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Introduction

1. Introduction

Different illnesses and injuries have accompanied humanity since the very beginning,
and the effort to heal them has lasted the same time. Initially, natural medicine, based
purely on empiricism, was used. Since the 19t century, there has been a rapid development
of the chemistry associated with the synthesis of new medicinal products. New synthetic
drugs quickly displaced the original natural preparations. Recently, however, there has
been a clear trend towards returning to natural medicine. Among the reasons are the low
activity of synthetic substances and their serious undesirable side effects. The importance
of natural medicines in modern times is evidenced by the awarding of the Nobel Prize in
Physiology or Medicine in 2015 by prof. Youyou Tu for the isolation and identification of
artemisinin from wormwood and its use as an anti-malarial agent. The field of pharmacy
dealing with the isolation, identification, and description of natural
compounds — pharmacognosy —is becoming more relevant as interest in alternative

therapy grows.

Molecular biology is an incredibly versatile tool that, due to its methodical apparatus,
finds uses in a number of biological and medical disciplines. In the past, there was no sharp
boundary between these disciplines. On the contrary, an interdisciplinary approach was
favoured. Molecular biology quickly settled among the pharmaceutical sciences. In the
present “-omics” age, molecular biology helps to study the impact of new drugs on
individual cells and complex organism — the whole complexity of biological and biochemical
processes and interactions. All of this leads to revelation of the precise mechanism of action

of the substance.

A new interdisciplinary field appeared in the 1990s at the interface of molecular biology
with pharmacognosy, - molecular pharmacognosy. Bruhn and Bohlin redefined
pharmacognosy as a molecular science as follows: “Pharmacognosy is a molecular science
that explores naturally occurring structure-activity relationships with a drug potential.” [1].
Molecular pharmacognosy has become essential in the search and investigation of the
effects of drugs isolated from medicinal plants, using all of the modern tools of genomics,

proteomics, and metabolomics [2].
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At the Department of Natural Drugs (DND) and later at the Department of Molecular
Biology and Pharmaceutical Biotechnology (DMBPB) of the Faculty of Pharmacy of the
University of Veterinary and Pharmaceutical Sciences Brno (FP UVPS), | started studying the
biological activity of natural substances shortly after my arrival. The main direction of my
research comprises the study of the anti-inflammatory activity of natural substances,
especially flavonoids and their derivatives. Many of the substances | have examined were
first isolated and identified at the FP UVPS, but after a few years of working on this topic,
we managed to establish active cooperation with foreign research groups. Currently, we
collaborate with universities in Austria, Bulgaria, Italy, and Slovenia. Thanks to this
collaboration we can now get exotic materials that we would otherwise acquire only with
difficulty. Testing a wide portfolio of substances and plant extracts makes it easier to
understand their principles of action. Nowadays, the use of a phytotherapy is based not

only on empiricism but also on scientific knowledge.

The habilitation thesis presented here comprises the aggregate of the author’s
publications accompanied by brief comments; and it is divided into three main chapters.
The first briefly describes the physiological function of inflammation and its significance in
the pathogenesis of some diseases. Considerable attention is also paid to the regulation of
gene expression during inflammation. The second part briefly describes the current state
of knowledge of the phytotherapy of inflammatory conditions. The last chapter represents
the core of the work. It describes the flavonoids we have studied at FP UVPS and their
effects on the expression and activity of genes and proteins associated with the

inflammatory response in vitro and in vivo.

Most of the text of this thesis is adopted, modified and actualised from our current

reviews — Appendixes No. 13, 14, and 17.
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2. Inflammation and its role in immunity

Inflammation is phylogenetically and ontogenically the oldest animal defence
mechanism and it belongs among the longest known (patho)physiological processes. It is a
protective response of body tissues that occurs in reaction to any type of infectious agent,
irritation, or injury, and is characterised by the activation of the innate nonspecificimmune
system [3]. The primary goal of inflammation is to establish homeostasis in tissues after
injury or infection. The classical signs of inflammation, as defined by Cornelius Celsus in the
1%t century AD and completed by Rudolf Virchow in the 19% century, are redness, heat,
swelling, pain, and dysfunction of the organs [3]. These signs can be explained by increased
blood flow, vasodilatation, release of the inflammatory mediators, elevated cellular
metabolism, and the cellular influx of various immune-system cells. Migrated and activated
immune cells synthetise and release a variety of mediators that control the progression
and resolution of the inflammatory reaction. Among the numerous inflammatory
mediators are cytokines and lipid mediators very important [4]. Under normal conditions,
inflammation is self-limiting, but in some cases, it becomes continuous, and chronic
inflammatory disease can develop subsequently [3]. Inflammation contributes to chronic
diseases including diabetes, cardiovascular diseases, certain cancers and bowel diseases,
arthritis, osteoporosis, and neurodegenerative diseases [5]. The inflammatory process has
very specific characteristics, whether acute or chronic. The infiltration of innate immune
system cells, specifically neutrophils and macrophages, characterises acute inflammation,
whereas infiltrating T lymphocytes and plasma cells are features of chronic inflammation.
Macrophages play an important role in both, contributing to the final consequence: the
chronic inflammation that is represented by the loss of tissue function due to fibrosis [3].
The inflammation process involves a number of endogenous mediators, including the
vasoactive amines histamine and serotonin, metabolites of arachidonic acid (AA), the
complement system, the kinin system, the fibrinolytic system, platelet-activating factor
(PAF), neuropeptides, hydrolytic enzymes, adhesion molecules, reactive oxygen species
(ROS), and inflammatory cytokines. All of these mediators manifest a broad amount of

overlapping actions, cross-reactions, redundancies, and synergistic effects [4, 5].

Inflammatory responses can be regulated at three levels: 1) the signal-specific level,

when intracellular signal pathways are regulated; 2) the gen-specific level, when the
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transcription of particular genes is regulated; and 3) the cell-specific level, when the cell
differentiation and activation and the cell-cell signalling are regulated. However, the main
control point lies on the transcription level [6]. The regulation of gene expression is a
complex system of transcription factors, RNA-binding proteins, and chromatin-modifying
proteins. A specific expression profile is created by their synchronisation and leads to fine
tuning of the inflammatory response to the presence of a pathogen. With small
modifications, this system is applicable to the autoimmune inflammatory response or

tissue damage.

The key role in activation of the inflammatory response is played by the transcription
nuclear factor (NF)-kB, which regulates the expression of more than 150 genes, including
pro-inflammatory cytokines [e.g., tumour necrosis factor (TNF)-a (Appendix 1), interleukin
(IL)-1B, etc.], and enzymes [e.g., cyclooxygenase (COX)-2, inducible NO synthase (iNOS),
etc.] [7]. NF-kB is active in the form of a dimer, where the heterodimer p50/RelA(p65) is
called “classic NF-kB“. Other possible subunits are p52, c-Rel, and RelB [8]. Inactive NF-kB
dimer is kept in the cytoplasm by its interaction with the inhibitor kB (IkB). After induction
of the inflammatory response, IkB is phosphorylated by IkB kinase (IKK) and quickly
ubiquitinated and degraded. NF-kB is released and translocates to the nucleus, where it

binds to DNA and initiates transcription (Fig. 1).

Transcription factor NF-kB is called “the central mediator of the human immune
system”, or, more accurately, “the central mediator of the human stress response”.
Different combinations of monomers in NF-kB dimers are expressed in all cell types and are
activated by tens of different activators [7]. The evolutionarily conserved function of NF-kB
regulates the expression of inductors and effectors at many places in the huge metabolic
network, thereby defining the immune response to an injury or the presence of a pathogen.
It can also be active in ischemia, liver regeneration, or haemorrhagic shock [7, 9]. Apart
from the above-mentioned function of modulating the inflammatory response, this
transcription factor also regulates apoptosis, the mechanism by which it is involved in the

development of cancer [7-9].
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Fig. 1. NF-kB signalling pathway. Adopted from Sigma-Aldrich BioFiles 2007, 2.4, 14.
(www.sigmaaldrich.com/technical-documents/articles/biofiles/nf-b-and-inflammation.html)

Another important pro-inflammatory transcription factor is the activating protein 1
(AP-1). AP-1is the overall term for a family of dimeric transcription factors. These homo- or
heterodimeric proteins contain the bZIP (basic region leucine zipper) domain and are
composites of subunits belonging to the Jun (v-Jun, c-Jun, JunB, JunD), Fos (v-Fos, c-Fos,
FosB, Fral, Fra2), or activating transcription factor (ATF2, ATF3/LRF1, B-ATF) protein sub-
families. Jun and Fos monomers can also interact with Maf (c-Maf, MafB, MafA, MafG/F/K)
and Nrl proteins [10, 11]. The dimers that form bind in a specific DNA sequence, either
12-O-tetradecanoylphorbol-13-acetate (TPA) response elements (5'-TGAG/CTCA-3’) or
cAMP response elements (CRE, 5'-TGACGTCA-3’) in the regulation region of the target

genes. Both binding DNA sequences are palindromic [10, 11].
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The activity of AP-1 is induced by numerous stimuli, e.g., growth factors,
pro-inflammatory cytokines, neurotransmitters, polypeptide hormones, bacterial and viral
infectious agents, and plenty of physical and chemicals factors. These stimuli activate
mitogen activated protein kinases (MAPKs) cascades, which modulate the activity of AP-1
by phosphorylation. The composition and character of the cell stimuli lead to
phosphorylation of particular AP-1 subunits and thus contribute to fine tuning its

activity [10, 11].

The regulation of AP-1 activity is complex and has multiple levels, including expression
of individual monomers, dimer formation, and posttranslation modification. The AP-1

activity is also regulated by its interactions with other transcription factors [10-12].

The central point of all AP-1 complexes is the c-Jun subunit. The gene for c-Jun is
expressed at a low level in many types of cell and its expression is elevated in response to
stimulation. Exposure of a cell to UV irradiation, pro-inflammatory cytokines, or growth
factors activates JNK (c-Jun N-terminal kinase) and p38 MAP kinases. Upon activation, JNK
is translocated to the nucleus, where it phosphorylates c-Jun and ATF2 and augments their
transcription activity, whereas p38 phosphorylates and activates ATF2, MEF2C (monocyte-
specific enhancer binding factor 2c) and TCFs (ternary complex factors) [10, 11]. Serum and
growth factors strongly induce the activation of AP-1 by ERK (extracellular-signal-regulated
kinase), which is translocated to the nucleus and potentiates the transcription of genes

with the fos promoter by phosphorylating of TCFs [11].

2.1 Author’s publication related to Chapter 2

Appendix No. Bibliographic record
[1] Zelova H., Hosek J. 2013. TNF-a signalling and inflammation: interactions
between old acquaintances. Inflamm. Res. 62: 641-651.
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3. Phytotherapy of inflammatory diseases

Natural bioactive compounds represent an important pool for the discovery of new
drugs and especially novel classes of pharmaceutical lead structures. It has recently been
estimated that natural products and their derivatives accounted for more than 25 % of all
new drugs introduced between 1981 and 2010 [13]. Aside from being an important source
for the development of modern drugs, herbal medicines represent an important option for
alternative or supplementary treatment that is increasingly popular in the developed
countries because the general public believes that such treatments are more “mild” and

“natural”.

Although several herbal medicines indeed exhibit clear efficacy, there are limitations
connected with their use [14, 15]. The phytochemical compositions of herbal medications
are variable, and it is difficult to know the effective dose administered to a patient. This
problem arises mainly from the lack of knowledge of the active compounds that control or
account for the quality or efficacy of herbal preparations. Knowledge of the relevant
bioactive compounds and their mechanisms of action can help to overcome these problems
and to achieve the effective quality control and standardization of herbal medicines that

will ensure their safety and efficacy.

Experiments in vitro and in vivo have revealed many biological and pharmacological
activities of natural compounds that serve as therapeutics or lead substances for many
“small molecular drugs”. The process of identifying an activity and its particular relationship
to structure is complicated, especially in vivo, because many natural substances have
pleiotropic effects that target many cellular proteins or mechanisms [16]. Moreover, these
compounds are metabolized, and the metabolites may also contribute to the overall effect.
Flavonoids have shown especially anti-oxidant and anti-inflammatory properties in vitro
and in vivo, in addition to many other effects [17]. The metabolism of flavonoids has been
studied [18, 19], but many questions are still unanswered, especially with respect to

uncommon lipophilic flavonoids.

Medical procedures involving the use of medicinal plants have developed gradually from
empirical procedures throughout history. Until the advent of chemical drugs, they

constituted practically the only means to effect a cure. The first mention of plants and their
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use in medicine is found in a Sumerian record on clay tablets dating back to approximately
4000 BC. Other valuable sources of information on the use of plants are from Ancient China,
India, and the medicine of ancient Greece and Rome. We know especially the works of the
physician Hippocrates (Hippocratic Corpus, 5 cent. BC.) and Dioscorides (De Materia
Medica, 1%t century AD.), wherein the authors described over 600 species of plants and
their medicinal uses. Later studies showed that traditional European ‘materia medica’ was
based on a Dioscorides tradition that lasted through the 19™ century with only little
variation. The gradual development of science and technology accelerated the
development of synthetic drugs and pushed herbal treatment aside. In recent years,
however, plants have again gained considerable interest as potential sources of new drugs.
Now that it is possible to obtain scientific confirmation of their therapeutic effects and
mechanisms, the value of herbal medicines is increasing in popularity, and they are often
used as effective alternatives to standard therapy or as a source of lead compounds.
Nowadays, processed plant materials are often used as supplementary therapy in the
treatment of many chronic diseases, including inflammatory bowel diseases (Appendix 2)

[20, 21].

A number of compounds of plant origin have been experimentally proven to relieve pain
in the human body, and it has been proposed that some of these may be the agents
responsible for the action of the traditional herbal remedies associated with the reduction
of pain, fever, and inflammation [22]. Probably the best known anti-inflammatory
compound of plant origin is salicin, isolated from the bark of the white willow (Salix alba
L.) back in 1828 [23]. Today, its synthetic derivative acetylsalicylic acid (aspirin) is widely
used nonsteroidal anti-inflammatory drugs (NSAIDs) in the world, with an estimated 40 000
tons of it being consumed each year. The inhibition of arachidonic acid (AA) metabolism
has been established as the main mechanism responsible for the anti-inflammatory action
of aspirin [24]. Following this discovery, a number of studies have confirmed the significant
inhibitory effect of various flavonoids, such as baicalein, quercetin, or rutin, on the

pathways of AA metabolites [25].

However, the anti-inflammatory actions of medicinal plants are not limited to the
inhibition of arachidonic acid metabolism. Compounds, including flavonoids, present in

plant extracts possess redox potentials and are able to interact with intracellular signalling
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pathways and thus modify gene expression. More details of this process will be described

in Chapter 4.

3.1 Author’s publication related to Chapter 3

Appendix No. Bibliographic record
[2] Vochyanova Z., Sikorova K., Smejkal K., Ho3ek J. 2014. Rostliny v terapii
idiopatickych stfevnich zanétl. Gastroent. Hepatol. 68: 248-254.
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4. Regulation of inflammation-related gene expression and

activity by flavonoids

Experimental in vitro and in vivo studies have revealed many biological and
pharmacological activities of flavonoids. Their anti-oxidant and anti-inflammatory
properties are the most studied, but these phytochemicals also show anti-bacterial,
anti-viral, hypolipidemic, and even anti-cancer effects [17]. The process of identifying a
particular structure-activity relationship is complicated, especially in vivo, because

flavonoids can have pleiotropic effects that target many cellular proteins or mechanisms.

4.1 Chemical properties of flavonoids

The flavonoids are a group of plant secondary metabolites biosynthetically derived from
shikimic acid and polyketide pathways. They are plant pigments containing benzopyran
substituted with a phenyl ring at position carbon (C)2 or C3 and possess a wide spectrum
of biological activities, including anti-oxidant and anti-inflammatory activities (Appendix

13, 14, 17) [26-28].

The technical term “flavonoid” arises from the basic skeleton of these plant pigments
that are derived from benzo-y-pyrone, a structure well known as chromone, modified by
the addition of a phenyl ring at position C2 to yield a flavonoid or at C3 to form an
isoflavonoid (Fig. 2). This three-ring skeleton may then be substituted with hydroxyl groups.
Substitution of the A ring typically occurs at positions C5 and C7 (a meta arrangement
characteristic for acylphloroglucinols). On the B ring positions C4” or C3” and C4’ (typical for
shikimates) are preferred [17]. The hydroxyl groups of flavonoids are commonly
substituted with one or more sugar units. The sugar can also be connected via a C-C bond.
Glycosides of the flavonoids are relatively hydrophilic. The aglycones can be lipophilic and
their lipophilicity can be further enhanced by methylation of the hydroxyl groups to form
methoxyl groups, or by prenylation or geranylation at different positions on the skeleton.
The prenyl or geranyl moiety may also be modified in different ways (oxidation, reduction,

cyclisation, etc.) [29].

10
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Fig. 2. Overview of the basic flavonoid skeletons. Adopted from Ho%ek & Smejkal (2016) [26] —
Appendix 13.

Diverse types of flavonoids predominante in different plants. The so-called dietary
flavonoids present in common food are well known, but there are many other flavonoid
species present in medicinal plants. Flavanones can be found in chick peas and cumin, but
the major sources of flavanones are citrus fruits and juices. Flavones are not common in
fruit, but they are often found in grains and herbs. The most common flavone aglycones
are apigenin and luteolin. If they occur at high concentrations or are complexed with metal
ions, flavones can contribute colour to the tissue of a plant and they also contribute to its

taste.

The best known flavonols are quercetin and kaempferol. Quercetin is ubiquitous in fruits
and vegetables. The most common quercetin glycoside is rutoside (also known as rutin).
The isoflavonoids are a separate group of flavonoids, well known for their estrogenic
properties. The group can be divided into isoflavanones, isoflavones, and isoflavonols. The
isoflavonoids are found predominantly in legumes. Flavans, especially flavan-3-ols, can be
found under different names: catechins, leucoanthocyanins, proanthocyanins, and tannins.
They occur mainly as monoflavans, biflavans, and triflavans. Flavans are rarely glycosylated,
but they may be esterified with gallic acid. Monoflavans are found in ripe fruits and fresh
leaves. Anthocyanins are responsible for the blue and red pigmentation of berries, cherries,
and plums, as well as eggplant, red cabbage, and radishes. The colour of anthocyanins is

pH dependent. An anthocyanin is red at pH < 3 (the stable form); it turns blue or purple

11
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when the pH is increased to 4 — 6. At higher pH values it becomes colourless and
decomposes. Anthocyanins often occur in complex mixtures. In flowers, anthocyanins may
form complexes with flavones or metal ions such as iron or magnesium. The anthocyanin

content of a fruit usually increases as the fruit ripens [30, 31].

Furthermore, derivatives with a modified basic flavonoid skeleton can occur in many
plants used medicinally. Prenylated flavonoids occur in several plant families, e.g.,
Paulowniaceae, Leguminosae, and Cannabaceae, but probably the largest number of
prenylated flavonoids can be found in the Moraceae family. Prenylated flavonoids are a
large group of compounds that combine a flavonoid skeleton with a lipophilic prenyl side-
chain. As mentioned above, the side-chain can be modified, especially by oxidation and
cyclisation, and this variation contributes many structural possibilities. Adding the
lipophilicity of a prenyl side-chain to the flavonoid skeleton gives the resultant compound

great potential for biological activity [29, 32].

4.2 Anti-oxidant activity of flavonoids

Oxidative stress is one of the main hallmarks of inflammation. Reactive oxygen species
(ROS) are produced by immune cells, especially macrophages and neutrophils, to Kkill
invading bacteria and viruses. However, excessive or prolonged oxidative stress can
damage the surrounding molecules, e.g., the unsaturated lipids in plasma membranes,
proteins, or DNA [17]. Anti-oxidant compounds could therefore be promising as
anti-inflammatory agents. The anti-oxidant capabilities of flavonoids have been well
described using many biochemical models, both in vitro (cell-based) and in vivo (Appendix

6, 10, 13, 14).

The main mechanisms of the anti-oxidant action of flavonoids are listed in Tab. 1.
Flavonoids can scavenge ROS and reactive nitrogen species (RNS) directly, chelate metal
ions, and inhibit oxidases. Moreover, they are involved in the regeneration of a-tocopherol

and ascorbic acid radicals [33].

12
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Responsible structural elements (shown in bold)

Chemical or

biological effect

= OH
HOT\‘/OI \IOH References
e

3’,4’-hydroxyl groups
ROS scavenging | 2,3-double bond in conjugation with 4-carbonyl group [33, 34]
3,5,7-hydroxyl groups

Peroxynitrite 3’,4’-hydroxyl groups
[33]
scavenging 3-hydroxyl group

3’,4’-hydroxyl groups
Metal chelating
4-carbonyl group in conjugation with 3-hydroxyl group [33, 34]

activity
4-carbonyl group with 5-hydroxyl group
Coplanar flavone structure
PKC inhibition 3’,4’-hydroxyl groups [33]

7-hydroxyl group

Table 1. Mechanisms of anti-oxidant activity of flavonoids. PKC protein kinase C; ROS reactive
oxygen species. Adopted from Hosek & Smejkal (2016) [26] — Appendix 13.

Flavonoids scavenge ROS directly by donating the hydrogen atom of a hydroxyl group.
This radical scavenging activity relates to the oxidation-reduction potential of the
flavonoids. Flavonoids interact with radicals, donating one hydrogen atom and forming a
flavonoid phenoxyl radical (flavonoid-0°). This radical may then react with other radicals to
form a stable quinoid structure. The number of hydroxyl groups and their positions on the
flavonoid skeleton significantly affect the radical scavenging activity. Substituents on ring B
(especially catechol and pyrogallol moieties) are more important than those on rings A
and C. The anti-radical activity is diminished when only one hydroxyl group is present on
ring B. The second structural element responsible for eliminating radicals is the
C2,C3-double bond conjugated with the C4-oxo group on ring C. On the other hand,
glycosylation attenuates the scavenging activity. Flavonoids are also able to trap the
peroxynitrite radical, which can occur as a product of the reaction of superoxide with NO.
This activity is attributed to the presence of the 3" and 4’-hydroxyl groups along with the
3-hydroxyl group [17, 33, 34].

13
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Another feature contributing to the anti-oxidant activity of flavonoids is their ability to
chelate metal ions, especially Fe?* and Cu?*. Free metal ions can take part in Fenton’s
reaction and thus enhance the formation of ROS. Chelation of these ions neutralizes their
ability to serve as redox catalysts. On the other hand, trace metal ions are essential
cofactors in many biological systems, e.g., Fe?* in haemoglobin or Cu? and Zn?* in a
superoxide dismutase (SOD), where the chelating ability of flavonoids would be
detrimental. Metal ions can bind to the two hydroxyl groups of a catechol moiety of ring B,
the 3-hydroxyl and 4-oxo groups of ring C, or the 4-oxo and 5-hydroxyl groups on rings A
and C [33, 34].

The anti-oxidant action of flavonoids is also attributable to their ability to inhibit
enzymes that produce radicals, such as xanthine oxidase (XO) or NADH oxidase (NOX). They
also interact with protein kinase C (PKC), which is responsible for the activation of NOX,
and thereby attenuate the functioning of NOX. It has been postulated that a coplanar
flavone structure with free hydroxyl substituents at positions 3’, 4/, and 7 should diminish
the activity of PKC [33, 34].

Fully evaluating the anti-oxidant activity of flavonoids in vivo is more complicated
because of their relatively low bioavailability and destruction by metabolism. Flavonoid
metabolites usually possess less anti-oxidative activity than their parent structures. It
seems likely that flavonoids and flavonoid metabolites work in different ways, the
flavonoids by scavenging up ROS and the flavonoid metabolites by preventing the

formation of such radicals [33, 34].

4.3 Pro-oxidant activity of flavonoids

In addition to their anti-oxidant activity, flavonoids can also act as pro-oxidants. Their
ability to trigger oxidative stress could explain some of the toxic effects of flavonoids
observed in vivo. On the other hand, a mild pro-oxidant effect could also induce the
expression of anti-oxidant enzymes, such as SOD or catalase (CAT), and thereby contribute

to overall anti-oxidant cytoprotection [33].

The flavonoids can act as pro-oxidants under specific conditions, and they can therefore

promote the oxidation of other compounds. As seen in the following text, the situation is

14
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not clear. Studies of the structure-activity relationship carried out by Cao et al. [35] and
Hanasaki et al. [36] have shown, that the pro-oxidant action of the flavonoid in Fenton’s
reaction is dependent on the presence of multiple hydroxyl groups, especially located on
ring B of the skeleton. Studies of the structure-activity relation could thus depend strongly
on the test conditions used. Especially the presence of high concentrations of transient
metals in the environment of the cell or in the reaction mixture in vitro leads to
pro-oxidative behaviour of flavonoids. They can reduce Fe3* to Fe?*, resulting in the further
production of hydroxyl radicals by Fenton reactions [37]. The reduction of Cu?* to Cu* has
also been observed [35]. This process has been confirmed in vitro using different chemical
and biochemical reactions and in vitro assays using cell-based models [38]. Under
physiological conditions, transient metals are usually compartmentalized or secured
against interaction with possible pro-oxidants by bonding with a special carrier or storage
compound, but under pathological conditions they can escape and interact with flavonoids
[34, 39, 40]. Whether flavonoids act as anti-oxidant or pro-oxidant depends on its
concentration. A relatively high concentration of the flavonoid is needed to evoke the pro-

oxidant effect, tens to hundreds of micromoles per liter [41].

Reactive oxygen species (ROS) play a dual role in inflammation — both beneficial and
detrimental. Phagocyting cells produce increased amounts of ROS to kill captured bacteria
or viruses. A low concentration of ROS serves as a signalling agent in cells. On the other
hand, when the production of ROS exceeds the anti-oxidant capacity of the cells, different
biomolecules, especially proteins, unsaturated lipids, and DNA can be damaged [42].
Oxidative stress itself could also trigger the inflammatory response in tissue and thus
contribute accelerate some stages of the inflammation [43, 44]. However, it is still not clear
whether greater production of ROS is a cause of inflammation or a consequence [45].
Although this dilemma has not been resolved, many therapeutic approaches based on

eliminating of these potentially dangerous molecules are coming into use.

The response and fate of cells subjected to oxidative stress depend strongly on the
concentration of ROS. A low level of ROS activates the Nrf2 (nuclear erythroid 2 p45-related
factor 2) transcription factor, which positively regulates expression of the anti-oxidant
enzymes that protect cells against further oxidative stress. Higher concentrations of ROS

contribute to the activation of NF-kB (nuclear factor kB) and AP-1 (activator protein 1) and
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thereby exacerbate the inflammation (Fig. 3). Very high concentrations of ROS cause the
mitochondrial membrane potential collapse, irreversibly damaging cell structures and

leading to apoptosis or necrosis [46].

Oxidative stress

Inflammatory
response

chemokines;
COX-2;INOS

Translatio’\n’g-n f
‘.:‘ h f \ ./ Translation

i Nucleus

...'.-‘."" ‘ L
WV ‘uuéwﬂ* Une NP Ui \

Figure 3. Mechanisms of redox action of flavonoids. Full arrows mean direct interaction, dashed

arrows indicate translocation. The thick red T mark shows point, at which flavonoids cause
inhibition; the thick green arrow indicates the pro-oxidant effect of flavonoids. CAT catalase; COX
cyclooxygenase; kB inhibitor of kB; Keap-1 Kelch-like ECH-associated protein 1; NF-kB nuclear
factor kB; Nrf2 nuclear erythroid 2 p45-related factor 2; ROS reactive oxygen species; SOD
superoxide dismutase. Adopted from Smejkal et al. (2016) [27] and modified — Appendix 14.

Many experiments to describe the anti-oxidant potential of flavonoids connected with
their anti-inflammatory effect have been performed, but only a limited number of studies
have focused on the pro-oxidant role of flavonoids during modulation of the inflammatory
response. The catechins in green tea have been studied the most from this perspective.
The pro-oxidant effect of epigallocatechin gallate (EGCG) has long been known, but its

influence on inflammation remains unclear. Ho et al. (2014) have shown that consumption
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of green tea (a rich source of catechins) by healthy volunteers increased the quantity and
activity of the anti-inflammatory protein haem oxygenase 1 (HO-1) [47]. The expression of
this protein is regulated by changes in the cellular redox potential. Hence, the pro-oxidant
effect of catechins could trigger production of HO-1 and thus contribute to the overall
anti-oxidant, anti-inflammatory, and genoprotective capacities of cells. EGCG retains its
pro-oxidant and anti-inflammatory activities even after biotransformation in vivo [48]. A
pro-oxidant and a concurrent anti-inflammatory effect have also been shown by
cudraflavone B and osajin, but that reduced activation of the NF-kB signalling pathway is

caused directly by greater production of ROS has not been demonstrated [49] (Appendix 6).

The pro-oxidant effect of flavonoids on the attenuation of inflammation represents a big
challenge for research. Flavonoids possess both anti-oxidant and pro-oxidant activities and
both are concentration and time dependent [50]. The available results show that the mild
oxidative stress caused by the pro-oxidant activity of flavonoids can be beneficial as a
prophylactic treatment rather than as curative therapy. This justifies the long-term
consumption of flavonoid-rich foods for the prevention of inflammatory disorders, but
different anti-phlogistic mechanisms of flavonoids are involved in the resolution of acute

and chronic inflammatory responses [50].

4.4 Anti-inflammatory activity of flavonoids

Inflammation is a multiple and complex response by the body to infection or injury.
Flavonoids show pleiotropic effects and can modulate a broad spectrum of inflammatory
regulatory nodes (Fig. 4). Their anti-phlogistic action combines many particular effects. The
anti-phlogistic action of flavonoids can be mediated by several pathways (Tab. 2): via anti-
oxidant and pro-oxidant effects (see above), by interacting directly with pro-inflammatory
proteins, and by interacting with signal pathways and inhibiting the expression of

inflammation-related genes.
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Figure 4. Mechanisms of anti-inflammatory action of flavonoids. Full arrows mean direct
interaction, dashed arrows indicate translocation. The thick red T marks show points at which
flavonoids inhibit; the thick green arrow indicates the pro-oxidant effect of flavonoids. AA
arachidonic acid; AP-1 activator protein 1; CAT catalase; COX cyclooxygenase; ERK 1/2 extracellular
signal-regulated kinase 1/2; IkB inhibitor of kB; IKK IkB kinase; iNOS inducible NO synthase; JNK c-
Jun N-terminal kinase; Keap-1 Kelch-like ECH-associated protein 1; LOX lipoxygenase; MEK 1/2
MAPK/ERK kinase 1/2; MKK mitogen-activated protein kinase kinase; NF-kB nuclear factor kB; NOX
NADH oxidase; Nrf2 nuclear erythroid 2 p45-related factor 2; PKC protein kinase C; PLA;
phospholipase A,; ROS reactive oxygen species; SOD superoxide dismutase. Adopted from HoSek &
Smejkal (2016) [26] — Appendix 13.
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Responsible structural elements (shown in bold)

3

inflammation-

5,7-hydroxyl groups

OH OH
):/LOH _ | Ocen
Biological effect HOG o On SNy MO - On 5 N-CH: | References
Qﬁ' (KH'
= =
OH I
OH O OH O

PLA; inhibition 2,3-double bond [50]

2,3-double bond
COX-1 inhibition [50, 51]

6-prenyl group

2,3-double bond

3-isoprenyl residue
COX-2 inhibition [50, 51]

6-prenyl group

Galloyl moiety
5-LOX, 12-LOX | 2,3-double bond

[50]

inhibition 3-hydroxyl group
Inhibition of

inflammatory

activity

3’,4’-hydroxyl or methoxyl groups

2,3-double bond

related gene | 3',4’-hydroxyl groups
[33, 50, 52,
expression 2,3-double bond
53]
(modification of | 4-carbonyl group
signal transducing | Prenyl group
pathways)
In vivo anti- | 5,7-hydroxyl groups
[50, 52]

Table 2. Mechanisms of anti-inflammatory action of some flavonoids. COX cyclooxygenase; LOX

lipoxygenase; PLA; phospholipase A,. Adopted from Hosek & Smejkal (2016) [26] — Appendix 13.

Modulation of the activity of pro-inflammatory enzymes is one of the most important

mechanisms of flavonoid action. Pro-inflammatory enzymes, such as phospholipase A;

(PLAy), cyclooxygenase (COX), lipooxygenase (LOX), and NO synthase (NOS), produce very
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potent inflammatory mediators, and inhibiting them can contribute to the overall
anti-inflammatory potential of flavonoids. Special attention is focused on the enzymes
metabolising arachidonic acid (AA). PLA; stands at the beginning of this AA process. Many
studies have demonstrated the ability of flavonoids to inhibit different isoforms of this
enzyme, with preference given to PLA2-lIIA. The most potent are flavonoids with a
2,3-double bond, and especially biflavonoids. Following its release, AA is oxidised to
different eicosanoids in a process mediated by COX and LOX enzymes. Flavonoids diminish
the activity of COX, but they inhibit COX-1 preferentially over COX-2 (Appendix 15). Only a
limited number of observations of anti-COX-2 effects of flavonoids have been reported,
experiments that have shown the positive influence of the 2,3-double bond and the
presence of a prenyl group at C3 on this anti-inflammatory action. The presence of a galloyl
moiety also favours the inhibition of COX-2 activity. Another way of using AA is via LOX
enzymes. Whereas flavone derivatives have been described as demonstrating anti-COX
activity, flavonol derivatives have shown anti-LOX effects. This confirms the importance of
a hydroxyl group at C3. Furthermore, the 2,3-double bond has been found to be a very
important factor in the inhibition of LOX activity. The majority of anti-LOX experiments have
been performed using 5-LOX and 12-LOX, and information about any effects on other
isoforms of LOX is limited (Appendix 15). Another enzyme that produces pro-inflammatory
molecules is inducible NO synthase (iNOS), which produces NO in stimulated immune cells.
Many studies have confirmed the ability of flavonoids to diminish the production of NO,
but the effect was probably caused by reduced iNOS expression rather than direct

inhibition [50, 54].

Another well-established mechanism for the anti-inflammatory activity of flavonoids
comes from their ability to interact with intracellular signal transducing pathways and
thereby regulate the expression of inflammation-related genes (Appendix 3-7, 9-12, 15).
The most prominent position among inflammatory pathways belongs to the group of
transcription factors NF-kB. Many studies have confirmed the ability of flavonoids to
diminish the activity of NF-kB by inhibiting events upstream, e.g., reducing the
phosphorylation of IKK (IkB kinase), which leads to less degradation of IkB (inhibitor of kB),
or the attenuation of the DNA binding capability of NF-kB. Another important

pro-inflammatory transcription factor is activator protein (AP)-1, the activity of which is
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regulated by upstream mitogen-activated protein kinases (MAPKs). The three most
frequently studied MAPKs are ERK 1/2 (extracellular signal-regulated kinase 1/2), p38, and
JNK (c-Jun N-terminal kinase). These kinases not only influence AP-1, but also modulate the
activity of NF-kB. Flavonoids are able to inhibit the phosphorylation of all of the
above-mentioned MAPKs and thereby lower the transcription of the target genes. Analysis
of the structure-activity relationship shows the importance of the 2,3-double bond, the
carbonyl group at C4, and the pattern of hydroxylation for the ability of flavonoids to
modulate signal pathways. Flavonoids are able to positively regulate the activity of several
other signalling pathways. One of these is the signal pathway leading to the transcription
factor Nrf2. Together with its negative regulator Keap-1 (Kelch-like ECH-associated protein
1), this protein is redox sensitive. Flavonoids possessing a redox potential are therefore
able to trigger Nrf2, which leads, subsequently, to transcription of the genes that code the
anti-oxidant enzymes that help to resolve the inflammatory response. Transcription factors
from the PPAR (peroxisome proliferator-activated receptor) family are also activated by
several flavonoids. The activation of these pathways, especially via PPARy, attenuates the
activity of NF-kB [50, 52, 54]. Because the transcription of inflammation-related genes is
regulated by multiple transcription factors, the exact mechanism of flavonoid action
remains unclear. It is safe to say that these phytochemicals disturb the intracellular
signalling network at several different sites and thereby contribute to the overall

anti-inflammatory effect.

In vivo tests have confirmed all of the effects of flavonoids previously observed in in vitro
experiments. Various animal models using diverse ways to induce inflammation have
shown the anti-inflammatory ability of flavonoids (Appendix 8, 16). The modulation of
pro-inflammatory gene expression has been determined to be one of the major
mechanisms of flavonoid action in vivo. However, because flavonoids are very quickly
metabolised in the body, the particular types of cells or proteins that they target remain
unclear. Nevertheless, it has been shown that a 2,3-double bond and increased levels of

hydroxylation or methoxylation of the flavonoid skeleton enhance their action [50].
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5. Conclusion

Plant remedies are becoming more popular nowadays. Plants contain a vast array of
bioactive compounds and a considerable portion of these are flavonoids. The average
intake of flavonoids in the normal human diet is estimated to be 1 — 2 g per day. Such a
high consumption of relatively unknown compounds is good reason to analyse research
investigations into the mode of action of flavonoids in depth and possibly revise them.

Natural flavonoids represent an interesting group of compounds with plenty of
biological effects, including anti-inflammatory effects. Because their effect is pleiotropic, it
is difficult to determine the exact mechanism of action. However, the most studied effects
are oxidative-reductive properties, interaction with intracellular signalling pathways
leading to modification of gene expression, and direct inhibition of enzymes involved in the
metabolism of the arachidonic acid.

Our research shows that prenylation of flavonoids significantly increases their activity.
Other modifications of the basic structure influence one or more of the above-mentioned
effects; sometimes the effects counteract each other. However, the overall effect is a
positive attenuation of the inflammatory response.

Our research group focuses on the modification of gene expression caused by natural
flavonoids, especially their interaction with transcription factors NF-kB and AP-1 and their
intracellular signalling pathways. Our results confirm the importance of a side prenyl or
geranyl group for the inhibitory effect of flavonoids on these transcription factors. These
groups bring greater lipophilicity to such compounds and ease transport through the
lipophilic cell membrane. In the intracellular space, they can interact directly with several
proteins. In cell-based in vitro models, prenylated flavonoids effectively attenuate the
activation of NF-kB and thus decrease the expression of pro-inflammatory genes and
proteins, e.g., TNF-a, IL-1B and COX-2. In vivo, they ameliorate the symptoms of colitis in
laboratory animals by the reducting the production of pro-inflammatory proteins, such as
IL-18, MMP2, or COX-2.

A promising therapeutic potential can be assigned to diplacone, which shows a relatively
low cytotoxicity and a strong anti-inflammatory potential both in vitro and in vivo, but other

natural flavonoids also possess interesting biological effects. Due to their pleiotropic action
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and their effectiveness at relatively low concentrations, natural flavonoids have the

potential to become leading compounds for new anti-inflammatory drugs.
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Abstract

Introduction Inflammation is a very important part of innate
immunity and is regulated in many steps. One such regulating
step is the cytokine network, where tumor necrosis factor o
(TNF-a) plays one of the most important roles.

Methods A PubMed and Web of Science databases search
was performed for studies providing evidences on the role of
TNF-o in inflammation, apoptosis, and cancer.

Results and Conclusion This review concisely summa-
rizes the role of this pro-inflammatory cytokine during
inflammation. It is focused mainly on TNF-o intracellular
signaling and its influence on the typical inflammatory
features in the organism. Being one of the most important
pro-inflammatory cytokines, TNF-o participates in vasodi-
latation and edema formation, and leukocyte adhesion to
epithelium through expression of adhesion molecules; it
regulates blood coagulation, contributes to oxidative stress
in sites of inflammation, and indirectly induces fever. The
connection between TNF-a and cancer is mentioned as well.

Keywords TNF-o - TNFR - Inflammation - Apoptosis -
Cancer
Introduction

Human immunity is a very complex apparatus which pro-
tects our body not only against external enemies, such as
microbes and viruses, but also against our own damaged or
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malfunctioning tissues. One of the first protective barriers
is inflammation, a part of innate immunity. An important
component of immunity is the inflammatory response in
which cytokine tumor necrosis factor oo (TNF-0) plays a
key role in. Its importance is attested by the fact that TNF-
o is the target of drugs used for the treatment of some
diseases, e.g., Infliximab—a monoclonal antibody against
TNF-o—is used to cure Crohn’s disease.

This short review is focused on describing the basic
properties of TNF-o and its role during inflammation.

TNF-a and the TNF receptor superfamily

Tumor necrosis factor oo (TNF-a, also known as cachectin) is a
strong pro-inflammatory cytokine which plays an important
role in the immune system during inflammation, cell prolif-
eration, differentiation and apoptosis [1]. It was first described
by Carwell et al., in 1975 as a cytokine which showed sig-
nificant cytotoxic activity after stimulation of the immune
system, and, thus, caused tumor necrosis. When the gene for
TNF-a was cloned in 1984, a structure homology with lym-
photoxin (LT)-o was found, and TNF-o was included in the
group of cytokines known as the TNF ligand superfamily [2].
Its members are type Il transmembrane proteins which can be
expressed in both membrane-bound and secreted forms [3].

Receptors for TNF-a are part of TNF receptor (TNFR)
superfamily (TNFRSF), whose members have a charac-
teristic intracellular segment, a transmembrane domain,
and an extracellular ligand-binding domain. They are type I
transmembrane glycoproteins characterized by a cysteine-
rich motif (up to 40 aminoacids) repeated 2—6 times in the
extracellular N-terminal domain [4, 5].

The members of the TNFR superfamily can be divided
into three groups on the basis of their structure: (1)
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receptors containing a death domain (2) receptors without a
death domain, and (3) decoy receptors—soluble or mem-
brane bound receptors which bind their ligand with high
specificity and affinity but are not able to elicit an intra-
cellular response (Table 1). Due to their unique structural
features, the members of the TNFR superfamily participate
in signal pathways leading to apoptosis, survival, prolif-
eration, differentiation, or activation [6].

Gene and protein structure of TNF-a

The human gene for TNF-a is part of a major histocom-
patibility (MHC) gene cluster located on the short arm of

Table 1 The TNFR superfamily

chromosome 6 (6p21.32). These genes are divided into four
main classes. The genes for TNF-o and two other members
of the TNF super family—LT-o and LT-f—occur within
the MHC class IV cluster. The gene for TNF-a is around
3 kb long and consists of four exons interrupted by three
introns. More than 80 % of this cytokine is coded by the
fourth exon; the first and second exons code only the
leading sequence of the nascent peptide. Several regulating
sites with sequences corresponding to the transcription
factors AP-1, AP-2, NF-xB, and the cAMP responsive
element (CRE) which are known from the regulatory
regions of immunoglobulins and cytokines, on the 5'-end of
the TNF-o gene are found there. These regulating
sequences are sensitive to signals triggered not only by

Receptor group

Receptor name Alternative receptor name

CD number Ligands

Receptors containing a death domain TNFRSF1A TNFR1 CD120a TNF-o, LT-o0
TNFRSF6 FasR CD95 FasL
TNFRSFI0A DR4 CD261 TRAIL
TNFRSF10B  DR5 CD262 TRAIL
TNFRSF16 NGEF receptor CD271 NGF, BDNF, NT-3, NT-4
TNFRSF21 DR6 CD358 N-APP
TNFRSF25 DR3 - TWEAK

Receptors without a death domain TNFRSF1B TNFR2 CD120b TNF-a, LT-o0
TNFRSF3 LTBR CD18 LT-af, LIGHT
TNFRSF4 0X40 CD134 0X40L
TNFRSF5 - CD40 CD40L
TNFRSF7 Tp55 CD27 CD27L
TNFRSF8 Ki-1 antigen CD30 CD30L
TNFRSF9 4-1BB ligand receptor CD137 4-1BBL
TNFRSF11A  ODFR CD265 RANKL
TNFRSFI12A  TWEAK receptor CD266 TWEAK
TNFRSF13B  TACI CD267 BAFF, APRIL
TNFRSF13C  BAFF receptor CD268 BAFF
TNFRSF14 TR2 CD270 BTLA, LIGHT, LT-o
TNFRSF17 B cell maturation protein CD269 BAFF, APRIL
TNFRSF18 Glucocorticoid-induced TNFR-related protein CD357 TNFSF18
TNFRSF19 Toxicity and JNK inducer - Unknown
TNFRSFIOL  RELT - Unknown
TNFRSF27 XEDAR - EDA-A2

Decoy receptors TNFRSF6B DcR3 - LIGHT, TNFSF15, FasL
TNFRSF10C  DcR1 CD263 TRAIL
TNFRSF10D  DcR2 CD264 TRAIL
TNFRSF11B  OPG - RANKL

APRIL a proliferation-inducing ligand, BAFF B-cell-activating factor, BDNF brain-derived neurotrophic factor, BTLA B- and T-lymphocyte
attenuator, CAML calcium signal-modulating cyclophilin ligand, CD cluster differentiation, DcR decoy receptor, DR death receptor, EDA-A2
ectodysplasin A2, FasL Fas ligand, FasR Fas receptor, JNK c-Jun N-terminal kinase, LIGHT herpes virus entry mediator L, LT lymphotoxin,
LTPR lymphotoxin B receptor, N-APP N-terminal fragment of amyloid beta A4 protein, NGF nerve growth factor, NT neurotrophin, ODFR
osteoclast differentiation factor receptor; OPG Osteoprotegerin, RANKL receptor activator of nuclear factor kB ligand, RELT receptor expressed
in lymphoid tissues, TNF tumor necrosis factor, TACI transmembrane activator and calcium modulator and cyclophilin ligand interactor, TNFR
TNF receptor, TNFRSF TNF receptor superfamily, TR2 TNF receptor-like 2, TRAIL TNF-related apoptosis-inducing ligand, TWEAK TNF-
related weak inducer of apoptosis, XEDAR X-linked ectodysplasin-A2 receptor
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lipopolysaccharide (LPS) or TNF-a itself [7-9]. It is
known that regulation also occurs on the post-transcription
level, where the stability of TNF-o mRNA is regulated by
the binding of tristetraprolin (TTP) to the AU-rich region
of 3’-UTR (the untranslated region) [10].

TNF-a is produced in two forms—17 kDa soluble TNF-
o (STNF-a) and 26 kDa membrane-bound TNF-o (tmTNF-
a) [11, 12]. The soluble form of TNF-a is created from
tmTNF-o0 by the extracellular domain of the matrix
metalloproteinase TNF-o converting enzyme (TACE,;
ADAM17) [13]. Membrane-bound TNF-a is able to serve
as a ligand binding TNFR or as a receptor mediating the
transfer of external signals back to the cell which has ex-
primed it on its surface [14]. Both cytokine forms—soluble
and membrane—bound—are active as homotrimers with a
characteristic cone-shape. Each monomer consists of two
packed B-pleated sheets, which are created by eight anti-
parallel B-strands arranged in a B-jellyroll topology [15].
The sTNF-o and tmTNF-o show different biological
activities; the tmTNF-a form is more active than the STNF-
o form. TNF-a is not usually detectable in a healthy pop-
ulation, but increased serum and tissue levels are found
under inflammatory and infectious conditions. The con-
centration of TNF-a in serum correlates with the severity
of infection [2, 16].

TNF-a expression

Although macrophages and T-cells are thought to be the
main producers of TNF-a, other cells can also produce this
cytokine, e.g., B cells, NK-cells, neutrophils, mast cells,
endothelial cells, smooth muscle cells, cardiomyocytes,
fibroblasts, osteoclasts, osteoblasts, astrocytes, dendritic
cells, microglial cells, keratinocytes, adipocytes, adreno-
cortical cells, and glomerular mesangial cells [16—-18].

Bacterial lipopolysaccharide (LPS, endotoxin) has long
been considered to be one of the main stimulants triggering
TNF-a production. Beside LPS, viral, mycotic and parasit-
ical antigens, enterotoxin, C5a anaphylotoxin, superantigen,
immune complexes, IL-1, IFN-y, GM-CSF, TGF-p, and
TNF-a itself by autocrine mechanisms are able to induce the
expression of TNF-a. Pathophysiological conditions that
stimulate the production of TNF-o include the previously
mentioned infection and inflammation, but burns, trauma,
infarct, heart failure, unstable angina pectoris, apoplexy,
brain injury, and asthma can also be listed in this tally [19].
Its production is attenuated by IL-4 and other agents that
decrease the level of cAMP [20, 21].

It has been determined that cells never create reserves of
TNF-a, but stimulation triggers de novo synthesis of this
cytokine. Transcriptional, translational, and posttransla-
tional regulation mechanisms are involved in TNF-a

expression. Chromatin modifications also influence the
transcription of TNF-oo mRNA. Histone acetylation in the
tnfa promotor is connected with the decondensation of
chromatin and greater transcriptional activity [22]. Nega-
tive feedback is another regulatory mechanism which has
an important role during the biosynthesis of TNF-o.. TNF-a
itself increases the synthesis of anti-inflammatory factors,
such as IL-10, corticosteroids, or prostanoids, that are able
to negatively regulate its expression. On the whole, this
system contributes to better control over the progress of
inflammation, therewith to allow a quick immune reaction
mediated by TNF-a and, subsequently, to inhibit its extent
and duration [23, 24].

Receptors for TNF-a

The biological effects of TNF-o are mediated by binding
on two different receptors—TNFR1 (CD120a, p55) and
TNFR2 (CD120b, p75) (Table 1). The gene for TNFR1 is
localized in the chromosome locus 12p13.31, has ten exons
and codes for a 55/60 kDa transmembrane receptor,
whereas the gene for TNFR2 is located in the chromosome
locus 1p36.22, consists of ten exons, and codes for a
75/80 kDa transmembrane receptor [25-28].

The extracellular ligand-binding domains of these
receptors have Cys-rich subdomains characteristic for
TNFR superfamily members with 28 % homology. On the
other hand, the intracellular domains of TNFR1 and
TNFR2 have no sequence homology or intrinsic enzyme
activity and are able to trigger different signal pathways
due to their interaction with cytosolic proteins [29, 30].

Both receptors can occur in soluble form (STNFR1 and
STNFR2), created from the membrane receptors by the
TACE enzyme activity that is also responsible for gener-
ating STNF-a. These free receptors are able to attenuate the
effect of TNF-a by competing mechanisms or they can
stabilize TNF-a and protect it against degradation [31-33].

While TNFR1 is expressed on the surface of almost all
human cell types (except erythrocytes [34]) and can be acti-
vated by tmTNF-o and sTNF-o, TNFR2 is located mainly on
immune and endothelial cells and tmTNF-a is required for its
full activation. TNFR2 possesses a lower binding affinity for
TNF-o and more easily dissociates cytokine from the recep-
tor. This indicates that TNFR2 can momentarily bind and
subsequently release TNF-o to increase its local concentration
close to TNFRI (this action is called ligand passing). Taken
together, TNFR1 is the key mediator of TNF-a action for most
cells, whereas TNFR2 plays the main role in cells of the
lymphatic system or an accessory role by enhancing or syn-
ergizing with TNFR1 [2, 35, 36].

Although ligand-activated receptor trimerization was
previously believed to signal inception, at present the
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situation seems to be more complicated. Both TNFRs have
specific Cys-rich pre-ligand binding assembly domains
(PLAD), which form receptor trimers even in the absence
of a ligand, keep them in a quiescent state, and prevent
them from spontaneously autoactivating [2, 37].

TNF-a cell signaling
Signal transduction via TNFR1

Ligand induced activation of TNFR1 leads to the formation
of signal complexes that activate intricate signal pathways
directed in two basic ways—(a) stimulation of cell survival
and expression of pro-inflammatory genes or (b) apoptosis
and cell death. The balance between the two ways is reg-
ulated on several levels—signal strength, expression of
signaling molecules and regulating proteins, and crosstalk
with other cell signals can be mentioned as the predomi-
nant factors. The character of the signal pathway and its
final effect depend on the kinds of protein adaptors which
are involved in the formation of the signal complex [6].

TNFR1 belongs to a group of death receptors (DR)
containing a characteristic death domain (DD). In the
resting state, receptors are associated with a cytoplasmic
silencer of the death domain (SODD), which prevents
activation of the DD, and, thus, activation of the signal
pathway, in the absence of TNF-a. After TNF-o activation,
SODD is released from the receptor DDs and these
domains can interact with the DDs of another adaptor
proteins [16, 30].

Signaling complex I—TRADD-RIP1-TRAF?2

When TNF-o binds the receptor and SODD dissociates
from the DD, these domains interact with the C-terminal
DD of TNFR type 1-associated death domain protein
(TRADD). TRADD allows the binding of another two
proteins—receptor interacting protein-1 (RIP-1) and TNF-
receptor-associated factor-2 (TRAF-2). Both proteins
mainly regulate pro-inflammatory and anti-apoptotic
pathways. Transcription of pro-inflammatory genes is dri-
ven by many transcription factors, among these, NF-kB
and AP-1 belong to the most important. They regulate the
production of cytokines, adhesive molecules, growth fac-
tors, metalloproteinases, and many others proteins that
contribute to prostaglandins, leucotrienes, and NO syn-
thesis [16, 38—40].

The family of NF-xB transcription factors consists of
five members—p65 (RelA), RelB, cRel, p50, and p52—
which share an extensive (300 aminoacids) Re/ homology
domain. This domain allows subunit dimerization, nuclear
translocation, and DNA binding. But only the p65, RelB
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and cRel subunits are able to directly activate the tran-
scription of target genes. The transcription abilities of p50
and p52, which are created from p105 and p100 precursors,
depend on dimerization with p65, RelB, or cRel [41-43].

Most of the NF-kB dimers in cytoplasm are inactivated
and are retained in unstimulated cells by the small inhib-
iting proteins IkBa, IkBf, or IkBe. IkB proteins are able to
mask the nuclear translocation sequences of NF-kB, and
IxBa is also able to enter to the nucleus and block the NF-
kB binding site on DNA [44].

One way to activate NF-xB is via the IxB kinase (IKK;
an inhibitory protein of NF-kB kinase) complex. It has
been determined that for IKK activation, both TRAF-2,
which is sufficient to recruit this kinase, and RIP-1, which
is responsible for its activation, are necessary [45]. It is
supposed that RIP-1 indirectly activates IKK by phos-
phorylation via members of the serine/threonine kinase
MAP3K (mitogen-activated protein kinase kinase kinase)
[2]. There are two known ways of activating NF-kB via
IKK—canonical and non-canonical.

Signal transduction after TNF-a stimulation occurs most
often via the canonical pathway. The IKK complex consists
of the two catalytic subunits IKKo and IKKP and the
regulating protein NEMO (NF-kB essential modulator;
IKKYy). While NEMO serves as an adaptor protein, both
catalytic subunits are able to phosphorylate specific serine
residues on IkB and thus initiate its proteosomal degrada-
tion and allow NF-kB nuclear translocation. In the case of
canonical activation, IkB is phosphorylated mainly by
IKKp, whereas in the non-canonical way, IKKa is very
important and NEMO is not necessary in the IKK complex
[43, 46—48]. Yamamoto et al. [49] have reported that IKKo
is also an H-3 kinase which activates TNF-a-inducible
genes by binding on target gene promotors.

As was mentioned above, mitogen-activated protein
kinases (MAPK) have a significant position in TNF-a
intracellular signaling. Their greater activity and partici-
pation in the production of pro-inflammatory mediators on
the level of transcription and translation make them a
potential target of anti-inflammatory therapy. Three MAPK
families exist—extracellular signal-regulated kinases
(ERKS), c-Jun N-terminal kinases (JNKs), and p38 MAP-
Ks. They are activated by dual phosphorylation of Thr and
Tyr in the Thr-X-Tyr protein motif by the following cas-
cade: MAP3Ks (which are activated by a receptor-adaptor
protein complex) ®» MAP2Ks (mitogen-activated protein
kinases kinases) ® MAPKSs. Activated MAPKs phosphor-
ylate and modulate the activity of other downstream
enzymes, cytosolic proteins, and transcription factors
which directly or indirectly regulate gene expression on the
transcription level, the stability of mRNA and its cyto-
plasmic translocation, and protein synthesis. Possible
consequences of MAPK cascade activation could be
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inflammation, proliferation, differentiation, or apoptosis
[50-54].

Signaling complex II—TRADD-RIP-1-TRAF-2-FADD-
procaspase 8/10

Unlike signaling complex I, which triggers pathways
resulting in survival, the formation of signaling complex II
is directed towards apoptosis. Signaling complex I forma-
tion is transient and the TRADD-RIP1-TRAF-2 complex
soon dissociates from TNFR1, leading to the formation of
signaling complex II with FADD (Fas-associated death
domain protein) and procaspase 8/10 in the cytosol.
Complex II-activated apoptosis occurs under the conditions
existing when NF-kB activation via complex I has failed
[30].

FADD is a 26 kDa protein containing a death domain
in the C-terminal part, which permits binding to TRADD,
and a death effector domain (DED) in the N-terminal part
responsible for caspase activation [55, 56]. Procaspase 8
is a proenzyme whose interaction with FADD creates a
death inducing signaling complex (DISC). DISC ensures
the cutting off a prodomain and the smaller 10 kDa
subunits from procaspase 8 and, thus,creates active cas-
pase 8. Then, caspase 8 contributes by autoactivation
mechanisms to the amplification of the signal and acti-
vates effector caspases-3,-6, and -7. In the case of caspase
8, the signal pathways diverge and apoptosis can proceed
by an extrinsic or intrinsic pathway, depending on the
type of cell [57-59].

Apoptosis occurs in an extrinsic way in type I cells (e.g.,
thymocytes), where caspase 8 directly activates the effector
caspase 3. Caspase 3 subsequently degrades the regulatory
and structural proteins essential for cell integrity and
activates specific caspase-activated DNase (CAD) [59].

Caspase 8 is able to activate an intrinsic (mitochon-
drial) apoptic pathway and, hence, intensify the effect
caused by the extrinsic way in type II cells (e.g., hepa-
tocytes). At the start of this process, caspase 8 digests the
cytosolic protein Bid producing its truncated apoptogenic
form (tBid). There is a balance between the anti-apopto-
genic proteins Blc-2 or Bcl-XL and the pro-apopotogenic
proteins Bax or Bak in living cells. tBid disrupts this
balance and directly activates the pro-apopotogenic pro-
teins Bax or Bak, which oligomerize in the mitochondrial
outer membrane and disturbs this membrane, which leads
to the releasing of cytochrome c. The released cyto-
chrome c¢ induces the formation of an apoptosome
consisting of cytochrome c, apoptotic protease activating
factor 1 (Apaf-1), dATP, and procaspase 9. Caspase 9 is
autoactivated in the mature apoptosome and it then acti-
vates procaspase 3, where the extrinsic and intrinsic ways
are joined [59].

Signal transduction via TNFR2

Signal pathways initiated by TNFR2 stimulation have been
less investigated than those of TNFRI. It seems that
whereas TNFR1 stimulation can lead to inflammatory or
apoptotic responses, TNFR2 notably supports cell activa-
tion, migration, and proliferation [16].

In comparison with TNFR1, TNFR2 lacks an intracel-
lular death domain, but it can interact with TRAF-2 and
result in long-lasting NF-xB activation. It has been
observed in several cell lines that TNFR2 stimulation by
tmTNF-o is able to launch both canonical and non-
canonical NF-kB activation [60].

After TNFR2 activation by tmTNF-o and its trimeriza-
tion, TRAF-1 and TRAF-2 proteins can associate with a
cytoplasmic TNFR2 domain as a heterocomplex, where
only TRAF-2 contacts the receptor directly. In the cyto-
plasm of unstimulated cells, TRAF2 is already associated
with other complex inhibitors of apoptosis proteins 1 and 2
(cIAP-1 and cIAP-2) [60]. cIAP inhibits caspases and some
other proteins by ubiquitin-ligase activity [16].

It is interesting, that the canonical NF-xB activating
pathway uses TRAF-2 as a signal inductor, whereas TRAF-2
and TRAF-3 show inhibitory features in a TNFR2 specific
non-canonical NF-kB pathway. In unstimulated cells,
TRAF-3 binds the complex TRAF-2-cIAP-1-cIAP-2 to NIK
(NF-xB-inducing kinase), a MAP3K that plays an important
role in non-canonical NF-kB activation. cIAP-1 and cIAP-2
ubiquitinate NIK in the complex formed, and, thereby,
trigger its proteasomal degradation. Binding TNF-a to
TNFR?2 results in the translocation of the TRAF-2-cIAP-1-
cIAP-2 complex from the cytoplasm to a receptor. Hence,
NIK is not degrading. This enzyme is subsequently able to
stimulate IKKo, which phosphorylates the precursor protein
p100. This leads to its proteolytic digestion and the forma-
tion of the active dimer NF-kB-p52 [60-62]. In comparison
with TNFR1, TNFR2 activates NF-xB more slowly, but it
stays active for a longer time [60]. Some papers also indicate
that TNFR2 can interact with proteins RIP-1 and TRADD,
known from TNFRI1 signaling, via TRAF-2 and contribute
to activation of the transcription factors NF-xB and AP-1
through JNK and p38 pathways [63, 64].

TNFR2 has the specific ability to activate endothelial/
epithelial tyrosine kinases (Etk), which participate in cell
adhesion, migration, proliferation, and survival indepen-
dently on TRAF-2. Direct interaction of Etk with TNFR2
leads to formation of the trimolecular complex TNFR2-
Etk-VEGFR2 (vascular endothelial growth factor receptor
2), where coordinated reciprocal phosphorylation causes
activation of PI3K/Akt kinase. Its activation by TNF-a in
epithelial cells represents an anti-apoptotic and anti-
necrotic pathway which could compensate pro-apoptic
signals mediated by TNFRI1 [65, 66].
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Although TNFR2 lacks a death domain, its activation
can result in apoptosis. Under conditions of stress in a
cell, signaling complex II can be formed via TRAF-2,
followed by the activation of caspase 8 and apoptotic cell
death. The other theory supposes that prior TNFR2 acti-
vation could lead to exhaustion of the cIAP pool, which
together with TRAF-2 is a part of the surviving complex,
and this deficit could lead to apoptosis caused by TNFR1
activity [64].

Role of TNF-a signaling during inflammation
and the response of an organism

Inflammation belongs to the main mechanisms of innate
immunity [67] and is an organism’s response to infection,
antigen action, or tissue injury. TNF-o belongs to the pro-
inflammatory cytokines. The aim of inflammation is to
eradicate the irritating agent and accelerate the regenera-
tion of tissue. On the other side, an inadequate
inflammatory reaction can result in tissue damage and in
severe cases it could even cause organ failure and death
[68]. Optimally, the inflammatory reaction should be lim-
ited by eliminating the harmful agent, isolating the
damaged tissue, and controlling this tissue [67].

Vasodilatation

Vasodilatation is a well described feature of acute inflam-
mation and is clinically manifested as flare and higher
temperature at the inflamed site. Its main purpose is to
facilitate the penetration of inflammatory mediators and
cells into the target tissue. In the case of severe systemic
inflammation, e.g., in the case of sepsis, it can result in
massive vasodilatation, which can end in systemic hypo-
tension and shock. Vasodilatation is mediated primarily by
nitric oxide (NO) and vasodilatation acting prostanoids
(PGI,, PGD,, PGE,, and PGF,,) [69-71].

NO is produced by three kinds of NO-synthases
(NOS)—endothelial (eNOS), neuronal (nNOS), and
inducible (iNOS) [70]. It has been found that TNF-o and
some other pro-inflammatory cytokines stimulate iNOS
expression in macrophages and some other leukocytes [72].
NO is created in the form of the reactive NO- radical during
the conversion of L-arginine to L-citrulline. This radical
activates guanylate cyclase leading to the generation of
cGMP followed by relaxation of the smooth muscle cells of
the vessel. The NO produced by iNOS simultaneously
contributes to vascular dysfunction by inducing apoptosis
in endothelial cells. TNF-o has the opposite effect on
eNOS, suppressing expression. The NO produced by eNOS
is applied during physiological functions of the endothe-
lium [73, 74].
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Via stimulation of cyclooxygenase 2 (COX-2), TNF-a
increases the production of prostanoids PGE,, PGF,,, and
PGI,, among them, PGI, has the highest vasodilatation
activity [75].

Edema

One of the characteristic features of inflammation, as
defined by Celsius in the first century, is fumor. This
appellation comes from the ability of TNF-o and other
mediators (e.g., histamine, bradykinine, substance P, leu-
kotrienes, complement components, and PAF) to induce
edema [16, 76, 77].

Edema develops as a consequence of higher vessel
permeability, temporarily increased hydrostatic pressure in
the capillaries and decreased oncotic blood plasma pres-
sure. Synchronization of these three factors initiates the
transfer of transvascular liquid and protein and thus facil-
itates the access of antibodies and acute phase proteins the
site of the inflammation [68].

One possible mechanism, by which TNF-a could con-
tribute to the creation of edema is by disrupting the
structure of the endothelium of the vessel structure. Heal-
thy endothelium is strengthened by a glycocalyx layer,
which plays a key role in regulating inflammation and
vessel permeability. TNF-a is able to induce degradation of
this layer and, hence, augments permeability [78]. It also
causes destabilization of the endothelial cell cytoskeleton,
disturbs the integrity of the monolayer, and participates in
the formation of intercellular gaps [79]. The adhesive
molecule cadherin at endothelial cell junctions has a piv-
otal role in the integrity of the epithelium. TNF-o increases
the tyrosine phosphorylation of this protein, which opens
the paracellular passage for solutes and macromolecules.
Up to 60 % of the disintegration of the endothelial barrier
could be caused by this mechanisms [80].

TNF-a can also contribute indirectly to the occurrence
of edema. It has been reported that this cytokine signifi-
cantly increases the expression of bradykinin B; receptor
and thus allows bradykinin to induce the formation of
edema [81].

Facilitation of the adhesion of leukocytes

Vasodilatation and liquid exudation are accompanied by
the migration of leukocytes to the inflamed site. This
process consists of five partial steps: margination, rolling,
adhesion of leukocytes to the endothelium, diapedesis, and
chemotaxis to the target site. The interaction between
leukocytes and endothelial cells is mediated by cell adhe-
sion molecules (CAMs), where selectins and the
immunoglobulin superfamily CAMs (IgSF CAM) are
reckoned in.
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Selectins are Ca®"-dependent receptors that bind sialy-
lated carbohydrate determinants. There are three known
selectin members: P-selectin (platelet), E-selectin (endo-
thelial), and L-selectin (leukocyte). The binding of
selectins to ligands, together with the vascular shear force,
promotes the rolling of leukocytes on the endothelial sur-
face. TNF-a is able to stimulate the expression of E- and
P-selectins [82]. E-selectin participates in the adhesion of
neutrophils, monocytes, and memory T-leukocytes on
stimulated platelets and endothelial cells. P-selectin is
responsible for the binding of neutrophils and monocytes.
The situation is different in the case of L-selectin. After
neutrophil activation, L-selectin is cut off from the surface
and forms sL-selectin. Demerging of L-selectin is neces-
sary for the implementation of diapedesis and it has been
proven that TNF-a decreases the L-selectin on the surface
of neutrophils and increases its soluble form [83].

Selectin-mediated rolling of leukocytes does not lead to
strong adhesion and transmigration until IgSF CAMs are
involved. From this view, intracellular CAM (ICAM)-1,
ICAM-2, vascular CAM (VCAM)-1, and platelet-endo-
thelial CAM (PECAM)-1 represent the most important
players. TNF-o stimulates the expression of ICAM-1 and
VCAM-1 [82].

ICAM-1 is constitutively exprimed in small numbers on
the endothelial cells of vessels, some lymphocytes, and
monocytes. It contributes to leukocyte-leukocyte, leuko-
cyte-endothelium, and leukocyte-epithelium interactions
and transendothelial migration. The ligand for ICAM-1
binding is macrophage-1 antigen (MAC-1) which occurs
on the surface of leukocytes [84]. VCAM-1 mediates the
binding of lymphocytes, monocytes, basophiles, and eo-
sinophiles to the endothelium, but it does not interact with
neutrophils. It plays an important role in the creation of
infiltrates rich in T-lymphocytes and, thus, contributes to
forming special memory T-lymphocytes at the site of
inflammation [85].

Regulation of blood coagulation during inflammation

Inflammation and blood coagulation are tightly associated.
The coagulation cascade activated by injury of tissue or
infection can be divided into extrinsic and intrinsic ways
which connect together in the final state and result in
thrombin activation following the processing of fibrinogen
into insoluble fibrin. The intrinsic pathway is most com-
monly activated by direct damage of tissue, whereas the
extrinsic pathway is characteristic for infection and system
inflammation [68, 86].

Activation of the extrinsic pathway is initiated by the
production of tissue factor (TF). This is a transmembrane
protein exprimed on the surface of ranks of somatic cells
(e.g., the smooth muscle cells surrounding vessels) which

do not occur in vessels under physiological conditions;
intravascular cells (e.g., endothelial cells and blood ele-
ments) lack this protein. The situation changes during
inflammation, when TNF-o and some other cytokines
induce TF expression in monocytes and the endothelium.
Thus activated, TF creates a complex with factor VII,
which finally results in thrombin activation. Coagulation
cascade activation is important not only from the view of
fibrin clot formation, but it is also able to enhance the pro-
inflammatory response. Specifically, factor Xa, thrombin,
and the complex TF-factor VIla can increase the produc-
tion of TNF-a and other pro-inflammatory cytokines in
mononuclear leukocytes and endothelial cells [68, 87].
Apart from favoring coagulation, TNF-o also attenuates
fibrinolysis because of its ability to lower the expression of
tissue plasminogen activator (tPA), which converts plas-
minogen to plasmin and, thus, initiate fibrinolysis.
Experimental results indicate that TNF-a can stimulate the
expression of tPA in the early state, but during long-lasting
stimulation this effect changes to inhibition [88].

Changes in the production of reactive oxygen species

Many in vitro and some in vivo experiments confirm that
reactive oxygen species (ROS) produced by NADPH oxi-
dases (NOX) play an important role in inflammatory signal
transduction by triggering some redox-dependent cell sig-
nal pathways [89]. NOX are strictly regulated membrane-
bound enzymes whose main function is to catalyze electron
transfer from NADPH to molecular oxygen and, thus,
participate in creating superoxide radicals and hydrogen
peroxide. Members of the NOX family (NOX1-5) consist
of catalytic subunit gp91P"* and the regulatory subunits
p40ph°", p47ph°", p67ph°", p22ph°", and the small GTPase
RAC [90]. A study performed on isolated human coronary
endothelial cells proved that TNF-a increases the expres-
sion of NOX4A, p47P"*, p67°"* and p22P"°*, which
results in up to three-times more NOX activity [91]. ROS
produced by endothelial cells after TNF-o stimulation
activates some MAPKs and increases the synthesis of
ICAM-1 and E-selectin [92, 93].

TNF-a is also a very potent stimulator of the respiratory
burst in polymorphonuclear leukocytes allowing defusing
of phagocytated foreign elements. But TNF-a uses ROS as
secondary messengers to modulate the activity of NF-xB
(for more information see the excellent reviews [89, 94]).

Fever
According to the humoral theory of the origin of fever,
TNF-a serves as a pyrogenic cytokine which has the ability

to infiltrate the hypothalamus through fenestrations in the
hematoencephalic barrier or by active transport mediated

@ Springer



648

H. Zelova, J. Hosek

by the cells surrounding the hypothalamus. A key feature
of this theory is that TNF-a, like other pyrogenic cytokines,
activates fever indirectly by stimulating local endothelial
cells or microglies to produce PGE,. This prostaglandin
subsequently initiates the response of the thermoregulatory
neurons in the hypothalamus via PGE receptor 3 [95].

TNF-o and inflammation-related cancerogenesis

Increasing evidence from studies suggests that dysregu-
lated inflammatory response plays a pivotal role in many
chronic disorders, including cancer [96]. Current estimates
suggest that about 25 % cancers are associated with
chronic inflammation [97]. One of the key molecule
mediating inflammatory processes to tumor promotion is
TNF-a, although its role is paradoxical. According to its
name, high-dose local administration of TNF-oo has a
powerful tumor-necrosis activity, while low-dose chronic
production may act as endogenous tumor promoter par-
ticipating in all steps of tumorigenesis, including cellular
transformation, proliferation, growth, invasion, angiogen-
esis, and metastasis [98—100].

TNF-o. may promote DNA damage by inhibition of
DNA-repairing enzymes caused by an elevated production
of NO. TNF-a acts as a paracrine or autocrine growth
factor, which increases levels of positive cell cycle regu-
lators, decreases levels of cyclin-dependent kinase (CDK)-
inhibitors and stimulates production of other growth factors
[100-103]. Its proangiogenic effect is mediated though
VEGF, VEGFR?2, fibroblast growth factor 2 (FGF2), IL-8,
PAF, ephrin A, NO, E-selectin, ICAM-1 and thymidine
phosphorylase [104—-107]. TNF-o also promotes tissue
remodeling via stimulation of matrix metalloproteinases
(MMPs) as well as tumor dissemination and metastasis
through expression of chemokine CXCR4 and its receptor
CLCL12, up-regulation of migration-inhibitory factor
(MIF) in macrophages, monocyte chemotactic protein 1
(MCP-1), IL-8 and ICAM-1 [108-110]. High circulating
levels of TNF-ao and its soluble receptors are associated
with poor prognosis and resistance to cytotoxic drugs.
Thus, novel strategies that neutralize systemic TNF-o. may
be useful in cancer treatment and prevention [96, 111].

Conclusion

The physiological and pathophysiological roles of TNF-o
are very complex. Binding TNFR1 or TNFR2 triggers
various intracellular signal pathways including activation
of MAPKSs, transcription factors or caspases in case of
apoptosis. Being one of the most important pro-inflam-
matory cytokines, TNF-a participates in vasodilatation and
edema formation, leukocyte adhesion to epithelium
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through expression of adhesion molecules; it regulates
blood coagulation, contributes to oxidative stress in sites of
inflammation and indirectly induces fever. These effects
can be mediated through induction of some enzymes pro-
ducing extracellular signaling molecules like NO,
prostanoids (PGE,, PGF,,, PGI,) or ROS. Interestingly,
there has been observed a significant interplay between
chronic inflammation and cancerogenesis. According to the
dominant role of TNF-a in pathogenesis of inflammatory
diseases, specific antibodies against TNF-ao (e.g., inflix-
imab, etanercept, adalimumab, golimumab, and
certolizumab) have become invaluable in treatment of
some autoimmune diseases like rheumatoid arthritis,
inflammatory bowel diseases, asthma bronchiale, systemic
lupus erythematosus, psoriasis, sarcoidosis and other dis-
eases. Hence, the modulation of the level of TNF-a in
tissue during inflammatory states has become a very
promising target of therapy of the above mentioned
diseases.

Although many actions of TNF-o has been well
described nowadays, there still remains a lot unknown
about the mechanisms by which TNF-a regulates the
inflammatory reaction and tumorigenesis.
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- IBD: prehledova prace

Rostliny v terapii idiopatickych
strevnich zanetu

Plants in the therapy of inflammatory bowel disease

Z.Vochyanova, K. Sikorova, K. Smejkal, J. Hosek
Ustav pfirodnich [é¢iv, Farmaceutickd fakulta, Veterindrni a farmaceutickd univerzita Brno

Souhrn: Lécivé rostliny slouzi jiz nékolik tisic let jako prostredky v [é¢bé riznych onemocnéni. Prestoze se jejich obliba v prdbéhu
historie ménila, zdjem o rostliny a jejich obsahové latky dnes opét vzrista. Vyzkum se nyni zaméruje na uréeni obsahovych latek
zodpovédnych za Uc¢inek a na objasnéni jejich mechanizmu pUsobeni. Rostliny maji své misto i v doplnikové terapii chronickych
zanétlivych onemocnéni. Chronické stfevni zanéty, jako jsou Crohnova choroba a ulcerézni kolitida, jsou chronicka onemocnéni
gastrointestinalniho traktu. Jejich incidence v poslednich letech neustale narlsta a onemocnéni ma tézko predvidatelny pribéh.
Vzhledem k nejasné etiologii stievnich zanétd neni dosavadni terapie zcela Uspésna. Z ddvodu Castych nezadoucich ucinkd a ne-
dostatecného efektu standardni Ié¢by je pouziti komplementarni a alternativni mediciny u pacientd velmi rozsifené. Rostlinné
produkty tak mohou nemocnym poskytnout alternativni nebo dopliikovou moznost [é¢by. Toto review pfinasi prehled rostlin a pfi-
padné jejich obsahovych latek pouzivanych v doplikové terapii chronickych stfevnich zanétd s ohledem na jejich hodnoceni v kli-
nickych studiich.

Klicova slova: experimentalni modely — fytoterapie — idiopatické stfevni zanéty — klinické studie

Summary: Medicinal plants have been used to treat various diseases for thousands of years. Although their popularity has changed
in the course of history, the interest in plants and in their active compounds is currently increasing. Today's research focuses on
determining the active substances responsible for the effect and their mechanism of action. Plants have also their place in com-
plementary therapy of chronic inflammatory diseases. Inflammatory bowel disease (IBD), such as Crohn’s disease and ulcerative
colitis, are chronic diseases of the gastrointestinal tract. Their incidence has been increasing in recent years and it is difficult to
predict the progression of the disease. Due to the unclear aetiology of inflammatory bowel disease, current therapy is not com-
pletely successful. Complementary and alternative medicine is widely used by patients because of frequent side effects and lack of
effectiveness of the standard therapy. Plant products may provide an alternative or supplementary treatment option to patients.
This review brings a survey of plants and their content compounds used in complementary therapy of inflammatory bowel disease
with special relevance to clinical studies.

Key words: experimental animal models — phytotherapy — inflammatory bowel disease — clinical trials

Crohnova choroba (Crohn’s disease —
CD) a ulcerdzni kolitida (ulcerative co-
litis — UC) jsou chronické zanétlivé
nemoci souhrnné oznacované jako idio-
patické strevni zanéty (inflammatory
bowel disease — IBD). Postihuji rizné
c¢asti gastrointestinalniho traktu, pre-
devsim tenké a tlusté strevo. Lisi se od
sebe hloubkou postizeni travici trubice
a lokalizaci zanétu. Pfic¢ina vzniku IBD
neni doposud zcela objasnéna. Pred-
poklada se spolupUsobeni nékolika
faktord: abnormalni slizni¢ni imunitni

reakce, genetické predispozice a mi-
krobialni ¢i environmentalni vlivy [1].
V soucasnosti se v terapii IBD uplatriuje
zejména farmakoterapie a chirurgické
postupy. Hlavnimi skupinami pouziva-
nych latek jsou aminosalicylaty, gluko-
kortikoidy, imunosupresiva, antibiotika,
chemoterapeutika a biologicka Iéciva.
Soucasna lécebnd strategie viak neni
vzdy zcela efektivni, a fada pacientd se
tak uchyluje ke komplementarni a alter-
nativni mediciné (complementary and
alternative medicine — CAM).

CAM je oznacenim pro nekonvencni
medicinu a zahrnuje Sirokou $kalu dia-
gnostickych a lé¢ebnych postupd.
Na rozdil od klasické mediciny je pfi-
stup k péci o pacienta holisticky, coz je
obzvlasté dllezité u chronickych one-
mocnéni. V fadé pripadl pfinasi alter-
nativni metody moznost snizit davku
a pocet uzivanych Ié¢iv nebo se vy-
hnout operaci [2]. Z rdznych typd CAM
je u pacientl s IBD preferovana ho-
meopatie, akupunktura a v neposledni
fadé také fytoterapie [3].
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Byla jiz provedena cela fada studii
hodnoticich U¢innost a mechanizmus
pUsobeni rostlinnych extraktd nebo ¢is-
tych latek in vivo na laboratornich zvi-
fatech ¢i v klinickych studiich u pa-
cientU s IBD. R0zné internetoveé stranky
a diskuze urcené pacientdm doporu-
Cuji kazdodenni uzivani aloe gelu, zele-
ného Caje, kurkumy nebo pelynku [4,5].
Néktera doporuceni jsou podlozena re-
levantnimi klinickymi studiemi, jina
pouze experimenty na laboratornich
zvitatech. Dlouhodobé zkuSenosti s al-
ternativni Iécbou, véetné fytoterapie,
maji predevsim asijské zemé. Tradi¢ni
[écba IBD v Iranu zahrnuje napt. poda-
vani pryskytice z kefe Pistacia lenticus
a stromu Boswellia serrata, semen jitro-
cele a fefichy nebo plodd fenyklu [6].

Toto review si klade za cil shrnout
dosud zndmé vysledky in vivo studii
a zavéry klinickych hodnoceni. Publi-
kacni podklady byly vyhledany v data-
bazich PubMed a Web of Knowledge
pod klicovymi slovy: ,experimental co-
litis", ,,clinical trials", ,Crohn’s disease",
sUlcerative colitis", ,protective", ,plant
extracts".

In vivo experimenty

Studie na laboratornich zviratech vy-
uzivaji nékolika moznych zpUsobd na-
vozeni stfevniho zanétu. Kazdy zpUsob
ma svou charakteristickou patogenezi
a zadny zcela lidskou IBD nekopiruje,
presto pfinasi moznost otestovat akti-
vitu a zjistit mechanizmus 0c¢inku no-
vych biologicky aktivnich latek. Nej-
Castéji jsou pouzivany modely kolitidy
indukované chemickymi latkami, napf.
podanim kyseliny 2,4,6-trinitroben-
zensulfonové (TNBS), kyseliny octové,
dextran sulfatu sodného (DSS) nebo
indomethacinu. Tyto chemické latky
vyvolavaji u laboratornich zvifat imu-
nitni reakci, ovliviuji hladinu ochran-
nych prostaglandind nebo zpUsobuji
pfimé poskozeni stfevni tkané. Dalsi
modely vedou ke spontannimu vyvoji
kolitidy vyuzitim genovych manipulaci
(interleukin (IL)-7 transgenni mysi, mysi
s knock-outovanym genem pro IL-10).

Rostliny v terapii idiopatickych strevnich zanétd

Historicky nejstarsi zpUsob navozeni
stfevniho zanétu je zaloZen na adoptiv-
nim bunécném transferu T lymfocytd
do imunodeficientnich zvifat, nejno-
véjsi modely vyuzivaji vlivu y-zareni [7].

Testované prirodni latky Ucinkuji na
experimentalnich modelech kolitidy
rGznymi mechanizmy — pGsobi antioxi-
dacné, ovliviiuji expresi zanétlivych cy-
tokind nebo zasahuji do metabolizmu
kyseliny arachidonové a signalni drahy
vedouci k aktivaci nuklearniho faktoru
(NF)-kB [8].

Jednim z etiologickych faktord Croh-
novy choroby a ulcerézni kolitidy je ab-
normalni slizni¢ni imunitni reakce.
V zanétlivé zménéné sliznici gastrointes-
tinalniho traktu pacientd s IBD bylo na-
lezeno zvy3ené mnoZstvi T, lymfocytd,
makrofagd, neutrofild a mastocytd.
S tim souvisi i vySSi exprese prozanét-
livych cytokind jako napt. IL-1f3, IL-6,
IL-12, tumor nekrotizujiciho faktoru —
TNFa, interferonu (IFN)-y [8]. Vliv na ex-
presi téchto protein0 byl prokazan u celé
fady rostlinnych extraktd a izolovanych
latek. Napriklad kurkumin z rostliny Cur-
cuma longa vykazoval tyto Ucinky v fadé
in vivo studii [9-11]a na jejich zakladé byl
zahrnut do klinickych hodnoceni, stejné
jako latky ziskané z Cannabis sativa
[12,13] & Tripterygium wilfordii [14,15].

Vyznamnou roli by v etiologii strev-
nich zanétd mohl hrat také oxidativni
stres. Nedavné studie poukazaly na sni-
zenou antioxidacni kapacitu a zvySené
mnozstvi volnych kyslikovych radikald
u pacientd s IBD [8]. U rostlin je v in vivo
studiich testovana schopnost redukovat
peroxidaci lipid0 a zvySovat celkovou
antioxidacni kapacitu. Proto je sledo-
vana aktivita myeloperoxidazy, hladiny
malondialdehydu, superoxiddismutaz,
katalazy ci glutathionu. Antioxidacni
efekt byl na experimentalnich mode-
lech kolitidy prokazan napf. u rostlin
Polygonum multiflorum [16], Vitis vini-
fera [17], Camellia sinensis [18,19] nebo
Zingiber officinale [20].

V zanétlivém procesu hraje ddlezi-
tou roli metabolizmus kyseliny arachi-
donové souvisejici s produkci cyklo-

oxygenaz (COX). COX-2 je inducibilni
formou enzymu katalyzujiciho syntézu
prostaglandind na zakladé pUsobeni
prozanétlivych cytokind. Snizit hladinu
COX-2 u experimentalnich modeld ko-
litidy dokazal resveratrol z Vitis vini-
fera [17,21,22], kurkumin z Curcuma
longa [23-25], berberin z Berberis vul-
garis [26] nebo glykoprotein z plodd
rostliny Gardenia jasminoides [27].
Tyto pfirodni latky také snizovaly hla-
dinu oxidu dusnatého a inducibilni syn-
tazy oxidu dusnatého (iNOS), ktera je
rovnéz zapojena do zanétlivych reakci
[9,17,22,25-27]. Nadprodukce dalsiho
metabolitu kyseliny arachidonové, leu-
kotrienu (LT) B,, byla pozorovana u pa-
cientd s rGznymi chronickymi zanétli-
vymi chorobami, véetné IBD. Prozatim
byl efekt redukce LT B, popsan u Aloe
vera [28] a Plantago ovata [29].

U pacientd s chronickymi stfevnimi
zanéty byla dale zjisténa nadmérna ak-
tivace NF-kB, transkripéniho faktoru
regulujiciho expresi fady gen0 spoje-
nych se zanétlivou reakci a apopto-
zou. Rostliny jako napf. Berberis vulga-
ris [26], Curcuma longa [30], Camellia
sinensis [31-33]a Ginkgo biloba [34] in-
hibuji aktivaci nuklearniho faktoru na
rGznych Urovnich signalni drahy.

Klinickeé studie
Klinické studie sledujici Uc¢innost fy-
toterapie jsou provadény u pacientd
s Crohnovou chorobou i ulcerézni ko-
litidou. Hodnoti se predevsim zména
aktivity onemocnéni, endoskopicky
nalez, doba setrvani v remisi nebo jeji
dosazeni a potreba vziti dalsich 1ékd.
Vyssi vypovédni hodnotu maji stu-
die randomizované, dvojité zaslepené
a s vétsim poctem pacientl. Ze studii
s malym poctem pacientd, nekontrolo-
vanych a nezaslepenych nelze vyvodit
spolehlivé zavéry, mohou vsak slouzit
jako podklady pro dalsi hodnoceni.
Jednou z ptirodnich latek, ktera
by mohla mit do budoucna své vyu-
ziti v doplikové terapii IBD, je kurku-
min (v potravinarstvi oznacovany jako
E100), zluté prirodni barvivo extraho-
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Tab. 1. Prehled klinickych studii u pacientu s ulcerozni kolitidou.
Tab. 1. Summary of clinical trials of patients with ulcerative colitis.

Rostlina Pouzita cast Koncept studie Pocet Vysledky studie Studie
pacienty
Aloe vera gel dvojité zaslepena, 44 remise u 30 % pacientd, v placebo [45]
randomizovana, skupiné u 7 %; {SCCAI, histologické skore
placebem kontrolovana
Andrographis  etanolicky extrakt dvojité zaslepen3, 120 klinicka remise u 21 % pacientd, [37]
paniculata z rostliny HMPL-004 randomizovana, ve skupiné uzivajici mesalazin u 16 %;
kontrolovana srovnatelny Uc¢inek s mesalazinem
mesalazinem
etanolicky extrakt dvojité zaslepena, 224 remise u 34 % pacientd uzivajicich [38]
z rostliny HMPL-004 randomizovana, 1200 mg, u 38 % uzivajicich 1 800 mg;
placebem kontrolovana v placebo skupiné u 25 %
Angelica ASI (Iékova forma randomizovana, 94 inhibice aktivace trombocytd, [54]
sinensis pro injekéni podani) kontrolovana béznou zlepseni mikrocirkulace; Jvaskularni
léc¢bou poskozeni endotelu
Boswellia pryskyrice kontrolovana neuvedeno remise u 82 % pacienty, ve skupiné [40]
serrata sulfasalazinem uzivajici sulfasalazin u 75 %; LCAI
pryskyfice kontrolovana 30 srovnatelny Ucinek se sulfasalazinem [41]
sulfasalazinem v dosazeni remise; {CAI
Curcuma kurkumin pilotni 5 zlepSeni poctu a kvality stolice; [35]
longa {CRP, rychlost sedimentace
kurkumin dvojité zaslepeng, 89 relaps u 4,65 % pacientd, [36]
randomizovana, v placebo skupiné u 20,51 %;
placebem kontrolovana {CAl a endoskopické hodnoceni
Hordeum nakliceny je¢men otevrena 18 LCAI, tfekalni mikrofldra Bifidobacterium — [47]
vulgare spp. a Eubacterium limosum
nakliceny je¢men otevrena 59 JCAI [48]
nakliceny je¢men otevrena 41 {TNFaq, IL-6, IL-8 [49]
Oenothera olej randomizovana, 43 pupalkovy olej vyznamné zlepsil [53]
biennis placebem kontrolovang, konzistenci stolice ve srovnani's rybim
srovnani s rybim olejem a placebem
a olivovym olejem
Plantago vladknina ze semen randomizovana, 105 srovnatelny Ucinek s mesalazinem [50]
ovata otevrena, kontrolovana
mesalazinem
Triticum stava z klickd dvojité zaslepen3, 23 JCAl a rektalni krvaceni [46]
aestivum pSenice randomizovana,

placebem kontrolovana

CAl —index aktivity kolitidy, CRP — C-reaktivni protein, IL — interleukin, SCCAI - zjednoduseny index aktivity kolitidy,

TNF - tumor nekrotizujici faktor

vané zoddenku rostliny Curcumalonga.
V fadé in vivo studii na riznych mode-
lech kolitidy se potvrdily jeho protiza-

nétlivé i antioxidacni ucinky. Podavani

kurkuminu zlepSilo makroskopickeé
i histologickeé skore, snizilo expresi pro-
zanétlivych a zvysilo expresi protiza-
nétlivych cytokind. Kurkumin potla-
Cuje aktivaci NF-kB, snizuje expresi
COX-2 a iNOS a neutrofilni infiltraci

[9-11,23-25,30]. Vysledkem pilotni

studie u pacientd s CD bylo snizenf in-
dexu aktivity onemocnéni [35]. Pacien-
tdm s UC umoznilo pridani kurkuminu
ke stavajici terapii snizit davky nebo
Uplné vysadit lé¢bu mesalazinem. Tato
pfirodni latka se rovnéz osvédcila jako
doplnék ke standardni terapii v udrzo-
vacilécbé UC. Randomizovang, dvojité
zaslepend multicentrickd studie vyka-
zala nizsi frekvenci relapsu onemoc-
néni pfi kombinaci standardni terapie

s kurkuminem ve srovnani s monotera-
pii aminosalicylaty [35,36].

Ucinek srovnatelny s mesalazinem
prokazal také extrakt z rostliny Andro-
graphis paniculata u pacientd s rizné
aktivni UC. Rostlina je Siroce pouzivana
k 1écbé zanétlivych a infekénich one-
mocnéni v asijskych zemich. Za 0¢i-
nek extraktu jsou pravdépodobné
zodpovédné diterpenické laktony
andragrafolidy [37,38].
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Dalsi diskutovanou rostlinou je
Boswellia serrata a jeji pryskyfice, kterd
je testovana ve formé rdznych extraktd.
Efekt srovnatelny se standardni terapii
vykazal pouze chloroform/metanolicky
extrakt s oznacenim H15 u pacient(
s aktivni CD [39] a cista pryskyfice u pa-
cientU s aktivni UC [40,41]. Vétsi frek-
vence remise u pacientd uzivajicich
pryskyfici naznacuje, ze by mohla byt
ucinnym lékem v terapii UC s minimal-
nimi vedlejSimi Ucinky. Za pUsobeni
je pravdépodobné zodpovédny deri-
vat triterpenické kyseliny boswellové,
acetyl-11-keto-f3-boswellova kyse-
lina (AKBA), které je pfifazovana rada
biologickych 0cinkd [42]. To potvr-
zuje také in vivo experiment na modelu
indomethacinové kolitidy. Extrakt H15

......

oxidacni pUsobeni a vyznamné snizily
poskozeni stfevni tkané [43]. Ostatni
typy extraktd nevykazovaly Ucinek [44].

Védci se v klinickych studiich rovnéz
zamérili na Aloe vera, rostlinu, ktera

Rostliny v terapii idiopatickych strevnich zanétd

byla u pacientd s IBD roky pouzivana
i pres nedostatek dikazu o jejich ucin-
cich na stfevni zanéty. Nedavné in
vivo studie na modelu DSS induko-
vané kolitidy u potkan0 prokazaly, ze
gel z aloe i jeho slozky, aloin a aloesin,
vyznamné snizuji hladinu prozanétli-
vych markerd jako TNFa, IL-113 ¢i ak-
tivitu myeloperoxidazy [28]. Klinické
studie hodnotily uc¢innost gelu u pa-
cientd s aktivni ulcerézni kolitidou.
Peroralni l1é¢ba gelem z aloe doka-
zala snizit index aktivity onemocnéni
a zlepsit histologické skore vice nez
placebo [45].

Svymi vysledky v klinickém testovani
zaujaly i obiloviny z Celedi Poaceae,
je¢men (Hordeum vulgare) a psenice
(Triticum aestivum). UzZivani psenicné
Stavy je pro lécbu rdznych gastrointes-
tindlnich obtizi a pro celkovou detoxi-
kaci organizmu doporucovano po vice
nez 30 let [46]. Randomizovana dvo-
jité zaslepend kontrolovana studie
prokazala u pacient0 s aktivni UC vy-

Tab. 2. Prehled klinickych studii u pacientt s Crohnovou chorobou.
Tab. 2. Summary of clinical trials of patients with Crohn’s disease.

Rostlina Pouzita cast
Arthemisia praskovana droga
absinthium
Boswellia extrakt z pryskyfice
serrata H15
etanolicky extrakt
z pryskyfice
(Boswelan)
Cannabis konopi pro lékarské
sativa Ucely
Curcuma kurkumin
longa
Pistacia pryskyfice
lenticus
Tripterygium chloroform/
wilfordii metanolicky extrakt
T2
Vaccinium komercni preparat
myrtillus s vysokym obsahem

anthokyanind

znamné snizeni indexu aktivity one-
mocnéni a snizeni zavaznosti rektal-
niho krvaceni [46]. Nakliceny je¢men
se pak v rbznych studiich projevil
jako vhodna doplrikova lé¢ba u ak-
tivni UC [47] i u pacientl v remisi [48].
Jecmen snizil klinickou aktivitu cho-
roby, snizil hladinu zanétlivych inter-
leukinG a prodlouzil dobu remise [49].
Za Ucinek nakliceného je¢mene jsou
pravdépodobné zodpovédné kyselina
maselna a propionova, které vznikaji
jeho fermentaci ve stfevé. Podobné je
tomu u semen Plantago ovata. Ran-
domizovana klinicka studie prokazala,
Ze jejich pfidani ke standardni terapii
usnadnuje u UC dosazeni remise [50].
In vivo studie na transgennich potka-
nech potvrdila, Ze pravé mastné kyse-
liny s kratkym fetézcem inhibuji pro-
dukci TNFa [29].

Lécebné Ucinky Cannabis sativa jsou
jiz fadu let zkoumany v rGznych obo-
rech mediciny. K popisu U¢inku konopi
u pacienty s CD byla provedena retro-

Koncept studie Pocet Vysledky studie Studie
pacientd
dvojité zaslepena, placebem 40 remise u 65 % pacientd, [56]
kontrolovana v placebo skupiné u zadného;
{Hamiltonovy stupnice deprese
dvojité zaslepena, 102 LCDAI srovnatelné s mesalazinem [39]
randomizovana,
kontrolovana mesalazinem
dvojité zaslepena, 108 v remisi zUstalo 59,9 % pacientd, [42]
randomizovana, placebem v placebo skupiné 55,3 %; zadné
kontrolovana vyhody u pacientl uzivajicich extrakt
retrospektivni, observacni 30 LCDAI, {potreba uzivani dalsich [51]
léky a operace
pilotni 5 LCDAI, CRP, rychlost sedimentace [35]
pilotni 18 LCDAI, CRP, IL-6; [57]
Tcelkova antioxidacni kapacita
otevrena 20 {CRP, TNFa a IL-1pB; JCDAI [59]
pilotni 13 {Mayo skore, Lkalprotektin ve stolici [55]

CDAI —index aktivity Crohnovy choroby, CRP — C-reaktivni protein, IL —interleukin, TNF — tumor nekrotizujici faktor
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spektivni observacni studie, kterd zjis-
tila, ze konopi snizuje index aktivity
onemocnéni a potrebu uzivani dal-
Sich 1ékd a operaci. Pfestoze koureni
bylo nejcastéjsim zpUsobem aplikace,
protizanétlivy ucinek mohl byt stejné
dobfe dosazen i peroralnim poda-
nim [51]. In vivo studie potvrzuji U¢inky
na riznych modelech kolitidy. Testo-
vany kanabidiol a kanabigerol, nepsy-
chotropni kanabinoidy, snizuji expresi
iNOS, moduluji hladiny cytokinG a vy-
kazuji antioxidacni ucinky [12,13,52].

Soucasti fady doplnkd stravy je olej
ze semen pupalky, Oenothera biennis.
Studie srovnavala Ucinky pupalkového
oleje, olivového oleje a rybiho tuku
jako doplriku obvyklé terapie. Pupal-
kovy olej jako jediny zlepsil konzistenci
stolice, ale nepfinesl zadny jiny tera-
peuticky efekt, stejné jako ostatni [53].

Klinické hodnoceni rostliny Ange-
lica sinensis probéhlo v navaznosti na
zjisténi, ze u pacientld s UC jsou vy-
razné aktivovany trombocyty, coz
by mohlo souviset s vaskularnim po-
Skozenim endotelu. Andélika zpraco-
vana do lékové formy pro injekcni po-
dani inhibovala aktivaci trombocyt0,
snizila vaskularni poskozeni endotelu
a zlepsila mikrocirkulaci. S G¢inkem je
spojovan ferulat sodny, hlavni slozka
injekci [54].

Bordvky, plody Vaccinium myrtil-
lus, jsou bohatym zdrojem fenolic-
kych latek, predevsim anthokyaning,
u nichz byly prokazany antioxidacni
a protizanétlivé Ucinky. Pilotni studie
ovérovala efekt vysokych davek an-
thokyanind u pacientd s ulcerdzni ko-
litidou. Po Sesti tydnech Iécby doslo
ke snizeni aktivity onemocnéni az ke
kompletni remisi, ktera vsak nebyla
udrzitelnd po vysazeni testovaného
preparatu [55].

Moznost vysazeni terapie korti-
koidy u pacientl s CD zjistovala stu-
die s bylinnou smési obsahujici pra-
Sek z pelynku Arthemisia absinthium.
| pfes postupné snizovani davek korti-
koidd se pfiznaky CD zmirfiovaly a po
nékolika tydnech doslo u pacientd uzi-

vajicich bylinnou smés ke kompletni
remisi onemocnéni. Mimo jiné vyhod-
noceni Hamiltonovy stupnice deprese
ukazalo, ze pelynék ma vliv na naladu
a kvalitu Zivota pacientd [56].

V pilotni studii s pryskyfici kete Pista-
cia lenticus u pacientd s aktivni CD bylo
zjisténo snizeni plazmatickych hladin
IL-6 a C-reaktivniho proteinu (CRP).
Vyznamné se snizil i index aktivity cho-
roby. Hlavni slozkou pryskyfice, tzv.
mastichy, je kyselina oleanolova, tri-
terpen s protizanétlivymi a protinado-
rovymi Ucinky [57,58].

Extrakt z rostliny Tripterygium wilfor-
dii byl také testovan u pacientl s ak-
tivni CD. Terapie extraktem vedla k po-
klesu plazmatickych hladin CRP, TNFa
aIL-1R [59]. U¢inek je pfifazovén diter-
penoidni latce triptolidu, jejiz aktivita
byla potvrzena i na experimentalnich
modelech kolitidy. Podavani triptolidu
vedlo u mysi ke snizeni exprese proza-
nétlivych cytokinG a k inhibici signalni
drdhy NF-kB [14,15].

Vysledky klinickych studii na pacien-
tech sUCa CD shrnujitab.1a 2.

Zavér

Rostlinna fise je zdrojem obrovského
mnozstvi Uc¢innych latek, které by
mohly prispét k zefektivnéni tera-
pie idiopatickych stfevnich zanétd.
Rada latek a extraktd je schopna sni-
Zovat index aktivity onemocnéni, pro-
dluzovat dobu klinické remise a snizo-
vat poskozeni stfevni tkané a potfebu
uzivani dalsich 1ékd nebo nutnost ope-
race. Rostliny, které pozitivné ovliviiuji
prdbéh onemocnéni, jsou riznorodou
skupinou, at uz svym systematickym
zarazenim nebo obsahovymi latkami.
In vivo experimenty osvétluji mecha-
nizmus Uc¢inku a klinicka hodnoceni
sleduji jejich pUsobeni na lidsky or-
ganizmus. Vysledky studii poukazuji
na moznost vyuziti nékterych pfirod-
nich latek v terapii chronickych strev-
nich zanétd samostatné ¢i v kombinaci
se standardni lé¢bou. Pro ziskani pre-
svédcivych ddkazl o benefitu fytote-
rapie je vSak nutné provedeni dalSich,

rozsahlejSich a zejména multicentric-
kych, studii.
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Effect of Diplacone on LPS-Induced Inflammatory Gene

Expression in Macrophages

(geranyl flavanone / inflammation / MCP-1 / mRNA / TNF-a / ZFP36)

J. HOSEK!, V. ZAVALOVA?, K. SMEJKAL!, M. BARTOS!3

'Department of Natural Drugs, 2Department of Human Toxicology and Pharmacology, Faculty of Pharmacy,
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Abstract. Flavonoids are commonly studied for their
anti-inflammatory effects; however, this is the first
paper describing the possible antiphlogistic activity
of a geranylated flavanone. This study focused on the
ability of diplacone to modulate the gene expression
of pro-inflammatory tumour necrosis factor a and
monocyte chemoattractant protein 1, and of anti-in-
flammatory zinc finger protein 36. The action of
diplacone was also compared with that of conven-
tional drug indomethacin. Human monocyte-derived
macrophages of the human monocytic leukaemia cell
line were pretreated with diplacone or indomethacin.
Subsequently, inflammatory reaction was induced
by lipopolysaccharide, and changes of tumour necro-
sis factor o, monocyte chemoattractant protein 1 and
zinc finger protein 36 gene expression at the tran-
scriptional level were measured. In this model, dipla-
cone significantly down-regulated the expression of
tumour necrosis factor o and monocyte chemoat-
tractant protein 1 and up-regulated the zinc finger
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protein 36 expression. This makes diplacone a prom-
ising molecule for treatment of the inflammatory
stage of diseases. The effect of diplacone in decreas-
ing lipopolysaccharide-induced inflammatory gene
expression is in many ways similar to that of the con-
ventional drug indomethacin.

Introduction

Diplacone (also known as propoline C or nymphaeol
A) is a naturally occurring geranyl flavanone that be-
longs to plant polyphenols (Fig. 1). Wu et al. (2008)
demonstrated that adding an alkyl side chain can mark-
edly change the features of the original natural com-
pound. Plant polyphenols, especially flavonoids, have
been studied intensively for their potential therapeutic
applications, as was described in two excellent reviews
(Havsteen, 2002; Dixon, 2004). Diplacone has been
found in extracts of Paulownia tomentosa Steud. (Scro-
phulariaceae) (Smejkal et al., 2007), Macaranga tan-
arius (L.) Muell. Arg. (Euphorbiaceae) (Phommart et
al., 2005), Macaranga alnifolia Baker (Euphorbiaceae)
(Yoder et al., 2007), Schizolaena hystrix Capuron (Sar-
colaenaceae) (Murphy et al., 2005), and Mimulus cleve-
landii Brandegee (Scrophulariaceae) (Phillips et al.,
1996) and also in some kinds of propolis (Chen et al.,
2004). Several biological activities of diplacone have
been described. For example, cytotoxic and anti-cancer
or anti-proliferation effects on various human carcinoma
cells (Yoder et al., 2007; Smejkal et al., 2008a), proba-
bly caused by the ability of diplacone to induce apopto-
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Fig. 1. Molecular structure of diplacone
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sis (Chen et al., 2004), are well established. Diplacone
also exhibits a strong anti-oxidative capacity (Chen et
al., 2004; Smejkal et al., 2007). Antibacterial activity
against Gram negative bacteria has also been described
(Smejkal et al., 2008Db).

The flavonoids, among which diplacone is classified,
are commonly studied for their anti-inflammatory ef-
fects (Guardia et al., 2001). The favourite model used to
study induced inflammation both in vitro and in vivo is
stimulation of macrophages (or other cell types) by li-
popolysaccharides (LPS) obtained from Gram-negative
bacteria. Some previous papers have reported decreased
production of pro-inflammatory cytokines (e.g., tumour
necrosis factor a (TNF-a) or IL-1f) and enzymes (e.g.,
inducible isoform of nitric oxide synthase (iNOS)) after
treatment of inflamed cells with a flavonoid (Hamél4in-
en et al., 2007; Bodet et al., 2008). This result is proba-
bly due to the modulating effects of NF-kB, ERK,
STAT-1 or combination of any two or all three of them
(Hamdldinen et al., 2007; Park et al., 2007). It has been
suggested that the imbalance between pro-inflammatory
and anti-inflammatory cytokines may contribute to the
pathogenesis of autoimmune diseases (O’Shea et al.,
2002), which are usually characterized by chronic in-
flammation. The effects of cytokines are clearly evident,
especially for this kind of inflammation.

Therapeutic uses of different plant preparations as
antiphlogistics are currently being resurrected and re-
search on antiphlogistics is increasing in the global
world (Plaeger, 2003). Many plant flavones and fla-
vanones have been studied for potential application in
the therapy of such chronic inflammatory diseases as
chronic obstructive pulmonary disease (Weseler et al.,
2009), type 2 diabetes (Weseler et al., 2009), and inflam-
matory bowel disease (Shin et al., 2009).

In this paper, we focused on the study how diplacone
affects gene expression of proinflammatory cytokines
tumour necrosis factor o (TNF-a)) and monocyte chem-
oattractant protein 1 (MCP-1), also known as CCL2,
and regulatory protein zinc finger protein 36 (ZFP36),
also known as tristetraprolin (TTP) at the transcription
level. TNF-a is a typical hallmark of inflammation,
MCP-1 chemotactically regulates movement of mono-
cytes to the site of inflammation, and ZFP36 is an anti-
inflammatory protein, which binds to AU-rich regions
and destabilizes pro-inflammatory mRNA. The action
of diplacone was compared with that of conventional
drug indomethacin.

Material and Methods

Material

The RPMI 1640 medium, penicillin-streptomycin
mixture, and trypsin 170 U/ml supplemented with EDTA
200 pg/ml were purchased from Lonza (Verviers, Bel-
gium). Phosphate-buffered saline (PBS), foetal bovine
serum (FBS), phorbol myristate acetate (PMA), in-
domethacin, Erythrosin B, and the lipopolysaccharide

(LPS) obtained from Escherichia coli 0111:B4 were
purchased from Sigma-Aldrich (Steinheim, Germany).
Monoclonal antibody against F4/80-like receptor was
obtained from BD Biosciences (San Jose, CA). Dipla-
cone was isolated from Paulownia tomentosa fruits ac-
cording to the procedure of Smejkal et al. (2007). A
QuickGene RNA cultured cell HC kit S from FujiFilm
(Tokyo, Japan) and an RNase-free DNase Set from Qia-
gen (Hilden, Germany) were used for isolation of RNA.
Reverse transcription quantitative PCR (RT-qPCR) was
accomplished with a TagMan RNA-to-C, 1-Step Kit
from Applied Biosystems (Cheshire, UK) and TagMan
Gene Expression Assays from Applied Biosystems
(Foster City, CA) were used for these reactions.

Maintenance of cell culture and differentiation
to macrophages

Human monocytic leukaemia cell line THP-1 was
obtained from the European Collection of Cell Cultures
(ECACC, Salisbury, UK). This cell line was used be-
cause it is the most similar to native immune cells (Au-
werx, 1991). The cells were cultivated at 37 °C in RPMI
1640 medium supplemented with 2 mM L-glutamine,
10% FBS, 100 U/ml of penicillin and 100 pg/ml of
streptomycin in a humidified atmosphere containing 5%
CO,. The medium was changed twice a week when the
cell concentration was 5-7 x 10° cells/ml. The cell
number and viability were determined by staining with
Erythrosin B. Cells were counted manually using a
haemocytometer and a light microscope. Cells that re-
mained unstained were considered viable, light red cells
as non-viable.

Stabilized cells were split into 6-well plates to get a
concentration of 150,000 cells/ml and cultivated for
72 h. To promote differentiation of monocytes to macro-
phages, PMA was added to make the final concentration
50 ng/ml and the cells were incubated for 24 h. In com-
parison with monocytes, differentiated macrophages
tend to adhere to the bottoms of the cultivation plates.
Maturation of macrophages was also confirmed by the
immunohistochemical detection of surface glycoprotein
marker F4/80. The F4/80 antigen is expressed on a wide
range of mature macrophages. For the next 24 h the cells
were incubated with fresh complete RPMI medium, i.e.
containing antibiotics and FBS, without PMA. The me-
dium was then aspirated, and the cells were washed with
PBS and cultivated for another 24 hours in serum-free
RPMI 1640 medium. These prepared macrophages were
used for the follow-up experiments.

Drug treatment and induction of inflammation

Differentiated macrophages were pretreated for 1 h
with 10 uM or 20 uM diplacone dissolved in dimethyl-
sulphoxide (DMSO). Our previous study showed that
these concentrations lack cytotoxic effect (data not
showed). For comparison with a conventional drug,
10 uM indomethacin dissolved in DMSO was used.
This concentration is commonly used for in vitro tests
(Assreuy et al., 2003). Control cells contained a vehicle
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(DMSO) only. The concentration of DMSO was 0.1 %
in each well.

The effect of diplacone on the modulation of inflam-
matory gene expression was tested by adding 1 pg/ml
LPS dissolved in water to drug-pretreated macrophages.
LPS is able to trigger an inflammatory reaction through
binding on TLR-4 and subsequently activates the NF-xB
signalling pathway (Sharif et al., 2007).

Cell samples were harvested by trypsinization and
scraping 1, 2, 4, 6, 10, and 24 h after the LPS treatment.
Cells were spun down, frozen in liquid nitrogen, and
stored at -80 °C for further processing.

RNA isolation and quantification of gene

expression

In order to evaluate the expression of TNF-a, MCP-1
and ZFP36 mRNA, the total RNA was isolated from
frozen samples using QuickGene RNA cultured cell HC
kit S (FujiFilm) according to the manufacturer’s instruc-
tions, and supplementing this with DNase treatment.
The concentration and purity of the RNA was deter-
mined by using UV spectrophotometry.

The gene expression was quantified by using a one-
step reverse-transcription quantitative (real-time) poly-
merase chain reaction (PCR) (RT-qPCR) with TagMan
Gene Expression Assays, which contain specific prim-
ers and a TagMan probe that binds to an exon-exon
junction to avoid DNA contamination. Assay number
Hs00174128 m1 was used for TNFa, Hs00234140 m1
for MCP-1 and Hs00185658 m1 for ZFP36 gene expres-
sion quantification. 3-Actin, assay number 4326315E,
served as an internal control for gene expression. A total
of 1 pg of isolated RNA was added to 25 pl of the PCR
reaction mixture containing both reverse transcriptase
and DNA polymerase. The parameters for the qPCR
work with the TagMan RNA-to-C,. 1-Step Kit were set
up according to the manufacturer’s recommendations:

300

48 °C for 15 min, 95 °C for 10 min, followed by 40 cy-
cles at 95 °C for 15 s and 60 °C for 1 min. RT-qPCR
reactions were designed to be duplex, expressions of
both B-actin and the gene of interest were evaluated in
one tube. Results were normalized to the amount of
B-actin and the change in gene expression was deter-
mined by the AAC, method using StepOne Software,
version 2.1 (Applied Biosystems).

Statistical analysis

All experiments were performed in triplicate and the
results are presented as the mean values with error bars
representing the standard error (SE) of the mean. A one-
way ANOVA test was used for statistical analysis, fol-
lowed by Tukey’s test for multiple comparisons. A value
of P <0.05 was considered to be statistically significant.
Unistat 5.1 (Unistat Ltd., London, UK) was used to per-
form the analysis.

Results

The expression peaks of TNF-a and ZFP36 were ob-
served between 1 and 2 h after LPS stimulation, and the
mRNA level then rapidly decreased, whereas the peak
of MCP-1 was achieved 10 hours after LPS stimulation
and the decrease was much slower (Figs. 2—4).

In Table 1, the relative changes in the gene expression
of TNF-o for LPS-stimulated cells are compared to those
for vehicle-treated cells. Two hours after the LPS-in-
duced inflammation, both concentrations of diplacone
had significantly decreased the TNF-a expression by a
factor of ~1.7 (P < 0.001). A similar effect was observed
for the indomethacin-treated cells (Fig. 2). The TNF-a
expression rapidly decreased after reaching a maximum,
when cells were stimulated with LPS alone. Pre-treat-
ment with diplacone led to a more moderate decline of
the TNF-a expression. Ten hours after LPS induction,
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Fig. 2. Effect of diplacone and indomethacin on LPS-induced TNF-a gene expression. Cells were pre-treated with dipla-
cone, indomethacin or vehicle only. After one hour of incubation, inflammation was induced by LPS.
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Fig. 3. Effect of diplacone and indomethacin on LPS-induced MCP-1 gene expression. Cells were pre-treated with dipla-
cone, indomethacin or vehicle only. After one hour of incubation, inflammation was induced by LPS.
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Fig. 4. Effect of diplacone and indomethacin on LPS-induced ZFP36 gene expression. Cells were pre-treated with dipla-
cone, indomethacin or vehicle only. After one hour of incubation, inflammation was induced by LPS.

1.8 times as much mRNA for TNF-a was presented in
pre-treated cells as in cells without pre-treatment. After
24 h there was 4.4 times as much mRNA in the pre-
treated as in the untreated cells. Indomethacin also
showed slower decrease of TNF-oo mRNA, but in this
case the TNF-a mRNA reached a level similar to that of
the mRNA treated by the vehicle 10 hours after LPS in-
duction (Fig. 2).

The expression of MCP-1, another pro-inflammatory
gene, was also studied. The influence of diplacone on
this expression is summarized in Table 2. Four hours
after LPS stimulation, cells influenced by 10 uM dipla-
cone and by indomethacin showed expression of MCP-1
lower by a factor of 2.8 (P =0.0005) than was found for
cells treated with vehicle alone; for those treated with
20 uM diplacone the factor was 4.3 (P=0.0001) (Fig. 3).

Six hours after LPS stimulation, statistically significant
lower expressions of MCP-1 mRNA were detected only
for the diplacone treatments at both concentrations (P <
0.0001); indomethacin decreased the level of MCP-1
mRNA by only a factor of 1.3, which was not statisti-
cally significant (P = 0.063). However, when the peak of
expression was observed, 10 hours after LPS induction,
both diplacone and indomethacin significantly dimin-
ished the MCP-1 expression; the lowest expression was
then found for cells treated with 10 uM diplacone (low-
er by a factor of 3.3 than for cells treated with the vehi-
cle (P=0.0001)).

The only anti-inflammatory gene for which the ex-
pression was studied was ZFP36. Diplacone and in-
domethacin significantly increased the expression of
mRNA for ZFP36 two hours after LPS stimulation (Ta-
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Table 1. Relative changes in LPS-induced TNF-a expression
Time after LPS stimulation [hours]
1 2 4 6 10 24
Control 1.12+0.20
Vehicle 90.97+4.64  276.67+13.83 78.84 £9.95 63.78 £4.23 57.23+5.72 14.13 £1.18
Diplacone 10 pM 99.26 +3.02 153.83 £5.08*%*  150.07 £9.04% 121.74+6.03 109.92 £ 16.16! 64.07 + 13.08*
Diplacone 20 uM 63.14 +£3.35% 160.83 £7.16%* 123.53+10.05 120.70+27.73 98.63+4.84  61.54+2.87*
Indomethacin 10 uyM 72.34 £ 3.09 165.85+6.94** 133.52+11.83 87.72+6.14 46.36 £2.64 13.91£1.96

Results are means + SE for three independent experiments. * indicates significant decrease in TNF-a expression relatively to vehicle-
treated cells (P < 0.05), ** indicates significant decrease in TNF-a expression relatively to vehicle-treated cells (P < 0.005), ¥ indicates
significant increase in TNF-a expression relatively to vehicle-treated cells (P < 0.05).

ble 3). The expression of ZFP36 was otherwise compa-
rable for all samples at all other times (Fig. 4). For the
same period, 2 h after LPS induction, a significant de-
crease of mRNA was detected for TNF-a (Fig. 2). Cells
pretreated with 20 uM diplacone exhibited significantly
higher (a factor of 2.7, P =0.0006) expression of ZFP36
6 h after LPS stimulation than cells without diplacone
treatment. However, this value does not differ to a statis-
tically significant degree from values obtained 4 h (P =
0.91) and 10 h (P = 0.18) after LPS induction.

From Fig. 2—4 it is apparent that diplacone has almost
the same effect on the expression of selected genes at a
concentration of 10 pM as at a concentration of 20 uM.
This suggests that the maximal biological effect might
be achieved with concentrations lower than 10 pM.

To obtain the overall picture for the total production
of mRNA, the area under curve (AUC) of the mean val-
ues was calculated. Both concentrations of diplacone
had almost twice higher AUC (2384 AU for 10 uM and
2200 AU for 20 uM diplacone) than indomethacin and
vehicle-treated cells (1330 AU for indomethacin and
1423 AU for vehicle) in the case of the TNF-a gene ex-
pression. The opposite effect was observed for the
MCP-1 gene expression; diplacone decreased the total

Table 2. Relative changes in LPS-induced MCP-1 expression

production of this cytokine mRNA to one half compared
to the vehicle (525.3 AU for 10 uM and 466 AU for
20 uM diplacone vs. 1140 AU for the vehicle). Indo-
methacin had a moderate effect — 814.9 AU. In the case
of the ZFP36 gene expression, the differences were not
so noticeable. Diplacone and indomethacin slightly in-
creased total production of mRNA for ZFP36 compared
to the vehicle (42.49 AU for 10 uM, 48.69 AU for 20 uM
diplacone and 39.17 AU for indomethacin vs. 35.94 AU
for the vehicle).

Discussion

The anti-inflammatory effects of various flavonoids
have been studied using different models. For example,
sigmoidins A and B attenuate 12-O-tetradecanoylphor-
bol 13-acetate and phospholipase-A -induced mouse
paw oedema (Njamen et al., 2004), naringenin inhibits
inflammatory neuronal injury by reducing the LPS/INF-
y-induced glial cell activation (Vafeiadou et al., 2009),
and fisetin eliminates pulmonary LPS-induced inflam-
mation (Geraets et al., 2009). In vitro studies on cell cul-
tures have also been carried out (Manna et al., 2007;
Matsuda et al., 2008). It is difficult to base comparison of

Time after LPS stimulation [hours]

1 2 4 6 10 24
Control 0.99+0.24
Vehicle 2.85+0.26 4.92+0.55 25.36+1.85 41.24+1.91 89.39 £ 5.81 21.75+3.32
Diplacone 10 uM 2.99+0.19 6.87 £ 0.46 9.22 £0.58%*% 923 +0.25%* 27.08 £2.33%* 31.95+3.32
Diplacone 20 uM 334+024 4.66 £0.13 5.86+1.03** 2.87+0.94** 40.26+2.55** 10.67+1.05
Indomethacin 10 pM 2.53+0.48 5.61 £048 9.10 £ 1.49** 32.77+2.40 45.16 £ 5.05** 40.33 +£6.45

Results are means + SE for three independent experiments. ** indicates significant decrease in MCP-1 expression relatively to

vehicle-treated cells (P < 0.005).

Table 3. Relative changes in LPS-induced ZFP36 expression

Time after LPS stimulation [hours]

1 2 4 6 10 24
Control 1.09 £ 0.08
Vehicle 3.74 +£0.53 2.65+0.30 2.77+0.29 1.24 £0.08 1.42 £0.19 1.15+£0.11
Diplacone 10 uM 4.61+0.31 8.14+0.39# 1.24 £0.18 * 1.67 +£0.11 1.49+£0.14 1.01 £0.19
Diplacone 20 uM 437+0.72 6.97 £0.66 2.51+0.21 3.40+0.34 1.07+£0.14 1.60 £0.59
Indomethacin 10 uM 3.58+0.27 6.66 +£0.26 2.05+0.28 1.66 +0.04 1.21 £0.02 1.06+0.14

Results are means + SE for three independent experiments. * indicates significant decrease in ZFP36 expression relatively to
vehicle-treated cells (P < 0.05), # indicates significant increase in ZFP36 expression relatively to vehicle-treated cells (P < 0.005).
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the anti-inflammatory potentials of flavonoids directly
on previous evaluations. In this paper we focused on the
human macrophages derived from monocytic leukaemia
cell line THP-1, which behave very similarly to native
monocyte-derived macrophages (Auwerx, 1991), to test
inflammatory gene expression modulation in vitro.

Diminished expression and production of TNF-a
have been described for various flavones (Lin et al.,
2003; Geraets et al., 2009; Vafeiadou et al., 2009) and are
ascribed to the inhibition of NF-kB activity (Manna et
al., 2007), which controls the transcription of this cyto-
kine (Pahl, 1999). We have not been able to explain the
slower decrease of TNF-o mRNA after diplacone treat-
ment. The MCP-1 gene is also under the transcriptional
control of NF-kB (Pahl, 1999), so the inhibition of this
transcription factor, likely caused by diplacone, has a si-
milar influence on the expression of MCP-1 and TNF-o.

Deleault et al. (2008) found that the function of
ZFP36 is controlled by the activity of ERK and p38 ki-
nases. LPS activates these kinases, which subsequently
inhibit the function of ZFP36. Inhibition of ERK by iso-
flavones, which can display activities such as antioxi-
dant activity or oestrogen receptor-binding ability, com-
parable to flavones in some cases (Dixon, 2004), has
been observed (Park et al., 2007). Diplacone could have
a similar effect — decreasing the activity of extracellular
receptor kinase (ERK), and thereby stabilizing ZFP36
protein and subsequently reducing the mRNA level of
TNF-a and elevating the level of ZFP36. Significantly
higher expression of ZFP36 was observed six hours af-
ter LPS induction, when 20 uM diplacone was used. On
the other hand, the measured value did not statically dif-
fer from values obtained 4 and 10 h after LPS induction.
However, the effect of 20 uM diplacone on ZF/P36 gene
expression is opposite to the effect of 10 uM diplacone
or indomethacin, which did not affect this expression at
that time point. We have yet to satisfactorily explain the
biological relevance of this observation.

Total production of selected mRNAs was calculated
from AUC of the mean values. Diplacone increased al-
most twice the total production of TNF-oo mRNA, but on
the other hand decreased twice production of mRNA of
another pro-inflammatory cytokine, MCP-1. The total
production of mRNA of anti-inflammatory protein
ZFP36 was slightly higher when the cells were pretreat-
ed with diplacone. Both TNF-0 and MCP-1 are target
molecules of ZFP36 and their production is modulated
by this protein (Sauer et al., 2006). It is possible that
ZPF36 is more active in down-regulation of MCP-1
than TNF-a in this case. There may also be some un-
known mechanism of diplacone that prolongs the half-
life of TNF-a mRNA in the cells. In any case, the dipla-
cone’s biological effect of higher total production of
TNF-o mRNA and lower production of MCP-1 mRNA
should be elucidated on an in vivo model. Although in-
domethacin is primarily used to inhibit cyclooxygenase
activity, in our model it was able to moderately decrease
the total production of TNF-a and MCP-1 mRNA and
slightly increase the total production of ZFP36 mRNA.

Conclusion

This paper is the first to describe the effects of gera-
nylated flavanone, diplacone, on transcription of pro-in-
flammatory and anti-inflammatory genes. We have
found that diplacone is able to down-regulate the expres-
sion of pro-inflammatory genes for TNF-o and MCP-1
and up-regulate that of anti-inflammatory genes for
ZFP36 at the transcriptional level. It thus represents a
promising drug candidate for the treatment of inflamma-
tion. The exact mechanisms of its action should be elu-
cidated in detail in order to better understand its bio-
logical function in vivo. The effect of diplacone in
decreasing LPS-induced inflammatory gene expression
is in many ways similar to that of the conventional drug
indomethacin in this model of inflammation.
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ABSTRACT: Cudraflavone B (1) is a prenylated flavonoid found Natural Compound Cudraflavone B Shows Promising Anti-inflammatory
in large amounts in the roots of Morus alba, a plant used as a herbal Properties In Vitro

remedy for its reputed anti-inflammatory properties. The present
study shows that this compound causes a significant inhibition of o o

inflammatory mediators in selected in vitro models. Thus, 1 was

identified as a potent inhibitor of tumor necrosis factor ot (TNFa) \Eo O
X
OH

TNFa §

: COX-1and
> Q » o2 inhibition

\ NF-kB §

Macrophage THP-1

gene expression and secretion by blocking the translocation of nuclear
factor kB (NF-«B) from the cytoplasm to the nucleus in macrophages
derived from a THP-1 human monocyte cell line. The NF-«B activity
reduction resulted in the inhibition of cyclooxygenase 2 (COX-2) gene Cudraflavone B (1)
expression. Compound 1 acts as a COX-2 and COX-1 inhibitor with higher selectivity toward COX-2 than indomethacin. Pretreatment of
cells by 1 shifted the peak in an regulatory gene zinc-finger protein 36 (ZFP36) expression assay. This natural product has noticeable anti-
inflammatory properties, suggesting that 1 potentially could be used for development as a nonsteroidal anti-inflammatory drug lead.

ite mulberry (Morus alba L., Moraceae) is well-known as inhibitory effects on mouse brain monoamine oxidase

a feedstock for silkworms. In an addition, extracts of its (MAO),"® and antiproliferative activity caused by the down-
fruits, leaves, and twigs are used widely in traditional Asian regulation of pRb phosPhorylation.lé On the other hand, 1 has
medicine for their anti-inflammatory properties, for their ability been shown to lack antioxidant activity.'?
to regulate the level of blood sugar, and for diuretic, antitussive, Macrophages are cells that play an important role in the
and antipyretic properties."”” The antioxidant activities of extracts regulation of inflammation. Their activation leads to the produc-
and compounds isolated from the white mulberry have also been tion of various growth factors, cytokines, and other substances,
well documented.®* These extracts showed an ability to decrease which participate in the inflammatory process. This process is
the production of NO and prostaglandin E, (PGE,) in lipopoly- controlled mainly on the level of transcription, as has been
saccharide (LPS)-stimulated mouse macrophages.5’6 Com- reviewed by Medzhitov and Horng.17 The rapid action of the
pounds isolated from M. alba roots exhibit anti-inflammatory pro-inflammatory impulse is followed by a negative regulation
properties.7’8 One such compound is cudraflavone B (1), reaction that returns the affected tissue to homeostasis. One such
first obtained from the root bark of Cudrania tricuspidata feedback regulatory protein is ZPF36. This protein binds to the
(Moraceae),” but later from Morus and Artocarpus spp.'>"" This AU-rich regions of some pro-inflammatory mRNAs (such as
prenylated flavone has shown hepatoprotective activity,'>"
cytotoxicity against the human gastric carcinoma cell line Received:  September 10, 2010
BGC-823" and mouse melanoma cells B16,"* moderate Published: February 14, 2011

v ACS Pub“(:ations Copyright © 2011 American Chemical Society and 614

American Society of Pharmacognosy dx.doi.org/10.1021/np100638h | J. Nat. Prod. 2011, 74, 614-619



Journal of Natural Products

TNFa), destabilizes them, and consequently decreases their
production.'®

Nuclear factor kB (NF-kB) (in the present paper “NF-«B”
represents a pS0/p6S heterodimer) plays an important role in
activating the inflammatory response by releasing the production
of pro-inflammatory cytokines, such as tumor necrosis factor
(TNFa) or CCL2, and enzymes, such as cyclooxygenase 2
(COX-2) and inducible NO-synthase (iNOS or NOS2)."**°
NF-kB is also called “the central mediator of the human
immune system”, or more precisely “the central mediator of
the human stress response”.”’ Along with the modulation of
the inflammatory response described, this factor is also involved
in the regulation of apoptosis and can be linked to cancer
development.”

The aim of the present report is to describe the anti-inflam-
matory properties of 1 and to introduce it as a new potential
nonsteroidal anti-inflammatory drug lead.

B RESULTS AND DISCUSSION

Cudraflavone B (1) was isolated from the root of M. alba as a
brownish, amorphous powder. An ethanol extract of the root was
apportioned in a mixture of immiscible solvents, as described in
the Experimental Section. The chloroform-soluble portion was
separated by reverse-phase high-performance liquid chromatog-
raphy to obtain pure 1 in a single separation step. The identity
of the isolated sample as 1 was confirmed by comparing the
measured data obtained from 'H and *C NMR spectroscopy
and HRMS with values in the literature.*

To assess the effect of 1 initially on the viability and growth of
cells, THP-1 cells were exposed to increasing concentrations
(1—50 uM) of this compound for 24 h, stained for viability, and
counted. The final LDsq value for 1 was determined to be 47.6
UM. To compare the cytotoxicity of 1 with a clinically used anti-
inflammatory agent, increasing concentrations of indomethacin
(1—100 uM) were added to THP-1 cells. The LD, value for
indomethacin derived from this data was assessed as >100 ¢#M.

An initial screening of prenyl and geranyl flavonoids isolated
from the M. alba roots and Paulownia tomentosa (Paulowniaceae)
fruits (some of these flavonoids have been described in a previous
paper”*) showed that 1 is a potent inhibitor of TNFa gene
transcription after LPS stimulation (data not shown). Subse-
quent detailed time-course experiments confirmed this observa-
tion (Figure 1). Cudraflavone B (1), at a concentration of 10 uM,
decreased significantly the transcription of TNF at almost every
point in the time of measurement. The greatest inhibitory effect
was found 2 h after LPS stimulation, when 1 reduced the mRNA
of TNFa by a factor of 5.8 in comparison with vehicle-only
treated cells. Cudraflavone B (1) decreased TNFa transcription
more effectively than indomethacin (Figure 1). The inhibition
of TNFa transcription caused by 1 was in concert with the
inhibited TNFat secretion into the medium (Figure 2), for which
the production of this cytokine by cells pretreated with 1 was
reduced by a factor of 20.
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Figure 1. Effects of cudraflavone B (1) and indomethacin (Indo)
on LPS-induced TNFa gene expression. Cells were pretreated with 1
(10 uM), indomethacin (10 uM), or the vehicle only. After 1 h of
incubation, the inflammatory response was induced by LPS (except for
the control cells). Results are expressed as means + SE for three
independent experiments. A.U. = arbitrary unit. *p < 0.0S.
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Figure 2. Effects of cudraflavone B (1) and indomethacin (Indo)
on LPS-induced TNFa protein synthesis. Cells were pretreated with
1 (10 uM), indomethacin (10 #M), or the vehicle only. After 1 h of
incubation, the inflammatory response was induced by LPS (except for
the control cells). Results are means + SE for three independent
experiments. N.D. = not detected. *p < 0.05.

Relative COX2 gene expression [A.U.]

2 4
Time (h)

||:| 1 @ Indo @ vehicle @ control ‘

Figure 3. Comparison of the effects of cudraflavone B (1) and
indomethacin (Indo) on LPS-induced COX-2 gene expression. Cells
were pretreated with 1 (10 #M), indomethacin (10 #M), or the vehicle
only. After 1 h of incubation, the inflammatory response was induced by
LPS (except for the control cells). Results are means =+ SE for three
independent experiments. A.U. = arbitrary unit. *p < 0.05.
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Figure 4. Comparison of the effects of cudraflavone B (1) and
indomethacin (Indo) on LPS-induced ZFP36 gene expression. Cells
were pretreated with 1 (10 #M), indomethacin (10 #M), or the vehicle
only. After 1 h of incubation, the inflammatory response was induced by
LPS (except for the control cells). Results are expressed as means + SE
for three independent experiments. A.U. = arbitrary unit. *p < 0.0S.

It was found that 1 diminished significantly the gene transcrip-
tion of COX-2 4 h after LPS stimulation (Figure 3). The ability of
1 to inhibit COX-2 function was also measured. This flavone gave
a COX-2 ICs value of 2.5 £ 0.89 uM (mean + SE for four
independent experiments with at least two replicates). A similar
value was obtained for indomethacin, which is a known COX
inhibitor. Its COX-2 ICj, value was found to be 1.9 £ 0.61 uM
(mean =+ SE for four independent experiments with at least two
replicates). Many of the adverse side-effects of NSAIDs are
caused by COX-1 inhibition. Therefore, the COX-1 ICs, value
was determined for 1, which was 1.5 & 0.65 #M (mean =+ SE for
four independent experiments with at least two replicates). For
indomethacin, the COX-11Cj value was equal to 0.3 = 0.14 uM
(mean + SE for four independent experiments with at least
two replicates). The in vitro selectivity of both 1 and indometha-
cin was then calculated as COX-2/COX-1 inhibitory ratios.
The values calculated for 1 and indomethacin were 1.70 and
6.45, respectively. Thus, 1 acts as a COX-2 and COX-1 inhibitor
with higher selectivity toward COX-2 than indomethacin.

The maximum ZFP36 transcription was observed 2 h after
LPS induction (Figure 4). At this point in time, cells pretreated
with 1 showed a gene transcription effect of ZFP36 5.8 times
lower than cells treated with the vehicle only. On the other hand,
4 h after LPS stimulation, 1 was able to increase the transcription
of ZFP36 by a factor of 2. Only a weak effect of indomethacin in
comparison to the vehicle was observed.

When cudraflavone B (1) affected the expression of pro-
inflammatory genes, its influence on the activity of the transcrip-
tion factor NF-«xB, which controls the production of the relevant
mRNA, was evaluated. The inactive form of NF-«B is kept in the
cytoplasm, whereas the active form is located in the nucleus.*'
The ratio between the cytoplasmic and the nuclear NF-«B
contents was measured to evaluate the ability of 1 to keep this
protein in the cytoplasm (Figure S). The results obtained are in
concert with the foregoing observations, where 1 down-regulated
the transcription of pro-inflammatory genes. Cells pretreated
with 1 showed an occurrence of NF-«B in their nuclei 3.2 times
lower than in vehicle-only treated cells. Similar results were
observed for indomethacin-treated cells.
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Figure S. Effect of cudraflavone B (1) and indomethacin on LPS-
induced NF-«B nuclear translocation. Cells were pretreated with 1 (10
#M), indomethacin (10 #M), or the vehicle only. After 1 h of incubation,
the inflammatory response was induced by LPS (except for the control
cells). Results are expressed as means + SE for three independent
experiments and three independent measurements. A.U. = arbitrary
unit; N.D. = not detected. *p < 0.0S.

Several flavonoids have previously shown an ability to combat
inflammation using in vivo models. The inhibition of cycloox-
ygenase (COX) and lipoxygenase (LOX) represents routine
assays to reveal new compounds with potential impact on
inflammatory-active metabolites of arachidonic acid. Many other
tests, including assays in vivo, have been used to indicate new
antiphologistic agents, and some flavonoids have relatively strong
activity. It should be mentioned that more lipophilic flavonoids
have displayed better anti-inflammatory potential.** Flavonoids
with one or more prenyl substituents belong to a group of
lipophilic secondary metabolites are often present on the plant
surface as defending agents. The lipophilic character of preny-
lated flavonoids allows these compounds to penetrate the
membranes of animal cells and readily enter into cells and affect
metabolism, better than nonprenylated analogues. As secondary
metabolites combining two biosynthetic pathways, these com-
pounds have attracted the attention of phytochemists because
their structural parameters can display many possibilities for
biological activity. The anti-inflammatory potential of these
com6pounds is known, for example, from the study of Chi et
al,,*® which revealed the anti-COX and anti-LOX activities of
some prenyl flavonoids. However, morusin, a prenyl flavonoid
compound structurally similar to 1, had ICs, values for COX-1,
COX-2, 5-LOX, and 12-LOX of 100 #M or higher in this study.
Thus, the position of the cyclic prenyl side chain at the flavonoid
skeleton could be important for anti-COX activity. In contrast,
Wei et al.?” discovered that cudraflavone A (unlike 1, cudra-
flavone A has additional functionality of the B- and C-rings by a
prenyl in the B-ring and a hydroxyl in the C-ring) is able to trigger
a moderate production of superoxide anion and thus displays a
pro-inflammatory effect, but concentrations higher (30 and 90
uM) than were used here (10 £M) were employed in their study.
According to the literature, the only study dealing with an assay
of the anti-inflammatory activity of 1 was an analysis of iNOS
gene expression and NO production in RAW 264.7 cells, which
showed activity in a concentration-dependent manner.*®

In the present work, we have found that cudraflavone B (1)
isolated from white mulberry roots decreases the inflammatory
response in LPS-stimulated macrophages. The expression of
the typical pro-inflammatory cytokine TNFQ was decreased

dx.doi.org/10.1021/np100638h |J. Nat. Prod. 2011, 74, 614-619
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significantly by 1 on both transcriptional and translational levels.
Previously, a decrease in the level of TNFo transcription has
been observed for extracts obtained from white mulberry bark*
and leaves,® but these studies lacked any identification of
compounds present in the extracts. Therefore, the anti-inflam-
matory constituents of Morus species are still unknown, and as a
starting point it was considered that these compounds could be
represented by cudraflavone B (1), which is present in large
amounts in M. alba root extracts.

It was found that cudraflavone B (1) inhibits the nuclear
translocation of NF-«B at micromolar levels. Cudraflavone B (1)
decreased the transcription of the chemokine CCL2 and indu-
cible NO-synthase (iNOS), which are also under the transcrip-
tion control of NF-«B, but without any statistical significance
(data not shown). It has been observed in previous studies that
M. alba aqueous leaf*® and bark™ extracts, which could also
contain 1, are able to ameliorate NF-«B activity.

A further demonstration of the anti-inflammatory potential of
1 was shown by the transcription of a key enzyme of the
prostaglandin biosynthesis pathway, COX-2, which was attenu-
ated by 1. This compound has a noticeable ability to inhibit the in
vitro synthesis of prostaglandin E, (PGE,), a COX-2 product.
This effect is comparable to that of the typical COX inhibitor
indomethacin (COX-2 ICso = 2.5 + 0.89 uM for 1 and 1.9 +
0.61 uM for indomethacin), showing that 1 is a strong COX-2
inhibitor, but 1 also exhibited COX-1 inhibitory activity (COX-1
ICso = 1.5 £ 0.65 uM). In addition to 1, several other
compounds with COX-2 inhibitory activity have been found in
mulberry root bark, but their ICs, values were around 40—50
UM.® The COX-2 pathway is one of the major targets for the
nonsteroidal anti-inflammatory drugs (NSAIDs), whereas con-
stitutive COX-1 produces housekeeping prostaglandins, and its
inhibition is undesirable. Since some anti-inflammatory drugs
have adverse side-effects, e.g, gastrointestinal toxicity, caused
by COX-1 inhibition, anti-inflammatory drugs with preferential
COX-2 inhibitory activity are desirable. The only protein tested
with an ability to modulate mRNA level is ZFP36. Cells
pretreated with 1 showed only a shift in the peak of transcription,
while cells treated with indomethacin or only the vehicle reached
a maximum at 2 h after LPS stimulation. Cells pretreated with 1
showed a peak at 4 h after LPS treatment. This shift in the gene
transcription of ZFP36 could not be elucidated well, but it may have
influence on some pro-inflammatory genes expression, such as TNFoL.

This study has shown that cudraflavone B (1) has some
potential as a new anti-inflammatory drug lead, but further
analysis and in vivo tests are needed for better understanding
of the exact mechanisms of its action.

B EXPERIMENTAL SECTION

General Experimental Procedures. NMR spectra were re-
corded using a Bruker Avance 300 spectrometer operating at frequencies
of 300.13 MHz ('H) and 75.48 MHz (**C). The spectra were measured
in DMSO-dg or CDCl; at 303 K. The "H and '*C NMR chemical shifts
(0 in ppm) were referenced to the signal of the solvent [2.50 (‘H) and
39.43 (*C) for DMSO-dg and 7.26 (*H) and 77.00 (**C) for CDCl,].
2D NMR, gs-COSY, gs-HSQC, and gs-HMBC were used to assign the
individual 'H and "*C resonances. The HSQC experiment was adjusted
for the coupling 'Ji;c = 150 Hz and the HMBC experiment for long-
range couplings of 7.5 Hz. A Mariner PE Biosystem workstation with
APITOF was used to collect the HRMS. These spectra were collected in
the negative mode. Preparative HPLC was carried out on a LCP 4100

instrument, with loop injection of 100 1L, column block LCO 101, and
UV detector LCD 2084 (Ecom, CR). An Agilent 1100 apparatus
equipped with a diode-array detector was used for the chromatographic
purity determination (Supelcosil ABZ+Plus, 150 mm X 4.6 mm id,
particle size 3 ym).

RPMI 1640 medium, penicillin—streptomycin mixture, and trypsin
170 U/mL supplemented with EDTA 200 ¢g/mL were purchased from
Lonza (Verviers, Belgium). Human recombinant COX-2 enzyme was
obtained from Sigma-Aldrich (St. Louis, MO), and COX-1 enzyme
isolated from ram seminal vesicles was from Cayman Chemical (Ann
Arbor, MI). Phosphate-buffered saline (PBS), porcine hematin, fetal
bovine serum (FBS), phorbol myristate acetate (PMA), indomethacin
(99%), erythrosin B, L-epinephrine, sodium EDTA, and Escherichia coli
0111:B4 lipopolysaccharide (LPS) were purchased from Sigma-Aldrich
(Steinheim, Germany). Two-step reverse transcription quantitative
PCR (RT-qPCR) was accomplished with a TagMan Gene Expression
Cell-to-Ct kit (Ambion, Austin, TX) and TaqMan Gene Expression
Master Mix from Applied Biosystems (Foster City, CA). Specific
primers and probes (assays) were lyophilized in TagMan array
plates (Applied Biosystems). The following assays were chosen for the
quantification of gene expression: Hs00174128 ml for TNFa,
Hs00185658_ml1 for ZFP36, Hs01573471_ml for COX-2, and
Hs99999903 m1 for f-actin, which served as an internal control of
gene expression. A PARIS kit (Ambion, Austin, TX) was used to isolate
the nuclear proteins. An EZ-Detect NF-«B p65 transcription factor kit
(Thermo Scientific, Rockford, IL) was utilized to detect NF-«B. An
AlphaLISA TNFo kit (PerkinElmer, Boston, MA) was used to evaluate
the production of TNFo. The EIA kit used to measure the concentration
of prostaglandin E, was purchased from Assay Designs (Ann Arbor, MI).

Extraction and Isolation. A 537 gamount of dried M. alba roots
was processed according to the literature.”* The CHCly extract was
separated using reversed-phase preparative HPLC (Supelcosil ABZ+
Plus, 250 X 21.2 mm i.d,, particle size S m). Gradient elution employed
0.2% HCOOH and a mixture of MeCN and MeOH, 8:2 (v/v) (A), in
the gradient: initial composition 20% A, final composition 100% A in the
40th min; flow rate 25 mL/min. Fractions were acquired according to
the detector response at A = 280 nm. After removal of the organic solvent
and precipitation, the fraction with a HPLC tz of 24—25 min yielded
cudraflavone B (1) (680 mg). The identity of 1 was confirmed by
comparing the spectroscopic data with those reported previously.”* The
purity of compound 1 was established to be more than 98% using HPLC
DAD analysis.

Maintenance and Preparation of Macrophages. The THP-
1 human monocytic leukemia cell line was obtained from the European
Collection of Cell Cultures (ECACC, Salisbury, UK). The cells were
cultivated at 37 °C in RPMI 1640 medium supplemented with 2 mM
L-glutamine, 10% FBS, 100 U/mL penicillin, and 100 ¢g/mL strepto-
mycin in a humidified atmosphere containing 5% CO,. The medium was
changed twice a week, when cells had reached a concentration of $—7 X
10° cells/mL. The viability of cells was greater than 94% throughout the
experiment. Stabilized cells were split into 96-well plates to afford a
concentration of 300000 cells/mL, and differentiation into macro-
phages was induced by phorbol myristate acetate (PMA), as described
previously.!

Cytotoxicity Test. Cudraflavone B (1) and indomethacin were
dissolved in dimethylsulfoxide (DMSO) at five increasing concentra-
tions and added to the monocyte suspension in culture medium. The
final concentration of DMSO in culture medium was 0.1%. Incubation
for 24 h at 37 °C with 5% CO, followed. The cell number and viability
were determined following staining with erythrosin B. The stain (0.1%
erythrosin B (w/v)) in phosphate-buffered saline (PBS), pH 7.2—7.4,
was mixed with an equal amount of the cell suspension, and the numbers
of viable and nonviable cells were counted manually using a hemocyt-
ometer. Cells that remained unstained were considered viable and light
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red cells as nonviable. Each compound was characterized by an LDs,
value, the concentration of the compound lethal for 50% of the cells, as
calculated from the dose—response curves obtained. The cytotoxic LD
concentrations of the compounds tested were determined by combining
the data from the equation generated by KURV+- version 4.4b software
(Conrad Button Software, Arlington, WA), with statistical analysis using
GraphPad Prism 5.02 software (GraphPad Software, San Diego, CA),
which was used for the LD, data derived from the values plotted on the
graph.

Drug Treatment and Induction of Inflammation. Differen-
tiated macrophages were pretreated for 1 h with 10 #M 1 dissolved in
DMSO. For comparison with a conventional drug, 10 #M indomethacin
dissolved in DMSO was used. These concentrations lacked any cytotoxic
effects, and the cell viability was found to be over 90%. Vehicle-treated
cells contained a vehicle (DMSO) only, and control cells were without
LPS treatment. The concentration of DMSO was 0.1% in each well.

The effect of 1 on the modulation of inflammatory gene expression was
tested by adding 1 ug/mL LPS dissolved in sterile water to macrophages
pretreated with the drug. LPS is able to trigger an inflammatory reaction
through binding on TLR-4 and subsequently activates the NF-«B signaling
pathway.>* The cultivation medium was aspirated at 2, 4, 6, and 10 h after
the LPS treatment. Adherent cells were then directly lysed in the cultivation
wells, and cell lysates were collected. Samples were frozen in liquid nitrogen
and stored at —80 °C for the next processing.

Isolation of RNA and Evaluation of Gene Expression.
In the order to evaluate the expression of TNFa, COX-2, ZFP36, and
p-actin mRNA, the total RNA was isolated directly from cells in
cultivation plates using a TagMan Gene Expression Cell-to-Ct Kkit,
according to the manufacturer’s instructions. The concentration and
purity of the RNA were determined by using UV spectrophotometry.

The gene expression was quantified by two-step reverse-transcription
quantitative (real-time) PCR (RT-qPCR) with a TagMan Gene Ex-
pression Cell-to-Ct kit and TagMan array plates. These contain specific
primers and TagMan probes that bind to an exon—exon junction to
avoid DNA contamination. The parameters for the qPCR work with
the TagMan Gene Expression Cell-to-Ct kit were adjusted according to
the manufacturer’s recommendations: (a) reverse transcription step —
37 °C for 1 h and then 95 °C for S min, (b) polymerase step —50 °C for
2 min, then 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and
60 °C for 1 min. The results were normalized to the amount of ROX
reference dye, and the change in gene expression was determined by the
AACt method.® Transcription of the control cells was set as 1, and
other experimental groups were multiples of this value.

Determination of Nuclear NF-kB Translocation. Pretreated
LPS-stimulated macrophages were harvested by trypsinization and
scraping 1 h after the LPS treatment. Cells were spun down, frozen in
liquid nitrogen, and stored at —80 °C for the next processing. Cytoplas-
matic and nuclear protein fractions were isolated from collected cells
using a PARIS kit. The presence of NF-«B subunit p65 was measured in
both fractions by an EZ-Detect NF-«B p6S transcription factor kit, and
the cytoplasm/nuclear ratio was calculated. The lower detection limit
was 25 pg/mL.

Evaluation of TNFo Secretion. Macrophages that had been
pretreated for 1 h with the test compounds were incubated with LPS for
the next 24 h. After this period, the medium was collected and the
concentration of TNFO was measured using an AlphaLISA TNFc kit on
the EnSpire device (PerkinElmer, Boston, MA). The excitation time was
80 ms, and emission was measured for 120 ms. The lower detection limit
was 3.2 pg/mL.

Determination of COX-1 and COX-2 Inhibitory Effects.
The assay was performed according to the procedure described pre-
viously by Reininger and Bauer>* with human recombinant COX-2 or
COX-1 from ram seminal vesicles. In brief, COX-2 (0.5 unit/reaction)
or COX-1 (1 unit/reaction) was added to the incubation mixture

consisting of 0.1 M Tris/HCI buffer (pH 8.0), S uM porcine hematin,
18 mM L-epinephrine, and S0 #M sodium EDTA. The test substances
dissolved in DMSO or pure DMSO (in the case of the blank) were added
to the reaction and preincubated for S min at room temperature. The
reaction was started by adding arachidonic acid and then incubated for
20 min at 37 °C. The concentration of PGE,, the main product of the
reaction, was determined by using a PGE, EIA kit based on a competitive
enzyme immunoassay. The intensity of the yellow color generated,
which is inversely proportional to the concentration of PGE, in the
sample, was measured on a Tecan Infinite M200 microplate reader
(Tecan Group, Miannedorf, Switzerland) at 405 nm. ICs, values were
determined by regression analysis from at least three concentrations.

Statistical Analysis. All experiments were performed in triplicate,
and results are presented as mean values, with error bars representing
the standard error (SE) of the mean. A one-way ANOVA test was
used for statistical analysis, followed by a Newman—XKeuls posthoc test
for multiple comparisons. A value of p <0.05 was considered to be
statistically significant. GraphPad Prism 5.02 (GraphPad Software Inc.,
San Diego, CA) was used to perform the analysis.
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Morus alba L. (MA) is a natural source of many compounds with different biological effects. It has been described to possess anti-
inflammatory, antioxidant, and hepatoprotective activities. The aim of this study was to evaluate cytotoxicity of three flavonoids
isolated from MA (kuwanon E, cudraflavone B, and 4'-O-methylkuwanon E) and to determine their effects on proliferation of THP-
1 cells, and on cell cycle progression of cancer cells. Anti-inflammatory effects were also determined for all three given flavonoids.
Methods used in the study included quantification of cells by hemocytometer and WST-1 assays, flow cytometry, western blotting,
ELISA, and zymography. From the three compounds tested, cudraflavone B showed the strongest effects on cell cycle progression
and viability of tumor and/or immortalized cells and also on inflammatory response of macrophage-like cells. Kuwanon E and 4'-O-
methylkuwanon E exerted more sophisticated rather than direct toxic effect on used cell types. Our data indicate that mechanisms
different from stress-related or apoptotic signaling pathways are involved in the action of these compounds. Although further
studies are required to precisely define the mechanisms of MA flavonoid action in human cancer and macrophage-like cells, here
we demonstrate their effects combining antiproliferative and anti-inflammatory activities, respectively.

1. Introduction

The root bark of Morus alba L. (Moraceae; white mulberry) is
used for its diuretic, antitussive, antidiabetic, and antipyretic
effects in world traditional medicine [1]. Therefore, Morus
species plants have been intensively studied from phytochem-
ical point of view, and bioactive compounds of flavonoid
character have been isolated. Within the flavonoid class

of natural products, the prenylated subclass is quite rich
in structural variety and pharmacological activities. Com-
pounds obtained from M. alba L. possess anti-inflammatory,
antibacterial, antiviral, antioxidant, and hepatoprotective
activities [2-6]. Extracts obtained from M. alba L. were
evaluated for their cytotoxicity against various tumor cells,
such as K-562, B380 human leukemia cells, and B16 mouse
melanoma cells [7]. Several studies have been published in



which bioactive compounds isolated from white mulberry
exerted potent effect on human cancer cell lines. Morusin,
one of the most efficient substances, showed strong activity
against cervical carcinoma HeLa, breast carcinoma MCF-7,
and hepatocarcinoma Hep3B cells [8]. Anticancer mecha-
nism of morusin action in colorectal HT-29 cells is proposed
to be mediated by induction of apoptosis and by suppression
of NF-«B activity [9]. Another mulberry constituent, albanol
A, induces apoptotic cell death in HL60 leukemia cell line via
both the cell death receptor pathway by stimulation of death
receptor and the mitochondrial pathway by topoisomerase II
inhibition through caspase 2 activation [10].

The connection between inflammation and cancer can
be thought of as consisting of two pathways: an extrinsic
mechanism, where a constant inflammatory state contributes
to increased cancer risk (such as in an inflammatory bowel
disease), and an intrinsic mechanism, where acquired genetic
alterations (such as activation of oncogenes) trigger tumor
development [11]. The NF-«B signaling plays crucial roles in
both precancerous chronic inflammation as well as cancer
induced inflammation. An activation of this pathway induces
expression of inflammatory cytokines, adhesion molecules,
enzymes involved in the prostaglandin-synthesis pathway
(such as COX-2), inducible nitric oxide synthase (iNOS),
angiogenic factors, and antiapoptotic genes (such as Bcl-2)
[12]. Proinflammatory cytokines implicated in carcinogenesis
include, for instance, IL-1, IL-6, IL-15, colony stimulating
factors (CSF), or TNF-« [13].

We have previously identified prenylated and geranylated
flavanone compounds from plants of Moraceae and Paulow-
niaceae families with cytostatic activity in normal human
fibroblasts and five human cancer cell lines [14]. Furthermore,
we clarified the underlying molecular mechanisms mediat-
ing the effects of geranylated flavanone tomentodiplacone
B on cell growth [15]. We showed that tomentodiplacone
B induced accumulation of human monocytic leukaemia
(THP-1) cells in G1 phase of cell cycle, which was in concert
with downregulation of the cyclin El isoform and cyclin A2
levels, reduced CDK?2 activity, and reduced pRb phosphoryla-
tion [15]. Our most recent work focusing on prenyl flavonoid
cudraflavone B, which is contained in large amounts in the
roots of white mulberry, showed unusually pronounced anti-
inflammatory properties of this compound [2]. Moreover,
throughout the course of experiments, we found that cud-
raflavone B had a strong effect on proliferation of human
macrophage-like cells. It was therefore interesting to evaluate
its effect on cell cycle progression and to elucidate the mech-
anisms of its cell proliferation inhibitory action. However,
besides cudraflavone B (given designation 2) we also isolated
and characterized two other prenylated flavanones from M.
alba L., which we have identified as kuwanon E (1), and
4'-O-methylkuwanon E (3), a new compound detected and
described in our laboratory. Structures of all three tested
M. alba L. prenylated (geranylated) flavonoids are shown in
Figure 1(a). Based on our preliminary pilot data and the liter-
ature search (structure-effect relationship) we expected cyto-
toxic effect via targeting the cell cycle kinetics and viability.

The aim of our work was to evaluate effect of prenylated
and geranylated flavonoids isolated from M. alba L. on
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proliferation of THP-1 cells and also to determine cell cycle
profiles in several human cancer cells treated with M. alba L.
flavonoids. As the role of inflammation in cancer is recently
intensively discussed, we have also assessed anti-inflamma-
tory effects of the previously mentioned flavonoids.

2. Methods

2.1. Test Compounds and Reagents. All three tested com-
pounds (1, 2, and 3) were isolated and supplied by the
Department of Natural Drugs, Faculty of Pharmacy, Univer-
sity of Veterinary and Pharmaceutical Sciences Brno, Czech
Republic. The identification of substances was carried out
using HRMS, 'H, and *C NMR analyses,and their purity
exceeded 95% according to the HPLC analysis [2, 14]. These
compounds are poorly soluble in water; therefore, fresh
10 mM stock solutions in dimethylsulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO, USA) were prepared 1 day prior
to experiments and stored at —20°C. These solutions were
further diluted in the culture media to the desired final
concentrations. RPMI 1640, DMEM, and IMDM culture
media, phosphate buffered saline (PBS), and antibiotics
(penicillin and streptomycin) were purchased from Lonza
(Verviers, Belgium). Foetal bovine serum (FBS), phorbol
myristate acetate (PMA), prednisone (purity > 98%), and
the lipopolysaccharide (LPS) obtained from Escherichia coli
0111:B4 were purchased from Sigma-Aldrich. Instant ELISA
Kits (eBioscience, Vienna, Austria) were used to evaluate the
production of TNF« and IL-183. Cytoscreen Kit (BioSource
Europe S.A., Nivelles, Belgium) was used to detect IL-IRA
cytokine by ELISA method. Mouse monoclonal antibody
against cyclin Bl (MS-868) was purchased from Neomarkers
(Fremont, CA, USA). Mouse monoclonal antibody against
cyclin A (sc-53228) was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Rabbit polyclonal antibodies
against poly(adenosine diphosphate (ADP) ribose) poly-
merase (PARP), caspase 3, and phospho histone H3 were
purchased from Cell Signaling Technologies (Beverly, MA,
USA). Mouse monoclonal antibody against y-H2AX [pS139]
(05-636) was purchased from Millipore (Billerica, MA,
USA). Mouse monoclonal antibodies against pRb (554136)
were purchased from BD Biosciences (Franklin Lakes, NJ,
USA). Rabbit polyclonal antibody against pRb [pT821] (44-
582G) was purchased from BioSource (Carlsbad, CA, USA).
Parthenolide (PTL), oxaliplatin, cisplatin and camptothecin,
and all other reagents were purchased from Sigma-Aldrich.

2.2. Cell Culture. The human monocytic leukemia THP-1
cell line was purchased from the European Collection of
Cell Cultures (Salisbury, UK; methods of characterization:
DNA fingerprinting (multilocus probes) and isoenzyme anal-
ysis). Cells were cultured in RPMI 1640 medium supple-
mented with antibiotics (100 U/mL penicillin, 100 mg/mL
streptomycin), 10% FBS, and 2mM L-glutamine. Cultures
were kept in an incubator at 37°C in a water-saturated 5%
CO, atmosphere in air. Cells were passaged at approxi-
mately 1-week intervals. Cells were routinely tested for the
absence of mycoplasma infection (Hoechst 33258 staining
method). Mouse mammary epithelial cell line, SCp2 cells
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FIGURE 1: Toxicity and inhibitory effects of tested MA compounds on THP-1leukemia cell proliferation. (a) Structure of M. alba L. prenylated
flavonoids. (b) THP-1 cells were seeded (2 x 10° cells/mL), treated with the indicated concentrations of 1, 2, and 3 for 24 h, cell numbers were
counted, and viability was determined by erythrosin B exclusion. Toxicity was expressed as the LD, values. (c) THP-1 cells were seeded (5
x 10* cells/well) in 96-well plates. Proliferation of cells was determined using WST-1 assays. Bars represent the proliferation of cells cultured
in the presence of increasing concentrations of MA compounds as a percentage of controls at 24 h. The results shown are expressed as the
means * S.D. of three independent experiments, with each condition tested in triplicate (* P < 0.05, **P < 0.01, and *** P < 0.001).

(kindly provided by P. Y. Desprez, Geraldine Brush Cancer
Research Institute, California Pacific Medical Center, San
Francisco, CA, USA), was cultured in DMEM supplemented
with insulin 5pg/mL (Sigma, St. Louis), 1% penicillin/
streptomycin mixture (Lonza Walkersville, Inc., USA), and
5% heat inactivated FBS (Sigma-Aldrich), in a humidified
incubator (95% air, 5% CO,) at 37°C [16]. THP-1 cells
were split into 24-well plates to achieve concentration of
100 000 cells/mL and were differentiated to macrophages by a
phorbol myristate acetate (PMA) as described previously [17].
PC3 and DU-145 cells were obtained from the American Type

Culture Collection (ATCC). PC3 and DU-145 were cultured
in RPMI-1640, Ham’s F12, or McCoy’s media, respectively
(Gibco Invitrogen Corporation, Carlsbad, CA, USA) with
2mM L-glutamine, streptomycin (0.1 mg/mL), and penicillin
(100 U/mL), and supplemented with 10% fetal bovine serum.
LAPC-4 cells [18], a generous gift of Dr. R. Reiter (UCLA,
Los Angeles, CA, USA), were cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM, Invitrogen) supplemented with
NaHCO;, penicillin/streptomycin, 10% FBS, and 1 nM R1881
(PerkinElmer). Benign prostatic hyperplasia (BPH) epithelial
cells BPH-1 [19] were obtained from the German Collection



of Microorganisms and Cell Cultures. The cells are androgen
unresponsive and were cultured in RPMI 1640 (Invitrogen),
supplemented with 20% bovine fetal serum (PAA Labo-
ratories, Pasching, Austria), 5ug/mL transferrin, 5ng/mL
sodium selenite, 5 yg/mL insulin (Invitrogen), streptomycin
(0.1mg/mL), and penicillin (100 U/mL) (PAA). Cells were
cultured at 37°C in a humidified 5% CO, incubator.

2.3. In Vitro Analysis of Cytotoxicity and Cell Proliferation.
THP-1 cells were seeded (2 x 10° cells/mL) and incubated
for 24 h at 37°C with 5% CO, with tested compounds dis-
solved in DMSO (Sigma-Aldrich) in concentrations ranging
from 1 to 50 yM in RPMI 1640 medium. The maximum
concentration of DMSO in the assays never exceeded 0.1%.
Numbers and viabilities of the cells were determined by
counting with a hemocytometer as we previously described
[15]. Cell proliferation was determined using a WST-1 assay
kit (Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s instructions. For WST-1 assays, cells were
seeded into 96-well plates (5 x 10* cells/well in 100 L culture
medium) in triplicates in complete RPMI 1640 medium, and
measurements were taken 24 h after adding the tested MA
compounds. All data were evaluated using GraphPad Prism
5.00 software (GraphPad Software, San Diego, CA, USA,
http://www.graphpad.com/).

2.4. Cell Cycle Analysis. Cancer THP-1, LAPC-4, DU-145,
PC3 cells, and human nontumorigenic benign prostatic
hyperplasia BPH-1 cells were incubated with increasing
concentrations of tested MA compounds for 24 h, washed
in PBS (pH 74), and fixed for 30 min in an ice-cold 70%
ethanol. Fixed cells were washed three times in PBS (pH
7.4) and incubated with RNase A (0.02 mg/mL) (Boehringer,
Ingelheim, Germany) for 30min at 37°C. Nuclei were
stained with propidium ijodide (40 ug/mL) and analysed
by flow cytometry using a Beckman Coulter Cytomics
FC500 flow cytometer (Beckman Coulter, Brea, CA, USA).
Cell cycle distribution was analysed using FlowJo software
(http://www.flowjo.com/).

2.5. Western Blotting. Cells were washed three times with PBS
(pH 7.4) and lysed in 100 mM Tris-HCI (pH 6.8) containing
20% glycerol and 1% SDS. Protein concentrations were deter-
mined using the DC Protein Assay Kit (Bio-Rad, Hercules,
CA, USA). Lysates were supplemented with bromophenol
blue (0.01%) and p-mercaptoethanol (1%). Equal amounts
of total protein were separated by SDS-polyacrylamide gel
electrophoresis (PAGE), electrotransferred onto PVDF mem-
branes (Millipore, Billerica, MA, USA), immunodetected
using the appropriate primary and secondary antibodies, and
visualised with ECL Plus reagent (Amersham, Aylesbury,
UK) according to the manufacturer’s instructions.

2.6. Treatment of THP-1 Cells with Drugs, Induction of Inflam-
matory Response, and Determination of Cytokines Production.
Macrophages differentiated from THP-1 cells were pretreated
for 1h with tested compounds dissolved in DMSO to obtain
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final concentrations of 10 uM (this concentration lacked cyto-
toxic effect). For comparison with conventional drugs, 1 uM
prednisone dissolved in DMSO was used. Vehicle-treated
cells contained a vehicle (DMSO) only. The concentration of
DMSO was 0.1% in each well. The inflammatory response
was triggered by adding LPS dissolved in water (1 ug/mL) to
drug-pretreated macrophages, and cells were incubated for
another 24 h. After this time period, medium was collected
and the concentration of cytokines was measured by ELISA
assay. The lowest detection limit was 7.8 pg/mL for TNF-«
and 31.3 pg/mL for both IL-1p3 and IL-1RA. LPS-untreated cell
served as controls.

2.7. Treatment of SCp2 Cells with Drugs, Induction of Inflam-
matory Response, and Zymography. SCp2 cells were plated
in a 24-well plate in density of 4 x 10* cells/mL. After 24 h
of incubation in medium containing 5% FBS, the medium
was replaced, the cells were washed by PBS and fresh media
supplemented with 1% FBS, and tested compounds were
added. Final concentrations of tested compounds were 5 yuM
(this concentration lacked cytotoxic effect (data not shown)).
Vehicle-treated and control cells were prepared using the
same protocol as for THP-1 macrophages. For comparison
with conventional drugs, parthenolide (5uM dissolved in
DMSO) was used, because of its usual use as a control for
this type of cells and experiments and its well-known ability
to inhibit the expression of matrix metalloprotease (MMP)-
9 [20]. The inflammatory response was triggered by adding a
nontoxic dose of LPS (10 yg/mL) to the drug-pretreated SCp2
cells, which were then incubated at 37°C for another 24 h [21].
After this time period, medium was collected and the pro-
MMP-2 and MMP-2 activity was measured by zymography
as described previously by Talhouk et al. [22]. Briefly, 20 uL
of collected medium was loaded into polyacrylamide gel
impregnated by 0.1% gelatin. After electrophoresis, SDS from
gels was washed out by 2.5% Triton X-100, and gels were
incubated for 30min at room temperature (~23°C) and
overnight (16-20 h) at 37°C in developing buffer (50 mM Tris
(pH 8.8), 5mM CaCl,, 3 mM NaNj3, and 0.5% Triton X-100).
Gels were then stained by Coomassie blue [22]. Intensity of
digested regions was determined by densitometry followed
by calculation using AlphaEaseFC 4.0.0 software (Alpha
Innotech, USA). It should be noted that the conditioned
medium contained active MMP-2, which represented 75.3%
of measured activity. Therefore, this value was subtracted
from all obtained results of MMP-2 activity.

2.8. Statistical Analysis. Statistical significance was tested
using the one-way ANOVA with Dunnett’s test and Tukey
post test for comparisons between the means, and differences
between two conditions were retained for P < 0.05. Statistical
significance was determined at levels of P < 0.05, P < 0.01,
and P < 0.001.

3. Results

3.1. Cytotoxic and Growth Inhibitory Effects of 1, 2, and 3
on THP-1 Cells. To determine the effects of all three tested
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substances obtained from M. alba on the viability and growth
of human leukemia cells, the THP-1 cells were exposed for
24 h to increasing concentrations (1, 2.5, 5, 10, 20, and 50 M)
of 1,2, and 3, respectively, stained for viability, and counted by
hemocytometer. From this data, the LD, values for each MA
compound were calculated (Figure 1(b)). Toxicity expressed
as LDy, increased as follows: 1 (>50 uM), 3 (45.7 £ 3.72), and
2 (24.3 + 2.41). To compare toxicity of MA compounds with
already known chemical or natural substances, we assessed
LD, of oxaliplatin (1.7 + 0.64) and camptothecin (0.2 +
0.07), and, in both, it showed much lower toxic concentration
values. Subsequent WST-1 assay, determining cell number
using metabolic activity as a readout following exposure to
MA compounds for 24 h, revealed that proliferation of THP-
1 cells was inhibited by all three tested substances. As shown
in Figure 1(c), substance 2 exhibited the strongest effect, as
10 uM and higher doses caused dose-dependent inhibition
of THP-1 cell growth. The significant reduction of metabolic
activity (P < 0.05) was though observed in cells treated
with each of the three flavonoids at concentrations of 20 yM
or higher. Based on cytotoxicity and proliferation data, the
concentration range of MA compounds from 5 to 30 uM was
selected for all subsequent experiments.

3.2. Effects of 1, 2, and 3 on Distribution of Cells in Cell Cycle
Phases. In order to investigate the effect of tested substances
on the cell cycle progression, we performed cell cycle analysis
based on DNA content using flow cytometry of THP-1
cells. The data shown in Figures 2(a)-2(c) demonstrate
that all compounds tested (1, 2, and 3) accumulate human
leukemia cells in Gl phase dose-dependently after 24h
treatment. While the percentage of S phase cells decreased,
the percentage of cells with 4N DNA content, representing
G2/M phase, was unchanged upon treatment with tested
compounds. This effect was dominant in substance 3, lasting
even after 72 h (data not shown).

Since compound 2 exerted the strongest impact on
viability and proliferation, together with impact on the cell
cycle profile of THP-1 cells (observed already from 10 yuM
concentration), we have expanded our analysis with this sub-
stance to further 3 human cancer cell lines (Figure 2(e)). The
inhibition of G1/S transition, accompanied by the decreased
proliferation caused by 2, was observed in all cancer cell
lines used in this experiment (LAPC-4—metastatic prostate,
established from lymph nodes in SCID mice; PC3—androgen
receptor null, p53-null, metastatic (bone) prostate cancer; and
DU145—androgen receptor, p53-mutated, metastatic (brain)
prostate cancer). To assess whether 2 affects also the cell cycle
of human nontumorigenic cell line, we exposed the prostate
epithelial BPH-1 cells, derived from the benign prostatic
hyperplasia, to this compound. Interestingly, the distribution
of BPH-1 cells in all three cell cycle phases remained
unchanged even after the treatment with high concentrations
of 2 used in the study (20 and 30 uM) (Figure 2(e)).

Although a GI subpeak in a DNA histogram detected
by flow cytometry cannot be considered as specific hallmark
of apoptosis, it represents besides cellular debris also the
apoptotic population of cells [23, 24]. The appearance of

the GI subpeak was increased at 24 h after beginning the
treatment with MA compounds, although with a different
intensity of this effect (Figure 2(d)). While 1 exerted no
G1 subpeak increase, the strongest induction of apoptosis
was found in 30 uM 2-treated THP-1 cells (~15-fold higher
compared to control). Significant increase of G1 subpeak (~8-
fold higher compared to control) was caused also by 30 uM 3
compound. Nevertheless, even the highest concentration of 2
used did not cause such massive apoptosis that we found in 5
or 10 pug/mL cisplatin, included as a model compound (~36-
and ~60-fold higher, resp., compared to control).

3.3. Expression of Cell Cycle Regulators in MA-Treated Cells.
Based on the fact that all tested compounds cause accumu-
lation of cells in Gl phase, we determined the expression
and phosphorylation status of key cell cycle and stress-related
proteins. Phosphorylated Rb protein is the key regulatory
molecule, which coordinates processes critical for G1/S pro-
gression. We therefore examined whether pRb phosphoryla-
tion is suppressed in THP-1 cells treated by MA compounds.
As shown in Figures 3(a) and 3(c), 24 h exposure to 20 uM
1 or 3 results in reduced phosphorylation of Rb protein on
serine 780. For 2 this effect was even more pronounced
(Figure 3(b)). Phosphorylation on serines 807/811 was also
decreased in THP-1 cells exposed to MA compounds, in
clearly dose- dependent manner (Figures 3(a)-3(c)). It is
highly probable that MA-induced Rb dephosphorylation
corresponds to the accumulation of cells in G1 phase.

Another protein involved in cell cycle machinery, which
we analyzed in MA-treated cells, was proliferating cell nuclear
antigen (PCNA). This protein is well known as a DNA
sliding clamp for DNA polymerase delta and as an essential
component for eukaryotic chromosomal DNA replication
and repair [25]. All flavonoids tested downregulated the
expression of PCNA in THP-1 cells (Figures 3(a)-3(c)), again
correspondingly to the observed decrease of cells in S phase
of the cell cycle.

Cyclins A and B are members of the cyclin family,
expression of which fluctuates during cell cycle progression
peaking in S and G2 phases, respectively. We found that
none of the tested MA compounds affects the quantity of
these cyclins, when measured in asynchronously growing
cells. Moreover, phosphorylation of histone H3 at threonine
11, which normally peaks at M phase, remained unaffected
even after 24 h treatment with MA compounds. Unchanged
phosphorylation of histone H3 with normal expression of
cyclins A and B suggests that MA compounds do not
influence progression through G2 and M phases of cell cycle.

Caspase 3-mediated PARP cleavage has been considered
as a hallmark of apoptosis. It is also known that PARP
activation is induced by DNA strand breaks [26]. Neither 1
nor 3 did cause PARP cleavage, and so its activation in THP-1
cells. However, increased histone y-H2AX phosphorylation
together with cleavage of both caspase 3 and PARP in 2-
treated THP-1 cells indicates the activation of the stress
signaling apoptotic pathways caused by the highest concen-
tration used (20 uM).
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FIGURE 2: Treatment with M. alba L. prenylated flavonoids causes accumulation of several cancer cells in GI phase. (a) Cell cycle distribution
at 24 h upon treatment of THP-1 cells with 1 as determined by flow cytometry. (b) Cell cycle distribution at 24 h upon treatment of THP-1
cells with 2 as determined by flow cytometry. (c) Cell cycle distribution at 24 h upon treatment of THP-1 cells with 3 as determined by flow
cytometry. (d) Quantification of G1 subpeak in MA flavonoids treated THP-1 cells. (e) Cell cycle distribution at 24 h upon treatment of cancer
PC3, DU-145, LAPC-4, and immortalized BPH-1 cells with 2 as determined by flow cytometry.
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3.4. Behaviour of Inflammatory Response Markers in MA-
Treated Cells. Protein TNF-« together with other cytokines,
such as interleukins, not only plays crucial role in the
inflammatory response but also is involved in carcinogenesis
[13]. To investigate whether antiproliferative effects of MA
compounds are accompanied by anti-inflammatory activ-
ity, we assessed levels of selected inflammatory response
markers secreted into the culture medium by LPS-activated
macrophages derived from THP-1 cell line. As evident from
Figure 4(a), LPS-induced TNF-« secretion by macrophages
was reduced upon the treatment with MA compounds, sim-
ilarly to prednisone used as the reference anti-inflammatory
drug. Notably, all three compounds tested were significantly
more effective than prednisone. Levels of IL-1f3, the most
studied member of the IL-1 family [27], produced by THP-
I-derived macrophages were slightly decreased by tested
substances, except for 3 (Figure 4(b)). Treatment with this
compound (10 uM) led to significant (P < 0.01) increase
of IL-1f secreted to cell culture medium. The natural
antagonist of IL-1f is IL-1RA, and their mutual ratio is
crucial for a progression of inflammation and maintaining
a homeostasis. All tested flavonoids, similarly to prednisone,
significantly decreased the secretion of IL-IRA (Figure 4(c)).
This secretion attenuation affected the IL-15/IL-1RA ratio
(Figure 4(d)). This increase was nonsignificant for com-
pounds 1, 2, and prednisone. On the other hand, 4'-O-
methylkuwanon E (3) increased the IL-1J3/IL-IRA ratio by
the factor of 5.33. It is caused by enormously elevated
secretion of IL-15. Matrix metalloproteinase 2 (MMP2) is
involved in the tissue development and remodelling, but it
also contributes to inflammation progression. It is secreted as
inactive pro-MMP2 form, which is extracellularly cleaved to
its active form. The amount of (pro-)MMP2 was significantly
decreased only by 2 and the control drug parthenolide
(PTL) (Figure 5(a)) in SCp2 cell line. Whereas PTL inhibits
proteinase activity to the level typical for unstimulated cells,
2 was able to reduce the (pro-)MMP2 activity below these
control cells. 2 uniquely and significantly decreased the pro-
MMP2/MMP2 ratio (Figure 5(b)).

4. Discussion and Conclusions

Relevance of the crosstalk between components of the
immune system and cancer cells is widely discussed. During
the last decade the clear evidence that inflammation plays a
critical role in tumorigenesis has been obtained, and some of
underlying molecular mechanisms have been elucidated [28].
A role of inflammation in tumorigenesis is now generally
accepted, and it has become evident that an inflammatory
microenvironment is an essential component of all tumors,
including some in which a direct causal relationship with
inflammation is not yet proven [11].

In the present study, we assessed cytotoxicity and the
effects of three prenylated (geranylated) flavonoids from
M. alba L., kuwanon E (1), cudraflavone B (2), and 4'-O-
methylkuwanon E (3) on cell cycle progression and selected
cell cycle regulatory proteins. We have also extended our
study with the aim of evaluating the effect of these substances
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on proinflammatory markers, because we recently reported
that 2 has potent anti-inflammatory properties in human
macrophages [2]. Compounds are poorly soluble in water;
therefore, we used DMSO as a solvent. The final DMSO
concentration of 0.5-1% is frequently employed in in vitro
studies to solubilize/deliver bioactive compounds to cells.
However, it has been shown that DMSO exhibits a myriad
of biological actions, such as reported effects on cell cycle,
differentiation, inflammatory response, and apoptosis studies
[29-31]. Since our intention was focused on evaluation of
these types of effects, it was necessary to take into account
the effects of DMSO in arrangement of all conducted
experiments. In particular, the concentration of DMSO in
experiments never exceeded 0.1%. Moreover, to minimalize
misinterpretations of our results due to biological effects
of DMSO, we employed DMSO-only-treated THP-1 cells as
controls in each experiment setting. Based on our previously
published results [14, 15, 17] we used human monocytic
leukaemia cells THP-1 as a model system to detect cytotoxic
and cytostatic effects of newly isolated natural compounds
and THP-1-derived macrophages for studies on inflammatory
response. We found strong antiproliferative effects of all three
tested MA compounds in concentrations ranging from 10 to
50 M. When comparing these data with the LD, values, we
may conclude that unlike 2, both 1 and 3 at concentrations
of 20 uM and 30 uM had significant growth inhibitory effect
without being cytotoxic to the cells. As regards substance
2, we speculate that the observed reduction of metabolic
activity is more likely a sign of cell dying rather than growth
inhibition.

To reveal whether antiproliferative effects seen in THP-
1 cells after 24 h treatment with MA flavonoids reflect inhi-
bition of cell transition between specific cycle phases, we
conducted the cell cycle analysis. Our results showed that
all tested compounds caused accumulation of THP-1 human
leukemia cells in Gl phase of cell cycle (and inhibited their
entry into the S phase) in a dose-dependent manner. Taking
into account the strength of 2 effect on viability, proliferation,
and the cell cycle profile (showed from the concentration of
10 uM, in contrast to other MA substances), we exposed three
other human cancer as well as nontumorigenic cell lines to 2.
While in all tumor cells 2 exhibited inhibitory effect on the
GI/S transition, in nontumor line (prostate epithelial BPH-
1 cells) such activity was not observed. This might indicate
a partially selective effect of this substance on tumor versus
nontumor cells. Nevertheless, such selectivity of 2 would have
to be verified by more detailed analysis.

The cell cycle analysis allowed us to study the percentage
of THP-1 cells in specific phase, including determining sub-
G1 peak, which covers also cells undergoing the process of
apoptosis. One of the characteristic events of apoptosis is the
proteolytic cleavage of poly(ADP-ribose)polymerase (PARP),
a nuclear enzyme involved in DNA repair, DNA stability, and
transcriptional regulation. Caspases, in particular caspases 3
and 7, cleave the 116-kDa form of PARP at the DEVD site
to generate an 85- and a 24-kDa fragment [26]. PARP is
inactivated by caspase 3 cleavage (in a specific domain of the
enzyme) during programmed cell death. One-day treatment
with 1 had no effect on induction of apoptosis as determined
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FIGURE 4: (a) Effects of M. alba L. prenylated flavonoids and the reference drug prednisone on LPS-induced TNF-« secretion at macrophages
derived from THP-1 cell line. Cells were pretreated with given compounds (10 M), prednisone (1 M), or the vehicle (DMSO) only. After 1h
of incubation, the inflammatory response was induced by LPS (except for the control cells). Results are expressed as means + S.E. for three
independent experiments. *Significant difference in comparison to vehicle-treated cells (P < 0.05), “*"significant difference in comparison
to vehicle-treated cells (P < 0.001), *significant difference in comparison to prednisone-treated cells (P < 0.05), and *significant difference
in comparison to prednisone-treated cells (P < 0.01). (b) Effects of M. alba L. prenylated flavonoids and the reference drug prednisone on
LPS-induced IL-1f3 secretion at macrophages derived from THP-1 cell line. Cells were pretreated with given compounds (10 #M), prednisone
(1uM), or the vehicle (DMSO) only. After 1h of incubation, the inflammatory response was induced by LPS (except for the control cells).
Results are expressed as means + S.E. for three independent experiments. **Significant difference in comparison to vehicle-treated cells
(P < 0.01); *significant difference in comparison to prednisone-treated cells (P < 0.01). (c) Effects of M. alba L. prenylated flavonoids and
the reference drug prednisone on LPS-induced IL-1RA secretion at macrophages derived from THP-1 cell line. Cells were pretreated with
given compounds (10 M), prednisone (1 M), or the vehicle (DMSO) only. After 1h of incubation, the inflammatory response was induced
by LPS (except for the control cells). Results are expressed as means + S.E. for three independent experiments. ***Significant difference in
comparison to vehicle-treated cells (P < 0.001). (d) Ratio IL-13/IL-1RA production calculated for macrophages derived from THP-1 cell line.
Values were obtained from ELISA measurements of individual cytokines as it is described in Figures 2 and 3. Results are expressed as means
+ S.E. for three independent experiments. A.U. = arbitrary unit. ***Significant difference in comparison to vehicle-treated cells (P < 0.001);
**significant difference in comparison to prednisone-treated cells (P < 0.001).

by flow cytometry assessment of Gl subpeak and western
blot analysis of PARP and caspase 3 cleavage. Significant
increase of GI subpeak (~8-fold higher compared to control)
was caused by 30 uM 3 compound; however, no cleavage of
PARP and caspase 3 was observed (Figure 3(c)). Conversely,
massive increase in Gl subpeak (~15-fold higher compared to
control), together with occurrence of both apoptotic markers
(cleaved PARP and subsequently caspase 3), was observed in
cells exposed to 2 for 24 h. However, effects of 2 on THP-
1 cells are not comparable with those of cisplatin, added as

amodel anticancer drug. Cisplatin caused considerably more
substantial changes in both G1 subpeak accumulation and
caspase 3 cleavage (see Figure Sl in Supplementary Mate-
rial Available online at http://dx.doi.org/10.1155/2013/350519),
suggesting that 2 mechanism of action is not similar to
that of platinum derivatives. These results prompted us to
experimentally address molecular mechanisms underlying
the effects of MA compounds on cell growth.

Cyclins A and B are members of the cyclin family, with
the maximum of their expression during S and G2 phases of
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FIGURE 5: Effects of M. alba L. prenylated flavonoids and the reference drug parthenolide (PTL) on LPS-induced (pro-)MMP-2 activity at
SCp2 cells. Cells were pretreated with given compounds (5 M), parthenolide (5 yM), or the vehicle (DMSO) only. After 1h of incubation, the
inflammatory response was induced by LPS (except for the control cells). Activity of (pro-)MMP-2 was detected by zymography (a). Intensity
of digested bands was analyzed by densitometry. (b) shows pro-MMP-2/MMP-2 ratio. Showed gels represent results of three independent

experiments (c). Results are expressed as means + S.E. for three independent experiments.
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Significant difference in comparison to vehicle-

treated cells (P < 0.001), *significant difference in comparison to parthenolide-treated cells (P < 0.05), and **significant difference in

comparison to parthenolide-treated cells (P < 0.01).

a cell cycle. Cyclin A is required for cell to progress through
the S phase, and cyclin B is necessary for cells to enter mitosis
and divide into two daughter cells [32]. It is also known
that activation of tumor suppressor retinoblastoma protein
(pRb) permits transcription of key S-phase-promoting genes,
including some that are required for DNA replication. In
contrast, dephosphorylation of pRb slows the progression of
cells into S phase [33]. None of the MA compounds tested
were found to reduce, after 24 h exposure, the expression
of cyclins A and B. This fact, together with the reduced
pRb phosphorylation caused by all MA compounds, possibly
indicates that these substances affect rather the GI/S than
G2/M transition. Flow cytometry data further support this
hypothesis, since significant accumulation of cells in Gl at the
expense of S phase was observed upon the treatment with
MA compounds. Since such cell cycle distortion could be
mediated by stress response signaling pathways, their acti-
vation was evaluated in THP-1 cells treated by all three MA
flavonoids. In THP-1 cells stress-associated regulators such
P21, p27 and p53 proteins are not detectable [15]. Therefore,
we focused on histones y-H2AX (becomes phosphorylated
on damaged DNA) and H3 (its phosphorylation on Thrll
correlates with mitotic/meiotic chromosome condensation).
Cells treated with any MA compound displayed no changes
in phosphorylation of histone H3 on the given residue.
For yH2AX we observed increased phosphorylation only
in cells treated with 2 at concentration of 20 uM, which is
the same as such causing cleavage of caspase 3 and PARP.
Collectively, we speculate that 2 exerts mode of action that is
different from that of 1 and 3. Compound 2 seems to inhibit
proliferation via triggering the stress-related pathway leading

to Rb dephosphorylation and apoptosis with typical cleavage
of PARP and caspase 3. On the other hand, no induction of
the stress-related proteins occurs in 1- and 3-treated cells,
and 1in all tested concentrations clearly affects PCNA, which
facilitates and controls DNA replication, and is at the very
heart of cell-cycle progression.

As mentioned at the beginning, our previous study on
effects of cudraflavone B (2) in human macrophages showed
an interesting anti-inflammatory activity of this flavonoid.
Since newly characterized compounds 1 and 3 were also
isolated from M. alba L., and chemically belong to the same
category, we expected similar effects. Yet, except secretion of
TNF-« and IL-1RA, we found different results after appli-
cation of MA substances to macrophages. Therefore, only
relatively little structural differences between compounds
tested (presence of 2,3 double bond at 2, presence and
position of prenyl or geranyl side chains, or substitution of
flavonoid B-ring) strongly affect the mechanism of action and
play a role in final effect of compound.

Importantly, our results pointed to huge differences
among the tested compounds. 1 and 2 showed similar
inhibition effect on TNF-a, IL-13, and IL-1RA expression. On
the other hand, 3, which differs from 1 by substitution of one
hydroxyl group on the C-ring for methoxy group, attenuated
only TNF-« and IL-1RA expression, but less effectively than
1 or 2, and secretion of IL-13 was strongly elevated. It is
obvious that all three compounds are able to downregulate
expression of genes that are under transcriptional control
of NF-«B. In comparison with other two cytokines, IL-1f is
synthetized as proprotein, and it is cleaved into active form
by caspase-1-containing inflammasome [34]. Increased IL-1J3
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production in the presence of LPS in cells was observed fol-
lowing incubation with doxorubicin and daunorubicin [35]
or Cu(II) complexes [36]. We cannot exclude the possibility
that 3 activates an inflammasome, and, thus, augments IL-1J
secretion. It should be noted that although 1 and 2 inhibited
IL-1P secretion, the effect is much smaller than in the case of
TNF-a. This may indicate that all three compounds are able
to positively regulate inflammasome action. The low ability
of tested compounds to downregulate proinflammatory IL-
183 and significant downregulation of anti-inflammatory IL-
IRA are showed in higher IL-13/IL-1RA ratio. The MMP-2
activity is in agreement with TNF-« and IL-13 expression—
2 significantly decreased its level, 1 inhibited its activity only
slightly, and 3 moderately raised its level. According to these
results, the highest antiphlogistic potential has 2 followed
by 1. Depending on conditions, flavonoids can act both as
prooxidants and antioxidants. The ability to cause dysfunc-
tion of mitochondria by prooxidant effect is connected with
possible mechanisms of anticancer action, which may lead
to apoptosis of tumor cells. Their antioxidant activity is
connected with direct scavenging effect of excessive reactive
oxygen/nitrogen species or with interaction with enzymes
involved in their production or elimination. Interaction with
enzymes responsible for carcinogen activation can lead to
prevention of tumor formation [37]. Only a few reports
on anti/prooxidative activity of compounds analysed in this
study have been published. In general, these compounds
do not fulfil the structural requirements needed for direct
scavenging effect in vitro [38], which was confirmed for com-
pound 2 [6, 39]. Park et al. [40] showed only weak activity of 2
in protecting LDL particles against oxidation (TBARS assay),
but the inhibition of NO formation mediated via inhibition
of iINOS was proved using RAW 264.7 cells. Protective effects
of prenylated compounds (1 and 3) against oxidative stress-
induced damage of human neuroblastoma SH-SY5Y cells
were observed, showing their potential antioxidant activity
[41]. Compound 1 showed inhibitory activity on NO produc-
tion in RAW 264.7 cells [42]. Possible pro/antioxidant activity
of tested compounds and its interconnection with their
anticancer effects should be clarified in further experiments.
In conclusion, the reported active agents isolated from
M. alba L. have an interesting impact on human cells, which
are involved in both tumor and inflammation. Of the three
compounds tested, 2 showed the strongest effects on cell cycle
progression and viability of tumor cells and on inflammatory
response of macrophage-like cells. In addition, substances
1 and 3 exerted more sophisticated rather than direct toxic
effect on used cell types. Our data indicate that mechanisms
different from stress-related or apoptotic signaling pathways
are involved in the action of these compounds. Although
further studies are required to precisely define the mecha-
nisms of MA flavonoid actions, here we clearly demonstrate
their effects combing antiproliferative and anti-inflammatory
activities in human cancer and macrophage-like cells, respec-
tively. Confirmed dual activity of tested prenylated flavonoids
could be an inspiration for chemical modifications of their
structures or isolation of similar substances in order to get
more potent agents usable for clinical practice in future.

11
Abbreviations
MA:  Morus alba L.
1: Kuwanon E
2: Cudraflavone B
3: 4'-O-methylkuwanon E
PBS:  Phosphate buffered saline

FBS: Fetal bovine serum
DMSO: Dimethylsulfoxide

PMA: Phorbol myristate acetate
LPS:  Lipopolysaccharide
PTL:  Parthenolide.

Conflict of Interests

The authors declare no conflict of interests.

Acknowledgments

The authors thank Dr. Robert Reiter for his kind gift of LAPC-
4 cells. This work was supported by the IGA University of
Veterinary and Pharmaceutical Sciences Brno (62/2011/FaF,
3/2010/FaF, and 12/2010/FaF) and the Masaryk University
(MSMO0021622430, CZ.1.05/1.1.00/02.0123) and by project
FNUSA-ICRC (CZ.1.05/1.1.00/02.0123) from the European
Regional Development Fund.

References

[1] S.Ercisli and E. Orhan, “Chemical composition of white (Morus
alba), red (Morus rubra) and black (Morus nigra) mulberry
fruits,” Food Chemistry, vol. 103, no. 4, pp. 1380-1384, 2007.

[2] J. Hosek, M. Bartos, S. Chudik et al., “Natural compound cud-
raflavone B shows promising anti-inflammatory properties in
vitro) Journal of Natural Products, vol. 74, no. 4, pp. 614-619,
2011.

[3] H. Y. Sohn, K. H. Son, C. S. Kwon, G. S. Kwon, and S. S. Kang,
“Antimicrobial and cytotoxic activity of 18 prenylated flavonoids
isolated from medicinal plants: Morus alba L., Morus mongolica
Schneider, Broussnetia papyrifera (L.) Vent, Sophora flavescens
Ait and Echinosophora koreensis Nakai,” Phytomedicine, vol. 11,
no. 7-8, pp. 666-672, 2004.

[4] J. Du, Z. D. He, R. W. Jiang et al., “Antiviral flavonoids from the

root bark of Morus alba L. Phytochemistry, vol. 62, no. 8, pp.
1235-1238, 2003.

[5] H. A. El-Beshbishy, A. N. B. Singab, J. Sinkkonen et al., “Hypol-
ipidemic and antioxidant effects of Morus alba L. (Egyptian
mulberry) root bark fractions supplementation in cholesterol-
fed rats,” Life Sciences, vol. 78, no. 23, pp. 2724-2733, 2006.

[6] H. Oh, E. K. Ko, J. Y. Jun et al., “Hepatoprotective and free
radical scavenging activities of prenylflavonoids, coumarin, and
stilbene from Morus alba,” Planta Medica, vol. 68, no. 10, pp.
932-934, 2002.

[7] S. Y. Nam, H. K. Yi, J. C. Lee et al., “Cortex mori extract
induces cancer cell apoptosis through inhibition of microtubule
assembly,” Archives of Pharmacal Research, vol. 25, no. 2, pp. 191-
196, 2002.

[8] N. T. Dat, P. T. X. Binh, L. T. P. Quynh et al., “Cytotoxic pre-
nylated flavonoids from Morus alba,” Fitoterapia, vol. 81, no. 8,
pp. 1224-1227, 2010.



12

(9]

(10]

=
)

(16]

(17]

(20]

(21]

(22]

J. C. Lee, S.J. Won, C. L. Chao et al., “Morusin induces apoptosis
and suppresses NF-«B activity in human colorectal cancer HT-
29 cells,” Biochemical and Biophysical Research Communica-
tions, vol. 372, no. 1, pp. 236-242, 2008.

T. Kikuchi, M. Nihei, H. Nagai et al., “Albanol A from the root
bark of Morus alba L. induces apoptotic cell death in HL60
human leukemia cell line,” Chemical ¢ Pharmaceutical Bulletin,
vol. 58, no. 4, pp. 568-571, 2010.

A. Mantovani, P. Allavena, A. Sica, and E Balkwill, “Cancer-
related inflammation,” Nature, vol. 454, no. 7203, pp. 436-444,
2008.

Y. Wu and B. P. Zhou, “TNF-a/NFxB/Snail pathway in cancer
cell migration and invasion,” British Journal of Cancer, vol. 102,
no. 4, pp. 639-644, 2010.

S. P. Hussain and C. C. Harris, “Inflammation and cancer:
an ancient link with novel potentials,” International Journal of
Cancer, vol. 121, no. 11, pp- 2373-2380, 2007.

K. émejkal, J. Svacinova, T. élapetové et al,, “Cytotoxic activities
of several geranyl-substituted flavanones,” Journal of Natural
Products, vol. 73, no. 4, pp. 568-572, 2010.

P. Kollar, T. Barta, V. Zavalova, K. émejkal, and A. Hampl, “Ger-
anylated flavanone tomentodiplacone B inhibits proliferation of
human monocytic leukaemia (THP-1) cells,” British Journal of
Pharmacology, vol. 162, no. 7, pp. 1534-1541, 2011.

B. Safieh-Garabedian, G. M. Mouneimne, W. El-Jouni, M.
Khattar, and R. Talhouk, “The effect of endotoxin on functional
parameters of mammary CID-9 cells,” Reproduction, vol. 127, no.
3, pp. 397-406, 2004.

K. Pencikova, P. Kollar, V. Muller Zavalova, E. Taborska, J.
Urbanova et al.,, “Investigation of sanguinarine and chelery-
thrine effects on LPS-induced inflammatory gene expression in
THP-1 cell line,” Phytomedicine, vol. 19, pp. 890-895, 2012.

K. A. Klein, R. E. Reiter, J. Redula et al., “Progression of
metastatic human prostate cancer to androgen independence in
immunodeficient SCID mice,” Nature Medicine, vol. 3, no. 4, pp.
402-408, 1997.

S. W. Hayward, R. Dahiya, G. R. Cunha, J. Bartek, N. Desh-
pande, and P. Narayan, “Establishment and characterization of
an immortalized but non-transformed human prostate epithe-
lial cell line: BPH-1,” In Vitro Cellular ¢ Developmental Biology,
vol. 31, no. 1, pp. 14-24, 1995.

A. Ghantous, H. Gali-Muhtasib, H. Vuorela, N. A. Saliba, and
N. Darwiche, “What made sesquiterpene lactones reach cancer
clinical trials?” Drug Discovery Today, vol. 15, no. 15-16, pp. 668—
678, 2010.

S. W. Maalouf, R. S. Talhouk, and F. L. Schanbacher, “Inflamma-
tory responses in epithelia: endotoxin-induced IL-6 secretion
and iNOS/NO production are differentially regulated in mouse
mammary epithelial cells,” Journal of Inflammation, vol. 7,
article 58, 2010.

R. S. Talhouk, J. R. Chin, E. N. Unemori, Z. Werb, and M. J.
Bissell, “Proteinases of the mammary gland: developmental reg-
ulation in vivo and vectorial secretion in culture,” Development,
vol. 112, no. 2, pp- 439-449,1991.

W. L. Xia, S. Spector, L. Hardy et al., “Tumor selective G,/M
cell cycle arrest and apoptosis of epithelial and hematological
malignancies by BBL22, a benzazepine,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 97, no. 13, pp. 7494-7499, 2000.

Evidence-Based Complementary and Alternative Medicine

[24]

(26]

(27]

(28]

[29

(32]

(33]

[34

(35]

[37]

(38]

(39

(40]

M. Kajstura, H. D. Halicka, J. Pryjma, and Z. Darzynkiewicz,
“Discontinuous fragmentation of nuclear DNA during apop-
tosis revealed by discrete “Sub-G; ” peaks on DNA content
histograms,” Cytometry A, vol. 71, no. 3, pp. 125-131, 2007.

S. N. Naryzhny, “Proliferating cell nuclear antigen: a proteomics
view;” Cellular and Molecular Life Sciences, vol. 65, no. 23, pp.
3789-3808, 2008.

M. Los, M. Mozoluk, D. Ferrari et al., “Activation and caspase-
mediated inhibition of PARP: a molecular switch between
fibroblast necrosis and apoptosis in death receptor signaling,”
Molecular Biology of the Cell, vol. 13, no. 3, pp. 978-988, 2002.

C. A. Dinarello, “Immunological and inflammatory functions
of the interleukin-1 family,” Annual Review of Immunology, vol.
27, pp. 519-550, 2000.

M. Karin, “Nuclear factor-xB in cancer development and
progression,” Nature, vol. 441, no. 7092, pp. 431-436, 2006.

S. Hollebeeck, T. Raas, N. Piront, Y. J. Schneider, O. Toussaint et
al., “Dimethyl sulfoxide (DMSO) attenuates the inflammatory
response in the in vitro intestinal Caco-2 cell model,” Toxicology
Letters, vol. 206, no. 3, pp- 268-275, 2011.

S. W. Jacob and R. Herschler, “Pharmacology of DMSO,
Cryobiology, vol. 23, no. 1, pp. 14-27,1986.

N. C. Santos, J. Figueira-Coelho, J. Martins-Silva, and C.
Saldanha, “Multidisciplinary utilization of dimethyl sulfoxide:
pharmacological, cellular, and molecular aspects,” Biochemical
Pharmacology, vol. 65, no. 7, pp. 1035-1041, 2003.

U. Galderisi, E P. Jori, and A. Giordano, “Cell cycle regulation
and neural differentiation,” Oncogene, vol. 22, no. 33, pp. 5208-
5219, 2003.

A. A.Romani, S. Desenzani, M. M. Morganti, S. La Monica, A. F.
Borghetti, and P. Soliani, “Zoledronic acid determines S-phase
arrest but fails to induce apoptosis in cholangiocarcinoma cells,”
Biochemical Pharmacology, vol. 78, no. 2, pp. 133-141, 2009.

O. Gross, C. J. Thomas, G. Guarda, and J. Tschopp, “The inflam-
masome: an integrated view;” Immunological Reviews, vol. 243,
no. 1, pp. 136-151, 2011.

K. A. D. Sauter, L. J. Wood, J. Wong, M. Iordanov, and B.
E. Magun, “Doxorubicin and daunorubicin induce processing
and release of interleukin-18 through activation of the NLRP3
inflammasome,” Cancer Biology and Therapy, vol. 11, no. 12, pp.
1008-1016, 2011.

Z. Travnicek, J. Vanco, J. Hosek, R. Buchtik, and Z. Dvorak,
“Cellular responses induced by Cu(II) quinolinonato complexes
in human tumor and hepatic cells,” Chemistry Central Journal,
vol. 6, article 160, 2012.

G. Galati and P. J. O’Brien, “Potential toxicity of flavonoids and
other dietary phenolics: significance for their chemopreventive
and anticancer properties,” Free Radical Biology and Medicine,
vol. 37, no. 3, pp. 287-303, 2004.

B. H. Havsteen, “The biochemistry and medical significance of
the flavonoids,” Pharmacology ¢ Therapeutics, vol. 96, no. 2-3,
pp. 67-202, 2002.

S. Maneechai, W. De-Eknamkul, K. Umehara, H. Noguchi, and
K. Likhitwitayawuid, “Flavonoid and stilbenoid production in
callus cultures of Artocarpus lakoocha,” Phytochemistry, vol. 81,
pp. 42-49, 2012.

K. H. Park, Y. D. Park, J. M. Han et al., “Anti-atherosclerotic
and anti-inflammatory activities of catecholic xanthones and

flavonoids isolated from Cudrania tricuspidata Bioorganic &
Medicinal Chemistry Letters, vol. 16, no. 21, pp. 5580-5583, 2006.



Evidence-Based Complementary and Alternative Medicine

[41] H.J.Lee, D.H. Lyu, U. Koo, K. W. Nam, S. S. Hong et al., “Protec-

tion of prenylated flavonoids from mori cortex radicis (Mora-
ceae) against nitric oxide-induced cell death in neuroblastoma
SH-SY5Y Cells,” Archives of Pharmacal Research, vol. 35, no. 1,
pp. 163-170, 2012.

Z.G. Yang, K. Matsuzaki, S. Takamatsu, and S. Kitanaka, “Inhib-
itory effects of constituents from Morus alba var. multicaulis on
differentiation of 3T3-LlI cells and nitric oxide production in
RAW264.7 cells,” Molecules, vol. 16, no. 7, pp. 6010-6022, 2011.

13



JOURNAL OF

RODUCT

pubs.acs.org/jnp

Prenylated and Geranylated Flavonoids Increase Production of
Reactive Oxygen Species in Mouse Macrophages but Inhibit the

Inflammatory Response

Jan Hosek,*" Alice Toniolo,* Ondrej Neuwirth,” and Chiara Bolegoi

TDepartment of Natural Drugs, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences Brno, Palackého tf. 1/3,

CZ 612 42, Brno, Czech Republic

iDepartment of Pharmaceutical and Pharmacological Sciences, University of Padua, Largo E. Meneghetti 2, I 35131, Padua, Italy

ABSTRACT: In this study, four prenylated and geranylated
flavonoids, cudraflavone B (1), pomiferin (2), osajin (3), and
diplacone (4), were tested for their antioxidant and anti-
inflammatory effects and to identify any potential relationships
between chemical structure and antioxidant or anti-inflamma-
tory properties. The selected flavonoids were examined in cell-
free models to prove their ability to scavenge superoxide
radicals, hydrogen peroxide, and hypochlorous acid. Further,
the ability of the flavonoids to influence the formation of
reactive oxygen species in the murine macrophage cell line

1774.A1

ROS f
IkB-a 1

cox2 &

J774.A1 was tested in the presence and absence of lipopolysaccharide (LPS). The ability of flavonoids to inhibit LPS-induced
IkB-ar degradation and COX-2 expression was used as a model for the inflammatory response. The present results indicated that
the antioxidant activity was dependent on the chemical structure, where the catechol moiety is especially crucial for this effect.
The most potent antioxidant activities in cell-free models were observed for diplacone (4), whereas cudraflavone B (1) and osajin
(3) showed a pro-oxidant effect in J774.A1 cells. All flavonoids tested were able to inhibit IxB-a degradation, but only diplacone

(4) also down-regulated COX-2 expression.

It is well known that the intake of flavonoids (and of many
other natural polyphenols) is associated with a lower risk of
oxidative-stress-related diseases such as cardiovascular diseases
and cancer.”> However, it should be noted that some
flavonoids also induce pro-oxidant effects, which may account
for their beneficial effects.’ > Flavonoids are also very often
studied for their anti-inflammatory properties.® On the other
hand, the antioxidant activity of flavonoids can be dissociated
from their anti-inflammatory actions, probably because of
contributions of different moieties of the molecule.”

Higher oxidative stress very often results in inflammation.
The contribution of reactive oxygen species (ROS) to the
activation of the nuclear factor (NF)-xB pathway is well
known.*® NF-kB is a transcription factor that regulates the
expression of inductors and effectors in many steps of the wide
network defining the immune response to a pathogenic
stimulation. In addition to the described modulation of the
inflammatory response, this factor is also involved in the
regulation of apoptosis and can be connected with the
development of cancer.'”'! On the other hand, a low oxidative
stress activates the nuclear factor erythroid 2-related factor 2
(NRF-2). The transcription factor NFR-2 triggers transcription
of hundreds of genes, including antioxidant genes, e.g., heme
oxygenase 1 (HO-1)."” The antioxidant action of NRE-2 leads
to attenuation of the lipopolysaccharide (LPS)-induced
inflammatory response.

© 2013 American Chemical Society and

-4 ACS Publications  American Society of Pharmacognosy 1586

Bacterial LPS is a well-established NF-xB inducer. This unit
of the cell walls of Gram-negative bacteria directly activates the
NF-kB pathway and simultaneously induces the production of
ROS, as described in a review by Gloire et al.'* Thus, LPS
represents a widely used model for the inflammatory response
and oxidative stress.

This work was focused on four flavonoids, three prenylated
and one geranylated, cudraflavone B (1, a flavone), pomiferin
(2, an isoflavone), osajin (3, an isoflavone), and diplacone (4, a
flavanone). Previous experiments have indicated an anti-
inflammatory effect of cudraflavone B (1),"° but this compound
lacks antioxidant activity.' On the other hand, diplacone (4)

7,18 .
and immuno-

showed strong antioxidant, cytoprotective,"
modulating activities.'” In the case of two structurally very
similar isoflavones (2 and 3), it has been demonstrated that
pomiferin (2) is a potent antioxidant, while osajin (3) has

2021
almost no activity.”

The aim of this study was to determine
the potential relationships between the chemical structure and
the antioxidant or anti-inflammatory properties of these four

flavonoids.
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B RESULTS AND DISCUSSION

Four flavonoids were tested for their scavenging activity against
three reactive oxygen species (O,*”, H,0,, and HCIO) (Table
1). Diplacone (4) showed the highest level of scavenging

Table 1. 0,°”, H,0,, and HCIO Scavenging Activity of Test
Flavonoids (ICg, mean + SE)

ICs (M)
compound 0, H,0, HCIO
cudraflavone B (1) 219.0 + 15.0 6412 + 314 1.8 + 0.1
pomiferin (2) 733 £ 438 899.3 + 40.1 9.1 +02
osajin (3) >1000° >1000° 310 + 17
diplacone (4) 412 + 3.7 554.0 + 45.8 23 +0.1

“39% scavenging activity at 1 mM. b17% scavenging activity at 1 mM.

activity against superoxide radicals and hydrogen peroxide with
ICs values of 41.2 + 3.7 and 554.0 + 45.8 uM, respectively. As
described previously, 4 exhibited the most potent DPPH
antioxidant activity of the compounds isolated from Paulownia
tomentosa (Thunb.) Steud. (Paulowniaceae) fruits."” Zima et al.
tested geranylated flavonoids obtained from this same plant and
found 4 to be one of the most effective scavenging agents
against superoxide, hydroxyl, ABTS, and DPPH radicals."® The
antioxidant effect of 4 corresponds to two hydroxyl group
substituents, present at positions C-3" and C-4’ on the B-ring,
which is one of the most important criteria for antioxidant
activity.” A similar catechol moiety on the B-ring is found in
pomiferin (2), which also showed good antioxidant activity
against superoxide radicals. However, translocation of the B-
ring from C-2 to C-3 reduces the resultant antioxidant activity.
Of the isoflavonoids tested, 2 was a more potent scavenger than
3, with an IC, value of 9.1 + 0.2 uM for 2 and 31.0 + 1.7 uM
for 3 in the case of the HCIO assay. This could be caused by a
greater number of hydroxyl group substituents on the B-ring.
This is consistent with the studies of Vesela et al. and Diopan et
al, where 3 showed little or no antioxidant activity.”**!
Compound 3 exhibited O, -scavenging activity of 39% and
H,0,-scavenging activity of only 17% at the highest
concentration tested (1 mM). Cudraflavone B (1) showed
the best activity against hypochlorous acid (ICy, 1.8 + 0.1 uM).
Oh et al. tested 1 with DPPH and found its antioxidant activity
to be 10-fold lower than that of oxyresveratrol.'®

Some compounds induce the production of ROS in cells,
which in turn may be responsible for beneficial properties.”>**

1587

The ability of the test flavonoids to generate ROS in J774A.1
cells was measured in a short-term (30 min) culture
experiment. Compounds 2—4 slightly increased the levels of
ROS by a factor of 0.95 to 1.67 compared with unstimulated
cells (Figure 1), whereas compound 1 augmented the amount

4 *
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Figure 1. Effect of flavonoids on short-term (30 min) production of
ROS. J774A.1 cells were incubated with cudraflavone B (1), pomiferin
(2), osajin (3), diplacone (4) (1.25 or 0.25 uM; concentrations are
indicated below the graph), LPS (1 ug/mL), or only the vehicle
[dimethyl sulfoxide (DMSO)]. After 30 min, the production of ROS
was measured. The results are expressed as means + SE for four
independent experiments. (* indicates a significant difference (p <
0.05) in comparison to cells treated only with the vehicle. The dashed
line indicates the basal level of ROS production in J774.A1 cells. )

of ROS significantly (3.12-fold at a concentration of 1.25 uM
and 2.13-fold at 0.25 uM). The effects of these flavonoids on
the generation of ROS were found to be concentration-
dependent. The pro-oxidant effect of natural flavonoids has
been well described for catechins, especially for (—)-epigallo-
catechin-3-gallate (EGCG), isolated from green tea leaves.”
According to this new research line, our group has also
demonstrated that a short-term exposure of HUVEC (human
umbilical vein endothelial cells) to EGCG increases the
production of ROS,** whereas a long-term incubation is
associated with antioxidant properties (unpublished data).
Some other flavonoids, e.g., fisetin, also show pro-oxidant
activity.”> The high pro-oxidant potential of 1 could account
partially for its low antioxidant activity, as determined in cell-
free models. Interestingly, compound 3, which shows a
markedly less potent antioxidant effect than 1, exhibited a
very low production of ROS in the cell culture during a short-
term (30 min) exposure. This could result from the presence of
only one hydroxy group on the B-ring. The pro-oxidant features
of natural flavonoids are often connected with their potential
anticancer action.>**

The next experiment was focused on the ability of the test
flavonoids to affect the generation of ROS in LPS-activated
macrophages after a 24 h exposure. Bacterial LPS induces the
production of ROS in immune cells via NADPH oxidase
(NOX)-4”° and thus participates in the activation of NF-«xB.>'*
The presence of LPS in the culture medium significantly
increased the level of ROS in J774A.1 macrophages (Figure 2).
Co-incubation of the cells with LPS and 4 had no effect on the
production of ROS, and co-incubation with 2 reduced the level
of ROS only slightly. On the other hand, at a concentration of
1.25 uM, 1 and 3 significantly increased the production of ROS

dx.doi.org/10.1021/np400242e | J. Nat. Prod. 2013, 76, 1586—1591
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Figure 2. Effect of flavonoids on the LPS-induced production of ROS.
J774A.1 cells were pretreated for 1 h with cudraflavone B (1),
pomiferin (2), osajin (3), diplacone (4) (1.25 or 025 uM;
concentrations are indicated below the graph), or only the vehicle
(DMSO). Subsequently, LPS (1 pg/mL) was added and the level of
ROS was measured after incubation for 24 h. (** indicates a significant
difference (p < 0.01) in comparison with cells treated only with the
vehicle and LPS, *** indicates a significant difference (p < 0.001) in
comparison with cells treated only with the vehicle and LPS. The
dashed line indicates a basal level of ROS production of LPS-treated
cells.)

in the presence of LPS, by factors of 1.71 and 1.59, respectively.
To determine whether this effect was related to the pro-oxidant
properties of the chosen flavonoids that were detected in a
short-term experiment (30 min), the level of ROS was also
measured after a 24-h incubation (Figure 3). The present data

2.5

ROS production

Fold of basal level of

'
-
3,

T
+
2
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Figure 3. Effect of flavonoids on the 24 h production of ROS. J774A.1
cells were incubated with cudraflavone B (1), pomiferin (2), osajin
(3), diplacone (4) (1.25 uM), or only the vehicle (DMSO). After 24
h, the production of ROS was measured. The results are expressed as
the means + SE for four independent experiments. The dashed line
indicates a basal level of ROS production in J774.A1 cells.

indicated that 1 and 3 still failed to change the level of ROS at
this time point (24 h). Taken together, cudraflavone B (1) and
osajin (3) enhanced the LPS-induced production of ROS.
These effects correlate well with the low antioxidant properties
of 1 and 3. From a comparison of Figure 1 with Figure 3 it is
evident that the level of ROS for compound 2 was similar after
30 min and 24 h incubations. On the other hand, 3 increased
the generation of ROS during longer incubations. In the
presence of diplacone (4), the production of ROS was
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increased after a 30 min incubation and was attenuated after
a 24 h incubation (a 1.67-fold higher level of ROS in
comparison to the basal concentration of ROS after 30 min and
a 1.26-fold lower level of ROS in comparison to the basal
concentration of ROS after 24 h, respectively). The level of
ROS decreased in the presence of 1, when the short- and long-
term incubations were compared (a 3.12-fold higher level of
ROS in comparison to the basal concentration of ROS after 30
min and a 2.00-fold lower level of ROS in comparison to the
basal concentration of ROS after 24 h). However, the ROS
concentration was still twice as high as the basal level after this
long-term incubation.

To determine whether the anti- or pro-oxidative properties of
the test flavonoids are connected to their anti-inflammatory
action, the activation of the NF-xB signaling pathway was
investigated. One of the crucial steps in the activation of the
canonical (classical) NF-kB pathway is the degradation of the
NF-«B inhibitor IxB-a.>® Pretreatment of the cells with tested
flavonoids led to reduced IkB-a degradation (Figure 4), where
compounds 3 and 4 showed greater activity than 1 and 2.
These results support previous observations made of an
immunomodulating effect for compounds 1 and 4.'>'? An
apparent discrepancy was observed between the pro-oxidant
effect of 1 and its protective action against LPS-induced IkB-a
degradation. However, it should be noted that LPS alone did
not induce the production of ROS in a 30 min challenge test
(Figure 1); hence the anti-inflammatory effect of the flavonoids
tested must derive from some mechanism other than the
antioxidant property.

A higher level of IkB-a had a downstream effect on gene
expression, as was determined by measuring the synthesis of
COX-2 (Figure S), which is regulated by the transcription
factor NF-kB. The level of COX-2 correlates well with the level
of IkB-a; that is, the greater the amount of IkB-a, the lower the
amount of COX-2. From this viewpoint, only diplacone (4)
showed a trend to reduce the expression of COX-2.
Surprisingly, cudraflavone B (1), which had significantly
attenuated the transcription of the COX-2 gene in our previous
work,"® had no effect on the translation of COX-2 in this study.
One reason for this could be that the concentration of 1 used in
the present study was eight times lower than in the previous
study.

The present results have confirmed the ability of the test
flavonoids to act as antioxidants in cell-free models in the
decreasing order diplacone (4) > cudraflavone B (1) =
pomiferin (2) >> osajin (3). This antioxidant potential results
from the number and position of the hydroxy groups on the B-
ring; the catechol moiety is especially crucial for this effect. The
low antioxidant action in cell-free models correlates with the
pro-oxidant properties of 1 and 3 in J774A.1 cells during 24 h
of incubation. Compounds 1 and 3 also showed enhanced
production of ROS in LPS-stimulated cells. On the other hand,
no relationship was found between chemical structure and anti-
inflammatory effects. The most promising potential agent for
the treatment of inflammatory diseases is diplacone (4), which
has demonstrated beneficial effects in different settings
including alloxan-induced diabetes mellitus in vivo."® Cudra-
flavone B (1) might be useful as a potential anticancer agent
because of its pro-oxidant action. However, detailed in vivo
studies will be required to elucidate the efficacy and exact
mechanisms of action of these flavonoids.
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Figure 4. Effect of flavonoids on the LPS-induced degradation of IkB-a. J774A.1 cells were pretreated for 15 min with cudraflavone B (1), pomiferin
(2), osajin (3), diplacone (4) (1.25 or 0.25 M), or only the vehicle (DMSO). Subsequently, LPS (1 ug/mL) was added and the levels of IxkB-a and
B-actin were measured after 30 min. The basal level of expression (without LPS stimulation) of IkB-« is indicated, as well. The blots shown are
representative results from four independent experiments. The graph below the blots indicates the IxB-a/f-actin ratio.

LPS

Figure S. Effect of flavonoids on the LPS-induced expression of COX-2. J774A.1 cells were pretreated for 1 h with cudraflavone B (1), pomiferin
(2), osajin (3), diplacone (4) (1.25 or 0.25 uM), or only the vehicle (DMSO). Subsequently, LPS (1 pg/mL) was added, and the levels of COX-2
and f-actin were measured after 24 h. The basal level of expression (without LPS stimulation) of COX-2 is indicated, as well. The blots shown are
representative results from four independent experiments. The graph below the blots indicates the COX-2/f-actin ratio.

B EXPERIMENTAL SECTION

Test Compounds. All four of the flavonoids were generously
donated by Dr. Karel Smejkal of the Faculty of Pharmacy, University
of Veterinary and Pharmaceutical Sciences Brno, Brno, Czech
Republic. They were isolated and characterized as previously described
[ie, cudraflavone B (1), pomiferin (2) and osajin (3),%° and
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diplacone (4)"7]. The purity of all compounds tested was checked via
HPLC analysis and exceeded 95%.

Superoxide Scavenging Assay. The superoxide radical (0,*”)
was generated by the NADH/phenazine methosulfate (PMS) system,
following the methodology described by Valantao et al.”’ The final
volume of 300 uL of reaction mixture in each sample well contained
the following reagents at the indicated final concentrations: 19 mM

dx.doi.org/10.1021/np400242e | J. Nat. Prod. 2013, 76, 1586—1591



Journal of Natural Products

phosphate buffer, pH 7.4; test compound dissolved in dimethyl
sulfoxide (DMSO) at concentrations ranging from 12.5 to 1000 uM;
166 uM NADH; 43.3 uM nitrotetrazolium blue (NBT); and 2.7 uM
PMS (all compounds were purchased from Sigma-Aldrich, Steinheim,
Germany). The assays were performed on a Biotek microplate reader.
The absorbance was measured at 560 nm immediately after mixing all
reagents for 2 min at room temperature. The absorbance was increased
by the O,* -reduction of NBT to a diformazan. Each compound was
measured in five independent experiments, performed in triplicate.

Hydrogen Peroxide Scavenging Assay. The H,0, scavenging
assay was performed according to the chemiluminescence method
described by Gomes et al*® The light emitted as lucigenin
disintegrated to form methylacridine was monitored as an indication
of the H,0,-induced oxidation. In a final volume of 250 L, each
reaction mixture contained S0 mM Tris-HCI buffer, pH 7.4; a test
compound dissolved in DMSO at concentrations ranging from 125 to
1000 uM; 800 uM lucigenin (Sigma-Aldrich); and 1% (v/v) H,0,.
The assays were performed on a Biotek microplate reader in the
luminescent mode. Measurements were taken at 37 °C immediately
after all of the reagents were mixed and added to the plate. Each
compound was measured in five independent experiments, performed
in triplicate.

Hypochlorous Acid Scavenging Assay. The scavenging activity
with HCIO was measured using a modified version of the fluorescence
methodology described by Gomes et al.>® The nonfluorescent agent
dihydrorhodamine 123 (DHR) was oxidized to the fluorescent
rhodamine by hypochlorous acid. The final volume of 300 uL of
each reaction mixture in its sample well contained the following
reagents at the specified final concentrations: 100 mM phosphate
buffer, pH 7.4; a test compound dissolved in methanol at
concentrations ranging from 0.625 to 100 uM; S yuM DHR; and §
#M HCIO (all compounds were purchased from Sigma-Aldrich). The
assays were measured on a Biotek microplate reader in the fluorescent
mode. Measurements using excitation at 485 & 20 nm and emission at
528 + 20 nm were taken at 37 °C immediately after mixing all of the
reagents and adding them into the plate. Each compound was
measured in five independent experiments, performed in triplicate.

Maintenance and Subcultivation of the Cell Line J774.A1.
The murine macrophage cell line J774A.1 (Lonza, Verveirs, Belgium)
was cultivated in Dulbecco’s modified Eagle medium (DMEM)
containing 0.45% (w/v) glucose and 25 mM HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid] (Life Technologies,
Monza, Italy) with the addition of 10% (v/v) fetal bovine serum
(FBS) (Euroclone, Milano, Italy), 1% (w/v) penicillin/streptomycin,
and 1% (w/v) L-glutamine (Life Technologies) in a humidified
atmosphere containing 5% CO, at 37 °C.

Cells were subcultivated when the confluence reached 80—90%.
The culture medium was aspirated, and the cells were washed with
phosphate-buffered saline (PBS) (Life Technologies). Adherent cells
were detached by adding 1.5 mL of PBS containing 8 mg/mL
lidocaine (Sigma-Aldrich) and S mM ethylenediaminetetraacetic acid
(EDTA) (Sigma-Aldrich) for each 10 mm culture plate. Culture plates
were then returned to the incubator for 2 min. A further 3 mL of PBS
was then added to each plate, and the cells were scraped into sterile
centrifuge tubes. After centrifugation at 1000g for S5 min, the
supernatant was removed, and the cells were resuspended in fresh
DMEM and transferred into new culture plates.

In Vitro Measurement of Reactive Oxygen Species. J774A.1
cells were split into 30 mm dishes at a cell density of 250 000 cells/mL
in a total volume of 2 mL. When the confluence had reached 80—90%
after 36—48 h, the culture medium was removed and the cells were
washed with PBS. Fresh serum-free DMEM was then added to the
cells. The cells prepared in this manner were used for subsequent ROS
measurements.

To measure the ability of the test compounds to induce the
generation of reactive oxygen species during a short-term (30 min)
exposure, the cells were incubated for 1 h with 10 yM 2/,7'-
dichlorodihydrofluorescein-diacetate (DCFH,-DA) (Sigma-Aldrich)
dissolved in methanol [the final concentration of methanol in the
medium was 2% (v/v)]. The test compound was dissolved in DMSO
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[the final concentration of DMSO in the medium was 0.1% (v/v)] and
added 30 min before the end of the DCFH,-DA incubation at
concentrations of 0.25 and 1.25 yM. At these levels, none of the
compounds induced a toxic effect (data not shown). The medium was
then aspirated, and the cells were washed with PBS. PBS with lidocaine
and a scraper were used to harvest the cells. The level of oxidized 2',7'-
dichlorfluorescein (DCF) was measured by flow cytometry at 488 nm
for excitation and 525 nm for emission. The measurements were
performed on a Beckman Coulter Epics XL flow cytometer.

To detect the potential ability of the test flavonoids to inhibit the
production of ROS in the presence of lipopolysaccharide obtained
from Escherichia coli 0111:B4 (Sigma-Aldrich), the cells were
pretreated with test compounds at concentrations of 0.25 and 1.25
uM for 1 h. Subsequently, 1 yg/mL LPS dissolved in water was added,
and the cells were incubated for a further 24 h. DCFH,-DA was added
30 min before the end of the LPS incubation. Next, the cells were
collected and the production of ROS was measured as described
above.

IkB-a Detection. The J774.A1 cells were prepared as described
above and pretreated with the tested compounds at a concentration of
125 uM for 1S min. Then, 1 pg/mL LPS was added and the
incubation was continued for a further 30 min. The cells were washed
with PBS and lysed in lysis buffer [SO mM Tris-HCI, pH 7.4; 150 mM
NaCl; 1% (v/v) Nonidet P-40; 25 mM NaF; 0.5% (w/v) sodium
deoxycholate; 10% (w/v) SDS; 1 mM EGTA; 1 mM phenyl-
methylsulfonyl fluoride; 1 mM orthovanadate; and 10 mM sodium
pyrophosphate, supplemented with Complete protease inhibitor
mixture obtained from Roche, Mannheim, Germany] with sonication.
The protein concentration was measured by the Lowry method.*® Cell
lysates were denatured in the presence of f-mercaptoethanol at 100 °C
for S min, and 40 pg of the denatured protein was loaded onto a 12%
polyacrylamide gel. After electrophoresis, the protein was transferred
to polyvinylidene difluoride (PVDF) membranes, which were
subsequently blocked with 5% (w/v) skimmed milk (Sigma-Aldrich)
dissolved in TBST buffer [150 mM NaCl, 10 mM Tris base, 0.1% (v/
v) Tween-20]. The membranes were incubated with either a primary
anti-IkB-a antibody (Cell Signaling, Danvers, MA, USA) at 1:1000
dilution and 4 °C for 16 h or a primary anti-f-actin antibody (Sigma-
Aldrich) at 1:5000 dilution and room temperature for 1 h. After
washing, the secondary antibody [anti-mouse IgG; anti-rabbit IgG
(Vector, Peterborough, UK)] diluted 1:5000 was applied on the
membranes and incubated for 1 h at room temperature (~23 °C). The
secondary antibodies were detected using a chemiluminiscent ECL
substrate (GE Healthcare, Little Chalfont, UK). The intensity of
protein bands was calculated by AlphaEasy FC 4.0.0 software (Alpha
Innotech, San Leandro, CA, USA) for densitometric analysis.

COX-2 Detection. J774A.1 macrophages prepared as described
above were pretreated with each of the test compounds at a
concentration of 1.25 uM for 1 h. The inflammatory response was
then triggered using 1 ug/mL LPS, and the cells were incubated for 24
h. The cells were lysed, and their protein concentrations were
measured as described above. Forty micrograms of the denatured
protein was loaded into a 12% polyacrylamide gel and blotted onto a
PVDF membrane. The primary anti-COX-2 antibody (Cayman
Chemicals, Ann Arbor, MI, USA) was diluted 1:500. $-Actin detection
and membrane development was performed as described above.

Statistical Analysis. All of the experiments were performed in at
least three independent replications; the results are presented as mean
values, with error bars representing the standard deviation (SE) of the
average value. A one-way ANOVA test was used for statistical analysis,
followed by Tukey’s post hoc test for multiple comparisons. A value of
p < 0.05 was considered to be statistically significant. GraphPad Prism
5.02 (GraphPad Software Inc., La Jolla, CA, USA) was used to perform
the analysis.
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ABSTRACT: Chromatographic separation of root extracts of
Morus alba and M. nigra led to the identification of the 2-
arylbenzofurans moracin C (1), mulberrofuran Y (2), and
mulberrofuran H (3), and the prenylated flavonoids kuwanon
E (4), kuwanon C (5), sanggenon H (6), cudraflavone B (7),
and morusinol (8), and the Diels—Alder adducts soroceal (9),
and sanggenon E (10). The cytotoxicity and their antiphlo-
gistic activity, determined as the attenuation of the secretion of
TNF-a and IL-1f and the inhibition of NF-xB nuclear
translocation in LPS-stimulated macrophages, were evaluated
for compounds 1-10.
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Morus alba L. and M. nigra L.(both known as mulberry) are
deciduous trees belonging to the family Moraceae. They are
found in mainland China, Japan, and Korea and often cultivated
for different purposes. Their leaves are used to feed silkworms
(Bombyx mori L.). Mulberry plants have edible and tasty fruits,
while various plant parts have been used in traditional Chinese
medicine for centuries. The root bark of the M. alba is used
traditionally as an antipyretic, antitussic, diuretic, and
expectorant agent."” Previous studies have shown that extracts
from M. alba root bark contain mainly flavonoids and
prenylated flavonoids, alkaloids, 2-arylbenzofurans, coumarins,
Diels—Alder type adducts, dihydrofuran derivatives, stilbenes,
and terpenes.”* The root bark of M. alba and the compounds it
contains possess antiallergic, anti-inflammatory, antimicrobial,
antioxidant, antiviral, cytotoxic, hypoglycemic, hypolipidemic,
and neuroprotective activities.’ In contrast to M. alba, less is
known about the root bark of M. nigra, with extracts showing
tyrosinase inhibitory and antinociceptive activities.®’

Inflammation is a complex of defensive reactions that an
organism makes to various pathophysiological stimuli, seeking
to eliminate the irritating stimuli and repair tissue. However,
the increasing incidence of chronic inflammatory diseases
connected with the destruction of tissue presents a growing
health problem.® The anti-inflammatory drugs used clinically
have unfavorable side effects and are expensive (especially in
the case of biologics). Traditional medicines and natural
products may provide an alternative to these drugs because
bioactive constituents may lead to the development of drugs for
the treatment of inflammatory diseases.”

© 2014 American Chemical Society and
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Owing to its successful use in traditional medicine, white
mulberry root bark (Cortex Mori Radicis, sang bai pi) is
considered to be a promising source of compounds with anti-
inflammatory activity. Beside to constituents used in this paper,
the antiphlogistic activity of many other compounds from M.
alba has been described. For example, the constituent
oxyresveratrol inhibits the lipopolysaccharide (LPS)-stimulated
expression of inducible NO synthase (iNOS), the nuclear
translocation of nuclear factor (NF)-kB, and the activity of
cyclooxygenase (COX)-2 in RAW264.7 cells.'® The inhibition
of NF-xB has also been observed for two chalcone-derived
Diels—Alder type adducts, namely, kuwanon J 2,4,10"-trimethyl
ether and kuwanon R.'" Nonselective inhibition of COX-1 and
COX-2 has been reported for sanggenon C, sanggenon E, and
sanggenon O, whereas the prenylated flavonoids morusin and
kuwanon C inhibit COX-1, COX-2, 5-lipoxygenase (LOX), and
12-LOX, to varying degrees.'”'® Previous studies have
confirmed the significant inhibition of NO production by
arylbenzofurans and prenylated flavonoids obtained from M.
alba root bark, and sanggenon C, sanggenon D, sanggenon O,
morusin, and kuwanon C are able to suppress the expression of
inducible NO synthase.”'*"> Mornigrol D and norartocarpetin
obtained from M. nigra root bark have shown potent anti-
inflammatory activity by inhibiting the release of f-
glucuronidase from rat polymorphonuclear leucocytes.'®
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In the present report, the isolation of the 2-arylbenzofuran
derivatives moracin C (1), mulberrofuran Y (2), and
mulberrofuran H (3), the prenylated flavonoids kuwanon E
(4), kuwanon C (5), sanggenon H (6), cudraflavone B (7), and
morusinol (8), from M. alba root bark is described. In addition,
the Diels—Alder type adducts soroceal (9) and sanggenon E
(10) were obtained from the root bark of M. nigra. These
compounds were identified on the basis of NMR spectroscopy,
mass spectrometry, and optical methods (circular dichroism
and specific optical rotation), and the data were compared with
those previously published in the literature.”'”~>* The
cytotoxicity and anti-inflammatory activities of these ten
compounds were evaluated for their ability to decrease the
secretion of the pro-inflammatory cytokines TNF-a and IL-1f3
in LPS-stimulated macrophages. The effects of the isolated
compounds on the nuclear translocation of transcription factor
NF-kB were also evaluated.

B RESULTS AND DISCUSSION

The cytotoxicity of compounds 1—10 were determined using a
THP-1 human monocytic leukemic cell line, primarily in order
to determine the safe and nontoxic concentrations for the
subsequent analysis of the TNF-a secretion. On the basis of the
results of the tests, the compounds were divided into two
groups according to their estimated ICg, values: nontoxic
substances, with ICy, values of >10 uM, and toxic compounds,
with ICy, values of <10 uM (see Table 1). All of the
compounds, except 6 and 7, were found to be toxic, with IC;,
values of <5 yM. Sanggenon H (6) together with cudraflavone
B (7), the cytotoxicity of which has been tested in previous
studies,'”** both showed an ICs, values of >10 4M and were
assigned as nontoxic. On the basis of these results, a relatively
nontoxic concentration of 1 #M was selected for measuring the
secretion of cytokines.

The cytotoxic activity of some compounds or extracts from
the root bark of M. alba azgainst different cell lines has been
demonstrated previously.”**> The greatest activity among the
group of prenylated flavonoids was shown by kuwanon C (5)
(IC4 1.7 + 0.03 £M), the antiproliferative activity of which has
also been shown against B16 melanoma cells.”® The greater
toxicity of kuwanon C (§) in comparison to kuwanon E (4)
could be caused by the presence of two prenyl moieties in § in
contrast to only one geranyl group in 4, as well as by the
positions at which these are attached to the flavonoid skeleton.
It has been shown previously that the cytotoxicity of flavonoids
increases not only with the number of prenyl moieties
(augmentation of the lipophility and possible penetration into
cells) but also with changes in their location. Prenyl
substitution of ring A increases the cytotoxicity more than
substitution of the same group on ring B. Comparison of the
activities of kuwanon C (5) and kuwanon E (4) with
sanggenon H (6) and morusinol (8) indicated that cyclization
of a prenyl group with a hydroxy group can lead to a small
decrease in the effect. The greater activity of 8 compared with 6
seems to be caused by double prenyl substitution, of both ring
A and ring C, in comparison to a single cyclic prenyl group
substituted on ring B of 6.>%*” All of the three 2-arylbenzofuran
derivatives (1—3) that were tested could be designated as
cytotoxic compounds according to their effects on THP-1.
Moracin C (1) has also previously demonstrated cytotoxic
activity against murine leukemia P-388 cells and MCF-7 human
breast cancer cells.”®*® Zelefack et al. found that prenylation of
the arylbenzofuran ring at position 4’ increased the
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Table 1. ICy, Values Calculated for Compounds 1—-10“

OH

compound ICyy (mean + S.E.)
moracin C (1) 32+ 013 uM
mulberrofuran Y (2) 4.8 + 0.19 uM
mulberrofuran H (3) 32 +0.13 uM
kuwanon E (4) 4.0 + 0.08 uM
kuwanon C (5) 1.7 + 0.03 uM
sanggenon H (6) >10 uM
cudraflavone B (7) >10 yM'7 >
morusinol (8) 4.3 + 0.09 uM
soroceal (9) 4.7 + 0.19 uM
sanggenon E (10) 4.0 + 0.12 uM

“Mean + S.E.

cytotoxicity.” In addition to its toxic effects on cancer cells,
1 also inhibits the breast cancer resistance protein (BCRP/
ABCG2).*° In contrast to the well-known cytotoxicity of 1, this
is the first report of cytotoxic activity for mulberrofuran Y (2)
and for mulberrofuran H (3), which is a Diels—Alder adduct of
chalcone and dehydroprenyl-2-arylbenzofuran. The Diels—
Alder adducts soroceal (9) and sanggenon E (10) are also
among the compounds assigned as toxic (IC5, < 10 M)
because of their effects on THP-1 cells. To date, no information
about the cytotoxic activity of these compounds has been
reported in the literature. On the other hand, known Diels—
Alder adducts isolated from Morus species, have shown little or
no cytotoxic activity against several cancer cell lines.*** The
only exception is mulberrofuran F, which showed a significant
cytotoxic effect against the A2780 human ovarian cancer cell
line (ICg, 1.2 uM).*?

The next part of this study focused on testing the anti-
inflammatory activities of compounds 1—10. Owing to the
dominant role of TNF-« in the pathogenesis of inflammation,
the ability of each of the isolated compounds to reduce the
secretion of TNF-a in LPS-stimulated macrophages was tested
(Figure 1A), as was their ability to diminish the production of
IL-1f3, another pro-inflammatory cytokine (Figure 1B). The
prenylated flavonoids (4—8) were most efficient in significantly
reducing the secretion of TNF-a (p < 0.01), but the production
of this cytokine was in no case significantly lower than that of
prednisone used as a positive control. The most potent
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Figure 1. Effects of compounds isolated from mulberry root bark and
prednisone on the LPS-induced secretion of TNF-a (A) and IL-15
(B). The cells were pretreated with compounds 1-10 (1 uM),
prednisone (Pred., 1 uM), or the vehicle (Veh., DMSO) only. After 1
h of incubation, the inflammatory response was induced by using LPS
[except for the control cells (CTRL)]. The secretion was measured 24
h after the addition of LPS. The results are expressed as the mean +
SE for each of three independent experiments. Significant differences
are shown in comparison, with * vehicle-treated cells (p < 0.05), **
vehicle-treated cells (p < 0.01), and *** vehicle-treated cells (p <
0.001).

compound found was morusinol (8), with an effect nearly twice
that of prednisone. On the other hand, only compounds 4—6
greatly reduced (p < 0.001) the level of IL-1/3. Morusinol (8)
had only a moderate effect (p < 0.05) and cudraflavone B (7)
did not significantly diminish the production of IL-15.

In general, flavones (with double bond between C-2 and C-
3) are reported to be more effective in diminishing the
secretion of TNF-a than flavanones (without double bond
between C-2 and C-3).33 In contrast, herein, the compound 6, a
flavanone, showed more activity than the flavones S and 7. The
keto group at position C-4 of the flavonoid skeleton and the
hydroxy groups at positions C-5, C-7, and C-4’ are additional
structural elements that are probably needed to reduce the
secretion of TNF-a, and all of the flavonoids (4—8) tested in
this study met these structural requirements. The results show
that the cyclization of the prenyl moiety in 6—8 did not reduce
the anti-inflammatory activities of these compounds although it
reduced their cytotoxicity. Previous studies have indicated that
substitution of ring B strongly influences the activity of
flavonoids. It has been reported that flavonoids with a 3',4’-
dihydroxy substitution are more active than those with only a
single hydroxy group on ring B.>> The present work showed
that the secretion of TNF-a is also influenced by flavonoids
with the 2’4’ oxidation pattern that is typical for such
compounds from the family Moraceae. On the other hand,
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cyclization of the prenyl group on ring C (7, 8) dramatically
decreased the ability of flavonoids to attenuate the secretion of
IL-13. This is in agreement with a previuos report, that
cudraflavone B (7) gave a greater effect than kuwanon E (4) on
the secretion of IL-1f in THP-1 cells at a concentration of 10
#M.>* Although the present study used a lower concentration
(1 uM), the level of IL-1f was affected only moderately.

In addition to the inhibition of the secretion of TNF-a and
IL-13, other mechanisms for testing the anti-inflammatory
activity of flavonoids have been reported in the literature.
Kuwanon C (5) influences the metabolism of arachidonate by
inhibiting COX-1, COX-2, 5-LOX, and 12-LOX. It also inhibits
the production of NO and platelet-activating factor (PAF) and
arachidonic acid-induced aggregation of platelets.*'*"'>3*
Kuwanon E (4) significantly inhibits the production of IL-6
in the A549 lung epithelial cell line and the production of NO
in lung macrophages (MH-S) in a model of airway
inflammation.*® The anti-inflammatory effects of cudraflavone
B (7) include the inhibition of COX-1, COX-2, and MMP-2
and antiatherogenic activity caused by inhibiting the prolifer-
ation of aortic smooth muscle cells.'”**3¢

Although all of the 2-arylbenzofurans tested (1—3) reduced
the secretion of TNF-q, these compounds showed a different
efficacies. Mulberrofuran H (3) was the most effective
compound (p < 0.001), with activity more potent than
prednisone, while moracin C (1) showed the least activity,
which was statistically insignificant. Clearly, the substitution
pattern of the common skeleton of 2-(3,5-dihydroxyphenyl)-
benzofuran greatly influences its ability to suppress the
production of TNF-a. The effects of 1-3 on IL-1§ did not
match the inhibition of TNF-q, since only mulberrofuran Y (2)
was able to reduce the secretion of this cytokine. Neither
moracin C (1) nor mulberrofuran H (3) diminished the
production of IL-1/3, possibly because of the presence of a bulky
substituent at the para position of the 2-aryl ring. The reduction
of the expression of TNF-a is not the only mechanism of anti-
inflammatory activity of 1. Moracin C (1) has been proven to
diminish the release of f-glucuronidase from PAF-stimulated
rat polymorphonuclear (PMN) cells, to reduce the production
of NO in LPS-stimulated macrophages, and to inhibit
phosphodiesterase-4, a promising target for the treatment of
asthma.**”*® The antioxidative potential of 1 may possibly
contribute to its anti-inflammatory activity.>® Little is known
about the anti-inflammatory effects of mulberrofuran Y (2),
although Yang et al. have found that it inhibits the production
of NO.* Significant inhibition of the secretion of TNF-a and
IL-1$ was demonstrated in the present investigation. There is
no prior literature information on the potential anti-
inflammatory activity of mulberrofuran H (3).

Soroceal (9) did not affect the production of TNF-a, but the
efficacy of sanggenon E (10) was statistically significant (p <
0.05), even though it was lower than that of prednisone.
Neither of these Diels—Alder adducts influenced the secretion
of IL-1. In contrast to the dearth of information about the
activity of 10 (an inhibitor of COX-1 and COX-2),"® there have
been several reports about the anti-inflammatory effects of
structurally related sanggenons.’>~'>'® The antioxidative effect
of the structurally similar sorocein A suggests the need to test 9
for such biological activity.”®

On the basis of previous results, it was hypothesized that the
mechanism of action of the compounds tested might involve
inhibition of the transcriptional factor NF-kB, which plays a key
role in the LPS-stimulated expression of TNF-a and IL-1f. To
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prove this, the inhibitory effects of 3, 6, 7, and 8 on the nuclear
translocation of NF-kB following LPS-stimulation were
determined. As seen in Figure 2, all of these compounds (3,

Mulberrofuran H (3) _Sangennon H (6) Cudraflavone B (7 Morusinol (8

p65

merge p65/P|

Prednisone CTRL Vehicle

merge p65/P|

Figure 2. Effect of compounds 3, 6, 7, and 8 on the nuclear
translocation of NF-kB (p65) as determined by immunohistochem-
istry (green color). The cells were counterstained with propidium
iodide (PI; red color) to visualize the nuclei. The colocalization of the
fluorescence-conjugated antibody and the nuclear stain in the vehicle
and their almost total lack of colocalization in the other experimental
variants should be noted, especially for sangennon H (6).
Representative immunofluorescence images of three independent
experiments yielding identical results for the nuclear translocation of
NF-kB are shown.

6—8) reduced the activation of this transcription factor. The
precondition that the compounds act by suppressing NF-xB
was supported by the fact that the suppression of NF-xB has
been observed previously for extracts of the leaves and roots of
M. alba.*>* Moreover, the inhibition of NF-kB by cudraflavone
B (7) and kuwanon E (4) has also been proven previously.'”*?
To suppress the NF-kB pathway, natural products may
influence the stability of the NF-kB/IkB complex, the activity
of the IKK complex, the phosphorylation and proteolytic
degradation of IkB, or nuclear translocation or the DNA
binding activity of NF-xB.*'™* Compounds 1—-10 showed
different effects on the secretion of TNF-a and IL-1f. These
compounds may affect different post-translation regulation
points for the two different cytokines and, for example, could
have different mechanisms for regulation of their secretion or
release. Another possible mechanism of action may be the
inhibition of kinases of the MAPK family, especially ERK, JNK,
and p38, which participate in the production of pro-
inflammatory mediators in LPS-stimulated cells. Inhibition of
the secretion of TNF-a and IL-1§ on this level has been
demonstrated by many flavonoids, with differences in the type
of MAPK inhibited. The inhibition of Akt kinase has been
observed less frequently.”™* 1t is also possible that the
compounds tested could inhibit the secretion of cytokines by
inhibiting other transcriptional factors, such as AP-1 or STAT-
1, as is the case with other natural compounds.*’~*

1300

Therefore, in the present work, the isolation of several 2-
arylbenzofuran derivatives, prenylated flavonoids, and Diels—
Alder adducts from the roots of both M. alba and M. nigra has
been described. Their cytotoxicity and anti-inflammatory
activity against the THP-1 cell line has been evaluated. The
cytotoxicity of the 2-arylbenzofurans 2 and 3, kuwanon C (§),
and sanggenon E (10) has been observed. It would be
worthwhile to test these phytochemicals against further cell
lines and noncancer cells in order to elucidate their anticancer
potential. The noticeable anti-inflammatory activity of eight of
the compounds tested has been demonstrated. Compounds 2,
4, 5, and 8 significantly inhibited the secretion of both
cytokines due, at least in part, to inhibition of the NF-«xB
signaling pathway. However, further detailed testing will be
required to elucidate the exact mechanism of action and any
potential impact on other pro-inflammatory mediators of these
compounds.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations
were measured with a JASCO P-2000 digital polarimeter, and
circular dichroism (CD) spectra were obtained using JASCO J-
815 instruments (CD spectra were measured twice, independ-
ently on two different spectrometers). NMR (1D and 2D)
spectra were obtained using a Bruker Avance 400 spectrometer
with TMS as the internal standard. HRMS spectra were
measured with an Orbitrap spectrometer (Thermo Scientific)
using ESI in the positive mode. Analytical HPLC measurements
were obtained using an Agilent 1100 chromatographic system
with a DAD (Agilent). Preparative HPLC was performed using
a YL 9100 HPLC System (Young Lin) with a Foxy R2 Fraction
Collector (Teledyne Isco). Column chromatography was
performed on silica gel with a particle size of 40—63 um
(Merck). Silica gel 100 (Fluka) was used for flash
chromatography. TLC plates [silica gel 60 F,5, 20 X 20 cm,
200 um (Merck)] and an analytical HPLC column [Ascentis
Express RP-Amide, 10 cm X 2.1 mm, particle size 2.7 pm
(Supelco)] were used for analytical purposes. Final compound
purifications were performed using preparative TLC plates
[Uniplate, silica gel GF, 20 X 20 cm, with fluorescent indicator
Fys4 SO0 pm (Analtech)] and a semipreparative HPLC column
[Ascentis RP-amide, 25 cm X 10 mm, particle size 5 pm
(Supelco)].

RPMI 1640 medium and phosphate-buffered saline (PBS)
were purchased from PAA (Pasching, Austria). The penicillin—
streptomycin mixture, fetal bovine serum (FBS), phorbol
myristate acetate (PMA), erythrosin B, Escherichia coli 0111:B4
lipopolysaccharide (LPS), dimethyl sulfoxide (DMSO), and
prednisone (purity >98%) were obtained from Sigma-Aldrich
(Steinheim, Germany). Cytotoxicity was tested by using a Cell
Proliferation Reagent WST-1 kit from Roche Applied Science
(Mannheim, Germany) and the productions of TNF-@ and IL-
15 were evaluated by using a Human Instant ELISA kit from
eBioscience (Vienna, Austria).

Plant Material. The roots of M. alba were collected in
Konya, Turkey in April 2007 (for compounds 3, 4, 6, and 7)
and in the area of the University of Veterinary and
Pharmaceutical Sciences Brno (UVPS Brno), Brno, Czech
Republic in April 2011 (for compounds 1, 2, S, and 8). The
roots of M. nigra were collected in Konya, Turkey in April 2007
(for compounds 9 and 10). The botanical identifications were
confirmed by Professor Murat Kartal (Faculty of Pharmacy,
Ankara University, Turkey) and Associate Professor Petr
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Babula (UVPS Brno). Voucher specimens were deposited in
the herbarium of the Department of Natural Drugs, UVPS
Brno (No. MA-07A, MA-11A, and MN-07A).

Extraction and Isolation. The procedures used to isolate
kuwanon E (4) and cudraflavone B (7) have been reported
previously.'””” Mulberrofuran H (3) and sanggenon H (6)
were obtained from the CHCI, extract of M. alba,'?® and
separated using reversed-phase preparative HPLC (Supelcosil
ABZ+Plus, 250 X 212 mm id., particle size 5 pm). The
gradient elution employed 02% HCOOH and a mixture of
MeCN and MeOH, 8:2 (v/v) (A). The initial composition of
20% A increased to a final composition of 100% A after 40 min,
with a flow rate of 25 mL/min. Fractions were acquired using a
detector response at A = 280 nm. After removal of the organic
solvent and precipitation, the fraction with an HPLC #; value of
14—15 min yielded 3 (22 mg), whereas the fraction with a t
value of 15—16 min was further purified using preparative TLC
[(C¢Hg—acetone, 95:5 (v/v), R 0.55)] to yield 6 (7 mg).

Moracin C (1), mulberrofuran Y (2), kawanon C (5), and
morusinol (8) were isolated from M. alba root bark collected in
the area of the UVPS campus. The liquid—liquid extraction was
performed in the same way as for the Turkish M. alba roots.””
Twenty-two kilograms of chopped root bark yielded 218 g of
solid material from the CHCl;-soluble portion. A 90 g aliquot
of this material was separated using column chromatography.
The mobile phase was composed of CHCL,—CsH¢—MeOH
(45:48:7), and 150 mL fractions were collected. Fractions 52—
59 were subsequently combined and separated using column
chromatography with a mobile phase of CgHg—acetone
(7.5:2.5). Subfractions 21 and 22 from this separation were
combined and subjected to preparative HPLC (gradient elution
with 0.2% HCOOH and MeCN). Compounds 1 (61 mg), 2
(58 mg), and 5 (545 mg) were isolated. Fractions 60—69 were
combined and separated using column chromatography, with a
mobile phase of C¢Hg—acetone (7:3), and subfractions 11 and
12 yielded compound 8 (256 mg).

The same extraction procedure was applied to M. nigra root
bark.'”*® A total of 216 g of chopped root bark yielded 9 g of
solid material from the CHCl;-soluble portion. This was
separated using flash chromatography with a mobile phase of
CHCl,:C¢Hg:MeOH (8:1:1) and a flow rate of 40 mL/min.
Fractions of 320 mL each were collected. Fraction 2 was
separated using preparative HPLC (gradient elution with 0.2%
HCOOH and MeCN), and subfractions 4 and S were then
purified using preparative TLC with a mobile phase of CHCl;—
C¢Hg—MeOH (7.5:1.5:1) to yield compounds 9 (1.5 mg) and
10 (15 mg), respectively.

The purity of all compounds exceeded 95%, as checked via
analytical HPLC.

Maintenance and Preparation of Macrophages. The
THP-1 human monocytic leukemia cell line was obtained from
the European Collection of Cell Cultures (ECACC, Salisbury,
U. K.). The cells were cultivated at 37 °C in RPMI 1640
medium supplemented with 2 mM L-glutamine, 10% FBS, 100
U/mL penicillin, and 100 pg/mL streptomycin in a humidified
atmosphere containing 5% CO,. The medium was changed
twice a week, when cells had reached a concentration of 5—7 X
10° cells/mL. The cell number and viability were determined
following staining with erythrosin B. Cells were counted
manually using a hemocytometer and a light microscope. Cells
that remained unstained were considered viable and light red
cells as nonviable. Stabilized cells were split into multititration
plates to afford a concentration of 5 X 10° cells/mL, and
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differentiation into macrophages was induced by phorbol
myristate acetate (PMA), as described previously.*

Cytotoxicity Assay. Compounds 1—6 and 8—10 were
dissolved in DMSO at concentrations decreasing from 30 to
0.37 uM and added to the monocyte suspension in the culture
medium. The final concentration of DMSO in the culture
medium was 0.1%. Incubation for 24 h at 37 °C with 5% CO,
followed. After incubation, the cytotoxicity was measured by
using a Cell Proliferation Reagent WST-1 kit, according the
manufacturer's instructions. The cytotoxicity of cudraflavone B
(7) on the THP-1 cell line has been described previously.'”**
The ICs, values were calculated from viability curves, and the
results are presented as arithmetic means + SE.

Drug Treatment and Induction of Inflammation.
Differentiated macrophages were pretreated for 1 h with
compounds 1—10 at 1 gM dissolved in DMSO. According to
the cytotoxicity assays, these concentrations lacked a cytotoxic
effect. For comparison with a conventional drug, 1 uM
prednisone dissolved in DMSO was used. Vehicle-treated
cells contained only the vehicle (DMSO), and control cells
were not treated with LPS. The concentration of DMSO in
each well was 0.1%.

The modulating effect of each compound on the secretion of
TNF-a was tested by adding 1 ug/mL of LPS dissolved in
sterile water to macrophages pretreated with these compounds.
After being treated with LPS, the cultivation medium was
aspirated for 24 h, the cell residue was eliminated by
centrifugation, and the samples were stored at —80 °C to
await further processing.

Evaluation of Cytokine Secretion. Pretreated macro-
phages were incubated with LPS for the next 24 h. After this
period, the medium was collected and the concentrations of the
secreted TNF-a and IL-18 were measured using a Human
Instant ELISA kit.

Detection of NF-xB Nuclear Translocation. Macro-
phage-like THP-1 cells were prepared in serum-free RPMI
1640 medium at a concentration of S X 10° cells/mL and
seeded into 35 mm dishes in 1.5 mL aliquots. Cells were
pretreated with either compound 3, 6—8, or prednisone, all at a
concentration of 1 yM for 1 h. After preincubation with the
compounds being tested, LPS at a final concentration of 1 yg/
mL was added to activate the NF-kB pathway, and the cells
were cultivated for the next 3 h. The cultivation medium was
then removed, and the cells were washed three times with PBS
(pH = 7.4) at room temperature (2 min per washing). After
fixation (ice-cold acetone, for 3 min) they were washed twice
with cold PBS. The cells were then incubated in PBS containing
1% BSA (w/v) for 30 min and then overnight with a primary
antibody (rabbit polyclonal anti-NF-«B p65 antibody, Abcam,
U. K) at 4 °C. After this incubation, the cells were washed
three times with PBS (S min per washing) and incubated with a
secondary antibody (antirabbit IgG — FITC conjugate, PBS
containing 1% BSA, w/v) for 1 h at room temperature. Finally,
the liquid was decanted from the mixture, the cells were washed
three times with PBS (S min per washing in darkness),
incubated with propidium iodide (0.5 yg/mL, PBS) for S min
and washed again with PBS. The cells were then observed
under a fluorescence microscope (Axioskop 40, Carl Zeiss,
Germany) equipped with an appropriate set of filters (Carl
Zeiss). Photographs were taken using a digital microscope
camera (ProgRess MF, Jenoptik, Germany). The NIS-element
program (Czech Republic) was used to process images—
convert concentration images to a color scale, perform analysis,

dx.doi.org/10.1021/np401025f | J. Nat. Prod. 2014, 77, 1297—1303



Journal of Natural Products

and evaluate the intensity of emission. Unless otherwise
specified, all chemicals used in this part of the investigation
were purchased from Sigma-Aldrich.

Statistical Analysis. All experiments were performed in
triplicate, and the results are presented as mean values with
error bars representing the standard error (S.E.) of the mean. A
one-way ANOVA test was used for statistical analysis, followed
by a Tukey’s post hoc test for multiple comparisons. A value of
p < 0.05 was considered to be statistically significant. The
program GraphPad Prism 5.02 (GraphPad Software Inc., San
Diego, CA, U. S. A.) was used to perform the analysis.
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In vivo

Diplacone (1) and mimulone (2), two geranylated flavanones, have previously shown anti-
inflammatory and antiradical activity in vitro. The present study aimed to evaluate their activity
in vivo on a model of colitis induced in Wistar rats by an oral administration of dextran sulfate
sodium (DSS).
Diplacone (1) and mimulone (2) were administered at a bolus dose of 25 mg/kg by gastric gavage
48 and 24 h prior to the induction of colitis by DSS and every 24 h on the following days of the
experiment. The effect of the treatment was assessed by monitoring the disease activity index
(DAI), histopathological examination, evaluation of the weight and length of the colon and by
analysis of the levels and activities of cyclooxygenase-2 (COX-2), matrix metalloproteinase-2
(MMP2), superoxide dismutase-2 (SOD2), and catalase (CAT) in the inflamed tissue.
Administration of the test compounds prior and after induction of colitis ameliorated the
symptoms of colitis (diarrhea, presence of the blood in the stool) and delayed their onset. The
ability of compounds 1 and 2 to reduce the levels of COX-2 and to increase the ratio of pro-MMP2/
MMP2 activity correlates with the values of the DAL The lowering of the levels of the antioxidant
enzymes SOD2 and CAT reflects the ability of the test compounds to scavenge reactive oxygen
species.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

illnesses of the gastrointestinal tract with intermittent periods
of relapse and with the progression of the disease difficult to

Inflammatory bowel diseases (IBD), such as Crohn's disease
(CD) and ulcerative colitis (UC), are chronic inflammatory

Abbreviations: CAT, catalase; CD, Crohn's Disease; COX-2, cyclooxygen-
ase-2; DSS, dextran sulfate sodium; IBD, Inflammatory Bowel Disease; LPS,
lipopolysaccharide; MMP2, matrix metalloproteinase 2; NF-kB, nuclear
factor kB; PVP, polyvinylpyrrolidone; ROS, reactive oxygen species; SAS,
sulfasalazine; SOD2, superoxide dismutase-2; UC, ulcerative colitis.
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predict. Their incidence in Western populations has been
increasing in recent years. The etiology of chronic inflammatory
illnesses of the gastrointestinal tract remains unclear and there
is therefore no causal treatment. Current therapy is not
completely successful and it is frequently connected with
adverse effects [1]. Plant products may provide an option for
the alternative or supplementary treatment of the patients, and
their structures can serve to provide leads or inspiration for the
synthesis of new anti-inflammatory agents.
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In vitro and in vivo studies have shown that flavonoids are
appropriate candidates for new anti-inflammatory drugs. Their
ability to inhibit the activity and expression of phospholipase
A2, cyclooxygenases, lipoxygenases, and inducible synthase of
nitric oxide leads to diminished production of the mediators of
inflammation [2]. Scavenging the reactive oxygen species
(ROS) moderates the damage to tissue and affects the signal
transduction pathways [3]. Furthermore, the intervention in
the signal cascade of nuclear factor kB (NF-B) changes the
expression of a series of genes connected with the inflamma-
tory response and apoptosis [4].

This study is focused on two geranylated flavanones
diplacone (1) and mimulone (2). Compounds 1 and 2 have
shown anti-inflammatory [5,6], antiradical, cytoprotective
[7,8], and antibacterial activities [9] in previous studies. The
aim of the present study was to determine the biological
activity of these compounds in vivo in the model of dextran
sulfate sodium (DSS)-induced colitis in rats. The efficacy of
compounds 1 and 2 was compared to sulfasalazine (SAS), a
conventional drug used in IBD therapy. Besides the histolog-
ical and physical examinations, the levels of the antioxidant
enzymes superoxide dismutase-2 (SOD2) and catalase (CAT),
the levels of cyclooxygenase-2 (COX-2), and the activity of
matrix metalloproteinase-2 (MMP2) were investigated to
elucidate the anti-inflammatory effects of these compounds.

2. Materials and methods
2.1. Test compounds

Diplacone (1) and mimulone (2) were isolated from the
unripe fruits of Paulownia tomentosa (Thunb.) Steud.
(Paulowniaceae) and characterized as previously described
[7]. The identification was carried out using ESIMS, 'H and '3C
NMR analyses (see Supplemental Data Fig. S1-S7); the purity
was checked via HPLC analysis and exceeded 95% [7]. The
chemical structures are shown in Fig. 1. Sulfasalazine was
purchased from Sigma-Aldrich (Steinheim, Germany).

2.2. Experimental animals

Male Wistar rats (180-220 g) were supplied by AnLab, Ltd.
(Prague, Czech Republic). The animals were kept under
standard conditions (temperature 22 4 2 °C, relative humidity
50 4 10%, alternating 12 hour light/dark cycle). They were fed a
standard diet and given water ad libitum. The experimental
protocol was approved by the Expert Committee for the
Welfare of Experimental Animals of the University of Veteri-
nary and Pharmaceutical Sciences Brno, Czech Republic
(Approval No. 26-2013). To minimize the suffering of the
laboratory animals, the number of pharmacological interven-
tions was limited to the necessary minimum.

2.3. Induction of colitis

Rats were randomly divided into five groups (n = 8 for each
group) after a one week period of acclimation. Colitis was
induced by using 10% (w/v) DSS (MP Biomedicals, Illkirch-
Graffenstaden, France; molecular weight 36,000-50,000 Da) in
the drinking water, as previously described [10], with some

modifications. The rats in the intact group received drinking
water only instead of DSS solution.

2.4. Experimental design

The tested compounds 1 and 2, and the positive control
sulfasalazine were administrated prophylactically, 48 and
24 h before the induction of colitis and in the following days
concomitantly by gastric gavage under light isoflurane
anesthesia. The substances were suspended in a 4% gel of
PVP K90 (polyvinylpyrrolidone K90, Sigma-Aldrich) and
were given at a bolus dose of 25 mg/kg of diplacone (1,
589 mmol/kg), mimulone (2, 612 mmol/kg), or sulfasalazine
(SAS, 628 mmol/kg). Animals in the untreated group (DSS
group) and the intact group were treated with the vehicle
only (4% gel of PVP). On day five of the experiment, the
animals were sacrificed by using an overdose of T61 (Intervet
International B. V., Boxmeer, Netherlands), a veterinary
euthanasia drug. Immediately after the euthanasia, the entire
colon was removed, including the caecum; it was opened and
cleaned with physiological saline, measured and weighed.
Samples for histological evaluation were obtained and the
remaining parts of the colons were frozen in liquid nitrogen
and stored at —80 °C for the next processing.

2.5. Disease activity index

The rats were monitored daily for loss of body weight, stool
consistency, and rectal bleeding in order to calculate the
disease activity index (DAI) for each animal. The DAI, which
reflects the severity of colitis, was modified according to Oh
et al. (2006). The loss of body weight was assigned 0-2 points;
it did not exceed 10% by the end of the experiment. The change
in stool consistency was 0 points for normally formed stool, 1
point for loose stool, and up to 4 points for diarrhea according
to the intensity of the changes. The presence of blood in the
feces was assigned 0, 2, or 4 points (Table S1). The total DAl was
then the sum of the points obtained from all of the parameters
monitored. In the case of death during the experiment, the
animal was assigned 10 points to enable the statistical
evaluation.

2.6. Histological evaluation

Samples about 1.5 cm long were taken from the proximal
and distal colon and fixed in 10% neutral buffered formalin then
embedded in paraffin. Sections 3-um-thick were stained with
hematoxylin and eosin (H&E) and examined microscopically
by a veterinary pathologist. The loss of epithelial surface,
destruction of crypts and inflammatory cell infiltration into
mucosa was assessed according to the criteria by Araki et al.
(2000). Each parameter was assigned as follows: 0 = no
change, 1 = localized and mild, 2 = localized and moderate,
3 = extensive and moderate, and 4 = extensive and severe.
Total histological score is the sum of the points from all of the
parameters [11].

2.7. Preparation of protein for immunodetection

Using a bench blender, approximately 2 g of colonic tissue
was homogenized in lysis buffer [50 mM Tris-HCl (pH 7.5),
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1 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M saccha-
rose| at a ratio of 3 mL of buffer per gram of tissue. After
centrifugation at 9000 rpm for 15 min at 4 °C, the supernatant
was stored. The protein concentration was measured using a
Bradford-method protein assay kit (Amresco, Solon, USA)
according to the manufacturer's instructions.

2.8. Western blot analysis

Protein samples were denatured in the presence of {3-
mercaptoethanol and SDS at 70 °C for 5 min. The denatured
proteins (80 pg for SOD2 and CAT, 120 pg for COX-2) were
loaded onto 12% SDS-polyacrylamide gel. After electrophoresis,
the proteins were transferred to a nitrocellulose membrane
(0.2 um, Bio-Rad, Hercules, USA), which was subsequently
blocked with 5% BSA (Sigma-Aldrich) in TBST buffer [10 mM
Tris-HCI (pH 7.5), 150 mM sodium chloride, 0.1% (v/v) Tween-
20] for 1 h. The membrane was then incubated with the
primary mouse anti-COX-2 antibody at a dilution of 1:200
(Abcam, Cambridge, UK), the rabbit anti-SOD2 antibody at a
dilution of 1:1000 (Sigma-Aldrich), the mouse anti-CAT
antibody at a dilution of 1:1000 (Sigma-Aldrich), or the
mouse anti-B-actin antibody at a dilution of 1:5000 (Abcam)
overnight at 4 °C. After washing with distilled water, the
membrane was incubated with the secondary antibody (anti-
mouse IgG or anti-rabbit IgG, Sigma-Aldrich) at a dilution of
1:2000 for 1 h at room temperature. The secondary antibody
was detected by colorimetric analysis using an Opti-CN™
Substrate Kit (Bio-Rad). The intensity of the protein bands was
evaluated by densitometric analysis using AlphaEase FC 4.0.0
software (Alpha Innotech Corporation, San Leandro, USA).

2.9. MMP2 activity

MMP2 activity (pro-MMP2, MMP2) was evaluated using
gelatin zymography, as described previously [12]. Twenty
micrograms of the native proteins (without denaturation in
the presence of B-mercaptoethanol) was loaded onto 10% SDS-
polyacrylamide gel impregnated with 0.1% gelatin. After
electrophoresis the gel was washed twice for 15 min in 2.5%
(v/v) Triton X-100 to remove SDS. The gel was then incubated
for 15 min at room temperature and subsequently overnight
(about 16 h) at 37 °C in the development buffer [50 mM Tris-
HCI (pH 8.8), 5 mM calcium chloride, 3 mM sodium azide, 0.5%
(v/v) Triton X-100]. After that, the gel was stained with
Coomassie blue for 2 h and destained until the bands were
clearly visible. The intensity of the digested bands was
determined by densitometric analysis using AlphaEase FC
4,0.0 software (Alpha Innotech Corporation). The ratio be-
tween the pro-MMP2 form and the active MMP2 form was

calculated.
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Fig. 1. Chemical structures of diplacone (1) and mimulone (2).

2.10. Statistical analysis

The results are expressed as the mean values with error bars
representing the standard error (SE) of the mean. One-way
ANOVA followed by Tukey's post hoc test, two-way ANOVA
followed by Bonferroni's post hoc test, and Kaplan-Meier
analysis were used for the statistical evaluation. The specific
analyses are referenced with the particular results. Values of
p < 005 were considered to be statistically significant.
GraphPad Prism 5.01 (GraphPad Software Inc., San Diego,
USA) was used for the analysis.

3. Results
3.1. Disease activity index

Administration of 10% DSS in the drinking water led to the
loss of body weight, changes in the consistency of the stool, and
rectal bleeding in the treated animals. The loss of body weight
was comparable in all experimental groups. Changes in the
consistency of the stool were observed in the untreated DSS
group on day 3 of the experiment, on day 4 in the group treated
with 1 and 2, and on day 3 or 4 in the SAS group. Blood
appeared in the stool of all experimental groups treated with
DSS one day after changes in the consistency of the stool. None
of the described changes were observed in the intact group. The
test compounds ameliorated the symptoms of colitis (diarrhea,
presence of blood in the stool) and delayed their onset. The
groups treated with diplacone (1) and mimulone (2) showed
the lowest DAI on the last day of the experiment (p > 0.001
compared to the DSS-only group). Fig. 2A shows the develop-
ment of the disease activity index for each group in the course
of experiment. Data are also presented in Table S2.

Four animals in the DSS group, one in the group treated
with 1 and 2, and two in the SAS group died during the last day
of the experiment. No mortality was observed in the intact
group (Fig. 2B).

3.2. Weight/length ratio of the colon

The administration of 10% DSS for five days caused the
weight/length ratio of the colon to increase by 30.4% compared
to the intact group. Although the ratio increased less in the
treated groups (20.4% for treatment with 1, 16.2% for treatment
with 2, and 17.7% for treatment with SAS, as compared to the
intact group), the differences were not statistically significant.
The increase in the weight/length ratio of the colon was caused
by shortening of the colon (Fig. S8).

3.3. Histopathological examination

Administration of DSS for five days induced pathological
changes involving shortening or entire loss of the crypts,
erosion of the epithelium, atrophy of the mucosa, infiltration
of the lamina propria with neutrophils and macrophages,
fibroplasia, and ulcerations. These changes were less severe in
the proximal part of the colon. They were not observed in the
intact group of animals. In the treated groups of animals, the
intensity of the changes was similar to that observed in the
untreated DSS group. Only two samples showed less severe
lesions compared to the DSS group: one from the diplacone (1)
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Fig. 2. Effect of the test compounds on DAI and survival in DSS-induced rat
colitis. Colitis was induced by administration of 10% DSS in the drinking water
for five days. Administration of diplacone (1), mimulone (2), and sulfasalazine
(SAS) at a dose of 25 mg/kg or the vehicle (the DSS group and the intact group)
was started two days before the induction of colitis. Colitis was not induced in
the intact group. (A) Changes in the disease activity index (DAI), statistical
evaluation: two-way ANOVA followed by Bonferroni's post hoc test. Diplacone
(1) vs. DSS: ### p < 0.001, mimulone (2) vs. DSS: ** p < 0.01, ** p < 0.001,
sulfasalazine vs. DSS: + p < 0.05. (B) Kaplan-Meier survival analysis.

group and one from the SAS. Evaluation of colonic damage is
shown in Fig. S9. The differences were not statistically
significant. Representative samples are shown in Fig. 3.

3.4. Effect of treatment on protein production

The levels of SOD2 and CAT were not significantly modified
by the induction of colitis. Treatment with compound 1
reduced the levels of the tested enzymes the most (Fig. 4).

The administration of DSS led to a significant increase in the
expression of COX-2 as compared to the intact group (p < 0.05).
All of the test compounds lowered the levels of COX-2 in
comparison to the untreated DSS group (Fig. 5). The levels of
COX-2 were reduced in the SAS group the most (by 69.8%
compared to the DSS group). The administration of compounds
1 and 2 reduced the expression of COX-2 by 55.9% and 48.7%,
respectively.

3.5. Effect of treatment on MMP2 activity

A marked decrease in the ratio of pro-MMP2/MMP2 was
observed in the untreated DSS group compared to the intact
group (p <0.01). As shown in Fig. 6, the test compounds
increased this ratio (by 50.7% in the case of 1, by 43.3% in the
case of 2, and by 37.6% for SAS, as compared to the DSS group).

4. Discussion

Pharmacotherapy (aminosalicylates, glucocorticoids, im-
munosuppressives) and surgical procedures are currently
used as the main instruments in the therapy of inflammatory
bowel diseases. Contemporary approaches are not always
completely effective; they are associated with a number of
adverse effects, and they can negatively affect the quality of the
patient's life. Therefore, there is an urgent need for a new
strategy, either alternative or supplementary, for treating IBD.
The beneficial properties of flavonoids (the ability to scavenge
reactive oxygen species and to reduce the expression of pro-
inflammatory markers) can also be utilized in the treatment of
chronic inflammatory diseases, such as CD and UC. Diplacone
(1) and mimulone (2) belong to the group of geranylated
flavonoids. The lipophilic chain formed by the attachment of a
geranyl unit at C-6 of the flavanone skeleton modifies their
observed biological activities, as compared to their non-
geranylated analogs [9,13,14]. This observation is connected
with the increased affinity of such compounds for different
biological membranes, with possible higher bioavailability and
therefore greater therapeutic potential or potential toxicity
than the parent non-geranylated compounds [15]. Nonethe-
less, only one study describes the anti-inflammatory activity of
flavonoids substituted with a prenyl chain in animal models of
colitis [16]. However, naringenin, the parent compound of 2,
without a geranyl side chain, has been shown to ameliorate
DSS-induced colitis in mice [17] and acetic acid-induced colitis
in rats [18]. DSS-induced colitis was chosen as the optimal
model for determining the benefits of prophylactic and curative
administration of the geranylated flavanones diplacone (1) and
mimulone (2).

The administration of 10% DSS in drinking water caused
acute colitis, localized especially in the distal part of the colon.
In the pilot study preceding this experiment, the administra-
tion of lower concentrations of DSS (5% and 7%) was not
effective—apart from the loss of body weight, no symptoms of
colitis were observed (unpublished data), in contrast to the
published studies carried out using Wistar rats [10]. Colitis
induced by the administration of 10% DSS for five days was
characterized by the loss of body weight, diarrhea, bloody stool
and histologically observable damage (shortening or entire loss
of the crypts, erosion of the epithelium, atrophy of the mucosa,
infiltration of the lamina propria with neutrophils and
macrophages, fibroplasia, and ulcerations). Other studies have
also described the shortening of the colon in DSS-induced
colitis [16,19]. We confirmed this fact, but the shortening was
not significant to be compared to the intact group, probably
because of the short-term administration of DSS. All of the
compounds tested ameliorated and delayed changes in the
consistency of the stool and rectal bleeding. Diplacone (1)
showed the greatest therapeutic effect (i.e. the lowest DAI on
the last day of experiment) when all of the compounds tested
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Fig. 3. Histological findings (H&E, magnification x 100). (A) Distal colon after five days of administration of 10% DSS in the drinking water. (B) Distal colon of the intact
group, without the induction of colitis. (C) Distal colon after five days of administration of 10% DSS in the drinking water and treatment with diplacone (1) at a dose of
25 mg/kg, which was started two days before the induction of colitis. (D) Distal colon after five days of administration of 10% DSS in the drinking water and treatment
with mimulone (2) at a dose of 25 mg/kg, which was started two days before the induction of colitis. (E) Distal colon after five days of administration of 10% DSS in the
drinking water and treatment with sulfasalazine at a dose of 25 mg/kg, which was started two days before the induction of colitis.

were compared. Conversely, the application of SAS demon-
strated the lowest therapeutic effect. Unfortunately, none of the
test compounds (1, 2, SAS) were able to fully protect the colon
from histological damage and marked shortening. However,
diplacone (1) has shown some cytoprotective effect in a study
on alloxan-induced diabetes in mice [8].

The ability of 1 and 2 to ameliorate colitis can be
associated with their antioxidant activity. Reactive oxygen
species (ROS) are responsible for tissue damage in DSS-
induced colitis as well as in IBD. These are produced largely by
neutrophils and macrophages that infiltrate the mucosa [20].
Generally, many flavonoids are able to scavenge ROS and to
interact with antioxidant enzymes [3]. SOD2 and CAT are
enzymes involved in the antioxidant defensive mechanisms
of cells. SOD catalyzes the dismutation of superoxide to
hydrogen peroxide and molecular oxygen; CAT then converts

the hydrogen peroxide to water and molecular oxygen. The
levels and activities of these enzymes are related to the
concentrations of their substrates [21]. Diplacone (1) and
mimulone (2) have shown antiradical activity in previous
studies [6,8]. The most potent activity is associated with the
following structural conditions: 5,7-dihydroxy substitution
on ring A, 4-oxo substitution on ring C, and 3’,4’-dihydroxy
substitution on ring B (catechol moiety) of the flavonoid
skeleton. Compound 1 acts as an efficient scavenger of
superoxide and hydrogen peroxide [6]. The lower levels of
SOD2 and CAT observed could be caused by a lower level of
ROS, which are scavenged by 1. Compound 2 showed several
times lower antiradical activity, probably because of the
presence of only one hydroxyl group (para-hydroxy) on ring
B [8]. In harmony with the mentioned studies, diplacone (1)
exhibited the greater lowering of the levels of SOD2 and CAT.
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Fig. 4. Effect of the test compounds on the levels of SOD2 and CAT. Colitis was induced by administration of 10% DSS in the drinking water for five days. Administration of
diplacone (1), mimulone (2), or sulfasalazine (SAS) at a dose of 25 mg/kg or the vehicle (the DSS group and the intact group) was started two days before the induction
of colitis. Colitis was not induced in the intact group. (A) SOD2/B-actin ratio. (B) CAT/-actin ratio. Values were obtained from Western blot analysis as described in

Materials and methods. Representative blots are shown.

The inflammatory response is mediated by prostaglan-
dins produced in large amounts by COX-2. Diplacone (1) has
previously shown the ability to reduce the expression of
COX-2 in the lipopolysaccharide (LPS)-stimulated murine
macrophage cell line [6]. In our experiment, both diplacone
(1) and mimulone (2) were able to reduce the increased
levels of COX-2 in colonic tissue after the administration of
DSS in vivo. The mechanism by which compounds 1 and 2
affect the levels of COX-2 is the subject of further testing.

Matrix metalloproteinases, particularly MMP2 and MMP9
(gelatinases 2 and 9), play an important role in the pathogen-
esis of IBD. These proteins are extracellular-matrix-degrading
endopeptidases that affect the remodeling and destruction of
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Fig. 5. Effect of the test compounds on the levels of COX-2. Colitis was induced
by administration of 10% DSS in the drinking water for five days. Administration
of diplacone (1), mimulone (2), or sulfasalazine (SAS) at a dose of 25 mg/kg or
the vehicle (the DSS group and the intact group) was started two days before
the induction of colitis. Colitis was not induced in the intact group. The graph
indicates the COX-2/p-actin ratio. Values were obtained from Western blot
analysis as described in Materials and methods. A representative blot is shown.

tissue, the migration of immune cells, and the ulceration of the
mucosa [22]. Increased levels and activities of both of these
enzymes were found in the inflamed tissues of patients with CD
and UC [23], as well as in an animal model of colitis [24].
Heimasaat et al. have demonstrated that the preventive use of a
gelatinases blocker ameliorated acute DSS-induced colitis [25].
In addition, MMP2-deficient mice were protected from devel-
oping DSS-induced colitis [26]. Our results confirm the greater
activity of MMP2 (smaller pro-MMP2/MMP2 ratio) in the
untreated DSS group compared to the intact group. Prophylac-
tic and curative administration of the test compounds (1, 2, and
SAS) showed an increase in the ratio of the pro-form to the

MMP2

pro-MMP2 / MMP2 ratio

Fig. 6. Effect of the test compounds on the activity of MMP2. Colitis was induced
by administration of 10% DSS in the drinking water for five days. Administration
of diplacone (1), mimulone (2), or sulfasalazine (SAS) at a dose of 25 mg/kg or
the vehicle (the DSS group and the intact group) was started two days before
the induction of colitis. Colitis was not induced in the intact group. The graph
indicates the pro-MMP2/MMP2 ratio. The activity of (pro-)MMP2 was detected
by zymography as described in Materials and methods. A representative
zymogram is shown.
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active form of MMP2. ROS are also responsible for converting
MMPs to the active form [27]. The antiradical activity of the test
compounds may be one of the possible mechanisms that
reduce the activation of MMP2.

The large number of natural compounds was evaluated
on the DSS model of colitis [28], of the flavonoids namely
hesperidin [29], chrysin [19], luteolin [30], icariin [16] and
EGCG [31]. All of mentioned compounds apart from luteolin
were also able to lower the activity of disease as compounds
1 and 2. In addition, they protected colon against histological
damage.

In conclusion, diplacone (1) and mimulone (2) exhibited
greater effects than sulfasalazine following prophylactic/ther-
apeutic administration. That the lowest disease activity index
was achieved by 1 is probably associated with the greater
antioxidant activity given by the presence of the catechol
moiety. This statement is supported by previous in vitro and
in vivo studies [6,8]. The ability of compounds 1 and 2 to
increase the ratio of pro-MMP2/MMP2 activity and reduce the
levels of COX-2 correlates with the values of DAL
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Aims. In this work we studied cytodifferentiation effects of newly characterized prenyl flavonoid 4'-O-methylkuwanon E (4ME)
isolated from white mulberry (Morus alba L.). Main Methods. Cell growth and viability were measured by dye exclusion assay; cell
cycle and surface antigen CD11b were monitored by flow cytometry. For the cytodifferentiation of cells the NBT reduction assay was
employed. Regulatory proteins were assessed by western blotting. Key Findings. 4ME induced dose-dependent growth inhibition
of THP-1 cells, which was not accompanied by toxic effect. Inhibition of cells proliferation caused by 4ME was associated with the
accumulation in G1 phase and with downregulation of hyperphosphorylated pRb. Treatment with 4ME led to significant induction
of NBT-reducing activity of PMA stimulated THP-1 cells and upregulation expression of differentiation-associated surface antigen
CDl11b. Our results suggest that monocytic differentiation induced by 4ME is connected with up-regulation of p38 kinase activity.
Significance. Our study provides the first evidence that 4ME induces the differentiation of THP-1 human monocytic leukemia cells
and thus is a potential cytodifferentiating anticancer agent.

1. Introduction

Specific types of neoplastic diseases, such as acute promye-
locytic leukemia (APL), can be treated with a cytodiffer-
entiating approach [1]. The therapy based on an induction
of cytodifferentiating programme of malignant cells has
shown good efficacy and low level of toxicity, when com-
pared to a cytotoxic agent based treatment. Retinoids, the
natural and synthetic derivatives of vitamin A, are known
to play a crucial role in cellular and tissue differentiation
[2]. All-trans-retinoic acid (ATRA) is used in the treat-
ment/chemoprevention of hematologic and other malignan-
cies [3]. However, the clinical use of ATRA is often limited by

resistance and toxicity (particularly retinoic acid syndrome)
[4]. In general terms, there are two possible strategies for
differentiation therapies: (a) the development of ATRA-based
pharmacologic combinations that are more powerful and
easily tolerated than the individual components [5] or (b)
the identification of a novel agent capable of inducing the
cytodifferentiation programme in cancer cells [2].
Previously we studied toxicity and biological effects
of prenylated and geranylated flavonoids from plants of
Moraceae and Paulowniaceae families with cytostatic activity
in normal and cancer cell lines [6]. We showed that molec-
ular mechanisms of the antiproliferative effects of gerany-
lated flavanone tomentodiplacone B on human monocytic
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FIGURE 1: Chemical structures of all-trans-retinoic acid (ATRA), atypical retinoids, and 4'-O-methylkuwanon E (4ME).

leukemia cells are mediated through the direct inhibition
of CDK2 activity followed by reduced pRb phosphorylation
[7]. Flavonoid, cudraflavone B, isolated from Morus alba L.
(Moraceae) (MA) exerted strong anti-inflammatory prop-
erties [8] together with the inhibition of GI/S transition,
accompanied by the decreased proliferation and by apop-
tosis of four cancer cell lines [9]. However, in one of MA
isolated flavonoids, 4'-O-methylkuwanon E (4ME, the novel
compound detected and described in our laboratory), which
was tested for its antiproliferative potential, its inhibitory
activity on cell cycle could not be explained by significant
proapoptotic effect [9]. Thus, we focused our attention on
other mechanisms possibly underlying antiproliferative effect
of 4ME (Figure 1) on THP-1 leukemia cells. Three different
regions can be highlighted in the structure of ATRA: the
hydrophobic trimethylhexene ring, the unsaturated linking
chain, and the relatively hydrophilic moiety of the carboxylic
acid. The basic structure of the atypical retinoids gener-
ated through modifications of ATRA using structure-based
chemical design strategies is also shown [10]. From structure
comparison clear similarities with the chemical formula
of flavonoid 4ME can be found. Geranylated (prenylated)
flavonoids are compounds usually showing two different
structural regions: a lipophilic side chain and relatively
hydrophilic ring B, connected to side chain via heterocyclic
moiety. This general arrangement shows similarities with
retinoids and gives to this type of flavonoids interesting
properties affecting biological activity [11].

As a molecular structure of 4ME has a certain similarity
with atypical retinoids [10] we hypothesized the ability of
4ME to induce differentiation programme in leukemia cells.
Therefore, the present study has attempted to investigate
the cytodifferentiation effect of prenylated flavonoid 4ME
isolated from M. alba L. on THP-1 cells.

2. Materials and Methods

2.1. Test Compounds and Reagents. 4ME was isolated and
supplied by the Department of Natural Drugs, Faculty of
Pharmacy, University of Veterinary and Pharmaceutical Sci-
ences Brno, Czech Republic. The identification of substance
was carried out using HRMS, 'H and '>C NMR analysis; and
the purity exceeded 95% according to the HPLC analysis [6].
The compound is poorly soluble in water; therefore, a fresh
10 mM stock solution in dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO, USA) was prepared every time 1 day
prior to experiments and stored at —20°C. This solution was
further diluted in the culture media to the desired final con-
centrations. RPMI 1640 culture media, phosphate buffered
saline (PBS), and antibiotics (penicillin and streptomycin)
were purchased from Lonza (Verviers, Belgium). Foetal
bovine serum (FBS) was purchased from PAA Laboratories
(Pasching, Austria). Rabbit polyclonal antibodies against p38
MAPK [pT180/Y182] (9215S) and p38 MAPK (9212) were
purchased from Cell Signaling Technologies (Beverly, MA,
USA). Mouse monoclonal antibodies against pRb (554136)
were purchased from BD Biosciences (Franklin Lakes, NJ,
USA). Rabbit polyclonal antibody against phospho-Rb [Ser
780] (9307) was purchased from Cell Signaling Technologies
(Beverly, MA, USA). PE-conjugated CDI1lb antibody was
obtained from Beckman Coulter (Brea, CA, USA). ATRA and
all other reagents were from Sigma-Aldrich.

2.2. Cell Culture. The human monocytic leukemia THP-1 cell
line was purchased from the European Collection of Cell
Cultures (Salisbury, UK; methods of characterization: DNA
fingerprinting (multilocus probes) and isoenzyme analysis).
Cells were cultured in RPMI 1640 medium supplemented
with antibiotics (100 U/mL penicillin, 100 mg/mL strepto-
mycin), 10% FBS, and 2mM L-glutamine. Cultures were
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kept in an incubator at 37°C in a water-saturated 5% CO,
atmosphere in air. Cells were passaged at approximately 1-
week intervals. Cells were free from mycoplasma infection
(Hoechst 33258 staining method).

2.3. In Vitro Analysis of Cell Growth and Viability. THP-1
cells were seeded (2 x 10° cells/mL) and incubated for 96 h
at 37°C with 5% CO, with 4ME dissolved in DMSO (Sigma-
Aldrich) in concentrations ranging from 5 to 20uM in
RPMI 1640 medium. The maximum concentration of DMSO
in the assays never exceeded 0.1%. At the indicated time
points (24h, 72h, and 96h) cell population in each well
was removed by gentle scraping with a cell scraper and
harvested for further analysis. Numbers and viabilities of the
cells were determined by counting with a hemocytometer as
we previously described [7]. All data were evaluated using
GraphPad Prism 5.00 software (GraphPad Software, San
Diego, CA, USA, http://www.graphpad.com/).

2.4. Cell Cycle Analysis. THP-1 cells were incubated with
increasing concentrations of 4ME for 24 h, washed in PBS
(pH 74), and fixed for 30 min in an ice-cold 70% ethanol.
Fixed cells were washed three times in PBS (pH 7.4) and
incubated with RNaseA (0.02mg/mL) (Boehringer, Ingel-
heim, Germany) for 30 min at 37°C. Nuclei were stained
with propidium iodide (40 ug/mL) and analysed by flow
cytometry using Cell Lab Quanta SC (Beckman Coulter, Brea,
CA, USA). Cell cycle distribution was analysed using Flow]o
software (http://www.flowjo.com/).

2.5. In Vitro Analysis of Cytodifferentiation. Functional assays
of differentiation were based on the ability of phorbol myris-
tate acetate-stimulated human monocytic leukemia cells to
reduce nitroblue tetrazolium (NBT). Samples of 5 x 10° cells
were incubated in 0.5 mL of RPMI1640 with penicillin, strep-
tomycin, glutamine, and 10% heat-inactivated FBS containing
0.25mg/mL of NBT (Roche Applied Science, Mannheim,
Germany) and 500 ng/mL phorbol-12-myristate-13-acetate
(PMA). Cells were incubated at 37°C for 25 min after which
the samples were centrifuged (3 000 g for 5 minutes) and 1%
Triton X-100 (Sigma-Aldrich) was added in the amount of
1mL/5 x 10° cells. Samples were sonicated (Sonicator S-3000,
Misonix Inc., Farmingdale, USA) and intensity of dark-blue
formazan was assessed by spectrophotometry analysis at OD
540 nm. For determination of the number of adherent cells
THP-1 cells (2 x 10° cells/mL) were placed into 6-well tissue
plate and cultured for 72 and 96 h. Nonadherent cells were
removed by washing twice with PBS and then adherent cells
were collected by gentle scraping with a cell scraper and by
vigorous pipetting. The number of cells was counted by a
hemocytometer. Morphological changes of THP-1 cells were
detected using an inverted microscope (Axiovert 40 CFL,
Zeiss, Germany).

2.6. Western Blotting. Cells were washed three times with
PBS (pH 7.4) and lysed in 100 mM Tris-HCI (pH 6.8) contain-
ing 20% glycerol and 1% SDS. Protein concentrations were

determined using the DC Protein Assay Kit (Bio-Rad, Her-
cules, CA, USA). Lysates were supplemented with bromophe-
nol blue (0.01%) and -mercaptoethanol (1%). Equal amounts
of total protein were separated by SDS-polyacrylamide gel
electrophoresis (PAGE), electrotransferred onto PVDF mem-
branes (Millipore, Billerica, MA, USA), immunodetected
using the appropriate primary and secondary antibodies, and
visualised with ECL Plus reagent (Amersham, Aylesbury,
UK) according to the manufacturer’s instructions.

2.7. Analysis of Surface Differentiation Marker CDIIb by
Flow Cytometry. THP-1 cells were plated at 3 x 10° cells/mL,
2mL/well (6 x 10° cells/2mL) in 6-well plate and incubated
with ATRA (1uM), 4ME (5, 10, and 20 uM, resp.), or RPMI
1640 only for 72 or 96h in duplicate for each sample. A
number of 5 x 10° cells from each well were collected at
the indicated time points (72 h, 96 h), centrifuged (1.300 rpm
for 3 min), washed twice with PBS, and incubated with PE-
conjugated CDI1Ib antibody (20 uL/5 x 10’ cells, Beckman
Coulter) for 30 min at room temperature in the dark. After
incubation the cells were washed with PBS, suspended in
PBS, and analysed by flow cytometry using Cell Lab Quanta
SC flow cytometer and Kaluza Analysis Software (Beckman
Coulter).

2.8. Statistical Analysis. Statistical significance was tested
using the one-way ANOVA with Dunnetts and Tukey post
test for comparisons between the mean values, and differ-
ences between two conditions were retained for P < 0.05.
Statistical significance was determined at levels of P < 0.05,
P < 0.01,and P < 0.001.

3. Results

3.1. Growth Inhibitory Effects and Morphological Changes
Induced by 4ME to THP-1 Cells. To investigate how 4ME
influences cell proliferation we examined its growth-
inhibiting effects on THP-1 cells at three time points (after
24,72, and 96 h, resp.). Simultaneously, we evaluated viability
of cells upon 4ME treatment. Antiproliferative effect of 4ME
on THP-1 cells was found to be time- and concentration-
dependent, the most significantly observed (P < 0.001) at
concentrations of 10 and 20 uM (Figure 2(a)). After 72h,
4ME treatment of THP-1 cells leads to significant growth
inhibition of THP-1 cells when concentrations of 10 uM
(P < 0.05) and 20 uM (P < 0.001) were used. The lowest
concentration of 4ME (5 yuM) used was effective (P < 0.05)
after 96 h of the treatment. No toxic effect of 4ME has been
detected throughout the evaluation time as viability was not
significantly changed, except the highest 4ME concentration
at 96 h (P < 0.05) with 85% viability, which cannot be con-
sidered as toxic (Figure 2(b)). 4ME also induced the mor-
phologic changes of THP-1 cells into macrophage-like cells
with different cell shape and ability to attach the surface of
plastic culture dishes (Figure 2(c)). The number of adherent
cells after 72 and 96 h of cultivation increased in the presence
of 4ME in a dose-dependent manner (Figure 2(d)). This
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FIGURE 2: Growth inhibition and influence on viability and morphological changes of THP-1 cells by 4ME. Cells were seeded (2 x 10° cells/mL)
and cultured with 0 (@), 5 (m), 10 (A), and 20 (x) uM 4ME for 96 h. Aliquots of cells were used for the determination of total number of cells
(a) and cell viability (b). The results shown are expressed as the mean + SD of two independent experiments, with each condition tested in
triplicate. “P < 0.05; **P < 0.01; *** P < 0.001, significantly different from control. (c) Morphological changes of THP-1 monocytic leukemia
cells after 72 h treatment with 4ME. (1) Vehicle treated THP-1 cells and (2) 4ME (20 uM) treated THP-1 cells. In comparison with monocytes,
differentiated macrophages tend to adhere to the bottoms of the cultivation plates, as indicated with arrows (50x magnification). (d) THP-1
cells (2 x 10° cells/mL) were cultured for 72 and 96 h. The number of adherent cells was determined as described in Materials and Methods.

Each value represents the mean + SD.

effect was significant from 10 uM of the drug at both time
points.

3.2. Effects of 4ME on Distribution of Cells in Cell Cycle Phases.
Antiproliferative effect of anticancer drugs is usually accom-
panied by significant changes of the cell cycle. To determine
which changes in the cell cycle occur after 4ME treatment

of THP-1 cells we performed cell cycle analysis based on
DNA content using flow cytometry. As shown in Figure 3
4ME caused the accumulation of human leukemia cells in
G1/GO phase dose-dependently after 24 h treatment. While
the percentage of S phase cells decreased, the percentage
of cells in G2/M phase remained unchanged upon 4ME
treatment.
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FIGURE 3: Treatment with 4ME causes accumulation of human
monocytic leukemia THP-1 cells in G1/GO phase. Cell cycle distribu-
tion at 24 h upon treatment of THP-1 cells with 4ME as determined
by flow cytometry. Values shown are the mean + SEM of the
percentages of cells in individual phases of the cell cycle from two
independent experiments.
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FIGURE 4: 4ME causes increased NBT reduction in PMA stimulated
THP-1 cells. Cells were cultured with indicated concentrations of
4ME or 1 uM ATRA, added as a positive control, for 72 h. Aliquots of
cells were used for the determination of NBT-reducing activity. The
results shown are expressed as the mean + SD of three independent
experiments, with each condition tested in triplicate. “P < 0.05;
**P < 0.01; """ P < 0.001, significantly different from control.

3.3. Effect of 4ME on NBT-Reducing Activity. Reduction of
NBT is considered to be a typical marker of myelomono-
cytic differentiation in leukemia cells [12]. To investigate
whether 4ME triggers the cytodifferentiating programme in
monocytic leukemia cells, we have employed NBT reduction
assay. Results showed that 4ME significantly induced NBT
reduction in monocytes after 72h in a dose-dependent
manner (Figure 4). In concentration of 20 uM 4ME caused
more than twofold higher (P < 0.01) induction of NBT
reduction in comparison with the vehicle-treated cells. The
NBT-reducing activity of THP-1 cells was also induced by
1uM ATRA, added as a positive control.

3.4. Expression of Differentiation-Associated Cell Cycle Regu-
lators in 4ME-Treated Cells. Based on the findings that 4ME
causes growth inhibition, accumulation of cells in GI/GO
phase, and induction of NBT reduction in THP-1 cells we
determined the expression and phosphorylation status of key
cell cycle proteins involved in monocytes differentiation. The
retinoblastoma protein (pRb) is currently known to have
a prominent role in control of cellular proliferation and
differentiation. Rb dephosphorylation leading to inhibition
of G1/S transition is a prerequisite for initiating the process
of cytodifferentiation. The proportion of hyperphosphory-
lated (phosphoserine 780) pRb was markedly reduced dose-
dependently in THP-1 cells exposed for 72h to 4ME treat-
ment (Figure 5(a)). Since it has been known that the p38
signalling pathway plays a significant role in the differenti-
ation process [13], THP-1 cells were cultivated with various
concentrations of 4ME for 72 h and subjected to immunoblot
analysis with anti-phospho-p38. As shown in Figure 5(b), the
phosphorylation of p38 was upregulated by 4ME treatment at
all concentrations used, suggesting that this kinase could be
involved in 4ME-induced cytodifferentiation.

3.5. Effect of 4ME on Expression of Differentiation-Associated
Surface Antigen CDI11b. Monocytic differentiation is associ-
ated with increased expression of CDI1lb/CD18 [14]. Flow
cytometric determination of THP-1 cells surface levels of
the CDI1Ib has been used as an index of 4ME-induced
activation of these cells to macrophages. Monocytes were
treated for 96 h with increasing 4ME concentrations or with
1uM ATRA. The expression of CD1Ib, a cell surface marker
of macrophage-like differentiation, was increased time- and
dose-dependently by 4ME after both 72 and 96 h (Figure 6).
The strongest effect was observed in ATRA-treated cells; still,
the amount of cell-associated fluorescence (MFI) after 4ME
treatment was more than fivefold higher when compared to
control.

4. Discussion

Differentiation therapy is conceptually an elegant approach
to the eradication of neoplastic cells from the human body
because cytotoxicity is avoided, whereas normal mature cells
are unaffected by the differentiation agents [15]. The most
extensively studied differentiation agents in cancer medicine
include ATRA, 9-cis-retinoic acid, and 13-cis-retinoic acid.
ATRA is one of the most biologically active retinoids, and
several clinical studies have established that ATRA can induce
differentiation of leukemia cells and remission [16]. However,
the occurring resistance and toxicity of ATRA therapy under-
line the importance of searching for new compounds capable
to switch the differentiation programme in leukemia cells.

In this work we studied cytodifferentiation effects of
newly characterized prenyl flavonoid 4ME isolated from
white mulberry (Morus alba L.). Our previous results [9],
some structural similarities with atypical retinoids, and
unpublished observations turned our attention to mech-
anisms different from direct toxic effect, stress-related or
apoptotic signaling pathways, which might be involved in
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FIGURE 5: Expression of differentiation-associated cell cycle regulators after 72 h of 4ME treatment. (a) pRb phosphorylation on Ser 780
was reduced after 72h of 4ME treatment, as determined by western blot analysis. (b) Following 72h of challenge, 4ME increases p38
phosphorylation in all concentrations used. Data representative of two other experiments are shown. Panel (c) shows quantification of p38
expression at protein level in THP-1 cells after 72 h of 4ME treatment as determined by western blot analysis. Values shown are mean + SD of

two independent experiments performed in duplicate.

the action of this compound. We found that 4ME was
able to induce dose-dependent growth inhibition of THP-
1 cells, which was not accompanied by toxic effect (Figures
2(a) and 2(b)). Moreover, with 4ME added, the THP-I cells
morphologically resembled macrophages (Figure 2(c)) and
increased the number of adherent cells (Figure 2(d)). These
findings together with accumulation in Gl phase found by
flow cytometry (Figure 3) prompt us to gain more detailed
insight into the mechanism of 4ME action. The crucial
process in terminal differentiation is to delay proliferation in
G1/GO phase of the cell cycle and thus establish somatic cell
cycle programme. pRb is the key player involved in G1 phase
regulation and its phosphorylation, which is required for
GI/S transition was significantly inhibited by 4ME treatment
(Figure 5(a)). We assume that this allowed THP-1 monocytes
to escape from the cell cycle machinery and subsequently to
initiate cytodifferentiation. Indeed, three-day treatment with
4ME led to significant induction of NBT-reducing activity
following priming of the cells with PMA, accompanied by
upregulated expression of differentiation-associated surface

antigen CD11b (Figures 4 and 6). Although these effects are
lower than effects of ATRA still cytodifferentiation induced
by 4ME could be considered as clearly evident. Since p38
pathway has been indicated to be involved in the differ-
entiation of several human cells [13], we have focused on
p38. Its activation can lead to biological outcomes such as
proliferation, cell survival, and differentiation, depending
on the context and the cell type [17]. As it is shown in
Figure 5(c) after 72h treatment with 4ME the expression
of p38 protein was not enhanced, while its phosphorylated
form was significantly increased (Figure 5(b)). These results
suggest that monocytic differentiation induced by 4ME is
associated with upregulation of p38 kinase activity. Still, the
connection between differentiation and this signaling route
remains to be elucidated.

In conclusion, this is the first study to demonstrate
cytodifferentiating activity of prenylated flavanone 4ME in
human monocytic leukemia cells. This promising effect was
induced at nontoxic concentrations. However, our findings
using THP-1 cell line do not completely reflect the situation in
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FIGURE 6: Increased expression of differentiation-associated surface
antigen CD1Ib in 4ME-treated cells. THP-1 cells were cultured
with indicated concentrations of 4ME or 1uM ATRA, added as
a positive control for 72 and 96 h. The level of expression of the
indicated phenotypic marker was determined by flow cytometry
using fluorescein-labelled monoclonal antibody against CD11b. The
amount of cell-associated fluorescence in median fluorescence
intensity (MFI) is illustrated in the graph. The results shown are
expressed as the mean + SD of three independent experiments, with
each condition tested in duplicate.

patients with acute leukemia. Further experiments using mice
models inoculated with L1210 mice leukemia cells or freshly
isolated primary human leukemic cells are necessary to verify
cytodifferentiation effect of 4ME.

5. Conclusion

The present study has shown that 4ME induced dose-
dependent growth inhibition of THP-1 cells, which was not
accompanied by toxic effect. Inhibition of cells proliferation
caused by 4ME was associated with the accumulation in Gl
phase and with downregulation of hyperphosphorylated pRb.
Treatment with 4ME led to significant induction of NBT-
reducing activity of PMA stimulated THP-1 cells and upregu-
lated expression of differentiation-associated surface antigen
CD11b. Our results suggest that monocytic differentiation
induced by 4ME is connected with upregulation of p38 kinase
activity.
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ABSTRACT: Eleven new C-geranylated flavonoids, tomento- S &
diplacones L, M, and N (1, 2, 10), tomentodiplacol B (3), “r ~
3',4'-O-dimethyl-S'-hydroxydiplacone (4), mimulones F, G,
and H (5, 6, 7), paulowniones A (8) and B (9), tomentone
(11), and 3',4',5'-trimethoxyflavanone (12), together with 11
known flavonoids (13—23), were isolated from fruits of
Paulownia tomentosa. The structures of the compounds isolated were determined by spectroscopic data interpretation. The ability
of compounds 1—23, together with the nonprenylated flavanones eriodictyol (24) and naringenin (25), to reduce the production
of the pro-inflammatory cytokine TNF-ar in THP-1 cells after bacterial lipopolysaccharide stimulation was evaluated using an in
vitro screening test. The preliminary structure—activity relationships of these derivatives were also studied, and the correlation of
their TNF-« inhibitory activity with their lipophilicity was investigated. The mechanism of action of compounds with significant
antiphlogistic potential (4, 7, 10, 14, 22) was investigated. These compounds reduced both the secretion of TNF-a and the level
of its corresponding mRNA. Compounds 4, 7, 10, 14, and 22 inhibited the nuclear translocation of NF-«B, which controls the
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expression of TNF-a, by blocking the degradation of IxB.

Paulownia tomentosa (Thunb.) Siebold et Zucc. ex Steud.
(Paulowniaceae) is a medium-sized tree, native to mainland
China and distributed all over the world. It has been used in
Chinese folk medicine for the treatment of several diseases,
such as upper respiratory tract infections and other bacterial
infections." This species is rich mainly in phenolics, such as
flavonoids, phenylpropanoid glycosides, phenolic acids, and
lignans.2 Iridoids, sesquiterpene lactone, furanoquinone, and
acylglycerols have also been isolated.” In particular, C-geranyl
flavonoids obtained from P. tomentosa fruits have become the
focus of phytochemical research because of their wide spectrum
of biological activities. So far, 38 geranylated and two
prenylated flavonoids have been isolated from
P. tomentosa.’~"> Twenty-six of these C-geranyl flavonoids
possess a side-chain modified by oxidation, reduction, or
cyclization. The significant bioactivities of these geranylated
flavonoids have been investigated mainly using antibacterial,
cytotoxic, antiphlogistic, or antioxidant assays.”*~ '3~
Inflammation is a complex response by the body to infection
or injury. Flavonoids show pleiotropic effects and can modulate
several key parts of the inflammatory process. They have
antioxidant and/or pro-oxidant properties, interact directly with
pro-inflammatory proteins, and affect signal pathways and
inhibit the expression of inflammation-related genes.'®"”
Besides inhibiting the activity of enzymes linked with
inflammation (PLA,, COX, LOX, iNOS, etc.) and their
antioxidant and pro-oxidant actions, flavonoids also show an
ability to interact with different intracellular signal-transducing

© 2015 American Chemical Society and
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pathways and thereby regulate the expression of inflammation-
related genes. One of the most prominent among various
known inflammatory pathways belongs to the transcription
factor nuclear factor (NF)-kB. Published studies have validated
the capability of flavonoids to reduce the activity of NF-xB by
inhibiting events upstream, e.g., by reducing the phosphor-
ylation of IKK (1B kinase), leading to less degradation of IkB
(an inhibitor of xB) or by attenuating the DNA-binding
capability of NF-xB. Another important pro-inflammatory
transcription factor is the activator protein (AP)-1, regulated
by upstream mitogen-activated protein kinases (MAPKs).
MAPKs not only influence AP-1 but also modulate the activity
of NF-kB. Flavonoids are able to inhibit the phosphorylation of
MAPKs and thereby lower the transcription of the target genes.
Flavonoids are able to positively regulate the activity of several
other signaling pathways. One of these is the signal pathway
leading to the transcription factor Nrf2 (nuclear factor
erythroid 2-related factor 2). Together with its negative
regulator Keap-1 (Kelch-like ECH-associated protein 1), this
protein is redox sensitive; therefore flavonoids possessing a
redox potential are able to activate Nrf2, which leads to the
transcription of genes coding antioxidant enzymes that help to
resolve the inflammatory response. Transcription factors from
the PPAR (peroxisome proliferator-activated receptor) family
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are also activated by several flavonoids. The activation of this
pathway attenuates the activity of NF-xB."”~'? As can be seen,
the transcription of inflammation-related genes is regulated by
multiple transcription factors, and the exact mechanism of
action of flavonoids therefore remains unclear. These
phytochemicals disturb the intracellular signaling network at
several different sites and thereby contribute to the overall anti-
inflammatory effect. The results of tests of the effects of
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flavonoids in vivo have supported those previously observed in
vitro. Various animal models have confirmed the anti-
inflammatory properties of flavonoids. The modulation of
pro-inflammatory gene expression has been determined to be
one of the major mechanisms of action of flavonoids in vivo.'®

As briefly summarized above, flavonoids can have abilities
useful in combating inflammatory conditions. In particular,
lipophilic prenylated or geranylated flavonoid derivatives can
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display a wide spectrum of activities and may serve as potential
lead compounds for the development of anti-inflammatory
therapeutic agents. Therefore, this investigation was focused on
the isolation of geranylated derivatives of flavonoids from P.
tomentosa and the elucidation of their anti-inflammatory
potential.

B RESULTS AND DISCUSSION

Compound Structure Elucidation. Chromatographic
separation of a methanolic partition of the ethanol extract of
P. tomentosa fruits in several steps led to the isolation of 23
flavonoid derivatives. Compounds 1—11 were determined to be
new geranylated derivatives. Also isolated was 3',4',5'-
trimethoxyflavanone (12), a new nonprenylated derivative
with an atypical substitution of ring B, obtained from a natural
source for the first time. Moreover, 11 previously described
prenylated flavonoids were identified by comparing their
spectroscopic data with literature values, namely, 6-geranyl-
5,7-dihydroxy-3',4'-dimethoxyflavanone (13), 3’-O-methyldi-
placone (14), tomentodiplacone G (15), tomentodiplacone
H (16), tomentodiplacone B (17), 6-prenyl-3’-O-methyler-
iodyctiol (18), mimulone (19), bonannione B (20), 3'-O-
methyl-S’-methoxydiplacone (21), diplacone (22), and 3'-O-
methyldiplacol (23).>!"2%*!

The basic structural characteristics of the new isolated
compounds were determined by analysis of their UV and IR
spectra. Compounds 1, 2, 4—10, and 12 exhibited similar UV
spectra typical for a flavanone skeleton, with maxima at ~20S
and ~295 nm and shoulder maxima at ~230 and ~335 nm.
The UV spectra of compounds 3 and 11 showed maximal
values at ~204, ~230, ~275, ~292 (sh), and ~360 nm. By
comparison to the common characteristics of flavanones, these
shifts were assigned as being caused by the presence of a double
bond conjugated with the ring A of a flavanone.” The infrared
spectra obtained for the isolated compounds showed the broad
absorption bands at v, 3500—3200 cm™' typical for OH
stretching vibrations, bands at v,,,, 3000—2850 cm™" showing
the presence of methyl and methylene groups (intensive for
prenylated/geranylated compounds), an intensive band at vy,
1650—1580 cm™', indicating the presence of a carbonyl group,
and a series of bands at 1600—1450 cm™" typical for aromatic
compounds.” The similarity of the acquired spectra to
previously obtained analytical results supported the presence
of further geranylated flavonoid derivatives.’

The NMR spectra obtained for the isolated compounds
showed several well-observed similarities that were identified as
signals typical for a flavonoid skeleton with a carbon chain
moiety. Comparison of the NMR spectroscopic data obtained
with those previously reported for P. tomentosa C-geranyl
flavonoids allowed the assignment of a singlet at about 5y 5.95
to H-8, because its HMBC correlations to C-6, C-7, C-9, and
C-10 of ring A were observed. The connection of a geranyl
chain to the flavonoid skeleton at C-6 was deduced on the basis
of our previous work (the interactions of the OH-S proton
were not observed due to the use of d-methanol as the
solvent).*>?!12 In most cases, the ring C of the flavonoid was
arranged as a flavanone (with the exception of compound 3),
with three doublets of doublets with approximate values at Jy;.,
5.3 (J=3.0,13.0 Hz), 6343, 2.7 (J = 3.0, 17.0 Hz), and 6y 35 3.1
(J = 13.0, 17.0 Hz). On the basis of their coupling constants,
the geometrical isomerism of those hydrogens with J = 3.0 Hz
was assigned as cis and of those with J = 13.0 Hz as trans.*
Further analysis of the NMR data revealed that the phenolic
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ring B of the flavonoid skeleton was either 4'-substituted, 3',4'-
disubstituted, or 3/,4',5'-trisubstituted with hydroxy or methoxy
groups. In compounds 5—7, the 4’-hydroxyphenyl ring gave
two doublets 6y, ¢ and 835 (J = 8.6 Hz), each integrating
for two protons. Compounds 1-3 and 10 possess a 3'-
methoxy-4'-hydroxyphenyl arrangement of ring B, with two
doublets 8y, and Sy (J = 2.0 and 8.0 Hz, respectively)
coupling with one doublet of doublets 5. (J = 2.0, 8.0 Hz).
The position of the methoxy group was assigned on the basis of
HMBC and NOESY correlations. A strong cross-peak of the
methoxy protons with H-2" in the NOESY spectrum was in
general more diagnostic than the HMBC correlations, because
of the similar carbon chemical shifts of C-3" and C-4’. The 'H
NMR spectra of 8 and 9 showed only one singlet at y_, ¢ 6.80
(integrating for two hydrogens), indicating a symmetric 3',5'-
substitution of ring B, which was subsequently assigned as a
3',5’-dimethoxy-4’-hydroxyphenyl unit using both the HMBC
and NOESY correlations of the methoxy protons. The HMBC
experiments also confirmed the attachment of ring B to the
flavonoid backbone at C-2 in all cases. Further evaluation of the
NMR spectroscopic data provided information about the
presence of geranyl side-chains in the compounds analyzed
(with the exception of compound 12). These consisted of two
isoprenoid units displaying three CHj singlets, three CH, and
two CH groups, and two quaternary carbons of the double
bonds, and their coupling constant values ranged from 7.0 to
7.5 Hz.

Compound 1 was isolated as a brownish, amorphous
substance. Its molecular formula was determined by HRESIMS
to be C,4H;,0; on the basis of the presence of a [M — H] ™ ion
at m/z 453.1916 (caled for C,sH,o0, , 453.1913). The
structure of 1 was determined by evaluation of the NMR
data using the 'H NMR spectrum together with HSQC,
HMBC, COSY, and NOESY experiments. Carbon signals at 5
72.9 and 90.7 suggested a modification of the geranyl chain and
the presence of an oxygen-containing substituent. The
combination of HMBC, COSY, and NOESY experiments
allowed the inference to be made that C-2” is linked to the
oxygen present at C-7 and forms a 1”,2”-dihydrofuran ring and
that C-3" is substituted with an OH and a CH; group. The rest
of the carbon side-chain (C-5” to C-10") remained unchanged
when compared to the NMR signals of the geranyl chains
present in related compounds.” The chemical shifts of the
carbons and protons of this modified geranyl chain were also
consistent with the NMR assignments of a similar compound,
bonannione B, previously isolated from Bonannia graeca.’® On
the basis of previous work”'' and due to the character of the
substitution of ring B, compound 1 was named tomentodipla-
cone L and assigned with the structure shown.

Compound 2 was obtained as a yellowish-brown, amorphous
substance. HRESIMS analysis revealed the presence of a [M —
H] ™ ion at m/z 453.1921 (caled for C,sH,50,7, 453.1913), and
thus the molecular formula was determined as C,4H;,0;. The
NMR signals supported the presence of a 3’-methoxy-4'-
hydroxyflavanone skeleton substituted with a 10-carbon chain.
Three signals exhibited chemical shift values unusual for an
unmodified geranylated derivative. The observation of a CH,
unit with chemical shifts at 6 107.5 and 8y 4.78 and 4.95,
together with the quaternary carbon ¢ 151.5, suggested the
presence of an sp> methylene group (C-4”) linked to C-3”.
Diagnostic HMBC correlations of a triplet at 0y 4.38 connected
with an oxygenated carbon (§c 74.2) with C-4” and C-3”
showed this proton to be H-2". These data confirmed that the
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geranyl chain was also modified by C-2" oxidization. Compound
2 (tomentodiplacone M) was assigned as shown.

Compound 3 was isolated as a yellow powder, with
molecular formula determined by HRESIMS as C,¢H,30, on
the basis of the presence of a [M — H]™ ion at m/z 451.1741
(caled for C,eH,,0,7, 451.1757). The unusual UV spectrum
indicated the presence of a double bond attached to the
chromophoric system of the flavonoid skeleton, and NMR
experiments confirmed this hypothesis. Two doublets at dy
6.67 and 5.55 (J = 10.2 Hz) supported the presence of a double
bond, and these signals correlated with carbons of ring A. Thus,
they were assigned to C-1” and C-2”, respectively. The signal of
a quaternary carbon at §c 80.7 suggested a linkage to oxygen,
and the formation of a pyran ring with OH-7 was deduced
using HMBC correlations of other carbons from the geranyl
chain. Unlike the other compounds obtained, the three proton
signals of the flavanone nucleus AMX pattern were missing and
two doublets characteristic for the flavanone-3-ol ring C were
found instead.* This compound was named tomentodiplacol B
and was assigned as shown.

Compound 4 was obtained as a yellowish, amorphous
substance. Its molecular formula was determined by HRESIMS
to be C,,H;,0, on the basis of the presence of a [M — H] ™ ion
at m/z 467.2073 (caled for C,,H;,0,7, 467.2070). The NMR
data obtained closely resembled those of flavanones having an
unmodified geranyl chain; therefore the elucidation procedure
was focused only on differences in the proton signals of ring B.
In the 'H NMR spectrum, two distinguishable m-coupled (J =
1.8 Hz) doublets were observed at &y 6.66 and 6.64
(integrating for one proton each). On the basis of HMBC,
COSY, and NOESY correlations of these protons and two
methoxy groups, the structure of ring B was assigned as 3',4'-
dimethoxy-5'-hydroxyphenyl. Compound 4 was assigned as
3'/4’-O-dimethyl-5'-hydroxydiplacone.

Compound § was isolated as a yellow, amorphous substance.
Its molecular formula was determined by HRESIMS to be
C,sH3,0, on the basis of the presence of a [M — H]™ ion at
m/z 441.193S (caled for CysH,00;, 7, 441.1913). The signals of
oxygen-bearing carbons (8¢ 72.3 and 77.5) were again present,
but the observed HMBC correlations indicated that oxidation
took place in a different part of the chain than in compounds
1-3. The relatively lower chemical shifts of the two terminal
methyl groups implied electronegative substitution at C-8”.
The HMBC and COSY spectra were used to assign the two
oxidized carbons as C-7” and C-8”. With regard to the
substitution pattern of ring B, analysis of the 'H NMR
spectrum revealed two proton signals typical for 4'-hydroxy-
phenyl substituents. Compound § (mimulone F) was thus
assigned as shown.

Compound 6 was obtained as a brownish, amorphous
substance. On the basis of HRESIMS analysis and the presence
of a [M — H]™ ion at m/z 455.2066 (calcd for C,sH;,0,7,
455.2070), the molecular formula was determined as C,4H;,0-.
The NMR data were mostly consistent with those of
compound 3, with the only difference being the presence of a
methoxy group signal at 6y 3.17, which could be located at C-
8” on the basis of the HMBC correlation observed. This
methoxy substitution lowered the electron density, moving the
chemical shift of C-8” downfield. Compound 6, named
mimulone G, was assigned structurally as shown.

Compound 7 was isolated as a brownish, amorphous
substance. Its molecular formula was determined by HRESIMS
to be C,5H,30 on the basis of the presence of a [M — H] ™ ion
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at m/z 423.1778 (caled for C,H,,04~, 423.1808). The NMR
spectra closely resembled those obtained for compound 2, the
signals of the modified geranyl chain and flavanone skeleton
were consistent, and the only difference was in the substitution
of ring B. This compound (mimulone H) showed NMR signals
typical for a 4’-hydroxyphenyl arrangement and was proposed
structurally as shown.

Compound 8 was obtained as a yellow, amorphous
substance. HRESIMS analysis revealed the presence of a [M
— HJ™ ion at m/z 501.2157 (caled for Cy,;H;;047, 501.2125),
and thus the molecular formula was determined as C,;H;3,O,.
The aromatic protons of the flavonoid ring B were represented
by the presence of a singlet at &y 6.79 (2H), indicating a
3',4',5'-trisubstituted ring. Two equal methoxy groups at dy
3.88 (s, 6H) were assigned to carbons C-3' and C-5,
respectively, on the basis of the NOESY cross-peak with H-2’
and H-6', and the hydroxy group was assigned to C-4’. The
upfield chemical shift of C-4" corresponded to a higher electron
density on this carbon caused by the two neighboring carbons
bearing methoxy groups. NMR signals observed for the other
part of the molecule were consistent with those of compound 5.
Compound 8 (paulownione A) was assigned, therefore, as
shown.

Compound 9 was isolated as an orange, amorphous
substance. On the basis of HRESIMS analysis and the presence
of a [M — H]™ ion at m/z 5152277 (caled for C,H;s047,
515.2281), the molecular formula was determined to be
C,sH360,. As was the case with the difference between
compounds $ and 6, this compound differed from compound 8
only by the methoxylation of C-8”. The other NMR signals
were all equivalent. Compound 9 (paulownione B) was
assigned structurally as shown.

Compound 10 was obtained as a brownish, amorphous
substance. Its molecular formula was determined by HRESIMS
to be C,4H;,0; on the basis of the presence of a [M — H] ™ ion
at m/z 453.1965 (caled for C,sH,00,~, 453.1913). The NMR
data included signals for a flavanone nucleus with a 3’-methoxy-
4’-hydroxyphenyl ring B. Further analysis of the NMR data set
allowed oxidized carbons to be inferred in the geranyl chain
moiety. These carbons were assigned as C-2” and C-3/,
respectively. On the basis of HMBC correlations, a hydroxy
group was assigned to C-2” and a connection of C-3” to OH-7
was deduced. Thus, the geranyl chain was cyclized to form a
2H-pyran ring. A search of the literature showed that the NMR
signals for compound 10 were similar to those of bonanniol C,
which possesses the same modification of the geranyl side-
chain.** Compound 10 (tomentodiplacone N) was proposed
structurally as shown.

Compound 11 was obtained as a yellow, amorphous
substance. HRESIMS analysis revealed the presence of a [M
— H] ion at m/z 421.1688 (caled for C,H,;O,, 421.1651),
and thus the molecular formula was determined to be
C,sH,40¢. On the basis of the UV and NMR spectra, it was
deduced that the geranyl chain is cyclized with OH-7 at C-3”,
with a double bond formed between C-1" and C-2”, leading to
a structure similar to that of compound 3. On the other hand,
the signals of the protons of the flavonoid nucleus protons
corresponded to a flavanone pattern, and those of the aromatic
protons of ring B comprised two broad singlets integrating for
one and two protons, respectively. These signals of ring B,
unusual for flavonoids obtained from P. tomentosa, had
previously been detected only in schizolaenone C, which
displays a 3',5'-dihydroxyphenyl ring B.” Although the
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Figure 1. Effect of the 23 flavonoids on the secretion of TNF-o. THP-1 macrophages were pretreated with compounds 1—23 isolated from P.
tomentosa, standards 24 and 25, and prednisone (Pred.) at a concentration of 2 uM or with DMSO only (Veh. and CTRL) for 1 h. Subsequently,
LPS (1 ug/mL) was added [except for the control cells (CTRL)] to trigger the secretion of pro-inflammatory cytokine TNF-a. After 24 h, the
amount of TNF-a was evaluated by ELISA. The results are expressed as the mean =+ SE for three independent experiments. The dotted black line
indicates the amount of TNF-a secreted by the vehicle cells (untreated cells), and the dashed gray line indicates the amount of TNF-a secreted by
the cells pretreated with prednisone. * indicates a significant difference in comparison with the vehicle-treated cells, p < 0.05, ** indicates a
significant difference in comparison with the vehicle-treated cells, p < 0.01, and *** indicates a significant difference in comparison with the vehicle-

treated cells, p < 0.001.

symmetry of the aromatic ring suggested the assignment of the
singlets at dy 6.81 to H-2' and H-6" and &y 6.93 to H-4', the
clear HMBC correlations of both signals to C-2 and the
NOESY of both signals with H-2 and H-3f were convincing
enough to assign &y 6.93 to H-2' (or H-6, respectively).
Compound 11 (tomentone) was assigned as shown.

Compound 12 was isolated as a pale yellow powder. Its
molecular formula was determined by HRESIMS to be
C1sH;50, on the basis of the presence of the [M — H]™ ion
at m/z 345.0935 (caled for C;gH,,0,7, 345.0974). A lower
molecular weight and an IR spectrum with reduced alkyl and
alkylene bands compared to the other substances isolated
suggested that no prenyl chain was present in this case. Two
methoxy singlets (9H together) and two aromatic non-
correlating singlets (2H each) were observed. The protons at
Oy 6.69 were assigned to ring B, and a 3',4',5'-trimethoxy-
phenyl arrangement was determined on the basis of the HMBC
correlations. The protons at dy 6.04 were assigned to H-6 and
H-8 of the flavonoid ring A. Using CDCI; as the solvent, the
OH-5 proton at dy 12.05 could be observed, as well as its
HMBC correlations to carbons of ring A. Therefore, the
structure of compound 12 was assigned as 3',4',5'-trimethoxy-
flavanone.

The absolute configurations of compounds 1—12 were
determined using analysis of their CD spectra. All of the
compounds tested contain a chiral center at C-2, but not all of
them displayed a CD curve. A positive Cotton effect for the n
— 7* electronic transition (320—340 nm) and a negative
Cotton effect for the 7 — 7* electronic transition (270—290
nm) led to the assignment of a 2S-configuration for compounds
1,2, 4-7, and 10-12.> Compound 3 was determined to be a
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2R,3R-flavanone-3-ol because of the trans relative configuration
of its C-2 and C-3 substituents and also due to a positive n —
7* Cotton effect at a high wavelength (350—370 nm).>
Compounds 8 and 9 did not exhibit any Cotton effects, and
therefore they were assigned as racemic mixtures of 25 and 2R
enantiomers. The modifications of the geranyl chain resulted in
the formation of other stereogenic centers in the compounds
isolated (with the exception of compounds 4 and 12). A
quantum mechanical method was used to calculate the NMR
parameters,”® but the two calculated sets showed only small
differences that were not sufficient to assign a relative
configuration.

Cytotoxicity. The viability of THP-1 cells was measured
after treatment with increasing concentrations of the flavonoids
tested (1—25) with the aim of finding a nontoxic concentration
for the following in vitro experiments. Compounds could be
assumed to be potentially cytotoxic only when shown to exhibit
IC;, values of <10 uM. This criterion was fulfilled by
compounds 1, 2, 4, 10, 13, 14, 19, 21, and 23; the remaining
compounds tested showed presumptive ICs, values of >10 uM,
and thus they can be deemed to be noncytotoxic (see Table S1
in the Supporting Information). Compound 7, with an ICy,
value of 11.4 & 0.2 uM, lies close to the border between being
cytotoxic and noncytotoxic. All of the compounds tested
showed values of ICg, > 5 yM. The absence of an aliphatic side-
chain (prenyl or geranyl) in the structure of a test compound
significantly decreased the cytotoxicity, as has been described
previously.”** The simple, non-geranylated flavonoids 12, 24,
and 25 were inactive in comparison to flavonoids with such
side-chains (see Table S1). The cytotoxic effect of prenylated or
geranylated flavonoids is possibly related to their lipophilicity
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and to their greater ability to penetrate the membranes of
cells.”® The presence and position of hydroxy groups on the
side-chain also influenced the cytotoxicity. The presence of a -
carbon (proximal) OH group on a geranyl chain did not affect
the cytotoxicity of a compound, but an OH group on the distal
end of the side-chain caused a loss of cytotoxic effect for such
compounds. This effect can be seen for example in compound
2, with a hydroxy group on the S-carbon of the geranyl chain
(ICs 6.5 + 0.1 uM), compound 14, with an unmodified
geranyl chain (ICg, 7.1 £ 0.1 uM), and compound 17, with a
hydroxy group on the @-carbon of the geranyl chain (IC, >20
uM). The substituents on ring B of the flavonoid structure
seemed to have minor effects on the cytotoxic potential of the
flavonoids tested. On the basis of the results obtained from
cytotoxicity testing, a concentration of 2 uM of tested
flavonoids 1—25 was selected as a noncytotoxic concentration
for further evaluation of anti-inflammatory potential.
Anti-inflammatory Potential. The anti-inflammatory
activity of flavonoids has long been well known. The
production of a typical pro-inflammatory cytokine TNF-a in
lipopolysaccharide (LPS)-stimulated macrophages was used to
determine the ability of compounds 1-23 isolated from P.
tomentosa, along with eriodictyol (24) and naringenin (25), to
attenuate the production of this cytokine (Figure 1). As can be
seen, several compounds affected the production of TNF-a in a
statistically significant manner (p < 0.001). Thus, compounds 3,
7,10, 13, 14, 17, 21, and 23 affected the secretion of TNF-a as
much as or more than the prednisone that was used as a
positive control for the assay. This result confirmed the well-
known fact that flavonoids possess anti-inflammatory poten-
tial.** Most of the compounds tested have a lipophilic character
due to the presence of a prenyl or geranyl side-chain, so
logarithmic n-octanol/water partition coefficient log (Ki,)
values were determined and correlated with the TNF-a test
results. This model showed only a relatively poor correlation
with R* = 0.42 (Figure 2), which suggests that there is no
simple relationship between the lipophilicity of the compounds
and their ability to decrease the TNF-a secretion and that the
pharmacological activity of these compounds is not dependent
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Figure 2. Dependence of the inhibition of the secretion of TNF-a on
the lipophilicity of compounds 1—12 and 14—2S. The results are
expressed as the dependence of log TNF-a on log K.
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only on their lipophilic character. A 3D QSAR model was not
evaluated due to the considerable flexibility of prenyl and
geranyl groups, which take rather different conformations in
hydrophilic and lipophilic environments, making it difficult to
calculate correct values.

On the basis of the initial screening of their cytotoxicity and
anti-inflammatory potential, compounds 4, 7, 10, 14, and 22
were selected for more detailed analysis of their activities. In
order to determine whether the expression of TNF-a was
modified by a post-transcriptional or pretranscriptional
mechanism, the level of TNF-a mRNA was measured. A
previous experiment with diplacone (22) showed its ability to
diminish the gene expression of TNF-a."* The results obtained
herein confirmed this result, as all of the tested compounds
attenuated the expression of TNF-o mRNA (Figure 3), which

50+
40+
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TNF-a gene expression [A.U.]

e
14 22 Pred.Veh.CTRL

4 7

10

Figure 3. Effect of selected flavanones on the gene expression of TNF-
a. THP-1 macrophages were pretreated with compounds 4, 7, 10, 14,
22, and prednisone (Pred.) at a concentration of 2 M or with DMSO
only (Veh. and CTRL) for 1 h. Subsequently, LPS (1 pg/mL) was
added [except for the control cells (CTRL)] to trigger the
transcription of the TNF-a gene. After 4 h, the level of TNF-a
mRNA was evaluated by RT-qPCR. The amount of TNF-a mRNA
was normalized to f-actin mRNA. The results are expressed as the
mean =+ SE for three independent experiments. A.U. = arbitrary unit. *
indicates a significant difference in comparison with the vehicle-treated
cells, p < 0.05, and ** indicates a significant difference in comparison
with the vehicle-treated cells, p < 0.01.

was clearly in accordance with the results of the secretion of the
TNF-a cytokine. These data indicate that the regulation of the
expression of TNF-a was upstream of the transcription. The
expression of TNF-a is often shown to be controlled by the
nuclear factor kB (NF-xB), and the effect of compounds 4, 7,
10, 14, and 22 on the activity of this transcription factor was
therefore further investigated. Flavonoids are known to be able
to modulate the activity of NF-kB.**~6 NF-«B is kept inactive
in the cytoplasm by its inhibitor IxkB. When the signal pathway
is activated, the IkB is degraded and NF-«B is translocated into
the nucleus.”® The pretreatment of cells with the test flavonoids
4, 7, 10, 14, and 22 led to attenuation of the IxB degradation
after LPS stimulation (see Figure S60 in the Supporting
Information) and subsequently to restriction of the uncovering
of NF-kB transactivation domain detectable by used antibody
(Figure 4). These results confirmed previous observations that
describe the inhibition of NF-kB as one mode of anti-
inflammatory action of flavonoids."”

Influence of the Flavonoids Tested on the Formation
of ROS. Reactive oxygen species (ROS) play a significant role
in inflammation. An elevated level of ROS can damage the
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Figure 4. Effect of selected flavanones on the nuclear translocation of NF-«B. THP-1 macrophages were pretreated with compounds 4, 7, 10, 14, 22,
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for the control cells (CTRL)] to trigger the NF-kB activation. After 4 h, the amount of NF-kB was detected by immunohistochemical analysis (green
color for the p6S subunit and blue for the DAPI staining of nuclei). The first row of pictures represents p6S staining, and the second one a
combination of p65 and DAPI staining. The results in the graph show the mean + SE for three independent experiments for the p6S staining
intensity. A.U. = arbitrary unit. *** indicates a significant difference in comparison with the vehicle-treated cells, p < 0.001; ## indicates a significant
difference in comparison with the prednisone-treated cells, p < 0.01; and ### indicates a significant difference in comparison with the prednisone-
treated cells, p < 0.001.
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Figure S. Effect of selected flavanones on the generation of ROS. THP-1 macrophages were pretreated with compounds 4, 7, 10, 14, 22, and
prednisone (Pred.) at a concentration of 2 uM or with DMSO only (Veh. and CTRL) for 1 h. The level of ROS was measured after 24 h (A).
Alternatively, LPS (1 ug/mL) was added [except for the control cells (CTRL)] to trigger the ROS formation, and measurement was performed 24 h
after the addition of LPS (B). The results are expressed as the mean + SE for three independent experiments. A.U. = arbitrary unit. ** indicates a
significant difference in comparison with the vehicle-treated cells, p < 0.01; *** indicates a significant difference in comparison with the vehicle-
treated cells, p < 0.001; # indicates a significant difference in comparison with the prednisone-treated cells, p < 0.05; ## indicates a significant
difference in comparison with the prednisone-treated cells, p < 0.01; and ### indicates a significant difference in comparison with the prednisone-
treated cells, p < 0.001.

surrounding biomolecules and contribute to the inflammatory tested to evaluate the formation of ROS after stimulation of the
response, partially even through the activation of NE-xB.>’ THP-1 cells with bacterial LPS (Figure 5). Mimulone H (7)
Flavonoids possess anti- and pro-oxidant activities, and they can and tomentodiplacone N (10) significantly increased the level
affect the inflammatory proceses by modulating redox-sensitive of ROS in the THP-1 cells without LPS stimulation. On the
intracellular pathways.28 Compounds 4, 7, 10, 14, and 22 were other hand, only compounds 10, 14, and 22 augmented the
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Table 1. NMR Spectroscopic Data (400 MHz, MeOD) for Tomentodiplacones L (1) and M (2) and Tomentodiplacol B (3)

tomentodiplacone L (1)

tomentodiplacone M (2)

tomentodiplacol B (3)

position 8¢, type Sy (J in Hz) HMBC 8¢, type
2 794, CH  5.36,dd (3.0, 13.0) 78.7, CH
3 42.5,CH, 2.71,dd(3.0,17.1) 2,4 42.5, CH,
3.16, dd (13.0,
17.1)
4 196.7, C 196.5, C
S 1654, C 1614, C
6 105.6, C 105.7, C
7 1684, C 165.2, C
8 89.8, CH 599 s 6,7,9, 10 94.5, CH
9 1634, C 1615, C
10 102.5, C 101.4, C
U 1302, C 1302, C
2/ 109.8, CH  7.09, br s 2, 4,6 109.8, CH
3 147.3, C 147.8, C
4 146.7, C 146.8, C
s 1147, CH  6.83,d (7.8) 1,3 114.6, CH
6 119.0,CH  6.93,br d (7.8) 2,2, 4 1189, CH
1" 252, CH, 3.06,d (84) 6,7,2", 3" 284, CH,
2! 90.7, CH  4.77,t (84) 4" 742, CH
3 729, C 1515, C
4" 204, CH; 123,s 27,3", 5" 107.5, CH,
5" 37.5,CH, 1.54,t (84) 2",3",6",7" 309, CH,
6" 214,CH, 213, m 7" 26.3, CH,
7" 124.1, CH  S.15,t (7.0) 6", 9", 10" 124.2, CH
8" 130.7, C 130.7, C
9” 243,CH; 170, s 7", 8", 10" 24.5, CH,
10" 162, CH; 1.65,s 7", 8", 9" 16.2, CH,
MeO-3' 549, CH; 3.89 s 3 54.9, CH,

Sy (J in Hz) HMBC 8¢, type Sy (J in Hz) HMBC
5.34,dd (27,130) U 837,CH 502,d (116) 32,6
275, dd (2.7, 17.0) 2, 4, 1/ 722, CH  463,d (1L6) 2,4 1’
3.14, dd (13.0,

17.0)
197.2, C
1623, C
102.1, C
1624, C
597, s 6,7,9, 10 952, CH 591, s 6,7,9, 10
160.8, C
100.6, C
1279, C
7.09, d (L5) 24,6 11L1, CH 713, d (19) 24,6
147.6, C
1469, C
683, d (8.0) U3 1145, CH 687, d (8.1) U3
693, dd (1.5, 80) 2,2/, 4 120.8, CH 6.99,)dd (19, 2,2, 4
8.1
278, m 5,6,7,2",3" 1150,CH 667, d (102) 5,67, 3"
293, m
438, t (6.4) 617,34 1248 CH 555d(102) 6 3"
807, C
478, s 27, 5" 262, CH, 1411, s 27,37, 5"
495, s 1414, s
218, m 3,47,6",7  412,CH, 172, m 6"
219, m 5" 8" 221, CH, 210,m 5" 7", 8"
5.18, br s 6" 1234 CH 512, m
131.0, C
170, s 7" 8" 10" 242, CH, 167, s 778", 10"
165, s 7 87, 9" 161, CH; 138, s 7 8", 9"
389, s 3 549, CH, 391, s 3

formation of ROS in the presence of LPS. Interestingly, 4 and 7
insignificantly decreased the level of ROS after LPS stimulation.
The ability of 10 to hold a greater level of ROS independently
on the presence of inflammatory stimuli (bacterial LPS) could
explain, at least partially, its lower activity in inhibiting the NF-
kB pathway as compared with the other flavonoids tested. The
discrepancy in the behavior of 7 in comparison with 10 might
be explained by different structural moieties responsible for
anti- and pro-oxidant properties. Mimulone H (7) probably
acts as a pro-oxidant, but after inflammatory response has been
stimulated, it could block the formation of ROS acting as an
antioxidant with any pro-oxidant effect eliminated.
Conclusions. This work has demonstrated that P. tomentosa
is a rich source of various C-geranylated flavonoids, which
because of their lipophilicity, are able to affect biological targets
and become interesting leads for the development of new
drugs. The isolation of 12 new flavonoids and 11 previously
known compounds from P. tomentosa fruits is presented herein.
These compounds were tested for their anti-inflammatory
potential on the macrophage-like cell line THP-1, and the
mechanism of action was determined for the five compounds
with the most significant and promising results. The
compounds tested showed a significant antiphlogistic potential,
caused, at least partly, by interaction with the NF-xB pathway.
However, the redox potentials of these flavonoids can also
influence inflammation. Nevertheless, the interaction between
ROS and the inflammatory signaling pathways, e.g., the NF-xB
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pathway, in the presence of flavonoids with redox and
antiphlogistic potential needs additional investigations, espe-
cially in in vivo models.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured with a JASCO P-2000 digital polarimeter (Jasco, Easton,
MD, USA). UV spectra were measured with a UV/Vis Lambda 25
spectrometer (PerkinElmer, Waltham, MA, USA). Circular dichroism
(CD) spectra were obtained using a JASCO J-810 polarimeter (Jasco).
IR spectra (ATR) were measured with a Nicolet Impact 400D FT-IR
instrument (Thermo Scientific, Waltham, MA, USA). NMR (1D and
2D) spectra were obtained on a Bruker Avance III 400 spectrometer
(Bruker, Billerica, MA, USA) with TMS as the internal standard.
ESIMS were recorded on a Varian 500 MS ion trap spectrometer
(Varian, Palo Alto, CA, USA) in the negative mode. HRMS were
measured using an API-TOF Mariner spectrometer (Applied
Biosystems, Thermo Scientific) in the negative mode. Analytical
HPLC measurements were obtained on an Agilent 1100 chromato-
graphic system with a 1100 series diode array detector (Agilent
Technologies, Santa Clara, CA, USA). Preparative HPLC was
performed using a YL 9100 HPLC System (Young Lin, The Republic
of Korea) with a FOXY R2 fraction collector (Teledyne Isco, Lincoln,
NE, USA).

Column chromatography was performed using silica gel with a
particle size of 40—63 ym (Merck, Billerica, MA, USA). For analytical
purposes, silica gel 60 Fg,, 20 X 20 cm, 200 ym TLC plates (Merck)
and an Ascentis Express RP-Amide, 10 cm X 2.1 mm, particle size 2.7
um, analytical HPLC column (Sigma-Aldrich, St. Louis, MO, USA)
were used. Preparative separations were carried out with preparative
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Table 2. NMR Spectroscopic Data (400 MHz, MeOD) for 3’,4’-O-Dimethyl-5’-hydroxydiplacone (4) and Mimulones F (5) and

G (6)
3',4'-O-dimethyl-S'-hydroxydiplacone (4) mimulone F (5) mimulone G (6)
position d¢, type Sy (J in Hz) HMBC d¢, type Sy (J in Hz) HMBC dc, type Sy (J in Hz) HMBC
2 78.8, CH 5.32,dd (3.0, 1’ 78.9, CH 531, dd (2.9, 1’ 78.7, CH 5.30,brd (ov) 2,6
12.8) 13.1)
3 429, CH, 273,dd (30, 2,4 U 427,CH, 270,dd (29, 2,4 427, CH, 269, dd (30, 2,4 U
17.2) 17.0) 17.1)
3.07, dd (12.8, 3.07, dd (13.1, 3.06, d (13.0,
17.2) 17.0) 17.1)
4 196.7, C 1957, C 196.1, C
S 160.8, C 160.9, C 160.8, C
6 108.8, C 1082, C 108.1, C
7 1649, C 164.7, C 165.0, C
8 939, CH 599, s 467,910 943, CH 595, s 467,910 941, CH 593 4,6,7,9, 10
9 1609, C 1612, C 1611, C
10 101.7, C 1014, C 1015, C
1 1352, C 130.0, C 129.7, C
X 1015, CH 666, d(18) 2,3, 4,6 1275 CH 732,d(85) 24,6 1275,CH  7.32,d (86) 2, 4,6
3 1526, C 1148, CH 683,d(85) 1, 4,8 1148, CH 683,d(86) 1,4,
& 1364, C 157.4, C 157.1, C
s 1505, C 1148 CH 683, d (8.5) 1, 3,5 1148 CH 683, d (8.6) v, 3,5
6 1068, CH 664 d(18)  2,2,4,5 1275 CH 732,d(85) 2,2, 4 1275, CH  7.32,d (86) 2,2, 4
% 202, CH, 323,d(73) 567,23 202, CH, 325d(7.1) 56723 203 CH, 325d(7.1) 5672 3"
2 1222, CH 521, t (7.3) 61%,4",5" 1225, CH 527t (7.1) 1, 4", 5" 1229, CH 528, (7.1) 1", 4", 5"
3" 1339, C 1339, C 1335, C
4 147,CH, 177, s 27, 3" 5" 147, CH, 180, s 23" 5" 143, CH, 178 s 23" 5"
5" 394, CH, 196, t (72) 2".3",4%,6"  364,CH, 201, m 27,3", 4", 6", 361, CH, 203 m 2, 3%, 4, 6",
7" 7"
224, m 222, m
6 262, CH, 207,q(72) 35,78 292, CH, 134 m 37, 5", 7" 289, CH, 133, m 375", 7"
1.73, m 1.66, m
7 1243, CH 508, t (72) 9" 10" 775, CH 324, ov 5" 6",8",9"  747,CH  3.40,brd(10.1) $’, 6, 8", 9",
10” 10”
8’ 1308, C 723, C 77.0, C
9 254, CH, 163,s 778" 10" 240,CH, 115, s 7787, 10" 198, CH, 113, s 77,87, 10"
10" 164, CH, 138, s 778", 9" 234,CH, 113, s 7 8", 9" 192, CH, 108 s 7, 8", 9"
MeO-3' 548 CH, 386 s 3
MeO-4  59.5, CHy 3.80,s &
MeO-8" 479,CH; 3.17,s 8"
318, s

TLC plates (Uniplate, silica gel GF, 20 X 20 cm, with fluorescent
indicator F,g,, S00 um; Analtech, Newark, DE, USA) and an Ascentis
RP-Amide, 25 cm X 10 mm, particle size S yim, semipreparative HPLC
column (Sigma-Aldrich).

Eriodictyol (24) and naringenin (25) were used as non-prenylated
flavanones for anti-inflammatory potential testing and were obtained
from Sigma-Aldrich, with declared purity exceeding 95%.

Plant Material. Paulownia tomentosa fruits were collected during
October 2010 (a mixture of immature and mature fruits) and
November 2010 (mature fruits) on the grounds of the University of
Veterinary and Pharmaceutical Sciences Brno, Brno, Czech Republic.
Botanical identification was confirmed by Dr. Petr Babula (UVPS
Brno). A voucher specimen is deposited in the herbarium of the
Department of Natural Drugs, UVPS Brno (no. PT102010).

Extraction and lIsolation. A total of 12.9 kg of the fruits was
extracted in 96% ethanol (S X 24 h), and the extract was dried using a
Rotavapor. Then, 401 g of this dried extract was suspended in 10%
ethanol (4 L) and subsequently extracted with CHCl; (3 X 4 L). The
organic fraction was dissolved in 90% methanol (1 L) and treated with
hexane (3 X 1 L) to yield an MeOH portion (115.8 g after removal of
the solvents in vacuo). The MeOH extract was applied to a silica gel
column and eluted with benzene—acetone, 95:5 (27 L) and 9:1 (11 L).
Fractions of 130 mL were collected and combined on the basis of TLC
and HPLC analysis to give 19 final fractions, PT4-1 to PT4-19.
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Fraction PT4-S (120 mg) yielded compound 13 (54 mg) after
semipreparative RP-HPLC (with a gradient of redistilled MeCN and
0.2% HCOOH). Fraction PT4-8 (8232 mg) was subjected to column
chromatography using CHCl;—MeOH—benzene, 8.5:0.5:1 (1.5 L), to
give six subfractions, PT4-8-A to PT4-8-F. Subfraction PT4-8-E (120
mg) was purified using preparative TLC (benzene—EtOAc, 1:4), and
compound 17 (75 mg) was obtained. Subfraction PT4-8-C (4945 mg)
was separated on a silica gel column and eluted with benzene—EtOAc
(3:2, 1.5 L) to provide seven components. PT4-8-C-1 yielded 850 mg
of compound 14. The 2847 mg of fraction PT4-8-C-2 was subjected to
semipreparative RP-HPLC (with a gradient of MeOH and 0.2%
HCOOH). Fraction PT4-8-C-2/2 (27 mg) was then separated using
preparative TLC (benzene—EtOAc, 2:3) to obtain compound 15 (15
mg) and compound 16 (S mg). Fraction PT4-10 was subjected to
column chromatography using CHCl;—MeOH—benzene, 8.5:0.5:1 (2
L), to give eight subfractions, PT4-10-A to PT4-10-H. Subfraction
PT4-10-C was separated using semipreparative RP-HPLC (with a
gradient of redistiled MeCN and 0.2% HCOOH) to purify
compounds 1 (51 mg), 2 (71 mg), and 4 (46 mg); compounds 18
(18 mg) and 3 (3 mg) were then obtained by purification using
preparative TLC (benzene—EtOAc, 3:2). Purification of subfraction
PT4-10-D using RP-HPLC (with a gradient of redistilled MeCN and
0.2% HCOOH) yielded compound 19 (707 mg). Subfraction PT4-10-
E was separated analogously using RP-HPLC to give compound 7 (8
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Table 3. NMR Spectroscopic Data (400 MHz, MeOD) for Mimulone H (7) and Paulowniones A (8) and B (9)

mimulone H (7)

paulownione A (8)

paulownione B (9)

position 8¢, type Sy (J in Hz) HMBC 8¢, type
2 789, CH  5.33,dd (25, 2,6 79.0, CH
12.9)
3 42,6, CH, 2.71,dd (2.5, 2, 4 42.8, CH,
17.1)
3.12, dd (12.9,
17.1)
4 196.5, C 195.1, C
5 161.5, C 161.1, C
6 105.6, C 108.7, C
7 166.0, C 1679, C
8 94.6,CH 595, s 6,7,9, 10 94.9, CH
9 1613, C 160.9, C
10 1012, C 100.8, C
1 129.6, C 129.6, C
2 127.5, CH  7.33,d (84) 2, 4,6 103.5, CH
3 1148, CH  6.83,d (84) 1, 4,5 1477, C
4 157.5, C 135.1, C
s’ 1148, CH  6.83,d (84) 1,3,5 147.7, C
6 127.5,CH  7.33,d (84) 2,2, 4 103.5, CH
1" 28.3,CH, 278 m 56,72 20.3, CH,
2.94, m
2" 744,CH 437, m 6,1",4", 58" 1232, CH
37 1513, C 1337, C
4" 1079, CH, 4.77,s 2", 8" 14.6, CH,
4.96, s
5" 311, CH, 218 m 476", 7" 36.2, CH,
6" 26.1, CH, 2.18, m 3,5, 8" 29.1, CH,
7" 124.1, CH  S5.18,brs 77.5, CH
8" 130.8, C 722, C
9" 244,CH; 170, s 7", 8", 10" 24.1, CH,
10” 162, CH; 165, s 7", 8",9" 234, CH,
MeO-3' 55.3, CH,
MeO-5' 55.3, CH,
MeO-8”

&y (J in Hz) HMBC S, type Sy (J in Hz) HMBC
5.31,dd (3.1, 4, 1,2 79.1, CH  5.31,dd (ov, 1,2,6
ov) 13.0)
2.67, dd (3.1, 4 42.1, CH, 2.67,dd (2.9, 4
17.0) 17.0)
3.10, dd (13.0, 3.12, dd (13.0,
17.0) 17.0)
1969, C
1612, C
109.0, C
168.6, C
5.92,'s 6,79, 10 949, CH 592 's 6,7,9, 10
1614, C
1002, C
1303, C
6.79, s 2,1,3,4,5, 1035 CH 6.80,s 2,1,3,4,5,
6 6
148.0, C
1352, C
148.0, C
6.79, s 2,1,2,3,4, 1035 CH 680, s 2,1,2,3,4,
s’ s’
324,brd (ov) 56,72, 3" 203, CH, 3.25,d(7.1) 56,723
5.29, t (ov) 4", 5" 1234, CH 529, t (7.1) 5"
1336, C
1.80, s 27,3, 5" 147, CH; 1.80,s 27, 3", 8"
2.03, m 2",3,6",7" 358, CH, 2.03, m 3,4, 6"
224, m 222, m
1.33, m 29.1, CH, 134, m 7"
1.73, m 1.66, m
3.25, brs 5", 8" 74.6, CH 341, br s 8"
77.1, C
1.16, s 7", 8", 10" 19.8, CH; 1.13,s 7", 8", 10"
113, s 7", 8", 9" 19.1, CH; 109, s 7", 8", 9"
3.88, s 3 554, CH,; 3.88s 3’
3.88, s 5’ 554, CH; 3.88,s s’
47.8, CH; 3.176, s 8"
3.182, s

mg), and a subsequent preparative TLC separation yielded
compounds 5 (20 mg), 6 (17 mg), and 20 (3 mg). Finally, fraction
PT4-14 was separated using RP-HPLC (with a gradient of redistilled
MeCN and 0.2% HCOOH) and yielded compounds 10 (20 mg), 11
(71 mg), and 21 (242 mg), as well as compounds 12 (4 mg), 8 (3
mg), and 9 (3 mg), which were purified using preparative TLC
(benzene—EtOAc, 3:2). The isolation procedure used to obtain
compounds 22 and 23 has been described in previous work.> The
purity of the isolated compounds was evaluated using HPLC-DAD
analysis and exceeded 95% in all cases. (Note: To eliminate hazardous
effects on health, all separation procedures using benzene were
performed in a fumehood using proper protective aid.)

Tomentodiplacone L (1): brownish, amorphous substance; [a]*,
—15.9 (¢ 1.0, CH;O0H); UV (CH;0H) 4,,, (log €) 206 (4.89), 295
(4.59), 336 (sh) (3.79); CD (CH,OH) ©,s, +7670, O, —33913,
0,,, +22987; IR (ATR) v, 3428, 3271, 2967, 2919, 1653, 1608,
1515, 1454 cm™'; 'H and *C NMR data, see Table 1; ESIMS
(negative) m/z 453 [M — H]~; HRESIMS (negative) m/z 453.1916
[M — HJ, caled for C,sH,50,7, 453.1913.

Tomentodiplacone M (2): brown, amorphous substance; [a]*p
—7.6 (¢ 1.0, CH;0H); UV (CH;0H) A, (log €) 205 (4.84), 232
(sh) (4.55), 292 (4.42), 338 (sh) (3.71); CD (CH,OH) O, +9299,
©,9; —42 528, ©,,; +32948; IR (ATR) v, 3368, 3229, 2908, 2852,
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1635, 1593, 1515, 1454 cm™}; 'H and *C NMR data, see Table 1;
ESIMS (negative) m/z 453 [M — H]~; HRESIMS (negative) m/z
453.1921 [M — H]", caled for CygHy0,, 453.1913.

Tomentodiplacol B (3): yellow, amorphous substance; [a]*p
+9.6 (c 0.3, CH;0H); UV (CH;0H) 4, (log &) 204 (4.83), 230
(4.51), 237 (sh) (4.48), 277 (4.62), 291 (sh) (4.45), 365 (4.09); CD
(CH,OH) O +3646, On96 —14162, O +9192; IR (ATR) vy
3360, 2967, 2919, 2851, 1629, 1514, 1454 cm™; 'H and 3C NMR
data, see Table 1; ESIMS (negative) m/z 451 [M — H]™; HRESIMS
(negative) m/z 451.1741 [M — H]", caled for CoH,,0,7, 451.1757.

3’,4’-0-Dimethyl-5'-hydroxydiplacone (4): brown, amorphous
substance; [a]?’p —21.4 (¢ 1.0, CH;OH); UV (CH;0H) 4,,,, (log €)
209 (4.85), 232 (sh) (4.58), 294 (4.42), 336 (sh) (3.71); CD
(CH;0H) Oy, +13273, 0,5, —65239; IR (ATR) v,,, 3336, 2913,
2848, 1630, 1589, 1509, 1446 cm™!; 'H and *C NMR data, see Table
2; ESIMS (negative) m/z 467 [M — H]™; HRESIMS (negative) m/z
467.2073 [M — H], caled for C,,Hy, 0., 467.2070.

Mimulone F (5): yellow, amorphous substance; [a]?, —2.1 (¢
0.85, CH,OH); UV (CH,OH) A, (log £) 204 (4.58), 227 (4.50),
294 (4.31), 334 (sh) (3.60); CD (CH;0H) O, +8762, O,y
—44776; IR (ATR) v, 3127, 2973, 1624, 1584, 1516, 1487, 1442
cm™'; 'H and C NMR data, see Table 2; ESIMS (negative) m/z 441
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Table 4. NMR Spectroscopic Data (400 MHz, MeOD for 10 and 11, CDCl, for 12) for Tomentodiplacone N (10), Tomentone

(11), and 3',4',5'-Trimethoxyflavanone (12)

tomentodiplacone N (10)

tomentone (11)

3',4/,5'-trimethoxyflavanone (12)

position d¢, type 8y (J in Hz) HMBC d¢, type
2 791, CH 533, brd 79.2, CH
(12.1)
3 421,CH, 272, brd 2, 4 42.6, CH,
(16.7)
3.15,brd
(16.7)
4 196.9, C 196.8, C
5 160.2, C 157.8, C
6 1004, C 1021, C
7 162.1, C 1623, C
8 954, CH 593, s 6,7,9, 10 95.1, CH
9 1611, C 160.3, C
10 102.2, C 1004, C
G 130.5, C 130.1, C
2 1098, CH  7.08, br s 24,6 1132, CH
3 147.9, C 145.5, C
4 1469, C 117.8, CH
% 1145, CH 683,d(77) 1,3 145.1, C
6 1192, CH 692, brd (77) 2,2, 4 114.8, CH
I 240, CH, 2.54,m 5,6,7,2",3" 1152, CH
2.86, m
2 663, CH 385 (ov) 6, 4" 1247, CH
3 803, C 80.6, C
4 177,CH,  127,s 2, 3" 5" 26.0, CH,
128, s
5 37.5,CH, 167, t (ov) 36" 412, CH,
6" 211, CH, 216,m 57 7 8" 22.1, CH,
7 1238, CH 5.13,t(67)  6",9", 10" 1235 CH
8" 131.0, C 1312, C
9 243, CH, 169, s 778", 10" 242, CH,
10" 162, CHy 162, s 778", 9" 16.1, CH,
MeO-3' 548 CH, 3.88,s 3
MeO-4
MeO-5’

Sy (J in Hz) HMBC d¢, type Sy (J in Hz) HMBC
532,dd (3.0,13.0) 3,1 789, CH 536, br s 41,2,6
2.74,dd (3.0,17.0) 2,4, 1' 428, CH, 2.85dd(238,17.0) 4
3.12, dd (13.0, 3.09, dd (13.0,

17.0) 17.0)

194.8, C
164.5, C
95.9, CH 6.04, s 7, 10
1643, C
590, s 6,7,9,10  959,CH  6.04,s 7, 10
n.d.
103.0, C
133.7, C
693, br s 2, 1,3,4 1032, CH 669, s 21,3, 4,
153.6, C
6.81, br s 2,5 1384, C
153.6, C
6381, br s 2,1,2,5 1032, CH 669, s 21,2, 4,
5
6.64, d (10.2) 5,6,7,3"
5.53,d (10.2) 63", 5"
140, s 23" 8"
141, s
1.70, m 6", 7"
2.09, q (7.5) 5,7, 8"
511, t (7.5) 9", 10"
1.66, s 7" 8" 10"
1.58, s 7", 8" 9"
561, CH, 3.92,s 3
60.8, CH; 3.89, s 4
561, CH; 392, s s’

[M — H]~; HRESIMS (negative) m/z 441.1935 [M — H]", calcd for
CysHyoO,7, 441.1913.

Mimulone G (6): yellow, amorphous substance; [a]*p —3.1 (c
0.85, CH;OH); UV (CH,0H) 4, (log £) 203 (4.51), 227 (4.42),
295 (4.24), 337 (sh) (3.53); CD (CH,OH) O, +6813, O,
—33636; IR (ATR) v, 3243, 2927, 1632, 1599, 1515, 1446 cm™};
'H and 3C NMR data, see Table 2; ESIMS (negative) m/z 455 [M —
H]7; HRESIMS (negative) m/z 4552066 [M — H]~, caled for
Cy6H;, 0,7, 455.2070.

Mimulone H (7): brownish, amorphous substance; [a]**, —0.1 (¢
0.8, CH;OH); UV (CH;0H) A,,,,, (log €) 204 (4.47), 226 (sh) (4.35),
294 (4.14), 334 (sh) (3.52); CD (CH,OH) Oy +6898, O,
—34360; IR (ATR) v,,, 3242, 2961, 2920, 1635, 1599, 1516, 1450
cm™'; "H and *C NMR data, see Table 3; ESIMS (negative) m/z 423
[M — H]~; HRESIMS (negative) m/z 423.1778 [M — H]", calcd for
CysHy, 04", 423.1808.

Paulownione A (8): yellowish, amorphous substance; [t]?}, +4.8
(¢ 0.3, CH;OH); UV (CH,OH) 4, (log £) 208 (4.63), 233 (sh)
(4.29), 293 (4.14), 336 (sh) (3.55); IR (ATR) vy, 3385, 2931, 1634,
1520, 1456 cm™%; 'H and ®C NMR data, see Table 3; ESIMS
(negative) m/z 501 [M — H]~; HRESIMS (negative) m/z 501.2157
[M — HJ, calcd for C,,H;30,7, 501.2128.

Paulownione B (9): yellowish, amorphous substance; [a]*, —4.0
(c 0.3, CH;0H); UV (CH;0H) Ay, (log &) 207 (4.35), 234 (sh)
(3.97), 294 (3.83), 335 (sh) (3.29); IR (ATR) v,,,, 3352, 2924, 2850,

860

1632, 1605, 1519, 1452 cm™; 'H and *C NMR data, see Table 3;
ESIMS (negative) m/z S15 [M — H]™; HRESIMS (negative) m/z
515.2277 [M — HJ, calcd for C,gH;5047, 515.2281.

Tomentodiplacone N (10): brown, amorphous substance; [a]*,
—6.7 (¢ 0.6, CH;0H); UV (CH;OH) A,,, (log €) 205 (4.84), 232
(sh) (4.56), 294 (4.48), 328 (sh) (3.75); CD (CH;0H) B, +14 516,
©,95 —60 729, ©,,, +49 652; IR (ATR) vy, 3371, 2967, 2915, 2846,
1632, 1605, 1580, 1515, 1444 cm™'; 'H and '*C NMR data, see Table
4; ESIMS (negative) m/z 453 [M — H]~; HRESIMS (negative) m/z
453.1965 [M — H]~, caled for Cy4H,50,7, 453.1913.

Tomentone (11): brown, amorphous substance; [a]*, +12.6 (¢
0.5, CH;0H); UV (CH;0H) A, (log €) 204 (4.56), 230 (sh) (4.17),
265 (sh) (4.30), 274 (4.38), 295 (sh) (4.07), 310 (sh) (3.90), 356
(4.33); CD (CH;0H) O35 +771, ©,94 —5320; IR (ATR) v, 3323,
2965, 2924, 1594, 1520, 1446 cm™'; 'H and '*C NMR data, see Table
4; ESIMS (negative) m/z 421 [M — H]~; HRESIMS (negative) m/z
421.1688 [M — H]7, caled for C,sH,504~, 421.1651.

3',4',5'-Trimethoxyflavanone (12): yellowish, amorphous sub-
stance; [a]*p —52.8 (¢ 0.3, CH;0OH); UV (CH;0H) A,,,, (log €) 207
(4.59), 229 (sh) (4.22), 289 (4.08), 329 (sh) (3.65); CD (CH;OH)
Oy +6936, O3 —33751; IR (ATR) vy, 3356, 2921, 2847, 1617,
1588, 1507, 1454 cm™!; 'H and '*C NMR data, see Table 4; ESIMS
(negative) m/z 345 [M — H]~; HRESIMS (negative) m/z 345.0935
[M — HJ, caled for CgH;,0,7, 345.0974.
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Cell Culture and Differentiation to Macrophages. The THP-1
human monocytic leukemia cell line was purchased from the European
Collection of Cell Cultures (Salisbury, UK). Cells were cultured in
RPMI 1640 medium (PAA) supplemented with antibiotics (100 U/
mL penicillin, 100 mg/mL streptomycin) (Sigma-Aldrich), 10% FBS
(Sigma-Aldrich), and 2 mM L-glutamine (Sigma-Aldrich). Cultures
were kept in an incubator at 37 °C in a water-saturated atmosphere of
air containing 5% CO,. Cells were passaged at approximately three-day
intervals. Stabilized cells (3"—15" passage) were split into micro-
titration plates to obtain a concentration of 500000 cells/mL,
differentiation to macrophages was induced by phorbol myristate
acetate (PMA) dissolved in dimethyl sulfoxide (DMSO) at a final
concentration of 50 ng/mL, and the cells were incubated for 24 h. In
comparison with monocytes, differentiated macrophages tend to
adhere to the bottom of the cultivation plates. Unattached cells were
washed out with PBS (PAA) and incubated with fresh complete RPMI
medium, i.e,, containing antibiotics and FBS but without PMA, for the
next 24 h. The medium was then aspirated, and the cells were washed
with PBS and cultivated for another 24 h in serum-free RPMI 1640
medium. These prepared macrophages were used for the detection of
the inflammatory-like response.

Cytotoxicity Testing. THP-1 cells (floating monocytes, 500 000
cells/mL) were incubated in 100 uL of a serum-free RPMI 1640
medium and seeded into 96-well plates in triplicate at 37 °C.
Measurements were taken 24 h after treatment with increasing
concentrations of the test compounds dissolved in DMSO. Viability
was measured by the cell proliferation reagent WST-1 (Roche, Basel,
Switzerland) according to the manufacturer’s manual. The amount of
formazan created (which correlates to the number of metabolically
active cells in the culture) was calculated as a percentage of the control
cells, which were treated only with DMSO and were assigned as 100%.
The cytotoxicity of tomentodiplacone B (17) and diplacone (22) has
been measured previously.**’

Test Compound Treatment and Evaluation of Anti-
inflammatory Potential. Differentiated macrophages (500000
cells/mL; 100 uL in the 96-well plate, 1 mL in the 24-well plate, 3
mL in the six-well plate) were pretreated for 1 h with 2 M solutions
of the test compounds or prednisone dissolved in DMSO (the final
DMSO concentration was 0.1%) and with 0.1% DMSO solution alone
(the vehicle); the used concentrations of the test compounds did not
have cytotoxic effects (cell viability > 94%). The inflammatory-like
response was triggered by adding 1.0 ug/mL lipopolysaccharide
isolated from Escherichia coli 0111:B4 (Sigma-Aldrich) and dissolved in
water to the pretreated macrophages; the control cells were left
without LPS treatment. Each experiment was run in triplicate.

Isolation of RNA and Evaluation of Gene Expression. THP-1
macrophages were pretreated with compounds 4, 7, 10, 14, 22, or
prednisone at a concentration of 2 uM or only with DMSO for 1 h.
LPS was then added to trigger an inflammatory-like response. Four
hours later, the medium was aspirated and the total RNA was isolated
directly from the cells in cultivation plates using a RealTime Ready cell
lysis kit (Roche), according to the manufacturer’s instructions. The
gene expression of TNF-o and f-actin was quantified by two-step
reverse-transcription quantitative (real-time) PCR (RT-qPCR). The
reverse transcription step was performed with a Transcriptor Universal
cDNA Master (Roche) using cell lysate as the template. The reaction
consisted of three steps: (1) primer annealing at 29 °C for 10 min, (2)
reverse transcription at S5 °C for 10 min, and (3) transcriptase
inactivation at 85 °C for 5 min. A Fast Start Universal Probe Master
(Roche) and Gene Expression assays (Applied Biosystems) were used
for qPCR. These assays contain specific primers and TagMan probes
that bind to an exon—exon junction to avoid DNA contamination. The
parameters for the qPCR work were adjusted according to the
manufacturer’s recommendations: 50 °C for 2 min, then 95 °C for 10
min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The
results were normalized to the amount of ROX reference dye, and the
change in gene expression was determined by the 2744¢T method.*
Transcription of the control cells was set as 1.0, and other
experimental groups were multiples of this value.
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Evaluation of Cytokine Secretion by ELISA. Macrophages,
which had been pretreated with the test compounds for 1 h, were
incubated with LPS for the next 24 h. After this period, the medium
was collected and the concentration of TNF-a was measured using an
Instant ELISA kit (eBioscience, San Diego, CA, USA), according to
the manufacturer’s manual.

Determination of the Degradation of kB by Western Blot.
Macrophage-like THP-1 cells were pretreated with the test
compounds and stimulated by LPS as described above. Thirty minutes
after the addition of LPS, the medium was aspirated and the cells were
washed with cold PBS. Subsequently, the cells were collected using
lysis buffer [SO mM Tris-HCI pH 7.5, 1 mM EGTA, 1 mM EDTA, 1
mM sodium orthovanadate, 50 mM sodium fluoride, S mM sodium
pyrophosphate, 270 mM sucrose, and 0.1% (v/v) Triton X-100] and a
scraper. The lysis of cells was facilitated by a short (~1 min)
incubation in an ultrasonic water bath. The protein concentration was
measured using a Bradford method protein assay kit (Amresco, Solon,
OH, USA) according to the manufacturer’s instructions. For the
separation of protein, 18 ug of the proteins was loaded onto a 12%
polyacrylamide gel. Then, they were transferred electrophoretically to
PVDF (polyvinylidene fluoride) membranes that were subsequently
blocked using 5% BSA dissolved in TBST buffer [150 mM NaCl, 10
mM Tris base, and 0.1% (v/v) Tween-20]. The membranes were
incubated with the primary mouse anti-IkB-a antibody (Cell Signaling,
Danvers, MA, USA) at a concentration of 1:500 or with the primary
mouse anti-f-actin (Abcam, Cambridge, UK) at a concentration of
1:5000 at 4 °C for 16 h. After washing, the secondary anti-mouse IgG
antibody (Sigma-Aldrich), diluted 1:2000, was applied to the
membranes, and they were incubated for 1 h at the laboratory
temperature (~22 °C). The amount of the bound secondary antibody
was determined colorimetrically using an Opti-4CN kit (Bio-Rad,
Hercules, CA, USA), according to the manufacturer’s instruction.

Detection of Activation of the NF-xB. Prepared macrophage-
like THP-1 cells were prepared at a concentration of 500 000 cells/mL
in serum-free RPMI 1640 medium and seeded onto chambered
Permanox slides (Thermo Fisher Scientific) in volumes of 300 uL.
Cells were pretreated for 1 h with the test compounds 4, 7, 10, 14, and
22 and prednisone at a concentration of 2 yM. After the preincubation
of the test samples, 1 pg/mL LPS was added to activate the NF-«xB
pathway, and the cells were cultivated for the next 4 h. The
transcription factor NF-kB (p65) was visualized immunohistochemi-
cally using rabbit polyclonal anti-NF-kB p6S antibody (Abcam,
ab7970) as the primary antibody and anti-rabbit IgG—FITC conjugate
(Sigma-Aldrich) as the secondary antibody, as described previously.>*
Used primary anti-p65 antibody recognizes the C-terminal end of p6S,
which also serves as a binding site for IxkB-a. Hence, this antibody is
able to bind to p65 only after IkB-a degradation. An Axioskop 40
equipped with an appropriate set of filters (Carl Zeiss, Oberkochen,
Germany) was used for the microscopic observations. Photographs
were taken using a digital microscope camera (ProgRess MF, Jenoptik,
Jena, Germany). The NIS-element program (Czech Republic) was
used to process the images.

Detection of the Generation of ROS. Macrophage-like cells
were prepared as described for the translocation of the NF-kB nucleus.
To detect the potential ability of the test flavonoids 4, 7, 10, 14, and
22 and prednisone to inhibit the production of ROS in the presence of
LPS, the cells were pretreated for 1 h with the test compounds at a
concentration of 2 M. After preincubation with the test samples, LPS
(1 pg/mL) was added to stimulate the generation of ROS, and the
cells were cultivated for the next 24 h. To measure the ability of the
test compounds to induce the generation of reactive oxygen species,
the experiment was repeated with cells cultivated without LPS. The
amount of ROS was detected by using CellROX Deep Red Reagent
(Life Technologies, Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions. Briefly, the cells were incubated with the
reagent (S mM) for 30 min at 37 °C, washed three times with PBS
(0.05 M, pH 7.4), and observed under a fluorescence microscope
(Axioskop 40, Carl Zeiss) equipped with an appropriate set of filters.
Photographs were taken using a digital microscope camera (ProgRess
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MF, Jenoptik). The NIS-element program (Czech Republic) was used
to process the images.

Statistical Evaluation. The cytotoxicity data were expressed as the
percentage of viability, with 100% representing the treatment with
vehicle (DMSO). The ICs, values were calculated from viability
curves. The results are presented as arithmetic mean =+ standard error
of the mean (SE). The statistically significant differences between
individual groups during anti-inflammatory activity testing were
assessed by the one-way ANOVA test, followed by Tukey’s post hoc
test for multiple comparisons. GraphPad Prism 5.02 (GraphPad
Software Inc,, San Diego, CA, USA) was used for the analysis.

Test Method for log K, Determination. n-Octanol (Sigma-
Aldrich) saturated with water and water saturated with n-octanol were
used. Each of the compounds was weighed (with an accuracy of
0.00001 g) into a 25 mL volumetric flask, and 15 mL of the organic
phase was added. The concentration of each compound was controlled
at 0.008 mol/L. Ten milliliters of the organic phase solution was put
into a 250 mL conical glass flask, and 40 mL of the water phase was
added. The system was shaken at 25 °C for 1 h and then centrifuged.
After allowing 24 h for the mixture to stabilize, the final concentration
was measured using an Agilent 1100 Series HPLC with a DAD
detector.>* Measurements were made at 40 °C on an Ascentis Express
RP-amide column (10 cm X 2.1 mm, particle size 2.7 ym, Sigma-
Aldrich). A combination of gradient and isocratic elution was used: at
time zero 10% MeCN and 90% 0.2% HCOOH, at the 36th minute
100% MeCN, and at the 40th minute 100% MeCN. A flow rate of 0.3
mL/min was applied, and the injection volume was adjusted to 20 uL
for the aqueous phase and 0.5 pL for the organic phase (the peak area
PAo was calculated to be 40-fold then). K, values were calculated as
the peak area in the organic phase divided by the peak area in the
water phase, and the logarithm was then calculated as follows:

PAo )

log(K. ) = 1
og(K,,) og(PAW

Prednisone was excluded from the data set because it has a different
structure and thus a different mechanism of action. A linear regression
model was tested.

log(TNF — alpha) = —3.91 log(k’) + 16.75
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Abstract: Scorzonera species are used in different folk medicines to combat many diseases, including
the illnesses connected with inflammation. Previous experiments showed anti-inflammatory
activity of Scorzonera extracts in vivo. S. latifolia, S. cana var. jacquiniana, S. tomentosa, S. mollis
ssp. szowitsii, S. eriophora, S. incisa, S. cinerea, and S. parviflora extracts were, therefore, evaluated
for their inhibitory activities of TNF-a and IL-1p production, and NF-kB nuclear translocation
in THP-1 macrophages. The HPLC analysis was carried out to elucidate and to compare the
composition of these extracts. Major compounds of the tested extracts have been isolated using
different chromatographic techniques and further tested for their inhibitory activities on TNF-«
and IL-13 production. Several extracts showed promising anti-inflammatory activity in these
in vitro tests. Results of HPLC analysis revealed chlorogenic acid as a compound present in all
tested extracts. Hyperoside, quercetin-3-O-f3-D-glucoside and rutin were also present in varying
amount in some Scorzonera species analyzed. Furthermore, eight phenolics which were identified
as quercetin-3-O-3-D-glucoside (1), hyperoside (2), hydrangenol-8-O-glucoside (3), swertisin (4),
7-methylisoorientin (5), 4,5-O-dicaffeoyl-quinic acid (6), 3,5-di-O-caffeoyl-quinic acid (7), and
chlorogenic acid (8) have been isolated as major phenolic compounds of the tested extracts and,
together with eight terpenoids (9-16) previously obtained from different Scorzonera species, have
been tested for the inhibition of TNF-& production, unfortunately with no activity comparable
with standard.

Keywords: anti-inflammatory activity; IL-13; NF-kB; Scorzonera; phenolic; TNF-«; triterpen
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1. Introduction

Inflammation is a coordinated and complex biological reaction involving various pro-inflammatory and
anti-inflammatory cellular proteins, enzymes, and cytokines [1-5]. Among the pro-inflammatory
cytokines, tumor necrosis factor-o (TNF-«) and interleukin 1-f (IL-1f3) have a wide range of biological
activities on numerous cell types and are reported to be involved in the pathogenesis of various
inflammatory disorders, such as rheumatoid arthritis, inflammatory bowel disease, osteoarthritis,
psoriasis, endotoxemia, and/or toxic shock syndrome, different types of cancer, and degenerative
diseases of the central nervous system [3,6,7]. In response to infection or injury, these cytokines are
released by tissue macrophages, and serve to recruit circulating neutrophils to the site of inflammation.
They may also directly modulate neutrophil functions across the vascular endothelium [6]. TNF-«,
which is reported as a key cytokine in the inflammation, has a wide range of functions for maintaining
the normal cellular physiology such as triggering of apoptosis, influence on secretion of cytokines
e.g., IL-1, IL-6 and IL-10 as well as activation of T cells and other inflammatory cells [3,8]. TNF-« also
causes further activation of the transcription factors NF-«B [9] which regulates about 200 immune,
growth, and inflammation-related genes [4]. It is well established that inappropriate and prolonged
activation of NF-kB has been linked to several diseases while normal activation of NF-«B is required for
cell survival and immunity. Due to the pathophysiological importance of an enhanced production of
inflammatory mediators through NF-«B activation, selective inhibitors of NF-kB activation may have
broad application as novel therapeutics, for example, anti-inflammatory and anticancer agents [10,11].

Plants used in folk medicine serve as one of the main sources of drug discovery and
development [1]. In Turkey, numerous plant species are known for their therapeutic properties and
have been used in traditional Turkish folk medicine to treat a wide range of diseases. Plants from the
genus Scorzonera, belonging to Asteraceae family, are used as food as well as medicinal plants not only
in Turkey, but also in some other European countries [12-14]. Different species of Scorzonera have been
used in European traditional medicine against pulmonary diseases, colds, for the treatment of wounds
as well as for their stomachic, diuretic, galactagogue, antipyretic, and appetizing effects [12,13,15];
in Mongolian traditional medicine for the treatment of diarrhea, lung edema, parasitic diseases, and
fever caused by bacterial, and viral infections [13]; in Libyan folk medicine for the treatment of hepatic
pains [16]; and in Chinese, as well as in Tibetan folk medicine against breast inflammation and abscess
due to their antipyretic and anti-inflammatory activities [17]. Additionally, in Turkish folk medicine
different species of this genus have been reported to be used in treatment of rheumatism, pain, wound
healing, as well as arteriosclerosis, kidney diseases, hypertension, and diabetes [18,19].

The extracts from some Scorzonera species showed hepatoprotective activity in vivo in CCly
induced liver damage in rats and also anti-ulcerative effect (acetic acid-induced gastric ulcer in rats),
showing decrease of inflammatory markers during microscopic evaluation of stomach tissue [20]. In
order to verify traditional usage of Scorzonera species, anti-nocieptive, anti-inflammatory, and wound
healing activities have been evaluated and promising results have been obtained in our previous
research [21-24]. The aim of the current study was to evaluate the ability of Scorzonera extracts
to inhibit TNF-« and IL-1B production and NF-«B nuclear translocation in LPS-stimulated THP-1
macrophages, which may be responsible for the observed anti-inflammatory activity. Eight different
Scorzonera species: S. cana (C.A. Meyer) Hoffm. var. jacquiniana (W. Koch) Chamb., S. cinerea Boiss.,
S. eriophora DC., S. incisa DC., S. mollis Bieb. ssp. szowitzii (DC.) Chamb., S. latifolia (Fisch. and Mey.)
DC., S. parviflora Jocq., and S. tomentosa L., which displayed potent anti-inflammatory activity in vivo
test models in our previous researches were selected for activity tests [22-24]. HPLC analysis of
the tested Scorzonera extracts was also performed with aim to elucidate their composition. HPLC
analytical method previously published by [22] was optimized and composition of the extracts was
tested qualitatively to select main compounds for activity testing. According to this and previous
work, eight phenolics: quercetin-3-O-3-D-glucoside (1), hyperoside (2), hydrangenol-8-O-glucoside
(3), swertisin (4), 7-methylisoorientin (5), 4,5-O-dicaffeoyl-quinic acid (6), 3,5-O-dicaffeoyl-quinic acid
(7), and chlorogenic acid (8), which were isolated as the major phenolic compounds in current study,
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and terpenoids 9-16, which have been isolated previously [taraxasterol acetate (9), lupeol (10), lupeol
acetate (11), 3-sitosterol (12), 3-B3-hydroxy-fern-8-en-7-one-acetate (13), urs-12-en-11-one-3-acetyl (14),
3-B-hydroxy-fern-7-en-6-one-acetate (15), and olean-12-en-11-one-3-acetyl (16)] were also tested for
their inhibitory effects on the TNF-oc and IL-1f3 production.

2. Results and Discussion

This study was focused on determination of TNF-a and IL-13 production as well as NF-«B nuclear
translocation inhibitory activities of S. latifolia (Fisch. & Mey.) DC., S. cana (C.A. Meyer) Hoffm. var.
jacquiniana (W. Koch) Chamb., S. tomentosa L., S. mollis Bieb. ssp. szowitzii (DC.) Chamb., S. eriophora
DC., S. incisa DC., S. cinerea Boiss., S. parviflora Jocq. aerial part water/methanolic extracts to reveal, if
these mechanisms are playing an important role in the anti-inflammatory activity of tested extracts,
which was previously observed.

LPS-activated macrophages were used for testing of the activity of the extracts. As shown in
Figure 1, pretreatment of LPS activated THP-1 cells with Scorzonera extracts led to inhibition of TNF-a
production. When compared with the vehicle-treated group, activities of all extracts, except of Ex. 2,
Ex. 6 and Ex. 8 were found to be significant. Among the tested extracts, S. tomentosa aerial part
extract has been established as the most active. Additionally, S. latifolia aerial part extract displayed
notable activity.
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Figure 1. TNF-« production inhibitory activity of Scorzonera species. The cells were pretreated with
extracts 1-8 (Ex. 1-8) (25 nug/mL), and prednisone (1 uM), or the vehicle (Veh., DMSO) only. After 1 h of
the incubation, the inflammatory response was induced by LPS [except of the control cells (CTRL)]. The
secretion of TNF-« was measured 24 h after the LPS addition. The results are expressed as mean + SE
for three independent experiments. * Significant difference in comparison to vehicle only treated cells
(p < 0.05), ** significant difference in comparison to vehicle only treated cells (p < 0.01), *** significant
difference in comparison to vehicle only treated cells (p < 0.001).

The ability of the Scorzonera extracts to decrease IL-13 production after inflammatory stimulation
was also evaluated. Inhibitory activity was observed for all Scorzonera extracts tested and results similar
to TNF-a production inhibitory test were obtained (Figure 2). When compared with the vehicle-treated
group, activities of several extracts, except of Ex. 2, Ex. 5, Ex. 6, and Ex. 8 were found to be significant
in testing of IL-1(3 secretion inhibition.

Both cytokines, TNF-« and IL-1(3, are under transcription control of NF-«B, which is activated
by LPS. As visible from the Figure 3, the effect of Scorzonera extracts on NF-«kB nuclear activation was
evaluated. The anti-p65 antibody used for the assay recognizes the binding site of IkB-« on the p65
protein. The antibody binds to p65 only if the inhibitor IkB-o is degraded and NF-«B could enter to
nucleus. In partial accordance with results of TNF-« and IL-1f3 inhibitory activity testing, Ex. 3, 4, 5,
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and 7 were assigned to be most potent in inhibition of NF-«kB nuclear activation. The results show that
S. tomentosa aerial part extract has been the most active one.

600+

400 xxx

IL-1B [pg/mL]

200

Ex.1
Figure 2. IL-1f3 production inhibitory activities of Scorzonera species. The cells were pretreated with
extracts 1-8 (Ex. 1-8) (25 ug/mL), and prednisone (1 uM), or the vehicle (DMSO) only. After 1 h of the
incubation, the inflammatory response was induced by LPS [except of the control cells (CTRL)]. The
secretion of IL-1 was measured 24 h after the LPS addition. The results are expressed as mean + SE
for three independent experiments. * Significant difference in comparison to vehicle only treated cells

(p < 0.05), ** significant difference in comparison to vehicle only treated cells (p < 0.01), *** significant
difference in comparison to vehicle only treated cells (p < 0.001).
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Figure 3. Graphical comparison of inhibitory activity of Scorzonera species on NF-«kB activation. The
cells were pre-treated with extracts 1-8 (Ex. 1-8) (25 ug/mL), and prednisone (1 uM), or the vehicle
(DMSO) only. After 1 h of the incubation, the inflammatory response was induced by LPS [except of the
control cells (CTRL)]. The NF-kB activation was measured 3 h after the LPS addition. The results are
expressed as mean + SE for three independent experiments (A) and quintessential pictures obtained by
fluorescent camera (B). *** Significant difference in comparison to vehicle only treated cells (p < 0.001).
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Later, the analysis of phenolic and terpenoid compounds isolated from Scorzonera species was
carried out with aim to establish the compound responsible for the effect.

The chromatograms of the extract with greatest NF-«B nuclear translocation inhibitory activity
Ex. 1 (S. latifolia) and Ex. 3 were (S. tomentosa) selected as representative for analysis of Ex. 1-§,
and as visible from the Figure 4, compounds 1-8 [quercetin-3-O-f3-D-glucoside (1), hyperoside (2),
hydrangenol-8-O-glucoside (3), swertisin (4), 7-methylisoorientin (5), 3,5-O-dicaffeoyl-quinic acid (6),
4,5-O-dicaffeoyl-quinic, acid (7) and chlorogenic acid (8)] are the main UV-detectable substances
observable, which have been later isolated as the major compounds from S. latifolia aerial part.
According to our knowledge, this is the first phytochemical study related S. latifolia aerial part and
isolation of swertisin (4) as well as 7-methylisoorientin (5) from Scorzonera species. Further, isolated
phenolic compounds 1-8 and later also terpenoids 9-16 were tested in TNF-o and IL-13 production
inhibition assay, compared to effect of prednisone. Unfortunately, no statistically significant activity
of these compounds in concentration of 10 uM (lacking cytotoxic effect; Supplementary Materials:
Figure S1) has been observed in comparison with prednisone, which was used as the standard.
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Figure 4. Chromatograms of S. latifolia (Ex. 1) and S. fomentosa (Ex. 3) aerial part extract; A
254 nm; quercetin-3-O-f-D-glucoside (1), hyperoside (2), hydrangenol-8-O-glucoside (3), swertisin
(4), 7-methylisoorientin (5), 3,5-O-dicaffeoyl-quinic acid (6), 4,5-O-dicaffeoyl-quinic acid (7), and
chlorogenic acid (8).

Scorzonera species were in focus of our previous research touching testing of analgesic,
anti-inflammatory, and wound healing activities. Aerial part extracts of Scorzonera showed significant
inhibitory effects in carrageenan and PGE; induced hind paw edema model in vivo [21-23]. The
concentrations of extracts showing the activity was 100 mg/kg of body weight of mice, and
the effect was comparable with indomethacine used as the standard at the some concentration.
Carrageenan-induced hind paw edema acute inflammation test model is biphasic. First phase starts
with the release of histamine, serotonin, and kinins, while the second phase is related to the release
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of prostaglandins like substances [25]. All of the tested Scorzonera extracts were found be inactive in
serotonin-induced hind paw edema model [23]. Furthermore, mouse ear edema induced with TPA was
also employed for the anti-inflammatory evaluation of Scorzonera species and the results have revealed
that some Scorzonera displayed potent activity while some are completely inactive [23]. Mouse ear
edema induced with topically-applied TPA is also an excellent acute inflammation animal model,
closely related with the infiltration of neutrophil and macrophages, the induction of pro-inflammatory
cytokines including TNF-« and IL-1f3, and the generation of ROS including superoxide anion [26].
The anti-inflammatory activity was assayed also by acetic acid-induced capillary permeability test [24]
and S. latifolia, S. tomentosa, S. mollis ssp. szowitsii showed potent effect. In the present study, extracts
of Scorzonera species which were found previously to be active in acetic acid-induced capillary
permeability test (Ex. 1 and 3) showed notable inhibitory activities on TNF-oc and IL-13 production in
LPS stimulated THP-1 cell lines. As visible, for example, from a comparison of the concentration used
in this experiment with concentrations in previously published studies [27,28], the effect is promising
enough to perform further experiments. Moreover, no sign of toxicity of extracts in our in vitro assay,
and also in previous in vivo tests supports the idea of further testing.

Aerial part extracts of the Scorzonera species were also investigated for their effects on NF-«B
nuclear translocation. The transcription factor NF-kB plays a critical role in inducible expression of
genes involved in diverse biological processes, including development, immune and inflammatory
responses, cell growth, cell death (apoptosis), and stress responses. NF-«kB is found as an inactive
form in the cytoplasm in complex bound to its inhibitory subunit IkB. Numerous stimuli activate
NEF-«kB, mostly through IkB kinase-dependent (IKK-dependent) phosphorylation and subsequent
degradation of IkB proteins. The released NF-kB dimers translocate to the nucleus, bind to DNA and
activate gene transcription. NF-«B regulates a wide variety of important target genes. Among the
numerous target genes of NF-«kB are those encoding inflammatory and chemotactic cytokines such
as interleukin-1 (IL-1), IL-2, IL-6, IL-8, and TNE, cell adhesion molecules, major histocompatibility
complex class molecules, cytokine receptors, and pro-inflammatory enzymes such as inducible nitric
oxide synthase and cyclooxygenase-2. The activation of NF-kB has been implicated in cancers and
in many human chronic inflammatory diseases, such as asthma, arthritis, and inflammatory bowel
disease. Therefore, the NF-«kB signaling pathway is clearly established as one of most important targets
for discovering drugs for the treatment of a wide variety of inflammatory diseases, autoimmune
diseases as well as cancer [29,30]. Current study results show that extracts of the Scorzonera species
(Ex. 1 and 3) inhibited significantly NF-«B activation and consequently TNF-« and IL-1$3 production
at concentration of 25 ug/mlL. This concentration was selected according to concentration used in
previous assays used for analysis of Scorzonera anti-inflammatory potential in vivo [23], and it is overall
comparable with concentrations of different extract selected as active in literature [31]. Therefore,
this assay brings further support of the possible uses of Scorzonera in traditional medicines as an
anti-inflammatory agent.

HPLC analysis was performed in order to identify the main content compounds of tested extracts
(Ex. 1-8). The HPLC method described by Kiipeli Akkol et al. was improved and used [22]. The
results of our analyses confirmed the presence of compounds observed previously (hyperoside (2)
and chlorogenic acid (8) [22-24]), and further chromatographic separation and later HPLC analysis
also confirmed the presence of other phenols (1, 3-7). According to the results, all Scorzonera
extracts analyzed contain chlorogenic acid (8) as one of the main compound [22]. Furthermore,
all extracts are found to be rich in flavonoid content such as hyperoside (2), rutin, as well as
quercetin-3-O-f3-D-glucoside (1). As visible, with exception of 8, all phenolics identified in Scorzonera
aerial part extracts are glycosides, in majority flavonoids. The presence of all these compounds
(1-8) in the most active extracts (Ex. 1 and Ex. 3) and previous assays showing relatively high
content of phenolics [22-24], together with our qualitative HPLC analysis and literature reports
about the activity of content compounds lead us to idea of testing the isolated content compounds.
Antioxidant, anti-inflammatory, and anti-nociceptive activities of chlorogenic acid (8) have previously
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been reported [2,32,33]. It was isolated as anti-inflammatory compound from Sambucus ebulus L. [2]
and as anti-inflammatory and analgesic compound from Cheilanthes farinose (Forsk.) Kaulf. [33]. An
analgesic and anti-inflammatory activity of this compound was also confirmed by Dos Santos et al. [32]
and chlorogenic acid (8) was found to inhibit TNF-o expression in active in reducing the arachidonic
acid metabolites, nitric oxide, and pro-inflammatory cytokine production in a dose-dependent manner
and under some conditions effect observed was almost comparable to ibuprofen [5]. Thus, it has
been suggested that chlorogenic acid (8) probably could be one of the compound responsible for
the anti-nociceptive and anti-inflammatory activities of Scorzonera species. Additionally, flavonoid
glycosides and aglycones are mentioned many times as anti-inflammatory principles of food or
medicinal plants, with different mode of activity, including the effect on gene expression and
production of pro-inflammatory cytokines [33].

Some studies have shown that some flavonoids are modulators of pro-inflammatory cytokine
production. Luteolin, apigenin, quercetin, naringenin, genistein were reported to have inhibitory
effects on TNF-o production [34,35]. The properties of the flavonoids, such as quercetin and myricetin,
may be mediated through down-regulation of the NF-kB pathway [36,37]. The greatest effect on the
NF-kB pathway was observed after the treatment of cells with S. fomentosa extract (Ex. 3), which contain
the highest amounts of chlorogenic acid (8) and hyperoside (2) among investigated extracts. From the
above mentioned, we suggested that chlorogenic acid (8), derivatives of dicaffeoyl-quinic acid (6 and 7),
and flavonoids, especially quercetin-3-O-f3-D-glucoside (1) and hyperoside (2) could be responsible
for the anti-inflammatory activity of tested extracts. Therefore, further experiments were carried out
with phenolic compounds previously obtained from Scorzonera species (1-8), to assay the inhibition of
TNF-oc and IL-13 production in THP-1 cells, and later also with triterpenes 9-16, because taraxasterol
acetate (9) isolated from S. latifolia showed previously analgesic activity in vivo in writhing and tail-flick
tests [21] and also other triterpenoid substances like lupeol derivatives (10 and 11), 3-sitosterol (12) and
other triterpenes (13-16) could potentially demonstrate anti-phlogistic effect [38,39]. Unfortunately,
only weak activity of compounds tested was observed, and no statistically significant activity has
been observed in comparison with standard used (prednisone, Supplementary Materials, Figure S1).
However, the activity was assayed at concentration of 10 M only, literature touching chlorogenic
acid (8) showed majority of experiments published the usage and effect in substantially greater
concentrations (milimolar) [32,33,40], therefore the concentration used by us could be counted as
under-dosed, and the effect was not observed. The same can be said for some flavonoids, represented
for example by hyperoside (2), which previously showed anti-inflammatory effect mediated by
decreasing the production of TNF-« and IL-13 [41], but well observable at concentrations greater than
10 uM. Similarly, the activity of flavonoids reported previously [34,35] was observed at concentrations
of 50 uM. Touching the triterpenes, our results confirmed the study of Srivastava et al. [42] showing low
effect of 9 only on LPS-induced neuroinflammation in C6 rat glial cells (low inhibition of TNF-«, IFN-y,
and IL-6 release). However, this compound inhibited the superoxide radical anion generation and
elastase release in assay using human neutrophils [43]. This is a good example how the method and
concentration used can affect the interpretation of results, even when some anti-inflammatory effects of
compounds, which we used for assay, were carried out by different techniques in vivo, what makes the
comparison with literature more difficult. For us, the important is the comparison of compounds tested
(1-16) with prednisone, which is commonly used as a reference compound, and which showed better
effect. Other possibility explaining the discrepancy of results obtained for extracts and compounds
tested is the presence of yet undetected substances in extracts, or a synergic activity could be involved.
Therefore, further studies on determination of active substances responsible for the TNF-oc and IL-13
production inhibition should be carried out.

As conclusion, the anti-inflammatory potential of some Scorzonera extracts has been confirmed
using in vitro TNF-a and IL-1p production inhibition assay on LPS-stimulated THP-1 macrophages,
which were supported by inhibition of NF-«B activation. Several compounds isolated from these
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extracts were further tested for TNF- and IL-13 production but none of the compounds presented
activity. More efforts should be spent on the determination of active substances.

3. Experimental Section

3.1. Plant Material

Scorzonera species were collected in different parts of Anatolia. The taxonomic identification of
the plant was confirmed by H. Duman, a plant taxonomist of the Department of Biological Sciences,
Faculty of Art and Sciences, Gazi University. Voucher specimens are kept in the herbarium of Ankara
University, Faculty of Pharmacy (Table 1).

Table 1. Locality of the plant material harvest and extract coding.

Plant Species Locality Date Identlﬁc? tion/Voucher Code Name
Specimen No.

S. latifolia (Fisch. & Mey.) DC. Kars, Arpagay 2005 H. Duman/23830 Ex. 1
S. cana (C.A. Meyer) Hoffm. var.

jacquiniana (W. Koch) Chamb. Ankara, Camlidere 2008 H. Duman/23834 Ex. 2

S. tomentosa L. Yozgat, Akdagmadeni 2005 H. Duman/23841 Ex. 3

. mollis Bieb. ssp. szowitzii (DC.) Ankara, Kizilcahamam 2006 M. Koyuncu /23844 Ex. 4

Chamb.

S. eriophora DC. Ankara,Cubuk 2007 H. Duman/23832 Ex. 5

S. incisa DC. Konya, Ermenek 2005 H. Duman /23833 Ex. 6

S. cinerea Boiss. Sivas, Cetinkaya 2005 H. Duman/23829 Ex. 7

S. parviflora Jocq. Ankara, Golbast 2008 H. Duman /25894 Ex. 8

3.2. Extraction of Plant Materials for Activity

Dried and powdered aerial parts of the plants (10 g) were separately extracted with 20% aqueous
methanol (100 mL) at room temperature for 24 h in three days using continual stirring. Each extract
was filtered and concentrated to dryness under reduced pressure and low temperature (40-50 °C) to
yield crude extracts (Ex. 1-8).

3.3. Isolation and Identification of Compounds

Compounds 1-8 were isolated from S. latifolia ethyl acetate extract (Supplementary Materials,
Figure S2). Aerial part extract of the S. latifolia was selected due to its anti-inflammatory activity
potential and sufficient quantity. Dried and powdered aerial parts of the plant (1.5 kg) were macerated
in methanol (2.5 L x 5) at room temperature for 24 h. The extract was filtered and MeOH removed
under reduced pressure and 40-50 °C using a rotary evaporator to get crude extract (231 g). This
methanol extract was subjected to liquid-liquid fractionation. n-Hexane, chloroform and ethyl acetate
were used. Including water part, four fractions of S. latifolia extract were obtained. The ethyl acetate
part (21.5 g) was used for further separation by column chromatograpy. Elution was performed on
silica gel (40-63 um, Merck) column with EtOAc:MeOH:Water (100:13.5:10, v/v/v) solvent system
to obtain 92 subfraction (120 mL). 1 was purified from subfraction 18-19 by preparative TLC on
silica gel plates (Merck 5744) using EtOAc:MeOH:Water (70:13.5:10, v/v/v) as mobile phase. Yellow
precipitate was occurred in subfraction 21, later identified as 2. Compounds 3 and 4 were obtained
from subfraction 23-24 and 30-31 in crystalline form. Subfraction 41 gave 5 as white amorphous
precipitate. Substances 6-8 were obtained on reverse phase TLC plates (Merck 5559) with MeOH: Water
(1:1, v/v) solvent system as eluent from subfraction 60—64 and 86-92 respectively. Their identification
was carried out using HRMS and 'H- and '>*C-NMR and comparison of data obtained with that in
literature [44-46]. The exact masses were measured using LTQ Orbitrap XL hybrid mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with an electrospray ion source. The mobile
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phase consisted of methanol/water (4:1), flow rate of 100 uL./min, and the samples diluted with the
mobile phase were injected using a 2-pL loop. The mass spectra were internally calibrated using
protonated phthalic anhydride or deprotonated stearic acid as a lock mass. The 'H- and 3C-NMR
spectra were measured on a Bruker AVANCE-600 spectrometer ('H at 600.13 MHz, 13C at 150.9 MHz)
using cryo-probe (5 mm CPTCI 'H-'*C /N /D Z-GRD) in DMSO-dy at 298 K. Structural assignment
of proton and carbon signals was achieved using 2D-H,H-COSY, 2D-H,H-ROESY, 2D-H,C-HSQC, and
2D-H,C-HMBC spectra.

3.4. HPLC Analysis

HPLC analyses were carried out using Agilent LC 1100 chromatograph (Agilent Technologies,
Darmstadt, Germany). The diode array detector (DAD) was set at wavelength of 254 nm and peak
areas were integrated automatically using Agilent ChemStation Software. Separation was carried
out using a Supelco Ascentis® (Bellefonte, Pennsylvania, PA, USA) Express RP-Amide (150 mm x
4.6 mm; 2.7 pm) column. The mobile phase was composed of acetonitrile (A) and 0.2% HCOOH (B)
using gradient elution: initial A:B (8:92, v/v), in 10th min A:B (18:82), in 20th min. A:B (20:80, v/v),
in 30th min 30:70 (v/v). This was followed isocratic flow of A:B (30:70, v/v) to 45th min. The flow rate
was 0.5 mL/min, column temperature was maintained at 41 °C. The sample injection volume was
10 pL. The identification of compounds in extracts was carried out using the comparison of retention
time and UV spectrum obtained from the analysis of single compounds previously isolated or obtained
from commercial sources (1-8, MeOH solutions, Figure 5). Furthermore, a combined injection of single
compound with extract was used to confirm the compound presence.

Figure 5. Phenolic constituents of Scorzonera species found in Scorzonera extracts and tested for TNF-o

production inhibition.
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3.5. Anti-Inflammatory Assay

3.5.1. Compounds for In Vitro Anti-Inflammatory Assays

Phenolic compounds 1-8 [quercetin-3-O-f3-D-glucoside (1), hyperoside (2), hydrangenol-8-O-glucoside
(3), swertisin (4), 7-methylisoorientin (5), 3,5-O-dicaffeoyl-quinic acid (6), 4,5-O-dicaffeoyl-quinic acid
(7), chlorogenic acid (8)] (Figure 5) and terpenoids 9-16 [taraxasterol acetate (9), lupeol (10), lupeol
acetate (11), 3-sitosterol (12), 3-B-hydroxy-fern-8-en-7-one-acetate (13), urs-12-en-11-one-3-acetyl (14),
3-B-hydroxy-fern-7-en-6-one-acetate (15), olean-12-en-11-one-3-acetyl (16)] (Figure 6) used for assays
were isolated from Scorzonera species according to the procedures showed in [47-49].

10 R=OH
11 R =0COCH;,

Figure 6. Terpenoid constituents of Scorzonera species found in Scorzonera extracts and tested for TNF-o
production inhibition.

3.5.2. TNF-« and IL-1f Inhibitory Activity Measurement

The RPMI 1640 medium and the penicillin-streptomycin mixture were purchased from Lonza
(Belgium). Foetal bovine serum (FBS), phorbol myristate acetate (PMA), prednisone, and the
lipopolysaccharide (LPS) obtained from Escherichia coli 0111:B4 were purchased from Sigma-Aldrich
(Germany). Instant ELISA TNF-« Kit (eBioscience, Vienna, Austria) was used to evaluate the
production of TNF-« and IL-13. The human monocytic leukemia cell line THP-1 was obtained
from the European Collection of Cell Cultures (ECACC, Salisbury, UK).

The cells were cultivated at 37 °C in RPMI 1640 medium supplemented with 2 mM L-glutamine,
10% FBS, 100 U/mL of penicillin, and 100 pug/mL of streptomycin in a humidified atmosphere
containing 5% of CO,. The growth medium was changed twice a week, when cells had reached a
concentration of 5 x 10°~7 x 10° in mL. The viability of cells was greater than 94% throughout the
experiment. Stabilized cells were split into 24-well plates to get a concentration of 100,000 cells/mL,
and the differentiation into macrophages was induced by phorbol myristate acetate (PMA). To promote
differentiation of monocytes to macrophages, PMA was added to the final concentration 50 ng/mL
and cells were stimulated for 24 h. In comparison with monocytes, differentiated macrophages tend
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to adhere on the bottom of cultivation plates. Next 24 h cells were incubated with fresh complete
medium without PMA, then medium was aspirated, cells were washed with PBS and cultivated
another 24 h in the serum-free RPMI 1640 medium. Prepared macrophages were consequently used
for following experiments.

Differentiated macrophages were pretreated for 1 h with Scorzonera water methanolic extracts or
compounds 1-16 dissolved in DMSO [25 pg/mL for extracts and 10 uM for compounds, respectively;
this concentration lacks cytotoxic effect (data not shown)]. For comparison with conventional drugs,
1 uM prednisone dissolved in DMSO was used. Vehicle-treated cells contained the vehicle (DMSO)
only. The concentration of DMSO was 0.1% in each well. The inflammatory response was triggered by
adding LPS dissolved in water (1 ug/mL) to drug-pretreated macrophages, control cells remained
without LPS stimulation, and the cells were incubated for another 24 h. After this time period, the
medium was harvested and the concentration of TNF- and IL-3 was measured by using an Instant
ELISA Kkits.

3.5.3. Measurement of Inhibition of Activation of NF-xB

Differentiated macrophages were treated by tested extracts and LPS as was described above.
Three hours after LPS adding, the cultivation medium was removed and cells were three times carefully
washed by PBS (pH = 7.4) at room temperature (2 min per each washing). After this, cells were fixed
(ice-cold acetone, 3 min) and washed two times by cold PBS. Incubation of cells in PBS containing
1% BSA (w/v) for 30 min and in the primary antibody (rabbit polyclonal Anti-NF-«kB p65 antibody
(product number ab7970), Abcam, UK) overnight at 4 °C followed. Used primary anti-p65 antibody
recognizes C-terminal end of p65, which also serves as binding site for IkB-«. Hence, this antibody is
able to bind to p65 only after IkB-« degradation. After incubation, cells were washed three times by
PBS (5 min each wash) and incubated in secondary antibody (anti-rabbit IgG—FITC conjugate, PBS
containing 1% BSA, w/v) for 1 h at room temperature. Finally, mixture was decanted, cells were washed
by PBS (three times, 5 min, in dark), incubated with DAPI (0.5 pg/mL, PBS) for 1 min and washed
by PBS. Cells were observed under a fluorescence microscope (Axioskop 40, Carl Zeiss, Germany)
equipped by FITC and DAPI filters (Carl Zeiss). Photographs were taken using digital microscope
camera (ProgRess MF, Jenoptik, Germany). NIS-element program (Czech Republic) was used for image
processing—converting into color scale concentration images—and analysis—evaluation of intensity
of emission. All chemicals used in this part of experiment were purchased from Sigma-Aldrich unless
otherwise specified.

3.6. Statistical Analysis

All results were presented as the mean + standard error of the mean (S.E.M.) or as a percentage.
Analysis of variance (ANOVA) was used for the statistical analysis of the data. The Tukey HSD test
(Tukey’s honestly significant difference test) was used to determine the significance. Results with
p < 0.05 were considered to be statistically significant.

4. Conclusions

The anti-inflammatory potential of some Scorzonera extracts has been proved in in vitro TNF-a
and IL-13 production inhibition assay on THP-1 macrophages, and supported by analysis of NF-«B
nuclear translocation inhibition, but none of the compounds tested proved the activity in present study.
More effort should be spend on the determination of active substances responsible for activity.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/
21/1/43/s1.

Acknowledgments: Financial support of this work by European programme “Operational Programme Education
for Competitiveness”, registration number CZ.1.07/2.3.00/30.0014 (to J.H.) is gratefully acknowledged. This
study was further supported by TUBITAK 2219 International Post Doctoral Research Fellowship Programme
(2011) (to O.B.A.). Further thanks to IGA UVPS Brno No. 63/2014/FaF and 57/2014/FaF.



Molecules 2016, 21, 43 12 of 14

Author Contributions: All authors equally contributed to the experiment and paper preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Atanasov, A.G.; Waltenberger, B.; Pferschy-Wenzig, E.M.; Linder, T.; Wawrosch, C.; Uhrin, P.; Temml, V,;
Wang, L.; Schwaiger, S.; Heiss, E.H.; et al. Discovery and resupply of pharmacologically active plant-derived
natural products: A review. Biotechnol. Adv. 2015. [CrossRef] [PubMed]

Yesilada, E. Evaluation of the anti-inflammatory activity of the Turkish medicinal plant Sambucus ebulus.
Chem. Nat. Prod. 1997, 33, 539-540.

Bandgar, B.P,; Patil, S.A.; Totre, ].V.; Korbad, B.L.; Gacche, R.N.; Hote, B.S.; Jalde, S.S.; Chavan, H.V. Synthesis
and biological evaluation of nitrogen-containing benzophenone analogues as TNF-a and IL-6 inhibitors with
antioxidant activity. Bioorg. Med. Chem. Lett. 2010, 20, 2292-2296. [CrossRef] [PubMed]

Leiro, ].M.; Varela, M.; Piazzon, M.C.; Arranz, J.A.; Noya, M.; Lamas, J. The anti-inflammatory activity of the
polyphenol resveratrol may be partially related to inhibition of tumour necrosis factor-« (TNF-«) pre-mRNA
splicing. Mol. Immunol. 2010, 47, 1114-1120. [CrossRef] [PubMed]

Chauhan, PS; Satti, N.K,; Sharma, VK.; Dutt, P; Suri, K.A.; Bani, S. Amelioration of inflammatory responses
by chlorogenic acid via suppression of pro-inflammatory mediators. J. Appl. Pharm. Sci. 2011, 1, 67-75.
Benbarek, H.; Deby-Dupont, G.; Deby, C.; Serteyn, D. Direct stimulation of the oxidative activity of isolated
equine neutrophils by TNF-« and IL-13. Vet. Immunol. Immunopathol. 2008, 121, 101-106. [CrossRef]
[PubMed]

Rao, PP.N.; Kabir, S.N.; Mohamed, T. Nonsteroidal Anti-Inflammatory Drugs (NSAIDs): Progress in Small
Molecule Drug Development. Pharmaceuticals 2010, 3, 1530-1549. [CrossRef]

Zelova, H.; Hosek, J. TNF-a signalling and inflammation: Interactions between old acquaintances.
Inflamm. Res. 2013, 62, 641-651. [CrossRef] [PubMed]

Cheng, J.; Chen, M.; Wallace, D.; Tith, S.; Arrhenius, T.; Kashiwagi, H.; Ono, Y.; Ishikawa, A.; Sato, H.;
Kozono, T.; et al. Discovery and structure-activity relationship of coumarin derivatives as TNF-« inhibitors.
Bioorg. Med. Chem. Lett. 2004, 14, 2411-2415. [PubMed]

Folmer, F; Jaspars, M.; Solano, G.; Cristofanon, S.; Henry, E.; Tabudravu, J.; Black, K.; Green, D.H.;
Ktpper, EC.; Aalbersberg, W.; et al. The inhibition of TNF-a-induced NF-«B activation by marine natural
products. Biochem. Pharmacol. 2009, 78, 592-606. [CrossRef] [PubMed]

Nam, N.H.; Jae, Y.Y. NF-«B Inhibitory Activities of the Methanol Extracts and some Constituents therein of
some Vietnamese Medicinal Plants. Sci. Pharm. 2009, 77, 389-399. [CrossRef]

Zidorn, C.; Ellmerer, E.P; Sturm, S.; Stuppner, H. Tyrolobibenzyls E and F from Scorzonera humilis and
distribution of caffeic acid derivatives, lignans and tyrolobibenzyls in European taxa of the subtribe
Scorzonerinae (Lactuceae, Asteraceae). Phytochemistry 2003, 63, 61-67. [CrossRef]

Tsevegsuren, N.; Edrada, R.A.; Lin, W.; Ebel, R; Torre, C.; Ortlepp, S.; Wray, V.; Proksch, P. Biologically Active
Natural Products from Mongolian Medicinal Plants Scorzonera divaricata and Scorzonera pseudodivaricata.
J. Nat. Prod. 2007, 70, 962-967. [CrossRef] [PubMed]

Wang, Y.; Edrada-Ebel, R.A.; Tsevegsuren, N.; Sendker, J.; Braun, M.; Wray, V.; Lin, W.; Proksch, P.
Dihydrostilbene derivatives from the Mongolian medicinal plant Scorzonera radiata. ]. Nat. Prod. 2009,
72,671-675. [CrossRef] [PubMed]

Zidorn, C.; Ellmerer-Miiller, E.P; Stuppner, H. Sesquiterpenoids from Scorzonera hispanica L. Pharmazie 2000,
55,550-551. [PubMed]

Auzi, AR ; Hawisa, N.T.; Sherif, EM.; Sarker, S.D. Neuropharmacological properties of Launaea resedifolia.
Rev. Bras. Farmacogn. 2007, 17, 160-165. [CrossRef]

Zhu, Y.; Wu, Q.; Hu, P; Wu, W. Biguaiascorzolides A and B: Two novel dimeric guaianolides with a rare
skeleton, from Scorzonera austriaca. Food Chem. 2009, 114, 1316-1320. [CrossRef]

Sezik, E.; Yesilada, E.; Tabata, M.; Honda, G.; Takaishi, Y.; Fujita, T.; Tanaka, T.; Takeda, Y. Traditional
medicine in Turkey VIII. Folk medicine in East Anatolia; Erzurum, Erzincan, Agri, Kars, Igdir Provinces.
Econ. Bot. 1997, 51, 195-211. [CrossRef]

Baytop, T. Tiirkiye’de Bitkiler ile Tedavi (Theraphy with Medicinal Plants in Turkey); Nobel Publishers: Istanbul,
Turkey, 1999.


http://dx.doi.org/10.1016/j.biotechadv.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26281720
http://dx.doi.org/10.1016/j.bmcl.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20207143
http://dx.doi.org/10.1016/j.molimm.2009.10.030
http://www.ncbi.nlm.nih.gov/pubmed/19945165
http://dx.doi.org/10.1016/j.vetimm.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18006077
http://dx.doi.org/10.3390/ph3051530
http://dx.doi.org/10.1007/s00011-013-0633-0
http://www.ncbi.nlm.nih.gov/pubmed/23685857
http://www.ncbi.nlm.nih.gov/pubmed/15109623
http://dx.doi.org/10.1016/j.bcp.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19445900
http://dx.doi.org/10.3797/scipharm.0903-15
http://dx.doi.org/10.1016/S0031-9422(02)00714-8
http://dx.doi.org/10.1021/np070013r
http://www.ncbi.nlm.nih.gov/pubmed/17542634
http://dx.doi.org/10.1021/np800782f
http://www.ncbi.nlm.nih.gov/pubmed/19271716
http://www.ncbi.nlm.nih.gov/pubmed/10944794
http://dx.doi.org/10.1590/S0102-695X2007000200004
http://dx.doi.org/10.1016/j.foodchem.2008.11.009
http://dx.doi.org/10.1007/BF02862090

Molecules 2016, 21, 43 13 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Donia, A.M. Phytochemical and pharmacological studies on Scorzonera alexandrina Bioss. J. Saudi Chem. Soc.
2013. in press. [CrossRef]

Bahadir, O.; Saltan Citoglu, G; émejkal, K., Dall'Acqua, S.; Ozbek, H.; Cvalka, J.; Zemlicka, M. Analgesic
Compounds from Scorzonera latifolia (Fisch. and Mey.) DC. . Ethnopharmacol. 2010, 131, 83-87. [CrossRef]
[PubMed]

Kiipeli Akkol, E.; Acikara Bahadir, O.; Siintar, 1.; Citoglu Saltan, G.; Keles, H.; Ergene, B. Enhancement of
wound healing by topical application of Scorzonera species: Determination of the constituents by HPLC with
new validated reverse phase method. J. Ethnopharmacol. 2011, 137, 1018-1027. [CrossRef] [PubMed]
Kiipeli Akkol, E.; Acikara Bahadur, O.; Siintar, I; Ergene, B.; Citoglu Saltan, G. Ethnopharmacological
evaluation of some Scorzonera species: Invivo anti-inflammatory and antinociceptive effects.
J. Ethnopharmacol. 2012, 140, 261-270. [CrossRef] [PubMed]

Siintar, I.; Acikara Bahadir, O.; Citoglu Saltan, G.; Keles, H.; Ergene, B.; Kiipeli Akkol, E. In vivo and In vitro
Evaluation of the Therapeutic Potential of Some Scorzonera Species as Wound healing Agent. Curr. Pharm. Des.
2011, 137,1018-1027.

Amdekar, S.; Roy, P; Singh, V.; Kumar, A.; Singh, R.; Sharma, P. Anti-Inflammatory Activity of Lactobacillus
on Carrageenan-Induced Paw Edema in Male Wistar Rats. Int. J. Inflamm. 2012, 2012. [CrossRef] [PubMed]
Kim, K.R; Jeong, C K.; Park, K.K,; Choi, ].H.; Park, ].H.Y,; Lim, S.S.; Chung, W.Y. Anti-Inflammatory Effects of
Licorice and Roasted Licorice Extracts on TPA-Induced Acute Inflammation and Collagen-Induced Arthritis
in Mice. J. Biomed. Biotechnol. 2010, 2010. [CrossRef] [PubMed]

Yesilada, E.; Ustiin, O.; Sezik, E.; Takaishi, Y.; Ono, Y.; Honda, G. Inhibitory effects of Turkish folk remedies
on inflammatory cytokines: Interleukin-1«, interleukin-1f and tumor necrosis factor o. J. Ethnopharmacol.
1997, 58, 59-73. [CrossRef]

Schwaiger, S.; Zeller, 1.; Polzelbauer, P.; Frotschnig, S.; Laufer, G.; Messner, B.; Pieri, V.; Stuppner, H.;
Bernhard, D. Identification and pharmacological characterization of the anti-inflammatory principal of the
leaves of dwarf elder (Sambucus ebulus L.). J. Ethnopharmacol. 2011, 133, 704-709. [CrossRef] [PubMed]
Kaileh, M.; Berghe, W.V.; Boone, E.; Essawi, T.; Haegeman, G. Screening of indigenous Palestinian medicinal
plants for potential anti-inflammatory and cytotoxic activity. J. Ethnopharmacol. 2007, 113, 510-516. [CrossRef]
[PubMed]

Siriwatanametanon, N.; Fiebich, B.L.; Efferth, T.; Prieto, ].M.; Heinrich, M. Traditionally used Thai medicinal
plants: In vitro anti-inflammatory, anticancer and antioxidant activities. J. Ethnopharmacol. 2010, 130, 196-207.
[CrossRef] [PubMed]

Borchers, A.T.; Keen, C.L.; Stern, J.S.; Gershwin, M.E. Inflammation and Native American medicine: The role
of botanicals. Am | Clin Nutr 2000, 72, 339-347. [PubMed]

Dos Santos, M.D.; Almeida, M.C.; Lopes, N.P,; Souza, G.E.P. Evaluation of the anti-inflammatory, analgesic
and antipyretic activities of natural polyphenol chlorogenic acid. Biol. Pharm. Bull. 2006, 29, 2236-2240.
[CrossRef] [PubMed]

Yonathan, M.; Asres, K.; Assefa, A.; Bucar, F. In vivo anti-inflammatory and antinociceptive activities of
Cheilanthes farinose. |. Ethnopharmacol. 2006, 108, 462—470. [CrossRef] [PubMed]

Hosek, J.; émejkal, K. Flavonoids as Anti-inflammatory Agents. In Encyclopedia of Inflammatory Diseases;
Parnham, M., Ed.; Springer: New York, NY, USA; ISBN: 978-3-0348-0620-6. (Online).

Comalada, M.; Ballester, I.; Bailon, E.; Sierra, S.; Xaus, J.; Galvez, J.; Sanchez de Medina, F.; Zarzuelo, A.
Inhibition of pro-inflammatory markers in primary bone marrow-derived mouse macrophages by naturally
occurring flavonoids: Analysis of the structure-activity relationship. Biochem. Pharmacol. 2006, 72, 1010-1021.
[CrossRef] [PubMed]

Paul, A.T.; Gohil, V.M.; Bhutani, K.K. Modulating TNF-« signaling with natural products. Drug Discov. Today
2006, 11, 725-732. [CrossRef] [PubMed]

Yamamoto, Y.; Gaynor, R.B. Therapeutic potential of inhibition of the NF-«B pathway in the treatment of
inflammation and cancer. J. Clin. Investig. 2001, 107, 135-142. [CrossRef] [PubMed]

Jeong, G.-S.; Bae, ].-S. Anti-Inflammatory Effects of Triterpenoids; Naturally Occurring and Synthetic Agents.
Mini-Rev. Org. Chem. 2014, 11, 316-329. [CrossRef]

Sultana, N.; Saify, Z.S. Naturally occurring and synthetic agents as potential anti-inflammatory and
immunomodulants. Anti-Inflamm. Anti-Allergy Agents Med. Chem. 2012, 11, 3-19. [CrossRef]


http://dx.doi.org/10.1016/j.jscs.2013.01.001
http://dx.doi.org/10.1016/j.jep.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20541001
http://dx.doi.org/10.1016/j.jep.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21791240
http://dx.doi.org/10.1016/j.jep.2012.01.015
http://www.ncbi.nlm.nih.gov/pubmed/22285519
http://dx.doi.org/10.1155/2012/752015
http://www.ncbi.nlm.nih.gov/pubmed/22518342
http://dx.doi.org/10.1155/2010/709378
http://www.ncbi.nlm.nih.gov/pubmed/20300198
http://dx.doi.org/10.1016/S0378-8741(97)00076-7
http://dx.doi.org/10.1016/j.jep.2010.10.049
http://www.ncbi.nlm.nih.gov/pubmed/21040770
http://dx.doi.org/10.1016/j.jep.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/17716845
http://dx.doi.org/10.1016/j.jep.2010.04.036
http://www.ncbi.nlm.nih.gov/pubmed/20435130
http://www.ncbi.nlm.nih.gov/pubmed/10919925
http://dx.doi.org/10.1248/bpb.29.2236
http://www.ncbi.nlm.nih.gov/pubmed/17077520
http://dx.doi.org/10.1016/j.jep.2006.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16876348
http://dx.doi.org/10.1016/j.bcp.2006.07.016
http://www.ncbi.nlm.nih.gov/pubmed/16934226
http://dx.doi.org/10.1016/j.drudis.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16846800
http://dx.doi.org/10.1172/JCI11914
http://www.ncbi.nlm.nih.gov/pubmed/11160126
http://dx.doi.org/10.2174/1570193X1103140915111703
http://dx.doi.org/10.2174/187152312803476264

Molecules 2016, 21, 43 14 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Shen, W.; Qi, R.; Zhang, J.; Wang, Z.; Wang, H.; Hu, C.; Zhao, Y.; Bie, M.; Wang, Y.; Fu, Y.; Chen, M,; Lu, D.
Chlorogenic acid inhibits LPS-induced microglial activation and improves survival of dopaminergic neurons.
Brain Res. Bull. 2012, 88, 487-494. [CrossRef] [PubMed]

Ku, SK.; Zhou, W.; Lee, W.; Han, M.S.; Na, M.; Bae, ].S. Anti-inflammatory effects of hyperoside in human
endothelial cells and in mice. Inflammation 2015, 38, 784-799. [CrossRef] [PubMed]

Srivastava, P.,; Mohanti, S.; Bawankule, D.U.; Khan, F.; Shanker, K. Effect of Pluchea lanceolata bioactives
in LPS-induced neuroinflammation in C6 rat glial cells. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2014, 387,
119-127. [CrossRef] [PubMed]

Chen, J.-J.; Tsai, Y.-C.; Hwang, T.-L.; Wang, T.-C. Thymol, Benzofuranoid, and Phenylpropanoid Derivatives:
Anti-inflammatory Constituents from Eupatorium cannabinum. J. Nat. Prod. 2011, 74, 1021-1027.
Hashimoto, T.; Tori, M.; Asakawa, Y. Three dihydroisocoumarine glucosides from Hydrangea macrophylla
subsp. Serrate. Phytochemistry 1987, 26, 3323-3330. [CrossRef]

Frank, ].H.; Powder-George, Y.M.; Ramsewak, R.S.; Reynolds, W.F. Variable-Temperature TH-NMR Studies
on Two C-Glycosylflavones. Molecules 2012, 17, 7914-7926. [CrossRef] [PubMed]

Pukalskas, A.; Venskutonis, PR.; Dijkgraaf, I.; van Beek, T.A. Isolation, identification and activity of natural
antioxidants from costmary (Chrysanthemum balsamita) cultivated in Lithuania. Food Chem. 2010, 122, 804-811.
[CrossRef]

Acikara Bahadir, O.; Saltan Citoglu, G.; Dall'Acqua, S.; Ozbek, H.; Cvadka, J.; Zemlicka, M.; émejkal, K.
Bioassay-guided isolation of the antinociceptive compounds motiol and (3-sitosterol from Scorzonera latifolia
root extract. Pharmazie 2014, 69, 711-714.

Paraschos, S.; Magiatis, P.; Kalpoutzakis, E.; Harvala, C.; Skaltsounis, A.-L. Three New Dihydroisocoumarins
from the Greek Endemic Species Scorzonera cretica. |. Nat. Prod. 2001, 64, 1585-1587. [CrossRef] [PubMed]
Acikara Bahadir, O.; Saltan Citoglu, G.; Dall’Acqua, S.; émejkal, K.; Cvatka,J.; Zemlicka, M. A new triterpene
from Scorzonera latifolia (Fisch. and Mey.) DC. Nat. Prod. Res. 2012, 26, 1892-1897. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds 1-16 are available from the authors.

® © 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ \ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.brainresbull.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/22580132
http://dx.doi.org/10.1007/s10753-014-9989-8
http://www.ncbi.nlm.nih.gov/pubmed/25097077
http://dx.doi.org/10.1007/s00210-013-0924-6
http://www.ncbi.nlm.nih.gov/pubmed/24101125
http://dx.doi.org/10.1016/S0031-9422(00)82497-8
http://dx.doi.org/10.3390/molecules17077914
http://www.ncbi.nlm.nih.gov/pubmed/22751258
http://dx.doi.org/10.1016/j.foodchem.2010.03.064
http://dx.doi.org/10.1021/np0103665
http://www.ncbi.nlm.nih.gov/pubmed/11754622
http://dx.doi.org/10.1080/14786419.2011.625644
http://www.ncbi.nlm.nih.gov/pubmed/21995805

molecules m\py

Article

The Chemical Composition of Achillea wilhelmsii C.
Koch and Its Desirable Effects on Hyperglycemia,
Inflammatory Mediators and Hypercholesterolemia as
Risk Factors for Cardiometabolic Disease

Elian Khazneh 1'*, Petra H¥ibova !, Jan Hosek 2, Pavel Suchy 3, Peter Kollar 3,
Gabriela Prazanova %, Jan Muselik 4 Zuzana Hanakova !, Ji¥i Vaclavik 1, Michal Mitek 5,
Jaroslav Legéath ° and Karel Smejkal 1/

1 Department of Natural Drugs, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences,

Palackého tf. 1, Brno 61242, Czech Republic; cerfpatolog@gmail.com (P.H.); hanakovaz@vfu.cz (Z.H.);
vaclavikj@vfu.cz (J.V.); karel. mejkal@post.cz (K.S)

Department of Molecular Biology and Pharmaceutical Biotechnology, Faculty of Pharmacy, University of
Veterinary and Pharmaceutical Sciences, Palackého tf. 1, Brno 61242, Czech Republic; hhosek@gmail.com
Department of Human Pharmacology and Toxicology, Faculty of Pharmacy, University of Veterinary and
Pharmaceutical Sciences, Palackého tf. 1, Brno 61242, Czech Republic; suchypa@vfu.cz (P.S.);
kollarp@vfu.cz (P.K.); prazanovag@vfu.cz (G.P.)

Department of Pharmaceutics, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences,
Palackého 1-3, Brno 61242, Czech Republic; muselikj@vfu.cz

Department of Biotechnology and Bioinformatics, Faculty of Chemistry, Rzeszé6w University of Technology,
Powstanicow Warszawy 6, Rzeszé6w 35-959, Poland; mkkmilek@gmail.com (M.M.);
Jaroslav.Legath@uvlf.sk (J.L.)

Department of Pharmacology and Toxicology, The University of Veterinary Medicine and Pharmacy in
Kosice, Komenského 73, Kosice 04181, Slovakia

*  Correspondence: eliankhazneh@gmail.com; Tel.: +420-541-562-839

Academic Editor: Derek J. McPhee
Received: 16 February 2016 ; Accepted: 21 March 2016 ; Published: 25 March 2016

Abstract: This study was done to identify the content compounds of Achillea wilhelmsii (A. wilhelmsii)
and to evaluate its hypoglycemic and anti-hypercholesterolemic activity and effect on inflammatory
mediators. The extracts and fractions of A. wilhelmsii were thoroughly analyzed using high
performance liquid chromatography (HPLC), and the total content of phenols and flavonoids
was determined. The hypoglycemic activity was evaluated in vivo using alloxan-induced diabetic
mice. The effect upon inflammatory mediators was evaluated in vitro using the human monocytic
leukemia cell line (THP-1). The anti-hypercholesterolemic activity was evaluated in vitro using the
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase assay kit. The water extract (WE)-treated
group showed the highest reduction in the fasting blood glucose levels (FBGL). The chloroform
fraction (CF) and ethyl acetate fraction (EAF) both showed a significant ability to reduce the
secretion of tumor necrosis factor alpha (TNF-«). The EAF, however, also attenuated the levels
of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9). The CF showed
the most significant 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) inhibition activity. The
five main compounds in the CF were isolated and identified. Out of the five compounds
in the CF, 1p3,103-epoxydesacetoxymatricarin (CP1) and leucodin (CP2) showed the highest
anti-hypercholesterolemic potential. A molecular docking study provided corresponding results.

Keywords: Achillea wilhelmsii; anti-hypercholesterolemic; cardiometabolic disease; docking;
flavonoids; 3-hydroxy-3-methylglutaryl-CoA reductase; hypoglycemic; inflammation

Molecules 2016, 21, 404; d0i:10.3390/molecules21040404 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
http://www.mdpi.com/journal/molecules

Molecules 2016, 21, 404 20of 18

1. Introduction

Achillea is an herb that belongs to the family Asteraceae. This genus includes more than 100
species worldwide [1]. Achillea species occur in the high mountains of the Mediterranean [2] and
are native to Europe and Western Asia [1]. Due to their medicinally-useful properties, several
Achillea species have been used since ancient times as traditional remedies for abdominal pain, cough,
inflammation, jaundice, fever, diarrhea and wound healing [3,4]. Various species of Achillea have
been analyzed, and more than 100 compounds have been identified [1]. Achillea extracts showed
anti-oxidant, anti-inflammatory, analgesic, anti-pyretic, anti-spasmodic, anti-ulcerogenic, anti-bacterial,
cytotoxic, immunosuppressive and hypoglycemic properties [2-11]. Achillea wilhelmsii (A. wilhelmsii)
C. Koch has previously demonstrated anti-hyperlipidemic, anti-hypertensive and anti-mycobacterial
properties [12,13].

Diabetes mellitus (DM) is a metabolic disorder that is primarily characterized by hyperglycemia.
This disease had been known and treated with traditional herbal therapies long before the chemical
agents we know today became available [14].

Hypercholesterolemia, a form of hyperlipidemia, is nowadays, together with other
non-communicable diseases, such as myocardial infarction, stroke, obesity and diabetes, among
the leading causes of death worldwide in all income groups equally [15]. It is the combination
of genetic and environmental risk factors that is responsible for the high levels of cholesterol in
blood [16]. Nowadays, one of the most effective ways of lowering plasma cholesterol levels is
controlling de novo synthesis of endogenous cholesterol by the inhibition of HMGR. The inhibition of
this enzyme represents the rate-limiting step of the mevalonate pathway for the synthesis of sterol
isoprenoids, such as cholesterol, and non-sterol isoprenoids, such as dolichol, heme-A, isopentenyl
tRNA and ubiquinone [17,18].

A leading cause of premature death is cardiovascular disease, arising from increased rates of
cardiometabolic risk factors, such as obesity, hypertension, hyperglycemia and dyslipidemia [19].
Inflammation is a key component of several cardiometabolic diseases, including obesity, type 1I
diabetes and atherosclerotic cardiovascular disease [20]. Cardiometabolic risk factors, including
elevated lipids, glucose and hypertension, are expected to continue to rise, especially as the population
ages [21]. Adipose tissue in abdominal obesity is considered as an endocrinal organ orchestrating key
pathophysiological pathways in inflammation and lipid metabolism. Adipose tissue synthesizes and
secretes various adipocytokines that create a pro-inflammatory environment [22-24].

This study was done to evaluate the hypoglycemic and anti-hypercholesterolemic activities of
A. wilhelmsii and to explore its influence on selected inflammatory mediators. To the best of our
knowledge, this is the first time this plant has been studied thoroughly for its desirable effects on the
major risk factors for cardiometabolic disease.

2. Results

2.1. Phytochemical Analyses

A. wilhelmsii extracts and fractions, the water extract (WE), the ethyl acetate fraction (EAF),
the hydro-alcoholic extract (HAE) and the chloroform fraction (CF), were examined using high
performance liquid chromatography (HPLC) with the aim to analyze their content of phenolic
compounds. The compounds present were identified by their UV spectra and mass spectrometric
ions through library search and comparison with the literature. It is important to note that this
identification is tentative. The profile of the different phenolic compounds in the WE is shown in Figure 1.
C-glycosides of luteolin and apigenin are the most abundant components. Caffeic acid is also present.
The EAF chromatogram is shown in Figure 2. C-glycosides, ferulic acid and two sesquiterpenoids,
1p,103-epoxydesacetoxymatricarin (CP1) and leucodin (CP2), are present. The same two sesquiterpenoid
compounds are also present in the HAE and CF. Three methoxylated flavonoid aglycones are
present in the HAE and CF: 2-(3,4-dimethoxyphenyl)-5-hydroxy-6,7-dimethoxychromen-4-one (CP3),
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2-(3,4-dimethoxyphenyl)-5,6,7-dimethoxychromen-4-one (CP4) and salvigenin (CP5). Figures 3 and 4
show the chromatograms of the HAE and CF, respectively. Figure 5 shows the structures of the
compounds identified tentatively in A. wilhelmsii. Figure 6 shows the structures of the compounds
isolated and identified from the CF of A. wilhelmsii.
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Figure 1. The selected segment of HPLC-DAD chromatogram of the water extract (WE) recorded at
254 nm. Peak assignments (tentative identification): 1. isoschaftoside; 2. schaftoside; 3. vicenin-2;
4. vicenin-3; 5. caffeic acid; 6. isoorientin; 7. isovitexin; 8. leucodin.
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Figure 2. The selected segment of HPLC-DAD chromatogram of the ethyl acetate fraction (EAF) recorded
at 254 nm. Peak assignments (tentative identification): 1. caffeic acid; 2. isoorientin; 3. isovitexin;
4. swertisin; 5. ferulic acid; 6. 1§3,103-epoxydesacetoxymatricarin; 7. leucodin.
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Figure 3. The selected segment of HPLC-DAD chromatogram of the hydro-alcoholic extract (HAE) recorded

at 254 nm. Peak assignments (tentative identification): 1. isoschaftoside; 2. schaftoside; 3. vicenin-2;
4. vicenin-3; 5. caffeic acid; 6. isoorientin; 7. isovitexin; 8. swertisin; 9. 1f3,103-epoxydesacetoxymatricarin;
10. leucodin; 11. 5-demethylsinensetin; 12. 2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-
chromen-4-one; 13. salvigenin.
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Figure 4. The selected segment of HPLC-DAD chromatogram of the chloroform fraction (CF) recorded
at 254 nm. Peak assignments (tentative identification): 1. unknown; 2. ferulic acid; 3. 1$3,10f3-
epoxydesacetoxymatricarin (CP1); 4. leucodin (CP2); 5. 5-demethylsinensetin (CP3); 6. 2-(3,4-dimethoxy-
phenyl)-3-hydroxy-5,6,7-trimethoxy-chromen-4-one (CP4); 7. salvigenin (CP5); 8. unknown.
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Figure 5. The structures of the compounds identified tentatively in A. wilhelmsii.



Molecules 2016, 21, 404 50f 18

OH O

5-demethylsinensetin (CP3) 2-(3,4-dimethoxy-phenyl)-3-hydroxy-
-5,6,7-trimethoxy-chromen-4-one (CP4)
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Figure 6. The structures of the compounds isolated and identified from the CF of A. wilhelmsii.

The total content of polyphenols was determined by a modified Folin-Ciocalteu colorimetric
method, and the results were expressed as gallic acid equivalent (GAE) per gram of dry extract
weight. Flavone and flavonol contents were analyzed using a colorimetric method, and the results
were expressed as quercetin equivalent (QE) per gram of dry extract weight [25]. The findings are
summarized in Table 1. EAF showed the highest content of phenols among the tested samples, while CF
showed the highest content of flavonoids. The WE showed the least content of phenols and flavonoids.

Table 1. Total content of polyphenols, flavones and flavonols in the studied extracts and fractions. Each
value represents the mean + SD of three independent measurements.

Sample Total Content of Phenolic Total Content of Flavones
Compounds (GAE mg/g) and Flavonols (QE mg/g)
WE 33.11 +1.12 3.64 +0.21
EAF 104.75 + 6.12 11.51 £ 0.85
HAE 55.77 + 2.94 11.28 +£1.05
CF 46.40 £+ 2.22 13.27 £ 0.45

2.2. The Hypoglycemic Activity

The hypoglycemic activity was tested in vivo. Plant extracts and fractions were administered for
20 consecutive days. Quercetin was used as a standard for comparison. The results of the hypoglycemic
activity assay are summarized in Table 2. On the first day of the experiment, the differences in
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the fasting blood glucose levels (FBGL) of the diabetic groups were statistically insignificant when
compared to each other. On the fourth day, the FBGL of both EAF- and quercetin-treated groups
started to show a significant difference when compared to the diabetic group. On the last day of the
experiment, the WE-, EAF- and HAE-treated groups showed significant differences when compared to
the diabetic groups. However, the differences of the FBGL of the WE-treated group were statistically
insignificant when compared to the healthy group.

Table 2. The in vivo hypoglycemic activity assay results for the tested groups. Each value is the
mean + SD for six mice in each group. The empty cells in the table are because the mice in the
CF-treated group did not survive past Day 15.

Healthy Diabetic EAF-Treated HAE-Treated  CF-Treated WE-Treated Quercetin-
Day Group Group Group Group Group Group Treated Group
FBGL FBGL FBGL FBGL FBGL FBGL FBGL
(mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
0 6.00+0.842 3080 +265P 30.11+284 3027+1.88 3123+1.19  30.71 +2.83 29.63 + 2.67
4 567 +1.11% 3069+ 197b 2471 +2998 2958+ 194 3345+ 155  28.13 +2.93 27.58 £2.09°
8 575+ 1052 2946 +274° 2007 +1952% 2627+2172 32.00+225 1518+2892 21.02+ 1.632
12 6.35+0992 29.13+198P 18.04+2792 21.22+145% 34354106 1273+216% 1870+ 1.26%
16 61240902 3046 +241° 131942222 1677 + 1.462 - 8.10 +2.48° 17.55 +1.61°
20 585+ 0972 31.09+206° 1240 +£2113 14.08+ 1342 - 439 +1.542 14.02 +£2.06 2

2 The number is statistically significant when compared to the diabetic group (the comparison is between the
readings taken on the same day) (p < 0.05). ® The number is statistically significant when compared to the
healthy group (the comparison is between the readings taken on the same day) (p < 0.05).

The histology study revealed signs of acute enteritis in the jejunum of the CF-treated group that
were not present in the other groups. The control diabetic group exhibited severe liver tissue injuries
and lipid accumulations, shrinkage and severe damage of Langerhans islets with fat deposits and
tubular edema and glomerular hemorrhage in the juxtamedullary region of the kidney. All of these
morphological changes can be attributed to the administration of alloxan [26,27]. Both the WE- and
quercetin-treated groups presented a higher number of functional Langerhans islets when compared
to the other treated groups. Improvements in the liver and kidney tissue were also observed in the
WE- and quercetin-treated groups.

2.3. The Effect on Inflammatory Mediators

The effect on inflammatory mediators of A. wilhelmsii was evaluated in vitro using the model
of LPS-stimulated macrophage-like cells THP-1. The production of pro-inflammatory cytokine
tumor necrosis factor alpha (TNF-«), and the activity of inflammation-related proteinases, matrix
metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) were used as markers of the
inflammatory response in these cells.

All extracts tested significantly attenuated TNF-o secretion (Figure 7). EAF and CF reduced the
level of this cytokine almost to the basal level (control cells). Three A. wilhelmsii extract fractions, EAF,
HAE and CF, were significantly better than 1 uM prednisone, whereas the WE was not as effective as
this commercially available drug. The next evaluated marker of inflammation was proteinase MMP-2
(Figure 8A). The EAF, HAE and CF all had the ability to reduce the amount of this enzyme. CF had an
even greater effect than prednisone. For the biological activity of MMP-2, it is necessary to truncate
the inactive pro-MMP-2 form to an active MMP-2 form. Thus, the ratio between pro-MMP-2 and
MMP-2 is more important than the total amount of MMP-2 itself. From this point of view, only the
EAF significantly changed the pro-MMP-2/MMP-2 ratio towards pro-MMP-2 (Figure 8C). A typical
pro-inflammatory marker is an elevated level of MMP-9. Both the EAF and CF were able to significantly
attenuate the level of this enzyme (Figure 8B).
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Figure 7. Effects of the tested A. wilhelmsii extracts and fractions and the reference drug prednisone, on
TNF-« secretion. Cells were pre-treated with the given extracts and fractions (25 ug/mL), prednisone
(1 uM) or the vehicle (DMSO) only. After 1 h of incubation, the inflammatory response was induced
by the addition of lipopolysaccharide (LPS) (except for the control cells). Results are expressed as
means + SD for three independent experiments. * Significant difference in comparison to vehicle-treated
cells (p < 0.05); *** significant difference in comparison to vehicle-treated cells (p < 0.001); # significant
difference in comparison to prednisone-treated cells (p < 0.05); Hitt significant difference in comparison
to prednisone-treated cells (p < 0.001).
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Figure 8. Effects of tested A. wilhelmsii extracts and fractions and the reference drug prednisone on
LPS-induced matrix metalloproteinases (MMP) activity. Cells were pre-treated with given extracts
(25 pg/mL), prednisone (1 uM; Pred.) or the vehicle (DMSO) only. After 1 h of incubation, the
inflammatory response was induced by the addition of LPS (except for the control cells). The activities
of MMP-2 (A) and MMP-9 (B) were detected by zymography. The intensity of the digested bands was
analyzed by densitometry analysis; (C) The pro-MMP-2/MMP-2 ratio. The results are expressed as
means + SD for three independent experiments. * Significant difference in comparison to vehicle-treated
cells (p < 0.05); ** significant difference in comparison to vehicle-treated cells (p < 0.01); *** significant
difference in comparison to the vehicle-treated cells (p < 0.001); # significant difference in comparison
to prednisone-treated cells (p < 0.05); *## significant difference in comparison to prednisone-treated
cells (p < 0.001); (D) The gel representative results of one of the three independent experiments.
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2.4. The Anti-Hypercholesterolemic Activity

2.4.1. The 3-Hydroxy-3-methyl-glutaryl-CoA Reductase Inhibition Assay

The results of the HMGR inhibition assays of the extract and fractions are summarized in Table 3.

Table 3. HMGR percentage inhibition values for the extracts and fractions of A. wilhelmsii, along with
the control (pravastatin). Each value represents the mean + SD of three independent measurements.

Sample HMGR Inhibition (%)
WE 36.11 + 4.21
EAF 64.70 £+ 2.50
HAE 70.15 + 3.84
CF 89.21+7.24
Pravastatin 98.02 + 3.34

The CF showed the highest HMGR inhibition potential, so the five main compounds present
in the CF (1$,10B-epoxydesacetoxymatricarin (CP1), leucodin (CP2), 5-demethylsinensetin (CP3),
2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-chromen-4-one (CP4) and salvigenin (CP5))
were isolated, identified (structures and spectral data are in the Supplementary Materials) and
tested separately. The dose-dependent inhibition of HMGR for the compounds is shown in
Figure 9. Both 1f3,103-epoxydesacetoxymatricarin (CP1) and leucodin (CP2) showed powerful
inhibition of HMGR, whereas 5-demethylsinensetin (CP3), 2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-
trimethoxy-chromen-4-one (CP4) and salvigenin (CP5) did not reach 50% inhibition, even at higher
concentrations (80 pM). The ICs values for 13,103-epoxydesacetoxymatricarin (CP1) and leucodin
(CP2) were 6.37 and 3.88 uM, respectively. For the standardization of the method, preliminary screening
of pravastatin inhibition activity was performed. The ICs( value for pravastatin was 72.12 nM.

150+
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& 1001 . 4 — CP4
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5
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Concentration of compound tested (uM)

Figure 9. Inhibition (%) of each one of the five compounds (1$3,103-epoxydesacetoxymatricarin (CP1),
leucodin (CP2), 5-demethylsinensetin (CP3), 2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-

chromen-4-one (CP4) and salvigenin (CP5)) plotted against the tested concentrations (0, 2.5, 5, 10, 20,
40, 80 uM).

2.4.2. Computational Docking

The five compounds isolated from the CF were subjected to molecular docking study.
For comparison purposes, statins were also docked into the active pocket to calculate the binding
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affinities to be compared with the active compounds found in CFE. Statins had binding affinities
that ranged from —7.0 to —9.6 Kcal/mol. Compounds 13,103-epoxydesacetoxymatricarin (CP1)
and leucodin (CP2) (Figures 10 and 11) showed the highest affinities and were perfectly docked
into the active pocket site. Atorvastatin showed the highest affinity at —9.6 kcal/mol (Figure 12),
while pravastatin had a binding affinity of —7.0 Kcal/mol (Figure 13). Similar findings were
observed with the tested compounds with a range from —7.4 to —8.0 Kcal/mol (well within
the range of the statins) (Table 4.). The slightly lower affinity in comparison with atorvastatin
can be explained by the fact that 1(3,103-epoxydesacetoxymatricarin (CP1) and leucodin (CP2)
are smaller molecules than atorvastatin with a smaller molecular surface and less specific shape
for the binding site. It has to be noted that the other compounds, 5-demethylsinensetin (CP3),
2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-chromen-4-one (CP4) and salvigenin (CP5),
also showed good binding affinity, but all the hits found by the docking program were not in the active
pocket site, which corresponds with the fact that these compounds could not reach 50% inhibition at
the tested concentrations.

Figure 10. Bound conformer of ligands interacting with the substrate binding sites of HMGR for
1$3,103-epoxydesacetoxymatricarin (CP1).

Figure 11. Bound conformer of ligands interacting with the substrate binding sites of HMGR for
Leucodin (CP2).
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Figure 12. Bound conformer of ligands interacting with the substrate binding sites of HMGR (atorvastatin).

Figure 13. Bound conformer of ligands interacting with the substrate binding sites of HMGR (pravastatin).

Table 4. The binding affinity of different ligands (the 5 compounds and 2 selected statins).

Ligand Binding Affinity (Kcal/mol)
1p3,10B-epoxydesacetoxymatricarin (CP1) —7.6
Leucodin (CP2) —8.0
5-demethylsinensetin (CP3) -75
2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-chromen-4-one (CP4) —7.4
Salvigenin (CP5) —-74
Atorvastatin —9.6
Pravastatin -7.0

3. Discussion

C-glycosides, especially luteolin and apigenin C-glycosides, were previously reported to occur
in the genus Achillea [11,28]. Vicenin-2, schaftoside, isoschaftoside and isovitexin have all been
reported from Achillea setacea [29]. Leucodin and deacetylmatricarin have been reported from
Achillea millefolium [30]. Salvigenin has been reported before from Achillea tenuifolia [31]. Derivatives of
caffeic acid and ferulic acid are also known to occur in the genus Achillea [32]. However, this is the first
time the content compounds of A. wilhelmsii have been analyzed in detail. Our investigation led to
the identification of two sesquiterpenoids and three methoxylated flavonoids that have not yet been
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reported in A. wilhelmsii. The determination of the total content of phenols and flavonoids enabled us
to quantify the amount of the phenolic compounds present in A. wilhelmsii.

Quercetin is one of the most abundant flavonol-type flavonoids found in fruit and vegetables,
and it is known to be a strong antioxidant. Several investigators reported the hypoglycemic effect
of quercetin along with other important biological effects [14,33]. This was the reason why we used
quercetin as a standard for comparison in the hypoglycemic activity assay. The results obtained
showed that the WE normalized the FBGL back to normal and had an even greater hypoglycemic
effect than quercetin. The WE was found to be rich in apigenin C-glycosides. One apigenin C-glycoside
(apigenin-6-C-B-fructopyranoside) had been reported to possess anti-diabetic properties [34]. The
histology study showed that the WE and quercetin both had a desirable effect on the number of
functional Langerhans islets in the pancreas, which could partially explain their hypoglycemic effects.
The enteritis seen in the CF-treated group could be due to the high concentration of the fraction
administered to the mice. The enteritis in this group was associated with a noticeable weight loss
that could ultimately explain why the mice in this group did not survive the whole 20 days of the
experiment. The WE showed a very promising hypoglycemic effect that justifies the use of this plant
as a natural hypoglycemic by the traditional healers in the Middle East.

Plants from the genus Achillea are used in the Middle East region not only for their medical
benefits, but are also casually consumed as a hot beverage. Because the anti-phlogistic potential of
A. wilhelmsii, especially the lipophilic fractions, was proven in this work, it is possible to say that casual
consumption of this plant as a part of the diet could attenuate the inflammatory state, such as that
induced by Helicobacter pylori or ethanol-induced gastric ulcers [9,35], and improve the outcome of
many inflammation-related disorders. The EAF had the most potent effect among the tested samples.
It reduced the TNF-« secretion, attenuated the level of MMP-2 and MMP-9 and was the only fraction
to inhibit the digestion of the pro-MMP-2 proenzyme to a mature, biologically-active form.

Persistent high serum levels of cholesterol are a cause of cardiovascular diseases and possible
death and contribute to the formation of atherosclerotic plaques in arteries throughout the body.
Atherosclerosis is one of the leading causes of deaths out of all = non-communicable diseases, such as
cancer, hypertension and diabetes [15]. The atherosclerotic process, together with the development
of metabolic syndrome, affects a large number of the adult population worldwide. Pravastatin is a
representative of the statin class of drugs that in their active hydrolysed form are specific inhibitors
of HMGR. Both 13,103-epoxydesacetoxymatricarin (CP1) and leucodin (CP2) showed an inhibition
activity comparable to that of pravastatin.

4. Materials and Methods

4.1. Plant Material

A. wilhelmsii air-dried aerial parts were obtained from Syria. The plant was collected from an
area close to the Anti-Lebanon Mountains (July 2010). The plant was identified and authenticated
by Necmi Aksoy, Department of Forest Botany, Faculty of Forestry, Duzce University, Turkey. The
voucher specimen (DUOF No: 1602) was deposited at the herbarium of The Faculty of Forestry (DUOF),
Department of Forest Botany, Faculty of Forestry, Duzce University, Turkey. The identification of
this plant was confirmed by Jifi Danihelka, Department of Botany and Zoology, Faculty of Science,
Masaryk University, Czech Republic.

4.2. Extraction

4.2.1. Preparation of A. wilhelmsii Crude Extracts

Crushed plant material (500 g) was defatted with n-hexane, dried and then extracted three times
with distilled water. The filtrate was combined, freeze-dried and refrigerated (WE). The yield of
this was 51.84 g. The plant material was dried again and extracted with a hydro-alcoholic mixture
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(75% ethanol in water) three times. The filtrate was combined, concentrated under reduced pressure,
freeze-dried and refrigerated. The yield of this was 24.33 g.

4.2.2. Fractionation by Solvent-Solvent Extraction

Half of the water extract (WE) was utilized for immiscible liquid-liquid extraction using ethyl
acetate. The ethyl acetate fraction (EAF) was collected and dried to give a yield of 2.22 g. Half of the
hydro-alcoholic extract (HAE) was also separated into two parts by immiscible liquid-liquid extraction
using chloroform. The chloroform fraction (CF) was collected and dried to give a yield of 8.49 g.

4.3. Phytochemical Analyses

4.3.1. HPLC-DAD-MS Analysis

The analysis of A. wilhelmsii extracts and fractions was performed by reversed-phase LC equipped
with DAD and negative ion ESI with MS/MS. LC was performed with an Agilent (Santa Clara, CA,
USA) 1100 Series LC system. The data were processed using Agilent Rev.B.04.01 (481) ChemStation.
MS detection was performed using an Agilent 1100 LC-MSD Trap system VL series. The gas flow rate
of N was 10 L/min; the capillary voltage was 3.5 kV; the nebulization was pressure 80 psi; and the gas
temperature was 300 °C. Spectra were recorded in negative ion mode between m/z 150 and 1500. The
data were processed using Agilent LC/MSD Trap Software 5.3. A SUPELCOSIL ABZ+PLUS, (3 um,
15 cm x 4.6 mm) column, thermostated at 40 °C, was used. The solvents were (A) 0.2% formic acid in
water and (B) MeCN. The elution gradient was 10% to 100% B in A over 36 min using a flow rate of
1 mL/min. The absorbance was recorded at 215, 230, 254, 280 and 350 nm.

4.3.2. Determination of Phenolic Compounds Content

The total content of polyphenols was determined by a modified Folin-Ciocalteu colorimetric
method [25]. A sample at a concentration of 5 mg/mL was dissolved either in water or DMSO
depending on its solubility. The results were expressed as gallic acid equivalent (GAE) per gram of dry
extract weight. All measurements were done in triplicate.

4.3.3. Determination of Flavone and Flavonol Content

Flavone and flavonol contents were analyzed using a colorimetric method. The method was
described in detail in the literature [25]. A sample at a concentration of 5 mg/mL was dissolved either
in water or DMSO depending on its solubility. The results were expressed as quercetin equivalent
(QE) per gram of dry extract weight. All measurements were done in triplicate.

4.4. The Hypoglycemic Activity

4.4.1. Animals

Adult male mice CD1 (standard laboratory mouse) weighing 20 to 25 g purchased from Masaryk
University (Brno, Czech Republic, 30048/2007-10001, number: CZ-62760157) were used. The mice were
housed in an air-conditioned animal laboratory under standard conditions; that is, a temperature of
22 °C, a relative humidity of 50% and a 12-h light/dark cycle. The animals were allowed to acclimatize
for 5 days and were fed with a pellet diet and tap water ad libitum.

4.4.2. Induction of Experimental Diabetes

Alloxan monohydrate (Sigma-Aldrich, Munich, Germany) was freshly dissolved in sterile normal
saline and injected intravenously (120 mg/kg body weight) in the tail vein of the test subjects. Two
days after the administration of alloxan, fasting blood glucose levels (FBGL) were measured using
One Touch Ultra Easy glucometer (Johnson & Johnson, division LifeScan, New Brunswick, NJ, USA),
and diabetic mice with levels higher than 20 mmol/L were selected and distributed into 7 groups
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randomly (6 mice in each group). All aspects of animal care complied with the ethical guidelines and
technical requirements and were proven to be consistent with the Animal Scientific Procedures Act
86/609/EC. The state of health of all animals was regularly examined several times a day during
both the period of the animal’s acclimation and the whole course of the experiment, by the working
team whose members are holders of the Certificate on Professional Competence issued by the Central
Commission for the Animal Protection pursuant to § 17 of the Act on Protection of Animals against
Cruelty (No. 246/1992 Collection) of the Czech National Council.

4.4.3. Experimental Design

A total of 42 mice (6 mice in each group) were used. The plant extracts and fractions were
prepared by dissolving the samples in normal saline prior to use. Kolliphor EL (Sigma-Aldrich) was
used to solubilize the HAE, EAF and CF in percentages of 3%, 2% and 5%, respectively. The quercetin
suspension was prepared by suspending quercetin in saline using 3% Kolliphor EL and used as a
standard for comparison. These prepared solutions were administered by gavage (i.g.) to the groups
for 20 consecutive days according to the following:

Group 1: Healthy mice;

Group 2: Diabetic control;

Group 3: Diabetic mice + 200 mg/kg WE;

Group 4: Diabetic mice + 200 mg/kg EAF;

Group 5: Diabetic mice + 200 mg/kg HAE;

Group 6: Diabetic mice + 200 mg/kg CF;

Group 7: Diabetic mice + 50 mg/kg quercetin suspension.

4.4.4. Histology Study

The mice were sacrificed by cervical dislocation. Immediately after, samples of the pancreas,
liver, kidney and gut were collected and fixed in 10% buffered formaldehyde (PH 7.2-7.4). Samples
were further dehydrated by an ascending ethanol line (30%, 50%, 70%, 80%, 95%, 100%), lightened
by xylene and fixed in paraffin. Paraffin blocks were cut using a microtome (Leica SM 2000, Prague,
Czech Republic) into sections of 3.5 pm and stained by hematoxylin-eosine pigment.

4.5. The Effect upon Inflammatory Mediators

4.5.1. Materials

The RPMI 1640 medium and the penicillin-streptomycin mixture were purchased from Lonza
(Brussel, Belgium). Fetal bovine serum, phorbol myristate acetate, prednisone and the LPS obtained
from Escherichia coli 0111:B4 were purchased from Sigma-Aldrich. Instant ELISA Kits (eBioscience,
Vienna, Austria) were used to evaluate the production of TNF-a.

4.5.2. Cell Maintenance and Macrophage Preparation

The human monocytic leukemia cell line THP-1 was obtained from the European Collection of
Cell Cultures (ECACC, Salisbury, UK). The cells were cultivated at 37 °C in an RPMI 1640 medium
supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 100 U/mL of penicillin and 100 ug/mL
of streptomycin in a humidified atmosphere containing 5% CO,. Monocytes’ differentiation to
macrophages was induced by phorbol myristate acetate [36].

4.5.3. Drug Treatment, Induction of Inflammation and Evaluation of TNF-o Secretion

Differentiated macrophages were pretreated for 1 hour with A. wilhelmsii extracts and fractions
dissolved in either water or DMSO to obtain a final concentration of 25 pug/mL (this concentration
lacked the cytotoxic effect). For comparison, 1 uM prednisone dissolved in DMSO was used as a
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standard. Vehicle-treated cells contained a vehicle (DMSO) only, and control cells were without the
lipopolysaccharide treatment. The concentration of DMSO was 0.1% in each well. The inflammatory
response was triggered by adding the lipopolysaccharide dissolved in water (1 ug/mL) to the
drug-pretreated macrophages, and the cells were incubated another 24 h. After this time period,
the medium was collected, and the concentration of TNF-o was measured. The lowest detection limit
was 7.8 pg/mL of TNF-«.

4.5.4. Zymography

Conditioned media obtained by the same way as for TNF-o evaluation were used for measurement
of matrix-metalloproteinases (MMP) activity by zymography [37]. Briefly, 20 pL of collected medium
were loaded onto polyacrylamide gel impregnated with 0.1% gelatin. After electrophoresis, the SDS
from the gels was washed out by 2.5% (v/v) Triton X100, and the gels were incubated for 30 min
at room temperature (23 °C) and overnight (16 to 20 h) at 37 °C in the developing buffer (50 mM
Tris pH 8.8, 5 mM CaCl,, 3 mM NaNj3 and 0.5% Triton x100). Gels were stained by Coomassie blue.
The intensity of digested regions was calculated by AlphaEasy FC 4.0.0 software (Alpha Innotech,
San Leandro, CA, USA) for densitometric analysis.

4.6. Statistical Analysis

Statistical analysis was performed by one-way analysis of variance using GraphPad Prism
(Version 5, GraphPad, La Jolla, CA, USA). The significant differences were assessed with Tukey’s
honestly significant difference test (p < 0.05). For the effect upon inflammatory mediators assay,
statistical significance was determined at levels of p < 0.05, p < 0.01 and p < 0.001.

4.7. The Anti-Hypercholesterolemic Activity

4.7.1. In Vitro HMGR Inhibition Assay

The commercially available HMGR assay kit from Sigma-Aldrich, Catalog Number CS1090, was
used to evaluate the HMGR inhibition according to the manufacturer’s instructions. The concentration
of the purified human enzyme stock solution (Sigma) was 0.50 to 0.70 mg protein/mL. Reference statin
drug pravastatin (from Sigma) was used as the positive control. To characterize HMGR inhibition
under defined assay conditions, reactions containing 4 uL of NADPH and 12 uL of HMG-CoA substrate
in a final volume of 0.2 mL of 100 mM potassium phosphate buffer, pH 7.4, were initiated (Time 0)
by the addition of 2 uL of the catalytic domain of human recombinant HMGA incubated in BioTek
Synrgy HT (Winooski, VT, USA) at 37 °C in the presence or absence (control) aliquots of the tested
samples dissolved in water or DMSO. The blank experiment did not contain HMG-CoA reductase nor
any of the studied substances. The rates of NADPH consumed were monitored every 20 s for up to
10 min by scanning spectrophotometrically.

A 25-mg/mL concentration of each extract or fraction was used for the measurement.
Two microliters were the amount of the sample used in the well. All measurements were done
in triplicate. The percentage of inhibition was calculated as follows:

AA340control — AA340sample
AA340control

% Inhibition = x 100%

4.7.2. The Isolation, Identification and HMGR Inhibition Activity Testing of the Main Compounds
in the CF

The main 5 compounds (Peaks 3, 4, 5, 6 and 7) in the CF were separated using reversed-phase
preparative HPLC on an YL 9100 HPLC System (Young Lin, Korea) with a Foxy R2 Fraction Collector
(Teledyne Isco, Lincoln, NE, USA). The column was SUPELCOSIL RP-amide, 250 cm x 10 mm, particle
size 5 um. Gradient elution employed 0.2% HCOOH and MeCN, in the gradient: initial composition
30% MeCN, final composition 100% MeCN in the 30th min; flow rate 5 mL/min. Fractions were



Molecules 2016, 21, 404 15 of 18

acquired according to the detector response at A = 254 nm. The purity of all compounds exceeded 95%,
as checked via analytical HPLC.

The identity of the compounds was validated using nuclear magnetic resonance NMR (\H-NMR)
(Billerica, MA, USA). The carbon chemical shifts were obtained by NMR (HSQC and HMBC) spectra
that were obtained on a Bruker Avance 400 spectrometer (Billerica, MA, USA) with TMS as an internal
standard. HRMS were measured using an ESI-TOF spectrometer (Mariner Biosystems, Applied
Biosystems, Waltham, MA, USA) using ESI in the positive mode of ionization.

The 5 isolated compounds (13,103-epoxydesacetoxymatricarin (CP1), leucodin (CP2),
5-demethylsinensetin (CP3), 2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-chromen-4-one
(CP4) and salvigenin (CP5)) were evaluated for their HMGR inhibition activity using the same protocol.
The compounds were tested at 0, 2.5, 5, 10, 20, 40 and 80 pM. All measurements were done in triplicate.
All results were expressed as the mean + SD of the three repetitions, and ICsg values, i.e., the half
maximal inhibition concentration, were calculated using GraphPad Prism software.

4.7.3. Computational Docking

Ligand Preparation

All ligands were modelled using Marvin 15.4.20.0, 2015, ChemAxon, and the conformer with the
lowest potential energy was used as an input to PyRX 0.8. Ligands were then prepared using PyRX
with default settings.

Protein Preparation

PyRX was also used for the protein preparation with default settings. The crystal structure of
human HMG-CoA reductase inhibited by atorvastatin (PDB ID: 1HWK) was downloaded from
the Research Collaboratory for Structural Bioinformatics Protein Data Bank (http://www.rcsb.
org/pdb/home/home.do) [38]. Extraneous atoms, alternate amino acid residue conformations,
ligands, ions and solvent molecules were removed. The protein was then prepared using the PyRX
program with default settings.

Molecular Docking

PyRX was used in conjunction with AutoDock Vina [39]. As a binding site, we used the position
of atorvastatin determined by the crystallographic experiment. Search exhaustiveness for AutoDock
Vina was set to 30, and the edge of the cube defining the searching space was set to 30 Angstroms. The
first 10 best solutions according to the binding affinity were stored. For the graphical evaluation of the
results, PyMOL was used, and the best solution, ranked by binding affinity, was chosen.

The compounds screened were in accordance with Lipinski’s rule of five, a compound having not
more than 5 hydrogen bond donors (OH and NH groups), not more than 10 hydrogen bond acceptors
(notably N and O), molecular weight under 500 g/mol, partition coefficient log P of less than 5 and
rotatable bonds of less than 10.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/
21/4/404/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

A. wilhelmsii Achillea wilhelmsii

CF

chloroform fraction

CP1 1$3,103-epoxydesacetoxymatricarin

CP2 Leucodin

CP3 5-demethylsinensetin

Cr4 2-(3,4-dimethoxy-phenyl)-3-hydroxy-5,6,7-trimethoxy-chromen-4-one

CP5 Salvigenin

DUOF Herbarium of the Faculty of Forestry

EAF ethyl acetate fraction

FBGL fasting blood glucose levels

GAE gallic acid equivalent

HAE hydro-alcoholic extract

HMGR 3-hydroxy-3-methylglutaryl-CoA reductase
MMP matrix-metalloproteinases

QE

quercetin equivalent

THP-1 human monocytic cell line derived from an acute monocytic leukemia patient
TNF-a tumor necrosis factor «
WE water extract
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Synonyms

Bioflavonoids; Flavonoids; Phenylchromones;
Vitamin P

Definition

The flavonoids are a group of plant secondary
metabolites  biosynthetically derived from
shikimic acid and polyketide pathways. They
are plant pigments containing benzopyrone
substituted with a phenyl ring at position 2 or
3 and possess a wide spectrum of biological
activities, including antioxidant and anti-
inflammatory activities.
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Chemical Structures and Properties

The technical term “flavonoid” arises from the
basic skeleton of these plant pigments that are
derived from benzo-y-pyrone, structure well
known as chromone, modified at position 2 or
3 by the addition of a phenyl ring at position
2 yielding a flavonoid and at position 3 an
isoflavonoid (Fig. 1). The biosynthesis of flavo-
noids is based on the crossing of shikimic acid
and acylphloroglucinol metabolic pathways. The
three-ring skeleton may be substituted with
hydroxyl groups. Substitution of the A ring typi-
cally occurs at positions 5 and 7 (a meta arrange-
ment characteristic for acylphloroglucinols). On
the B ring positions 4’ or 3’ and 4’ (typical for
shikimates) are preferred (Havsteen 2002;
Fig. 1). There can be exceptions, for example, in
Moraceae flavonoids, where the B ring is
substituted with meta (2, 4') hydroxyl groups
(Bruneton 1999; Havsteen 2002).

The hydroxyl groups of flavonoids are com-
monly substituted with one or more sugar units.
The sugar can also be connected via a C-C bond.
Glycosides of the flavonoids are relatively
hydrophilic. The aglycones can be lipophilic,
and their lipophilicity can be further enhanced
by methylating the hydroxyl groups to form
methoxyl groups or by prenylation or
geranylation at different positions on the skele-
ton. The prenyl or geranyl moiety may also be
modified in different ways (oxidation, reduction,
cyclization, etc.) (Smejkal 2014).
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increasing lipophilicity

As a general rule, flavonoid glycosides are
soluble in water and alcohols but sometimes spar-
ingly (rutin, hesperidin). Aglycones are usually
well soluble in nonpolar solvents, and when they
have at least one hydroxyl group free, they can be
dissolved in alkaline solutions to form salts (e.g.,
sodium, potassium salts, etc.). Flavonoids are
usually stable compounds, relatively resistant to
heat, oxygen, and moderate degrees of acidity,
but preparation of fruits and vegetables for con-
sumption can lead to some loss in flavonoid con-
tent. Some technological procedures used in
laboratory can lead to partial decomposition and
formation of artifacts. Especially compounds
with prenyl-like modification could undergo oxi-
dative procedures. Also some food technology
processing, such as peeling, skinning, and leaf
selection may remove and reduce the total flavo-
noid content (Bruneton 1999; Havsteen 2002).

Different plants contain predominantly differ-
ent types of flavonoids. Well known are so-called
dietary flavonoids present in common foods, but
there are many other flavonoid species present in
medicinal plants.

Flavanones can be found in chick peas and
cumin, and the major sources of flavanones are
citrus fruits and juices. Cumin and peppermint
are rich in flavanones like hesperidin. Narirutin
and naringenin glycosides were obtained also
from hawthorn berry and rowanberry. The flava-
none liquiritigenin is found in liquorice roots.
Glycosides, like neohesperidose-substituted fla-
vanones (good example is naringin from grape-
fruit), are usually bitter; rutinose-substituted
flavanones (hesperidin in oranges) are usually
tasteless. For examples of common flavanones,
see Fig. 2 (Peterson and Dwyer 1998; Del Rio
et al. 2013).
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Flavones are not common in fruit, but they are commonly found in cereal grains, some herbs,
often found in grains and herbs. The most com- and some vegetables. Luteolin is found primarily
mon flavone aglycones are apigenin and luteolin in cereals and herbs. Glycosides of luteolin and
(Fig. 3). Apigenin and its glycosides are apigenin are commonly present in vegetables and
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the leaves of vegetables. Some medicinal and
aromatic herbs, such as rosemary and thyme,
contain flavones. If they occur in high concentra-
tions or are complexed with metal ions, flavones
can contribute to color of plant tissue, and they
also contribute to their taste. Nobiletin,
sinensetin, and tangeretin are nonglycosidic,
highly methoxylated, bitter citrus flavones that
contribute to taste. On the other hand, the
glycosylated flavones neodiosmin and rhoifolin
reduce the bitterness of plant bitter substances
(Peterson and Dwyer 1998; Del Rio et al. 2013).

The best known flavonols are quercetin and
kaempferol. Quercetin is ubiquitous in fruits and
vegetables (Fig. 4). Quercetin glycosides pre-
dominate in vegetables or in the leaves of various
vegetables. The most common quercetin glyco-
side is rutoside (also known rutin). Kaempferol is
most common among fruits and leafy vegetables;
it can be also found in some berries, herbs,
legumes, and root vegetables. Isorhamnetin
occurs in onions and pears. Myricetin is found
most often in berries, maize, and tea. In fruits,
flavonols and their glycosides are found predom-
inantly in the skin (Peterson and Dwyer 1998; Del
Rio et al. 2013).

The isoflavonoids are a separate group of fla-
vonoids, well known for their estrogenic proper-
ties. The group can be divided into isoflavanones,
isoflavones, and isoflavonols. The best-known
isoflavonoids are daidzein (the aglycone of the
glycoside daidzin) and genistein (the aglycone of
the glycoside genistin). Other known
isoflavonoid aglycones found in food are
biochanin A and formononetin (Fig. 5). The
isoflavonoids are found predominantly in
legumes. Soybeans are the major source of daid-
zein and genistein, but these are also found in
black beans, green peas, and clover sprouts.
Other isoflavonoids, such as biochanin A and
formononetin, have been found in green beans,
chick peas, lima beans, split peas, alfalfa and
clover sprouts, and sunflower seeds (Peterson
and Dwyer 1998; Del Rio et al. 2013).

Flavans, especially flavan-3-ols, can be found
under different catechins,
leucoanthocyanins, proanthocyanins, and tan-
They occur mainly as monoflavans,
biflavans, and triflavans. Flavans are rarely
glycosylated, but they may be esterified with
gallic acid. Monoflavans are found in ripe fruits
and fresh leaves. There is little information on the
monoflavan content in vegetables. Tea contains

names:

nins.
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large amounts of flavans. Biflavans and triflavans
occur in fruits and cereals. They are found in
apples, blackberries, black currants, cranberries,
grapes, peaches, and strawberries. In cereals, they
are found in sorghum and barley grains. Exam-
ples of some flavan derivatives are displayed in
Fig. 6 (Peterson and Dwyer 1998; Del Rio
et al. 2013).

Anthocyanins are responsible for the blue and
red pigmentation of berries, cherries, and plums,

as well as eggplant, red cabbage, and radishes.
The color of anthocyanins is pH dependent. An
anthocyanin is red at pH <3 (the stable form); it
turns blue or purple when the pH is increased to
4-6. At higher pH values it becomes colorless
and later decomposed. Anthocyanins often
occur in complex mixtures. Grape extracts pos-
sess the glucosides, acetyl glucosides, and
coumaryl glucosides of delphinidin, cyanidin,
petunidin, peonidin, and malvidin (Fig. 7). In
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flowers, anthocyanins may form complexes with
flavones or metal ions such as iron or magnesium.
The anthocyanin content of a fruit usually
increases as the fruit ripens (Peterson and
Dwyer 1998; Del Rio et al. 2013).

Derivatives with a modified basic flavonoid
skeleton can occur in many plants used medici-
nally. Prenylated flavonoids occur in several
plant families, for example, Paulowniaceae
(Paulownia spp., formerly Scrophulariaceae),
Leguminosae  (Sophora  spp.), Guttiferae
(Garcinia spp.), Rutaceae (Neoraputia spp.),
and Cannabaceae (Cannabis and Humulus spp.),
but probably the largest number of prenylated
flavonoids can be found in the Moraceae family
(Morus and Artocarpus spp.). Prenylated flavo-
noids are a large group of compounds that com-
bine a flavonoid skeleton with a lipophilic prenyl
side chain (Fig. 8). In general, the majority of
these flavonoids are C-prenylated or geranylated,
but some O-prenylated compounds also occur. As
mentioned above, the side chain can be modified,
especially by oxidation, and this variation con-
tributes many structural possibilities. Adding the
lipophilicity of a prenyl side chain to the flavo-
noid skeleton gives the resultant compound great
potential for biological activity (Yazaki
et al. 2009; Smejkal 2014).

Pharmacological Activities

Experimental in vitro and in vivo studies have
revealed many biological and pharmacological
activities of flavonoids. Their antioxidant and
anti-inflammatory properties are the most stud-
ied, but these phytochemicals also show
antibacterial, antiviral, hypolipidemic, and even
anticancer effects (Havsteen 2002). The process
of identifying a particular structure-activity rela-
tionship is complicated, especially in vivo,
because flavonoids can have pleiotropic effects
that target many cellular proteins or mechanisms.

Antioxidant Activity

Oxidative stress is one of the main hallmarks of
inflammation. Reactive oxygen species (ROS)
are produced by immune cells, especially macro-
phages and neutrophils, to kill invading bacteria
and viruses. However, excessive or prolonged
oxidative stress can damage the surrounding
molecules, e.g., the unsaturated lipids in plasma
membranes, proteins, or DNA (Havsteen 2002).
Antioxidant compounds could therefore be
promising as  anti-inflammatory  agents.
The antioxidant capabilities of flavonoids have
been well described using many biochemical
models, both in vitro (cell-based) and in vivo.
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Flavonoids as Anti-inflammatory Agents, Table 1 Mechanisms of antioxidant activity of flavonoids

Responsible structural elements (shown in bold)

_OH
HO__ \lL OH
[ ©"
Chemical or biological effect OH References
ROS scavenging 3',4'-hydroxyl groups Pietta 2000
2,3-double bond in conjugation with 4-carbonyl group Prochéazkova et al. 2011
3,5,7-hydroxyl groups
Peroxynitrite scavenging 3'.4'-hydroxyl groups Prochazkova et al. 2011
3-hydroxyl group
Metal-chelating activity 3',4'-hydroxyl groups Pietta 2000

4-carbonyl group in conjugation with 3-hydroxyl group Prochéazkova et al. 2011
4-carbonyl group with 5-hydroxyl group

PKC inhibition Coplanar flavone structure Prochézkova et al. 2011
3’,4’-hydroxyl groups
7-hydroxyl group

ROS = reactive oxygen species

PKC = protein kinase C

The main mechanisms of the antioxidant scavenge ROS and reactive nitrogen species
action of flavonoids are listed in Table 1 (RNS) directly, chelate metal ions, and inhibit
(Prochazkova et al. 2011). Flavonoids can oxidases. Moreover, they are involved in the



regeneration of a-tocoferol and ascorbic acid
radicals.

The flavonoids scavenge ROS directly by
donating the hydrogen atom of a hydroxyl
group. This radical scavenging activity is
connected with the oxidation-reduction potential
of the flavonoids. Flavonoids interact with radi-
cals, donating one hydrogen atom and forming a
flavonoid phenoxyl radical (flavonoid-O°). This
radical may then react with other radicals to form
a stable quinoid structure. The number of
hydroxyl groups and their positions on the flavo-
noid skeleton significantly affect the radical scav-
enging activity. Substituents on the B ring
(especially catechol and pyrogallol moieties) are
more important than those on rings A and C. The
antiradical activity is diminished, when only one
hydroxyl group is present on the B ring. The
second structural element responsible for elimi-
nating radicals is the 2,3-double bond conjugated
with the 4-oxo group on ring C. On the other
hand, glycosylation attenuates the scavenging
activity. Flavonoids are also able to trap the
peroxynitrite radical, which can occur as a prod-
uct of the reaction of superoxide with NO. This
activity is attributed to the presence of the 3’ and
4'-hydroxyl groups along with the 3-hydroxyl
group. (Pietta 2000; Havsteen 2002; Prochazkova
et al. 2011).

Another feature contributing to the antioxi-
dant activity of flavonoids is their ability to che-
late metal ions, especially Fe** and Cu®*. Free
metal ions can take part in Fenton’s reaction and
thus enhance the formation of ROS. Chelation of
these ions neutralizes their ability to serve as
redox catalysts. On the other hand, trace metal
ions are essential cofactors in many biological
systems, e.g., Fe** in hemoglobin or Cu** and
Zn** in a superoxide dismutase (SOD), where
the chelating ability of flavonoids would be det-
rimental. Metal ions can bind to the two hydroxyl
groups of a catechol moiety of the B ring, the 3-
hydroxyl and 4-oxo groups of ring C, or the 4-oxo
and 5-hydroxyl groups on rings A and C (Pietta
2000; Prochazkova et al. 2011).

The antioxidant action of flavonoids is also
attributable to their ability to inhibit enzymes
that produce radicals, such as xanthine oxidase

Flavonoids as Anti-inflammatory Agents

(XO) or NADH oxidase (NOX). They also inter-
act with protein kinase C (PKC), which is respon-
sible for the activation of NOX, and thereby
attenuate the functioning of NOX. It has been
postulated that a coplanar flavone structure with
free hydroxyl substituents at positions 3, 4’, and
7 should diminish the activity of PKC (Pietta
2000; Prochazkova et al. 2011).

Fully evaluating the antioxidant activity of
flavonoids in vivo is more complicated because
of their relatively low bioavailability and destruc-
tion by metabolism. Flavonoid metabolites usu-
ally possess less antioxidative activity than the
parent structure. It seems likely that flavonoids
and flavonoid metabolites work in different ways,
the flavonoids by scavenging up ROS and the
flavonoid metabolites by preventing the forma-
tion of such radicals (Pietta 2000; Prochazkova
et al. 2011).

Prooxidant Activity

In addition to their antioxidant activity, flavo-
noids can also act as prooxidants. Their ability
to trigger oxidative stress could explain some of
the toxic effects of flavonoids observed in vivo.
On the other hand, a mild prooxidant effect could
also induce the expression of antioxidant
enzymes, such as SOD or catalase (CAT), and
thereby contribute to the overall antioxidant
cytoprotection (Prochazkovi et al. 2011).

It has been postulated that a greater number of
hydroxyl groups (especially on rings A and B)
means a greater prooxidant capacity. The pres-
ence of the 2,3-double bond and the 4-carbonyl
group may also promote the formation of ROS.
The antioxidant or prooxidant effect is usually
concentration dependent. At low concentrations,
flavonoids act as antioxidants, but at higher con-
centrations they are prooxidants (Prochézkova
et al. 2011).

Anti-inflammatory Activity

Inflammation is a multiple and complex response
by the body to infection or injury. Flavonoids
show pleiotropic effects and can modulate a
broad spectrum of inflammatory regulatory
nodes (Fig. 9). Their antiphlogistic action com-
bines many particular effects. The antiphlogistic
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action of flavonoids can be mediated by several
pathways (Table 2): via antioxidant and
prooxidant effects (see above), by interacting
directly with pro-inflammatory proteins, and by
interacting with signal pathways and inhibiting
the expression of inflammation-related genes.
Modulation of the activity of
pro-inflammatory enzymes is one of the most
important mechanisms of flavonoid action.
Pro-inflammatory enzymes, such as phospholi-
pase A, (PLA;), cyclooxygenase (COX),
lipoxygenase (LOX), and NO synthase (NOS),
produce very potent inflammatory mediators,
and inhibiting them can contribute to the overall
antiphlogistic potential of flavonoids. Special
attention is focused on enzymes metabolizing

response E@A
Translation
A

Tra nﬂati‘:‘,@y (—l
« UnP U 2 oD U

IkB inhibitor of kB, IKK IxB kinase, JNK c-Jun
N-terminal kinase, Keap-1 Kelch-like ECH-associated
protein 1, LOX lipoxygenase, MEK 1/2 MAPK/ERK
kinase 1/2, MKK mitogen-activated protein kinase,
NF-kB nuclear factor kB, NOX NADH oxidase, Nrf2
nuclear factor erythroid 2-related factor 2, PKC protein
kinase C, PLA, phospholipase A,, ROS reactive oxygen
species, SOD superoxide dismutase

arachidonic acid (AA). PLA, stands at the begin-
ning of this AA process. Many studies have dem-
onstrated the ability of flavonoids to inhibit
different isoforms of this enzyme, with prefer-
ence given to PLA,-ITA. The most potent are
flavonoids with a 2,3-double bond, and especially
biflavonoids. Following its enzymatic release,
AA is oxidized to different eicosanoids in a pro-
cess mediated by COX and LOX enzymes. Fla-
vonoids diminish the activity of COX, but they
inhibit COX-1 preferentially over COX-2. Only a
limited number of observations of anti-COX-2
effects of flavonoids have been reported, experi-
ments that have shown the positive influence of
the 2,3-double bond and the presence of a prenyl
group at C3 on this anti-inflammatory action. The



10

Flavonoids as Anti-inflammatory Agents

Flavonoids as Anti-inflammatory Agents, Table 2 Mechanisms of anti-inflammatory action of some flavonoids

Responsible structural elements (shown in bold)

OH

|
_OH

HO
~ oH
| | ©H
OH o

Biological effect
PLA, inhibition

COX-1 inhibition
COX-2 inhibition

2,3-double bond
2,3-double bond

2,3-double bond
3-isoprenyl residue
Galloyl moiety

5-LOX, 12-LOX 2,3-double bond
inhibition 3-hydroxyl group
Inhibition of 5,7-hydroxyl groups

inflammation-related
gene expression
(modification of
signal-transducing
pathways)

3’ ,4'-hydroxyl groups
2,3-double bond
4-carbonyl group

In vivo anti-
inflammatory activity

5,7-hydroxyl groups
3’ ,4'-hydroxyl or methoxyl groups
2,3-double bond

PLA2 = phospholipase A,
COX = cyclooxygenase
LOX = lipoxygenase

presence of a galloyl moiety also favors the inhi-
bition of COX-2 activity. Another way of using
AA is via LOX enzymes. Whereas flavone deri-
vatives have been described as demonstrating
anti-COX activity, flavonol derivatives have
shown anti-LOX effects. This confirms the
importance of a hydroxyl group at C3. Further-
more, the 2,3-double bond has been found to be a
very important moiety for the inhibition of LOX
activity. The majority of anti-LOX experiments
have been performed using 5-LOX and 12-LOX,
and information about any effects on other
isoforms of LOX is limited. Another enzyme
that produces pro-inflammatory molecules is
inducible NO synthase (iNOS), which produces
NO in stimulated immune cells. Many studies
have confirmed the ability of flavonoids to
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diminish the production of NO, but the effect
was probably caused by reduced iNOS expres-
sion rather than direct inhibition (Kim et al. 2004;
Garcia-Lafuente et al. 2009).

Another well-established potential mecha-
nism for the anti-inflammatory activity of flavo-
noids comes from their ability to interact with
intracellular signal-transducing pathways and
thereby regulate the expression of inflammation-
related genes. The most prominent position
among inflammatory pathways belongs to the
transcription factors nuclear factor (NF)-xB.
Many studies have confirmed the ability of flavo-
noids to diminish the activity of NF-xB by
inhibiting events upstream, e.g., reducing the
phosphorylation of IKK (IkB kinase) which
leads to less degradation of IxB (inhibitor of
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kB) or attenuating the DNA-binding capability of
NF-xB. Another important pro-inflammatory
transcription factor is activator protein (AP)-1,
the activity of which is regulated by upstream
mitogen-activated protein kinases (MAPKS).
The three most frequently studied MAPKs are
ERK 1/2 (extracellular signal-regulated kinase
1/2), p38, and JNK (c-Jun N-terminal kinase).
These kinases not only influence AP-1 but also
modulate the activity of NF-xB. Flavonoids are
able to inhibit the phosphorylation of all of the
abovementioned MAPKSs and thereby lower the
transcription of the target genes. Analysis of the
structure-activity relationship shows the impor-
tance of the 2,3-double bond, the carbonyl group
of C4, and the pattern hydroxylation for the abil-
ity of flavonoids to modulate signal pathways.
Flavonoids are able to positively regulate the
activity of several other signaling pathways.
One of these is the signal pathway leading to the
transcription factor Nif2 (nuclear factor erythroid
2-related factor 2). Together with its negative
regulator Keap-1 (Kelch-like ECH-associated
protein 1), this protein is redox sensitive. Flavo-
noids possessing a redox potential are therefore
able to trigger Nrf2, which leads, subsequently, to
the transcription of genes coding antioxidant
enzymes that help to resolve the inflammatory
response. Transcription factors from the PPAR
(peroxisome proliferator-activated receptor)
family are also activated by several flavonoids.
The activation of this pathway attenuates the
activity of NF-xB (Kim et al. 2004;
Garcia-Lafuente et al. 2009; Costa et al. 2012).
Because the transcription of inflammation-
related genes is regulated by multiple transcrip-
tion factors, the exact mechanism of flavonoid
action remains unclear. It is safe to say that
these phytochemicals disturb the intracellular
signaling network at several different sites and
thereby contribute to the overall anti-
inflammatory effect.

In vivo tests have confirmed all of the effects
of flavonoids previously observed in in vitro
experiments. Various animal models using dif-
ferent ways to induce inflammation have shown

1

the antiphlogistic ability of flavonoids. The mod-
ulation of pro-inflammatory gene expression has
been determined to be one of the major mecha-
nisms of flavonoid action in vivo. However,
because flavonoids are very quickly metabolized
in the body, the particular cell types or proteins
that they target remain unclear. Nevertheless, it
has been shown that a 2,3-double bond and
increased  levels of  hydroxylation or
methoxylation of the flavonoid skeleton enhance
their action (Kim et al. 2004).

Metabolism and Pharmacokinetics

As mentioned above, flavonoids occur both as
aglycones and glycosides. The majority of the
so-called dietary flavonoids occur as glycosides,
with the exception of the flavan-3-ols and many
of the flavonoids present in medicinal plants
(especially the lipophilic prenylated flavonoids).
The bioavailability of flavonoids is generally low
and can vary widely between different classes of
flavonoid and between individual compounds
within one class. For example, following inges-
tion, the relative urinary excretion of unchanged
anthocyanins and daidzin has been found to be
0.3 % and 43 %, respectively. There are several
structural factors that can affect the bioavailabil-
ity of flavonoids. The molecular weight of a spe-
cific flavonoid strongly affects its absorption.
Compared to the monomeric and dimeric
proanthocyanidins, for example, the oligomeric
proanthocyanidins, with much higher molecular
weights, are practically not absorbed at all.
Unabsorbed and unchanged proanthocyanidins
can reach the colon and be metabolized by the
microflora in the gut, resulting in microbial
metabolites that can then be absorbed into the
circulating blood. It has been suggested that the
colonic breakdown products of oligomeric
proanthocyanidins show bioactivity (Del Rio
et al. 2013).

Following ingestion, flavonoids pass to the
small intestine (Fig. 10). Some absorption occurs
at this stage, usually connected with the
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hydrolysis of glycosides. The corresponding
aglycone is released as a result of the activity of
lactase-phlorizin hydrolase (LPH), present in the
brush-border epithelial cells of the small intes-
tine. LPH possesses broad substrate specificity
for flavonoid-O-B-p-glucosides. The more lipo-
philic aglycones that are released then enter epi-
thelial cells by passive diffusion facilitated by the
proximity of the cell membrane. An alternative
route of hydrolysis is mediated by cytosolic
B-glucosidase (CBG), present in epithelial cells.
But, CBG hydrolysis requires that polar glyco-
sides be transported into cells, possibly by the
active sodium-dependent glucose transporter
(SGLT1). For this reason, the glycosylation of a
flavonoid can strongly affect its absorption,
which can be very fast or very slow, depending
on the type of the sugar, the number of sugar

molecules attached, and the position of attach-
ment on the flavonoid skeleton (Crozier
et al. 2010). For example, the bioavailability of
the quercetin glycosides obtained from an apple
was only 30 % compared to that of similar gly-
cosides obtained from an onion. The sugar moi-
ety greatly influences the absorption; quercetin
glucosides are absorbed 10 times as rapidly, and
the plasma concentration peaks are 20 times as
high as for quercetin rutinosides. It has been
suggested that glucosides are absorbed in the
small intestine, whereas quercetin rutinosides
may be absorbed in the colon after
deglycosylation. As mentioned previously, flavo-
noids are metabolized at the site of their absorp-
tion, and this metabolic conversion is known to
be a major factor affecting the bioavailability of
the flavonoid. Sulfation (sulfotransferases,
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in the gut

SULTS), methylation (via catechol-
O-methyltransferases, COMTys), and
glucuronidation (uridine-50-diphosphate

glucuronosyltransferases, UGTs) occur in the
enterocytes and liver, and generally, most of the
flavonoids undergo these metabolic conversions.
For example, quercetin aglycone and its glyco-
sides are not usually found in the plasma, but the
corresponding sulfate, methyl, and glucuronyl
conjugates are. Catechin is found exclusively in
the plasma as sulfate, methyl, and glucuronic acid
conjugates.

Proportions of some flavonoid metabolites are
returned to the lumen of the small intestine as
efflux in a process mediated by members of the
adenosine triphosphate (ATP)-binding cassette
(ABC) family of transporters, including
multidrug resistance protein (MRP) and
P-glycoprotein (P-gp). On the other hand, flavo-
noids have been shown to inhibit the activity of
these transporters (Crozier et al. 2010).

After metabolites are absorbed into the portal
blood, they rapidly reach the liver, where they
can again undergo several phase I and phase II
metabolic conversions and, in some cases, enter
the enterohepatic circulation by way of the bile
and be returned to the small intestine. In humans,
the metabolizing enzymes SULTs and UGTs are
classified into several subfamilies that are
expressed differently in the liver. The sulfation
process is regioselective under the control of
different isoforms of SULT. SULT1A1 exhibits

the greatest ability to catalyze the sulfation of the
isoflavonoid hydroxyl groups at positions 7 and
4. Flavones are preferentially sulfated at position
7, catalyzed by SULT1A1 and SULTI1A3. For
flavonols, SULT1A1 is the main catalyst, with
some contributions from SULTIA3 and
SULTIEL. Flavanones are preferentially metabo-
lized by SULTIA2 (and also by SULTs 1A3,
IB1, and 1E1) to generate mostly 3’-O-sulfate;
SULT1C4 leads to 7-O-sulfates. One description
covers the glucuronidation of flavonoids — the
flavones, flavonols, and flavanones — with the
regioselectivity of UGT1A3, summarized as
3O0H > 7-OH > 3-OH > 5-OH.
Glucuronidation of isoflavonoids is carried out
by UGT1ALl in the following order: 7-OH >
4'-OH > 5-OH. The UGTs 1A1, 1A8, and 1A9
preferentially glucuronize catechins at position
3’-OH (Thilakarathna and Rupasinghe 2013).
Substantial quantities of flavonoids and their
metabolites can pass through to the colon. Gut
microflora have the ability to decompose conju-
gates and release aglycones. The rings in these
can undergo scission to produce smaller mole-
cules, which, together with unchanged aglycones,
can be reabsorbed, metabolized in phase II in the
liver, and enter the enterohepatic circulation or
(and this is predominant) be excreted in the urine.
Gut microflora degrade flavonoids into simple
phenolic acids that can be absorbed into the cir-
culating blood. The key point of this process is
the scission of the C ring and the loss of carbons
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C5 to C8 as oxalacetate, which is eventually
metabolized to carbon dioxide. The interaction
of flavonoids with colonic microflora strongly
influences their bioavailability and could conse-
quently change their biological effects. Some
examples of flavonoid metabolites produced by
the microflora in the gut are shown in Fig. 11.
Proanthocyanidins (flavan-3-ols) are metabolized
to phenylacetic acid, mono- and dihydroxyphe-
nylacetic acids, mono- and dihydroxyphenyl-
propionic acids, or hydroxybenzoic acid.
Anthocyanins are converted mainly into
protocatechuic acid, gallic acid, syringic acid,
vanillic acid, and phloroglucinol. The metabo-
lism of isoflavones is more complicated. It is
strongly influenced by the composition of the
microflora in the gut. For example, the production
of equol, the main metabolite created following
consumption of daidzein, is greatly influenced by
differences in the microflora of the gut between
different individuals, and not all adult persons are
able to fully metabolize this substance. This
could hamper the clinical effectiveness of
isoflavones and affect their bioactivity, helping
to explain why the activity of equol has been
reported to be stronger than that of daidzein
(de Pascual-Teresa et al. 2010; Crozier
et al. 2010).

Some simple flavonoid metabolites are known
to express biological activities and have potential
health properties, even though the ingested flavo-
noids were not absorbed primarily in the small
intestine. As concerns their anti-inflammatory
activity, substances such as protocatechuic acid
from anthocyanins, methyl-derivatives of flavan-
3-ols, or metabolites of flavonols (e.g., quercetin)
commonly possess antioxidant properties.
Protocatechuic acid inhibits the adhesion of
monocyte to tumour necrosis factor (TNF)-o-
activated mouse aortic endothelial cells, the
expression of intercellular adhesion molecule
1 (ICAM-1), and the binding activity of NF-kB. It
also reduces the amount of vascular cell adhesion
molecule 1 (VCAM-1). Some flavan-3-ol glucu-
ronides (in physiologically appropriate concen-
trations) inhibit the release of arachidonic acid
and its metabolites in vitro. Flavonol glucuro-
nides and sulfates inhibit the expression of
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ICAM-1 and E-selectin in human aortic endothe-
lial cells. It must be mentioned, however, that
contradictory reports about the bioactivity of fla-
vonoid metabolites have been published, and
many studies on their activity were carried out
in vitro or otherwise not in humans. This topic
deserves more effort.

Clinical Use

Flavonoids are usually used in traditional and
modern medicine and in the cosmetic industry
in the form of crude plant extracts. More than
one hundred flavonoid-containing medicinal
plants are used in Europe. Flavonoids are also
part of a diet rich in vegetables, fruits, and some
other products. It has been reported that the daily
intake of flavonoids in the human diet is as much
as 650 mg. However, several flavonoids have
found practical uses only as pure substances or
simple standardized mixtures of compounds. For
example, rutoside (quercetin-3-O-rutinoside,
rutin), its semisynthetic derivative troxerutin
(hydroxyethylrutoside), diosmin, and hesperidin
have found the clinical application. The main
clinical use of the flavonoids is their so-called
venoactivity (ability to reduce the permeability
and fragility of capillaries). When tested in ani-
mal models, reduced symptoms of vitamin
C deficiency led to their old designation as vita-
min P. The flavonoids are primarily indicated as
venotonic and vasoprotective agents that increase
the tonus and resistance of the walls of blood
vessels. They decrease swelling and have an
anti-inflammatory effect. Preparations with fla-
vonoids are used to combat chronic venous insuf-
ficiency of lower limbs in adult patients: feelings
of heavy limbs, pain, night cramps, edema, and
trophic and inflammatory changes. These com-
pounds are also used to treat hemorrhoids. On the
other hand, some authors have expressed doubts
about the therapeutic effects of flavonoids
(Bruneton 1999).

Despite the fact that various experiments
in vitro and in vivo have shown the anti-
inflammatory potential of flavonoids, studies on
humans are still insufficient and sometimes
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controversial, as reflected in reviews by Hamer
and Steptoe (2006), de Pascual-Teresa
et al. (2010), and Izzi et al. (2012). Most studies
have not dealt with pure compounds but rather
with mixtures or with flavonoid-rich material. In
some cases they have assumed that a diet rich in
raw vegetables, berries, fruits, or nuts should be
rich in flavonoids. For example, a vegan diet has
been found to reduce pain and stiffness of joints
in fibromyalgic patients and in patients with rheu-
matoid arthritis. It has been observed that con-
suming red wine reduces the expression of major
adhesion molecules on monocytes and
T-lymphocytes. Significant reduction in the
levels of ICAM-1 and VCAM-1 in the blood has
been observed in volunteers after treatment with
a polyphenol-rich food concentrate. Administra-
tion of polyphenols extracted from grapes signif-
icantly reduced the levels of TNF-a and
interleukin (IL)-6 in the plasma. Ingestion of an
anthocyanin-rich extract derived from blue-
berries significantly reduced the plasma levels
of pro-inflammatory cytokines and chemokines
regulated by NF-kB signaling in a group of vol-
unteers. Different studies have suggested that a
high consumption of vegetables, fruits, and
legumes by healthy volunteers correlates
inversely with inflammation markers in the
blood. It has been reported that a supplement
containing mixed tocopherols, flavonoids, and
docosahexaenoate significantly reduced the
serum levels of IL-6 and C-reactive protein
(CRP) in untrained males after eccentric exercise,
but another report showed that except for apples
and tea, flavonoid-rich foods did not reduce the
risk of type-2 diabetes and did not affect the
serum levels of IL-6 or CRP. Long-term admin-
istration of cocoa powder reduced the expression
of very late antigen 4 (VLA-4), CD40, and CD36
in monocytes, as well as the serum concentrations
of the soluble adhesion molecules P-selectin and
intercellular adhesion molecule, derived from the
endothelium in patients with high risk of athero-
sclerosis (Hamer and Steptoe 2006; de Pascual-
Teresa et al. 2010; Izzi et al. 2012).

Soya and isoflavonoids obtained from soya are
a relatively commonly target of clinical studies
that yield controversial  results.  The
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administration of soya isoflavones elevates the
serum concentrations of IL-6 in women, although
it has no effect on acute-phase proteins or other
pro-inflammatory cytokines. Nevertheless, it has
been proposed that the estrogenic effect of
isoflavones be considered as a mechanism for
potentiating immune surveillance and a possible
explanation for the lower incidence of certain
types of cancer in parts of the world where soya
is eaten. Further reports showed no significant
effect of soya isoflavones on the concentrations
of interferon (IFN)-v, IL-2, TNF-a, and CRP in
the plasma, or of 8-isoprostane in the urine.
A larger randomized study on the dietary intake
of soya also reported that no significant differ-
ences could be observed in the levels of leptin,
adiponectin, monocyte  attractant  protein
1 (MCP-1), macrophage inflammatory protein-
1B (MIP-1B), IL-6, or CRP after supplementa-
tion. On the other hand, soya isoflavones lowered
the level CRP in hemodialyzed patients (Hamer
and Steptoe 2006; de Pascual-Teresa et al. 2010;
Izzi et al. 2012).

Reduced levels of TNF-o and oxidative stress
have been found after ingestion of black currants,
and quercetin and EGCG have mediated reduc-
tions in the plasma levels of granulocyte colony-
stimulating factor, CRP, IL-6, and IL-10. On the
other hand, further study has shown that supple-
mentation with quercetin does not affect the
activity of natural killer cells, the granulocyte
oxidative burst, or phagocytosis in women. Oral
administration of a flavonoid-rich extract of pur-
ple passion fruit peel has been shown to suppress
the clinical symptoms of asthma and osteoarthri-
tis, a phenomenon which is consistent with the
reported ability of apple polyphenols to reduce
the clinical symptoms of allergic rhinitis and of
muscadine grape seeds to significantly increase
the resting brachial diameter in subjects with
increased cardiovascular risk. Recent results
from the Polyp Prevention Trial indicate that
diminished concentrations of cytokines resulting
from a high consumption of flavonols may pre-
vent colorectal neoplasms (Hamer and Steptoe
2006; de Pascual-Teresa et al. 2010;
et al. 2012).

1zzi
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Potential Adverse Effects

Flavonoid compounds, which are present in com-
mon diet, are usually consumed in relatively low
quantities. Moreover, their occurrence is typified
by the presence of relatively complex mixtures of
flavonoid derivatives in low doses. Therefore, the
probability of adverse effects is relatively low.
On the other hand, if the plant material is rich in
some type of flavonoid (e.g., the citrus peel in
flavanones) or the flavonoids are used as pure
substances in large doses, some adverse effects
could occur. A special class of flavonoids is the
isoflavonoids which show well-described estro-
genic properties (Egert and Rimbach 2011;
Skibola and Smith 2000).

Drug Interactions

For example, the interaction of grapefruit juices
rich in flavanones (naringin, naringenin, hesperi-
din, hesperetin, quercetin, kaempferol, phloridzin,
phloretin) and grapefruit-derived preparations are
relatively well known, although recent reports
show that besides flavanones, also so-called
furanocoumarins (bergamottin,  bergapten,
bergaptol,  6',7-dihydroxybergamottin)  are
compounds responsible for grapefruit interaction
with CYP, P-glycoprotein, and organic anion-
transporting polypeptides (Dolton et al. 2012;
Srinivas 2013). The pharmacokinetic interaction
of grapefruit is connected, for example, with
alteration of bioavailability of carbamazepine,
fexofenadine, antimalarials (artemether,
primaquine), anxiolytics/hypnotics (midazolam,

triazolam, buspirone), antiarrhythmics
(amiodarone, propafenone), cardiovascular agents
(verapamil,  dihydropyridines),  cholesterol-

lowering agents (statins), some cytostatics and
immunosuppressants, and phosphodiesterase
V inhibitors (sildenafil) (Seden et al. 2010).
Some authors also discuss the ability of flavonoids
to alter the trace element bioavailability and the
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interaction with folate and vitamin C absorption
(Egert and Rimbach 2011).
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Pro-oxidant Activity of Flavonoids and Their
Possible Effects

KAREL SMEJKAL*, ONDREJ NEUWIRTH, JAKUB TREML, JAN HOSEK

ABSTRACT

Flavonoids are secondary metabolites showing pleiotropic effects. They are
present in many medicinal plants or are part of a diet. The anti-oxidant
activity of flavonoids is often discussed and many beneficial effects are
accounted to the anti-oxidant activity of flavonoid derivatives. However,
the pro-oxidant activity of some flavonoid derivatives is known. The pro-
oxidant effect is connected both with positives and negatives. The negatives
of pro-oxidant activity are linked up mainly with mutagenic or cancenogenic
potential of high doses of flavonoids,via possible changes and interaction
with biomolecules including DNA; positive effects are connected with
stimulation of anti-oxidant defense of organism, improvement in effectiveness
of antibiotics or with role of ROS species in acute inflammatory process.
However, many studies bring inconsistent results and controversies about
anti- and pro-oxidant effect of flavonoids exist.

Key words: Antibacterial, Antioxidant, Cancer, Flavonoid, Inflammation,
Pro-oxidant

INTRODUCTION

The word “flavonoid”is derived from the yellow color of the plant pigments
containing in their structure benzo-a-pyrone, structure well known as
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chromone, modified at position 2 or 3 by the addition of a phenyl ring at
position 2 or 3 (Fig. 1). Their skeleton may be substituted with hydroxyl
groups on the ring A typically at positions 5 and 7 (a meta arrangement
characteristic for acylphloroglucinols), on the ring B at positions 4" or 3”
and 4~ (typical for shikimates) (Havsteen 2002) (Fig. 1); with exceptions,
for example flavonoids in Moraceae, where the ring B is substituted with
meta (27, 4”) hydroxyl groups (Bruneton, 1999; Havsteen, 2002). The O-
glycosylation occurs commonly, the sugar unit can also be connected directly
to carbon of flavonoid skeleton. Glycosides of the flavonoids are relatively
hydrophilic but the aglycones are lipophilic moreover, their methylation,
prenylation or geranylation can solubility in hydrophobic solvents further
enhance. The prenyl or geranyl moiety may also be modified in different
ways (oxidation, reduction, cyclization, etc.) (Smejkal, 2014). Therefore,
flavonoid glycosides are soluble in water and alcohols sometimes sparingly
(rutin, hesperidin) and aglycones are usually well soluble in non-polar

solvents.
| e
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Fig. 1: Structures of flavonoid skeletons

Various plants contain predominantly different subclasses of flavonoids.
dietary flavonoids present in common food aree well known but there are
many other flavonoid species present in medicinal plants.

Flavonoids are known to possess various bioactivities. They have been
proved in vitro, some of them in vivo or in clinical studies. Especially their
anti-oxidant and anti-inflammatory properties are well known, but anti-
bacterial, anti-viral, hypolipidemic and even anti-cancer effects were also
described (Havsteen, 2002; Nijveldt et al., 2001). But, the identification of
structure-activity relationships and especially elucidation of their in vivo
activity is very difficult, because flavonoids have pleiotropic effects that
target many cellular proteins or mechanisms. This chapter attempts to
highlight the effect of flavonoids in oxidative processes in vitro and in vivo,
with special attention laid on their possible pro-oxidative effects.
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Anti-oxidant Activity of Flavonoids

The anti-oxidant activity of flavonoids is very well described. In case of
anti-oxidant activity of flavonoids, the attention is concentrated especially
on the presence of hydroxyl substitution on the flavonoid skeleton because
the electron or hydrogen donor properties or metal chelating potential is
based on the presence and position of such as oxygenated substituents. It
is postulated that one of the anti-oxidant mechanisms of action of flavonoids
is a donation of hydrogen to existing radical substance and further formation
of stable compounds with character of radical (due to the delocalization of
radical electron), which further do not promote the radical reaction and
thus, the radical reaction is terminated. The stability of such a substances
can be different according to the conditions during reaction. The presence
of 2,3 double bond, 3-OH, 5-OH at flavonoid skeleton and also catechol or
pyrogallol arrangement of the substitution at ring B are often mentioned
as crucial of the anti-radical activity of flavonoids (Pietta, 2000; Prochazkova
etal.,2011).

Moreover, flavonoids have been found to inhibit the activity or expression
of some enzymes connected with oxidation stress such as cyclooxygenase,
lipoxygenase and NADPH oxidase. Therefore, they can diminish the levels
of radicals independently on direct scavenging of formed radicals (Bodewes
et al., 2011; Amic et al., 2007; Izzi et al., 2012).

Methods for Evaluation of Anti-Oxidant or Pro-Oxidant Activity of
Flavonoids

There is no method, which can be completely universally used to evaluate
the “true” anti-oxidant or pro-oxidant capacity or power of single compound
(for example flavonoid) or complex mixture (for example plant extract).
The comparison of results of different tests is difficultbecause assays used
differ; when the type of assay is the same, different concentration, media
and conditions of measurement can affect the result. There are attempts
to use some standardization, for example usage of gallic acid or quercetin
as standard of test, or recalculation of observed effect into Trolox
equivalents, but these approaches are not always used and are not suitable
every time. The good anti-radical activity in vitro in biochemical model
does not automatically mean the good antioxidant potential in vivo.

The need to use standardized and generally applicable protocols has
resulted into attempt to describe recommended procedures: (i) the
identification of main components and quantification of phenolic (anti-oxidant
substances, possible flavonoids) in plant extract; (ii) the analysis and
quantification of the radical scavenging activity, determination of reduction
potential; (iii) the analysis of lipid oxidation in biological model; (iv) the studies
in vivo using relevant markers of oxidative stress or oxidative damage.
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To effectively elucidate anti-oxidant properties of a compound or extract,
it is possible to determine in different ways the efficacy of prevention of
the oxidation of relevant substrates (lipids, lipoproteins, DNA) against
relevant free radical species such as the peroxyl, superoxide or hydroxyl
radical (many others). The selection of assay must be relevant to the
material tested and to expected result (Litescu et al., 2010). The mechanisms
involved and the type of assessment of anti-oxidant capacity assays can be
divided into two main categories. The first category is an “assessment of
anti-oxidant efficacy in relation to free radical species” (Litescu et al., 2010).
This category includes different reaction mechanism models such as
reactions based on transfer of hydrogens, reactions based on transfer of
single electron or reactions combining the hydrogen and electron transfer.
The most frequently used methods include Oxygen Radical Absorbance
Capacity (ORAC), Trolox Equivalent Anti-oxidant Capacity (TEAC), Ferric
Reducing Anti-oxidant Power (FRAP) assays or scavenging effect of the
compounds towards specific reactive species (ABTS (2,2°-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid), DPPH (2,2-diphenyl-1-
picrylhydrazyl), peroxyl radical etc.) (Cao and Prior, 1998; Apak et al., 2013).
The second category represents an “assessment of anti-oxidant efficacy
using biological significant markers and significant substrates”. This
category involves the determination of anti-oxidant efficacy through the
evaluation of the damaging effects produced by reactive species of oxygen
(ROS) or reactive nitrogen species (RNS) on a biological substrate;the
reacting substrate can be biomolecules like phospholipids, fatty acids,
proteins, DNA or others, or cell compartments like phospholipid
membranes, mitochondria etc. (Wood et al., 2006).

Methods used for the determination of the anti-oxidant activity can also
be divided into cell-free models and methods using live biological systems
(isolated cells, cell tissues or organs). The cell-free models are based on the
measurement of a decrease of concentration of the starting substrate or
increase of the final product, influenced by the production or reaction of
reactive species or scavenging reactive species (DPPH, ABTS, hydrogen
peroxide, hypochlorous acid etc.). The starting substrate can be the radical
substance itself. Many of these assays are based on the scavenging effect
of the compounds tested and are suitable to be used for an assessment of
an anti-oxidant activity of compounds tested but usually not for the evidence
of their pro-oxidative effect. Anti-oxidant activity is often determined as a
proportional decrease of amount of reactive species or effect of reactive
species on target molecule. It is determined as the ratio of activity of
compound tested and negative control and then the activity can be expressed
in relation to positive control of assay (for example catechin, gallic acid,
Trolox). The percentage of the activity of sample usually cannot be higher
than control, and the presence of reactive species in reaction mixture is
often essential. The exception can be for example analysis of effects of
potential anti-/pro-oxidants in model of Fenton reaction, where compounds
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tested can stimulate formation of hydroxyl radical. If the amount of hydroxyl
radical released is increased, compound tested can have the pro-oxidant
effect. The precondition for the participation the substance (flavonoid) in
Fenton reaction is its ability to reduce transition metal to a lower oxidation
status. The reduced metal is then the most often reacting with hydrogen
peroxide to form a hydroxyl radical or may react with molecular oxygen to
form superoxide. It can be assumed that compounds with a higher redox
potential will behave in presence of the transition metals like pro-oxidants
(Gomes et al., 2008).

One of the few ways to determine the pro-oxidative activity of compound
tested in cell-free models is an effect of the compoundon thestimulation
ofthe enzymatic activity of pro-oxidant enzymes (NADPH-oxidase, NO-
synthase, xanthine-oxidase, myeloperoxidase) and thus increase the
corresponding ROS or RNS production, or the inhibition of activity of the
anti-oxidant enzymes (catalase, superoxide-dismutase, glutathione-
reductase) (Wassmann et al., 2004).

Biological systems for determination of anti-oxidant or pro-oxidant
activity are more complex. Cellular systems are often used. Effects of
compounds tested on the production of ROS/RNS or damage of cells are
determined from comparison of results obtained on non-treated cells with
treated and cells with an inductor of oxidative damage. Methods using
biological systems are useful both for assessment of anti-oxidant and pro-
oxidant activity, and their results are more suitable for prediction of results
in in vivo assays.

The compounds tested can activate signaling pathways; they can induce
or repress the expression of genetic information, or affect the activity of
enzymes. The amount of pro-oxidant andanti-oxidant enyzymes in cells
can be analyzed on the level of gene transcription (by mRNA analysis), on
the level of the translation of mRNA to protein (by immunodetection) or on
the level of activity of particular proteins (activity of enzymes based on the
amount of formed products) (Wood et al., 2006; Niki, 2010).

Because the majority of natural ROS or RNS has a very short life-time,
they are often detected indirectly using color and fluorescent probes or the
detection is based on markers arising from the reaction of ROS and RNS
with different biomolecules. In some case the markers of an oxidative
damage in cellular systems can be idetected continually in the time by
non-invasive spectroscopic methods (taurine chloramine, NADH/NAD")
(Senthilmohan et al., 2006).

The lipid peroxidation can be detected vby determination of
malondialdehyde levels or by the determination of thiobarbituric acid
reactive substances (TBARS). The fragmentation of DNA or the
determination of modified nucleosides concentration is used for the
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evaluation of oxidative damage of DNA, when ROS or RNS react with
nucleosides and cause their oxidation (for example the formation of 8-oxo-
2’-deoxyguanosine).The myeloperoxidase activity can be detected by the
analyzing of chlorinated products of the reaction. The chlorinated
compounds are not common in the body (except of xenobiotics). They can
be formed during the inflammation by a reaction of hypochlorous acid and
biomolecules. Hypochlorous acid preferably reacts with the amino groups
of the proteins or amino acids, but is able to react also with the aromatic
ring of tyrosine to yield 3-chlorotyrosine or 3,6-dichlortyrosine
(Senthilmohan et al. 2006). It can be detected in the solution or in the body
fluids. Pro-oxidant compounds may interfere with the protective and
reparative mechanism of the cells (the oxidized glutathione vs. glutathione-
reductase, 8-0x0-2’-deoxyguanosine vs. DNA reparation). The above
mentioned methods can also be used for testing in vivo.

Pro-oxidant Activity of Flavonoids

It is clear that flavonoid anti-oxidant properties can positively affect the
oxidative balance of organism. But, the word balance must be emphasized,
because from some specific reasons, the promotion of local oxidative stress
can be important for organism, and the increase of the localized amount of
radical species is produced to combat pathological conditions. These
conditions represent for example an aging of cells, the first phases of
inflammation, a stimulation of apoptosis, or a fight of organism against
the invading bacteria or viruses. (Narayana et al., 2001; Juranek et al.,
2013). On the other hand, the excessive amounts of ROS or NOS can damage
tissues and cause harmful effects. The flavonoids can act as pro-oxidants
under specific conditionsand therefore, can promote the oxidation of other
compounds.

Some structure activity relationship studies carried out by Cao et al.
(1997) or Hanasaki et al. (1994) showed that flavonoid pro-oxidant action
in Fenton reaction is dependent on the presence of multiple hydroxyl groups,
possibly located on the ring B of flavonoid skeleton. The localization of
hydroxyls is not limited on the ring B, for example baicalein with pyrogallol
arrangement of ring A also shows increased production of hydrogen
peroxide. Mono and dihydroxy flavonoid derivatives showed negligible
activity (Cao et al. 1997; Hanasaki et al. 1994). This was later summarized
by Heim et al. (2002). Structure activity relationships can also be deduced
from the study of Miura et al. (1998) where flavonoids tested were found to
generate H,O, in an acetate buffer of pH 7.4. The ability of flavonoids to
produce H,0O, decreased in the order of myricetin > baicalein > quercetin >
(-)-epicatechin > (+)-catechin > fisetin = 7,8-dihydroxyflavone. Flavonoids
with a pyrogallol and catechol structure and the pyrogallol-type flavonoids
generated more H,O, than the catecholtypes. Concentration, reaction time
and the amount of oxygen dissolved in medium affected the reaction. The
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H,O, formation was inhibited by the addition of SOD therefore, these
flavonoids generated H,O, by donating a hydrogen, through a superoxide
anion radical. Interestingly, flavonoids which generated more H,O, were
more powerful anti-oxidants in the NADPH-dependent lipid peroxidation
of rat microsomes (Miura et al., 1998).

The further assay using a promotion or inhibition of formation of
superoxide anion radical showed that the flavones (2,3 double bond, 4-oxo
group) possess higher activity in comparison with other flavonoids (Sun et
al., 2010). On the other hand, in vitro biochemical assays using OH"*-
dependent oxidation of deoxyribose showed that flavanones (no 2,3 double
bond, naringenin and hesperetin) showed higher pro-oxidant activity than
flavonols (2,3 double bond, quercetin and morin). But, unlike naringenin
and hesperetin, quercetin and morin were able to induce the formation of
hydrogen peroxide. Morin induced the formation of hydrogen peroxide at
concentrations higher than 100 uM. All these four flavonoids increased
concentration of superoxide, similarly to increase of lipoperoxidation (Yen
et al., 2003). The kaempferol-induced lipoperoxidation in isolated rat-liver
nuclei was significantly stimulated by the addition of catalase and sodium
azide in the presence of Fe(III) (Sahu and Gray, 1994), similarly to morin
and naringenin (Sahu and Gray, 1997). When assayed in model using
lymphocytes, only morin and naringenin significantly decreased the activity
of glutathione reductase, but with glutathione transferase (GST) the
situation was more complicated when quercetin at 200 uM decreased the
GST activity, while naringenin at concentration of 25—-50 uM enhanced the
GST activity and in higher concentration the activity was inhibited,
similarly to hesperetin. All four flavonoids tested showed decrease of
membrane thiols in dose dependent manner (Yen et al. 2003). The
concentration dependent pro-oxidant effect of quercetin, rutin, catechin,
and epigallocatechin gallate was observed also in assay of Labuda et al.
(2003), showing that the potential of flavonoids to cause a DNA degradation
by pro-oxidant action in presence of atmospheric oxygen was in order
quercetin>rutin>epigallocatechin gallate>catechin.

The results of structure activity relation studies are strongly dependent
on the conditions used for assay. Especially the presence of a high
concentration of transient metals in environment of cell or in reaction
mixture in vitro leads to pro-oxidative behavior of flavonoids. They can
reduce Fe(III) to Fe(Il), resulting in further production of hydroxyl radical
in Fenton reactions (Rapta et al., 1995). The reduction of Cu(II) to Cu(I)
was also observed (Cao et al., 1997). This was confirmed in vitro using
different chemical/biochemical reactions, or in vitro assays using cell-based
models (Hadi et al., 2007).

Series of flavonoids was tested to confirm their pro-oxidative or anti-
oxidative potential in lipoperoxidation (Sugihara et al., 1999). Their activity
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was strongly dependent on the concentration and the structure of
compounds tested and on the presence of metal ions in reaction mixture.
Briefly, luteolin, apigenin, and chrysin (flavones) were anti-oxidant at low
iron ion concentrations, but were pro-oxidative at high iron ion
concentrations. Taxifolin (flavanone) showed both anti- and pro-oxidative
activity, depending on iron ions concentration, but with other metal showed
only anti-oxidant activity.

The importance of these effects is questionable. Under physiological
conditions, the transient metals are usually compartmentalized or secured
from interaction with possible pro-oxidants by bond with special carrier or
storage compound; however, under pathological conditions they can be
released and could interact with flavonoids (Pietta, 2000; Amize et al., 2007;
Jomova and Valko, 2011).

The decision, if the flavonoid will act as anti-oxidant or pro-oxidant,
seems to be concentration dependent. The relatively high concentrations
of flavonoids are necessary to evoke the pro-oxidant effect, as tens to
hundreds micromole concentrations were needed (Yen et al., 2003). The
other proof of this concentration dependent effect is the activity observed
when quercetin and myricetin were analyzed; they caused diminishing of
iron-induced lipid peroxidation in rat liver microsomes in micromolar
concentrations, while at 100 nM increased the hydroxyl radical formation
(Laughton et al 1989). The human leucocytes treated with quercetin in
concentration up to 50 pM showed reduced level of DNA damage induced
by superoxide, while at higher concentration of quercetin this damage was
promoted (Wilms et al., 2008).

It is possible that pro-oxidant activity of flavonoids is linked to their
auto-oxidation in presence of high concentration of dissolved oxygen, which
is transformed to superoxide and can dismutate into hydrogen peroxide.
This auto-oxidation is pH dependent for example, in quercetin, it does not
occur at physiological pH levels. But, quercetin auto-oxidation was increased
in presence of iron and also after addition of superoxide dismutase. However,
the autoxidation at these conditions was not observed for other flavonoids
like kaempferol or rutoside. Series of structurally related flavonoids under
physiological conditions showed the possibility of auto-oxidation and ROS
production, and the contribution of electrochemical properties of flavonoids
to their bioactivity was clear, as they showed possibility to inhibit
mitochondrial succinate-CoQ reductase (complex IT) (Hodnick et al., 1988).
This inhibition was also showed previously by Hodnick et al. (1986), when
fourteen flavonoids were systematically analyzed to elucidate their abilities
to inhibit succinoxidase and generate ROS in beef heart mitochondria.
Flavonoids with a catechol moiety on the ring B exhibited the following
general order of potency: chalcone A flavone A flavonol A dihydroflavonol
A anthocyanidin. Catechins showed no activity. 3,5,7-trihydroxyflavones
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possessing adjacent pyrogallol and ring B catechol configurations were the
most potent inhibitors of succinoxidase. Four of the fifteen flavonoids tested
exhibited substrate-independent, KCN-insensitive respiration. Two
flavonols with a pyrogallol configuration, myricetin and quercetagetin
produced the greatest respiratory burst and were found to auto-oxidize.
The mitochondrial respiratory burst induced by both flavonols and their
auto-oxidation resulted in the generation of O, and H,O, (Hodnick et al.,
1986). The effect of electrochemical properties of phenolics on lipid
peroxidation was showed also in study of Simize et al. (2007) but flavonoids
quercetin and rutin did not prove their pro-xidant activity (anti-oxidant
effect was observed).

The reaction of products which are formed during the oxidative changes
of flavonoids is also worthy to mention. The typical is formation of phenoxyl
radicals, which are unstable and their lifespan can persist hundreds of
miliseconds (Neta and Grodkowski 2005). They later further oxidize and
different semiquinones and quinones are formed (Hodnick et al. 1989). These
quinoid structures are still reactive, and must be cleared out by anti-oxidant
defense of organism (Hernandez et al., 2009; Awad et al., 2002; Torres et
al., 2006; Kanakis et al., 2005). The examples of the pro-oxidant activity of
phenoxyl radicals are well known. Phenoxyl radicals formed from flavonoids
apigenin, naringenin and naringin react with NADH showing high O,

consumption and formation of large amount of superoxide (Galati et al.,
1999 and 2002; Chan et al,. 1999).

The effect of several flavonoids on respiratory burst was assayed on
isolated mitochondria under different conditions. Auto-oxidation of
flavonoids connected with formation of ROS was observed (Hodnick et al.,
1989 and 1994). The hydroxyl group arrangement was important for the
auto-oxidation effect, compounds with three hydroxyl groups at ring A of
flavonoid skeleton showed higher rate of auto-oxidation than compounds
with dihydroxyl moiety only. The effect was potentiated by addition of
cyanide into assay buffer.

Flavonols with catechol group at the ring B (e.g., quercetin and fisetin)
are able to form o-semiquinones and they are able to oxidize NADH. It is
the ratio of NADH to NAD* that affects the rate of superoxide production
(Kussmaul and Hirst, 2006). Quercetin and fisetin decreased a
mitochondrial NADH to NAD* ratio in isolated liver cells in a dose-
dependent manner, the effect was accompanied by reduced ketogenesis,
stimulation of citric acid cycle and uncoupling effect on oxidative
phosphorylation. Moreover, 25 iM concentrations of quercetin
increasedoxygen uptake, while concentrations of 50-300 iM decreased
oxygen uptake and stimulated citric acid cycle. Quercetin therefore shifts
the overall cellular conditions to a more oxidized state (possess pro-oxidant
activity) (Buss et al., 2005; Constantin et al., 2011; Prochazkova et al., 2011).
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The flavonoids can also be oxidized into phenoxyl radicals by different
peroxidases. For example, myeloperoxidases are active in neutrophils and
macrophages during inflammation, and here flavonoid phenoxyl radicals
are described to increase lipoperoxidation. Phenoxyl radicals produced from
apigenin, naringenin and naringin further oxidize NADH and trigger
consumption of O, and formation of superoxide (Galati et al., 1999 and
2002; Chan et al., 1999). Galati et al. (2001) also described the reaction of
flavonoids with glutathione, H,0O,and peroxidase, and the formation of
products dependent on the redox potential of the flavonoid tested (Fig. 2).
Catalytic amounts of apigenin and naringenin but not kaempferol
(flavonoids that contain a phenol B ring) when oxidized by H,O, and
peroxidase co-oxidized GSH to GSSG via a thiyl radical, while quercetin,
luteolin (flavonoids that contain a catechol B ring) or kaempferol depleted
GSH stoichiometrically without forming a thiyl radical or GSSG. Quercetin,
luteolin and kaempferol formed mono-GSH and bis-GSH conjugates,
whereas apigenin and naringenin did not form GSH conjugates. Spectral
studies of products show that GSH was oxidized by apigenin/naringenin
phenoxyl radicals, whereas GSH conjugate formation involved the o-quinone
metabolite of luteolin or the quinoid (quinone methide) product of quercetin/
kaempferol. The presence of hydroxyl group at flavonoid ring B is not
completely necessary for interaction with glutathione, because not only p-
hydroxyl or o-dihydroxyl substituted flavonoids are easily oxidized to
corresponding quinones. Galangin, a flavonol with no substitution of ring
B and 3,5,7 trihydroxy-chromen-4-one moiety also oxidizes and reacts with
thiol groups (Michels et al., 2004)

Some schemes showing the potential oxidation products of some
flavonoid derivatives were proposed (Fig. 3). The formation of the products
is strongly affected by the overall redox potential of these compounds, caused
by structural parameters. The pyranone ring is probably the place of
reaction, as the presence or character of R1 and presence/absence of 2,3
double bond are usually determinants of anti-oxidant activity (Havsteen,
2000; Andersen and Markham, 2005).

As visible, the descriptions of pro-oxidant activity of flavonoids are not
numerous and are mainly reported from different biochemical or in vitro
experiments. However, flavonoids are almost never used solely in vivo or
in real life. The consumption of flavonoids is usually accompanied by
consumption of other compounds including low molecular anti-oxidants
like vitamin C, vitamin E, or possible glutathione (Andersen and Markham,
2005). Therefore, some experiments were carried out in vitro and showed,
that catechol bearing moiety flavonoids oxidize glutathione or ascorbic acid.
It is known that anti-oxidants “can work in cooperation”, oxidized anti-
oxidants can be recycled by “fresh” anti-oxidants in reduced state to make
kind of network. It was described that o-quinones formed from flavonoids
can be recycled by glutathione or ascorbate, which are getting oxidized.
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Fig. 2: Proposed scheme of quercetin conjugation with glutathione (Galati et al.,
2001)

This effect can potentiate the overall antioxidant activity of mixture of
compounds. But, the consumption of such as recycling undergoing
substances can lead to the depletion of antioxidants and overall decrease
of anti-oxidant capacity of system, as it was shown for kaempferol, quercetin
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and myricetin. These substances induced concentration dependent decrease
of glutathione level and GST activity in model system of isolated rat liver
cell nuclei, when myricetin (pyrogallol at B ring) showed strongest effect
(Sahu and Gray, 1996).

OH O

R2 O+ R2 OH
. e
OH | (IJI+ Ci
(IJI+ R1 R1
0]

Fig. 3: Proposed scheme of oxidative decomposition of flavonoid

Flavonoids Can Damage DNA and Proteins via Produced ROS or
RNS

The DNA damage is often observed during toxic activity of flavonoids.
However, the mechanisms of the damage remain unclear, as both
participation of pro-oxidant effect and absence of pro-oxidant processes
are reported during DNA damage. Moreover, flavonoids can also stimulate
DNA reparation processes and cause DNA protection (Spencer et al., 2003).

The direct damage represented by the induction of single strand DNA
breakage was caused by flavonoids having pyrogallol arrangement of A or
B ring in presence of NRS (Ohshima et al., 1998). Catechol group of quercetin
can be oxidized by Cu(II) and when bound to DNA, the formation of ROS
can cause the cleavage. The cleavage was not observed when luteolin and
kaempferol were tested in the same manner. The excessive amount of
quercetin further inhibited copper-dependent quercetin-induced DNA
damage. The damage on DNA was site specific on thymine and cytosine,
the formation of 8-0x0-2’-deoxyguanosine was observed (Yamashita et al.,
1999; Amie et al., 2007). In contrary to observation of Yamashita et al.
(1999), kaempferol induced concentration-dependent DNA damage when
tested under aerobic conditions in isolated rat liver nuclei. This effect was
accompanied by lipoperoxidation, and enhanced by presence of Fe(III) or
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Cu(Il) (Sahu and Gray, 1994). Similar results were observed when activity
of morin and naringenin were tested. ROS scavengers catalase, superoxide
dismutase and mannitol had no effect on the flavonoid-induced nuclear
DNA damage in the presence of the metal ions; nuclear lipid peroxidation
was partially inhibited only by mannitol. Hydroxyl radicals are the initiators
of the lipoperoxidation, producing peroxidation products such as peroxyl
radicals possibly causing the DNA strand breaks. But, also the hydroxyl
radicals produced close to the DNA backbone could induce direct site-specific
strand breaks insensitive to presence of ROS scavengers (Sahu and Gray,
1997). However, catechin and taxifolin did not show pro-oxidant behavior
through the oxidation of 2°-8-deoxyguanosine, induced by a Fenton reaction
catalyzed by copper (Teixeira et al., 2005).

Quercetin, morin, naringenin and hesperidin showed the ability to induce
DNA damage in lymphocytes, however in high concentration of 200 pM
(Yen et al., 2003). The human leucocytes treated with quercetin in
concentration up to 50 uM showed reduced level of DNA damage induced
by superoxide, while in higher concentration this damage was promoted
(Wilms et al., 2008). Pro-oxidant properties of high concentrations of
quercetin (200 iM) might be related to the formation of a quinoid-type
oxidation product, which can react very efficiently with lysine residues in
proteins to induce its oxidative degradation into the corresponding
semialdehyde. Quercetin may also be able to form stable phenol-protein
complexes (Utrera et al., 2013).

According to various spectrophotometric studies the dominant binding
mode of quercetin, kaempferol and luteolin with DNA in vitro is
intercalation. Once the flavonoid structure is intercalated into DNA, they
could manifest two distinct effects: (a) cytotoxic and DNA-damaging activity
or (b) protective activity against oxidative stress (Marinize et al., 2006;
Rusak, 2010).

Rusak et al. concluded that kaempferol and luteolin cause DNA damage,
which could be detected by alkaline comet assay. The toxicity was mainly
attributed to their ability to cause oxidative damage to DNA. The pro-
oxidative activity of flavonoids may be related to the ability of these
compounds to undergo auto-oxidation catalyzed by transition metals to
produce superoxide anions. An alternative mechanism for the pro-oxidant
toxicity involves the numerous peroxidases that catalyze the oxidation of
phenols. Among the flavonoids tested, the most effective inducer of DNA
damage in lymphocytes was luteolin. Surprisingly, luteolin showed the best
results as a protective agent against oxidative stress in hydrogen peroxide
stressed lymphocytes (Rusak et al., 2010). The finding that luteolin and
kaempferol intercalate into DNA could be correlated to their ability to
produce the single-strand breaks detectable by comet assay. This
presumption is based on the fact that quercetin inhibits topoisomerases 11
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and IV. These enzymes cleave the superhelical form of the DNA chain to
create additional turns or to unravel superhelical turns prior to reconnection
of the DNA ends. This final step can be inhibited by quercetin most likely
due to intercalation of quercetin into DNA. The outcomes are DNA single-
strand breaks (Rusak et al., 2010).

There are several attributes connected to the oxidative damage of
flavonoids to DNA. Firstly, the oxidative damage is mostly dependent on
concentration of corresponding flavonoid. The human leucocytes treated
with quercetin in concentration up to 50 pM showed reduced level of DNA
damage induced by superoxide, while in higher concentration reaching 100
M this damage was promoted. Pro-oxidant effects of quercetin can be the
consequence of conversion into o-semiquinone and quinone-methide isomers
(Wilms et al., 2008).

Similarly, procyanidin B, reduced the oxidative DNA damage at optimal
concentration. The damage was measured via decrease of the 8-ox0-2"-
deoxyguanosin formation in cultured cells treated with H,O,-generating
system. On the other hand, higher concentration of procyanidin B, showed
a pro-oxidant activity. Possible mechanism is that procyanidin B, was auto-
oxidized into a semiquinone radical, and further to a corresponding o-
quinone form (Sakano et al., 2005). Johnson et al. presented resembling
results with epigallocatechin gallate and quercetin. Relatively low
concentrations (10 uM) of both flavonoids inhibited H,O -induced DNA
damage. But at higher concentration, e.g., 100 uM, both epigallocatechin
gallate and quercetin induced oxidative damage to DNA (Johnson et al.,
2000).

Other common feature of oxidative damage caused by flavonoids is
presence of metal ions and their involvement in the reactions. For example,
myricetin, baicalein and quercetin caused strand scission of DNA in
presence of copper ions. The reaction probably involved hydrogen peroxide,
because it was prevented by catalase (Yoshino et al., 1999). Analogous
activity in presence of copper ions was shown by flavonoids isolated from
stem of Rhus javanica var. roxburghiana taxifolin, fisetin and fustin (Lin
et al., 2008). Flavonols with pyrogallol or catechol ring B have also been
shown to auto-oxidize in the presence of transition metals to produce ROS,
witch accelerate low-density lipoprotein oxidation. The green tea catechin,
epigallocatechin gallate, was recently shown to induce H,O, generation
and cause subsequent oxidative damage to isolated cellular DNA in presence
of transition metal ions (Galati et al. 2004). Propolis flavonoids (such as
galangin, chrysin and pinocembrin) also showed the ability to induce H,O,-
mediated DNA damage (Tsai et al. 2012).

Different mechanism of DNA damage independent on ROS was found
when leukemia cells were treated with apigenin. The treatment resulted
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in the induction of DNA damage mediated by p38 and protein kinase C-
delta (PKC4), yet was independent of reactive oxygen species or caspase
activity. The DNA damage was followed by activation of apoptosis program
(Arango et al., 2012).

Antibacterial Defense, Activity against Pathogenic Bacteria and
Pro-Oxidant Effect

It is now known, that effect of certain antibiotics is connected with oxidative
stress. Some antibiotics show the increase of intracellular oxidants,
disruption of iron and Fe-S cluster homeostasis, DNA damage and also up-
regulation of many cellular defensive mechanisms. It is suggested that
these antibiotics can promote the formation of radical species via Fenton
reaction, it means that they are promoting the formation of hydroxyl radical
using the hydrogen peroxide decomposition in presence of Fe(II). The
hydroxyl radical is very toxic substance causing harm to membrane lipids,
proteins and also DNA of invading pathogenic species. In case of unbalance
and no control, it can also damage also the body’s own structures. The
oxidation of guanosine to produce hydroxyl guanosine is probably the action
responsible for majority of the antibacterial effect. Induction of some
enzymes like catalase, catalyzing the decomposition of hydrogen
peroxidecan also occur (Hassett and Imlay 2007).

Some strong anti-oxidants like glutathione or ascorbic acid (however,
ascorbic acid can have pro-oxidative effect) show prevention of the death of
bacteria caused by fluoroquinolones and aminoglycosides, but enhance the
effect of 4-lactam antibiotics against E. coli. The antibacterial effect can be
either enhanced or inhibited by polyphenols in dependence on the bacterial
strain used, on the method, and also on the antibiotic used for assaying.

Medicinal plant extracts, commonly used in traditional and modern
phytotherapy, often show anti-oxidant activity possibly connected with
presence of phenolic substances (including flavonoids) (Rice-Evans et al.,
1997; Pietta 1998). On the other hand, plant extracts can also possess pro-
oxidant effects (Tang and Halliwell, 2010). Antibiotics and medicinal herbs
may be used simultaneously for the therapy of infectious diseases. However,
influence of plant extracts on sensitivity of bacteria to antibiotics has not
been well studied. Some data show that anti-oxidant activity of plant
extracts correlates with protection of microbials against H,O, (Oktyabrsky
et al., 2009). Recent data show that medicinal plant extracts and phenols
may protect bacterial cells against ciprofloxacin toxicity (Smirnova et al.,
2012). In parallel, flavonoids are reported as antimicrobial compounds.
Many papers dealing with the antibacterial activity of different flavonoids
were publishedand later well reviewed (Cushnie and Lamb, 2005 and 2011).
One of the proposed modes of antibacterial action of flavonoids is the
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interaction with energetic metabolism of bacteria (caused by NADH-
cytochrome c reductase inhibition) (Haraguchi et al., 1998); however, there
are also other proved mechanisms (Dzoyem et al., 2013).

The group of Haraguchi et al. hypothesized that the licochalcones may
be interfering with energy metabolismin a similar way to respiration-
inhibiting antibiotics, because fluent transfer of energy is required for active
uptake of many metabolitesand for further biosynthetic procedures
(Haraguchi et al., 1998). The licochalcones were shown to strongly suppress
oxygen consumption in M. luteus and S. aureus but not in E. coli. It
correlated well with the observed antibacterial activity. The group of
Haraguchi et al. (1998) further demonstrated that licochalcones A and C
inhibited the activity of NADH-cytochrome ¢ reductase, but not
cytochromecoxidase or NADH-CoQ reductase. Therefore, the inhibition site
of the seretrochalcones was probably between CoQ and cytochromecin the
bacterial respiratory electron transport chain. But, these results were later
shown to be dubious because there is possibility that flavonoid treatment
of bacterial population causes their aggregation and smaller surface of
bacterial colony population decreases the consumption of oxygen (Cushnie
etal., 2007).

Some flavonoids have been found to damage the cytoplasmatic
membrane, possibly via generating the formation of hydrogen peroxide
(Cushnie and Lamb, 2005; Arakawa et al., 2004). Epigallocatechin gallate
(EGCQG) efficiently generated hydrogen peroxide in rate dependent on
solution pH; the generation rate increased with rising pH. Hydrogen
peroxide is generated from catechin by one electron reduction of dissolved
oxygen,; therefore reactive oxygen species are generated. However, this could
not be assigned as pro-oxidant effect due to the ongoing reduction of
molecular oxygen. The generated H,O, was responsible for the antibacterial
effect, and moreover, it can further be metabolized via Fenton reaction to
hydroxyl radical (Arakawa et al., 2004).

The study of Samoilova et al. (2014a) has tried to evaluate the potential
of green and black tea extracts (rich in flavan-3-ol derivatives) and some
other commonly available medicinal plants to chelate the iron, to stimulate/
inhibit production of hydrogen peroxide (horse-radish peroxidase inhibition)
and antiradical activity using DPPH assay. Tested extracts do not inhibited
the growth of tested E. coli with the exception of Arctostaphyllos uvae ursi
extract in the absence of hydrogen peroxide, but the pretreatment of growing
bacteria culture with several extracts (showing high anti-oxidant activity)
inhibited the toxic effect of H,O,.Green and black tea, A. uvae ursi and
Vaccinium vitis-idaea extracts in aerobic conditions exhibited pro-oxidant
effects, producing H,0,. The presence of higher amount of H,O, induced
expression of the katG gene encoding catalase HPI in E. coli cells to protect
them (Samoilova et al., 2014a), as confirmed in other report showing that
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pretreatment of E. coli with quercetin and tannic acid up-regulated anti-
oxidant genes katG and sodA due to pro-oxidant and chelating activity and
resulted in noteworthy protective effects against oxidative stress (Smirnova
et al., 2009). The ability of extracts to chelate iron was tested using in vitro
chelating assay and in vivo in E. coli, in assay evaluating the iucC::lacZ
fusion expression. The iucC gene is part of the aerobactin iron uptake operon
and is negatively controlled by the global regulator Fur. Chelators trigger
de-repression of theFur regulon and induce the iucC due to a decrease in
intracellulariron. Some of the extracts tested showed chelating activity;
however this did not correlate directly with raised expression of fucC gene,
maybe because of the lowered permeation of catechins in extracts into
bacterial cells (Samoilova et al., 2014a; Smirnova et al., 2009). Later, it has
been shown that different extract delayed the E. coli lysis by ciprofloxacin,
some of them protected them also against ampicillin. Black tea extracts
promoted the lysis of E. coli caused by ampicillin. There was a correlation
between the lysis delay and inhibition of tucC gene expression. Several
extracts increased lysis caused by application of kanamycin. When the level
of katG expression (marker of oxidative stress) was analyzed, both
ciprofloxacin and kanamycin elevated its level and these antibiotics caused
to E. coli oxidative stress. The extracts than lowered the katG expression
when applied alone, later lowered it in combination with ciprofloxacin, and
induced it when combined with kanamycin (Samoilova et al., 2014a).
However, the other assay showed that low concentrations of water extracts
from black tea and some other medicinal plants (rich in phenolics) can
stimulate the formation of E. coli biofilm. The same was shown for low
concentrations of quercetin. Stimulatory effect of the extracts and pure
polyphenols on biofilm formation was probably related to their pro-oxidant
properties, as the H,O, formation and chelating activity was evaluated and
found stimulated (Samoilova et al., 2014b).

The mechanism of anti-oxidant action of polyphenols on living cells is
not limited to ROS scavenging, but includes upregulation of anti-oxidant
and detoxification enzymes, modulation of cellular redox thiols, and
modulation of cell signaling and gene expression (Eberhardt and Jeffery,
2006). Both oxidants and anti-oxidants can increase the ability of organism
to kill invading microorganisms or to improve the resistance to infection
via immunomodulation. As it was described above, flavonoids are well
known anti-oxidant, but on the other hand, their pro-oxidative potential
was also described. At the same time it has been demonstrated that under
certain conditions polyphenols may take part in generationof reactive
oxygen species (ROS) and acts as pro-oxidants (Smith et al., 2003; Tang
and Halliwell, 2010).

Therefore, compounds modifying the oxidative status of organism, resp.
oxidative status of affected tissue can be useful in improvement of
antibacterial defense of organism, but it requires further investigations.
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Later, it may be of a significant practical importance for complex therapy
of bacterial infections.

Inflammation, ROS/RNS and Flavonoids

Reactive oxygen species (ROS) possess dual role during the inflammation
— beneficial and detrimental. Higher amounts of ROS are produced by
phagociting cells to kill captured bacteria or viruses. Low concentration of
ROS also serves as signaling agents in cells. On the other hand, when the
production of ROS exceeds the anti-oxidant capacity of cells, they can
damage different biomolecules, especially proteins, unsaturated lipids and
DNA (Valko et al., 2007). Oxidative stress itself could also trigger the
inflammatory response in tissue and thus contribute to acceleration of some
stages of inflammation (Gutowski and Kowalczyk, 2013; Saeidnia and
Abdollahi, 2013). However, it is still not clear whether higher ROS
production is cause or consequence of inflammation (Valko et al., 2007).
Although this dilemma is not still solved, many therapeutic approaches
are coming to be based on the elimination of these potentially dangerous
molecules.

The fate and response of cells on oxidative stress is strongly dependent
on the ROS concentration (Fig. 4). The low ROS level activates Nrf2 (nuclear-
erythroid 2-p45-related factor 2) transcription factor, which positively
regulates the expression of anti-oxidant enzymes. This leads to protection
of cells against further oxidative stress. Higher ROS concentration
contributes to activation of NF-kB (nuclear factor kB) and AP-1 (activator
protein 1) and hence sustains the inflammation. Very high concentrations
of ROS result in collapse of mitochondrial membrane potential, irreversible
damage of cell structures and lead to apoptosis or necrosis (Gloire et al.,
2006).

Many experiments were performed to describe an anti-oxidant potential
of flavonoids connected with their anti-inflammatory effect, but limited
number of studies is focusing on the pro-oxidant role of flavonoids during
modulation of inflammatory response. From this point of view, the most
studied are green tea catechins. Pro-oxidant effect of epigallocatechin galate
(EGCG) is known for a long time, but its influence on inflammation remains
more or less unclear. Ho et al. (2014) showed that consummation of green
tea (rich source of catechins) by healthy volunteers led to increasing of
anti-inflammatory protein heme oxygenase 1 (HO-1) (Ho et al., 2014). The
expression of this protein is regulated by changing of cellular redox
potential. Hence, pro-oxidant effect of catechins could trigger production
of HO-1 and thus contribute to overall anti-oxidant and anti-inflammatory
capacity of cells. EGCG is able to retain the pro-oxidant and anti-
inflammatory activities even after biotransformation in vivo (Lambert et
al., 2010). Pro-oxidant and concurrently anti-inflammatory effect was also



http://www.abbyy.com/buy
http://www.abbyy.com/buy

Pro-oxidant Activity of Flavonoids and Their Possible Effects 19

Oxidative stress

Cytoplasm - Inflammatory \
response
@ cytokines;
: SOD; CAT chemokines;
COX-2; iNOS
Translatlon; ;
5 / . : Im ; Translation
' ' PP \

Fig. 4: Mechanisms of redox action of flavonoids. Full arrows mean direct
interaction, dashed arrows indicate translocation. Thick red T marks show
points, at which flavonoids inhibit; the thick green arrow indicates the
pro-oxidant effect of flavonoids. CAT catalase; COX cyclooxygenase; IkB
inhibitor of kB; Keap-1 Kelch-like ECH-associated protein 1; NF-«B nuclear
factor kB; Nrf2 nuclear factor erythroid 2-related factor 2; ROS reactive
oxygen species; SOD superoxide dismutase.

proven for cudraflavone B and osajin, but the direct causality between
higher production of ROS and lower activation of NF-«xB signaling pathway
was not determined (HoSek et al., 2013).

The pro-oxidant effect of flavonoids on the attenuation of inflammation
is a big challenge for the research. Flavonoids possess both anti-oxidant
and pro-oxidant activities, which are concentration and time dependent
(Kim et al., 2004). It is apparent from the available results that mild
oxidation stress, caused by pro-oxidant activity of flavonoids, could be
beneficial as prophylactic treatment rather than curative therapy. This
justifies long-term consumption of flavonoid-rich food as a prevention of
inflammatory disorders. On the other hand, different anti-phlogistic
mechanisms of flavonoids are involved in the solving of acute or chronic
inflammatory response (Kim et al., 2004).
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PRO-OXIDANT ACTIVITY OF FLAVONOIDS, CYTOTOXICITY AND
CANCER

Many flavonoids are found to be cytotoxic. Several reviews bring the
overview of their direct cytotoxic effect in cell systems (Lopez-Lazaro et al.,
2002; Imperato, 2009; Smejkal, 2014). The cytotoxicity of flavonoids could
be at least partially selective against cancer cells in comparison to normal
cells (Sakagami et al., 2007).

Interesting is an ability of some flavonoids to generate substantial and
therefore cytotoxic amounts of hydrogen peroxide or in other ways to
stimulate formation of ROS (Miura et al. 1998). This effect is observed alsoin
vitro after adding some flavonoids (quercetin and EGCG) into culture media
(in relatively high concentration). The cancer cells lines (Caco-2, HT-29) or
rat non-transformed intestinal crypt cells (IEC-6) showed strong condensation
of chromatin as a marker of apoptosis. Further, quercetin has shown many
other effects on the inhibition of cell proliferation, cell cycle, caspases
activation etc., but it is questionable, if these effects are connected with its
ability to induce H,O, formation, pro-oxidant or anti-oxidative action (Gibellini
et al., 2011). Similarly, apigeninand other flavonoids (including prenylated
substances) proved ability to induce apoptosis characterized by DNA
fragmentation and caspase activation, but the connection of these effects
with hydrogen peroxide production was not proved; however, the formation
of radicals was observed by EPR (Sakagami et al., 2000). Sergediené et al.
(1999) showed that several dietary flavonoids exhibited a dose-dependent
toxicity against human promyelocytic leukemia cells (HL-60). Their action
was accompanied by malondialdehyde formation, which showed a pro-oxidant
character of the cytotoxicity. Also other study confirmed the importance of
single-electron oxidation of flavonoids and formation of the reactive oxygen
species in their cytotoxicity (Nemeikaite-Ceniene et al., 2005). Interestingly,
the pro-oxidant cytotoxic potential can be affected and diminished by
combination of different flavonoid substances (Dickancaité et al., 1998).

The results obtained in cell cultures are not unequivocal and it must be
taken into account, that many of studies of this type can be affected by the
ability of compounds tested to oxidize in culture media (Halliwell, 2008).

Some reports also show that pro-oxidative effects of high concentration
of flavonoids can be connected with pro-apoptotic signaling in cancer cells
(Watjen et al., 2007a, 2007b). There is evident link between oxidative stress
and cancerogenesis. Long-lasting exposition to elevated ROS concentration
could lead to irreversible DNA damage connected with mutagenesis and
neoplastic formation (Valko et al., 2006). This observation has led to use
anti-oxidants to protect genetic material against damage and hence to
forestall the cancerogenesis. Anti-oxidant activities of flavonoids explain
their preventive effect against cancer development. However, this effect is
not sufficient for explaining their curative potential in the case of developed
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tumors. Overall flavonoids’ anti-oxidant capacity in vivo is considerably
lower than anti-oxidant capacity of endogenous anti-oxidants, e.g. vitamin
C. Pro-oxidant capability of flavonoids is considered as their key feature
for cancer treatment (not prevention) (Galati and O’Brien, 2004).

Two main mechanisms of anti-cancer activity of flavonoids connected
with their pro-oxidant properties are suggested. The first one is based on
the elevated concentration of copper ions in tumors. The higher amount of
this metal ion has been described in many types of cancer (Khan et al.,
2012). Especially in the nucleus, the copper represents promising target of
anti-cancer therapy. Flavonoids can interact with Cu(II) in Fenton’s reaction
and generate ROS. This is typical for molecules bearing catechol or
pyrogallol moiety on the B rings (Galati and O’Brien, 2004). Because copper
is located in significant concentration close to DNA, the elevated
concentration of ROS can lead to irreversible damaging of DNA structure
causing cell death. Health cells do not possess so high cupper concentrations
and remain relatively resistant to pro-oxidant action of flavonoids. Higher
concentrations of Cu(Il) and naturally greater level of ROS in tumors in
comparison with normal cells can explain the preferential cytotoxicity of
flavonoids to cancer cells (Khan et al., 2012). The second mechanism of an
anticancer effect of flavonoids is a dissipation of the mitochondrial
membrane potential (Ay ). Flavonoid phenoxyl radicals are able to trigger
the release of apoptogenic cytochrome c by altering Ay _(Galati and O’Brien,
2004). Both above mentioned anti-cancer effects are beneficial during tumor
therapy, but also represent potential risk of out-of proportion oxidative
stress for health population during overuse of food supplements rich on
flavonoids and other natural phenolic compounds. Nevertheless, regular
daily intake of flavonoid rich foodstuffs and beverages can increase the
protection against cancer development. This hypothesis was proven by Ho
et al. (2014), who described that pro-oxidant effect of green tea. Phenolic
compounds (also flavonoids) were able to decrease the DNA damage in
health volunteers after consummation of green tea. This could be caused
by higher activity of oxoguanine glycosylase 1, which contribute to DNA
reparation after its oxidation damaging (Ho et al., 2014).

CONCLUSIONS

It is estimated that the average intake of flavonoids innormal humandiet
is 1-2 g per day. Such a high consumption of relatively unknown compounds
is a good reason for deep analysisand possible revision of the research efforts
in the fields of flavonoid toxicology and nutrition. Large attention has been
focused on highly toxic compounds in low concentration, but little attention
has been given to the massive intake of weak toxins. The anti-oxidant and
pro-oxidant effects, and protection and damage of DNA can be in principle
caused by the same flavonoid substance, and the effect must be strongly
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influenced by the dose used, by the cell and tissue type and by presence or
absence of specific factors. Difference between physiological and pathological
conditions can contribute to this situation. Therefore, we need to improve
our knowledge of these effects to better understand to the potential of
flavonoids in therapy.
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ABSTRACT: Geranyl flavones have been studied as com-

R
pounds that potentially can be developed as anti-inflammatory Proparaia telc o o @
agents. A series of natural geranylated flavanones was isolated I;\’g\ ®
from Paulownia tomentosa fruits, and these compounds were : o o i
studied for their anti-inflammatory activity and possible ¢
mechanism of action. Two new compounds were characterized /v fomentose fuits B
[paulownione C (17) and tomentodiplacone O (20)], and all of N e wr a t/ o
the isolated derivatives were assayed for their ability to inhibit COX/LOX docking assays o o @
cyclooxygenases (COX-1 and COX-2) and S-lipoxygenase M oH
(5-LOX). The compounds tested showed variable degrees of it I,
activity, with several of them showing activity comparable to or Changes in protein expressionin
greater than the standards used in COX-1, COX-2, and 5-LOX the Lbs stimulated THE-1,cellling

X after diplacone (14) treatment
assays. However, only the compound tomentodiplacone O (20)

showed more selectivity against COX-2 versus COX-1 when

compared with ibuprofen. The ability of the test compounds to interact with the above-mentioned enzymes was supported by
docking studies, which revealed the possible incorporation of selected test substances into the active sites of these enzymes.
Furthermore, one of the COX/LOX dual inhibitors, diplacone (14) (a major geranylated flavanone of P. tomentosa), was studied
in vitro to obtain a proteomic overview of its effect on inflammation in LPS-treated THP-1 macrophages, supporting its
previously observed anti-inflammatory activity and revealing the mechanism of its anti-inflammatory effect.

Previous experimental in vitro and in vivo studies have Several pathways can mediate the antiphlogistic action of

revealed many biological activities of flavonoid substances. flavonoids: their antioxidant and pro-oxidant effects, inhibition

These phytochemicals show antibacterial, antiviral, hypolipi- of the expression of inflammation-related genes, interaction

demic, and cytotoxic effects.’ Furthermore, their antioxidant with signaling pathways, and last but not least, interaction with

and anti-inflammatory properties have been studied inten- pro-inflammatory proteins, including the inhibition of specific

sively.z’3 Nevertheless, the elucidation of the structure—activity enzymes.

relationships for the anti-inflammatory effects of a group of Modulation of the activity of pro-inflammatory enzymes is

flavonoids is complicated because pleiotropic effects targeting one of the most important mechanisms of action for flavonoids.

multiple cellular proteins can lead to different mechanisms of Pro-inflammatory enzymes, such as cytosolic phospholipase

action. A2 (cPLA2), cyclooxygenases (COX), lipoxygenases (LOX),
Flavonoids can modulate a broad spectrum of inflammatory

regulatory keypoints. Their antiphlogistic action probably derives Received: November 4, 2016

from simultaneous actions on different molecular targets. Published: March 21, 2017
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and NO synthase (NOS), produce very potent inflammatory
mediators, and therefore their inhibition contributes to the
overall antiphlogistic potential of flavonoids. Special attention
should be paid to enzymes metabolizing arachidonic acid (AA),
which is oxidized to different eicosanoids in a process mediated
by the COX and LOX enzymes. Flavonoids can diminish COX
activity, but they usually inhibit COX-1 preferentially over
COX-2. Only a few observations of selective anti-COX-2 effects
of flavonoids have been reported. Most of the LOX-inhibition
experiments on prenylated flavonoids have been performed
using 5-LOX and 12-LOX, and information about any effects
on other isoforms of LOX is limited."”

Flavonoids are also known to interact with intracellular signal
transduction pathways and thereby to regulate the expression of
inflammation-related genes. The transcription nuclear factor kB
(NF-xB) is one of the most prominent pathways involved
in inflammation. Many studies have confirmed the ability of
flavonoids to diminish the activity of NF-«xB by inhibiting
events upstream, e.g, reducing the phosphorylation of IkB
kinase (IKK), which leads to reduced degradation of the
inhibitor of kB (IkB) or attenuation of the DNA-binding
capability of NF-kB. The activator protein (AP)-1 is also an
important pro-inflammatory transcription factor, with its
activity regulated by upstream mitogen-activated protein
kinases (MAPKs). The three most frequently studied MAPKs
are extracellular signal-regulated kinase 1/2 (ERK1/2), p38,
and c-Jun N-terminal kinase (JNK). These kinases not only
influence AP-1 but also modulate the activity of NF-xB.
Flavonoids are able to inhibit the phosphorylation of all of the
above-mentioned MAPKs and thereby lower the transcription
of the target genes. Flavonoids are able also to positively
regulate the activity of several other signaling pathways, such as
those connected with the transcription factor nuclear factor
erythroid 2-related factor 2 (Nrf2). Together with its negative
regulator, Kelch-like ECH-associated protein 1 (Keap-1), Nrf2
is redox sensitive. Flavonoids possessing a redox potential
are therefore able to trigger the activation of Nrf2, which
subsequently leads to the transcription of genes coding anti-
oxidant enzymes, e.g, superoxide dismutase (SOD), which
modulate the inflammatory response. Transcription factors
from the peroxisome proliferator-activated receptor (PPAR)
family are also activated by several flavonoids. The activation of
this pathway attenuates the activity of NF-kB.*”° Since the
transcription of inflammation-related genes is regulated by
multiple transcription factors, the exact mechanism of flavonoid
action still remains unclear. It is safe to say that these
phytochemicals interfere with the intracellular signaling net-
work on several different targets and thereby contribute to the
overall anti-inflammatory effect.

Paulownia tomentosa Steud. (Paulowniaceae), a rich source of
biologically active secondary metabolites, is used traditionally in
Chinese herbal medicine. Flavonoids, lignans, phenolic glyco-
sides, quinones, terpenoids, glycerides, phenolic acids, and
other miscellaneous compounds have been isolated from
different parts of P. tomentosa.” Recent interest in this species
has been focused on isolating and identifying prenylated
flavanones, which exhibit potent antioxidant, antibacterial, and
antiphlogistic activities and inhibit SARS coronavirus papain-
like protease. They show cytotoxic activity against various
human cancer cell lines and inhibit the effects of human
cholinges}grase, butyrylcholinesterase, and bacterial neuramini-
dases.””

1000

Our recent studies have shown the potential of P. tomentosa
C-geranylated flavanones to affect inflammatory conditions in
vitro in THP-1 cells stimulated by lipopolysaccharide (LPS)
and in vivo in rats with dextran sulfate sodium (DSS)-induced
colitis."*'* Therefore, we have continued with the isolation of
compounds from the P. tomentosa extract investigated earlier to
discover two new geranylated flavonoids (17 and 20), together
with several known structures (1—16, 18, and 19). Owing to
the known anti-inflammatory potential of several prenylated
and geranylated flavonoids, it was aimed to gain a deeper
understanding of the mechanism of action lying behind this
anti-inflammatory effect, using assays for COX-1, COX-2, and
5-LOX direct inhibition in vitro, and also to analyze the
potential for interaction of these compounds with the above-
mentioned enzymes in silico, by docking the compounds into
the active sites of these enzymes. Furthermore, one identified
COX/LOX inhibitor, diplacone (14), previously shown to
be antiphlogistic in vivo, was selected for a deeper proteomic
analysis in LPS-treated THP-1 macrophages in vitro.

B RESULTS AND DISCUSSION

Compound Isolation and Structure Elucidation. The
chromatographic separation of the crude P. fomentosa extract
using column chromatography on silica gel, preparative TLC
on silica gel, and reversed-phase preparative HPLC led to the
isolation of several lipophilic prenylated flavanones [tomento-
diplacones L and M (1 and 2), 3/,4’-O-dimethyl-S’-hydroxy-
diplacone (3), mimulones F and G (4 and §), tomentodipla-
cone N (6), tomentone (7), 3'-O-methyldiplacone (8),
tomentodiplacones G and B (9 and 10), 6-prenyl-3'-O-
methyleriodyctiol (11), mimulone (12), 3'-O-methyl-5'-
methoxydiplacone (13), diplacone (14), 3’-O-methyldiplacol
(15), paulownione C (17), 3’-O-methyl-S’-hydroxydiplacone
(18), bonanniol A (19), and tomentodiplacone O (20)] and
one geranylchromone (16)."” Two of the compounds (17 and
20) that were isolated showed HPLC retention times and
spectroscopic data that did not correspond to those previously
obtained for Paulownia flavonoids."’ These compounds were
determined to be new flavanone derivatives, each with a
cyclized geranyl chain, as their UV spectra showed maximum
values at 230 and 275 nm and shoulder maxima at 292 and
360 nm, respectively. Comparison with the UV spectra of
compounds previously isolated from P. tomentosa (7, 10)'"
suggested the presence of a pyranoflavanone structure. The IR
spectra displayed absorption bands typical for prenylated
flavonoids: 7, at 3500—3200 cm™' (hydrogen bonds of
phenols), 3000—2850 cm™' (alkanes), 1650—1600 cm™'
(ketones), 1600—1500 cm™! (aromatics), and 1260—1100 cm™
(ethers).">"®

Compound 17 was obtained as an amorphous, yellow
substance. HRMS analysis in the positive mode revealed the
presence of a [M + Na]* ion at m/z 489.1869, corresponding
to the molecular formula C,;H;,0, (caled for C,,H;,0,Na,
489.1889). Its structure was determined by NMR spectroscopy
using 'H NMR, HSQC, HMBC, COSY, and NOESY
experiments. The presence of the double bond of the pyran
ring was confirmed by the observation of a pair of doublets at
8y 6.65 and 5.53 (J = 10.1 Hz, 1H each), both correlating with
a quaternary carbon at 8¢ 80.3 (C-3") bearing oxygen and a
methyl group (8¢ 26.2). The suspected cyclized geranyl chain
was then confirmed by comparing the NMR data with those of
tomentodiplacol B and tomentone, previously isolated from
P. tomentosa."> An AMX pattern comprising two broad doublets
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at 8y 5.38 (J = 12.4 Hz) and 2.76 (J = 17.0 Hz) and one
doublet of doublets at 5 3.20 (J = 12.4, 17.0 Hz) was assigned
to ring C of a flavanone. Two equal singlets at dy 6.80 and two

equal methoxy groups at Jy 3.89 were assigned to ring B, and
using HMBC and NOESY correlations, a 3',5’-dimethoxy-4'-
hydroxyphenyl arrangement was deduced. Compound 17 was
named paulownione C, and the structure was assigned as
shown.

Compound 20 was isolated as an amorphous, yellow
substance. Its molecular formula was determined by HRMS
to be CysH,304 on the basis of the [M + Na]* ion at m/z
459.1766 (caled for C,H,30¢Na, 459.1778). The NMR data
were closely comparable with those of compound 17, with the
only difference being the presence of three signals in the
aromatic region (instead of the one singlet in the proton
spectrum of 17) corresponding to a 3’,4’-disubstituted ring B.
HMBC and NOESY experiments then helped in assigning a
methoxy group to this ring, and a 3’-methoxy-4’-hydroxyphenyl
unit, typical for P. tomentosa flavonoids, was defined.
Compound 20 (tomentodiplacone O) was proposed structur-
ally as shown.

The absolute configurations of compounds 17 and 20 were
determined by analyzing their electronic circular dichroism
(ECD) spectra. Like the previously isolated paulowniones A
and B," paulownione C (17) also displayed no discernible
Cotton effects, and it was therefore considered to be a racemic
mixture of 2§ and 2R enantiomers. On the other hand,
tomentodiplacone O (20) showed a positive Cotton effect for
the n — 7* electronic transition (320—340 nm) and a negative
Cotton effect for the # — #* electronic transition (270—
290 nm) and was thus assigned as a 2S flavanone.'>"*
The configuration of another chiral center at C-3” is unclear,
and due to the presence of two distinguishable signals of H-4"
in the '"H NMR spectrum, it is likely that more than one
stereoisomer is present simultaneously.

Inhibition of COX and LOX. Compounds 1-20 were
studied for inhibition of COX-2 at a concentration of 20 yM in
order to compare the effects of each of the compounds and to
select the most promising active substance, using ibuprofen as a
positive control. Compounds 3, 12, 14, 18, and 20 showed
significant effects on COX-2 inhibition, comparable with the
reference compound. Therefore, further analyses of 3, 12, 14,
18, and 20 were carried out to determine the ICg, values
against both COX-2 and COX-1 and also to assess the
selectivity of each compound (Table 1). Compounds 3, 12, 14,
and 18 showed activity comparable to or better than the
reference inhibitor, ibuprofen. However, only compound 20

Table 1. IC;, Values for COX-1, COX-2, and 5-LOX and the
COX-1/COX-2 Selectivity Ratio

COX-1IC, COX-2IC,, SLOXIC;, COX-1/COX-2
compound [uM] [uM] [uM] selectivity ratio
3 42+ 15 6.4 +22 - 0.66
7 -t -t 0.35 + 0.13 —
12 37+ 10 6.0 + 1.9 . 0.62
13 -t -t 0.38 + 0.19 -
14 18+09  42+10 005+ 0.019 043
16 b b 2.46 + 0.96 -
17 -t -t 0.37 + 0.13 —
18 33+ 10 106 £ 49  0.06 + 0.03 0.31
20 263 +64 9.5+ 38 -t 2.8
ibuprofen 63 + 23 42+ 19 -t 1.5
zileuton _b _b 0.35 + 0.22 -2

“Not counted. ’Not determined.
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showed greater selectivity against COX-2 than ibuprofen, which
is a relatively nonselective COX inhibitor (see Table 1).

The same procedure was used to determine the S-LOX
inhibitory activity. Compounds were tested at a concentration
of 20 uM to screen the active derivatives. After this, active
compounds 7, 13, 14, 16, 17, and 18 were selected for the
determination of ICs, values (Table 1). Flavanones 14 and 18
showed activities almost 10 times greater than zileuton, which
was used as a standard.

The number of papers evaluating the COX/LOX inhibitory
activity of prenylated flavonoids is rather limited, with only two
papers describing the effect of such compounds systematically
for a series of prenylated and geranylated flavanones, flavones,
and isoflavanones, tested to determine their ability to inhibit
COX-1, COX-2, 5-LOX, and 12-LOX.'*"” Several prenylated
flavanones were tested,'® revealing the importance of the C-6
prenylation of the flavanone skeleton for in vitro inhibitory
potential against both COX-1 and COX-2. A C-4" methoxy
group at this position diminished the activity in comparison
to the presence of a hydroxy group.'® Considering the
flavanones that correspond structurally to the compounds
tested herein, sophoraflavanone G and kurarinone were found
to inhibit the production of PGE, by direct inhibition of
COX-1."7 Sophoraflavanone G, with a C-8 lavandulyl
substituent, also inhibited 5-LOX.'” Interestingly, sophora-
flavanone D (with an unmodified C-6 geranyl chain), the
compound most closely related to the compounds tested in this
study, did not show discernible anti 5-LOX activity. Further,
this prior study revealed that the prenylated compounds tested
were relatively weak COX-2 inhibitors.'” Later, it was shown
that sophoraflavanone also inhibited the production of PGE,
in RAW 264.7 cells, although this was caused by the inhibition
of COX-2 expression.'®'? Similarly, artocarpesin [a prenylated
flavone obtained from the fruits of Artocarpus heterophyllus
(Moraceae)] suppressed the production of PGE, through the
down-regulation of COX-2 expression in LPS-stimulated RAW
264.7 cells.”” Our previous study pointed to the potential of
diplacone (14) to down-regulate COX-2 expression.”' Some
compounds, such as glabridin (a prenylated flavan obtained
from Glycyrrhiza glabra), are considered to be dual LOX/COX
inhibitors, and some dual activity against 5S-LOX and micro-
somal prostaglandin synthase 1 (mPGES-1) was also observed
for 8-prenylnaringenin isolated from hops.”>**

From these data, it is clear that previous studies dealing with
a structural variety of compounds and using a different
methodology of biological testing do not permit generally
valid conclusions to be made about the structure—activity
relationships (SAR) of anti-inflammatory prenylated flava-
nones. The present study, therefore, had a primary aim in
evaluating a relatively large set of structurally related prenylated
flavanones in order to evaluate the crucial SAR characteristics
of COX/LOX inhibition. Comparison of the experimental
results obtained with the literature enabled the conclusion that
prenylation is an important factor for the COX inhibitory
activity of flavanones. Further, no tested flavanone with a
geranyl side chain modified by oxidation or the formation of
a five-membered furan ring showed a significant COX
inhibitory effect, and an unmodified side chain is therefore
crucial for such activity. The length of the chain also plays a
role, as compound 11 showed a much lower effect in
comparison with compounds with a geranyl moiety and the
same oxidative modification of ring B. The activity is related to
the presence of ring B itself, as shown by the low activity of
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5,7-dihydroxy-6-geranylchromone (16). The substitution of
ring B also affects the activity, and, in fact, diplacone (14, 3',4'-
dihydroxy), mimulone (12, 4’-hydroxy), 3’-O-methyl-S’-
hydroxydiplacone (18, 3’-O-methyl, 4’,5'-dihydroxy), and
3',4’-O-dimethyl-5’-hydroxydiplacone (3, 3’,4’-O-dimethyl, 5'-
hydroxy) showed greater effects than 3'-O-methyl-S’-methoxy-
diplacone (13), with a 3'-methoxy, 5'-methoxy, and 4'-hydroxy
substitution. The 3-hydroxy group also influences the activity,
as was exemplified clearly by the active mimulone (12) and the
nonactive bonanniol A (19). Further, when the activities of
compounds 6 and 20 are compared, it can be deduced that the
addition of a molecule of water to the double bond of the pyran
ring formed from the geranyl group diminishes the resultant
activity. To confirm this observation, docking studies were
performed on the COX isoforms.

Complex information about the LOX inhibitory effect of
prenylated flavanones is also missing. Some information about
the LOX inhibitory properties of flavonoids was presented in a
review of Mladénka et al.** Synthetic alkoxy flavonoids
generally do not inhibit 5-LOX.”> A large study by Vasquez-
Martinez et al’® revealed some connections between the
structure and activity of a large series of flavonoids, but did not
distinguish flavanones or prenylated flavanones. Little or no
activity was observed for simple nonprenylated flavanones
(naringenin, hesperetin) against 15-LOX in a large study
comparing different classes of flavonoids.”’ =" Some individual
studies describe the LOX inhibitory effects of different types of
prenylated flavonoids, but the results are difficult to compare
due to the different LOX enzymes tested and the small number
of compounds in the sampling sets. As an example,
carpachromene together with prenylated pterocarpans weakly
inhibits 15-LOX.”" Several prenylated flavonoids and chalcones
were tested against 15-LOX, but none of the structures
matched the present set of samples.’’ Chi et al.'” tested only
compounds similar to Paulownia flavanones, but kurarinone
and sophoraflavanone D showed no ability to inhibit 5-LOX.
However, sophoraflavanone G, with a geranyl side chain at
position C-8, displayed inhibitory data comparable to those
of quercetin and nordihydroguaiaretic acid (NDGA) used as
standards.

The present study is the first to compare a large set of
prenylated flavanones and a set of geranylated flavanones to
show their ability to inhibit 5S-LOX in relative equivalence to
their COX inhibitory potential. In particular, compounds 14
and 18 showed high activity; both have two hydroxy groups on
ring B and an unmodified geranyl side chain.

Molecular Docking Studies. A docking study was
performed exclusively on the COX enzymes because the
compounds did not dock into the substrate-binding site of AA
in S-LOX. The available crystal structure of S-LOX (308y) was
crystallized in a closed conformation, allowing the solvent no
access to the substrate channel.”” It is possible to dock smaller
compounds into a closed enzyme conformation, but larger
compounds, such as those analyzed in this study, presumably
require an open conformation structure to accurately simulate
their binding.

The docking simulation on COX-1 and COX-2 did, however,
help elucidate a structure—activity relationship for the
compounds analyzed. The anti-COX-active compounds 3, 12,
14, and 18 are all C-geranylated flavanones and displayed very
clear activity patterns (Figure 1). This pose shows the crucial
binding pattern for the active C-geranylated flavanones.
A hydrogen bond partner for Tyr355 is needed, and the area
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Figure 1. Compound 12 shown within the binding pocket of COX-1.
A hydrogen bond acceptor feature (red arrow) connects at Tyr3SS,
while the geranyl moiety fills the hydrophobic pocket.

at the opening of the binding site must be hydrophobic. In the
case of compound 18 an additional hydrogen bond with
Tyr38S is formed on the other side of the pocket (Figure 2).

D
,,’)’ ’
| Tyr3ss

&/ /‘\/\

4

Tyr355

Figure 2. Compound 18 shown within the binding pocket of COX-1.
An additional hydrogen bond is formed between the methoxy group
and Tyr38S (red arrow).

A similar pattern was observed for COX-2. The core is
sometimes flipped so that the keto group interacts with Tyr 355
(Figure 2). Both of these constellations occur in both subtypes.

There were other inactive geranylated flavanones in the data
set. During the analysis of the docking poses, it became obvious
that compounds that contain a hydroxy group within the polar
alkyne moiety (such as 2, 4, 5, 9, and 10) lose their activity.
This corresponds to the hydrophobic nature of the binding
pocket in this area.

Flavanone 20 was the only structure from a different scaffold
that was active. Although closely related structurally to
flavanones 7 and 17, it is the only active compound with a
condensed system of three rings. Only one of the meta-
positions of the phenyl moiety can be substituted; otherwise
the system would then get too large. In the docking simulation,
only compound 20 could assume a pose that allowed the
hydrophobic alkyne remainder to point toward the exit of the
binding pocket (Figure 3).

Proteomic Analysis of Diplacone (14). A definitive effect
on gene expression has been reported for diplacone (14),""*!
and this compound has shown antiphlogistic activity in vivo.'”
As shown earlier, in assays of the COX/LOX inhibition and in
further docking analysis, 14 also showed a significant inhibitory
effect on the COX and LOX enzymes. This information
provided the motivation for the analysis of proteomic changes
in THP-1 LPS-stimulated macrophages in the presence of
diplacone (14) at a nontoxic concentration.

Only proteins for which the expression was present in all
experimental groups and was 1.5 times higher or lower
after LPS stimulation were assigned for analysis (Figure 4
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Tyr355

Figure 3. Compound 20 shown within the binding pocket of COX-2.
The oxygen of the third pyran ring acts as a hydrogen bond acceptor
for Tyr35S (red arrow).

and Figure S1, Supporting Information). Table S1 shows all
of the proteins detected in the LC-MS/MS analysis. Not
surprisingly, it was mainly several cytokines (e.g, TNF-a,
IL-1) and chemokines (CCL1, CCLS, CXCL1), which are
under the transcription control of NF-xB, that were
up-regulated after LPS stimulation. Only a few proteins were
down-regulated by LPS, e.g, inositol hexakisphosphate and
diphosphoinositol-pentakisphosphate kinase 2 (VIP2). Dipla-
cone (14) reversed the effect of LPS; that is, it attenuated the
expression of up-regulated proteins and enhanced the
production of down-regulated ones. These findings correlated
with previous observations, where diplacone reduced the expres-
sion of pro-inflammatory TNF-a or MCP-1 and augmented the
production of anti-inflammatory ZFP36 in the LPS-stimulated
macrophage-like cell line THP-1 in vitro.'"" Interestingly,
although diplacone (14) possesses significant anti-COX-2
activity, it slightly increased the expression of this enzyme, by
a factor of 1.55. This could be caused by the dysregulation of
negative feedback, which has been described for some
nonsteroidal anti-inflammatory drugs (NSAIDs).””** However,
in contrast to previous studies, diplacone (14) did not change
the COX-2 level in nonstimulated cells (Table S3 Supporting
Information). This effect is dependent on the cell type; for this
reason it was not observed in the murine macrophage cell line
J774A.1, where diplacone (14) nonsignificantly diminished the
COX-2 level.” However, the inhibition of COX-2 expression
was noted for an in vivo model of inflammatory bowel disease."*
The most overexpressed protein in the diplacone-treated
LPS-stimulated cells was tubulin & 1A (TUBAIA). The reason
for this effect remains unclear. In comparison with prednisone,
diplacone (14) showed lower activity against LPS stimulation,
but the mode of action of diplacone (14) was found to be more
pleiotropic and complex than that of prednisone. For example,
compound 14 is also able to inhibit COX-2 activity.

As detected, diplacone (14) did not influence the expression
of proteins in nonstimulated cells (Table S3, Supporting
Information). The only exceptions were the moderate
up-regulation of RING finger protein 207 (RNF207) by a
factor of 2.093 and the down-regulation of Taxl-binding
protein 3 (TX1B3) by a factor of 1.876.

In summary, a series of geranylated flavanones was isolated
from P. tomentosa fruits and studied for their anti-inflammatory
activity and possible mechanism of action. Two new com-
pounds, paulownione C (17) and tomentodiplacone O (20),
were characterized structurally. All of the isolated derivatives
(1—20) were assayed for their ability to inhibit cyclooxygenases
(COX-1 and COX-2) and S-lipoxygenase (S-LOX). The com-
pounds tested showed variable degrees of activity; however, only
tomentodiplacone O (20) showed more selectivity against COX-2
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Figure 4. Changes in protein expression in the LPS-stimulated THP-1 cell line. The heat map shows ratios of protein expression between differently
treated cells. (A) DMSO + LPS vs untreated (basal); (B) diplacone (14) 2 uM + LPS vs DMSO + LPS; (C) prednisone 2 uM + LPS vs DMSO +
LPS; (D) diplacone (14) 2 uM + LPS vs prednisone 2 M + LPS. Only proteins for which the expression was changed by a factor of more than 1.5
after LPS stimulation in (A) were evaluated. Each column in each group represents an independent LC-MS/MS analysis.

versus COX-1 when compared with ibuprofen. The ability of the
test compounds to interact with the above-mentioned enzymes
was supported by molecular docking studies, which revealed the
possible incorporation of the test substances selected into
the active sites of these enzymes. Furthermore, one of the
COX/LOX dual inhibitors, diplacone (14) (a major gerany-
lated flavanone of P. tomentosa), was studied in vitro to obtain a
proteomic overview of its effect on inflammation in LPS-treated
THP-1 macrophages, supporting its previously observed anti-
inflammatory activity and revealing the mechanism of its anti-
inflammatory effect. The results of the present study confirmed
the anti-inflammatory potential of P. tomentosa flavonoids.
However, further in vivo studies need to be carried out to
tully elucidate the antiphlogistic potential of these geranylated
flavanones.

B EXPERIMENTAL SECTION

General Experimental Procedures. UV and circular dichroism
(CD) spectra were obtained using a JASCO J-815 polarimeter
(JASCO, Easton, MD, USA). IR spectra were measured with a Nicolet
Impact 400D FT-IR instrument (Thermo Scientific, Waltham, MA,
USA) using the ATR technique. 1D and 2D NMR spectra
were obtained on a Bruker Avance III 400 spectrometer (Bruker,
Billerica, MA, USA) with tetramethylsilane as the internal standard.
HRESIMS data were recorded using an Orbitrap spectrometer
(Thermo Scientific) in the positive-ion mode. Analytical HPLC
measurements were obtained on an Agilent 1100 chromatographic
system with a 1100 Series diode array detector (Agilent Technologies,
Santa Clara, CA, USA). Preparative RP-HPLC was performed with
a YL 9100 HPLC System (Young Lin, The Republic of Korea) with a
FOXY R2 fraction collector (Teledyne Isco, Lincoln, NE, USA).
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The exact masses were measured using an LTQ Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific) equipped with an
electrospray ion source. The mobile phase consisted of methanol—
water (4:1), flow rate, 30 uL/min. The sample was dissolved in
methanol, diluted with the mobile phase, and injected using a 2 uL
loop. The mass spectra of the positively charged ions were calibrated
internally using protonated or sodiated diisooctyl phthalate as the lock
mass.

Compounds were separated using column chromatography with
silica gel 40—63 pm (Merck, Billerica, MA, USA) and preparative
RP-HPLC using an Ascentis RP-Amide, 25 cm X 10 mm, particle size,
S pm, semipreparative column (Sigma-Aldrich, St. Louis, MO, USA).
For analytical purposes, silica gel 60 F254, 20 X 20 cm, 200 gm TLC
plates (Merck) and an Ascentis Express RP-Amide, 10 cm X 2.1 mm,
particle size, 2.7 ym, analytical HPLC column (Sigma-Aldrich) were
used.

Plant Material. Paulownia tomentosa fruits were collected during
October and November of 2010 (as a mixture of immature and
mature fruits) on the grounds of the University of Veterinary and
Pharmaceutical Sciences Brno, Brno, Czech Republic. A voucher
specimen was deposited in the herbarium of the Department of
Natural Drugs, UVPS Brno (no. PT102010).

Extraction and Isolation. The plant extraction and the isolation
procedures of compounds 1—16, 18, and 19 have been described in
previous work."> The separation of fraction PT4-12 using column
chromatography yielded subfraction PT4-12-C, which was subjected to
semipreparative RP-HPLC (with a gradient of redistilled acetonitrile
and 0.2% HCOOH) to isolate compound 17 (126 mg). An analogous
separation using semipreparative RP-HPLC was used for subfraction
PT4-3 to yield compound 20 (7 mg). The purity of the isolated
compounds was evaluated using HPLC-DAD analysis and exceeded
95% in all cases.
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Paulownione C (17): amorphous, yellow substance; UV (CH;0H)
Amax (log €) 275 (4.38), 295 (4.07), 356 (3.86) nm; IR (ATR) vy
3273, 2921, 2351, 1611, 1519, 1451, 1337, 1293, 1214, 1151, 1109,
827 cm™!; 'H NMR (CD,OD, 400 MHz) &y 6.80 (2H, s, H-2', H-6'),
6.65 (1H, d, J = 10.1 Hz, H-1"), 5.94 (1H, s, H-8), 5.53 (1H, d, ] =
10.1 Hz, H-2"), 5.38 (1H, br d, J = 12.4 Hz, H-2), 5.11 (1H, t, ] =
7.0 Hz, H-7"), 3.89 (6H, s, MeO-3', MeO-5'), 3.20 (1H, dd, ] = 12.4,
17.0 Hz, H-3f), 2.76 (1H, br d, ] = 17.0 Hz, H-3a), 2.09 (2H, m, H-
6"), 1.72 (2H, m, H-5"), 1.67 (3H, s, H-9”), 1.58 (3H, s, H-10"),
1.413 and 1.406 (1H, s, H-4"); *C NMR (CD;0D, 400 MHz) ¢
196.6 (C-4), 162.6 (C-9), 161.7 (C-7), 158.7 (C-5), 147.7 (C-3/,
C-5'), 135.5 (C-4"), 131.2 (C-8"), 129.3 (C-1"), 124.6 (C-2"), 123.5
(C-7"), 1158.3 (C-1"), 103.6 (C-2', C-6), 102.2 (C-6), 102.1 (C-10),
95.0 (C-8), 80.3 (C-3"), 79.6 (C-2), 552 (MeO-3’, MeO-5'), 42.8
(C-3), 414 (C-5"), 262 (C-4"), 244 (C-9"), 22.1 (C-6"), 162
(C-10"); HRESIMS (positive) m/z 489.1869 [M + Na]" (calcd for
Cy,H;,0,Na*, 489.1889).

Tomentodiplacone O (20): amorphous, yellow substance; UV
(CH;0H) A, (log €) 230 (4.12), 270 (4.42), 300 (sh) (4.01), 360
(3.54) nm; IR (ATR) v,,,, 3731, 3358, 2970, 1589, 1519, 1445, 1350,
1270, 1153 cm™; 'H NMR (CD,0D, 400 MHz) 8y 7.09 (1H, br s,
H-2'),6.94 (1H, br d, ] = 8.0 Hz, H-6'), 6.84 (1H, d, ] = 8.0 Hz, H-5'),
6.65 (1H, d, J = 10.0 Hz, H-1"), 592 (1H, s, H-8), 5.53 (1H, d, ] =
10.0 Hz, H-2"), 5.39 (1H, br d, ] = 12.5 Hz, H-2), 5.12 (1H, t, ] = 7.4
Hz, H-7"), 3.90 (3H, s, MeO-3’), 3.19 (1H, dd, J = 12.5, 17.0 Hz,
H-38), 2.76 (1H, br d, ] = 17.0 Hz, H-3a), 2.10 (2H, q, ] = 7.4 Hz,
H-6"), 1.75 (2H, m, H-5"), 1.66 (3H, s, H-9"), 1.58 (3H, s, H-10"),
1.41 and 1.40 (1H, s, H-4"); *C NMR (CD;0D, 400 MHz) & 195.9
(C-4), 162.3 (C-9), 161.8 (C-7), 1583 (C-5), 147.7 (C-3'), 146.5
(C-4'), 130.8 (C-8"), 129.9 (C-1"), 124.8 (C-2"), 123.6 (C-7"), 119.1
(C-6'), 115.1 (C-1"), 114.6 (C-5'), 109.8 (C-2’), 102.2 (C-6), 101.8
(C-10), 95.2 (C-8), 80.5 (C-3"), 79.3 (C-2), 55.0 (MeO-3'), 42.7
(C-3), 414 (C-5"), 262 (C-4"), 24.3 (C-9"), 222 (C-6"), 16.1
(C-10"); HRESIMS (positive) m/z 459.1766 [M + Na]* (calcd for
Cy6H,s0¢Na*, 459.1778).

Cell Cultivation and Stimulation. The THP-1 human monocytic
leukemia cell line was purchased from the European Collection of Cell
Cultures (Salisbury, UK). Cells were cultured in RPMI 1640 medium
containing stabilized 2 mM L-glutamine (Biosera, France) supple-
mented with antibiotics [100 U/mL penicillin and 100 mg/mL
streptomycin (Biosera)] and 10% fetal bovine serum (HyClone, UT,
USA). Cells were kept in an incubator at 37 °C in a water-saturated
atmosphere of air containing 5% CO,.

To differentiate the THP-1 monocytes to macrophages, cells were
split into six-well microtiter plates at a concentration of 500 000 cells/mL
(3 mL of cell suspension per well) and stimulated by phorbol
myristate acetate, as described previously."> Before adding the test
compounds, the differentiated macrophages were cultivated for 24 h in
2 mL of serum-free medium. After this period, cells were pretreated
with diplacone (14) or prednisone dissolved in dimethyl sulfoxide
(DMSO) at a final concentration of 2 uM (this concentration lacks
any cytotoxic effect’’) or with DMSO alone for 1 h. Then, the
inflammatory-like reaction was triggered by adding 1.0 g/mL of LPS
isolated from Escherichia coli 0111:B4 (Sigma-Aldrich). Twenty-four
hours after LPS stimulation, the cell samples were collected and
processed for proteome analysis. All experimental groups were
prepared as pentaplicates.

COX-1 and COX-2 Assays. Enzymatic in vitro assays using COX-1
from ram seminal vesicles or human recombinant COX-2 (both
Sigma-Aldrich) were performed to test the inhibitory activities of the
test compounds. COX-1 (1 unit/reaction) or COX-2 (0.5 unit/
reaction) was added to 180 L of the incubation mixture consisting
of 100 mM Tris buffer (pH 8.0), S yM porcine hematin, 18 mM
L-epinephrine, and 50 yuM Na,EDTA. The test substances were then
dissolved in DMSO and added (10 uL), with the mixture incubated for
5 min at room temperature. Pure DMSO was used as a blank and
(S)-(+)-ibuprofen (Sigma-Aldrich) as a reference inhibitor. Then, S uL
of 10 uM arachidonic acid was added, and the reaction was incubated
for 20 min at 37 °C. The reaction was terminated by adding 10 L of
10% (v/v) formic acid. Prostaglandin E, (PGE,), the main product of
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the reaction, was quantified using a Prostaglandin E, ELISA kit
(Enzo Life Sciences, NY, USA). Samples were diluted 1:15 in assay
buffer (provided in the kit), and then the incubation was performed
according to the manufacturer’s instructions. The absorbance at
405 nm was measured using a Tecan Infinite M200 microplate reader
(Tecan Group, Switzerland). The inhibitory activity was expressed
as the percent inhibition compared to the blank. Experiments were
repeated at least three times with two technical replicates for screening
as well as to determine the ICs, values.

5-LOX Assay. An enzymatic in vitro assay using human
recombinant 5-LOX (Cayman Chemical, MI, USA) was performed.
5-LOX (1 unit/reaction) was added to 180 uL of the incubation
mixture consisting of phosphate buffer saline (pH 7.4), 1 mM
Na,EDTA, and 200 uM ATP. After the addition of the test substances
(10 pL) dissolved in DMSO, the mixture was incubated for 10 min at
4 °C. Pure DMSO was used as a blank and zileuton (Farmak a.s.,
Czech Republic) as reference inhibitor. Then, S L of 80 mM CaCl,
and S uL of 800 M arachidonic acid were added, and the mixture was
incubated for 10 min at 37 °C. The reaction was terminated by adding
10 uL of 10% (v/v) formic acid. Leukotriene B, (LTB,), the main
product of reaction, was quantified using a Leukotriene B, ELISA kit
(Enzo Life Sciences). Samples were diluted 1:15 in assay buffer
(provided in the kit), and the incubation was then performed
according to the manufacturer’s instructions. The measurement of the
absorbance and the determination of the inhibitory activity were the
same as for the COX assays.

Docking. All 20 compounds (1—20) were docked into the binding
sites of COX-1 (using the pdb entry 1EQH cocrystallized with
flurbiprofen) and COX-2 (using the pdb entry 3pgh, also cocrystal-
lized with flurbiprofen). The docking was performed in GOLD 5.2
running on a Windows 7 machine. The binding site was defined by
the location of the cocrystallized ligand in a radius of 6 A. All water
molecules were deleted from the binding site. CHEMPLP was selected
as a scoring function to evaluate the quality of the individual poses.

Preparation of Proteins for Proteomic Analysis. Protein
samples for proteome analysis were prepared as described previously.*®
Briefly, after LPS stimulation, the cell medium was aspirated,
lyophilized (1 mbar, —S0 °C), and redissolved in 0.2 mL of TRI
Reagent (Sigma-Aldrich). When attached on plates, the cells were
treated directly with 0.3 mL of TRI Reagent. Each cell lysate was
mixed with its redissolved medium, and the total proteins were isolated
from this mixture of secreted and intracellular proteins. Dissolved
proteins from the organic phase of the TRI Reagent were precipitated
with acetone. The protein pellets were washed three times with 0.3 M
guanidine hydrochloride (Sigma-Aldrich) in 95% ethanol and 2.5%
glycerol. The dried protein pellets were dissolved in 250 L of 8 M
urea (Sigma-Aldrich) and processed using a filter-aided sample
preparation method that employed a Vivacon 500 MWCO 10 kDa
filter (Sartorius Stedim Biotech, Germany). The dissolved proteins
were then washed twice with 100 yL of 8 M urea and reduced using
100 L of 10 mM dithiotreitol (Sigma-Aldrich). After reduction, the
proteins were incubated with 100 uL of S0 mM iodoacetamide
(Sigma-Aldrich) dissolved in 25 mM triethylammonium bicarbonate
buffer (TEAB; Sigma-Aldrich) and washed twice with 100 uL of
25 mM TEAB. Trypsin (Promega, W1, USA) was used at 1:50 ratio
(w/w), and the digestion proceeded for 16 h at 30 °C.

The peptide concentration for each sample was determined as
the absorbance at 280 nm, using a NanoDrop 2000c UV—vis
spectrophotometer (Thermo Scientific), and biological replicates were
then pooled to obtain a single representative sample for each group.
Samples were then labeled using iTRAQ 4-Plex isobaric tags (Applied
Biosystems, CA, USA) according to the manufacturer’s recommenda-
tions. The labeled samples were combined, and three fractions were
prepared using Oasis MCX extraction cartridges (Waters, MA, USA),
desalted on Empore SPE C18 extraction cartridges (Sigma-Aldrich),
and concentrated in a SpeedVac (Thermo Scientific).

Mass Spectrometry and Data Analysis. LC-MS/MS analyses of
each fraction were performed on an UltiMate 3000 RSLCnano system
(Dionex, MA, USA) connected to an Orbitrap Velos Pro mass
spectrometer (Thermo Scientific). Chromatographic separation was
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performed on an EASY-Spray C,4 separation column (50 cm X 75 pum,
3 pm particles) using a 4 h gradient. The mass spectrometer was
operated in data-dependent manner, using the top 10 precursors for
isolation and HCD fragmentation at a normalized collision energy of
40 V. Each sample fraction was analyzed three times.

Raw LS-MS/MS data were analyzed using Proteome Discoverer
v.1.4 (Thermo Scientific). MS/MS spectra were identified by the
SEQUEST algorithm, using Homo sapiens Swiss-Prot sequences as a
database. The mass tolerances for the searches were 10 ppm and 0.1
Da for the precursor and fragment, respectively.*® Only peptides with
FDR < 0.05 were considered for analysis.
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Abstract

Morusin is a prenylated flavonoid isolated from the root bark of Morus alba. Many studies
have shown the ability of flavonoids to act as anti-inflammatory agents. The aim of this study
was to evaluate the effect of morusin on experimentally colitis induced by 2,4,6-trinitroben-
zensulfonic acid in Wistar rats and to compare it with sulfasalazine, a drug conventionally
used in the treatment of inflammatory bowel disease. Morusin was administered by gavage
at doses of 12.5, 25, or 50 mg/kg/day for five days. The colonic tissue was evaluated macro-
scopically, histologically, and by performing immunodetection and zymographic analysis to
determine the levels of antioxidant enzymes [superoxide dismutase (SOD) and catalase
(CAT)], interleukin (IL)-1B, and transforming growth factor (TGF)-$1 and the activities of
matrix metalloproteinases (MMP) 2 and 9. The tissue damage scores were significantly
reduced with increasing dose of morusin, however efficacy was not demonstrated at the
highest dose. At the dose of 12.5 mg/kg, morusin exerted therapeutic effectivity similar to
that of sulfasalazine (50 mg/kg). This was associated with significant reduction of TGF-31
levels and MMP2 and MMP9 activities, and slight reduction of IL-13. Our results suggest
that morusin possesses therapeutic potential for the treatment of chronic inflammatory
diseases.

Introduction

Flavonoids are a class of secondary plant metabolites showing a wide spectrum of biological
activities, of which the anti-inflammatory and antioxidant effects draw the most attention. The
arrangement of functional groups on the flavonoid skeleton necessary for enhancement of the
anti-inflammatory activity has been reported previously [1]. Generally, the presence of a dou-
ble bond between C-2 and C-3 is essential for the anti-inflammatory activity and it appears to
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be required for the inhibition of phospholipase A2 and 5- and 12-lipoxygenases [2]. Another
study showed that the presence of a carbonyl function group at position C-4 was important for
the optimal inhibition of the expression of the tumor necrosis factor (TNF)-a induced intercel-
lular adhesion molecule (ICAM)-1 [3].

Prenylated flavonoids represent an interesting subgroup of flavonoids because they com-
bine the hydrophilic properties of the basic flavonoid skeleton with lipophilic side chains of C5
isoprene units possessing different lengths and modifications. Prenylation may increase bioac-
tivity by accelerating absorption, reducing cell efflux, and enhancing the affinity for biological
structures [4]. These features can make prenylated flavonoids leading compounds for the treat-
ment of chronic inflammatory diseases, such as inflammatory bowel disease (IBD) or rheuma-
toid arthritis.

Numerous prenylated flavonoids have been isolated from the root bark of Morus alba L.
(Moraceae). One is morusin, a prenylated flavone with two prenyl units, an unmodified one at
position 3 and one forming an additional dimethylpyrane ring at position 8 (Fig 1). Some fla-
vonoids that inhibit cyclooxygenase (COX)-2 activity have been studied and these all possessed
a C-3 prenyl residue in their structure [2]. An investigation of the cyclization of a prenyl group
attached at C-8 or C-6 found that cyclization reduced the cytotoxicity of the compounds stud-
ied but not their anti-inflammatory activity [5]. Morusin showed in previous in vivo studies
beneficial effect on chemically induced acute bronchitis [6] and glomerulonephritis [7]. It also
exerted neuroprotective effect associated with reduction of oxidative stress in brain [8].

Several in vitro studies describe the anti-inflammatory and cytoprotective properties of its
structural derivative cudraflavone B. This flavone is able to attenuate the lipopolysaccharide
(LPS)-stimulated secretion of TNF-o and the translocation of nuclear factor (NF)-xB, and
inhibit the degradation of IxB, and the expression of COX-2 in macrophages [9, 10]. Hepato-
protective [11] and neuroprotective effects [12] of cudraflavone B on chemically induced cell
damage have been ascribed to antioxidant activity. However, its treatment increased produc-
tion of reactive oxygen species (ROS) [10]. All of these activities may be dose-dependent and
could play important roles in the treatment of chronic inflammatory diseases. The 2,4,6-trini-
trobenzene sulfonic acid (TNBS)-induced model of colitis in rats has been established to inves-
tigate the activity of morusin in vivo. Three different doses of morusin were administered to
rats to observe its effectivity and involvement in the inhibition of inflammatory processes and
the destruction of tissue and to compare its activity with that of the drug sulfasalazine (SAS)
used clinically. For graphical summary of this study see S1 Fig.

Materials and methods
Plant material

The roots of M. alba were collected on the ground of the University of Veterinary and Pharma-
ceutical Sciences Brno, Czech Republic in April 2011. The plant material was identified by
Associate Professor K. émejkal. A representative specimen (No. MA-11A) has been deposited
in herbarium of the Department of Natural Drugs, UVPS Brno.

Extraction and isolation

Morusin was isolated from the chloroform extract of M. alba root bark using different chro-
matographic methods. Twenty-two kg of dry root bark were extracted three times in ethanol
and the liquid-liquid extraction of ethanolic extract was carried out with a gain of 218 g of
crude chloroform fraction. TLC was done on Merck aluminum foils with silica gel 60 F254
(20 x 20 cm, 200 pum), further separations were performed using Merck silica gel for column
chromatography (40-63 pum, Darmstadt, Germany). Chloroform fraction was repeatedly
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Fig 1. Chemical structure of morusin.
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chromatographed over a silica gel column using mixtures of benzene/CHCl;/MeOH with
increasing polarity to afford 42 fractions. The fraction MA2-III (28.7 g) was chosen for the
final separation and divided into 11 sub-fractions. The 10 g of sub-fraction MA2-III-C-4 was
purified using reverse-phase preparative HPLC (Ascentis™ RP-Amide, 5 um, 250 mm x 10
mm, Supelco; Dionex Ultimate 3000 UHPLC, Thermo Scientific, Waltham, USA). Gradient
elution employed 0.2% HCOOH and MeCN, the initial composition of 80% MeCN increased
to final 100% MeCN after 30 min. Method was performed at a flow rate of 5 mL/min, detection
wavelength 254 nm, injection volume 20 pL, and column temperature 40°C. Collecting the
fraction with a HPLC tR 15.50-18.50 has led to obtaining of yellow amorphous powder with
