1.3. Methods for bacteria-targeted screening 

Several techniques have been described and used in searching for new antimicrobials from natural 

products, i.e. for successfully detecting their active components against pathogenic bacterial 

strains. The so-called “classic” method is whole-cell screening where large number of compounds 

are screened with cell-based assays (Miesel et al. 2003). One of these assays is agar diffusion, a 

method that has been used when screening plant extracts for their antimicrobial effects and to 

determine minimum inhibitory concentration (MIC) values (Ojala et al., 2000, Rauha et al., 2000; 

Fyhrquist et al., 2002). Agar diffusion method has some limitations, such as low throughput, so 
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nowadays these measurements are preferably done with micro-dilution techniques in 96-well 

microplates. The bacterial growth and antimicrobial effects can be evaluated by turbidometry 

measuring optical density of bacterial suspension or by using indicator dyes (Skyttä and Mattila-

Sandholm 1991, Chand 1994, Eloff 1998b, Hernández and Marin 2002). 

A kinetic microplate assay for measuring bacterial growth and antibacterial properties of different 

compounds has been used as it has been shown to be a fast and reliable method. In photometric 

detection using visible light at a wavelength of 620 nm, the turbidometry values represent the 

growth of bacterial cells (Skyttä and Mattila-Sandholm 1991, Holowachuk et al. 2003). For 

determining MIC values, the lowest concentration that resulted in maintenance or reduction of 

inoculum viability (Carson et al. 1995), this microplate detection method has been used with good 

results (Lambert and Pearson 2000). Screening of new active compounds based on the 

turbidometric method on microplates has limitations, such as how to discriminate the absorbance of 

the bacterial growth from the broth. One way to avoid these limitations, according to Hernández 

and Marín (2002), is based on the idea that total absorbance is the sum of absorbance of each 

component at a given wavelength, which in that way allows the discrimination of bacterial 

absorbance from suspended solids. 

A variety of dyes have also been used for measuring MIC values for new compounds, and 

especially with non-aqueous plant extracts. Resazurin salt (also known as Alamar Blue™) is a 

novel dye used in broths to detect bacterial growth. Oxidation-reduction color reaction leads to 

color change as a result of cell growth in wells where red color indicates growth and blue color 

inhibition of growth. Tetrazolium salts, such as 2,3,5-triphenyltetrazolium chloride (TTC) can also 

be used as a dye to indicate bacterial growth. Tetrazolium salts act as electron acceptors and are 

reduced by biologically active bacteria from a colorless compound to red in the case of TTC (Baker 

and Tenover 1996, Eloff 1998b). 

In fluorometric detection, fluorescein diacetate (FDA) has been used to measure the antimicrobial 

activity of natural compounds and their MIC values against pathogens (Chand et al. 1994). FDA is 

a colorless nonpolar compound that goes into the cell by passive diffusion. In living cells FDA is 

metabolized by esterases and hydrolyzed to green fluorescein and can be measured by fluorometric 

measurement (Chand et al. 1994, Clarke et al. 2001). According to Clarke et al. (2001) there are 

some problems using FDA as a measure of cell viability, such as hydrolysis of FDA even when no 
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live cells were present. Assay conditions as used medium and buffer have been optimized by 

Wanandy et al. (2005) to overcome this problem, which is mostly a result of abiotic cleavage of 

FDA by nucleophiles (e.g. histidine and cysteine) present in the medium. 

Cell-free assays are used for large compounds that cannot enter the cell. A disadvantage of the cell-

free methods is the fact that they do not present the real situation inside the cell, and for that reason, 

they give limited antimicrobial information. The latest developed methods are based on bacteria 

genome and their target sites. In genome based assays, for example, the same type of genomes can 

be searched on different bacteria to control gene expression, using modeling as an approach to find 

new active compounds (Coates et al. 2002, Miesel et al. 2003). 

To develop a good and reliable assay for screening, especially in HTS format, the ability of the 

assay to separate signals caused by active and inactive molecules can be used as a measure of assay 

quality. For validation of an HTS assay, different types of quality parameters, such as S/B (signal-

to-background), S/N (signal-to-noise) and Z factors, are normally used (Zhang et al. 1999). 

2.2. Safety assessment and evaluation of genotoxicity and drug interactions 

When a possible new antimicrobial agent has been found, the next logical step is to assess its 

safety. According to Li (2004) there are five aspects to be concerned with when developing a new 

drug: pharmacology, chemistry, toxicology, drug metabolism/pharmacokinetics, and risk factors. 

One of the main reasons why drug development fail are the problems seen in pharmacokinetic 

properties, i.e. early data on absorption, distribution, metabolism, excretion (ADME) and toxicity 

in animal tests (van de Waterbeemd and Gifford, 2003).  

To evaluate possible genotoxicity and mutagenicity of a possible drug, an Ames-test done with 

mutagenic Salmonella typhimurium strains has been used (Maron and Ames 1983). The Ames 

Salmonella assay has been validated and tested with known mutagens and been shown to work as a 

mutagenicity assay in different laboratories and yield results comparable to in vivo effects (Kier et 

al. 1986, Zeiger 1987, Eisenbrand et al. 2002). Antimutagenicity of possible drugs can also be 

tested with the Ames test (Yen et al. 2001). 
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For drug interactions and predictions of drug transport, the Caco-2 cell permeability test has been 

developed and widely used (Artursson et al. 2001, Laitinen et al. 2004). 

2.2.1. Evaluation of genotoxicity with Ames test 

The Ames test is a method for detecting carcinogens and mutagens by using Salmonella, the idea 

for which was first described by Ames and Whitfield (1966). The Ames test, as we now know, was 

finally published by Maron and Ames (1983). To save space, time and components, the Ames test, 

originally performed in 9-cm Petri-dishes, has been miniaturized to e.g. a 6-well plate format using 

33-mm diameter wells (Diehl et al. 2000). 

Several types of Salmonella typhimurium histidine strain mutations are used in the Ames test. The 

principle of the assay is that these bacterial strains act in the same manner as human cells under the 

influence of test compounds, and possible hazard compounds can be detected. All Salmonella 

typhimurium strains have histidine operon (his) mutation and are unable to synthesize the required 

amino acid, histidine, and they are therefore unable to grow and form colonies in its absence. Even 

though strains are histidine requiring (His-), some cells can self-repair the mutations, by frameshift 

or base-pair substitution (an event called spontaneous reversion) and become histidine independent 

(His+) (Maron and Ames 1983). 

One limitation of the Ames test is the inability of Salmonella typhimurium strains to metabolize 

different forms of carcinogen chemicals, such as aromatic amines or polycyclic aromatic 

hydrocarbons, which are biologically inactive unless they are metabolized to active form. In 

humans and lower animals, the cytochrome-based P-450 metabolic mono-oxygenase oxidation 

system is present mainly in the liver and is capable to form these potent mutagens. To overcome 

this limitation, a rat liver microsomal fraction called S9 containing many of the enzymes present in 

vivo has been used as a metabolic activator when detecting the mutagenicity of different 

compounds in the Ames test (Ames et al. 1973b, Maron and Ames 1983, Paolini and Cantelli-Forti 

1997, Mortelmans and Zeiger 2000). 
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2.2.1.1. Target bacterial strains in Ames test 

Strains used in the Ames mutagenicity test are originally derived from the wild type Salmonella 

typhimurium LT-2 and are named “Salmonella typhimurium TAn” where n stands for a number 

describing the type of histidine mutations the strain have (Table 2) (Maron and Ames 1983, 

Mortelmans and Zeiger 2000). 

Table 2. Most common Salmonella typhimurium strains used in Ames test (modified from 

Mortelmans and Zeiger 2000). 

*his /mutation/plasmidSalmonella typhimurium

hisG46 /deletion mutation/no plasmidTA1535 

hisC3067/deletion mutation/no plasmid TA1537 

hisD3052/deletion mutation/no plasmid TA1538 

hisD6610/deletion mutation/pKM101 TA97a 

hisD3052 /deletion mutation/pKM101 TA98 

hisG46 /deletion mutation/pKM101 TA100 

hisG428/wild type/pKM101, pAQ1TA102 

hisG428/deletion mutation/no plasmid TA104 
*his = histidine operon mutation 

Ames test performed using only strains TA98 and TA100 has been found reliable enough to detect 

mutagens (Kier et al. 1986). Of 100 mutagens, 83% can be detected using TA100, 76% using 

TA98, and 44% using TA1535 strain alone. When a combination of TA98/ TA100 is used, 93% of 

mutagens can be detected, 87% with combination of TA100/TA1535 and 83% when 

TA98/TA1535 is used (Zeiger et al. 1987). 

Strains TA1535 and its R-factor (contains plasmid) derivate, TA100, have a base-pair substitution 

in histidine operon hisG46 as leucine has been replaced by proline, and they are used for detecting 

mutagens that cause base-pair substitutions. TA1537 having hisC3067 mutation has been replaced 

with more sensitive hisD6610 TA97 (McCann et al. 1975, Levin et al. 1982a, Maron and Ames 

1983). The hisD3052 mutation in TA1538 and its R-factor TA98 are in the hisD gene encoding 
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histidinol dehydrogenase detecting various frameshift mutagens. TA102 and TA104 has hisG428

mutation, which can detect some mutagens, such as X-rays and various hydroperoxides, better than 

other commonly used strains (Maron and Ames 1983, Wilcox et al. 1993).  

Besides different histidine requirements, additional mutations have been made to make test strains 

more sensitive to chemical mutagens, such as deletion of uvrB-bio genes and rfa-mutations. All the 

strains listed in Table 2, except TA102, have the uvrB deletion, which eliminates the 

deoxyribonucleic acid (DNA) repair mechanism (ultraviolet-repair B gene) and thereby allows an 

error-prone DNA repair mechanism (SOS) to form spontaneous reversions (Ames et al. 1975a, 

Levin et al. 1982a, Josephy et al. 1997, Mortelmans and Zeiger 2000). 

To cause additional mutations in TA97a, TA98, TA100, TA102 and TA104 Salmonella 

typhimurium strains, a plasmid, pKM101, is used. In nature, plasmid pKM101 encodes a -

lactamase enzyme, which makes the strains ampicillin resistant (Langer et al. 1981, Levin et al. 

1982a). As a part of the pKM101 plasmid, the mucAB gene is present and its products enhance 

SOS DNA repair system mutagenesis and increasing spontaneous reversion (Prival and Zeiger 

1998). TA102 strain also has a pAQ1 plasmid that carries the reverse mutation site of histidine 

gene instead of chromosomal DNA, making it tetracycline resistant (Ames et al. 1975b, McCann et 

al. 1975, Levin et al. 1982b, Mishima et al. 1993, Wilcox et al. 1993).  

2.2.1.2. Miniaturization of the Ames test 

The Ames Salmonella mutagenicity test was originally performed in Ø 9 cm Petri dishes (Maron 

and Ames 1983). For saving costs, space, time and the amount of test compounds, Brooks (1995) 

developed streamlined mutagenicity assay, the miniscreen. Brooks used only two Salmonella

strains, TA98 and TA100, and the test was performed in 25-well plates, well diameter 20 x 20 mm. 

The miniscreen assay was shown to yield equal results in mutagenicity tests compared to the Petri 

dish method. Burke et al. (1996) performed successfully the same type of miniscreen mutagenicity 

tests with one more strain, TA102. As the Petri dish (Ø 9 cm) has a surface area of ~64 cm2 and the 

miniscreen well surface area is 3.24 cm2, there is 20-fold difference between these two assays, and 

thus less amounts of compounds are needed for the tests (Burke et al. 1996). To be able to utilize a 
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rapid, automated colony counter, Diehl et al. (2000) modified the miniscreen test to be done in 6-

well plates with Salmonella strains TA98, TA100 and TA102 using 33-mm diameter wells.  

One limitation of the Ames test done in wells was the fact that not enough spontaneous revertant 

cells where able to grow and be detected when the test was done with all six Ames Salmonella

strains. Especially strains TA1535, TA1537 and TA1538 could not be used in the miniscreen 

method as they show a low spontaneous revertant frequency (Brooks 1995, Flamand et al. 2001). In 

2001, Flamand et al. developed and validated a 6-well plate method for all six Salmonella 

typhimurium strains used in the Ames test (TA1535, TA1537, TA1538, TA98, TA100 and TA102), 

called a mini mutagenicity test (MMT). They were able to use 35-mm diameter wells, 5 times less 

test compounds and were still able to automatically calculate the colonies. Even though the colony 

numbers were 3.5 – 5 times smaller, the mutagenicity ratio (R, R-ratio) by comparing the solvent 

revertant to control revertant was the same as in normal Ames test. 

A different point of view in miniaturizing the Ames test has been described by Gee et al. (1998). 

Their approach was based on a liquid version of the Salmonella mutagenicity assay and was done 

in 384-well microplates. First, strains were incubated with test compounds on 24-well plates, and 

from those the wells moved up to 384-well plates with indicator. Mutagenicity results were 

calculated based on indicator color change in wells displaying presence of revertant cells. A 

partially automated assay demonstrated high concordance with the traditional Salmonella test. 

2.2.2. Evaluation of drug interactions with natural extracts 

Interactions with food can have an effect on the absorption and metabolism of drugs. Herbs that 

contain large amounts of flavonoids have been found to interact with efflux proteins and have 

interactions with drugs when administered concurrently. For example, the plant flavonoid 

naringenin, that is present in grape juice, is a known cytochrome P-450 enzyme inhibitor. It has 

also been found that eating raspberries (Rubus idaeus L.) at the same time as receiving 

acetylsalicylic or ketoprofen (nonsteroidal anti-inflammatories) can lead to haemorrhage as a result 

of additive antiplatelet effects (Abebe 2004, Wallace et al. 2002). 
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For evaluation and prediction of drug interactions and permeability, the human colon 

adenocarcinoma cell line Caco-2 in monolayer cultures is widely used in in vitro studies. There are 

four different routes by which drugs can pass through the intestinal epithelium: passive 

transcellular and paracellular routes, the carrier mediated route and by transcytosis. Generally, 

drugs with high permeability are transported by the passive transcellular route. To predict drug 

absorption and to identify potential absorption problems, such as physical and biochemical barriers 

that the drug can come across, the Caco-2 model has been shown to be useful (Artursson et al. 

2001, Markowska et al. 2001). 

It is well known that Caco-2 cells have active transport and efflux proteins, and they can be used to 

test the permeability of new drugs and compounds (Artursson et al. 2001, Markowska et al. 2001, 

Tammela et al. 2004). Laitinen et al. (2004) used this model to study natural extracts and their 

safety and effect on co-administered drugs across the Caco-2 monolayer. They used known highly 

permeable drugs and extracts from nature to see if there are any interactions between drugs and 

extracts that can affect drug permeability. In their study it was shown that natural extracts that 

contain tannins and phenolic acids decreased the permeability of verapamil and metoprolol. 

According to that study, it was shown that when using extracts from nature as new potential drugs, 

it is important to screen for their effect on the drug permeability of co-administrated drugs 

regarding the Caco-2 cell monolayer.  
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3. AIMS OF THE STUDY 

As drug resistant bacterial strains are increasing, new drugs and valid screening methods are 

needed. The risk assessment of new compounds as well as natural products in various forms needs 

attention. The general aim of the study was to develop and validate high-quality methods for 

bioactivity screening of new drug candidates or natural products and for assaying their 

mutagenicity and safety. The specific aims of the study were: 

1) to develop a 96-well microplate method using turbidometric measurement with a set of 

natural compounds for erythromycin resistant bacterial strains (I)

2) to identify methyltransferase inhibitors for erythromycin resistant bacteria using molecular 

modeling on ermC and a microplate screening assay based on catechol-O-

methyltransferase (II)

3) to further develop the antibacterial screening of natural products by coupling the assay to 

high-performance liquid chromatography (HPLC) microfractionation (III)

4) to study the mutagenicity, antimutagenicity and drugs-interactions of different natural 

products and their components (IV, V)
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4. EXPERIMENTAL 

A detailed presentation of the materials and methods can be found in the original publications I-V.

4.1. Materials 

4.1.1. Standard compounds 

In the antibacterial screening assay, erythromycin (Sigma-Aldrich Co., USA) and penicillin G 

(Fluka Biochemica, Switzerland) in water were used as positives controls (I, III).

As a positive control in COMT inhibitor studies, 3,5-dinitrocatechol (Sigma-Aldrich, Germany) in 

dimethyl sulphoxide (DMSO) diluted with aqueous buffer was used. As a negative control, DMSO 

diluted in buffer was used (II).

In the Ames test, a positive control for TA98 and TA100 when S9 (rat liver enzyme) was present, 

2-aminoantracene (Sigma-Aldrich, Germany) diluted in DMSO (Merck & Co., Germany), was 

used. When S9 was not present, 2-nitrofluorene (Sigma-Aldrich, Germany) diluted in DMSO was 

used as a positive control for TA98. Water solution of sodium azide (Merck & Co., Germany) was 

used as a positive control for TA100 in the absence of S9 (IV, V).

For Caco-2 cell monolayer permeability tests, verapamil and ketoprofen from ICN Biomedicals 

Inc. (USA), paracetamol from Orion Pharma (Finland), and metoprolol from Sigma Chemical Co. 

(USA) were used as standard compounds. 
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4.1.2. Natural compounds and derivatives  

A small-scale library of natural compounds and their derivatives was screened for their 

antibacterial activity (I) and used as a source of model compounds (IV, V) (Table 3). Stock 

solutions were prepared in DMSO to improve the solubility, and they were diluted for experiments 

as appropriate. 

Table 3. Natural compounds and their derivates used in antimicrobial screening (I, IV, V).

Compound Source
Catechins and derivatives 

(+)-Catechin Sigma-Aldrich Co., USA 
(-)-Epicatechin Sigma-Aldrich Co., USA 
(-)-Epicatechin gallate Sigma-Aldrich Co., USA 
(-)-Epigallocatechin Sigma-Aldrich Co., USA 
(-)-Epigallocatechin gallate Sigma-Aldrich Co., USA 
Procyanidin B1 Extrasynthèse, France 
Procyanidin B2 Extrasynthèse, France 

Coumarins and derivatives 
3-( -Acetonylbenzyl)-4-hydroxycoumarin Sigma-Aldrich Co., USA 
3-(2-Benzoxazolyl)umbelliferone Fluka Biochemica, Switzerland 
3-Benzoylbenzo(F)coumarin Acros, USA 
Bergenin Extrasynthèse, France 
p-Coumaric acid Sigma-Aldrich Co., USA 
Coumarin 102 Acros, USA 
Coumarin 106 Acros, USA 
Coumarin 153 Acros, USA 
Daphnetin Extrasynthèse, France 
Esculetin Merck & Co., Germany 
4-Hydroxycoumarin Sigma-Aldrich Co., USA 
Khellin Carl Roth GmbH, Germany 
Scopoletin Sigma-Aldrich Co., USA 
Umbelliferone Sigma-Aldrich Co., USA 
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Table 3. Natural compounds and their derivates used in antimicrobial screening (I, IV, V). (cont.) 

Compound Source
Flavonoids and derivatives 

Acacetin Carl Roth GmbH, Germany 
Apigenin Fluka Biochemica, Switzerland 
Baicalin Extrasynthèse, France 
7,8-Benzoflavone Acros, USA 
Chrysin Extrasynthèse, France 
Daidzein Extrasynthèse, France 
6,2'-Dimethoxyflavone Indofine Chemical Company, Inc., USA 
Flavone Carl Roth GmbH, Germany 
Genistein Extrasynthèse, France 
Hesperidin Extrasynthèse, France 
Isoquercitrin Extrasynthèse, France 
Kaempferol Carl Roth GmbH, Germany 
Luteolin Extrasynthèse, France 
Luteolin-7-glucoside Extrasynthèse, France 
Morin (dihydrate) Carl Roth GmbH, Germany 
Myricetin Extrasynthèse, France 
Myricitrin Extrasynthèse, France 
Naringenin Carl Roth GmbH, Germany 
Naringin Fluka Biochemica, Switzerland 
Quercetagetin Carl Roth GmbH, Germany 
Quercetin Extrasynthèse, France 
Quercetin (dihydrate) Carl Roth GmbH, Germany 
Quercetin (crystal) Serva Electrophoresis GmbH, Germany 
Quercitrin (dihydrate) Carl Roth GmbH, Germany 
Rhamnetin Extrasynthèse, France 
Rotenone Acros, USA 
(+)-Taxifolin Extrasynthèse, France 
Vitexin Carl Roth GmbH, Germany 
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Table 3. Natural compounds and their derivates used in antimicrobial screening (I, IV, V). (cont.) 

Compound Source
Phenolic acids and derivatives 

Benzoic acid Merck & Co., Germany 
Caffeic acid Sigma-Aldrich Co., USA 
Dodecyl gallate  Fluka Biochemica, Switzerland 
Ellagic acid Sigma-Aldrich Co., USA 
Gallic acid Sigma-Aldrich Co., USA 
Methyl gallate Fluka Biochemica, Switzerland 
Octyl gallate Fluka Biochemica, Switzerland 
Propyl gallate Sigma-Aldrich Co., USA 
Protocatechuic acid Carl Roth GmbH, Germany 
Vanillin Merck & Co., Germany 

Miscellaneous 
12-Acetyldigoxin Carl Roth GmbH, Germany 
o-Arbutin Fluka Biochemica, Switzerland 
Malvin (chloride) Extrasynthèse, France 
Resveratrol Extrasynthèse, France 
Stictin acid Carl Roth GmbH, Germany 
Ursolic acid Carl Roth GmbH, Germany 
Usnic acid Serva Electrophoresis GmbH, Germany 
Vinylsyringol University of Helsinki, Division of 

Pharmaceutical Chemistry, Finland 

4.1.3. Compounds selected by molecular modeling (II)

Combination of molecular modeling and 96-well microplate assays were used to identify novel 

inhibitors of catechol-O-methyltransferase (COMT) and further, antimicrobials against bacteria 

expressing the gene ermC. Based on ErmC’ 3D structure approx. 200 000 commercial compounds 

were screened in silico using the FlexX program (Rarey et al. 1996). From the screened compound 

library, the 49 drug-like compounds with the best binding properties were selected from 

ChemBridge Corp. (San Diego, CA), Maybridge (Cornwall, England) and Specs (Delft, 

Netherlands). Compounds were diluted in DMSO for the studies.  
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4.1.4. Natural product extracts 

Natural product extracts of Finnish origin (Table 4) were used in antimicrobial screening coupled 

to HPLC microfractionation (III). The antimicrobial activities of crude extracts were also studied 

(V). In the Ames test, extracts were used to evaluate their mutagenicity and antimutagenicity (IV, 

V).

Table 4. Natural extractsa used in this study. Ext = extractant (A: aqueous MeOH (80% (v/v)), B: 

aqueous acetone (70% (v/v)), C: MeOH, D: chloroform) 

Latin name English name Source Part Ext Used in 

Cladoniaceae

Cladina stellaris (Opiz) 

Brodo

star reindeer lichen  private person heads C III

Lythraceae

Lythrum salicaria L. purple loosestrife private person herb A III

Linaceae

Linum usitatissimum L. flax Neomed Ltd. seed A III

Brassicaceae

Brassica rapa L. turnip rape Mildola Ltd. seed, meal and oil 

- meal ex A IV, V 

- oil ex IV, V 

Pinaceae

Pinus sylvestris L. Scots pine Ravintorengas Oy water extract of bark 

- bark extract B IV, V 

- bark fr. I D IV, V 

- bark fr. II D IV, V 

Rosaceae

Rubus idaeus L. v. Ottawa raspberry Market berry 

- meal ex B IV, V 

- et C IV, V 

- as C IV, V 
a Cladina stellaris (Opiz) Brodo, Lythrum salicaria L. and Linum usitatissimum L. extracts where fractionated using HPLC 
micro fractions. Brassica rapa L.: meal ex = phenolic extract of rapeseed meal. oil ex = phenolic extract of crude rapeseed 
oil. Pinus sylvestris L.: bark extract = aqueous acetone Scots pine bark extract, bark fr. I = chloroform extract of bark 
extract, bark fr. II = further fractionated bark fr. I by HPLC. Rubus idaeus L. v. Ottawa: meal ex = phenolic extract of 
raspberry, et = raspberry ellagitannins fraction, as = raspberry anthocyanin fraction.  
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4.2. Methods 

4.2.1. Assays for bacteria-targeted screening 

The bacterial strains used in antimicrobial screening are listed in Table 5.  

Table 5. Bacterial strains used in this study (I, III, IV and V). 

Bacteria Strain Source Used in

Streptococcus pyogenes I, III ATCC 12351 ATCC

Kot R37 mefA M IKTL

Lun R17 ermTR CR IKTL

Ohi R8 ermB CR IKTL

Staphylococcus simulans ermC I, II KTL

Salmonella typhimurium TA100 Xenometrix, USA IV, V 

Escherichia coli VATCC 25922 ATCC

Klebsiella oxytoca VYMBO YMBO 

Proteus mirabilis VATCC 43071 ATCC

Lactobacillus acidophilus VATCC 4356 ATCC

Lactobacillus crispatus VA269-21 YMBO 
ATCC: The American Type Culture Collection 
KTL: National Public Health Institute (FIN) 
YMBO: Culture collection of the Division of General Microbiology, Department of Biological and Environmental Sciences, 
University of Helsinki (FIN) 

Erythromycin resistant Streptococcus pyogenes and Staphylococcus simulans bacterial strains and 

non-resistant St. pyogenes (ATCC 12351) were cultivated in Todd-Hewitt broth (Oxoid, UK) at 37 
oC, 24 h in 5% CO2 (I, III). Escherichia coli, Proteus mirabilis, Salmonella typhimurium (TA100), 

Klebsiella oxytoca, Lactobacillus acidophilus and L. crispatus were grown in Nutrient Broth 

(Becton Dickson and Company, USA) at 37 oC 24 h in room atmosphere (V).
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4.2.1.1. Assay for antibacterial screening (I, V)

Bacterial strains grown overnight were diluted 1:10 into fresh growth media yielding a suspension 

of approximately 108 – 109 CFU/ml. 260 μl of these diluted suspension were then added into 96-

well microplates (Nunc A/S, Denmark) with 40 μl of test compound solutions (or corresponding 

solvent into control wells) and the growth was measured as optical density of the suspension with 

VICTOR2 Multilable Counter (PerkinElmer, Finland) at a wavelength of 620 nm with 1h intervals.

Between the measurements, the incubation with agitation (240 rpm) was continued at +37 oC in 

room atmosphere. 

Percentage of antibacterial activity (C) was calculated using the following equation: 

C = 100 – (A / B) x 100% 

where A is the optical density in sample wells and B is the optical density in the control wells. 

4.2.1.2. Coupling of antibacterial screening with high-performance liquid chromatography 

microfractionation (III)

Extracts of Lythrum salicaria L., Linum usitatissimum L. and Cladina stellaris were separated by 

high-performance liquid chromatography (HPLC) using gradient elution. The samples were 

fractionated into 96-well microplates and lyophilized. For determination of antibacterial activity 

against Streptococcus pyogenes (ATCC 12351), 1 μl DMSO was added into the wells to dissolve 

the fractions and assayed as described in 4.2.1.1. The antibacterial activity of each fraction was 

calculated as presented in chapter 4.2.1.1. 
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4.2.1.3. Assay for the evaluation of catechol-O-methyltransferase (COMT) inhibition (II)

A screening method based on Kurkela et al. (2004) was used to combine molecular modeling and a 

96-well microplate assay for the identification of novel inhibitors of catechol-O-methyltransferase 

(COMT), an enzyme that is capable of O-methylating compounds with catechol structure. Since 

ErmC, which is responsible for erythromycin-resistance in S. simulans ermC, is also a methyl 

transferase, the inhibition of COMT might indicate a possible inhibition of ErmC thus leading to 

susceptibility of S. simulans ermC to erythromycin under the influence of such an inhibitor. 

As a less laborious alternative, the cell-free COMT assay was used as a primary screen for the 

compounds selected by molecular modeling. COMT was produced according to Kurkela et al. 

(2004) and, in the assay, aesculetin (Extrasynthèse, France) was used as a substrate and its 

methylation to scopoletin was measured. S-(5’-adenosyl)-L-methionine (SAM, also known as 

AdoMet) served as a methyl-group donor. The inhibitory activity of the modeled compounds (at a 

final concentration of 100 μM) was measured by following the fluorescence of scopoletin using 

excitation and emission wavelengths of 355 nm and 460 nm, respectively. 

Secondly, the compounds were screened in a cell-based antibacterial screening assay with 

erythromycin to further evaluate the activity of the hits in inhibiting the methylation of the 

erythromycin binding site in S. simulans by ErmC.  

4.2.2. Assay for mutagenicity and antimutagenicity (IV, V)

The Ames test, based on Maron and Ames (1983), was used to screen possible mutagenicity. The 

test was miniaturized based on Flamand et al. (2001) to save samples, space and costs.  

In the miniaturized Ames test, Salmonella typhimurium strains TA 98 and TA 100 (Xenometrix, 

USA) were grown at 37 oC 24 h and then genotyped according to Maron and Ames (1983) to 

ensure the purity of the strains. Genotyped strains were stored for use in -70 oC as a suspension 

with 9% DMSO. 
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The assay was performed in 6-well plates (Becton Dickinson Co, USA) to which 5 ml base agar, 

minimal glucose agar (Agar, Becton Dickinson Co, USA; 20 ml/l Vogel-Bonner minimal medium 

E; 50ml/l 40% glucose solution, Sigma-Aldrich, Germany), were added per well and let to solidify. 

A mixture of top agar (Becton Dickinson Co, USA; 5% NaCl) with bacterial strain and 10% S9 

metabolic activator mix [(10% S9, 0.2 M sodium phosphate, pH 7.4; 0.1 M -NADP, 1 M glucose-

6-phosphate, salt solution (1.65 M KCl, 0.4 M MgCl2•H2O))] were added on top of the base agar. 

Plates were incubated for 48 h at 37 oC and colonies calculated. 

The raspberry, rapeseed and pine bark extracts (listed on Table 4) along with synthesized 

vinylsyringol (main phenolic compound in post-expelled crude rapeseed oil) was used in 

miniaturized Ames tests to measure their mutagenicity. Mutagenic ratio “R” was calculated 

between the number of revertants at a given concentration of positive controls and the revertants in 

the corresponding sample well. A compound is considered mutagenic if the ratio R was greater or 

equal to 2 for the strains TA98 and TA100 (Flamand et al. 2001).  

In the antimutagenicity assay, based on Yen et al. (2001), samples were added in wells with 

positive controls, and colonies formed after incubation were calculated. Antimutagenicity was 

measured against positive controls and R calculated. Compared to the positive control R value, 

antimutagenicity was observed if the ratio was lower in the presence of the sample.  

4.2.3. Assay for the evaluation of drug interactions in Caco-2 permeability studies (IV)

Interactions of natural extracts and their components with co-administered drugs were tested using 

colon adenocarcinoma cell line Caco-2 [American Type Culture Collection (ATCC) # HTB-37]. 

Caco-2 cells form a monolayer with well-distinguishable apical and basolateral membranes and can 

be used as an in vitro model of the intestinal barrier. In this test, the aim was to see if the extracts or 

fractions affected the absorption of the co-administered, widely-used, highly permeable drugs 

verapamil, metoprolol, paracetamol, and ketoprofen. The test was performed according to the 

method outlined by Laitinen et al. (2004) and Tammela et al. (2004a).  
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In short, samples from the apical and basolateral compartments were collected at several time 

points to measure the transport. Monolayer integrity was determined by measuring transepithelial 

electrical resistance (TEER). The samples were analysed by reversed phase HPLC, and the 

apparent permeability coefficients, Papp (cm/s), across the cell monolayers were calculated. Papp 

.values were calculated using the equation: Papp = ( Q/ t)/(A  Co), where Q/ t is the flux of 

compound across the monolayers, A (cm2) is the surface area of the cell monolayer, and C0 is the 

initial concentration of the compound in the donor (apical) compartment. The Papp values relating 

to drugs with extracts were compared to Papp values relating to drugs without extracts (controls). 

Percent differences in the Papp values from control Papp values were calculated. 

4.2.4. Data analysis 

The quality and repeatability of the assay was evaluated using parameters according to Zhang et al. 

(1999), such as signal-to-noise (S/N) and signal-to-background ratios (S/B), which can be used 

with a screening window coefficient called the Z factor. The S/B ratio measures the difference 

between the signal and background, whereas the S/N ratio also takes into account the variations 

observed in the signal and background measurements. The Z factor is the ratio of the separation 

band to the dynamic range of the assay signal and defines a parameter characterizing the capability 

of hit identification for each given assay under the defined screening conditions (Zhang et al., 

1999). While Z factor is calculated from data obtained for library samples showing no activity, its 

more widely used modification, the Z’ factor, is calculated using data from control samples. The 

following equations described in Bollini et al. (2002) and in Zhang et al. (1999) were used for 

calculating the S/B and S/N ratios and the Z’ factors in the experiments: S/B = Xs/Xb , S/N = (Xs-

Xb)/SDs2 + SDb
2 ½)   and Z’ = 1 – [(3 x SDs + 3 x SDb)/| Xs-Xb|], where Xs represents the average of 

the signal obtained from control samples exhibiting maximum bacterial growth, and SD the related 

standard deviation. Xb and SDb represent the average and standard deviation of the signal obtained 

from control samples exhibiting no bacterial growth (I).

The lowest concentration of the antimicrobial agents inhibiting bacterial growth (I) were reported 

as a minimum inhibitory concentration (MIC) (Carson et al. 1995). Concentrations yielding 50% 
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inhibition (IC50) of COMT were determined by using SigmaPlot 2002 for Windows, Version 8.0, 

software (SPSS Inc., USA). 

For the Caco-2 drug interaction studies (IV, V), the effects of extracts on the permeability of the 

co-administrated drugs in the Caco-2 model were statistically evaluated using unpaired t test 

combined with Dunn-Sidak Adjusted Probability and Bonferroni Adjusted Probability tests using 

SYSTAT 10.2 for Windows (SYSTAT Software Inc., USA).
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5. RESULTS AND DISCUSSION 

5.1. Bacteria-targeted screening 

5.1.1. Antibacterial screening  

In this study, a rapid and simple 96-well microplate method based on turbidometry was optimized 

and validated for screening of antibacterial activity against erythromycin-resistant Streptococcus 

pyogenes and Staphylococcus simulans bacteria strains. Non-resistant St. pyogenes ATCC 12351 

was used as a reference strain. 

5.1.1.1. Method development for antibacterial screening (I)

Optimization of assay conditions. First, optimal growth conditions were determined for each 

bacterial strain by following the growth in microplates for 24 h at 37 oC starting with different CFU 

concentrations. The best CFU/ml was found to be 108-109, and with this concentration, growth was 

optimal during 0-6 h, and the incubation could last 24 h without nutrient deprivation. Agitation was 

also found to be an important factor to ensure even growth of the bacteria. With these parameters, 

growth curves were determined showing that the logarithmic growth phase, the phase that is most 

interesting in screening new inhibitors, ended after 3-5 h incubation. (I, Fig. 1).

Using different time points of the curve of St. pyogenes ATCC 12351 quality parameters were 

calculated. Values increased steadily as a function of incubation time and after 4 h incubation the 

parameters were: S/B = 4.2, S/N = 23.4 and Z’ = 0.8 (Fig. 1) (I). As parameters after 4 h incubation 

were excellent and growth curves showed the time to be suitable for measuring, it was selected as 

the end point for the assay. 
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Figure 1. Quality parameters S/B, S/N and Z’ factors obtained for the antibacterial activity assay at 

different time points using the strain Streptococcus pyogenes ATCC 12351. 

For growth of reference strain St. pyogenes ATCC 12351, day-to-day and plate-to-plate variations 

in growth were 5.4% (n = 10 in duplicate) and 9.1% (n = 3), respectively. Quality parameters for 

the assay were: S/B = 4.0, S/N = 32.8 and Z’ = 0.89 (n = 12). Judged by these parameters, the 

presented antibacterial activity assay is of excellent quality with Z’ factor of 0.89 in the routine 

experiments [based on caterigorization by Zhang et al. (1999)]. Also low plate-to-plate and day-to-

day variations indicated the good reproducibility of the assay (I).

Dimethyl sulphoxide (DMSO) tolerance. To overcome dissolution problems of some of the 

compounds, DMSO was used as a solvent to prepare stock solutions of natural compounds and 

their derivates. DMSO concentration range from 0.33% to 13.3% was tested to search for a suitable 

amount that could be used without affecting the bacterial growth. With 13.3% a DMSO 81% 

inhibition was observed, and even with 3% concentration inhibition was at 20%. The lowest 

adequate concentration 0.3% had insignificant inhibitory effect, and it was chosen for use in further 

experiments (I).
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Assay validation. Antibiotic effects of the positive controls, erythromycin and penicillin G, were 

examined using 5-8 different concentrations between 0.013-13.3 μg/ml for erythromycin and 

0.00001-10 μg/ml for penicillin G to define minimum inhibitory concentrations (MIC). 

Erythromycin resistant St. pyogenes strain mefA, ermB, ermTR and non-resistant ATCC 12351 

were susceptible to penicillin G with MIC values between 0.01-0.1 μg/ml [breakpoint for 

susceptibility  0.12 μg/ml (Hotomi et al., 2005)] (I, Table 2). Erythromycin MIC values were at 

least 10-fold higher with resistant St. pyogenes strains compared to non-resistant ATCC 12351 as 

expected [breakpoint for resistance  1 μg/ml (Hotomi et al., 2005)]. Against St. pyogenes ermC,

both antibiotics had no affect even with high concentrations.  

5.1.1.2. Screening of natural compounds and their derivates (I)

A total of 66 natural compounds and their derivates were screened at a concentration of 10 μg/ml 

against the bacterial strains using the optimized assay (I, Table 3). Over all, ten compounds 

showed > 20% inhibition, but only four potential hits were found that had over 50% inhibition 

against these strains. Two gallic acid esters, octyl (OG) and dodecyl gallate (DG) were active 

against the St. pyogenes strains with inhibition in the range of 35-64%, but against S. simulans 

strain no activity was observed with DG, while OG inhibited the growth by 51%. Usnic and ursolic 

acids showed potent activities with inhibitions of 37-64% and 34-67%, respectively, against all five 

bacterial strains.  

The antimicrobial activity of gallates against methicillin-resistant S. aureus has been previously 

reported by Kubo et al. (2002), who concluded that gallates probably exert their bactericidal 

activity through multiple possible actions including the inhibition of respiratory systems. Usnic 

acid is an extensively studied metabolite found uniquely in lichens, and extracts containing it have 

been utilized for medicinal, perfumery, cosmetic and ecological applications (Ingólfsdóttir, 2002). 

For example, the activity of usnic acid in inhibiting bacterial biofilm formation has been recently 

reported (Francolini et al., 2004). Ursolic acid, a metabolite present in a number of terrestrial 

plants, has also been described as possessing a variety of biological effects, including anti-

inflammatory (Ringbom et al., 1998) and antimicrobial activity (Mallavadhani et al., 2004). 

Although the observed activity against the erythromycin-resistant strains of the present study may 

37



not be comparable to existing antimicrobials, these identified active compounds could provide a 

structural basis for lead optimization to improve the activity and specificity. 

5.1.1.3. Screening of natural extracts (V)

The antibacterial effects of natural extracts (V, Table 2) were studied using the 96-well microplate 

method. These extracts were also investigated with agar-diffusion method according to Fyhrquist et 

al. (2002), and they were shown to have no negative color effect compared to the 96-well 

microplate test. 

Of the extracts, raspberry phenolic extract and raspberry ellagitannins fraction inhibited the growth 

of Proteus mirabilis by 59 - 62 % and Klebsiella oxytoca by 31-33 %. Against other tested strains, 

these natural extracts had little or no affect (V, Table 6).

5.1.1.4. Combination of antibacterial screening and HPLC microfractionation (III)

With this assay we wanted to see if it is possible to find, fractionate and identify antimicrobially 

active compounds from natural extracts and avoid possible color disturbances, which can have a 

negative effect on turbidometric measurements. Optimized microplate screening assay was used 

when extractions from Lythrum salicaria L., Linum usitatissimum L. and Cladina stellaris were 

separated by high-performance liquid chromatography (HPLC) and fractionated in a 96-well 

microplate.

Inhibition of fractionated natural extracts. Extracts from Lythrum salicaria L. and Linum 

usitatissimum L. showed little or no antimicrobial effect against the test strain St. pyogenes ATCC

1251, while C. stellaris contained two antimicrobially active fractions (Fr I, Fr II) (III, Fig. 4).

Fraction Fr I was identified as usnic acid, based on UV-spectra and retention times. Usnic acid is a 

known component of C. stellaris (Huovinen et al., 1985). The second fraction, Fr II, was identified 
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as a 2-O-methyl perlatolic acid, based on the nuclear magnetic resonance (NMR) and mass 

spectrometry (MS) in comparison with data reported by Elix (1974). 

Lichen acids like usnic acid have been reported to have antimicrobial effect against different 

bacteria strains (Ingólfsdóttir, 2002) as our recent study (I) also showed. By combining 

microfractionation with the 96-well microplate method, it is possible to find active compounds 

from natural products using only small sample amounts and to overcome color interference of the 

samples, which can disturb assays based on turbidometric measurement (Eloff, 1998). Using this 

approach we were able to identify a new antimicrobially active compound, 2-O-methyl perlatolic 

acid (III). 

5.1.2. Double targeting approach using molecular modeling and catechol-O-methyltransferase 

inhibition assay (II)

Double targeting can be applied as a combination therapy in specific cases where the actions of two 

molecules lead to the desired effect (Kranjc and Kikelj 2004). A good example of this is the 

approach used in the treatment against penicillin-resistant bacteria (Tondi et al. 2005). The 

resistance is based on -lactamase enzyme, which degrades and modifies the penicillin before it 

reaches the target site. By double targeting, -lactamase inhibitors are used to prevent the -

lactamase synthesis and allows the antibiotic to have an effect (Wilke et al. 2005). The aim in the 

present study was to find compounds that would work in a similar manner against erythromycin-

resistant S. simulans. Here the first, indirect effect is the inhibition of methyl transferase rendering 

the bacteria susceptible to erythromycin (direct effect). 

In our study, the structure of the crystallized methyltransferase ErmC’ was used as a model to find 

molecules that could interact with its binding site and then find novel antimicrobials against 

erythromycin-resistant bacteria that produce ErmC. The idea was that the modeled compound 

would block the methylation of the binding site, and then erythromycin could have an effect.  

A group of drug-like molecules were screened in silico, and the 49 with the best binding properties 

were selected to find possible methyl transferase inhibitors. The crystal structures of several 
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characterized methyltransferases are strikingly similar in the SAM-binding regions (Männistö and 

Kaakkola 1999), including that of ErmC’ (Bussiere et al. 1998). This led us to use the COMT assay 

(Kurkela et al. 2004) for screening of methyl transferase activity of the selected compounds prior to 

the cell-based antibacterial screen. 

Inhibition of catechol-O-methyltransferase. Inhibition of the methylation by S-COMT (the water-

soluble form of COMT) was used to simulate the situation with ErmC. If S-COMT activity were 

inhibited, this might also indicate inhibition of ErmC activity. Thus the 23S rRNA subunit, part of  

the subunit 50S, would not be methylated, leading to the susceptibility of the bacteria to 

erythromycin. The resistance mechanism is based on the methylation of RNA, which blocks the 

erythromycin binding site in the 50S subunit, making the bacteria resistant (Weisbum 1995, Clancy 

et al. 1995, Clancy et al. 1996, Champney et al. 2003). 

From the selected compounds, four were found to have > 30% inhibition of S-COMT, and from 

those compounds, two were confirmed as potential hits in further studies. The hits were obtained 

from the Maybridge (England) database and named as MB5 (HTS 01780, M: 313.3600) and MB6 

(HTS 01781, M: 343.3860) (II, Fig. 1). Dose-responses of MB5 and MB6 were determined, and 

the concentrations causing 50% (IC50) inhibitions were 26 μM for MB5 and 73 μM for M6. 

In the assay it was observed that, at high concentrations, the compound solvent, DMSO, inhibited 

S-COMT (Fig. 2). On this basis, the highest DMSO concentration that could be used based on 

DMSO inhibition studies was 2% (II).
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Figure 2. Different dimethyl sulphoxide (DMSO) concentrations and their inhibition % (±S.D.) 

against soluble human catechol-O-methyltransferase (S-COMT). 

Modeled compounds in cell-based antibacterial assay. Upon COMT assay results, the modeled 

compounds were further studied by assessing their activity in a cell-based assay with erythromycin. 

Based on ErmC’, 3D structure modeled compounds and their effect to inhibit methylation by ErmC 

cell based assay with S. simulans ermC was conducted on a 96-well microplate. In this study, 0.013 

μg/ml erythromycin and 70 μM concentration of compound with bacteria was used to study the 

double targeted effect of compounds. Compounds had no effect and no inhibition was observed 

with erythromycin (unpublished results). 

As a conclusion, MB5 and MB6 had high IC50 concentrations in the COMT assay compared to 3,5-

dinitrocatechol (which has 35 nM IC50), but they could work as a potential base structure for future 

studies. Ten of the compounds had a negative inhibition percentage as a result of the native 

fluorescence of the compounds; a fact that has been found to interfere and be a limitation in the 

high throughput screening assays (Comley 2003). Knowing the solvent limitation when DMSO is 

used, the enzyme-based method is a useful alternative to the cell-based method when screening 

potential double-targeted binding-site inhibitors. However, here the inhibition of COMT did not 

lead to susceptibility of the bacteria to erythromycin through ErmC inhibition as anticipated. 
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5.2. Evaluation of genotoxicity and drug interactions (IV, V) 

When screening new antimicrobial compounds, it is important to also test their mutagenicity and 

antimutagenicity. This must be done to prevent false hits and waste of time and money, as they 

might show negative side effects in mutagenicity tests in further studies. Another important point 

of view is to study whether the compounds have any kind of effects on the permeability of 

commonly used drugs at the cellular level. To evaluate these risks, the Ames test and Caco-2 cell 

monolayer cell models were used. 

5.2.1.  Ames test in evaluating genotoxicity (IV)

The Ames test is a well-known method for early screening of possible mutagenic compounds and 

extracts. First we miniaturized the test for our laboratory to save cost, time and space based on 

studies made by Maron and Ames (1983) and Flamand et al. (2001). After setting it up, the assay 

was used to screen for possible mutagenicity of the natural products according to Maron and Ames 

(1983), and for their antimutagenicity according to Yen et al. (2001). 

5.2.1.1. Miniaturization of Ames test (IV)

First, the growth of two genotyped Salmonella typhimurium strains, TA98 and TA100, on 6-well 

plates were optimized. Mutagenicity ratios (R, R-ratio) were calculated against spontaneous 

reversions and R  2 was set as the level for mutagenicity. The ratio between the number of 

revertants at a given concentration of positive controls and the revertants in the corresponding 

solvent control (H2O or DMSO) was calculated (Table 6).  
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Table 6. Values obtained for both Salmonella strains and mutagenicity ratio after treatment by 

positive controls. 

H2O DMSO Positive control Mutagenicity ratio 

M S.D. M S.D. M S.D. R/H2O R/DMSO 

TA 98 

-S9 6 2 5 2 28 7 4.7 5.6 

+S9 8 4 7 3 71 11 8.9 10.1 

TA 100 

-S9 38 6 38 7 128 15 3.4 3.4 

+S9 39 9 38 5 140 9 3.6 3.7 
* -S9, without metabolic activation; +S9 in the present of metabolic activation; M, mean; S.D., standard deviation; R/ H2O,
mutagenicity ratio as compared to the solvent control water; R/DMSO, mutagenicity ratio as compared to the solvent 
control DMSO 

Based on these results, the miniaturized Ames test worked in the same manner as the normal Ames 

according to Maron and Ames (1983). Positive control concentrations were selected so that the 

mutagenic ratios of them were over 2. Our results were also similar to Flamand et al. (2001) and 

thus these parameters were applied in the miniaturized assay when screening natural compounds 

and their possible mutagenicity. 

5.2.1.2. Mutagenicity and antimutagenicity of natural extracts and their compounds (IV, V)

Miniaturized Ames test for natural extracts (see Table 4) with pure compound vinylsyringol (from 

crude rapeseed oil) were screened to find possible mutagenicity. None of the tested samples had 

mutagenic properties when Salmonella typhimurium strains TA98 and TA100 were present. Also, 

no bactericidal effects were seen as a lack of background growth on wells (Mortelmans and Zeiger 

2000). 

In the antimutagenicity assay test, the extracts and vinylsyringol were added in 6-well plates with 

the positive controls. Antimutagenicity was measured using spontaneous reversions as controls and 

R was calculated. When the metabolic activator S9 was absent and buffer (B) was added instead, 
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some antimutagenicity properties were seen in both strains in comparison to positive samples that 

had only positive control added (N.A.) (Table 7). 

Table 7. Antimutagenic activity of rapeseed, pine bark and raspberry phenolics and vinylsyringol. 

Table shows mutagenicity rations R in comparison to B or S9 control.  

Extractsa TA98+2N+Bb TA98+2A+S9 TA100+Na+B TA100+2A+S9 

Rapeseed meal 
extract

3.3 6.1 2.6 6.0 

Rapeseed oil 
extract

4.0 6.0 2.2 4.4 

Vinylsyringol 4.8 6.9 2.8 4.6 

Pine bark ex 3.7 6.4 2.2 5.1 

Pine bark  fr. I 3.0 6.9 5.4 10.1 

Pine bark fr. II 3.5 6.8 2.0 5.2 

Raspberry ex 2.5 4.9 3.7 6.5 

Raspberry et 2.2 4.9 3.4 6.4 

Raspberry as 2.2 5.0 3.3 6.3 

N.A.c 5.6 5.2 3.8 4.8 
a natural extracts as described in Table 4. 
b Salmonella typhimurium strains TA98 and TA100 without metabolic activation (B), with metabolic activation (S9), 2-
nitrofluorene (2N), 2-aminoanthracene (2A), buffer (B), sodium azide (Na). 
c N.A. no extract added, only positive control. 

Many investigations have demonstrated that polyphenols exert antimutagenic effects, and it is 

believed that their mode of action is by binding to proteins, in other words, to important enzymes, 

as such the cytochrome P144/P450 system, in order to inhibit their activity. Polyphenols are 

multidentate ligands that have the ability to bind simultaneously via different phenolic groups at 

more than one point to the protein surface, and the more phenol groups they have, in other words, 

the more oligomeric they are, the more antimutagenic effects they appear to have (Kaur et al. 2002) 
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Some compounds may act like antimutagens by affecting other drugs or toxicants in many ways i.e. 

changing the absorption rates and increasing uptake, reacting with the drug, competing with the 

drug for binding to plasma or by affecting the activation and detoxification system. Substances 

produced by plants tannins, and their derivates and flavonoids have been commonly reported to 

have antimutagenic activities (Ederharder et al. 1993, Waters et al. 1996, Horn and Vargas 2003).  

The antimutagenicity of vinylsyringol has been recorded by Kuwahara et al. (2004). They 

concluded that canolol, which is the synonymic name for vinylsyringol, is an antimutagenic 

compound without metabolic activator S9. It has also been reported that some essential oils from 

plants and their different extracts can have antimutagenic activities against Salmonella 

typhimurium strains (Ipek et al. 2005, Negi et al. 2002). The pine bark (P. sylvestris) fraction I, a 

chloroform fraction of pine bark phenolic extract, seemed to increase TA100 colony formation in 

wells with S9 and positive control 2-aminoanthracene. 

5.2.2. Drug interactions of natural extracts in Caco-2 cell model (IV, V)

Some natural products can interact with drugs and change the permeability and metabolism of 

drugs in cells, even inhibiting them (Wallace et al. 2002, Laitinen et al. 2004). Caco-2 cell model 

have been successfully used to predict drug behaviour in in vitro studies (Artursson et al. 2001).  

The effects of test samples (Table 4) on the permeability of co-administered drugs (verapamil, 

ketoprofen, metoprolol, and paracetamol) across Caco-2 cell monolayer was investigated. Based on 

percentage differences between control and test samples in the Papp values, it was seen that pine 

bark extract and fraction I decreased the permeability of verapamil, and fraction I also had negative 

effect on ketoprofen permeability (IV). Rapeseed meal extract increased the permeability of 

verapamil and ketoprofen. Vinylsyringol and pine bark phenolics changed the permeability of 

metoprolol (V).

The study confirmed that Caco-2 monolayers can be used to predict drug interactions with natural 

extracts that contain i.e. flavonoids, as Laitinen et al. (2004) have also shown. Permeability of some 

of the drugs across the Caco-2 cell monolayer changed when natural extracts were added. Results 
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were similar to those observed by Laitinen et al. (2004) when studying extracts from various plant 

materials. The effects on permeabilities were not, however, very marked. When using natural 

extracts with drugs, drug permeability is still a concern and should therefore be studied. 
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6. CONCLUSIONS 

Resistance to the first antibiotic ever discovered, i.e. penicillin in some strains of staphylococci, 

was recognized almost immediately after introduction of the drug. Broad patterns of resistance 

exist in bacterial pathogens. Obviously, if a bacterial pathogen is able to develop or acquire 

resistance to an antibiotic, then that substance becomes useless in the treatment of infectious 

disease caused by that pathogen (unless the resistance can somehow be overcome with secondary 

measures). So as pathogens develop resistance, we must find new (different) antibiotics to fill the 

place of the old ones in treatment regimes. Therefore, it is of the utmost importance to try to look 

for new antimicrobial compounds from different sources and to improve the bioassays used for 

their screening. In this study, assays were used to screen potent new compounds against 

erythromycin resistant bacterial strains of Finnish origin. 

It was shown that in primary screening using natural compound libraries, the photometric, cell-

based 96-well microplate method had excellent quality parameters. Day-to-day and plate-to-plate 

quality parameters showed that 96-well microplate method and results were very good and could be 

repeated and used in further studies. To overcome difficulties with natural extracts, especially with 

dark ones, a photometric 96-well microplate method coupled to high-performance liquid 

chromatography (HPLC) fractionation into 96-well microplates was used. We showed that by 

combining HPLC with cell-based microplate assays it was possible to quickly identify any active 

substance with nuclear magnetic resonance (NMR) and/or mass spectrometry (MS).  

In another approach we screened for drug-like molecules in silico against crystallized ErmC’ 

structure to find possible inhibitors to prevent methylation of the drug target site and thereby 

overcome erythromycin resistance. It was shown that a S-COMT-based fluorometric microplate 

screening assay could be used as an alternative in vitro assay for the verification of activity of the 

modeled compounds when the DMSO concentration was kept at 2% or less.  

Part of the drug development process is to confirm that the potential new drug or lead molecule is 

not mutagenic or carcinogenic. The Ames bacterial test has been used with good success to screen 

these unwanted properties. The Ames test was miniaturized to 6-well microplates to save time, 

space and material. It was shown that our miniaturized assay was reliable and quality parameters 
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were equal compared to the Ames test in Petri dishes. The assay was successfully used with natural 

plant and lichen extracts and their fractions as their safety was under study. With the same extracts 

and fractions, co-administrated drug permeability tests with Caco-2 cells were performed to 

evaluate their possible interactions on drug uptake from the intestine. These types of risk 

assessments are commendable, since effects could be detected in both assays. Although commonly 

the focus has been on the search for pure compounds as novel pharmaceutical agents, the 

importance of complex extracts derived from plants has lately also been highlighted. The use of 

plant extracts or their fortified fractions as functional foods or food components without question 

had a positive impact. 

In conclusion, it was shown that validation and miniaturizing of the assays make them more 

reliable and cost-effective. Different approaches can be used though screening for the same target. 

To implement improved assays to evaluate mutagenicity, carcinogenicity and drug interaction as 

early as possible in the drug or functional food development process clearly saves cost, chemicals, 

labor and time and is an issue worthy of consideration. 

48



ACKNOWLEDGEMENTS

This work has been carried out at the Viikki Drug Discovery and Development Technology Center 

(DDTC) and Division of Pharmaceutical Biology, Faculty of Pharmacy, University of Helsinki, 

during 2000-2005. 

I wish to express my gratitude to Professor Raimo Hiltunen, Head of the Division of 

Pharmaceutical Biology, Faculty of Pharmacy, for his continual support during the course of this 

study. 

My sincere gratitude goes to my main supervisor, Professor Pia Vuorela for her guidance during 

this study. She has an excellent way of inspiring and an ability to see positive things. 

I am greatly indebted to Docent Päivi Tammela, who kindly helped and supervised me during the 

writing process. With her guidance, my journey was much easier to get through. 

Warm thanks to all my co-authors, Professor Heikki Vuorela, Anna Galkin, M.Sc., Professor 

Marina Heinonen, Mari Hämäläinen, M.Sc., Maarit Karonen, M.Sc., Mika Kurkela, M.Sc., Leena 

Laitinen, M.Sc., Mikko Lähdevuori, M.S., Professor Eeva Moilanen, Riina Nieminen, M.Sc., 

Professor Kalevi Pihlaja, Doc. Juha-Pekka Salminen, Antti Siiskonen, M.Sc., Dr. Satu Vuorela and 

Tero Wennberg, M.Sc., for the time and effort they contributed. 

I express my appreciation to Päivi Oinonen, M.Sc., Virpi Sundqvist, M.Sc. and Kirsi Nikkola, 

M.Sc., for their excellent technical assistance during the course of their pro gradu studies. 

I offer my thanks to Professors Annele Hatakka and Riitta Julkunen-Tiitto for reviewing the 

manuscript and for giving excellent comments and suggestions to improve the text. 

I express my sincere thanks to all my colleagues and the staff at the Division of Pharmaceutical 

Biology and the researcher fellows at DDTC, for creating a supportive and pleasant atmosphere. 

49



No words are enough to thank my close relatives for the support — both financial and motivational 

— that I have received from them. Finally, I want to thank my loving family, my dear wife Mirja 

and our son Kim: without you two I would probably not have come this far. I thank you for being 

there for me. 

This study was partially financed by the National Technology Agency of Finland, which is 

gratefully acknowledged. I also wish to express my gratitude to the Finnish Pharmaceutical Society 

for their financial contributions during this study. 

Helsinki, March 2006 

50



REFERENCES 

Abebe, W., 2002. Herbal medication: potential for adverse interactions with analgesic drugs. J. 
Clin. Pharm. Ther. 27, 391-401. 

Ames, B.N., 1983. Dietary carcinogens and anticarcinogens. Oxygen radicals and degenerative 
diseases. Science. 221, 1256-1264. 

Ames, B.N., Durston, W.E., Yamasaki, E., Lee, F.D., 1975a. Carcinogens are mutagens: A simple 
test system combining liver homogenates for activation and bacteria for detection. Proc. Natl. 
Acad. Sci. 70, 2281-2285. 

Ames, B.N., McCann, J., Yamasaki, E., 1975b. Methods for detecting carcinogens and mutagens 
with the Salmonella/mammalian microsome mutagenicity test. Mutat. Res. 31, 347-364.  

Ames, B.N., Whitfield, H.J. Jr., 1966. Cold Spring Harbor Symp. Quant. Biol. 23, 221-225. 

Artursson, P., Palm, K., Luthman, K., 2001. Caco-2 monolayers in experimental and theoretical 
predictions of drug transport. Adv. Drug Deliv. Rev. 46, 27-43. 

Baker, C.N., Tenover, F.C., 1996. Evaluation of Alamar colorimetric broth microdilution 
susceptibility testing method for staphylococci and enterococci. J. Clin. Microbiol. 34, 2654-
2659. 

Bollini, S., Herbst, J.J., Gaughan, G.T., Verdoorn, T.A., Ditta, J., Dubowchik, G.M., Vinitsky, A., 
2002. High-throughput fluorescence polarization method for identification of FKBP12 ligands. 
J. Biomol. Screen. 7, 526-530.  

Bronson, D., Hentz, N., Janzen, W.P., Lister, M.D., Menke, K., Wegrzyn, J., Sittampalam, G.S., 
2001. Basic considerations in designing high-throughput screening assays. In: Seethala, R., 
Fernandes, P.B.(Eds.), Handbook of Drug Screening. Marcel Dekker Inc., New York, pp. 5-30. 

Brooks, T.M., 1995. The use of a streamlined bacterial mutagenicity assay, the MINISCREEN. 
Mutagenesis. 10, 447-448. 

Burke, D.A., Wedd, D.J., Burlinson, B., 1996. Use of the Miniscreen asay to screen novel 
compounds for bacterial mutagenicity in the pharmaceutical industry. Mutagenesis. 11, 201-
205. 

Bussiere, D.E., Muchmore, S.W., Dealwis, C.G., Schluckebier, G., Nienaber, V.L., Edalji, R.P., 
Walter, K.A., Ladror, U.S., Holzman, T.F., Abad-Zapatero, C., 1998. Crystal structure of 
ErmC', an rRNA methyltransferase which mediates antibiotic resistance in bacteria. 
Biochemistry. 37, 7103-7112. 

Cantón, R., Loza, E., Morosini, M.I., Baquero, F., 2002. Antimicrobial resistance amongst isolates 
of Streptococcus pyogenes and Staphylococcus aureus in the PROTEKT antimicrobial 
surveillance programme during 1999-2000. J. Antimicrob. Chemother. 50 (Suppl.), 9-24. 

Cantón, R., Mazzariol, A., Morosini, M.I., Baquero, F., Cornaglia, G., 2005. Telithromycin activity 
is reduced by efflux in Streptococcus pyogenes. J. Antimicrob. Chemother. 55, 489-495. 

Carson, C.F., Hammer, K.A., Riley, T.V., 1995. Broth microdilution method for determining the 
susceptibility of Escherichia coli and Staphylococcus aureus to the essential oil of Melaleuca 
alternifolia (tea tree oil). Microbios. 82, 181-185. 

51



Champney W.S., Chittum, H.S., Tober,C.L., 2003. A 50S ribosomal subunit precursor particle is a 
substrate for the ErmC methyltransferase in Staphylococcus aureus cells. Curr. Microbiol. 46, 
453-460. 

Chand, S., Lusunzi, I., Veal, D.A., Williams, L.R., Karuso, P., 1994. Rapid screening of the 
antimicrobial activity of extracts and natural products. J. Antibiot. 47, 1295-1304. 

Clancy, J., Peitpas, J., Dib-Hajj, F., Yuan, W., Cronan, M., Kamath, A.V., Bergeron, J., Retsema, 
J.A., 1996. Molecular cloning and functional analysis of a novel macrolide-resistance 
determinant, mefA, from Streptococcus pyogenes. Mol. Microbiol. 22, 867-879. 

Clancy, J., Schmieder, B.J., Petitpas, J.W., Manousos, M., Williams, J.A., Faiella, J.A., Girard, 
A.E., McGuirk, P.R., 1995. Assays to detect and characterize synthetic agents that inhibit the 
ErmC methyltransferase. J. Antibiot. 48, 1273-1279. 

Clarke, J.M., Gillings, M.R., Altavilla, N., Beattie, A.J., 2001. Potential problems with fluorescein 
diacetate assays of cell viability when testing natural products for antimicrobial activity. J. 
Microbiol. Methods. 46, 261-267. 

Coates, A., Hu, Y., Bax, R., Page, C., 2002. The future challenges facing the development of new 
antimicrobial drugs. Nat. Rev. Drug Discov. 1, 895-901. 

Comley, J., 2003. Assay interference – a limiting factor of HTS? Drug Disc. World. Summer 91-
98. 

Cowan, M.M., 1999. Plant products as antimicrobial agents. Clin. Microbiol. Rev. 12, 564-582. 

Denoya, C.D., Dubnau, D., 1987. Site and substrate specificity of the ermC 23S rRNA 
methyltransferase. J. Bacteriol. 169, 3857-3860. 

Diehl, M.S., Willaby, S.L., Snyder, R.D., 2000. Comparison of the results of a modified miniscreen 
and the standard bacterial reverse mutation assays. Environ. Mol. Mutagen. 35, 72-77. 

Dorman, H.J.D., Deans, S.G., 2000. Antimicrobial agents from plants: antibacterial activity of plant 
volatile oils. J. Appl. Microbiol. 88, 308-316. 

Edenharder, R., von Petersdorff, I., Rauscher, R., 1993. Antimutagenic effects of flavonoids, 
chalcones and structurally related compounds on the activity of 2-amino-3-methylimidazo[4,5-
f]quinoline (IQ) and other heterocyclic amine mutagens from cooked food. Mutat. Res. 287, 
261-274. 

Eisenbrand, G., Pool-Zobel, B., Baker, V., Balls, M., Blaauboer, B.J., Boobis, A., Carere, A., 
Kevekordes, S., Lhuguenot, J.-C., Pieters, R., Kleiner, J., 2002. Methods of in vitro toxicology. 
Food Chem.Toxicol. 40, 193-236. 

Elix, J.A., 1974. Synthesis of para-olivetol depsides. Aust. J. Chem. 24, 1767-1779. 

Eloff, J.N., 1998a. Which extractant should be used for the screening and isolation of antimicrobial 
components from plants? J. Ethnopharmacol. 60, 1-8. 

Eloff, J.N., 1998b. A sensitive and quick microplate method to determine the minimal inhibitory 
concentration of plant extracts for bacteria. Planta Med. 64, 711-713.  

Farrell, D.J., Morrissey, I., Bakker, S., Felmingham, D., 2002. Molecular characterization of 
macrolide resistance mechanisms among Streptococcus pneumoniae and Streptococcus 
pyogenes isolated from the PROTEKT 1999-2000 study. J. Antimicrob. Chemother. 50 
(Suppl.), 39-47. 

52



Flamand, N., Meunier, J.-R., Meunier, P.-A., Agapakis-Caussé, C., 2001. Mini mutagenicity test: a 
miniaturized version of the Ames test used in a prescreening assay for point mutagenesis 
assessment. Toxicol. InVitro. 15, 105-114. 

Francolini, I., Norris, P., Piozzi, A., Donelli, G., Stoodley, P., 2004. Usnic acid, a natural 
antimicrobial agent able to inhibit bacterial biofilm formation on polymer surfaces. 
Antimicrob. Agents Chemother. 48, 4360-4365. 

Fyhrquist, P., Mwasumbi, L., Hæggström, C.A., Vuorela, H., Hiltunen, R., Vuorela, P., 2002. 
Ethnobotanical and antimicrobial investigation on some species of Terminalia and Combretum
(Combretaceae) growing in Tanzania. J. Ethnopharmacol. 79, 169-177.  

Gee, P., Sommers, C.H., Melick, A.S., Gidrol, X.M., Todd, M.D., Burris, R.B., Nelson, M.E., 
Klemm, R.C., Zeiger, E., 1998. Comparison of responses of base-specific Salmonella tester 
strains with the traditional strains for identifying mutagens: the results of a validation study. 
Mutat. Res. 412, 115-130. 

Hadacek, F., Greger, H., 2000. Testing of antifungal natural products: methodologies, 
comparability of results and assay choice. Phytochem. Anal. 11, 137-147. 

Hajduk, P.J., Dinges, J., Schkeryantz, J.M., Janowick, D., Kaminski, M., Tufano, M., Augeri, D.J., 
Petros, A., Nienaber, V., Zhong, P., Hammond, R., Coen, M., Beutel, B., Katz, L., Fesik, S.W. 
1999. Novel inhibitors of Erm methyltransferases from NMR and parallel synthesis. J. Med. 
Chem. 42, 3852-3859. 

Harvey, A., 2000. Strategies for discovering drugs from previously unexplored natural products. 
Drug Discov. Today. 5, 294-300. 

Hernández, A., Marin, M., 2002. New turbidimetric method for estimating bacterial growth in 
heterogeneous media. Process Biochem. 37, 1125-1128. 

Hoffman, D., Hoffman, I., El-Bayoumy, K., 2001. The less harmful cigarette: A controversial 
issue. A tribute to Ernst L. Wynder. Chem. Res. Toxicol. 14, 767-790. 

Holowachuk, S.A., Bal’a, M.F., Buddington, R.K., 2003. A kinetic microplate method for 
quantifying the antibacterial properties of biological fluids. J. Microbiol. Methods. 55, 441-
446. 

Horn, R.C., Vargas, V.M.F., 2003. Antimutagenic activity of extracts of natural sunstances in the 
Salmonella/microsome assay. Mutagenesis. 18, 113-118. 

Hostettmann, K., Wolfender, J.-L., Terreaux, C., 2001. Modern screening techniques for plant 
extracts. Pharm. Biol. 39 (Suppl.), 18-32.  

Hotomi, M., Billal, D.S., Shimada, J., Yamauchi, K., Fujihara, K., Yamanaka, N., 2005. Current 
status of antimicrobial susceptibility of clinical isolates of Streptococcus pyogenes in Japan: 
report of a countrywide surveillance study. J. Infect. Chemother. 11, 48-51. 

Huovinen, K., Hiltunen, R., von Schantz, M., 1985. A high performance liquid chromatographic 
method for the analysis of lichen compounds from the genera cladina and cladonia. Acta 
Pharm. Fenn. 94, 99-112. 

Ingólfsdóttir, K., 2002. Usnic acid. Phytochem. 61, 729-736. 

Ipek, E., Zeytinoglu, H., Okay, S., Tuylu, B.A., Kurkcuoglu, M., Husnu Can Baser, K., 2005. 
Genotoxicity and antigenotoxicity of Origanum oil and carvacrol evaluated by Ames 
Salmonella/microsomal test. Food Chem. 93, 551-556. 

53



Johnston, P.A., Johnston, P.A., 2002. Cellular platforms for HTS: three case studies. Drug Discov. 
Today. 7, 353-363. 

Josephy, P.D., Grux, P., Nohmi, T., 1997. Recent advances in the construction of bacterial 
genotoxicity assays. Mutat. Res. 386, 1-23. 

Kaur, K., Arora, S., Kumar, S., Nagpal, A., 2002. Antimutagenic activities of acetone and methanol 
fractions of Terminalia arjuna. Food Chem. Toxicol. 40, 1475-1482. 

Khan, S.A., Nawaz, M.S., Khan, A.A., Cerniglia, C.E., 1999. Simultaneous detection of 
erythromycin-resistant methylase genes ermA and ermC from Staphylococcus spp. by 
multiplex-PCR. Mol. Cell. Probes. 13, 381-387. 

Kier, L.E., Brusick, D.J., Auletta, A.E., Von Halle, E.S., Brown, M.M., Simmon, V.F., Dunkel, V., 
McCann, J., Mortelmans, K., Prival, M., Rao, T.K., Ray, V., 1986. The Salmonella 
typhimurium/mammalian microsomal assay. A report of the U.S. Environmental Protection 
Agency Gene-Tox Program. Mutat. Res. 168, 69-240. 

Kranjc, A., Kikelj, D., 2004. Dual inhibitors of the blood coagulation enzymes. Curr. Med. Chem. 
11, 2535-2547. 

Kubo, I., Xiao, P., Fujita, K., 2002. Anti-MRSA activity of alkyl gallates. Bioorg. Med. Chem. 
Lett. 12, 113-116. 

Kurkela, M., Siiskonen, A., Finel, M., Tammela, P., Taskinen, J., Vuorela, P., 2004. Microplate 
screening assay to identify inhibitors of human catechol-O-methyltransferase. Anal. Biochem. 
331, 198-200. 

Kuwahara, H.; Kanazawa, A.; Wakamatu, D.; Morimura, S.; Kida, K.; Akaike, T.; Maeda, H., 
2004. Antioxidative and antimutagenic activities of 4-vinyl-2,6-dimethoxyphenol (Canolol) 
isolated from Canola oil. J. Agric. Food Chem. 52, 4380-4387. 

Köhler, T., Pechère, J.-C., Plèsiat, P., 1999. Bacterial antibiotic efflux systems of medical 
importance. Cell. Mol. Life Sci. 56, 771-778. 

Laitinen, L.A., Tammela, P.S.M., Galkin, A., Vuorela, H., Marvola, M.L.A., Vuorela, P.M., 2004. 
Effects of extracts of commonly consumed food supplements and food fractions on the 
permeability of drugs across Caco-2 cell monolayers. Pharm. Res. 21, 1906-1918. 

Lambert, R.J.W., Pearson, J., 2000. Susceptibility testing: accurate and reproducible minimum 
inhibitory concentration (MIC) and non-inhibitory concentration (NIC) values. J. Appl. 
Microbiol. 88, 784-790. 

Langer, P.J., Shanabruch, W.G., Walker. G.C., 1981. Functional organization of plasmid pKM101. 
J. Bacteriol. 145, 1310-1316. 

Leclercq, R., Courvalin, P., 1991a. Bacterial resistance to macrolide, lincosamine, and 
streptogramin antibiotics by target site modification. Antimicrob. Agents Chemother. 35, 
1267-1272. 

Leclercq, R., Courvalin, P., 1991b. Intrinsic and unusual resistance to macrolide, lincosamide, and 
streptogramin antibiotics in bacteria. Antimicrob. Agents Chemother. 35, 1273-1276. 

Levin, D.E., Hollstein, M., Christman, M.F., Schwiers, E.A., Ames, B.N., 1982b. A new 
Salmonella tester strain (TA102) with A•T base pairs at the site of mutation detects oxidative 
mutagens. Proc. Natl. Acad. Sci. 79, 7445-7449. 

54



Levin, D.E., Yamasaki, E., Ames, B.N., 1982a. A new Salmonella tester strain, TA97, for the 
detection of frameshift mutagens. Mutat. Res. 94, 315-330. 

Li, A.P., 2004. A comprehensive approach for drug safety assessment. Chem. Biol. Interact. 150, 
27-33. 

Mallavadhani, U.V., Mahapatra, A., Jamil, K., Reddy, P.S., 2004. Antimicrobial activity of some 
pentacyclic triterpenes and their synthesized 3-O-lipophilic chains. Biol. Pharm. Bull. 10, 
1576-1579. 

Markowska, M., Oberle, R., Juzwin, S., Hsu, C.P., Gryszkiewicz, M., Streeter, A.J., 2001. 
Optimizing Caco-2 cell monolayers to increase throughput in drug intestinal absorption 
analysis. J. Pharmacol.Toxicol. Methods. 46, 51-55. 

Maron, D. M., Ames B. N., 1983. Revised methods for Salmonella mutagenicity test. Mutat. Res. 
113, 173-215. 

McCann, J., Spingarn, N.E., Kobori, J., Ames, B.N., 1975. Detection of carcinogens as mutagens: 
Bacterial tester strains with R factor plasmids. Proc. Natl. Acad. Sci. 72, 979-983. 

Miesel, L., Greene, J., Black, T.A., 2003. Genetic strategies for antimicrobial drug discovery. Nat. 
Rev. Genet. 4, 442-456. 

Mishima, M., Horiuchi, K., Inoue, M., Tanaka, K., 1993. Interrelation between copy number of 
pAQ1 and the number of revertants in Salmonella typhimurium TA102. Mutat. Res. 292, 282. 

Motrelmans, K, Zeiger, E., 2000. The Ames Salmonella/microsome mutagenicity assay. Mutat. 
Res. 455, 29-60. 

Männistö, P.T., Kaakkola, S., 1999. Catechol-O-methyltransferase (COMT): biochemistry, 
molecular biology, pharmacology, and clinical efficacy of the new selective COMT inhibitors. 
Pharmacol. Rev. 51, 593-628. 

Negi, P.S., Jayaprakasha, G.K., Jena, B.S., 2002. Antioxidant and antimutagenic activities of 
pomegranate peel extracts. Food Chem. 80, 393-397 

Newman, D.J., Cragg, G.M., Snader, K.M., 2003. Natural products as sources of new drugs over 
the period 1981-2002. J. Nat. Prod. 66, 1022-1037. 

O’Donovan M.R., 1990. The comparative responses of Salmonella typhimurium TA1537 and 
TA97a to range of reference mutagens and novel compounds. Mutagenesis. 5, 267-274. 

Ojala, T., Remes, S., Haansuu, P., Vuorela, H., Hiltunen, R., Haahtela, K., Vuorela, P., 2000. 
Antimicrobial activity of some coumarin containing herbal plants growing in Finland. J. 
Ethnopharmacol. 73, 299-305.  

Paolini, M., Hrelia, P., Corsi, C., Bronzetti, G., Biagi, G.L., Cantelli-Forti, G., 1987. NADPH as 
rate-limiting factor for microsomal metabolism. An alternative and economic NADPH-
generating system for microsomal mono-oxygenase in in vitro genotoxicity studies. Mutat. 
Res. 178, 11-20. 

Prival, M.J., Zeiger, E., 1998. Chemicals mutagenic in Salmonella typhimurium strain TA1535 but 
not in TA100. Mutat. Res. 412, 251-260. 

Rarey, M., Kramer, B., Lengauer, T., Klebe, G.A., 1996. A fast flexible docking method using an 
incremental construction algorithm. J. Mol. Biol. 261, 470-489. 

55



Rauha, J.P., Remes, S., Heinonen, M., Hopia, A., Kahkonen, M., Kujala, T., Pihlaja, K., Vuorela, 
H., Vuorela, P., 2000. Antimicrobial effects of Finnish plant extracts containing flavonoids and 
other phenolic compounds. Int. J. Food Microbiol. 56, 3-12.  

Ringbom, T., Segura, L., Noreen, Y., Perera, P., Bohlin, L., 1998. Ursolic acid from Plantago
major, a selective inhibitor of cyclooxygenase-2 catalyzed prostaglandin biosynthesis. J. Nat. 
Prod. 61, 1212-1215. 

Schluckebier, G., Zhong, P., Stewart, K.D., Kavanaugh, T.J., Abad-Zapatero, C., 1999. The 2.2 Å 
structure of the rRNA methyltransferase ErmC' and its complexes with cofactor and cofactor 
analogs: implications for the reaction mechanism. J. Mol. Biol. 289, 277-291. 

Seppälä, H., Nissinen, A., Yu, Q., Huovinen, P., 1993. Three different phenotypes of erythromycin-
resistant Streptococcus pyogenes in Finland. J. Antimicrob. Chemother. 32, 885-891.  

Seppälä, H., Skurnik, M., Soini, H., Roberts, M.C., Huovinen, P., 1998. A novel erythromycin 
resistance methylase gene (ermTR) in Streptococcus pyogenes. Antimicrob. Agents 
Chemother. 42, 257-262.  

Skyttä, E., Mattila-Sandholm, T., 1991. A quantitave method for assessing bacteriocins and other 
food antimicrobials by automated turbidometry. J. Microbiol. Methods 14, 77-88.  

Streit, J.M., Fritsche, T.R., Sader, H.S., Jones, R.N., 2004. Worldwide assessment of dalbavancin 
activity and spectrum against over 6,000 clinical isolates. Diagn. Microbiol. Infect. Dis. 48, 
137-143.  

Strohl, W.R., 2000. The role of natural products in a modern drug discovery program. Drug 
Discov. Today. 5, 39-41. 

Tally, F.P., 1999. Researchers reveal ways to defeat 'superbugs'. Drug Discov. Today. 4, 395-398.  

Tammela, P., Laitinen, L., Galkin, A., Wennberg, T., Heczko, R., Vuorela, H., Slotte, J.P., Vuorela, 
P., 2004a. Permeability characteristics and membrane affinity of flavonoids and alkyl gallates 
in Caco-2 cells and in phospholipid vesicles. Arch. Biochem. Biophys. 425, 193-199. 

Tammela, P., Wennberg, T., Vuorela, H., Vuorela, P., 2004b. HPLC micro-fractionation coupled to 
a cell-based assay for automated on-line primary screening of calcium antagonistic 
components in plant extracts. Anal. Bioanal. Chem. 380, 614-618.  

Taylor, P.W., Stapleton, P.D., Luzio, J.P., 2002. New ways to treat bacterial infections. Drug 
Discov. Today. 7, 1086-1091. 

Tondi D., Morandi, F., Bonnet, R., Costi, M.P., Shoichet, B.K., 2005. Structure-based optimization 
of a non- -lactam lead results in inhibitors that do not up-regulate  -lactamase expression in 
cell culture. J. Am. Chem. Soc. 127, 4632-4639. 

Tulp, M., Bohlin, L., 2004. Unconventional natural sources for future drug discovery. Drug Discov. 
Today. 9, 450-458. 

van de Waterbeemd, H., Gifford, E., 2003. ADMET in silico modelling: towards prediction 
paradise? Nat. Rev. Drug Discov. 2, 192-204 

Wallace, A.W., Amsden, G.W., 2002. Is it really OK to take this with food? Old interactions with 
new twist. J. Clin. Pharmacol. 42, 437-443. 

Wanandy, S., Brouwer, N., Liu, Q., Mahon, A., Cork, S., Karuso, P., Vemulpad, S., Jamie, J., 
2005. Optimisation of the fluorescein diacetate antibacterial assay. J. Microbiol. Methods. 60, 
21-30. 

56



Waters, M.D., Stack, H.F., Jackson, M.A., Brockman, H.E., De Flora, S., 1996. Activity profiles of 
antimutagens: in vitro and in vivo data. Mutat. Res. 350, 109-129. 

Weisblum, B., 1995. Erythromycin resistance by ribosome modification. Antimicrob. Agents 
Chemother. 39, 577-585. 

Werckenthin, C., Schwarz, S., Westh, H., 1999. Structural alterations in the translational attenuator 
of constitutively expressed ermC genes. Antimicrob. Agents Chemother. 43, 1681-1685. 

Wilcox, P., Wedd, D.J., Gatehouse, D., 1993. Collaborative study to evaluate the inter/intra 
laboratory reproducibility and phenotypic stability of Salmonella typhimurium TA97a and 
TA102. Mutagenesis. 8, 93-100. 

Wilke, M.S.; Lovering, A.L.; Strynadka, N.C., 2005. - Lactam antibiotic resistance: a current 
structural perspective. Curr. Opin. Microbiol. 8, 525-533. 

Yen, G.C., Chen, H.Y., Peng, H.H., 2001. Evaluation of the cytotoxicity, mutagenicity and 
antimutagenicity of emerging edible plants. Food Chem.Toxicol. 39, 1045-1053. 

Zeiger, E., 1987. Carcinogenicity of mutagens: predictive capability of the Salmonella mutagenesis
assay for rodent carcinogenicity. Cancer Res. 47. 1287-1296. 

Zhang, J.H., Chung, T.D., Oldenburg, K.R., 1999. A simple statistical parameter for use in 
evaluation and validation of high throughput screening assays. J. Biomol. Screen. 4, 67-73. 

57


	Contents
	ABSTRACT
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1. INTRODUCTION
	2. REVIEW OF THE LITERATURE
	3. AIMS OF THE STUDY
	4. EXPERIMENTAL
	5. RESULTS AND DISCUSSION
	6. CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /FIN ()
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




