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ABSTRACT

In this study, 19 structurally related isoflavonoids were tested for their possible anti-
inflammatory and antimicrobial properties. The first part of the research was focused on the
assessment of anti-inflammatory activity of the isoflavonoids expressed as an inhibition of
cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX) enzymes in vitro. None of the tested
compounds was active at least half as much as indomethacin, a standard COX inhibitor. The
results showed that genistein inhibited the activity of COX-2 enzyme by 23.6 %, 39.9 % and
25.5 % in concentrations 50, 100, and 150 puM, respectively. In contrast, the most of the
isoflavonoid structures exhibited 5-LOX inhibitory effect, whereas the most promising results
were observed in biochanin A and formononetin, which inhibited the leukotrienes B4 (LTB4)
production by 88.2 % and 78.9 % at 100 uM. For comparison, zileuton, a generally used
inhibitor of 5-LOX enzyme, inhibited the LTBs production by 95.4 % at the same
concentration. In the second part, the in vitro antibacterial activity of isoflavonoids against
nine Gram-positive and Gram-negative bacteria was determined using the broth microdilution
method, and the results were expressed as minimum inhibitory concentrations (MICs).
Demethyltexasin, hydroxydaidzein, biochanin A, demethylretusin and genistein produced
significant antibacterial activity (MICs > 16 pg ml?). The most effective compound,
demethyltexasin, was subsequently tested for its growth-inhibitory effect against
Staphylococcus aureus, and it exhibited significant antistaphylococcal effects against various
standard strains and clinical isolates, including methicillin and tetracycline resistant ones with
the MICs ranging from 16 to 128 ug ml™. Based on its inhibitory activity against S. aureus
resistant infections, which are often hard to treat due to increasing resistance, especially to 3-
lactams, demethyltexasin was tested for its possible antistaphylococcal combinatory effects
with antibiotics amoxicillin and oxacillin using checkerboard method. For comparison,
common therapeutically used combination of amoxicillin/clavulanic acid was tested.
Demethyltexasin showed strong synergistic interactions against most of S. aureus strains
when combined with amoxicillin [sum of fractional inhibitory concentrations (3. FIC) 0.257—
0.461] and oxacillin (3. FIC 0.109-0.484). When oxacillin was combined with
demethyltexasin, resistance to this antibiotic was overcome in many cases. Moreover,
antibiotic/demethyltexasin combinations were effective mainly against methicillin-resistant S.
aureus (MRSA); whereas the commonly used drug amoxicillin/clavulanic acid was effective
only against sensitive strains. The results indicated demethyltexasin as a compound able to act

synergistically with B-lactams. In addition, some combinations are effective against MRSA



and decrease staphylococcal resistance. Demethyltexasin seems to be a possible candidate for
further research focused on antistaphylococcal drug development, especially against
antibiotic-resistant strains. Additionally, biochanin A proved certain dual inhibitory effect
against both 5-LOX activity and against some bacteria strains. These activities should be
verified by future experiments, focused on its possible dual effect in vivo. As biochanin A is
widely distributed in plants and food, mainly from Leguminosae family, the dual effect can be

used in future as synergistic and/or concomitant treatment of infections and inflammation.

Key words: 5-lipoxygenase, isoflavones, structure-activity relationship, MICs, FICs



ABSTRAKT

V této studii bylo testovano 19 isoflavonoidi podobnych svou strukturou z hlediska jejich

-----

rrrrr

hodnoceni protizanétlivé aktivity isoflavonoidi vyjadfenych jako inhibice enzymi
cyklooxygenazy-2 (COX-2) a 5-lipoxygenazy (5-LOX) in vitro pomoci leukotrien B4 (LTBa4)
kolorimetrické kompetitivni enzymové imunoeseje. Ani jedna ze zkoumanych latek
testovanych v koncentracich 50, 100, a 150 uM nedosahovala ani polovi¢niho uc¢inku
standardniho inhibitoru COX indometacinu. Vysledky ukazaly, Ze genistein inhiboval aktivitu
enzymu COX-2 na vySe uvedenych koncentracich 0 23,6, 39,9 a 25,5%. Naproti tomu vétsina
testovanych isoflavonoidd vykazovala 5-LOX inhibi¢ni ucinek, kde byly nejslibngjsi
vysledky pozorovany u biochaninu A a formononetinu, které inhibovaly produkci LTB4 0
88,2 % a 78,9 % prti koncentraci 100 uM. Zileuton, coz je obecné pouzivany inhibitor enzymu
5-LOX, inhiboval produkci LTBs 0 95,4 % ve stejné koncentraci. Ve druhé casti byla
testovana in vitro antibakterialni ucinnost vybranych latek proti deviti grampozitivnim a
gramnegativnim bakteriim za pouziti bujonové mikrodiluéni metody a vysledky byly
vyjadieny jako minimalni inhibi¢ni koncentrace (MIK). Demetyltexasin, hydroxydaidzein,
biochanin A, demetylretusin a genistein ukazaly vyznamnou antibakterialni aktivitu (MIK >
16 pug mlt). Nejucinngjsi latka demetyltexasin vykézala vyznamné antistafylokokové uginky
proti riznym standardnim kmentim a klinickym izolatim bakterie Staphylococcus aureus,
véetné t&ch, které jsou rezistentni na meticilin a tetracyklin, s MIK od 16 do 128 pg ml™. Na
zaklad¢ inhibi¢ni aktivity demetyltexasinu proti rezistentnim infekcim zptisobené bakterii S.
aureus, které jsou Casto obtizné léCitelné kvuli zvySujici se odolnosti, zejména vuci B-
laktamim, byl demetyltexasin testovan na mozny antistafylokokovy kombinaéni Géinek s
antibiotiky amoxicilinem a oxacilinem za pouziti Sachovnicové metody. Pro srovnani byla
testovdna bézna terapeuticky pouzivand kombinace amoxicilinu a kyseliny klavulanové.
Demetyltexasin vykazoval silné synergické interakce proti vétsin€é kment S. aureus pii
kombinaci s amoxicilinem [soucet frak¢nich inhibi¢nich koncentraci (X FIK) 0,257-0,461] a
oxacilinu (X FIK 0,109-0,484). Kdyz byl oxacilin zkombinovan s demetyltexasinem,
rezistence k tomuto antibiotiku byla v mnoha pfipadech prekonana. Kromé toho, kombinace
antibiotik a demetyltexasinu byly ucinné zejména proti meticilin-rezistentnimu S. aureus
(MRSA); avSak bézné€ uzivany 1ék amoxicilin a kyselina klavulanova byl G€¢inny pouze proti
citivym kmenim. Vysledky ukazaly, ze demetyltexasin je sloucCenina schopna pusobit

synergicky s B-laktamovymi antibiotiky. Kromé toho jsou nékteré kombinace G¢inné proti



MRSA a snizuji stafylokokovou rezistenci. Zda se, ze demetyltexasin je moznym kandidatem
pro dalsi vyzkum zaméfeny na vyvoj antistafylokokovych 1ékii, zejména proti kmeniim
odolnym vi¢i antibiotikiim. Biochanin A navic ukazal jisty dualni inhibi¢ni G¢inek jak proti
aktivite¢ 5-LOX, tak proti nékterym kmenim bakterii. Tyto UCinky by mély byt ovéreny
dal$imi experimenty zaméfenymi na mozny dualni ucinek in vivo. Vzhledem k tomu, Ze
biochanin A je hojné rozsifen v rostlinach a potravinach, predev§im z ¢eledi bobovitych,
dudlni uc¢inek mize byt v budoucnu pouzit jako synergicka a/nebo soubéznd 1écba infekci a

zanétu.

Kli¢ova slova: 5-lipoxygenaza, isoflavony, biologicky ucinek na zaklad¢ struktury latky,

MIK, FIK
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INTRODUCTION

Acute arthritis, example of human musculoskeletal infection caused by S. aureus, is
relatively seldom in general population, but the incidence is considerably higher in patients
with predisposing conditions, particularly those with rheumatoid arthritis, a chronic
inflammatory disorder. From this example, it is obvious that focus on anti-inflammatory and
antimicrobial potential is crucial for future development of natural-derived products used for
treatment of both, infections and inflammation.

As flavonoids, and particularly isoflavonoids, are natural phenolic compounds, their
vast biological activities have been already proved. There are several studies proving
antimicrobial and anti-inflammatory activities of isoflavonoids in vitro, in vivo and also in
clinical trials. The potential of isoflavonoids may also be in their low cytotoxicity, as
isoflavonoids are compounds daily consumed in food and beverages, therefore they represent
novel leads, and future studies may allow the development of pharmacologically acceptable
antimicrobial and/or anti-inflammatory agents.

The relationship between the chemical structure of a molecule and its biological
activity is a powerful concept in discovery of bioactive agents that allows the selection and
optimization of ideal structural candidates. This analysis enables the determination of the
chemical group responsible for biological effect and allows modification of the compound
potency by changing its chemical structure.

Based on our supposition that the activity of the isoflavonoids should be influenced by
the presence of the functional groups at certain positions, this study concentrates on the anti-
inflammatory and antimicrobial activity of several methoxy and hydroxyl structure-related
isoflavonoids and their metabolites in vitro, with special focus on structure-activity
relationship, including their potential against methicillin-resistant S. aureus. Thus, this study
might bring new insights into this problematic, with possible chance to identify compound

with dual, anti-inflammatory and antimicrobial, effect.

xiii



1 LITERATURE REVIEW

1.1 Inflammation

1.1.1 Causes and mechanisms

Inflammation is the body’s natural immune response to harmful stimuli, such as tissue injury
and invading pathogens (Ohishi et al. 2016), and includes interactions between the immune
and nervous systems (Ren & Dubner 2010). It is considered a protective measure taken by the
organism to begin the healing process. It is classified as acute, however, under certain
conditions, the pain lingers and becomes chronic even after the injury has healed (Ren &
Dubner 2010; Da Silveira E Sa et al. 2014).

In response to the stimuli, resident immune cells (macrophages and mast cells) are
activated and blood-borne immune cells (leukocytes) are released to the site of injury and
promote repair, through the secretion of inflammatory mediators, such as cytokines (e.g.,
interleukin-1p3 (IL-1pB), IL-6, IL-12, and the chemokine IL-8), tumour necrosis factors (e.g.,
TNF-a and TNF-B), interferons (e.g., IFN-y), eicosanoids (e.g., prostaglandins and
leukotrienes) and vasoactive amines (e.g., histamine) (Ren & Dubner 2010; Da Silveira E Sa
et al. 2014). The inflammatory mediators and several cell types (including mast cells,
eosinophils, neutrophils, macrophages, and lymphocytes) are involved in allergic and non-
allergic-mediated inflammation (Wu et al. 2011).

Arachidonic acid (AA) is the most abundant polyunsaturated fatty acid found in the
phospholipid cell membranes. Activation of the phospholipase Az (PLA?), in response to
various stimuli, releases AA, which can be further metabolized by two major enzymatic
pathways: cyclooxygenase and 5-lipoxygenase, leading to pro-inflammatory mediators,
prostanoids and leukotrienes (LTs), respectively (Charlier & Michaux 2003). The pathways
for transformations of AA adopted from Dahlén (2006) are shown as Figure 1.
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Figure 1. Pathways for transformations of arachidonic acid

Cyclooxygenase (COX, two isoenzymes COX-1 and COX-2) catalyse the formation of prostaglandins
(PG) and thromboxane (TX). The biosynthesis of LTs is catalysed by the 5-LOX in co-operation with FLAP.
The primary leukotriene intermediate LTA4 is metabolized to LTB4 (in cells equipped with LTA hydrolase such
as neutrophils and monocytes) or the cysteinyl-leukotrienes LTC4, LTD4 and LTE4, that made up the biological

activity previously known as slow reacting substance of anaphylaxis (Dahlén 2006).

Constitutive cyclooxygenase (COX-1; prostaglandin-endoperoxide synthase) is
present in cells and most tissues under physiological conditions and it is considered as a
“housekeeping enzyme” due to the constitutive low-levels of expression in most cell types
and tissues. High levels of constitutive expression of COX-1 have, instead, been detected in
the stomach and platelets whereas COX-2, almost undetectable in healthy man, is induced by
some cytokines, mitogens, and bacterial endotoxins and becomes the major contributor to
prostanoid synthesis presumably in pathological conditions, such as inflammation (Mitchell et
al. 1993; FitzGerald & Patrono 2001; Charlier & Michaux 2003; Perrone et al. 2010). The
prostaglandins (PGs) produced by COX-2 play a major role in inflammatory reactions and are
responsible for the characteristic inflammatory symptoms (redness, pain, oedema, fever and
loss of function) (Charlier & Michaux 2003). Role of COX-1 and COX-2 in arachidonic acid
metabolism is shown on Figure 2 adopted from Jachak (2006).
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Figure 2. Role of COX-1 and COX-2 in arachidonic acid metabolism

The pivotal lipid mediators of inflammation and allergy are leukotrienes (LTs) with
major roles in respiratory and cardiovascular diseases (Pergola & Werz 2010). LTs are one of
several substances released by mast cells during an asthma attack and in chronic asthma
(Berger 1999). There are two families of LTs - the first group of cysteinyl-leukotrienes
(LTC4, LTD4, and LTE4) are molecules of the slow-reacting substance of anaphylaxis. The
second group acts primarily in conditions in which inflammation is dependent on neutrophils,
they selectively increased the number and percentage of neutrophils and recruit them to areas
of tissue damage, e.g. in lung (LTB4) (Busse 1998; Wu et al. 2011).

For LT biosynthesis, the precursor arachidonic acid (AA) is released from membrane
phospholipids by phospholipase A2, and is then metabolized by 5-lipooxygenase (5-LOX)
aided by the 5-LOX-activating protein (FLAP) into primary leukotriene intermediate short-
lived compound LTAs, which is metabolized to LTB4 (in cells equipped with LTA hydrolase
such as neutrophils and monocytes) (Dahlén 2006; Baldo & Pham 2016). Thus, 5-LOX is one
of the rate-limiting enzymes in the biosynthesis of LTs and targeting 5-LOX represents an
attractive strategy for therapeutic intervention (Pergola & Werz 2010). The 5-LOX pathway is

shown on Figure 3 adopted from Gonzalez-Périz & Claria (2007).
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Figure 3. The 5-LOX pathway

5-LOX translocates to the nuclear membrane where it binds its accessory protein (5-LOX-activating
protein, FLAP) and transforms AA to 5S-hydroperoxyeicosatetraenoic acid (5S-HpETE), which is reduced to
5S-HETE or transformed to the highly unstable allylic epoxide leukotriene (LT) As. LTA is either hydrolysed to
LTB. by a specific LTA4 hydrolase or converted into LTC,4 by the addition of the peptide glutathione by a
specific LTC,4 synthase. LTC,4 can undergo further metabolism through a series of peptidic cleavage reactions to
yield LTD, and LTE4. The clinically relevant LT-modifying drugs include 5-LOX and FLAP inhibitors as well
as Cys-LT; receptor antagonists (Gonzalez-Périz & Claria 2007).

1.1.2 Inflammation therapy

1.1.2.1 Inhibitors of COX-1 and -2
To treat arthritis pain, inflammation and other health problems, nonsteroidal anti-

inflammatory drugs (NSAIDs) are widely used. This group includes acetylsalicylic acid and
the traditional NSAIDs (tINSAIDs), which are derivatives of the propionic acid (ibuprofen,
ketoprofen, naproxen), the acetic acid (diclofenac, indomethacin, etodolac, ketorolac), the
oxicams (meloxicam, piroxicam), the fenamates (mefenamic acid, tolfenamic acid), and
others (nabumetone, nimesulide) (Malm & Borisch 2015), which were developed to mimic
the pharmacological effects of aspirin. The tNSAIDs are nonselective, blocking both isoforms
of COX, although the relative degrees of COX-1 and COX-2 inhibition vary substantially
among these agents. Among them, some were endowed with moderate COX-2 selectivity

(e.g., diclofenac). Their therapeutic efficacy, even they are taken in a relatively high dose,



depends on their inhibition of the COX-2-mediated formation of PGE2, which causes
inflammation in the joints, and pain and fever in the central nervous system. However, their
inhibition of COX-1-mediated PGE2 formation in the gastric mucosa increases the risk of
gastrointestinal symptoms, mucosal damage and bleeding (Cairns 2007; Patrignani & Patrono
2015).

By contrast, the coxibs, a group of highly selective inhibitors of the COX-2 isoform of
COX, inhibit only the COX-2-mediated pathways, achieving the desired therapeutic goal of
reducing inflammation and pain by blocking PGE2 formation in joints and elsewhere. The
coxibs spare COX-1-mediated gastric PGE2 production, preserving its gastroprotective
actions (Cairns 2007). The first generation of selective COX-2 inhibitors enter clinical trials,
with celecoxib and rofecoxib in 1995 (Hawkey 2005). Other selective COX-2 inhibitors are
valdecoxib, parecoxib and etoricoxib (FitzGerald & Patrono 2001; Malm & Borisch 2015).
The first recognition of a potential difference between selective COX-2 inhibitors and non-
selective NSAIDs with regard to possible cardiovascular thrombosis was mentioned in several
publications 3 years later, suggesting fewer cardiovascular deaths on rofecoxib than NSAIDs.
Ten years later, in 2005, even FDA reviewed cardiovascular safety of selective COX-2
inhibitors, several studies suggested certainly dose dependent cardiovascular problems
(Hawkey 2005). For example, an increased incidence of myocardial infarction and sudden
cardiac deaths has been observed in patients with high doses of treatment of rofecoxib
(Lamprecht et al. 2005). NSAIDs are metabolized in the liver, whereas hepatocytes are
responsible for drug metabolism and detoxification. They eliminate potentially toxic
compounds but, paradoxically, also result in the generation of toxic or carcinogenic
metabolites. Cumulative or overdoses of drugs can induce acute liver failure either directly or
indirectly after their biotransformation (Gonzalez-Ponce et al. 2018). Lastly, both tNSAIDs

and coxib may also increase blood pressure and reduce kidney function (Sostres et al. 2010).

1.1.2.2 Inhibitors of 5-LOX
One of the most effective treatments, which inhibits the 5-LOX activity, is zileuton {N-(1-

Benzo[b]thien-2-ylethyl)-N-hydroxyurea}, which was approved by the US FDA for the
prophylaxis and treatment of patients with chronic asthma (D'Urzo & Chapman 2000). This
only approved LT synthesis inhibitor, has been, however, later on associated with liver
toxicity, which has limited its clinical usefulness (Watkins et al. 2007). Its chemical structure

is shown on Figure 4, adopted from Carter et al. (1991).



Figure 4. Chemical structure of zileuton

The inflammatory response can be also prevented or controlled by corticosteroids,
which act by supressing the formation, release and activity of these endogenous inflammatory
cells and mediators (Wu et al. 2011). However, these drugs are usually accompanied with
unexpected side effects, and also, they are not considered as a good clinical choice for chronic
inflammatory disorders in general (Yu et al. 2016). The first new class of drug introduced into
asthma therapy in over 30 years - anti-leukotrienes (anti-LTs) — have attracted considerable
attention, particularly as they have been proposed as either an alternative or an addition to
inhaled corticosteroids (Barnes 2003). However, several studies suggested relationship
between patients with both high-dose corticosteroid therapy and anti-LTs to control their
asthma and patients developing Churg-Strauss syndrome (Barnes 2003; Swietlik &
Doboszynska 2008; Watelet et al. 2009).

As reviewed by Yu et al. (2016) recent investigations have demonstrated that plant
polyphenols, in particular flavonoids, exhibit anti-inflammatory activity both in vitro and in
vivo, mainly through the termination of free-radical reactions, which take part in AA
metabolism (Sibul et al. 2016). This not only provides an explanation for the health benefit of
vegetarian diets and Chinese medicine, but also identifies potential agents for treating
inflammatory disorders, including possible therapy for life-threatening diseases (Yu et al.
2016).

1.1.2.3 Dual inhibitors of COX-2/5-LOX
Considering the pro-inflammatory properties of LTs and prostanoids and the side effects of

NSAIDs, coxibs and anti-LTs mentioned in previous two chapters, simple therapeutic
approach is insufficient and developing drugs able to inhibit both COX-2 and 5-LOX should
not only enhance their individual anti-inflammatory effects, but also reduce the side effects
associated with NSAIDs, especially of the gastrointestinal tract, and selective COX-2
inhibitors (Celotti & Laufer 2001; Fiorucci et al. 2001; Charlier & Michaux 2003).



Indeed, it has been shown that COX inhibition by NSAIDs, besides causing a
reduction in the synthesis of vasodilatory and gastroprotective PGs, leads to an up-regulation
of AA metabolism by the 5-LOX pathway, increasing the formation of LTs and contributing
to inflammation and NSAIDs-induced adverse effects. In addition, both COX-2 and 5-LOX
enzymes have been involved in the development and progression of numerous types of
cancer, so the use of dual inhibitors opens up new perspectives in the prophylactic treatment
of this dreadful disease (Charlier & Michaux 2003).

What appears most impressive from the available studies on dual inhibitors is their
almost complete lack of gastric toxicity (Celotti & Laufer 2001). Therefore, this new
approach focused on dual inhibitors will certainly help to unravel the mechanisms at the root
of the undesirable effects of NSAIDs and to develop safer NSAIDs (Fiorucci et al. 2001).

1.2 Infection

1.2.1 Epidemiology & Classification
Infection starts as the invasion and colonization of a host organism's tissues by disease-

causing organisms, their multiplication, and the reaction of host tissues to these organisms and
the toxins they produce. Infections are caused by microorganisms such as viruses, prions,
bacteria, and viroids, and larger organisms like parasites and fungi. Hosts can fight infections
using their immune system (Signore & Glaudemans 2011; Signore 2013).

According to Nelson (2006) there are several approaches in classification of
infections. Clinicians tend to classify infectious diseases according to their most common
clinical manifestation or by the organ systems that are primarily affected (diarrheal,
respiratory, CNS, cardiovascular, sepsis). Microbiologists tend to classify infectious diseases
according to the causative organisms (bacterial, viral, fungal, parasitic, prion).
Epidemiologists usually classify infectious diseases according to the means of transmission
(contact, food-borne, water-borne, airborne, vector-borne, perinatal) and the reservoir of the
organism (human, animal, soil, water).

For purpose of this thesis, we will focus on most common human bacterial infections,
mainly food-borne diseases and musculoskeletal diseases, as they are considered as the most
common cause of illness and death in developing countries, associated with bacterial
contamination especially with members of Gram-negative bacteria like Salmonella typhi,
Escherichia coli and Pseudomonas aeruginosa. Other Gram-positive bacteria including S.
aureus and Bacillus cereus have been also identified as the causal agents of food borne
diseases or food spoilage (Mostafa et al. 2018). Extra focus should be paid on the infections



caused by S. aureus, a major human pathogen that causes a wide range of clinical infections
(Tong et al. 2015), especially on its resistant forms, because 60% of S. aureus infections in
European region are reported to be methicillin-resistant (MRSA), meaning that treatment with
standard antibiotics does not work (WHO 2014). Musculoskeletal infections caused by S.
aureus are among the most difficult-to-treat infections. For example, osteomyelitis, an
inflammation of bone, is usually caused by bacterial infections and it is associated with 6 %
mortality and tremendous disease burden through potential for long-term relapses and

neurological deficits (Idelevich et al. 2016).

1.2.2 Treatment of infection
The use of antimicrobial agents provides an effective method for the control and treatment of

infectious diseases caused by bacteria and certain other microorganisms. The ability to treat
bacterial infections with chemotherapeutic agents is one of the most important medical
achievements. Antiinfective therapy began with the industrial production of benzylpenicillin
in 1941 and was followed by the discovery and development of streptomycin in 1944,
chloramphenicol in 1947, chlortetracycline in 1948, semi-synthetic penicillins and
cephalosporins from 1958 onwards, fluoroquinolones in the 1980s and oxazolidinones and
cationic peptides in the 1990s (Selzer 2000).

Thus, treating and preventing bacterial infections in humans with the use of synthetic
antibiotic drugs has been a long time practice in medicine, but their increasing and
indiscriminate use causes a selective pressure on the pathogenic bacteria that eventually show
antibiotic resistance (Babu et al. 2017). For example, around 90-95% of S. aureus strains
worldwide are resistant to penicillin and in most of the Asian countries 70-80% of the same
strains are methicillin resistant (Hemaiswarya et al. 2008). Among various approaches used
for finding agents effective in overcoming the bacterial resistance, naturally occurring anti-
infective plant products seem to be one of the most convenient strategies (Cos et al. 2006).
Other strategy employed to overcome these resistance mechanisms is the use of combination
of drugs, such as B-lactams together with -lactamase inhibitors. Several plant extracts have

already exhibited synergistic activity against microorganisms (Hemaiswarya et al. 2008).

Prevention of food spoilage and food poisoning pathogens is usually achieved by use
of chemical preservatives, which have negative impacts including human health hazards of
the chemical applications, chemical residues in food and feed chains and acquisition of
microbial resistance to the used chemicals. Because of such concerns, the necessity to find

potentially effective, healthy, safer and natural alternative preservatives is increased, for



example, plant extracts have been used to control food-borne diseases and preserve foodstuff

by several authors (Mostafa et al. 2018).

1.3. Anti-inflammatory and antimicrobial natural products

1.3.1 Non-steroidal anti-inflammatory drugs
The first nonsteroidal anti-inflammatory drug (NSAID) was isolated in 1829 when German

scientists were able to recover salicylate from willow bark. More than 130 years later, in the
1960s the next NSAID, indomethacin, was developed. Since then, other NSAID compounds
have been brought to market. Although NSAIDs are relatively equipotent clinically, their
subtle differences influence their selection in patient use. NSAIDs are advantageous because
they lack addictive potential and do not result in sedation or respiratory depression. In
addition, these drugs have analgesic properties at lower doses and anti-inflammatory effects at
higher doses (Green 2001). They are widely used to treat arthritis pain and inflammation,
menstrual and musculoskeletal pain, as well as headache and fever. This group includes
acetylsalicylic acid (in a relatively high dose), the traditional NSAIDs (tNSAIDs) (eg,
naproxen, ibuprofen, indomethacin and diclofenac) and the coxibs, a group of highly selective
inhibitors of the COX-2 isoform of COX (Cairns 2007).

However, because of the significant side effect profiles of NSAID medications, there
is a greater interest in natural compounds, such as dietary supplement and herbal remedies,
which have been used for centuries to reduce pain and inflammation. Many of these natural
compounds also work by inhibiting the inflammatory pathways in a similar manner as
NSAIDs. In addition to the COX pathway, many natural compounds act to inhibit nuclear
factor-xB (NF-«B) inflammatory pathways. Natural medicines derived from plants are
drawing more and more interest in the prevention and treatment of diseases because of their
unique characteristics, which include having fewer adverse effects and being more suitable for
long-term use compared with synthesized chemicals. Nevertheless, there are problems
associated with these dietary supplements, and their use requires knowledge of their
biological action, clinical studies (both affirmative and negative), and potential interactions
with other nutraceutical products and prescription medications (Wang et al. 2008; Maroon et
al. 2010).

Some of the examples of natural anti-inflammatory products, reviewed by Maroon et al.

(2010) are as follows:



the fish oil (in the form of cod liver oil), an omega-3 EFA, for the treatment of
muscular, skeletal, and discogenic diseases,

the bark from the white willow tree, an analgesic and antipyretic agent, contains
salicin, which is converted to salicylic acid by the liver and is considered to have
fewer side effects than aspirin,

curcumin, a naturally occurring yellow pigment derived from turmeric (Curcuma
longa), used as a flavouring spice in food and has long been used in both
Ayurvedic and Chinese medicines as an anti-inflammatory agent, a treatment for
digestive disorders, and to enhance wound healing,

green tea has long been recognized to have cardiovascular and cancer preventative
characteristics due to antioxidant properties of catechins and subsequently it has
been used in the treatment of arthritic disease as an anti-inflammatory agent,
pycnogenol, derived from the bark of the maritime pine tree (Pinus maritima), has
been considered helpful for wound healing, treating scurvy, healing of ulcers, and
reducing vascular inflammation,

olibanum, gum resin from trees of Boswellia species, can inhibit the leukotriene
biosynthesis in neutrophilic granulocytes by inhibiting 5-LOX, thus affecting
various inflammatory diseases that are perpetuated by leukotrienes,

resveratrol, a plant-based polyphenol molecule found in various plant sources
where acts as a phytoalexin, shows the anti-inflammatory properties as it
suppresses COX-2 by blocking NF-«B activation,

cat’s claw, Peruvian herbs derived from woody vines with small claw-like thorns
at the base of the leaf, Uncaria tomentosa and Uncaria guianensis, used to treat
arthritis, bursitis, and intestinal disorders,

capsaicin, isolated from chili pepper (Capsicum annum), inhibits NF-xB, thus
producing an anti-inflammatory effect, but is rarely used alone, it is generally

mixed into other natural anti-arthritic preparations.

The processes used to prepare herb-derived compounds pose complications when it

comes to determining the quantity and concentration of the products. The preparation

processes are not standardized, and therefore, the extraction process and the type of plant used

may affect the true concentration of the product. In addition, there is a lack of uniformity

within and between manufacturers. Although dietary supplements are not held to the same

rigorous testing and standards as pharmaceutically derived medications, there are many
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regulations that still control their manufacture because these are food products. Some
manufacturers inflate nutraceutical products’ claims and may not cite possible side effects and
potential drug interactions. Bleeding complications are associated with white willow bark,
ginger, garlic, and others. Therefore, such medicinal preparations are not without risk
(Maroon et al. 2010).

1.3.2 Anti-infective natural drugs
Infectious diseases caused by bacteria, fungi, viruses and parasites are still a major threat to

public health, despite the tremendous progress in human medicine (Cos et al. 2006). Natural
products have been a particularly rich source of antiinfective agents, yielding, for example,
the penicillins in 1940, the tetracyclines in 1948, and the glycopeptides in 1955. Naturally
occurring products from plants have played an important role in the discovery of new
therapeutic agents since ancient times, for example, quinine obtained from Cinchona has been
successfully used to treat malaria (caused by protozoa Plasmodium). Substantial attention has
been focused on exploration and utilization of secondary metabolites of plants
(phytochemicals) as an alternative to and/or in combination with traditional antibiotics for
treating resistant infections. Among the phytochemicals, flavonoids, isoflavonoids, and
related compounds seem to be the most potentially useful candidates, because they are widely
distributed in edible plants and they possess broad pharmacologic activity (Mukne et al.
2011). For example, turmeric (Curcuma longa) is widely popular in in India, China and South
East Asia mainly as spice and as a food preservative along with its use in traditional
medicines in preventing and treatment of several diseases and health conditions it is also
known to provide antimicrobial activity against several microorganisms. Curcumin, one of the
polyphenolic compound present in turmeric, is known to be active against a range of food
spoilage and pathogenic microorganisms such as Aspergillus niger, Bacillus subtilis, E. coli,
P. aeruginosa, and S. aureus (Babu et al. 2017). Other food preservative is benzoic acid,
because it effectively inhibits the growth of molds, yeasts and some bacteria. The simplest
aromatic carboxylic acid, which is contained in resins and oleoresins of shrubs and trees of
Styrax spp., is also used in cosmetic, hygiene, and pharmaceutical products (Del Olmo et al.
2017).

In addition, spices and aromatic plants have an antimicrobial effectiveness that
depends on the kind of plant, its composition and concentration of essential oils, often rich in
monoterpens and sesquiterpenes. Studies analysing the antimicrobial activity of essential oil

of Allium sphaerocephalon revealed the accordance with the popular use of plants of the
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Allium genus in traditional medicine, indicating the importance of aroma precursors (cysteine
sulfoxides) for a potent biologic activity (Savoia 2012). Allicin, a diallyl thiosulfinate in
garlic, exhibits antimicrobial effects on a broad range of bacteria, including Enterobacter,
Escherichia, Klebsiella, Proteus, Pseudomonas, Salmonella, Serratia, and Shigella. Thyme
(Thymus vulgaris) and oregano (Origanum vulgare) have an inhibitory effect on the growth of
Gram-negative Vibrio parahaemolyticus (Babu et al. 2017). Essential oils are also used for
food preservation to avoid the food-borne infections. Hernandez et al. (2017) focused on the
application of plant essential oils during the meat drying process using oregano essential oil.
The application was effective in inhibiting of Salmonella enteritidis and E. coli growth,
without affecting of meat sensory quality. Nedorostova et al. (2011) proved antimicrobial
properties of essential oils from Armoracia rusticana, Origanum syriacum, Allium sativum,
Satureja hortensis, S. montana, Thymus vulgaris, and T. serpyllum against different strains of
S. aureus, including MRSA and resistant clinical isolates.

Mostafa et al. (2018) proved Punica granatum and Syzygium aromaticum ethanolic
extracts to be very effective against the highly susceptible strains of food borne pathogenic
bacteria (S. aureus and P. aeruginosa), suggesting these plant extracts as natural alternative
preventives to control food poisoning diseases and preserve food stuff avoiding health hazards
of chemically antimicrobial agent applications. Mostafa et al. (2018) also reviewed and
summarized the antibacterial effect of avocado, cinnamon, garlic, ginger, guava, lemon,
myrtle, and thyme, plants, which are commonly used in food conservation and in traditional
medicine.

Miswak (Salvadora persica), also known as the toothbrush tree that is used as a
chewing stick for oral hygiene since ancient times, contains more than one type of
antimicrobial agent that inhibits the growth of both Gram-positive and negative bacteria (E.
coli, S. aureus, Lactobacillus acidophilus, Streptococcus mutans and P. aeruginosa). The
biological activity of S. persica’s phytochemicals, such as benzyl isothiocyanate and [3-
sitosterol, inhibit the cariogenic and genotoxic compounds accumulated on the surface of the
teeth (Abhary & Al-Hazmi 2016). An in vitro study showed inhibitory effect on the growth of
Candida albicans and proved that Enterococcus faecalis is the most sensitive microorganism
affected by the use of miswak (Halawany 2012). A strong antibacterial activity against oral
pathogens like S. mutans, Bacteroides sp., Provotella sp., Actinomyces sp., and C. albicans)
produced by essential oils from Mentha x piperita, Thymus vulgaris, Eucalyptus sp., and
Gaultheria procumbens, which mix served as a surgery disinfectant and later as agent against
cariogenic bacteria in oral care, was reviewed by Vlachojannis et al. (2013). Many plants used
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in traditional medicine to treat oral bacterial diseases, like Punica granatum, Syzygium
aromaticum, Cinnamomun zeylanicum, and others, showed an antibacterial effect in vitro, and
justified their use in traditional medicine (Rosas-Pifion et al. 2012). The essential oil from
Melaleuca alternifolia (so called “tea tree oil”) has broad-spectrum antimicrobial activity in
vitro and it is used in the treatment of a range of superficial dermatoses such as cuts, insect
bites, boils, dermatophytosis and for the treatment of acne vulgaris showing the its efficacy
against Propionibacterium acnes (Enshaieh et al. 2007).

Other plants with potent antimicrobial activity are species of Pistacia genus, which
resin, a mastic gum, has been evaluated by several authors (Tassou & Nychas 1995;
Koutsoudaki et al. 2005; Kalalinia et al. 2008). Their ethnomedicinal uses were reviewed by
Rauf et al. (2017). The main components of mastic gum, a-pinene, camphene, B-pinene, -
myrcene, limonene, linalool, and B-caryophyllene, a-thujene, o, B-thujene (Papageorgiou et
al. 1991; Koutsoudaki et al. 2005; Kalalinia et al. 2008) exhibited strong inhibitory effects
against Gram positive bacteria (S. aureus, B. subtilis) and C. albicans. Moreover it was
indicated that B-pinene had the most inhibitory effects against Gram positive bacteria and C.
albicans while o, B-thujene was more active against Gram negative bacteria (E. coli, P.
aeruginosa, Klebsiela pneumonia) (Kalalinia et al. 2008). As the sensitivity to above
mentioned compounds was different for different bacteria tested, it was suggested that the
antibacterial effect of mastic oil is due to a number of its components working synergistically
(Koutsoudaki et al. 2005). Marone et al. (2001) evaluated antibacterial activity of mastic from
Pistacia lentiscus against clinical isolates of Helicobacter pylori by a microdilution assay,
when mastic gum killed 50% and 90% of the strains tested at a concentration of 125 pg mi?
and 500 pug ml? respectively. The fact that mastic gum has bactericidal activity on H. pylori
was later confirmed by Dabos et al. (2010) in vivo.

It was shown that plant-derived compounds are active against Gram-positive bacteria,
successively numerous phytochemicals were shown to act as potential efflux pump inhibitors
(EPIs) with antimicrobials for Gram-positive bacteria, while Gram-negative bacteria have
innate multidrug resistance to many antimicrobial compounds owing to the presence of efflux
pumps. However, the chemical diversity between plants and microorganisms represents an
ecological possibility to identify EPIs from natural sources. The literature concerning
bacterial resistance modulators from natural plants, described the plant alkaloid reserpine,
berberine and methoxylated flavones and isoflavones, which revealed putative interfering

activity on efflux (Savoia 2012).
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The underuse, overuse, and misuse of antibiotics by humans are the selective pressure,
which eventually lead to the development of antibiotic resistance in microbes. Globally,
emerging MDR pathogens also called as ‘ESKAPE’ organisms (Enterococcus spp., S. aureus,
Klebsiella spp., A. baumannii, P. aeruginosa and Enterobacter spp.) are a serious threat to
public health. MDR microorganisms can survive the treatment with antimicrobial drugs,
thereby standard treatments become ineffective and infections persist, increasing the risk of
spread to others. In general, MDR microbes are resistant to three or more antibiotics,
however, strains of Mycobacterium tuberculosis are extremely drug-resistant that are virtually
resistant to all classes of antimicrobials (Subramani et al. 2017).

The rich source of potential drug development is in traditional medicine. Several
studies have been dealing with in vitro experiments focused on plants used in traditional
medicine suggesting them for potential future pharmacology studies (Kloucek et al. 2007;
Bussmann et al. 2010; Lulekal et al. 2014; Ulloa-Urizar et al. 2015; Mickymaray et al. 2016;
Stankovi¢ et al. 2016; Sharma et al. 2017, and others). Due to the emergence of widespread
drug resistance, research on new antimicrobial substances must continue, while using of
ethnopharmacological knowledge is one attractive way to enhance the probability of success

in new drug-finding efforts (Cos et al. 2006).

1.3.3 Natural products with dual effect

Although inflammation is a vital part of the normal response to infection or injury, when it is
excessive or prolonged it can prevent healing or even cause further damage (Molan 2001).
Therefore, it is necessary to know products, which can act in both, anti-inflammatory and
antimicrobial actions. A non-steroidal anti-inflammatory drug, which has been used for
medicinal purposes since the ancient Egyptian period is salicylic acid (or sodium salicylate).
The acetylation of salicylate to aspirin extended its usage in medicines, it is often used to
reduce fever, to relieve pain and as an anti-inflammatory drug, it can be used in low doses to
prevent heart attacks. Salicylic acid and salicylate are also key ingredients used in cosmetics
in many skincare products and shampoos, as salicylate induces morphological and
physiological alterations in bacteria, for instance in S. aureus and E. coli (Hartog et al. 2010).
Damman (2013) described uses of salicylates and their role in gastrointestinal and
dermatological diseases, for example, salicylates were used historically with benzoic acid in
Whitfield ointment to treat tinea infections. Other well-known natural product, used from
ancient time, is honey. Its dual effect was explained and summarized by several authors

(Molan 2001; Mandal & Mandal 2011). Among others, we can also mention bovine colostrum
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(Yadav et al. 2016), artemisinin from Artemisia annua (Kim et al. 2015), and ginger (Grzanna

et al. 2005; Islam et al. 2014) as natural products with dual effect.

As isoflavonoids belong to the natural compounds coming from the secondary
metabolism of plants synthetized de novo when the plant is attacked by microorganisms, they
might be one of the future prospective candidates for natural compounds with dual effect and

as they are widely distributed even in food, their benefits for human might be invaluable.

1.4 Isoflavonoids

1.4.1 Introduction
Isoflavonoids are a subclass of the more ubiquitous flavonoids, which are naturally occurring

polyphenols (Albulescu & Popovici 2007). There are many different types of isoflavonoids,
but all have got the same basic characteristic structure with substituents R1 — Re, and they are
divided into subclasses depending on the oxidation level of the central pyran ring (Head 1997;
Albulescu & Popovici 2007). Black and white drawing of basic chemical structure of

isoflavonoid adopted from Klejdus et al. (2001) is shown as Figure 5.

Figure 5. Basic chemical structure of isoflavonoid

Isoflavones are the most abundant of the sub-classes of isoflavonoids (Head 1997), which
accumulate predominantly in plants of the Leguminosae family. The main sources of
isoflavones are soy (Glycine max) and soy-derived products, but isoflavones are also in other
species of the Leguminosae family (Cicer arietinum, Medicago sativa, Phaseolus sp.,
Pueraria sp., Trifolium pratense and other). Moreover, small amounts of isoflavones are also
contained in cereals, fruits, nuts, and vegetables. In plants, isoflavones are usually found in

conjugated forms, (glucosides), which are not absorbed intact across the enterocyte of healthy
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adults, their bioavailability requires hydrolysis to the corresponding aglycones, by intestinal
B-glucosidases (Bustamante-Rangel et al. 2018). Isoflavones act as phytoestrogens and
possess antioxidant, anticancer, antimicrobial, and anti-inflammatory activities just like other
flavonoids (Yu et al. 2016).

1.4.2 History
The discovery of isoflavonoids as natural products has its origin in the middle of nineteenth

century, when Reinsch and Hlasiwetz obtained ononin from the root of Ononis spinosa L.
Ononin was revealed after eighty years later as the 7-Oglucoside of formononetin (Veitch,
2007). In 1984 it was known 465 structures, in 1989 it was published 630 structures and in
1994 it was published 870 structures (Harborne, 1994). According to Veitch, there was known
more than 2000 examples in 2013 (Veitch 2007; Veitch 2009; Veitch 2013). More than 840
new examples were reported in the period from 1997 to 2011, suggesting that interest in this
area remains at a high level, leading to the advances in structural elucidation and biosynthesis
(Veitch 2013).

1.4.3 Biosynthesis
Isoflavonoids form a large quite distinct subclass of flavonoids, being structural variants, in

which the shikimate-derived aromatic ring has migrated to the adjacent carbon of the
heterocycles. For the biosynthesis of isoflavonoids is responsible combination of the
shikimate pathway and the acetate pathway (Velisek & Cejpek 2008).

The shikimate pathway is named after its central intermediate, shikimic acid, which
was first isolated from fruits of aniseed (Illicium anisatum) in 1885 and was named after the
Japanese name of the plant shikimi-no-ki. In turn, the shikimic acid (shikimate) has given rise
to the common name of the pathway. The seven enzymatic steps of the shikimate pathway
starting with the condensation of the two metabolites, phosphoenolpyruvate (from glycolysis)
and erythrose 4-phosphate (from pentose phosphate pathway), and their cyclization lead to the
formation of shikimic acid and end with the synthesis of chorismic acid (chorismate). Active
forms of shikimic acid and chorismic acid with coenzyme A (CoA) can access the main
classes of phenolic compounds, quoting some transformations to acids of the benzoic acid
series (gallic, protocatechuic, etc.) by B-oxidation. Gallic acid itself after the addition of a
molecule of phosphoenolpyruvate and additional series of intermediate stages, followed by
amination, gives rise the three aromatic amino acids phenylalanine and tyrosine and to the

heterocyclic amino acid tryptophan, which are precursors of many biologically active

16



secondary metabolites and mainly they are the starting point of the phenylpropanoid pathway.
(Velisek & Cejpek 2008; Tzin et al. 2012; Kougan et al. 2013).

The phenylpropanoid pathway is the precursor for several phenylpropanoids such as
cinnamic acid, caffeic acid, ferulic acid, sinapic acid, and others (Velisek & Cejpek 2008;
Kougan et al. 2013). The phenylpropanoid pathway starts with the condensation of amimo
acids phenylalanine and tyrosine, as Ce-Cs building blocks, via the first key enzyme
phenylalanine ammonia lyase (PAL), catalyzing the deamination of L-phenylalanine into
cinnamate. Cinnamate 4-hydroxylase (C4H) is the second enzyme converting cinnamate to p-
coumarate. 4-Coumarate CoA-ligase (4CL) catalyzes the final step of the phenylpropanoid
pathway, converting p-coumarate to p-coumaroyl-CoA. Then chalcone synthase (CHS)
catalyzes the first committed step towards flavonoid biosynthesis, the condensation of one p-
coumaroyl-CoA molecule and three malonyl-CoA molecules to form a chalcone scaffold.
Chalcone reductase (CHR), only identified in legumes, acts on an intermediate of the CHS
reaction, yielding deoxychalcone from the coupled catalytic action with CHS. Chalcone
isomerase (CHI) catalyzes cyclization of chalcones or deoxychalcone to form the flavonoid

core flavanone (Wang 2011).

The biodiversity of phenylpropanoids is the result of the modification and
amplification of several basic structures, derived from the shikimate pathway, and it is also
emphasized through the contribution of a set of enzymes such as oxygenases, ligases,

oxidoreductases, and transferases (Kuete 2013).

Flavanones (e.g., naringenin) act as the core precursors that lead to the production of
anthocyanins, condensed tannins, flavones, and various other compounds in all plant species.
In legumes, a branch-point enzyme 2-hydroxyisoflavanone synthase (2-HIS, also named as
isoflavone synthase, IFS) introduces the isoflavonoid biosynthetic pathway. 2-HIS converts
flavanone to 2-hydroxyisoflavanone by performing a novel aryl-ring migration to transfer the
aromatic B-ring from position C-2 to C-3 and hydroxylation in position C-2. Dehydration of
2-hydroxyisoflavanones occurs either spontaneously or through catalysis by 2-
hydroxyisoflavanone dehydratase to generate isoflavones, e.g., daidzein and genistein (Wang
2011). This rearrangement is generally depicted as a two-step process with two isoflavanones
(liquiritigenin to daidzein) as intermediates in the following scheme on Figure 6 adopted from
Veitch (2007).
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Figure 6. Rearrangement process of isoflavonoids

It has been established that acetate gives rise to ring A and that phenylalanine, cinnamate and
cinnamate derivatives are incorporated into ring B and C-2, -3, and -4 of the heterocyclic ring
(Friedli G-L 1997). Since chalcones and flavanones are efficient precursors of isoflavonoids,
the required aryl migration of ring B from the former 2 or beta position to the 3 or alpha
position of the phenylpropanoid precursor must take place after formation of the basic Cis

skeleton.

1.4.4 Categorization of isoflavonoids
Isoflavonoids are divided into several subclasses to aid their systematic classification.

According to the number of substituens on the basic 3-phenylchroman skeleton and mainly
according to the different oxidation level of the central pyran ring (3-phenylchroman
skeleton) isoflavonoids are divided into classes — isoflavones, isoflavanones, pterocarpans,
isoflavans, isoflav-3-enes, 3-arylcoumarins, coumestans and rotenoids (Harborne 1994;
Tahara & Ibrahim 1995; Harborne et al. 1999). These major isoflavonoid classes and their

biosynthetic relationships adopted from Tahara and Ibrahim (1995) are shown in Figure 7.
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Figure 7. Major isoflavonoid classes

1.4.5 Biological properties of isoflavonoids
Plants produce a lot of organic matters, which do not affect directly growing and progression,

so called secondary metabolites. The primary metabolites are basic element for the
biosynthetic production of secondary metabolites, but exact border between primary and
secondary metabolites does not exist. Some of these metabolites are often exactly divided into
several taxonomic groups inside the plant kingdom. Many of their functions are still
unknown.

Natural plant secondary metabolites can be divided into three main groups: terpenoids,
alkaloids and phenylpropanoids with their relative phenolic compounds. Individual groups of
phenolic matters have many conjunctive signs, which are outgoing from their biochemical
pathways. One of the most significant groups of phenolic compounds are flavonoids. This
gathering consists of many groups of plant metabolites, where chalcons, aurons, flavonons,

isoflavonoids, flavonols, catechins and anthocyanidins belong to.

19




Content of isoflavonoids in plant is affected by many biotic and abiotic factors.
Isoflavonoids occur as constitution matters or they can appear by incidence of stress.
Isoflavonoids play important role in some function in defensive system of a plant — natural
barrier against infection during germination of seeds, attack by insect or damage by pests.
These compounds can sustain for certain time theirs biological activity and can influence
microbiological proportions in soil or can be used by people — e.g. antifungal properties
(Harborne et al. 1999; Klejdus 2004). In family Leguminosae isoflavonoids play their main
role in the initiation of a rhizobial symbiosis and interation with the constitutively expressed
nodD gene products of the microsymbiont to form a proteinphenolic compound. Different
plants release different compounts, e.g. daidzein is an inducer in the Phaseolus
vulgaris/Rhizobium leguminosarum symbiosis (Goodman 2004).

The pharmacological properties of isoflavonoids are seldom known. In animal models,
a soya bean-based diet decreases mammary and prostrate carcinogenesis. Pure genistein is
also an anticarcinogen (mammary tumours of the female rat) (Bruneton 1999).

Leguminosae also products isoflavonoids, which are harmful to some animals —
rotenoids are used as insecticides or piscidals (rotenone inhibits the electron transport
pathway in mitochondria and is therefore toxic to all forms of life) (Harborne et al. 1999).

Isoflavonoids belong to the group of phytoestrogens. Phytoestrogens are phenolic
matters imitating a structure of natural mammalian oestrogens and making weak estrogenic
activity. The isoflavones and their intestinal metabolites (equol, demethylangolensin) bind to
estrogen receptors, and most often, they have a weak estrogenic activity, that’s why they are
sometimes called “phytoestrogens” (phyto = plant, estrus = period of fertility for female
mammals, gen = to generate) (Bruneton 1999). Food is main source of isoflavonoids for
human population. The existence of phytoestrogens was depictured for the first time by
Bennetts in 1946 in connection with the infertility of sheep, which were grazing on pastures
with large scale of Trifolium subterraneum for the long time. In 1954, Bradbury and White
isolated from that genistein and formononetin, isoflavonoids with estrogenic effect. Infertility
was established at sheep for the first time, because cattle are less sensitive to the effect of
phytoestrogens (Bradbury & White 1954).

The occurrence of isoflavones in food raises the question of their potential impact on
human health. In the soya bean, the concentration of daidzein, genistein and their glycosyl
derivates can reach 3 g kg. The same compounds are also found in all of the derived
products (soya bean powder, milk, fermented products), at concentrations that vary depending

on the industrial manufacturing process.
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Isoflavonoids are also tyrosine-kinase inhibitors, which may have a role in the
transformation and cell proliferation phenomena (Bruneton 1999).

Epidemiologic studies in human strongly suggest the low incidence of
hormonedependent diseases that is observed in Asian and vegetarian populations, correlated
with the high consumption of soya bean which is common in those cultures (analysis of
phytoestrogens by gas chromatography-mass spectrometry). The soya bean isoflavones, and
maybe other constituents as well, seem to have a preventive effect on breast and prostate
cancer, as well as colorectal cancer.

Several recent studies suggest that isoflavones and soya bean decrease the symptoms
of menopause (hot flashes and others) and reduce the risk of osteoporosis (Bruneton 1999). In
order to prevent these menopause-related complications, considerable number of women uses
oestrogen substitutes as a hormone-replacing therapy (HRT).

In traditional Chinese medicine is used daidzein, genistein, formononnetin and
biochanin A as a medicine for managing alcoholism, fever, cold and flu (Keung 1993;
Goodman 2004). On the other hand, isoflavonoids were detected in beer (Lapcik et al., 1998).

Although there are many published studies dealing the topic of positive effects of
isoflavonoids (Bruneton, 1999; Harborne et al., 1999; Klejdus, 2004 and others), the placebo-
controlled clinical trials referring to the work on humans are insufficient up to the present day.
Several clinical studies on climacteric problems were made (Wuttke et al., 2007), and a lot of
them showed beneficial effect, e.g. study on frequency and severity of hot flushes.

According to Wuttke et al. (2007), the questionable effect originated in following
facts:

« in some of double blind placebo-controlled clinical studies soy/red clover/isoflavone
preparations were not superior to placebo

« in animal experiments, only high doses of such preparations were able to expressed
expected effect (suppress the activity of the gonadotropin releasing hormone pulse generator
as indicated by the reduction of serum luteinizing hormone levels)

* it is uncertain as to whether the low estrogenic potency of isoflavones has an estrogenic,
antiestrogenic, or at all any effect on the mammary gland

« the estrogenic effects on the uterus may lead to endometrial hyperplasia and — if
unopposed by progestins — to endometrial cancer

« animal experiments suggest putative goitrogenic effects of isoflavones

« estradiol and soy isoflavones appear to improve symptoms of osteoarthritis
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« isoflavones may have some mild estrogenic lipid lowering effect in some, but by no

means all women

1.4.6 Anti-inflammatory activity of isoflavonoids
The overall anti-inflammatory potential of flavonoids is known, most important mechanisms

of action for flavonoids is modulation of the activity of pro-inflammatory enzymes such as
COX and LOX, which produce potent inflammatory mediators, prostaglandins and LTs
(Gonzalez-Ponce et al. 2018). The anti-inflammatory capacity of flavonoids has long been
utilized in Chinese medicine by applying crude plant extracts. Many investigations have
shown that a variety of flavonoid molecules exhibit anti-inflammatory activity both, in vitro
and in various animal models of inflammation. It may be valuable to study the anti-
inflammatory activity of flavonoids, not only in order to establish anti-inflammatory
mechanisms, but also for developing a new class of safe anti-inflammatory agents (Garcia-
Lafuente et al. 2009).

The first publications describing the anti-inflammatory potential of isoflavonoids are
from 80s’, when Kuhl et al. (1984) described the inhibition activity of 6,7,4° —
trihydroxyisoflavan in human and peripheral blood leukocytes. Based on his methodology,
Vol et al. (1992) tested effect of synthesized isoflavonoids in vitro with focus on structure
activity relationship using porcine leukocytes suggested that tested isoflavans are stronger
inhibitors of 5-LOX activity than isoflavones tested. They confirmed their suggestions 23
years later by in vitro experiments using human blood, and also in cellulo docking,
concluding 6 isoflavones with 1Cso lower or equal to baicalein, which was used for
comparison, while texasin (6,7 dihydroxy-4’methoxy isoflavone) was the most selective 5-
LOX inhibitor. This team subsequently evaluated whether some of the potent and selective 5-
LOX inhibitors were also active against mammalian COX, but none of them inhibit COX-1 or
COX-2 at ICsp concentrations higher than 150 uM, while ibuprofen and aspirin, which were
used as positive controls, shown to inhibit COX-2 activity with 1Cso < 20 uM (Mascayano et
al. 2015). Jun et al. (2005) reported the inhibitory effect of genistein, daidzein and biochanin
A isolated from kudzu (Pueraria lobata), which significantly suppressed AA release in vitro,
while biochanin A was most active compound and isoflavone glucosides, puerarin and
daidzin, showed lower inhibitory activities on the release of AA and its metabolites.

Paradkar et al. (2004) demonstrated in vivo that soy-isoflavone diet modulate the
inflammation in intestine and liver of mice. Droke et al. (2007) concluded that soy isoflavones

attenuate the negative effects of chronic inflammation on bone and cardiovascular health
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(Droke et al. 2007). In experiments with mice, Khan et al. (2012b) proved that soy isoflavones
have inhibitory effect on expression of COX-2, activation of NF-xB and on proinflammatory
cytokines. Kim et al. (2009) revealed that the administration of daidzein in vivo attenuates
myocardial damage via inhibition of NF-xB activation in rats, which may suppress
inflammatory cytokine expression. Treatment with daidzein can also reduce the expression of
TNF-a in rats (Selzer et al. 2000). Duan el al. (2003) proved anti-inflammatory effects of
genistein in vivo on a guinea pig model of asthma. Garcia-Lafuente et al. (2009) reviewed the
anti-inflammatory potential of genistein, which is the most studied isoflavone, in vitro and in
vivo.

Huang et al. (2005) suggested decreasing effect of soymilk rich in isoflavones on
levels of TNF-a in postmenopausal women, when the inhibition rise up to 65.7%. Similarly,
findings of Bao et al. (2011) suggested that soy isoflavone as nutritional supplement may
provide a novel means for the treatment of airway inflammatory disease and their inhibition
activity may be dose-dependent (Hamalainen et al. 2007). Benefit of genistein in asthma
patients, supplemented for 4 weeks by this dietary soy isoflavone at physiologically relevant
concentrations, supported its potential role in the treatment of asthma (Kalhan et al. 2008).

Beside “simple” anti-inflammatory activity, the pharmacological strategy has focused
on dual inhibition of the 5-LOX and the COX-2 pathway in order to establish a more efficient
anti-inflammatory therapy with reduced number of side effects. This can be achieved by a
single compound either with dual action or by combination of both inhibitors (Pergola &
Werz 2010). Despite the assertion that isoflavones are effective cancer prevention agents and
have a variety of other health benefits, a significant gap exists between what has been shown
in vitro and what can be achieved in vivo. The low bioavailability is usually not the result of
poor absorption but of extensive metabolism of these compounds (Chen et al. 2005). On the
other hand, Kim et al. (2006) detected three flavonoids apigenin, luteolin, and cynaroside in
Dystaenia takeshimana, which showed COX-2/5-LOX dual inhibitory activity, which may
suggest that there is a potential that even isoflavonoids can possess dual inhibitory activity
and that they need future investigation.

However, the bioavailability of isoflavone can also influence the variability of results -
equol as a gut metabolite of daidzein is considered to present higher affinity to estrogen
receptor than other subtypes of isoflavones and the ability to produce equol seems to vary
from person to person. Therefore, the doses, the form of supplementation and the
bioavailability are questions to be investigated (Rosa et al. 2012). On the other hand, the
bioavailability of isoflavonoids is highest from all flavonoids (Yao et al. 2004).
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1.4.7 Antimicrobial activity of isoflavonoids
Isoflavonoids, naturally occurring in legume-based human diet, belong among a number of

possible candidates of antimicrobial compounds, synthesized by plants as protecting agents
against pathogenic microorganisms (Wyman & VanEtten 1978; linuma et al. 1994). The
antimicrobial effect of isoflavones is also attributed to the presence of phenolic hydroxyl
groups that have affinity for proteins and therefore act as inhibitors of microbial enzymes as
well as their biosynthetic pathways. In addition, substitution of the flavonoid ring system with
prenyl groups is thought to increase their lipophilicity and consequently, enhances their
antibacterial activity through interaction with cellular membranes (Mukne et al. 2011).
Legume extracts rich in prenylated isoflavonoids showed potent antibacterial activity against
Listeria monocytogenes and methicillin-resistant S. aureus suggesting legume seedlings as
promising naturally improved preservation antimicrobials of foods (Araya-Cloutier et al.
2017).

The fact, that the “iso” structures of flavonoids are more important for antifungal
activity was summarised by Johnson et al. (1976), who compared selected flavonoids and
their “iso” forms and suggested substituents at 5, 6, and 7 positions of the A ring as crucial for
antifungal activity of isoflavonoids. He also summarised antifungal agents of isoflavonoids
origin such as formononetin, biochanin A, and luteone and mentioned the aglycones had very
significant activity against certain plant pathogens in comparison with glycosides.

Wyman and VanEtten (1978) described effect of six isoflavonoids on bacteria in the
semisolid medium bioassay. Osawa et al. (1992) determined by paper disc assay that four
isoflavanones (dihydrobiochanin A, ferreirin, darbergioidin, dihydrocajanin) had potent
antibacterial activity against cariogenic bacteria. The effect of seven isoflavonoid compounds
against cariogenic oral bacteria was also investigated by Sato el al. (2003) confirming the
antibacterial effect of erycristagallin to mutans streptococci was based on a bactericidal action
suggesting bacterial cell membrane as one of the operative targets of erycristagallin. Hong et
al. (2006) evaluated the direct effect of genistein in vitro and, furthermore, suggested the use
of genistein in combination with probiotics may augment the effectiveness of antimicrobial
therapies currently used in the management of infections. Dastidar et al. (2004) studied eleven
isoflavones, while two of them (sophoraisoflavone A, 6,8-diprenylgenistein) showed a
significant inhibitory action against bacteria both in vitro and in vivo. Sophoraisoflavone A
and 6,8-diprenylgenistein were most active against S. aureus, and then in decreasing order
against Vibrio cholerae, Salmonella, Shigella, Klebsiella and Pseudomonas spp. Bacteria

resistant to antibiotics such as klebsiellae and pseudomonads were also fairly sensitive to
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sophoraisoflavone A and 6,8-diprenylgenistein. Both isoflavones showed bacteriostatic
activity. They gave significant protection to mice challenged with a virulent Salmonella and
there were no toxic side effects.

The potential antibacterial activities of genistein was examined by Verdrengh et al.
(2004), when exposure to genistein exhibited an inhibitory effect on all staphylococcal strains
tested, including methicillin-resistant strains. Furthermore, the growth of Streptococcus
pasteurianus, B. cereus, and H. pylori was clearly inhibited by genistein, whereas E. coli
growth was not suppressed. For comparison, daidzein, which is structurally similar to
genistein, was also tested, and inhibited the growth of S. aureus, albeit with lower potency
than genistein. Their results indicated that genistein exerts potent antibacterial properties in
vitro, which are possibly mediated by the stabilization of the covalent topoisomerase II-DNA
cleavage complex. Flythe and Kagan (2010) described inhibitory effect of biochanin A
against Clostridium sticklandii. The inhibitory effect of biochanin A was also evaluated by
Sklenickova et al. (2010), enhanced by the finding, that this compound is able to inhibit
several clostridia, but in the same time does not suppress bifidobacteria, which are important
probiotic microorganisms. Khan et al. (2012a) investigate antibacterial potential of Trifolium
alexandrinum against both, Gram-positive and Gram-negative hospital isolated human
pathogenic bacterial strains, confirming the effectiveness of crude leaves extracts against
tested human pathogenic bacterial strains causing several tropical diseases. Since Egyptian
clover is used as a fodder plant, it could be helpful in controlling various infectious diseases
associated with cattle as well and avoid eventual diseases from food chain. The antibacterial
effect of isoflavones against some strains of potentially human pathogenic bacteria has also
been proven in several previous studies (as reviewed by Mukne et al. 2011). Therefore, it is
obvious that isoflavonoids inhibit Gram-positive bacteria more than Gram-negative ones
(Gnanamanickam & Smith 1980).

1.4.8 Synergistic antimicrobial effect of isoflavonoids
The discovery of penicillin nearly 90 years ago revolutionized the treatment of bacterial

disease. Since that time, numerous other antibiotics have been discovered from bacteria and
fungi, or developed by chemical synthesis and have become effective chemotherapeutic
options. However, the misuse of antibiotics has lessened the efficacy of many commonly used
antibiotics. The emergence of resistant strains of bacteria has seriously limited the ability to
treat bacterial illness, and new antibiotics are desperately needed (Cheesman et al. 2017). Two

approaches can be followed to address this problem: screening various sources for new leads
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for antibiotics or finding ways to disable the resistance mechanisms to existing antibiotics.
The spread of multidrug-resistant (MDR) S. aureus strains, including methicillin-resistant S.
aureus (MRSA), has shortened the useful life of antistaphylococcal drugs enormously. Plants
are resistant to most microorganisms, but despite extensive efforts to identify metabolites that
are responsible for this resistance, no substantial progress has been made. Plants possibly use
multiple strategies to deal with microorganisms that evolved over time (Abreu et al. 2017).
Isoflavones isolated from Lupinus argenteus were found to potentiate activity of
berberine and norfloxacin. The isoflavones increased the uptake of berberine into S. aureus
cells, indicating that they may be inhibiting a MDR pump (Morel et al. 2003). The ethanolic
extract of the aerial parts of the herb Sophora moorcroftiana showed significant antibacterial
activity against drug-resistant S. aureus, however, five flavonoids isolated exhibited
antibacterial activity weaker than the extract. In combination with norfloxacin, the
antibacterially inactive compound genistein showed significant synergistic activity against
drug-resistant S. aureus. In an efflux experiment to elucidate a plausible mechanism for the
observed synergy, genistein showed marginal inhibition of the NorA efflux protein (Wang et
al. 2014). Mbaveng et al. (2015) assessed the antimicrobial activity of selected natural
products against Gram-negative MDR bacteria, among which isoflavonoids
neobavaisoflavone and daidzein showed inhibitory activity against all tested strains.
Isoflavonoids from Cytisus striatus were found to potentiate the effect of ciprofloxacin and
erythromycin against MRSA strains revealing a clear synergy between isoflavonoids and the
tested antibiotics, showing their great potential for applications in the clinical therapy of

infections with antibiotic-resistant microorganisms such as MRSA (Abreu et al. 2017).

1.4.9. Structure-activity relationship of isoflavonoids
It is obvious that there exists a relation between the chemical constitution and the

biological activity of compounds (Brown & Fraser 1868). This connection is called structure-
activity relationship (SAR) and it is an approach, which considers that drugs’ biological
activities are induced by their molecular structure, and every change in the molecular
structure leads to a change of these properties. This phenomenon has wide applications in
medical chemistry, one of them being the design of new drugs (Putz et al. 2016).

Likewise, as other secondary plant metabolites, chemical structures of isoflavones are
changed after digestion through a human or animal gastrointestinal tract into other structurally
related compounds, which can possess biological activities significantly differing from their
precursors (Pandey & Rizvi 2009). Additionally, there are several studies dealing with
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antitumour (Lee et al. 2011a; Lee et al. 2011b) and antioxidant (Roh et al. 2011; Villares et al.
2011) activities of isoflavones’ metabolites proving these compounds to be more biologically
active than their precursors (Lee et al. 2011a; Lee et al. 2011b; Roh et al. 2011). Despite the
vast biological potential of isoflavones’ metabolites, no report has been published on their
antibacterial nor anti-inflammatory activity. Moreover, the previous studies of isoflavones
showed that hydroxyl groups and their methylation at certain positions often occur during
digestion. This significantly affects their biological properties (Cushnie & Lamb 2005;
Villares et al. 2011) and plays a key role in their anti-inflammatory and antimicrobial

potential.
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2  HYPOTHESIS

Musculoskeletal infections caused by S. aureus are relatively seldom in general
population, but the incidence is considerably higher in patients with predisposing conditions,
particularly those with rheumatoid arthritis, a chronic inflammatory disorder. Therefore, it is
obvious that focus on anti-inflammatory and antimicrobial potential is crucial for future
development of natural-derived products used for treatment of both, infections and
inflammation. This “dual” effect has been already proven in several natural compounds, as for
example in salicylate from willow bark, which are used for medicinal purposes from ancient
times. As soy, rich in isoflavonoid content, is used in traditional Chinese medicine to treat
oedema, common cold, skin disease, diarrhoea, leg ulcers and other disorders, and is widely-
consumed mainly in Asian countries, where there is generally lower incidence of
musculoskeletal diseases, we supposed that in-depth analysis of isoflavonoids and their

activities may contribute to medicinal uses of these perspective compounds.

Since isoflavonoids, and especially isoflavones, are directly associated with human
dietary ingredients and health, there is need to evaluate relationship between their structure
and function. The bioavailability, metabolism, and biological activity of isoflavonoids depend
upon the configuration, total number of hydroxyl groups, and substitution of functional
groups about their nuclear structure. Based on the supposition that the biological activity of
the isoflavonoids should be influenced by the presence of the functional groups at certain
positions, the evaluation of anti-inflammatory and antimicrobial activity of selected methoxy
and hydroxyl structure-related isoflavonoids and their metabolites in vitro can lead to the
identification of key functional groups and their positions. This approach can generate
knowledge necessary for development of new effective anti-inflammatory and antimicrobial

drugs.
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3 OBJECTIVES

The main aim of the thesis is evaluation of in vitro anti-inflammatory and
antimicrobial activity of structure related isoflavonoids and identification of their possible

dual anti-inflammatory/antimicrobial effect.
The specific objectives of the study are:

I) determination of inhibitory effect of isoflavonoids on COX-2 and 5-LOX

enzymes

I1) assessment of growth-inhibitory effect of isoflavonoid compounds against

bacterial pathogens involved in musculoskeletal infections

I11) evaluation of combinatory effects of most prospective isoflavonoid structures
with other agents.
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4  MATERIALS AND METHODS

4.1 Chemicals

In this study, we tested 19 commercially obtained structure-related isoflavones (see
Figure 8) (INDOFINE Chemical Company, Inc., Hillsborough, New Jersey, USA). The purity
of the tested compounds varied from 97 % to 99+ %, as shown in the following Table 1. As
dissolvent for the tested compounds was used dimethyl sulfoxide (DMSQ) (Sigma-Aldrich,
Prague, CZ), solutions were stored at -20°C.

For COX-2 assay, human recombinant COX-2, porcine hematin, L-epinephrine,
disodium ethylenediamine tetraacetate (Na2EDTA), ethanol (EtOH), arachidonic acid (AA),
and formic acid were purchased from Sigma-Aldrich (Prague, CZ). Tris was purchased from
Bio-Rad (Prague, Czech Republic).

For 5-LOX assay, eicosatetraynoic acid (ETYA), calcium lonophor A23187,
indomethacin, trypan blue, and gentian violet, were purchased from Sigma-Aldrich (Prague,
CZ). Dextran T-500 was purchased from Roth (Karlsruhe, Germany). Ammonium chloride
(NH4CI), disodium hydrogen phosphate (Na2HPQOj4), sodium chloride (NaCl), and potassium
dihydrogen phosphate (KH2PO4) were obtained from Lach-Ner (Neratovice, CZ) and zileuton
was donated by Farmak (Olomouc, CZ). Potassium chloride (KCI) and sodium hydroxide
(NaOH) were purchased from Lachema (Brno, CZ). Calcium chloride (CaCl.-2H20) and
acetic acid (CH3COOH) were obtained from Penta (Prague, CZ).

For antimicrobial susceptibility testing, ciprofloxacin, erythromycin, oxacillin,
tetracycline, and vancomycin (Sigma-Aldrich, Prague, CZ) were dissolved at an appropriate

concentration in deionized water or ethanol (Lach-Ner, Neratovice, CZ) prior to testing.

For combinatory antimicrobial effect, amoxicillin, clavulanic acid (salt potassium
clavulanate), as well as acetonitrile, trifluoroacetic acid (TFA), and «-cyano-4-
hydroxycinnamic acid (HCCA) were purchased from Sigma-Aldrich (Prague, CZ).
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No. Name of isoflavone R1 R2 R3 R4 Rs Rs

1 6,4'-dimethoxy-7-hydroxyisoflavone H OCHs OH H H OCH3s
2 6,7,4'-trimethoxyisoflavone H OCHs OCHsz H H OCH3
3 7-hydroxyisoflavone H H OH H H H

4 7,4'-dimethoxyisoflavone H H OCHs H H OCHjs
5 7,8,4'-trimethoxyisoflavone H H OCHs OCHsz H OCH3s
6 6,7-dimethoxyisoflavone OCH3z OCHsz H H H

7 5,7,4'-trimethoxyisoflavone OCHs H H OCHs H OCHs
8 7-hydroxy-6methoxyisoflavone H OCHs OH H H

9 6,7,4'-trihydroxyisoflavone H OH OH H H OH
10 7,3',4'-trihydroxyisoflavone H H OH H OH OH
11 7,4'-dimethoxy-5-hydroxyisoflavone OH H OCHs H H OCHjs
12 5,7-dihydroxy-4'-methoxyisoflavone OH H OH H H OCHjs
13 7,8,4'-trihydroxyisoflavone H H OH OH H OH
14 7-methoxyisoflavone H H OCHs: H H H

15 5,4'-dihydroxy-7-methoxyisoflavone OH OCHs H H OH
16 7,4'-dihydroxy-6-methoxyisoflavone H OCHs; OH H H OH
17 7,4'-dihydroxyisoflavone H H OH H H OH
18 5,7,4'-trihydroxyisoflavone OH H OH H H OH
19 7-hydroxy-4'-methoxyisoflavone H H OH H H OCHs

Figure 8. Chemical structures of tested compounds [1 — 19]
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Table 1. Purity of the tested compounds and their synonyms

No. Chemical name of compound Synonym Purity [%]
1  6,4-dimethoxy-7-hydroxyisolfavone afrormosin 98
2  6,7,4'-trimethoxyisoflavone 98
3 7-hydroxyisoflavone 99
4  7,4-dimethoxyisoflavone 99.4
5 7,84 -trimethoxyisoflavone 98+
6  6,7-dimethoxyisoflavone 98
7 5,7,4-trimethoxyisolfavone 98
8  7-hydroxy-6-methoxyisoflavone 98
9  6,7,4-trihydroxyisoflavone demethyltexasin 98
10 7,3',4'-trihydroxyisoflavone hydroxydaidzein 97
11  7,4'-dimethoxy-5-hydroxyisoflavone 98
12 5,7-dihydroxy-4-methoxyisoflavone biochanin A 99+
13 7,8,4'-trihydroxyisoflavone demetylretusin 98+
14 7-methoxyisoflavone 99
15 5,4'-dihydroxy-7-methoxyisoflavone prunetin 98+
16 7,4'-dihydroxy-6-methoxyisoflavone glycitein 97
17  7,4-dihydroxyisoflavone daidzein 99
18 5,7,4'-trihydroxyisoflavone genistein 99+
19 7-hydroxy-4'-methoxyisoflavone formononetin 98

4.2 Bacterial strains and growth media

The antimicrobial activity was evaluated against nine bacterial American Typical
Culture Collection (ATCC) strains, and they were selected as representatives of both classes
of Gram-positive (B. cereus ATCC 11778, E. faecalis ATCC 51299, L. monocytogenes
ATCC 7644, S. aureus ATCC 29213, S. epidermidis ATCC 12228, Streptococcus pyogenes
ATCC 19615) and Gram-negative (E. coli ATCC 25922, P. aeruginosa ATCC 27853, S.
enteritidis ATCC 13076) bacteria. The standard ATCC strains, including those tested for
antistaphylococcal activity of demethyltexasin (S. aureus ATCC 25923, ATCC 43300, ATCC
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BAA-976 and ATCC 33591), were purchased from Oxoid (Basingstoke, UK) on ready-to-use
bacteriological Culti-Loops.

Nine human clinical isolates of staphylococcal strains, methicillin-resistant (MR
12001, MR 12004, CCM 7112, CCM 7115), methicillin-sensitive (MS 12001), tetracycline-
resistant (TR 12001, TR 12002), erythromycin-resistant (ER 12001) and epidemic
methicillin-resistant S. aureus (EMR 15), were obtained from the Motol University Hospital
(Prague, CZ). The identification of clinical isolates was performed by Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). With the
exception of S. pyogenes that was grown in a brain heart infusion (Oxoid, Basingstoke, UK),
all bacteria were tested in Mueller-Hinton broth (Oxoid, Basingstoke, UK). For E. faecalis,
Mueller-Hinton broth was enriched with 1 % of glucose (Sigma-Aldrich, Prague, CZ). The
sensitivity of standard strains to ciprofloxacin and the susceptibility of clinical isolates to
oxacillin, erythromycin, tetracycline, and vancomycin were checked.

For inoculum preparation, overnight cultures of each bacteria strain were directly
suspended in 10 ml of broth (Mueller—Hinton or brain heart infusion). The turbidity of
bacterial suspension was adjusted to 0.5 McFarland standard (which represents 1.5 x 108
bacteria mIt) using Densi-La-Meter 1l (Lachema, Czech Republic) as a spectrophotometric

device for inoculum standardization.

43 COX-2 assay

This in vitro assay was performed according to the procedure previously described by
Reininger and Bauer (2006) with human recombinant COX-2. COX-2 (0.5 unit/reaction) was
added to 180 pl of incubation mixture that consisted of 100mM tris buffer (pH 8.0), 5 uM
porcine hematin, 18mM L-epinephrine, and 50 uM NaEDTA. The test samples were
dissolved in DMSO. Compounds were tested in concentrations of 50, 100, and 150 uM for
screening. 12% ethanol (in case of blanks for the isoflavonoid samples), or pure DMSO (in
case of blanks for purified constituents) was added (10 ul) and the mixture was preincubated
for 5 min at room temperature. The addition of 5 ul of 10uM AA started the reaction. After
20 minutes of incubation at 37°C, the reaction was stopped by 10 pul of 10% formic acid. All
samples were diluted 1 : 15 in ELISA buffer and the concentration of PGE> (prostaglandin E>)
produced by the reaction was determined by a PGE2 ELISA kit (Enzo Life Sciences, USA)
according to the manufacturer’s instructions. Absorbance relative to PGE2 concentration was

measured with a microplate reader Tecan Infinite M200 (Tecan Group, Switzerland) at 405
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nm. The results were expressed as mean of percentage inhibitions of PGE; formation against
untreated samples (blanks, control). The percentage of inhibition was measured using
the following equation:

o (Absorbance of control — Absorbance of test sample)
% inhibition = x 100
Absorbance of control

4.4  LTBs inhibition assay
The 5-LOX in vitro assay was performed in a slightly modified version of the standard

method described previously by Adams M. et al. (2004) at University of Graz.

Venous human blood (45 ml) obtained from healthy donors was sedimented in 20mL
of dextran solution (6% dextran T-500, 1% NaCl) at 4°C. After one hour, the supernatant was
collected and centrifuged at 1600 rpm at 4°C for 10 min and then the supernatant was
discarded. The obtained pellet was washed with phosphate buffered saline (PBS, 0.02% KClI,
0.024% KH2PO4, 0.8% NaCl, 0.288% Na2HPO4-12H20, pH 7.4) and again centrifuged. The
hereby obtained pellet was lysed (0.17% NHA4CI, 0.2% Tris, pH 7.2) for 5 min at room
temperature and then centrifuged at 1400 rpm at 4°C for 5 min. The pellet was washed by
PBS again and centrifuged at 1400 rpm at 4°C for 15 min. Finally, the pellet was dissolved in
3mL of PBS and the cells were tested for the viability. Cell vitality test: 20 ul of cell
suspension and 10 ul of (0.4 %) trypan blue solution were mixed and then 10 ul of this
suspension were examined and quantified in a Biirker haemacytometer with a light
microscope at 1000-fold magnification. Due to absorption of trypan blue, dead cells appear
larger and darker. The vitality of the cells must be over 95%. Determination of cell
concentration: 10 pl of granulocyte cell suspension were dyed using 990 ml aqueous TURKS
solution and quantified in a Biirker haemacytometer as described by the producer. In the end

the cells were diluted to the final concentration of 4500 cell ul™.

The incubation mixture consisted of 225 ul of the cell suspension, 10 ul of 2mM
CaCl2, 10 pl of 10uM ETYA, 5 ul of tested sample, 10 ul of 21 uM Calcium lonophor
A23187, and 5 pl of 120uM AA. The reaction was stopped after 10 min incubation at 37°C
with 20 ul of 10% formic acid. Isolated neutrophils incubated with tested substances were
checked for the viability using trypan blue to verify that inhibition of LTB4 biosynthesis was

not achieved via cytotoxicity of tested compounds. Samples were diluted 40 times in ELISA
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buffer and the concentration of LTBs was measured using a commercial LTBs ELISA kit
(Enzo Life Sciences, Farmingdale, New York USA), according to the manufacturer’s
instructions. Absorbance relative to LTB4 concentration was measured at 405 nm using a
Tecan Infinite M200, supported by Magellan™, the universal reader control and data analysis
software (Tecan Group Ltd., Ménnedorf, Switzerland). The results were expressed as
percentage inhibition of LTB4 formation against untreated samples (blanks). The percentage
of inhibition was measured using the same equation as for evaluation of COX-2 assay.
Three independent experiments with at least two replicates were used for the calculation of

inhibition curves.

4.5  Broth microdilution method

The in vitro antimicrobial activity was determined by the broth microdilution method
using 96-well microtiter plates according to CLSI guidelines (2009), modified according to
the recommendations previously proposed for more effective assessment of the anti-infective
potential of natural products (Cos et al. 2006). The samples were 2-fold diluted in Mueller-
Hinton broth (100 pl) in a range of 4 - 128 pug ml™. Bacterial cultures were diluted to contain
2.5-3 x 10* CFU ml? in microtiter plate, each well was subsequently inoculated with the
suspension and microplates were incubated at 37°C for 24 h. Growth of microorganisms were
estimated visually as turbidity and more accurately determined by measuring the optical
density by Multiscan Ascent Microplate Photometer (Thermo Fisher Scientific, Waltham,
USA) at 405 nm. Minimum inhibitory concentrations (MICs) were calculated based on the
density of the growth control and were expressed as the lowest concentrations, which showed
at least 80% reduction of microorganisms’ growth, compared to that of the compound-free
growth control. All samples were tested as three independent experiments, each was carried
out in triplicate and the results are presented as the mean of MICs obtained from these

experiments.

4.6 Checkerboard method

The antistaphylococcal combinatory effect of amoxicillin/clavulanic acid,
amoxicillin/demethyltexasin and oxacillin/ demethyltexasin were evaluated by the
checkerboard method based on fractional inhibitory concentrations (FICs) (White et al. 1996),

both performed on 96-well microtiter plates.
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In combinations, eight two-fold serial dilutions of antibiotic (amoxicillin or oxacillin)
from horizontal rows of the microtiter plate were subsequently crossdiluted vertically by eight
two-fold serial dilutions of the test compound (demethyltexasin or clavulanic acid).
Microplates so arranged can be used to screen 64 different combinations of concentrations.
The initial concentrations used in the combinations for both clavulanic acid and
demethyltexasin were 256 pg ml?, whereas for amoxicillin and oxacillin various starting
concentrations were used depending on the staphylococcal strain’s susceptibility to the
antibiotics tested.

Assay microplate preparation and serial dilution were performed through the
automated pipetting platform Freedom EVO 100 equipped with a four-channel liquid
handling arm (Tecan, Mannedorf, CH). Plates were inoculated by bacterial suspension (final
density 5 x 10° cfu ml) and incubated at 37°C for 24 hr. The bacterial growth was then
measured spectrophotometrically using a Multimode Reader Cytation 3 (BioTek Instruments,
Winooski, Vermont, USA) at 405 nm.

The combined effects of the antibiotics with the tested compound (A and B) were then
determined based on the value of ) FIC, which was calculated according to the following
equation:

Y FIC = FICA+FICg

FICA= MICaA (in the presence of B) / MICAa(alone)

FICg = MIChg(in the presence of A) / MICB(aione).

In view of the fact that it is a widely accepted norm in MIC testing that variation in a single
result places an MIC in a three dilution range (mode + 1 dilution), the possibilities for
reproducibility errors in an MIC checkerboard are considerable. Within the limits of
experimental error, Y FIC really indicates only ‘‘synergy,”” ‘‘no interaction,”” and
‘‘antagonism’’ between agents (Odds 2003).

Therefore, in this study, the antimicrobial combinatory effect was interpreted
according to Odds (2003) as follows: a synergistic effect if > FIC < 0.5; no interaction if 3
FIC > 0.54, and antagonistic if >, FIC > 4. S. aureus 29213 was used as a control strain for
antibiotic susceptibility testing and strains were identified as MRSA when oxacillin MIC was
> 4 pg ml? (CLSI 2009). Solvents used as the negative control did not inhibit any strain
tested.
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4.7  Statistical evaluation

In experiments focused on anti-inflammatory effect, the initial screening of
isoflavonoids’ effect on COX-2 activity was done in duplicate for each concentration (50,
100, 150 uM). As none of the obtained values was active at least as a half of the inhibition
activity of the standard COX-2 inhibitor in any concentrations in this screening test, the
results are presented as the mean of inhibition [%] obtained from these experiments. The

percentage of inhibition was measured using the following equation:

(Absorbance of control — Absorbance of test sample) o

% inhibition = 100

Absorbance of control

In experiments focused on 5-LOX inhibitory activity of isoflavonoids, the results were
expressed as percentage inhibition of LTB4 formation against untreated samples (blanks). The
percentage of inhibition was measured using the same equation as for evaluation of
COX-2 assay. Three independent experiments with at least two replicates were used for the
calculation of inhibition curves. The obtained data were evaluated by Dixon's test, Grubbs'
test and Z-score test for overall evaluation, and for detection, identification and rejection of
outliers. The obtained values were rejected when all three test confirmed them as outliers. The
probability value (the p-value) was evaluated by two-tailed Student's t-test. In the results, the
compound, which is not significantly different from zileuton with the level of significance p <
0.05 is marked with star (*).

For assessment of antibacterial action, all samples were tested as three independent
experiments, each was carried out in triplicate and the results are presented as the mean of

minimum inhibitory concentrations obtained from these experiments.
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5 RESULTS AND DISCUSSION

5.1 Inhibitory effect of isoflavonoids on COX-2 activity

The results of COX-2 screening showed that none of the tested compounds within the tested
concentration range of 50, 100, 150 uM was active at least half as much as indomethacin, a
standard COX inhibitor, which inhibited the COX-2 enzyme by 86.4 % (SD =+ 1.5), 94.6 %
(SD £+ 0.9) and 92.8 % (SD =+ 1.4) within the same concentration range. As shown in Figure 9,
the highest inhibitory activity from tested compounds showed genistein, followed by 7,4'-
dimethoxy-5-hydroxyisoflavone and 7-methoxyisoflavone. Genistein inhibited the activity of
COX-2 enzyme by 23.6 % (SD + 8), 39.9 % (SD + 17.7) and 25.5 % (SD + 14.7) in the above
mentioned concentration range. The results are presented as the mean of inhibition [%]

obtained from the screening.

The anti-inflammatory potential of genistein was already described. For example,
Hertrampf et al. (2005) suggested genistein as an interesting substance of a possible hormone
replacement therapy, because genistein is a highly potent inhibitor of COX-2 expression in
the vena cava, but has only a limited ability to induce proliferation in tissues like the uterus
and the mammary gland. Hooshmand et al. (2007) described the ability of genistein to
suppress the production of COX-2 at the dose of 100 uM, while it has no effect on COX-1
production, which is advantageous because COX-1 enzyme is involved in cellular house-
keeping functions such as the maintenance of gastrointestinal integrity and vascular
homeostasis. Swami et al. (2009) suggested genistein at the concentration of 10 uM
significantly reduced the secretion of prostaglandin synthesis by human prostate cancer cell
lines and primary prostate epithelial cells by decreasing COX-2 mRNA and protein
expression. Despite the above mentioned studies suggesting significant anti-inflammatory
properties of genistein, our results showed only weak COX-2 inhibitory activity, which may
be explained by different mechanisms of its anti-inflammatory action e.g. regulation of key
genes expression instead of direct inhibition of PGE-.
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Figure 9. COX-2 inhibition of studied isoflavonoids

11 7,4-dimethoxy-5-hydroxyisoflavone, 14 7-methoxyisoflavone, 18 genistein, IND indomethacin

5.2 Inhibitory effect of isoflavonoids on 5-LOX activity

In contrast to low inhibitory effect of isoflavonoids on COX-2 activity, most of the
isoflavonoid structures tested exhibited 5-LOX inhibitory activity, whereas the most
promising results were observed in biochanin A, which inhibited the LTB4 production by 88.2
% (SD + 5.9) at 100 uM concentration. For the comparison, zileuton, an anti-inflammatory
leukotriene pathway inhibitor classified as an inhibitor of the enzyme 5-lipoxygenase, was
used, which inhibited the LTBa4 production by 95.4 % (SD + 3.0) at the same concentration.
Based on the statistical evaluation only biochanin A showed the significant activity, with p <
0.05. The results are shown in Figure 10. The inhibitory effect of biochanin A was already
reported by Jun et al. (2005) together with genistein, daidzein and formononetin isolated from
kudzu (Pueraria lobata), which significantly suppressed AA release in vitro, while biochanin
A was most active compound and isoflavone glucosides, puerarin and daidzin, showed lower
inhibitory activities on the release of AA and its metabolites. Other perspective compound

with good potential to inhibit 5-LOX activity was formononetin, which inhibited the LTB4
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production by 78.9 % (SD + 7.4), but statistically its activity was not evaluated as significant,
with p < 0.05. According to Wang et al. (2012), formononetin demonstrated a reduction in
some inflammatory mediators such as NF-kB and IL-1p in vitro. In addition, this compound
was able to decrease the levels of TNF-a and IL-6 (Li et al. 2014).
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Figure 10. 5-LOX inhibition of studied isoflavonoids (100 uM concentration)

2 6,7,4'-trimethoxyisoflavone, 5 4',7,8-trimethoxyisoflavone, 7 5,7,4'-trimethoxyisolfavone, 8 7-hydroxy-6-
methoxyisoflavone, 9 demethyltexasin, 11 7,4'-dimethoxy-5-hydroxyisoflavone, 12 biochanin A,

13 demetylretusin, 15 prunetin, 16 glycitein, 18 genistein, 19 formononetin, zil zileuton

In regards to the structure activity relationship, compounds with low or no inhibitory
effect on LTB4 synthesis were for example 6,4'-dimethoxy-7-hydroxyisoflavone, 6,7-
dimethoxyisoflavone, and 7-hydroxyisoflavone, with two methoxy groups in their structure,
either in the A-ring or B-ring, or only one hydroxyl group in their structure, suggesting the
position of only one methoxy group at the position of C-4' of the ring B and at least one
hydroxyl group at the ring A (at C-7 and/or C-5 position) as crucial for the anti-inflammatory

activity of isoflavonoids. These suggestions are in correspondence with Jun et al. (2005), who
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reported that 5,7-dihydroxyl group in the A-ring of isoflavones could be a key functional

group responsible for the strong inhibitory activity of biochanin A.
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5.3 Antibacterial effect of isoflavones

Within the 15 isoflavone structurally-related compounds tested by the broth
microdilution method, five of them exhibit in vitro antimicrobial activity against at least one
of the nine bacteria strains tested. Values of MICs determined for these antibacterially active
substances (Table 2) showed that the isoflavones’ metabolite demethyltexasin possessed the
strongest growth inhibitory effect with MIC values of > 16 pg ml™?, followed by biochanin A
and genistein with MIC values of > 32 ug ml™* and > 64 pg ml?, respectively, and finally by
two isoflavones’ metabolites hydroxydaidzein and demethylretusin, with MIC values of > 128

pg mit,

Table 2. In vitro growth-inhibitory effect of selected isoflavones on potentially pathogenic
bacteria

Compound / MIC [pg ml?]
9 10 12 13 18 CIP

Microorganism tested

B. cereus 32 64 128 0.25
E. faecalis 128 0.25
L. monocytogenes 128 128 64 0.5
S. aureus 16 0.5
S. epidermidis 32 128 0.125
S. pyogenes 64 32 64 0.5

MIC minimum inhibitory concentration (value is the mean minimum inhibitory concentrations of three
independent experiments each performed in triplicate), 9 demethyltexasin, 10 hydroxydaidzein, 12 biochanin A,

13 demethylretusin, 18 genistein, CIP ciprofloxacin

In contrast to previously described antibacterial effect of biochanin A against some
strains of Clostridia (Sklenickova et al. 2010), Chlamydia (Pohjala et al. 2012),
Mycobacterium (Lechner et al. 2008) and S. aureus (Dastidar et al. 2004) as well as genistein
against Mycobacterium (Kuete et al. 2008) and S. aureus (Dastidar et al. 2004, Verdrengh et
al. 2004), according to our best knowledge, there are no reports on the antibacterial effect of
demethyltexasin, hydroxydaidzein and demethylretusin. Since these three compounds belong
to ortho-dihydroxyisoflavones, a class of compounds known as potent anti-inflammatory,
anti-allergenic and antioxidant agents contributing to cholesterol-lowering, cardiovascular

protection and tumour prevention (Roh et al. 2011), we suggest that isoflavones of this group
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may be considered as prospective leading structures for development of new antimicrobial
drugs. Especially the activity of demethyltexasin, which showed the most potent antibacterial
activity in our experiments and which is found in high levels in some kinds of soy-based
fermented food, should be investigated more profoundly. In addition, demethyltexasin,
hydroxydaidzein and demethylretusin that represent three major metabolites of hepatic
metabolism of daidzein, were more active than their precursor, which showed no or negligible
antibacterial activity. This observation is in correspondence with previously published reports
describing stronger biological activity of isoflavones’ metabolites than their precursors. For
example, equol, one of the most biologically active metabolites of daidzein, exerts an
antitumour effect due to the inhibition of cell transformation, whereas its precursor is inactive
(Lee et al. 2011b). Another example of this phenomenon is hydroxydaidzein, as major
metabolite of daidzein, which effectively inhibits the ultraviolet B-induced cyclooxygenase 2
(COX-2) expression, while daidzein has no effect on COX-2 expression levels (Lee et al.
2011a).

Any of the tested compounds did not affect the growth of tested Gram-negative
bacterial strains (E. coli, P. aeruginosa, S. enteritidis). This is in correspondence with
previous studies describing low antibacterial effect of isoflavones against Gram-negative
bacteria (Verdrengh et al. 2004, Mukne et al. 2011).

All the results show that, with the exception of one dihydroxy-methoxy-isoflavone
(biochanin A), only trihydroxyisoflavones were antibacterially active. Generally, the position
of hydroxyl group on fused pyran ring system is very important for antibacterial activity of
flavonoids (Cushnie & Lamb 2005), whereas the hydroxyl groups at C-7 and/or -5 are
considered to be crucial (Mukne et al. 2011). Furthermore, the presence of C-4'-hydroxylation
is supposed to increase the effectiveness of isoflavonoid structure (Chacha et al. 2005). In the
case of genistein, our results are corresponding well with these findings. On the other hand,
the most active structure, demethyltexasin, has hydroxyl groups at positions C-6, -7 and -4',
suggesting that hydroxyl on C-6 plays an important role in the antibacterial effect of
isoflavones. In contrast, the tested compounds containing at least one methoxy group at ring
A or methoxy group at position C-4' and at the same time only one hydroxyl group at the ring
A, failed to inhibit bacterial growth at MIC values of 128 pg ml™. This decreasing effect of
antibacterial activity due to the presence of methoxy groups in structure of isoflavones has
been previously proposed (Cushnie & Lamb 2005).
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Since the inhibition of nucleic acid synthesis, a mechanism of antibacterial effect
previously suggested for genistein (Verdrengh et al. 2004), is not typical action for which S.
aureus acquire resistance (Pantosti et al. 2007), it is possible to hypothesize that emergence of
resistance to another isoflavones, including demethyltexasin, can be formed in a limited

manner only.

5.4 Antistaphylococcal effect of demethyltexasin

Since the initial screening of antibacterial activity of selected isoflavones showed the
significant growth-inhibitory effect of demethyltexasin against S. aureus, this compound was
subsequently tested against nine clinical isolates and four ATCC strains of sensitive- and
resistant-staphylococci. All strains of S. aureus were inhibited by demethyltexasin within
range of MICs 16 - 128 ug ml™ (Table 3).

Table 3. In vitro antistaphylococcal effect of demethyltexasin

Compound / MIC [pg ml?]

Bacterial strains tested

DT ERY  OXA  TET VAN
MSSA (ATCC 25923) 128 0.25 0.25 0.25 2
MSSA (MS 12001) 16 0.25 0.25 0.25 1
MRSA (CCM 7112) 16 >512 512 32 1
MRSA (CCM 7115) 64 >512 512 64 2
MRSA (MR 12001) 32 >512 128 0.25 1
MRSA (MR 12004) 16 >512 32 05 2
MRSA (ATCC 43300) 128 >512 16 0.13 2
MRSA (ATCC BAA-976) 128 >512 8 0.25 2
MRSA (ATCC 33591) 128 >512 256 64 2
EMRSA (EMR 15) 32 >512 16 0.25 1

MIC minimum inhibitory concentration (value is the mean minimum inhibitory concentrations of three
independent experiments each performed in triplicate), DT demethyltexasin, ERY erythromycin, OXA oxacillin,
TET tetracycline, VAN vancomycin, ATCC American type culture collection, CCM Czech Collection of
Microorganisms, MSSA methicillin sensitive S. aureus, MRSA methicillin resistant S. aureus, EMRSA

epidemic methicillin-resistant S. aureus
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Among all strains of S. aureus tested, MRSA (CCM 7112), MRSA (MR 12004), TRSA (TR
12001) and MSSA (MS 12001) were the most sensitive (MIC 16 pg ml?) ones. All MSSA
strains were suppressed by all antibiotics tested at lower concentrations than demethyltexasin.
Moreover, demethyltexasin showed significant antibacterial activity against TR (12001 and
12002) and multidrug-resistant (MDR) MRSA clinical isolates (CCM 7112 and CCM 7115)
with MIC values ranging from 16 to 64 pg ml™. As it can be seen from the results, this study
demonstrates that demethyltexasin is effective against various S. aureus strains that are

resistant to other antimicrobials such as erythromycin, oxacillin tetracycline and vancomycin.

According to our best knowledge, this is the first report on the antistaphylococcal
activity of isoflavone’s metabolite demethyltexasin, despite a number of studies on the
antibacterial activity of plant isoflavonoids against MRSA (Xu and Lee 2001; Tanaka et al.
2002; Sato et al. 2004; Verdrengh et al. 2004; Sato et al. 2006; Mukne et al. 2011).

As far as the possible use of compound demethyltexasin as antimicrobial agent is
considered, its technological and toxicological properties should be discussed in detail. Since
the toxicity of flavonoids is very low, for example the LDsg for rats is varying from 2 to 10
grams per animal, to reach similar doses in humans is quite unrealistic (Havsteen 1983). In
addition, foods containing isoflavones, including dietary supplements, are recommended in
the treatment of hormone-dependent diseases (Villares et al. 2011). Since demethyltexasin, a
compound regularly consumed in fermented soy-based foods such as doenjgang and tempeh
(Roh et al. 2011), is excreted in urine after metabolization in the liver (Kulling et al. 2001), it
is supposed to be nontoxic to humans. Moreover, Lee at al. (2011b) described significant
inhibition of human colon cancer cell proliferation of demethyltexasin, whereas no
cytotoxicity to human health cell lines has been observed. Until now, there is no study
focused on presence of demethyltexasin in serum, but there are several studies proving
presence of daidzein and genistein in blood plasma at Crmax 1.1 pg ml? after intake of soy milk
(Timan et al. 2014), and occurrence of formononetin in rat serum at Cmax 5.4 pg ml™ after oral
intake of Dalbergia extract (Liu et al. 2005), which is in correspondence with Cmax levels of

commonly use antistaphylococcal antibiotics.

The hydrophobicity of isoflavones generally provides longer retention times in the
human body (Villares et al. 2011); therefore long-time efficacy can also be expected for
demethyltexasin. According to their data sheets, the compounds are generally soluble in polar
solvents commonly used in antimicrobial pharmacotherapy (e.g. DMSO). The problem of

their hydrophobicity could be overcome by using different techniques, eg. Hanski et al.
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(2012) described sublingual film formulation, which showed highly improved dissolution rate
and solubility compared to the powder. The possible path way for the absorption of this
compound into the blood stream from the gastrointestinal tract is through enterohepatic

recycling (Rowland et al. 2003).

Our findings suggest potential contribution to the suppression of staphylococcal
infections by consumption of demethyltexasin in an adequate quantity e.g. in the fermented
soy-based food, but other pharmacokinetic/pharmacodynamic (PK/PD) modeling will be

necessary to support this hypothesis.

5.5 Antistaphylococcal synergistic effect of demethyltexasin with
amoxicillin and oxacillin

In this study, demethyltexasin, a human body metabolite of soybean isoflavones, was
evaluated for its possible antistaphylococcal combinatory effect with amoxicillin and
oxacillin. Demethyltexasin demonstrated significant potentiating antistaphylococcal activity
of B-lactam antibiotics especially against MRSA. The results showed many synergistic
interactions together with no antagonism occurrence, the data are summarized in Table 4 and
6.

For comparison, common therapeutically used combination of amoxicillin/clavulanic
acid was tested (Table 5). These results showed many synergistic interactions between
demethyltexasin and amoxicillin against all three tested MRSA (X FIC 0.257-0.461), however
against sensitive strain there was no interaction. The highest amoxicillin MIC decrease (43-
fold reduction) was obtained for MRSA strain ATCC 43300 in demethyltexasin concentration
32 pug mlt (T FIC 0.398). On the other hand, the combination of amoxicillin/clavulanic acid
possessed synergy against sensitive S. aureus (X FIC 0.319-0.396), but there was only one
synergistic effect against MRSA (SA6) causing only 2-fold amoxicillin MIC reduction (£ FIC
0.495).

Demethyltexasin showed strong synergistic interactions against most of S. aureus
strains when combined with amoxicillin (sum of fractional inhibitory concentrations [  FIC]
0.257-0.461), as shown in Table 4, and oxacillin (3. FIC 0.109-0.484), as shown in Table 6.
Moreover, all of these ten strains were MRSA (oxacillin MICs values ranging from 16 to 341
ng mlt) and the resistance to oxacillin was overcome in most of them when demethyltexasin
/oxacillin combination was used. The strongest synergy (X FIC 0.109) was obtained against

clinical isolate SA3 at demethyltexasin concentration 8 ug ml™?, when 64-fold oxacillin MIC
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decrease has been achieved (from 64 to 1 pg ml™). The highest oxacillin MIC reduction was
observed for MRSA 33591, where demethyltexasin concentration 32 ug ml™* caused 170-fold
oxacillin MIC reduction (from 341.333 to 2 ug ml™) with X FIC 0.381.
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Table 4. In vitro inhibitory activity of demethyltexasin/amoxicillin combinations against S. aureus strains

alone MICs (ug ml)  MICs of AMX in combination with listed DT concentrations (ug ml™?)

S. aureus strain ANIX o1 +DT 64 pg ml? +DT 32 pg ml? +DT 16 pg ml? +DT 8 pg ml?t +DT 4 pg ml? +DT 2 pg ml?t
MIC 2FIC MIC 2FIC MIC >FIC MIC ZFIC MIC >FIC MIC XFIC
29213 " 2 64 0.042 1.021 0.34 0.670 1.055 0.778 1.333 0.792 1.333 0.729 1.444 0.753
33501 ° 37.333 96 0.25 0.673 1.944 0.385 5.75 0.321 8.222 0.304 28.444 0.804 30.222 0.830
43300 ° 21.333 85.333 0.25 0.762 0.5 0.398 1.917 0.277 3.472 0.257 11.111 0.568 19.556 0.940
sA6® 2.444 426.667 0.722 0.445 0.944 0.461 1.444 0.628 1.778 0.746 1.778 0.737 1.889 0.778

Table 5. In vitro inhibitory activity of clavulanic acid/amoxicillin combinations against S. aureus strains

alone MICs (ug mI')  MICs of AMX in combination with listed DT concentrations (ug ml™)

S. aureus strain AMX LA +CLA64 ugml? +CLA32pgml! +CLA 16 ugml? +CLA 8 ugmi? +CLA 4 pg ml? +CLA 2 ug ml?

MIC 2FIC MIC 2FIC MIC >FIC MIC ZFIC MIC >FIC MIC YFIC
29213 4 2571 298.667 0.366 0.357 0.446 0.281 0.714 0.331 0.75 0.319 0.785 0.319 1 0.396
33591 ° 42.667 853.333  21.333 0575 21.333 0537 26.667 0.644 26.667 0.634 32 0.755 32 0.752
43300 ° 16 256 5.667 0.604 10.667 0.792 11556 0.785 16 1.031 16 1.016 16 1.008
sA6® 2.444 1.024 1.056 0.495 1.444 0.622 1.444 0.606 1.444 0.599 1.444 0.595 1.444 0.593

Bold values: synergy (X FIC < 0.5)

A sensitive strain (oxacillin MIC < 4 pg ml?)

B methicillin-resistant S. aureus strain (oxacillin MIC >4 pg ml?)

AMX amoxicillin, CLA clavulanic acid, DT demethyltexasin, MIC minimum inhibitory concentration (expressed as an average from three independent tests set in triplicate),

¥ FIC sum of fractional inhibitory concentrations
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Table 6. In vitro inhibitory activity of demethyltexasin/oxacillin combinations against S. aureus strains

alone MICs (ug ml™)  MICs of OXA in combination with listed DT concentrations (ug ml™)

S. aureus strain OXA o1 +DT 64 pygml?  +DT 32 pgml!  +DT 16 ug ml? +DT 8 pg ml? +DT 4 pg ml? +DT 2 pg ml?t

MIC 2FIC MIC >FIC MIC ZFIC MIC >FIC MIC 2FIC MIC 2FIC
25923" 0.25 64 0.004 1.016 0.167 1.168 0.25 1.250 0.25 1.125 0.25 1.063 0,25 1,031
29213 0.5 64 0.005 1.010 0.086 0.672 0.26 0.770 0.42 0.965 0.5 1.063 0,5 1,031
33591 B 341.333 85.333 2 0.756 2 0.381 22.667 0.254 133.33 0.484 341.333 1.047 341,333 1,023
33592° 64 149.333  1.167  0.447 1333 0.235 1.667 0.133 27.333 0.481 48.667 0.787 58,667 0,930
43300 ° 42.667 64 0.291  1.007 0.291 0.507 0.583 0.264 1.833 0.168 12 0.344 42,667 1,031
BAA 976° 16 106.667 0.292 0.618 0333 0321 3.167 0.348 6 0.450 8 0.538 9,333 0,602
sa1® 32 128 0.317 0.510 0.667  0.271 3 0.219 14667 0.521 21.333 0.698 26,667 0,849
sA2® 128 64 2 1.016 2333 0.518 7 0.305 24 0.313 74.667 0.646 106,667 0,865
SA3® 64 85.333 0.333 0.755 0417 0382 0417 0.194 1 0.109 18.667 0.339 53,333 0,857
sA4® 298.667 106.667 1.667 0.606 3 0.310 23.333 0.228 112 0.450 176 0.627 266,667 0,912
SA5" 3 48 0.125 1.375 0.625 0.875 0.583 0.528 1.167 0.556 1.667 0.639 1,667 0,597
sA6® 256 256 4 0.266 42.667 0.292 74.667 0.354 256 1.031 256 1.016 256 1,008
sa7’ 1.167 85.333 0.008 0.757 0.583 0.875 1.167 1.188 1.167 1.094 1.167 1.047 1,167 1,023
sag® 32 85.333 0.375 0.762 0.417 0.388 2.17 0.255 16.667 0.615 18.667 0.630 21,333 0,690

Bold values: synergy (ZFIC < 0.5)

A sensitive strain (oxacillin MIC < 4 ug ml?)

B methicillin-resistant S. aureus strain (oxacillin MIC > 4 pg ml™?)

DT demethyltexasin, OXA oxacillin, MIC minimum inhibitory concentration (expressed as an average from three independent tests set in triplicate), XFIC sum of fractional

inhibitory concentrations
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The potentiating effect of isoflavonoids to antibiotics has been reported several times
in recent years. Most often tested compound is biochanin A that exerted synergy with
ciprofloxacin against eleven MRSA clinical isolates (XFIC 0.13-0.5) and one standard S.
aureus ATCC 25923 (XFIC 0.5) (Liu et al. 2011). Wang et al. (2014) described
antistaphylococcal combinatory effect of genistein with norfloxacin and of diosmetin with
ciprofloxacin, norfloxacin, and streptomycin. In our study, also demethyltexasin provided
strong synergistic effect against all MRSA strains tested. Moreover, it is able to cause up to
170-fold reduction in oxacillin MIC. Our results can be compared with review of Cushnie and
Lamb (2011), where they indicated most potent synergistic flavonoids/antibiotic
antistaphylococcal combinations able to cause from 16 to 1024-fold reduction in antibiotic
MIC. Therefore, also demethyltexasin causing up to 170-fold MIC reduction can be denoted
as a compound with good potential for further pharmacological research focused on the

development of new pharmaceuticals able to overcome microbial drug resistance.

Several modes of action have been proposed for the flavonoids antimicrobial,
synergistic and antibiotic resistance-modulating activity, however the exact mechanisms of
isoflavonoids group are still not clear. It was described, that there is a significant co-
relationship between the antistaphylococcal effect and presence of several functional groups
at particular positions in isoflavonoids structure. Its hydroxyl groups have obvious affinity to
proteins and presence on C7 and/or C5 position is important (Mukne et al. 2011).
Demethyltexasin has one of its hydroxyl groups at the C7 position; moreover, it is also
present at the C4 position, which is supposed to increase antimicrobial effectiveness (Chacha
et al. 2005). In the case of synergy with B-lactams, certain principles can be engaged:
reduction of D-alanylation of teichoic acid in bacterial cell wall resulting in deactivation of
modified penicillin-binding proteins 2a (PBP2a, responsible for resistance due to the low
affinity to p-lactams), intercalation into the cytoplasmic membrane inducing structural
changes and delocalization of PBP2a or disruption of its synthesis, inhibition of production of
B-lactamases (enzymes able to destroy B-lactam ring in antibiotics), inactivation of efflux
pump, destabilization of bacterial cytoplasmic membrane, and topoisomerase inhibition
resulting in prevention of DNA replication. However, some of these processes do not fully
explain synergistic effect so it is proposed that isoflavonoids can exert that activity via

combination of different mechanisms of action (Cushnie & Lamb 2011).

It is well known that the effectiveness of antibiotic therapy can be affected by daily

diet. The negative effect is usually of more interest because of the potential to harm patient,
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due to the changes in pharmaceutical, pharmacokinetic, or pharmacodynamic properties of
drug. The most important food-drug negative interactions are connected with the fruit juices,
mostly with grapefruit juice, able to increase drug bioavailability in blood stream and thus
possibility of worse adverse effects. Also co-administration of milk products can influence
antibiotic activity, because of the prevention of its absorption which predisposes to treatment
failure. On the other hand, it is clear, that food can also have positive effect on antibiotic
therapy, however there is a lack of such evidence (Bushra et al. 2011; de Boer et al. 2015).
As reviewed by Hemaiswarya and Doble (2006), several herbal extracts or fruits and
vegetables phenols (e.g. quercetin or resveratrol) enhance the therapeutic effect of anticancer
drugs and their consumption is beneficial. High content of fruits, vegetables, nuts and grains
in daily diet brings to the organism large proportion of antioxidants, vitamins, flavonoids and
phenols which may interact with drugs and thus increase their activity (Rodriguez-Fragoso et
al. 2011). Since demethyltexasin is a compound regularly consumed in fermented soy-based
foods (Roh et al. 2011), which is metabolized in the liver from daidzein (Kulling et al. 2001),
and its ability to act synergistically with B-lactam antibiotics, we supposed that diet rich in
daidzein containing food can positively affect antibiotic therapy. However further research is

needed to confirm this suggestion.

In summary, demethyltexasin showed many synergistic interactions with amoxicillin
and oxacillin antibiotics, together with no antagonism occurrence against various strains of S.
aureus. Furthermore, when compared with amoxicillin/clavulanic acid combination, which is
active mainly against MSSA, our results with amoxicillin/ demethyltexasin showed synergy
mostly against MRSA. According to the best knowledge, our research is the first one
reporting antimicrobial combinatory effect of isoflavone’s human body metabolite with
common antibiotics. The activity of both B-lactam antibiotics was significantly increased
when combined with demethyltexasin and effective combinations can overcome bacterial
resistance to antibiotics. Demethyltexasin seems to be promising substance for further
research focused on the development of new synergistically acting antistaphylococcal drugs
especially against antibiotic resistant strains. Moreover, as demethyltexasin is present in many
soy bean products it seems that the consumption of such food could positively affect the
medical effect of antibiotic therapy. However further research is needed prior to its possible

use e.g. to explain exact mechanism of synergistic action or detailed toxicological studies.
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6 CONCLUSIONS

In this study, 15 isoflavone structurally-related compounds were evaluated for their in
vitro anti-inflammatory and antimicrobial activity. The results of anti-inflammatory assays
showed that none of tested compounds was active at least half as much as indomethacin, a
standard COX inhibitor. In contrast, majority of isoflavonoid structures exhibited 5-LOX
inhibitory effect, whereas the most promising results were observed in biochanin A and
formononetin, which inhibited the LTB4 production by similar manner as 5-LOX inhibitor
zileuton. Assessment of direct antimicrobial effect showed that the isoflavones’ metabolite
demethyltexasin possessed the strongest growth-inhibitory action, followed by biochanin A
and genistein, and finally by two isoflavones’ metabolites hydroxydaidzein and
demethylretusin. Furthermore, demethyltexasin showed strong synergistic interactions against

most of S. aureus strains when combined with amoxicillin and oxacillin.

Based on the obtained results, the study of the structure-activity relationship of tested
compounds suggests methoxy group at the position C-4' and hydroxyl group at position C-5
and/or -7 as crucial for inhibitory effect of isoflavonoids against 5-LOX activity. The position
of hydroxyl group on fused pyran ring system is generally very important for antibacterial
activity of flavonoids, the hydroxyl groups at C-7 and/or -5 are considered to be crucial, and
the presence of C-4'-hydroxylation is supposed to increase the effectiveness of isoflavonoid
structure. Moreover, the most active structure in this study, demethyltexasin, has hydroxyl
groups at positions C-6, -7 and -4', suggesting that hydroxyl on C-6 plays an important role in
the antibacterial effect of isoflavones, too. In contrast, the tested compounds containing at
least one methoxy group at ring A or methoxy group at position C-4' and at the same time

only one hydroxyl group at the ring A, failed to inhibit bacterial growth.

These conclusions suggest demethyltexasin as a compound with good potential for
further pharmacological research focused on the development of new synergistically acting
pharmaceuticals able to overcome microbial drug resistance. In addition, biochanin A seems
to be promising and effective agent with dual anti-inflammatory and antimicrobial effect.
Nevertheless, this suggestion should further be verified by tests in vivo. In general, this work
offers new insight into the knowledge of biological activities of compounds of leguminous

plants.
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