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Abstract: Microbial infectious diseases continue to be one of the leading causes of morbidity and mortality. It has been estimated that
microbial species comprise about 60% of the Earth's biomass. This, together with the fact that their genetic, metabolic and physiological
diversity is extraordinary, makes them a major threat to the health and development of populations across the world. Widespread antibi-
otic resistance, the emergence of new pathogens in addition to the resurgence of old ones, and the lack of effective new therapeutics ex-
acerbate the problems. Thus, the need to discover and develop new antimicrobial agents is critical to improve mankind's future health.
Plant secondary metabolites (PSMs) offer particular promise in this sense. Plant Kingdom could be considered a rich source of the most
diverse structures (e.g. there are more than 12,000 known alkaloids, more than 8,000 phenolic compounds and over 25,000 different ter-
penoids), many of which were proven to possess strong antimicrobial properties (e.g. thymol, eurabienol, etc.). In many instances, PSMs
can be easily isolated from the plant matrix, either in pure state or in the form of mixtures of chemically related compounds. What is also
important is that the development of bacterial resistance toward natural plant products (that are generally regarded as eco-friendly) has
been thus far documented in a very limited number of cases (e.g. for reserpine). Having all of the mentioned advantages of PSMs as po-
tential antimicrobials in mind, a major question arises: why is it that there are still no commercially available or commonly used antibiot-
ics of plant origin? This review tries to give a critical answer to this question by considering potential mechanisms of antimicrobial action
of PSMs (inhibition of cell wall or protein synthesis, inducing leakage from the cells by tampering with the function of the membranes,
interfering with intermediary metabolisms or DNA/RNA synthesis/function), as well as their physical and chemical properties (e.g.
hydrophilicity/lipophilicity, chemical stability). To address the possible synergistic/antagonistic effects between PSMs and with standard
antibiotics, special attention has been given to the antimicrobial activity of PSM-mixtures (e.g. essential oils, plant extracts). Moreover,
possible ways of overcoming some of PSMs molecular limitations in respect to their usage as potential antibiotics were also discussed

(e.g. derivatization that would enable fine tuning of certain molecular characteristics).
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1. INTRODUCTION

It has been estimated that microbial species (MS), found in al-
most every habitat present in nature, comprise about 60% of the
Earth's biomass [1]. This, together with their extraordinary genetic,
metabolic and physiological diversity, makes them a major threat to
the health and development of populations across the world. Ac-
cording to the latest published data in 2012, infectious (including
parasitic) diseases were altogether responsible for the death of more
than 8.7 million people worldwide in 2008 [2-4]. The majority of
these deaths were of poor people living in low and middle income
countries, with many of the deaths occurring in children under five
years of age. Given the sketchy data, misdiagnosis and under-
detection that are typical of health systems in impoverished areas,
these numbers are almost certainly underestimated. However, the
severity of the microorganism-caused infections is not connected
only to the high mortality and morbidity rates. Corresponding num-
ber of cases could sometimes be poor indication of the burden of
diseases. Some infectious diseases could have low mortality rates,
but could result in a heavy loss of healthy years of life [2-4]. WHO
(World Health Organization) data show that 1 billion people world-
wide are directly affected by one or more infectious diseases [2-4].

The health problems related to MS infections are seriously ex-
acerbated by the widespread antibiotic resistance, and the lack of
effective new therapeutics. For example, tuberculosis (TB) is
known to cause more than 10% of pediatric hospital admissions and
deaths [4]. In 2009, 9.4 million new cases of TB were reported and
1.7 million people died of the disease. Meanwhile, the number of
cases of multidrug-resistant tuberculosis (MDR-TB) is rising stead-
ily. Each year, more than 400,000 people develop MDR-TB, which
can spread from one person to another. Only in 2008, 440,000 cases
of MDR-TB and 150,000 deaths were reported [4]. In some TB
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hotspots, up to 30% of patients are infected with drug-resistant
strains. Extensively drug-resistant TB (XDR-TB), highlighted as a
global threat to public health in 2006, is resistant to all of the most
effective anti-TB drugs [4]. Meticillin-resistant Staphylococcus
aureus (MRSA) that was detected for the first time in 1961 (Brit-
ain) is nowadays a “common” bacterium and it spread around the
world very quickly. Everyday medical practitioners also face sig-
nificant worldwide resistance problems with pathogens such as
Pseudomonas aeruginosa, which causes the hospital-acquired
pneumonia and complicated skin and soft tissue infections (cSSTI),
Escherichia coli, the causer of urinary tract- (urethritis, cystitis,
pyelonephritis; cUTI) and intra-abdominal infections (IAl), and
other extended spectrum B-lactamase-producing Enterobacte-
riaceae, as well as Klebsiella species [5, 6]. These are just a few of
the many examples, showing that the discovery and development of
new effective agents against bacteria-borne infections is critical to
improving mankind's future health. However, these new drugs
should not only be effective, but also readily available, especially to
those from the most vulnerable communities.

The search for new antimicrobials became the main goal of
many research groups oriented toward medicinal chemistry and
pharmacology. Many of them focused their work on the Plant
Kingdom (Plantae) [7-17]. Since antiquity and up to modern age,
different plant species are used in the treatment of common infec-
tious diseases. For example, bearberry (Arctostaphylos uva-ursi (L.)
Spreng) and cranberry (Vaccinium macrocarpon Ait.) are used to
treat urinary tract infections [18], while tee tree (Melaleuca alterni-
folia (Maiden & Betche) Cheel) essential oil is a common therapeu-
tic tool to treat acne and other infectious troubles of the skin [19-
23]. An interesting statistics is that approximately 10-30% of all
higher plants known are used in a therapeutic context and are re-
garded as medicinal [24-27], depending on the region and cultural
diversity. Many medicinal plants, as extracts of a single species or
within herbal mixtures, are now registered and commercially avail-
able as molecular mixtures under the label of botanical drugs. Only
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in China, more than 100,000 formulae are currently documented
[28, 29]. Even the contemporary Western pharmacopoeias list me-
dicinal plant combinations that are as ancient as Dioscurides De
Materia Medica [30]. Even in well developed countries, where
pharmaceutical monosubstances (mono-constituent substance is a
substance, defined by its quantitative composition, in which one
main constituent is present to at least 80% (w/w)) [31] are easily
available, plant-based preparations are prescribed frequently. This
is the case with Japan, UK and US, where the number of visits to
providers of Complementary Alternative Medicine in the last dec-
ades has exceeded the number of visits to all primary care physi-
cians [32-34]. It is estimated that more than two thirds of the world
population still rely on traditional medical remedies, mainly plants
and plant derived agents, because of limited availability or afforda-
bility of pharmaceutical medicines [32-24]. There are a number of
recent reviews disclosing the importance of natural compounds not
only in direct treatment of human diseases, but also as lead com-
pounds in drug design. Among 109 new antibacterial drugs ap-
proved by the U.S. Food and Drug Administration in the period
1981-2006, 69% originated from natural products of microbial ori-
gin, while 21% of the antifungal drugs approved were also micro-
bial natural derivatives or compounds mimicking natural products
[35].

The Plant Kingdom represents an enormous reservoir of the
most structurally diverse compounds, many of which are proven to
be active against a number of microbial species [10-17, 36]. Plant
secondary metabolites (PSMs) (alkaloids, flavonoids, terpenoids,
tannins, and many others) are particularly interesting in this sense
[36]. While primary metabolism mainly leads to a relatively small
number of target biomolecules, with one specific pathway leading
to only a small number of primary metabolites, secondary metabo-
lism is diversity oriented. In his excellent recent review article, Jurg
Gertsch pointed out that biosynthetic molecular promiscuity, just
like polypharmacology, seems to be a hallmark of molecular evolu-
tion [7]. The number of studies dealing with antimicrobial proper-
ties of PSMs is constantly rising [16] and the obtained results are
often very encouraging. For example, according to the SciFinder
search of the CAS data base, there are more than 3250 different
studies published from 2000 to present (the SciFinder was last ac-
cessed on July 12, 2012; key words used: essential oil, antimicro-
bial activity), dealing with antimicrobial properties of essential oils
alone (complex mixtures of volatile plant secondary metabolites,
mainly mono- and sesquiterpenoids and phenylpropanoids). Before
that, only 534 papers on the same topic were available. What is also
important is that the development of bacterial resistance toward
natural plant products (that are generally regarded as eco-friendly)
has been reported in only several cases thus far [37-39]. Having all
of the mentioned positive characteristics of PSMs as potential an-
timicrobials in mind, a major question arises: why is it that there are
still no commercially available or commonly used antibiotics of
plant origin? Although reviews covering some aspects of the prob-
lem [40-45] already exist, this review is aimed at giving a critical
answer to this question by considering the problem as a whole, i.e.
from a number of different stand points.

2. PLANTAE - RICH SOURCE OF THE MOST DIVERSE
STRUCTURES

Just a quick look at the surrounding world is more than suffi-
cient for anyone to become aware of the extraordinary diversity of
the Plant Kingdom. That diversity does not end with the number of
different species, their colors, shapes and odors, but is even more
pronounced if we go down to the molecular level. All the beauty,
versatility and “creativity” of the nature are reflected and could be
seen in action in the large group of the most amazing and interest-
ing plant products: the secondary metabolites (PSMs). The great
majority of compounds from this heterogeneous (from both biosyn-
thetic and structural points of view) group do not appear to partici-
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pate directly in plant growth and development [36]. Instead, they
have been shown to have important adaptive significance in protec-
tion against herbivores and microbial infection, as attractants for
pollinators and seed-dispersing animals, and as allelopathic agents
(allelochemicals are those secondary metabolites that enable inter-
species communication) [7, 36]. Plant secondary metabolites were
for a very long time, considered as biologically insignificant, un-
fairly neglected and received little attention from most plant biolo-
gists. On the contrary, organic chemists were quite amazed with the
structural diversity of these novel phytochemicals. Extensive stud-
ies of their chemical properties started in the mid 19" century and
are still going on [36, 46-51]. In this way, organic chemistry con-
tributed significantly to the collection of knowledge on PSMs that
was necessary for the better understanding of their biological im-
portance, but also the studies of PSMs were crucial in shaping
modern organic chemistry, by stimulating development of the sepa-
ration and spectroscopic techniques and advanced synthetic meth-
odologies that now constitute the core of contemporary organic
chemistry [36].

One could recognize several different levels of PSM molecular
diversity Fig. (1). C-atom framework, characteristic of a given
(sub)class of natural products, would be the first one. Biosyntheti-
cally speaking, PSMs can be divided into three major groups: the
terpenoids, the alkaloids, and the phenylpropanoids and allied phe-
nolic compounds [36]. Some representatives of the mentioned
classes of compounds of our choice appear in (Table 1). Compiling
a comprehensive list of all up to now known PSMs would be a for-
midable task. For example, there are more than 12,000 known alka-
loids, more than 8,000 phenolic compounds and over 25,000 differ-
ent terpenoids (excluding primary metabolites) [36]. Additionally,
all mentioned classes could be further subdivided. For instance, all
terpenoids are derived from the five-carbon precursor isopentenyl
diphosphate (IPP), and based on the number of IPP units they are
recognized as mono-, sesqui-, diterpenoids, etc. According to the
Dictionary of Natural Products (DNP) [52], there are 147 different
sesquiterpene skeletal types, and 118 different diterpene subclasses.
In addition to that, some of the most interesting secondary metabo-
lites do not originate from only one biosynthetic pathway [53]. And
finally, nowadays, the border between secondary and primary me-
tabolism is taken as quite blurred [36].

4 N
Three levels of PSM molecular diversity
N
Compound sub(class) -
skeletal type
J
4 N
Specific functional
groups
& J
4 N
Substitution pattern
& J
& J

Fig. (1). Scaffold, functional group and substitution pattern based molecular
diversity of PSMs.

Presence/absence of some specific functional groups further diver-
sifies the compounds belonging to the same biosynthetic (sub)class,
Fig. (1). Compounds from (Table 1) exemplify the great diversity of
natural compounds as “carriers” of different chemical characters.
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Table 1. Plant Secondary Metabolites: Insight into the Diversity of Skeletal Types, Functional Groups and Substitution Patterns
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Loganetin (loganin aglycone), iridoid monoterpene identified in
the diethyl ether extract of Lonicera fragrantissima Lindl. & Paxton
(Caprifoliaceae) [49], could serve as an excellent example of this.
Although its skeleton is comprised of only 11 carbon atoms, this
compound has 4 chiral centers and 4 different functional groups.
Two of these (hemiacetal and enol ether) are in fact masked car-
bonyl groups, regarded to be at the very heart of organic chemistry.

Examples of strong antimicrobial PSMs possessing a Michael
acceptor, the a,B-unsaturated lactone ring, are the eudesmane type
sesquiterpenes alantolactone and its two regioisomers (diplophyllin
and isoalantolactone) which are the main constituents of Inula hele-
nium L. root essential oil [54]. Apigenin and chlorogenic acid are
further examples of such molecules. Although Michael acceptors
are traditionally shunned in modern drug discovery, trapping of
thiols by covalent coupling represents an important mechanism of
bioactivity, and many biologically relevant and druggable pathways
are targeted by thiol-reactive compounds [55]. Ternanthranin, a
new alkaloid found in the essential oil of Choisya ternata Kunth.
(Rutaceae), is not only structurally (N-methyl derivative of anthra-
nilic acid) but also pharmacologically similar to aspirin (acetylsali-
cylic acid) [51]. Other compounds listed in (Table 1) also possess a
number of interesting structural attributes: aromatic rings that could
be involved in non-covalent -t bonding interactions with target
biomolecules, H-donors/acceptors, ionizable groups, electrophilic
centers or nucleophilic groups that could be involved in the corre-
sponding substitution/addition reactions [56].

In addition to being characterized by a high diversity of com-
plex scaffolds and presence of different functional groups, the sub-
stitution pattern of the parent carbon skeleton of PSMs is often very
specific and in some instances hardly obtainable in laboratory in
satisfactory yields, especially using traditional synthetic methods.
All of this appears to hold great promise for future drug discovery
[36, 52, 53]. As an illustration of such diversity within a single
subclass, one can use the structures of 10 different (but relatively
common) and simple PSMs from the large family of monoterpenes
having a p-menthane skeleton, Fig. (2). Although some being only
mutually isomeric, differing in the position of double bonds, and
others bearing a different functionality/hetero atom, the differences
between these molecules, no matter how insignificant these might
be at first glance, may be of great importance when speaking of
biological properties of these compounds. Such activity is strongly
related to compound’s molecular structure and there is a number of
examples showing that slight changes lead to either fine tuning,
enhancing or complete loss of activity [56]. The already mentioned
isomeric eudesmane type sesquiterpene lactones alantolactone,
isoalantolactone and diplophyllin can provide an example of this.
Even though differing only in the position of the isolated double
bond, the composition-activity relationships analyses revealed that
the antimicrobial potential of diplophyllin is significantly higher
than that of the other two isomers [54].

The structures of several well known synthetic broad-spectrum
antibacterial drugs of the (fluoro)quinolone class, with an important
role in treatment of serious bacterial infections, are given in Fig. (3),
and should demonstrate another potential of PSMs [57]. Although
their basic pharmacophore is the quinoline ring system, each substitu-
tion introduces a specific feature, increasing their potency against
certain bacterial infections [57]. Similarly, if we start with a PSM
compound, that need not have very strong antimicrobial properties,
by means of an appropriate chemical modification, we could arrive at
much more active compounds. Modification of functional groups,
addition/elimination of some specific substituents, or changing the
substitution pattern could result in a broad spectrum of structures with
finely tuned biological/pharmacological properties (both activity and
selectivity). Even if PSMs are only poorly active, they could be, as
candidates for the SOSA approach (selective optimization of side
activities of drug molecules), excellent starting points in drug discov-
ery. SOSA is an intelligent approach for the generation of new bio-
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logical activities: only a limited number of highly diverse and well
characterized (bioavailability and toxicity) drug molecules are
screened and only positive hits are used as the starting point for a
drug discovery program. Using the traditional medicinal chemistry as
well as parallel synthesis, the initial “side activity” is transformed into
the “main activity” and, conversely, the initial “main activity” is sig-
nificantly reduced or abolished [58]. In the course of a study having a
goal to identify the naturally occurring antimicrobial volatile glucosi-
nolate autolysis products from Hornungia petraea (L.) Rchb. (Brassi-
caceae), a series of possible glucosinolate breakdown products was
synthesized: benzylic isothiocyanates and thiocyanates and pheny-
lacetonitriles, bearing methoxy- and hydroxyl-groups at different
positions of the benzene ring [46]. The antimicrobial activity (ex-
pressed as MIC and MBC/MFC values (minimal inhibitory/ bacteri-
cidal/fungicidal concentrations)) of these structurally closely related
products varied from 0.001 to 1.25 mg/ml against several common
human pathogens (bacteria and fungi), corroborating once again all of
the previously mentioned [46].

At present, when data on biological properties of numerous natu-
ral products are available, the main interest concerning PSMs is
aimed at the search for new drugs. The mentioned structural assort-
ment provided by Plantae, makes them rich mines of biologically
valuable molecules, with finely tuned activity. Hypothetically speak-
ing, if one class of compounds “doesn’t work” in a given situation,
there are a vast variety of others that might be suitable. Also within a
class, two compounds differing only in the functional group type, or
just in their mutual position, may have completely different activity
or selectivity. Thus, it seems that the main task of phytochemistry,
ethnopharmacology and related disciplines is to recognize (identify)
and pick (isolate) appropriate PSMs from a rich pool provided by the
Plant Kingdom. The fact that one of the reasons plants biosynthesize
these compounds is the defense against microorganisms [7, 36] justi-
fies the efforts of many researchers aimed towards finding PSMs with
antimicrobial activity. Complexity of their structures (carbon skele-
ton, number of different functional groups and stereo centers) makes
their synthesis very challenging and costly, and leaves the isolation
from plant material as the best option. However then, new questions
arise: how easily can we obtain a PSM from a plant matrix? Do we
need the pure compound, or can a mixture suffice? We will try to
systematically answer these and many other related questions in the
following sections.

3. ANTIMICROBIAL POTENTIAL OF PSMs

If one wants to study or use whatever natural compound for any
reason, one must have satisfactory amount of it. Usually, in the case
of plant metabolites, that means that the compound has to be isolated
from a plant matrix. So, where to begin? Isolation of any natural
product generally follows the procedure given in Fig. (4). The first
step is always the preparation of a plant crude extract (PCE) [59].
This can be a solvent extract, an essential oil (obtained by steam dis-
tillation or hydrodistillation) or a super-critical extract. Crude extracts
usually represent highly complex mixtures (of both secondary and
primary metabolites), belonging to different biosynthetic and chemi-
cal classes that share some general mutual characteristic, such as
polarity and/or volatility. The choice of the extraction procedure di-
rectly depends on the type of compounds we wish to investigate. For
(semi-)volatile compounds, hydrodistillation or steam-distillation is
certainly appropriate. In that case we end up with an essential oil
sample. Diethyl-ether will extract a large number of structurally dif-
ferent PSMs, but of similar polarity, etc. [59]. The number of PSMs
that can be found in a crude extract vary from several tens to several
hundreds [59]. Common separation techniques (most usually different
types of liquid chromatography) enable some sort of PCE simplifica-
tion, i.e. its partitioning to compositionally more coherent semi-pure
mixtures, in the best case comprised of 5-10 different compounds
[59]. With some additional effort and a little bit of good fortune, these
mixtures might be further purified to yield a single compound in the
end.
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The general approach in assessing antimicrobial activity of
plant products correlates very closely to the described procedure of
PSMs isolation/purification, Fig. (4). There are three different gen-
eral levels of investigation of antimicrobial activity of plant me-
tabolites depending on the type of PSM-biological sample being
tested (level 1: antimicrobial activity of PCE; level 2: antimicrobial
activity of semi-purified mixtures; level 3: antimicrobial activity of
pure PSM). Probably the most frequent study is that focused on the
antimicrobial properties of different PCE [7, 9-15, 46, 47]. The
selection of taxa to be investigated in this way usually strongly
relies on their potential usage in ethnopharmacology [7, 9, 51, 60-
67]. There are two general reasons why such studies are gaining
popularity. Firstly, this represents the easiest way (time saving) to
obtain a PSM-sample for biological assays. Secondly, such mix-
tures correspond to those usually directly employed in folk medi-
cine. Since traditional healing practices employ crude extracts, and
not purified molecules, one cannot ignore the possible interactions
between the various constituents and different species, and these
level 1 studies do not exclude these interactions. Researchers work-
ing in the field of ethnopharmacology often try to set their method-
ologies as to be as coherent as possible with the real-life environ-
ment in a traditional setting [7, 9].

The results obtained by PCE-antimicrobial screening sometimes
serve as a starting point for more in depth studies. Positive results in
PCE-antimicrobial assays could motivate further work, focused on
the location, bio-guided isolation and chemical characterization of
the active principle(s), Fig. (4). As an example, the results of Rios
et al., and Recio et al. could be used [16, 60, 61]. They have pre-
liminary screened 140 medicinal plants (two extracts of each) used
in the Mediterranean region as anti-infection agents, and then se-
lected one (Helichrysum stoechas (L.) Moench) of them, as the
most promising one, to study comprehensively. At the end, they
managed to locate, isolate and identify 10 active principles, four of
which exhibited activity (MIC) in the range of 3-25 ug/ml against
Gram-positive bacteria [16, 60, 61].

3.1. Mechanism of PSM Antimicrobial Action

Plant secondary metabolites can affect the microbial cell in sev-
eral different ways as schematically depicted in Fig. (5). These
include the disruption of membrane function and structure (includ-
ing the efflux system), interruption of DNA/RNA synthesis and
function, interference with intermediary metabolism, induction of
coagulation of cytoplasmic constituents and interruption of normal
cell communication (quorum sensing, QS) [68-82]. This antibacte-
rial action usually includes the following sequence of events: PSM
interaction with the cell membrane, diffusion through the mem-
brane (i.e. PSM penetration into the interior of the cell), PSM inter-
action with intracellular constituents/processes [83]. When trying to
elucidate a mechanism or mechanisms of antimicrobial action of a
compound, one should bear in mind that all antibiotics that have
been successfully employed for decades as monotherapies in the
treatment of bacterial infections rely on mechanisms of bacterial
growth inhibition which are by far more complex than inhibition of
a single enzyme [84]. Some authors even speculate that nature itself
has evolved the concept of so-called “dirty” or promiscuous agents,
to achieve pharmacological potency and plasticity by polypharma-
cology [7]. Similarly is true for plant natural products. Thymol, an
aromatic p-menthane type monoterpene phenol and one of the
plant’s most active secondary metabolites provides a good example
of such a type of PSM. This compound is thought to interact with
both outer and inner cytoplasmic cell membranes, by integrating at
the polar head group region of the lipid bilayer. This alternates the
cell membrane and leads to its increased permeability/disintegration
[85-87]. However, thymol could also take part in the up- or down
regulation of genes involved in outer membrane protein synthesis,
inhibition of enzymes involved in protection against thermal stress,
synthesis of ATP, citric metabolic pathways, etc. [88, 89]. A shiki-
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mate metabolite trans-cinnamaldehyde causes inhibition of the
fungal cell-wall synthesizing enzymes by functioning as a non-
competitive inhibitor of -(1,3)-glucan synthase, as well as a mixed
inhibitor of chitin synthase isozymes [90]. Also, a study on Sac-
charomyces cerevisiae demonstrated that trans-cinnamaldehyde
caused a partial collapse of the integrity of the cytoplasmic mem-
brane, leading to excessive leakage of metabolites and enzymes
from the cell and final loss of viability [72]. According to Hyld-
gaard et al. [91], at least three processes occur during the cinnamal-
dehyde antimicrobial action: at subinhibitory concentrations, en-
zymes involved in cytokinesis are affected, while higher concentra-
tions cause inhibition of the enzyme ATPase; lethal concentration
induces perturbation of the cell membrane [72, 77, 85, 92-94]. It
seems that another phenylpropanoid, vanillin, mainly functions as a
membrane active compound, but has intracellular targets as well
[91, 95, 96]. Since a great number of PSMs function in this way, in
the following text, further examples of antimicrobial polypharma-
cology of individual PSMs will be described.

GRAM-NEGATIVE GRAM-POSITIVE FUNGI
BACTERIA BACTERIA
PSMs can:

m— Cell wall
( Disrupt membrane function and structure - I Plasma membrane

Outer membrane

) -
( Interrupt DNA/RNA synthesis/function ) EEEEE & . Genetic material
( Interfere with intermediary metabolism ) m.————— O Proteins
(Induce ion of ) - QO Cytoplasm
( Interfere with intercellular communication ) T Q Quorum sensing

Fig. (5). Possible targets of PSMs.

The situation with “locating” targets of PSM-based drugs be-
comes even more complicated when dealing with botanical mix-
tures (e.g. essential oils) that contain hundreds of potentially bioac-
tive natural products. A major problem in botanical drug research is
the identification of molecular targets of all bioavailable com-
pounds within the extract (i.e. the overall mode of action). Bio-
chemical methodologies, commonly applied in elucidating the
mode of action of a drug, are often useless in the case of complex
PSM mixtures [7, 97]. Antimicrobial potential and mechanism of
action of different PSMs can be influenced and is highly dependent
on several factors such as the features of target cells (bacte-
rial/fungal cell, Gram-positive/Gram-negative bacteria), and also
the environment where the antimicrobial action should be exhibited.
Environmental conditions - hydrophilicity (i.e. solubility in water),
concentration, temperature and pH are very important for the final
effect of a PSM/PSM-mixture [98]. Here, it could be useful to state
that the effect of natural compounds is expected to be very similar
for Gram-positive bacteria and fungal organisms, where the main
target is the cell envelope, whose disintegration or changes in per-
meability are followed by an efflux of the intracellular compounds
and coagulation of cytoplasm [99].

Available literature data on the antimicrobial action of PSMs
points to the fact that their primary target site is the cytoplasmic
membrane. Natural products can affect its structure and integrity,
permeability or functionality in more than one way. For example,
some antifungal agents interact with ergosterol, which is the main
sterol of the fungal membrane involved in processes such as main-
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taining the fluidity and integrity of the membrane and regulation of
enzymes necessary for the growth and division of fungal cells [100,
101]. Saponins (e.g. avenacins A-1, B-1, A-2 and B-2, a family of
four structurally related compounds, containing a common esteri-
fied trisaccharide moiety), many of which have potent antimicrobial
activity, could be used as an example of such compounds [79]. The
antifungal properties of saponins are generally ascribed to the abil-
ity of these molecules to complex with sterols in fungal membranes,
so causing pore formation and loss of membrane integrity [79].
Experiments with planar lipid bilayers have confirmed that
avenacin A-1 induces permeabilization in a sterol-dependent man-
ner and that it also affects membrane fluidity. The presence of an
intact sugar chain attached to the C-3 position is critical for these
effects on artificial membranes and also for effective antifungal
activity [79]. The sugar chains may mediate the aggregation of
saponin-sterol complexes in the membrane, so facilitating mem-
brane disruption [79]. Removal of a single D-glucose molecule
from the trisaccharide chain results in a substantial reduction in
biological activity [79].

Carvacrol, a compound isomeric to thymol, interacts with the
cytoplasmic membrane by inserting between acyl chains of phos-
pholipids [72, 33, 102]. The mentioned process leads to disturbance
(increase) of the membrane fluidity and its higher permeability as a
consequence. Increased permeability results with an efflux of ions
and ATP, and with a disturbed membrane potential and pH gradient
[102, 103]. Also, by measuring the release of lipopolysaccharides
(present in the outer membrane), it was proved that it also affects
the outer membrane, a structure responsible for higher resistance of
Gram-negative bacteria [85, 86, 104]. Moreover, although it was
found that it affects both the outer and inner membrane, studies
showed that its main site of action is the cytoplasmic membrane,
where the effect of this compound is significantly enhanced by its
hydroxyl group which functions as a transmembrane carrier of
monovalent cations, leading to the disturbance of the membrane
potential [105, 106]. A recent study showed that this group is not
essential for the antimicrobial activity of carvacrol, but significantly
enhances its action [107].

Eugenol, a phenylpropanoid found in many plant species,
shows a lytic effect on bacterial cells [108] and its mode of action is
a non-specific membrane permeabilization [91], demonstrated in
several studies by the efflux of potassium and ATP [97, 93]. It is
thought that eugenol binds to membrane proteins, inhibiting and
changing their functions [91]. Evident from the change in the fatty
acid composition of the eugenol-treated cells, the membrane fluid-
ity seems to be also affected that is a well known bacterial adaptive
mechanism, developed in order to maintain optimal membrane
features [102, 72, 77].

Permeabilization of the membrane and subsequent processes
are induced by a number of other plant metabolites frequently pre-
sent in antimicrobial plant extracts: linalool [109], linalyl acetate
[110], menthol [110], and citral [111]. On the other hand, limonene
changes cell morphology and the membrane fluidity [72, 77, 112].

Numerous studies have shown that many essential oils, ex-
tracted from different plant species, induce changes in the cell
membrane permeability/integrity. Examples of such species from a
number of plant families include: Ocimum gratissimum L. [113],
Cinnamomum verum J. Presl [86], Origanum vulgare L. [86, 108,
114], Syzygium aromaticum (L.) Merrill & Perry [108], Cinnamo-
mum cassia (L.) Presl [115], Cymbopogon citratus (DC.) Stapf
[113], Rosmarinus officinalis L. [116], Corydothymus capitatus (L.)
Reichb [116], Satureja montana L. [115], Thymus eriocalix (Ron-
niger) Jalas [117], Thymus x-porlock [117], Kaempferia pandurata
Roxb. [118], Origanum compactum L. [119], Sinapis alba L. [120],
Thymus vulgaris L. [88], Coriandrum sativum L. [121-123], Men-
tha longifolia (L.) Huds. [124], Inula helenium [54], Carlina acan-
thifolia All. [125], Cuminum cyminum L. [126], Trachyspermum
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ammi Sprague [127] and Gnaphalium affine D. Don [128]. One of
the first studies dealing with the mode of action of an essential oil
sample was the research of Takaisi-Kikuni et al. [129], which in-
vestigated the effect of Cymbopogon densiflorus on metabolic ac-
tivity, growth and morphology of S. aureus. The results pointed to
the decreased metabolism and lysis of the treated cells. The most
detailed studies on essential oils’ antimicrobial action were done for
Melaleuca alternifolia essential oil, which has an exceptional an-
timicrobial activity, owing to its mainly monoterpene composition
with terpinene-4-ol as the major constituent [19, 20, 22, 23, 73, 130,
131]. The study of Cox et al. [73] demonstrated inhibition of respi-
ration, together with increased permeability of E. coli cell mem-
brane, providing evidence of a lethal effect resulting from mem-
brane damage. Cells of E. coli visualized by electron microscopy
after exposure to tea tree oil showed a loss of cellular electron
dense material and coagulation of cytoplasmic constituents, al-
though it was apparent that these effects were secondary events that
occurred after cell death [130]. Another study [22] on E. coli, S.
aureus and Candida albicans (Gram-positive and Gram-negative
bacteria and a yeast, respectively) gave similar results: cell death
was the result of increased permeability of bacterial and yeast
membranes, with notable differences in the susceptibility of the
tested organisms. The conclusion of the mentioned study was that
the ability of tea tree oil to disrupt the permeability barrier of cell
membrane structures and the accompanying loss of chemiosmotic
control is the most likely source of its lethal action at minimum
inhibitory levels. Studies that followed confirmed the proposed
mode of action, but expanded the knowledge about the processes
occurring in the treated cells before its death — formation of
mesosomes [23], decreased tolerance to high concentrations of
NaCl [20], leakage of various cell materials, that all, once again,
pointed to the cell membrane as the main target place of the micro-
bial cells. The essential oil of M. alternifolia also possesses a re-
markable activity against fungal cells, which prompted the study of
Hammer et al. [131], where its mode of action was investigated
against yeasts Candida albicans, Candida glabrata and S. cere-
visiae. The mentioned study showed that tea tree oil changes the
fluidity and, thus, permeability of the fungal membrane.

It has been proved that the effectiveness of PSM antibacterial
agents generally increases with their increasing lipophilicity, which
is in a way in direct relationship with their ability to interact with
the cell membrane [83]. In most of cases, the different effects PSMs
have on membrane are mutually highly dependent and one is fol-
lowed by another. Plant secondary metabolites affect structure and
stability of the phospholipid bilayer, which leads to the disturbance
of membrane integrity and consequently increase of its permeability
for ions. Consequentially, the membrane electrochemical potential
will change, as well as the activities of membrane enzymes. Certain
PSMs can interfere with the translocation of protons across the
membrane, which affects the primary energetic metabolism by in-
terrupting ATP synthesis. Loss of ATP leads to decreased active
transport, and as additional consequences, inhibition of respiration,
together with emerging inhibited anabolism/catabolism. Terpenoids
with aldehyde or alcoholic moieties can interact with membrane
incorporated proteins, by changing their conformation and, thus,
their functionality. Gram-negative bacteria have innate multidrug
resistance to many antimicrobial compounds owing to the presence
of efflux pumps [132]. Recently Garvey et al. [82] indicated that
extracts of different plants, used as herbal medicinal products, con-
tain inhibitors of efflux in Gram-negative bacteria (the polyacety-
lene falcarindiol, for example). This is a very important finding, as
it gives hope that PSMs could be truly useful in fighting multidrug
resistant strains.

Alongside with the effect on cell membranes, the antimicrobial
action of PSMs can be directed toward intracellular processes such
as DNA/RNA/protein synthesis and cell communication. This is the
case with allicin, the main compound of crushed garlic (Allium
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sativum), (Table 1). It is well known that its thiosulfinate -S(O)S-
moiety readily reacts with free SH groups of intracellular enzymes.
As indicated by many studies, this reaction is non-specific [91, 133,
134]. Feldberg et al. [135] showed a very significant inhibition of
RNA synthesis, while DNA and protein syntheses were less af-
fected by the action of allicin. It has been shown that allicin's in-
hibitory action on enzymes can be reversible, since thiol containing
compounds like glutathione or 2-mercaptoethanol can reactivate
inhibited enzymes - papain, NADP* dependent alcohol dehydro-
genase and NAD" dependent alcohol dehydrogenase from horse
liver [78]. Garlic aqueous extract induces changes inside the cells,
probably similar to the changes caused by allicin alone, showed by
atomic force microscopy [134]. As one of the extensively studied
secondary metabolites, recently reviewed for its mode of action
[91], allyl isothiocyanate was found to generally inhibit enzymes
and cause alterations of proteins by oxidative cleavage of disulfide
bonds [136, 137]. Although Lin et al. [71] showed that allyl iso-
thiocyanate induces membrane damage to E. coli and Salmonella
sp. that leads to leakage of cellular metabolites, but not to cell lysis.

One of the major groups of active plant compounds, the flavon-
oids act through inhibiting both cytoplasmic membrane function
and DNA synthesis. Protein and RNA syntheses are also affected
but in a lesser extent. Apigenin and quercetin, together with several
other flavonoids were found to inhibit DNA gyrase and pB-
hydroxyacyl-acyl carrier protein dehydratase activities [68, 138]. A
further study [69] reported that quercetin binds to the GyrB subunit
of E. coli DNA gyrase and inhibits the enzyme’s ATPase activity.
Together with this activity, quercetin was found to be a membrane
active compound as well-it caused an increase in permeability of
the inner membrane and a dissipation of the membrane potential
[139]. Studies on the membrane action of flavonoids showed that
sophoraflavanone G induces the reduction of membrane fluidity
[140]. The same mode of action (membrane effect) was confirmed
for several others flavonoids: (-)-epigallocatechin gallate [141],
(-)-epicatechin gallate and 3-O-octanoyl-(+)-catechin [142], as
well as 2,4,2’-trihidroxy-5’-methylchalcone [143, 144]. Finally,
flavonoids can inhibit the energy metabolism, as showed in the
study of Haraguchi et al. [145], where the tested licochalcones
strongly inhibited oxygen consumption, probably as a consequence
of bonding to the inhibition site on the respiratory electron transport
chain. Recently, the mode of action of flavonoids was investigated
in the study of Ulanowska et al. [146], which showed that genis-
teine (isoflavone) significantly affected the morphology of Vibrio
harvey. The same compound inhibited DNA, RNA and protein
synthesis in the mentioned bacteria. The mode of action of the
highly aromatic quaternary alkaloids, such as berberine and har-
mane, is also intercalation with DNA [147]. Targets of activity of
phenylpropanoids, biosynthetically related to flavonoids, have also
been found to be varying. For example, Cinnamomum verum etha-
nol extract, with cinnamaldehyde and eugenol as the active com-
pounds, inhibits the activity of the enzyme histidine decarboxylase
[148]. Verbascoside isolated from Buddleja cordata Kunth. inhibits
protein synthesis [75]. Coumarins cause a reduction in cell respira-
tion and condensed pheylpropanoids - tannins act on microorgan-
ism membranes as well as bind to polysaccharides or enzymes
promoting inactivation [149-151].

The mode of action of PSM can be without a terminal outcome,
but the production of substances important for pathogenicity, such
as bacterial toxins, might be affected. Essential oils of several spice
plants, such as clove, thyme and cinnamon, reduced the production
of listeriolizin O by Listeria monocytogenes [152], whereas Filguei-
ras and Vanetti [153] demonstrated the same effect of eugenol on
these bacteria. Also, it was confirmed that carvacrol inhibits the
production of toxins in Bacillus cereus and Clostridium botulinum
[154]. Enterotoxin production by S. aureus was reduced after the
treatment with oregano essential oil [114]. Aflatoxin production in
the cells of Aspergillus flavus was significantly influenced by the
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treatment with both lime (Citrus aurantifolia (Christm.) Swingle)
and kaffir lime (Cytrus histrix DC.) essential oils [155].

It is now well recognized that populations of bacteria from
many bacterial species cooperate and communicate to perform di-
verse social behaviors including swarming, toxin production and
biofilm formation [81, 156-159]. Biofilms are the default mode-of-
life for many bacterial species and biofilm-based infections cause
serious health problems worldwide. Recent publications demon-
strated that the use of XTT (2,3-bis(2-methoxy-4-nitro-5-sulfo
phenyl)-2H-tetrazolium-5-carboxanilide) reduction and/or crystal
violet staining is useful in the determination of biomass (biofilm)
formation and adherence under the influence of different medicinal
plant extracts [160-164]. Among microorganisms that produce
biofilms the most famous one is C. albicans. This fungus is a part
of the normal oropharynx microflora, but in immunocompromised
patients (e.g. with an HIV infection) it can cause oropharyngeal
candidiasis [165]. Also almost all women in their life time experi-
ence vulvovaginal infections caused by C. albicans [166]. Biofilm
production by Candida strains is considered an important virulence
attribute for establishing and maintaining candidiasis. During the
past decade there has been an increase in the number of resistant C.
albicans biofilm producing strains to standard antimycotic agents
such as amphotericin B, fluconazole, itraconazole and ketoconazole
[166]. Essential oils have been used effectively against such infec-
tions since ancient times and without (much documented) side ef-
fects. Volatile oils of Cymbopogon citratus and Syzygium aromati-
cum have been shown to possess antifungal effects against oral and
vaginal candidiasis in in vitro and in vivo studies and their specific
anticandidal activity against planktonic forms is well established
[100, 163, 166, 167]. This anti-candidal (and anti-biofilm) activity
makes the use of these oils highly recommendable in the cases of
illnesses that include biofilm formation [163].

Communication between bacterial cells involves the production
and detection of diffusible signal molecules and has become com-
monly known as quorum sensing (QS) [81, 158, 168]. QS repre-
sents density-dependent communication system that regulates the
bacterial expression of specific genes, whose products modify the
local host environment favoring the invasion and persistence of the
pathogen [168]. The discovery that many pathogenic bacteria em-
ploy QS to regulate their virulence makes this system interesting as
a target for antimicrobial therapy, and certainly opens new thera-
peutic prospects. In theory, the ideal QS inhibitor would have to
fulfill several criteria: to be a low molecular-mass molecule able to
highly specifically reduce the expression of QS-controlled genes,
but also chemically sufficiently stable and resistant to the metabolic
and disposal processes of the host organism. According to the up to
now obtained results on this subject, (plant) secondary metabolites
seem to be very promising in this sense [81, 158, 168], at least as a
starting point for future research. It has been already demonstrated
that extracts of more than a few common plant species (crops), such
are bean sprout, chamomile, carrot, garlic, habanero (Capsicum
chinensis Jacq.), propolis, water lily and yellow pepper, inhibit P.
aeruginosa QS [169-175]. Garlic extract, which contains at least
three different QS inhibitors, is able to inhibit QS in a concentra-
tion-dependent manner and with a structure—activity relationship
hypothesizing a competitive binding. It significantly reduces P.
aeruginosa biofilm tolerance to tobramycin, and lowers the patho-
genicity of P. aeruginosa in a Caenorhabditis elegans nematode
model. Resveratrol and solenopsin A also interfere with P. aerugi-
nosa QS, whereas hamamelitannin (2°,5-di-O-galloyl-D-hamame
lose) was found to inhibit QS in S. aureus and S. epidermidis [175].

3.2. Synergistic Approaches to Enhance Activity

If a single compound or several compounds cannot be found
that fully explain the results of an antimicrobial assay on the entire
plant extract, a great number of papers on antimicrobial PSMs put
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forward an idea that it is highly likely that the mixture of these is in
fact responsible itself for the onset of such activity i.e. the interac-
tions occurring within the extract. Mixtures of bioactive compounds
in botanical drugs are widely claimed to be superior over monosub-
stances, and many believe that a synergistic therapeutic effect is
mainly responsible for this [121, 176, 177]. As demonstrated by
many studies, a relatively small number of constituents of a given
mixture are biologically active. However, in the last decades, the
discovery of highly potent lead compounds, such as morphine, co-
caine, digitoxin, lysergic acid, aconitine etc., has declined despite
the great interest of the scientific community in this topic [178].
Perhaps this means that authors arguing that in phytotherapy, the
mixture makes the medicine [7], and that the synergism is one of
the key factors leading to the high potency of botanical drugs, are
right [9]. A recent example corroborating this is the Chinese anti-
malarial plant Artemisia annua L. Although the responsible phar-
macological lead compound, the sesquiterpene peroxide artemis-
inin, is known and even developed clinically, the use of the drug as
a monotherapy is explicitly discouraged by the WHO [179]. In-
stead, artemisinin combination therapy is recommended not only
because it has a cure rate of 95% against the malaria parasite
(Plasmodium sp.) but since it may also contribute to curb resistance
[179]. Multidrug therapy has become of paramount importance in
the fight against multidrug resistant microbial strains [180]. With-
out the current multidrug approach used to treat tuberculosis (isoni-
azid, rifampicin, pyrazinamide, and ethambutol), the mortality of
infected patients could reach global epidemic proportions. The ap-
plication of only one of the abovementioned drugs in a monother-
apy leads to an increase in the number of multiple-drug resistant
strains [181].

A well-known combined commercial antibiotic is the mixture
of amoxicillin (a B-lactam antibiotic) and clavulanic acid. Clavu-
lanic acid binds to B-lactamase producing microorganisms and in
that way protects amoxicillin from B-lactamase attack that in turn
results in an extended spectrum of activity for amoxicillin. The
concept of antimicrobial synergy is based on the principle that, in
combination, the formulation may enhance efficacy, reduce toxic-
ity, decrease adverse side effects, increase bioavailability, lower the
dose and reduce the advance of antimicrobial resistance [182-184].
It could be interesting to mention that in Asia the number of differ-
ent patents based on an apparent synergistic botanical formulation
is increasing almost exponentially [7].

As nicely worded by Jirg Gertsch [7], plants clearly do not
produce secondary metabolites to benefit mammals but to poten-
tially cope with the diverse ecological pressures, such as microbial
attack. Plant species often respond to stress by increasing the bio-
synthesis of different classes of molecules, rather than just an indi-
vidual PSM. Although according to some authors, secondary me-
tabolites are unimportant for the fitness of a plant organism [185,
186], the standpoint of others, however, is that every PSM is made
because it possesses (or it possessed at some stage of evolution) a
biological function that endows the producer-organism with in-
creased fitness. According to Firn and Jones, these opposing views
could be reconciled by recognizing that, because of the principles
governing molecular interactions, potent biological activity is a rare
property for any molecule to possess. In fact, there are relatively
few pharmacologically highly potent secondary metabolites known,
and they may represent less than 1% of the total natural products.
Of more than 5000 distinct natural product scaffolds (chemical
skeleta), less than 100 have so far inspired the development of bio-
medical monotherapies [67]. However, if we assume that phyto-
chemical mixtures exert a synergistic biological effect; more effects
per scaffold would be possible [7].

A high degree of pharmacological synergism should be ex-
pected in essential oils, which are prototypical mixtures of PSMs.
Synergistic interactions between PSM compounds were confirmed
by many studies. Pattnaik et al. [187] noted that minimal inhibitory
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concentrations (MIC) of essential oils were in many cases lower
than that obtained when the major constituents of these oils were
applied independently. For example, the major compound of Fili-
pendula vulgaris Moench. oil (68.6% of salicylaldehyde) was less
active than the entire essential oil [188]. When combined in a 60:40
molar ratio with linalool (1.8% of the F. vulgaris oil), a strong syn-
ergistic activity was noted, with the mixture of the two having a
higher activity than the oil itself. In another study, mixtures of li-
nalool and methyl chavicol (different v/v ratios) were tested and it
was observed that when these two compounds were combined, a
higher efficacy was achieved, compared to when they were assayed
independently. The same is true for many other combinations of
volatile PSMs and against different common human pathogens
(carvacrol/thymol, terpinene-4-ol/myrcene, carvacrol/p-cymene,
eugenol/thymol, eugenol/carvacrol, cinnamaldehyde/eugenol, citro
nellol/geraniol etc.) [105, 189-193]. Ultee and co-workers [102,
103, 105] proposed an explanation for the mode of synergistic ac-
tivity of p-cymene and carvacrol. According to them, p-cymene has
a high affinity towards the cytoplasmic membrane, and its bonding
to the membrane causes its expansion altering its potential and re-
sulting in its higher sensitivity to the action of carvacrol. Recently,
it was demonstrated that the biological effects observed for the
major compounds of Ocimum gratissimum L. oil do not sum up to
the overall effect of the essential oil, suggesting a possible synergy
between the constituting PSMs [194]. Similarly linoleic and oleic
acids were found to have a higher antimicrobial activity in combi-
nation than those they showed independently [195].

There are numerous studies showing that the pharmacokinetics
of certain bioactive natural products can be improved by applying
them as mixtures rather than as single compounds. Mixtures may
simply affect the solubility and distribution of the potentially active
PSM(s). For example, ichthytoxic lignans justicidin B and pisca-
torin, PSMs of the poisonous Phyllanthus piscatorum L. are readily
soluble in water when administrated in the form of a plant extract,
but almost water insoluble in pure state [8]. Piperine, the major
alkaloid found in black pepper (Piper nigrum L.) has been shown to
improve the oral bioavailability of otherwise poorly absorbable
compounds [196]. One such example is the combination of piperine
and curcumin (an anti-inflammatory and anticancer PSM from tur-
meric) [197]. It has been well documented that extracts of aromatic
plants have superior activity over the essential oils prepared from
the same plant material [198-200]. These studies showed that the
enhancement of antimicrobial efficacy has its origin in the coexis-
tence of volatile and nonvolatile constituents in the tested extracts.
It is widely accepted that the administration of infused oil may act
as a penetrative enhancer [201], and possibly the synergistic inter-
actions noted may be a result of improved solubility and bioactivity
of the active principles. These types of studies reinforce the concept
of a multi-targeted approach in therapeutic strategies and prove the
hypothesis formulated by Tyler [63], that searching for potent an-
timicrobial compounds is becoming more and more improbable and
that research should be moving towards the investigation of combi-
nation of substances to achieve efficacy.

Synergistic interactions between PSMs and some common anti-
biotics against some microorganisms (in vivo) are also known
(carvacrol/ciprofloxacin, carvacrol/ amphotericin B against Bacillus
cereus and C. albicans; eugenol/ciprofloxacin and eugenol/ ampho-
tericin B against E. coli and C. albicans) [9]. The mechanism of
synergy in these cases may be attributed to complex multi-target
effects, pharmacokinetic or physiochemical properties, neutraliza-
tion principles, or even therapeutic approaches [177]. In a study on
the synergistic interaction of Punica granatum L. constituents from
its methanol extract with a range of antibiotics, the authors allude to
the mode of action whereby the extract plays a role in efflux inhibi-
tion enhancing the uptake of the conventional drugs [9]. In another
study, the mechanism of action of a combination of an isoflavanone
from Erythrina variegate with mupirocin is thought to involve bac-
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terial cell membranes [144]. Stermitz and co-workers in their study
[202] focused on the antimicrobial action of berberine and 5'-
methoxyhydnocarpin, and found strong evidences that 5'-methoxy
hydnocarpin acts as a NorA multidrug resistance pump blocker and
in that way promotes the antibiotic action of berberine. Studies like
these, that give valuable insight into the specific modes of action of
substances, should be strongly encouraged, as information they
provide could be further used in the search/design of new potential
antimicrobials and leads. Nevertheless, exploring this area of re-
search may be extremely complex.

According to a vast amount of knowledge accumulated, some
of which is mentioned above, it seems that synergism between a
number of different PSMs definitely exists; however, the fact that
major constituent(s) is(are) less active than the mixture as a whole
is not a sufficient proof for the existence of synergism since some
minor contributors may possess a very strong activity as well. For
example, antimicrobial testing revealed that the sesquiterpene ger-
macrone, the major oil constituent (49.7%) of Geranium macror-
rhizum L. essential oil, was not the sole agent responsible for the
high activity of the oil. Column chromatography of the oil enabled
the isolation of germacrone-4,5- and -1,10-epoxides (0.4% of the
total oil), that turned to be highly active against Bacillus cereus
(MIC values for the 1,10- and 4,5-epoxide were 1.0 and 10.0 pg/ml,
respectively) and Pseudomonas aeruginosa (MIC values for the
1,10- and 4,5-epoxide were 10.0 and 0.20 pg/ml, respectively)
[203]. Thus, more in depth studies should be undertaken in order to
confirm the proposed synergy of different natural products, as the
simple unconfirmed statement of synergistic interactions existing in
a complex PSM mixture could not just lead to erroneous conclu-
sions but prevent us from spotting some very interesting, and highly
potent minor PSMs.

When speaking of PSM mixtures as potential pharmaceuticals,
one should not forget that antagonistic interactions between differ-
ent PSMs, as well as between PSMs and non-plant derived com-
pounds, are also possible [9]. For example, a strong antagonism was
observed when a mixture of salicylaldehyde and methyl salicylate
(60:40, molar ratio), constituents of the mentioned F. vulgaris oil,
was assayed, alongside with pure substances and the essential oil
[188], for antimicrobial activity. Similarly, it was demonstrated that
antagonistic interactions between several commercial essential oils,
extracted from M. alternifolia, T. vulgaris, M. piperita and R. offi-
cinalis, and conventional antimicrobials (ciprofloxacin and ampho-
tericin B) also exist [204]. When M. alternifolia (tea tree) oil, which
is often recommended for the treatment of skin ailments, was com-
bined with ciprofloxacin and tested against Staphylococcus aureus,
an antagonism was noted [204]. Cuzzolin et al. [38] have warned
that there is a need for more systematic interactive studies to be
undertaken to identify unfavorable combinations.

3.3. PSMs As Potential Oral Antimicrobials

When speaking of the possible applicability of PSMs as oral
therapeutics, one must think about their pharmacokinetic and phar-
macodynamic properties. To be more precise, their possible adsorp-
tion, distribution, metabolism and exertion pathways (ADME) that
influence disposition of a compound within the organism should be
taken into account. These four criteria all influence the level of the
drug and kinetics of the tissues exposure to the drug and hence
influence the performance and pharmacological activity of the
compound as a drug [56, 205]. Unfortunately, despite promising
recent findings, relatively little research is dedicated to the molecu-
lar pharmacology of PSMs [7].

One of the major issues that concern PSMs, that were shown to
possess strong in Vitro activity, is their in vivo way/route of applica-
tion. Here, we tried to address the possible problems connected
with oral application that could be regarded as the more favorable
mode of administration in comparison to injection or inhalation,
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Fig. (6). The first barrier, for oral consumption, is the oral cavity
itself. The flavor of a compound is the first possible problem in oral
application, but it is a small one. A large number of active sub-
stances may have irritant properties on the oral mucosa that may
involve the cheeks, gums, tongue, lips, and roof or floor of the oral
cavity and can manifest themselves in different forms of irritation.
Those conditions can be mild, in a form of redness and swelling,
but also serious inflammatory reactions. There are publications that
deal with clinical (in vivo) trials of certain natural products and their
effect on oral cavity infections. For example the extract of the
leaves of Streblus asper, extract of Azadirachta indica and 2.5%
garlic mouthwash solution caused the reduction in salivary S. mu-
tans during the trial period with no side effects, except in the case
of the garlic mouthwash where there were reports of unpleasant
taste, halitosis and nausea among the volunteers [206-208].

( ) Possible problems
ADMINISTRATION
(Oral)
Unpleasant flavor and/or
Oral cavity = ------{------ irritant to the
l oral mucosa
Chemical instability under
Stomach ~ ----oopttooos > low pH conditions
l ( Inability to permeate h
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DISTRIBUTION ______ > Molecular size, polarity,
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binding to serum proteins
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( Pharmacological activity/ h
METABOLISM  |------ >|  toxicity of PSM-derived
L ) L metabolites )
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______ Accumulation of foreign
EXCRETION { substances ]
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Fig. (6). Possible problems with PSMs, if used as (oral) human antibiotics.

The next large obstacle is the stomach. The low pH in stomach
juices, from the present hydrochloric acid, and active gastric en-
zymes represent a strong line of “defense” of the organism. At this
level of gastrointestinal tract, we could once again meet with the
benefits of PSMs. The eradication of Helicobacter pylori, bacteria
that play an important role in pathogenesis of different gastrointes-
tinal tract disorders, can be an important cause and justification for
the application of substance(s) that can not pass the stomach barrier
or that mostly express their activity in the stomach. Helicobacter
pylori infections are the main cause of peptic ulceration and gastric
MALT (mucosa-associated lymphoid tissue) lymphoma and are a
major risk factor for the development of gastric adenocarcinoma
[209]. Frequently used as a chewing gum, mastic gum (Pistacia
lentiscus), is marketed heavily in the UK and in other European
countries and the USA as a natural treatment for H. pylori infection
and peptic ulceration. The in vitro results showed that the mastic
gum possesses strong bactericidal activity [210, 211], however, the
in vivo assay (based on human volunteer subjects experiment) indi-
cated that the mastic gum possess no effect on H. pylori infections
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[212]. The volunteers that were submitted to a 14 day trial, with-
drew after 5 days (one patient), because of side effects such as nau-
sea and bloating, and two more subjects reported, at the end of the
experiment, additional side effects in form of fatigue and constipa-
tion [212]. Bottom line, mastic gum does not have clinically sig-
nificant effect against H. pylori in vivo, but it can still be used, in
combination with anti-acid secretory drugs, in therapy of ulcers and
prevention of relapse [212]. In another study, the interactive combi-
nation of cranberry and blueberry juices, and grape seed extract was
tested against the same microorganism. This study was undertaken
on the assumption that a diet rich in phytocompounds may act pro-
phylactically to ward off infection. Of the five different combina-
tions formulated, the synergistic mixture containing cranberry
(75%) and blueberry juice extract (10%) and grape seed extract
(15%) was active against H. pylori [213].

In the first part of the small intestine, duodenum, PSMs are ex-
posed to different active substances (bile acids, pancreatic and gas-
tric juices, as well as luminal enzymes) present in relatively high
amount [214]. These substances could influence PSMs adsorption
or could chemically modify them. Major absorption of all kinds of
substances (carbohydrates, amino acids, fatty acid particles, vita-
mins, minerals, electrolytes and water), as well as ingested drugs,
occurs through the specialized jejunal mucosa (SIJM). If the in-
gested substance (individual PSM or PSM-mixture) succeed to
reach SJM, it may be absorbed in the body's circulation and may
live to our expectations and eradicate the cause of infection. Ab-
sorption critically determines the compound's bioavailability [214].
For example, less than 5% of dietary phytosterols, phytostanols,
and their esters are absorbed by the gastrointestinal tract of rats and
humans [215].

After entry into the systemic circulation PSMs will be subjected
to the numerous distribution processes that tend to lower its plasma
concentration. In the blood stream the solubility and affinity for
protein binding are just two important examples of properties of the
applied substance [214]. The concentration that can be reached in
blood can be of vital importance and is in a close relationship to
protein binding properties. If the lipophilic substance has a high
affinity for transport proteins it will be hard for her to achieve any
significant concentration in blood, and thus it will most probably
have no beneficial effect. Also the penetration through the
blood/brain barrier or joint capsule can be crucial due to the high
amount of this kind of specific infections (meningitis, meningoen-
cephalitis, arthritis, etc.) [214].

The metabolism of the first pass can easily change the activity
of the applied molecule in both decreasing and increasing manner.
Compounds begin to break down as soon as they enter the body.
The majority of small-molecule drug metabolisms are carried out in
the liver by cytochrome P450 redox enzymes. For example, the
metabolism of thujone has been partially elucidated in mouse, rat,
and human liver preparations in vitro and in mice, rats, and rabbits
in vivo. Hydroxylations at various positions (7-hydroxylation as a
major in vitro reaction), followed to varying extents by glucuroni-
dation and reductions as minor reactions, are the principal meta-
bolic pathways, although in vitro and in vivo metabolic profiles do
not necessarily agree with each other [216, 217]. The degradation
of some compounds could give pharmacologically inert products,
which will reduce the effects of the parent drug on the body. How-
ever, metabolites may also be pharmacologically active, sometimes
even toxic. For example, study of the relationship between the me-
tabolism and toxicity of benzene (and other aromatic compounds,
many of which are PSMs) indicates that several metabolites of ben-
zene play significant roles in generating benzene toxicity [218].
Benzene is metabolized, primarily in the liver, to a variety of hy-
droxylated and ring-opened products that are transported to the
bone marrow where subsequent secondary metabolism occurs. Two
potential mechanisms by which benzene metabolites may damage
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cellular macromolecules to induce toxicity include the covalent
binding of reactive metabolites of benzene and the capacity of ben-
zene metabolites to induce oxidative damage [218].

In the end, compounds and their metabolites need to be re-
moved from the body via excretion, usually through the kidneys
(urine) or in the feces [214]. Unless excretion is complete, accumu-
lation of foreign substances can adversely affect normal metabo-
lism. Generally, nonpolar, nonelectrolyte substances of lower mo-
lecular weight (such is the great majority of PSMs) will readily
dissolve in neutral body fats and would also readily accumulate in
the body (fats constitute 15-20% of recommended body weight)
[219].

Through the analysis of physicochemical properties of more
than 2,000 drugs and candidate drugs in clinical trials, Lipinski and
his colleagues [220] showed that a compound is more likely to be
membrane permeable and easily absorbed by the body if it matches
several simple criteria. Firstly, its molecular weight should be less
than 500. The compound's lipophilicity, expressed as a quantity
known as logP (the logarithm of the partition coefficient between
water and 1-octanol), as well as the number of groups in the mole-
cule that can donate hydrogen atoms to hydrogen bonds (usually the
sum of hydroxyl and amine groups in a drug molecule), should be
less than 5. The number of groups that can accept hydrogen atoms
to form hydrogen bonds (estimated by the sum of oxygen and nitro-
gen atoms) should be less than 10. As all numbers mentioned in
these rules are dividable by 5, the Lipinski rule is also known as a
Rule of five. The rules, based on the 90-percentile values of the
drugs' property distributions, apply only to absorption by passive
diffusion of compounds through cell membranes; compounds that
are actively transported through cell membranes by transporter
proteins are exceptions to the rule. Due in no small part to their
simplicity, the Lipinski criteria are widely used by medicinal chem-
ists to predict not only the absorption of compounds, as Lipinski
originally intended, but also the overall drug-likeness [221]. The
data on the Lipinski properties of some characteristic PSMs are
listed in (Table 2). Obviously, some natural products nicely fit into
the frame defined by Lipinski. Others however, do not fulfill even
these basic requirements for oral pharmaceuticals. Chemical de-
rivatization is one possibility how to improve inadequate molecular
properties. Thus, if too many H-donors are present in the molecule,
they could be alkylated. Too high lipophilicity could be lowered by
introducing some polar groups (e.g. some monosaccharide unit may
be attached to the PSM bearing an appropriate functional group).
Nevertheless, fixing one problem may lead to new ones, even more
serious. Chemical transformations could yield products with a com-
pletely different mode of action, adsorption/transport properties or
serious side effects [56].

Over the last years, an increasing number of pharmacokinetic
studies on the bioactive leads in botanical drugs have been carried
out [7, 196, 197, 222-226], and valuable data were collected. How-
ever, these data are just a tip of the iceberg. If a standardized bo-
tanical drug is taken orally, in the best case, the pharmacokinetic
properties (ADME) are known only for the major bioactive con-
stituent [7]. But what about all the other PSMs present in the mix-
ture, their mutual (synergism/antagonism) and interactions with the
organism itself? Additionally, herbal medicine pharmacology re-
quires a knowledge about the actual ligand concentration at a given
receptor site. This is fundamental to the understanding of the
pharmacodynamic behavior of any compound in a physiological
context and ultimately the mechanism of action. If we have a
mixture of several hundreds of potentially bioactive compounds, we
should know what the plasma and tissue concentration of the
individual compounds are and all of the respective receptor interac-
tions at the given concentrations in order to understand how it
works. To gather all the information required is not nearly an easy
task.
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Table 2. Lipinski Properties of Selected PSMs (Taken From SciFinder)

Radulovié et al.

Class Molecular Weight logP H-Donors H-Acceptors
Monoterpenoids

a-Pinene 136 4.3 0 0
Myrcene 136 4.3 0 0
a-Thujone 152 2.0 0 1
Piperitenone 150 1.8 0 1
‘Yomogi alcohol 154 2.7 1 1
Linalool 154 2.8 1 1
cis-Linalool oxide (furanoid) 170 1.8 1 2
a-Terpineol 154 2.7 1 1
Bornyl acetate 196 35 0 2
Geranyl pentanoate 238 5.4% 0 2
Sesquiterpenoids

Germacrene D 204 6.6 0 0
Humulene 204 6.6 0 0
d-Cadinene 204 6.3 0 0
Caryophyllene oxide 220 4.4 0 1
Mintsulfide 236 55 0 0
4(14)-Salvialene-1-one 220 3.9 0 1
(E,E)-2,6-Farnesal 220 5.0 0 1
B-Bisabolol 222 46 1 1
(E)-Nerolidol 222 47 1 1
Spathulenol 220 4.4 1 1
Diterpenoids

m-Camphorene 272 8.1 0 0
Sandaracopimara-8(14),15-diene 272 8.7 0 0
Kaur-15-ene 272 8.2 0 0
Manoyl oxide 290 6.9 0 1
Icetexone 342 35 1 5
Labiatamide A 535 4.0 0 9
Euroabienol 462 3.0 2 8
(E)-Phytol 296 8.2 1 1
(E,E)-Geranylcitronellol 292 7.0 1 1
Marrubiin 332 3.8 1 4
Phenylpropanoids and related compounds

Estragole 148 3.1 0 1
Cinnamaldehyde 132 1.9 0 1
Cinnamic acid 148 1.2 1 2
Eugenol 164 24 1 2
Apiole 222 19 0 4
Chlorogenic acid 354 =0.4 6 9
Apigenin 270 21 3 5
Virolin 358 35 1 5
trans-Resveratrol 228 3.0 3 3
Umbelliferone 162 1.6 1 3
Alkaloids

Nicotine 162 =~0.6 0 2
Taxol 853 4.0 4 15
Cocaine 303 2.3 0 5
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(Table 2) contd....

Class Molecular Weight logP H-Donors H-Acceptors
Crotanecine 171 ~0.8 3 4
Coniine 127 2.2 1 1
Theobromine 180 =1 1 6
Bufotenin 204 ~1.6 2 3
Gentianine 175 =15 0 3
Codeine 299 =14 1 4
Ibotenic acid 158 ~-0.5 4 6

The values that deviate from Lipinski’s criteria are given in bold type.

A chemist knows that even a “simple” reaction such as the
nucleophilic substitution, conducted on a single substrate and with a
single nucleophile, could give more than one product, and that the
chemical analysis of the resulting reaction mixture could be quite
challenging, from both experimental (analytical) and theoretical
point of views. What to expect then in such complex systems, when
we want a mixture of compounds to interact with a “mixture” of
biomolecules?

3.4. Limitation of Phytocompounds As Antibiotics

Just a quick survey of the titles of publications appearing in
Journal of Ethnopharmacology, Planta Medica, Phytochemistry,
Phytotherapy Research etc, is sufficient to find a number of papers
claiming extraordinary antimicrobial potency of plant secondary
metabolites, most often in the form of crude extracts (e.g. essential
oils). How then to explain the fact that not a single plant-derived
antibacterial has been commercialized [227]? Maybe PSM com-
pounds are not as perfect as we would like them to be? Moreover,
some of these positive results may well be useless when speaking of
a practical application (as was discussed previously) or are just
overestimated. Some shortcomings of PSMs as antibiotics are given
below:

a. Active Concentration

A common mistake found in many papers is to claim a signifi-
cant degree of activity for slight dilutions (i.e. excessively high
concentrations). The activity of extracts having MIC values higher
than 1 mg/ml or pure compounds with MIC higher than 0.1 mg/ml
is hardly worth mentioning, whereas those extracts and compounds
that inhibit the growth of microorganisms in concentrations below
100 wg/ml and 10 ug/ml, respectively, deserve our full attention
[16]. Nevertheless, screening the in vitro activity of crude and semi-
purified extracts is of great importance, and the results of such stud-
ies, although sometimes modest, could potentially pinpoint novel
antibiotics or new leads. Advances in different fields of biology,
chemistry and medicine have now made it possible to obtain a high
number of protein targets that are also known as high-throughput
(automated testing of large collections (libraries) of compounds for
activity as inhibitors or activators of specific biological targets) [56,
228]. Plant secondary metabolites, both in pure state or as crude or
semi-purified extracts/mixtures, could be used as input libraries for
such tests. However, the fact that the mechanism of PSM action are
usually not one-target oriented (see previous subsections) could
present a problem here [7].

b. Antimicrobial Assays and Usefulness of In Vitro Data

There are several in vitro methods commonly utilized for the
evaluation of an antimicrobial potential of substances/mixtures, and
the application of a specific assay most often depends on the avail-
able instrumentation and the training of the investigators (e.g. disc
diffusion, dilution methods giving the minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration (MBC),
“time kill”, etc). The disc diffusion method is quick and easy to

perform but usually burdened with several serious shortcomings,
such as false positive and negative results due to poor test substance
solubility and diffusion through the semi-solid nutritive medium.
The dilution assay is a quantitative method that provides data on the
lowest concentration of an antimicrobial that will inhibit visible
growth of a microorganism after an overnight incubation. Assays
involving MIC methodology are widely used and the value of MIC
is an accepted criterion for measuring the susceptibility of microor-
ganisms (e.g. bacteria in their planktonic phase) to inhibitors [156,
229, 99]. However, the results of in vitro MIC and MBC assays
need not correlate with in vivo activities of tested compounds. The
active concentrations in in vitro conditions frequently cannot be
reached in vivo and the infecting microorganisms are never exposed
to a static (constant) concentration of an antimicrobial during a 24 h
period as is the case in a microtiter plate. Unless the therapeutic
index (therapeutic ratio) of the in vitro tested antimicrobial is very
high, it will not be likely that the substance with a high MIC (MBC)
value (for example measured in mg/ml) is going to be used as a
potential therapeutic agent. Additionally, the microorganisms in a
microtiter plate are in a form of suspension, whereas the bacteria
associated with different illnesses such as: urinary tract infections,
middle-ear infections, formation of dental plaque, endocarditis and
infections in cystic fibrosis, joint prostheses, heart valves etc. form
biofilms [156, 157]. Biofilms are notoriously difficult to eradicate
and are a source of many recalcitrant infections, thus this represents
an extra challenge for antimicrobial agents. Thus, when assessing
the antimicrobial potential of a sample (e.g. PSM or mixture of
PSMs) in the case of bacteria in their biofilm phase, the results of a
MIC method would not have unambiguous meaning and the mini-
mum biofilm eliminating concentration (MBEC) assay would most
certainly give a more realistic evaluation of the sample's activity.
However, future trials are necessary to address the clinical efficacy
and utility of the MBEC assay [156].

¢. Therapeutic Window

Every effective drug has a given therapeutic window in which
the effective dose is clearly distinguished from the adverse effects
that are expected to occur at higher doses [7]. Rather intriguingly,
botanical drugs or certain phytochemicals are often claimed to be
nontoxic irrespective of the dose administrated, similar to vegeta-
bles, fruits and certain vitamins [37, 38]. However, there are a
number of examples demonstrating quite the opposite. The ethno-
pharmacological usage of medicinal plants (decocts, macerates etc
made from them), erroneously considered as being only benevolent,
in the treatment of different kinds of infectious diseases can cause
numerous side effects (fulminant hepatic failure, for example)
[230]. Recently, a related compound to coniine, conmaculatin, a
new piperidine alkaloid isolated from the highly poisonous Conium
maculatum L., poison hemlock (Table 1), was screened for antino-
ciceptive activity in peripheral and central models of analgesia [50].
A dose dependent antinociceptive effect in a very narrow dose
range (10-20 mg/kg) was observed for this volatile alkaloid, with
no detectable activity below 10 mg/kg and high toxicity in doses
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over 20 mg/kg. The essential oil of Achillea umbellata Sibth. et Sm.
(a yarrow species) and its major constituents (fragranol and fra-
granyl acetate) and one more ester (fragranyl benzoate) were tested
for acute toxicity in mice and antimicrobial activity against a panel
of microorganisms, as well as assayed for anxiolytic and antinoci-
ceptive properties [231]. The value of the median lethal dose (LDsq
= 853 mg/kg) determined put this oil in the group of toxic essential
oils. Prior to death the treated mice showed signs of sedation and
hypnosis that were very likely the consequence of intoxication and
not a possibly beneficial effect of the plant's volatiles. A noted
moderate antimicrobial activity against both bacteria and one yeast
strain suggested that the mode of action of the oil and its constitu-
ents must be different for prokaryotic and eukaryotic cells. Thus,
this Achillea sp. provides an excellent example that the effects of a
number of medicinal plant species might have their status reinstated
from being beneficial to health to the one that requires special cau-
tion in medicinal applications [231]. Since numerous natural prod-
ucts possess a non-specific toxicity towards (host) cells, this is a
major problem in the fight against intracellular microorganisms,
e.g. bacteria from the Mycobacteriaceae family (Mycobacterium
tuberculosis, Mycobacterium leprae) that cause serious diseases in
mammals, such as tuberculosis and leprosy [232]. Perhaps the only
way to assess the safety of an antimicrobial substance is to ascertain
whether is non-toxic for mammalian cells, i.e. to run both assays for
the evaluation of MIC values for bacterial/fungal species and
mammalian 1Cs, [233, 234].

d. Variable Composition of Botanical Drugs

European Chemical Agency (ECHA) defines plant extracts as
UVCB substances (Substances of unknown or variable composi-
tion, complex reaction products or biological materials) [235].
UVCBs are substances with a relatively large number of constitu-
ents and/or with the composition, to a significant part, unknown
and/or the variability of composition relatively large or poorly pre-
dictable. In the case of plant extracts, most often all of the stated
above is true. Having this in mind, it is clear that the usage of bo-
tanical drugs has to be performed very cautiously, as it is quite dif-
ficult to assure standardized chemical composition. There are a
great number of studies showing that different populations of the
very same plant species differ significantly, even in respect of the
dominant PSMs [236-239]. Thus, biological activity of the pharma-
ceutical mixtures prepared from different populations of the same
taxa could also vary, leading to completely useless botanical drugs
in some cases, or even toxic ones in others. Another scenario, both
possible and dangerous, is the misidentification of two plant taxa
that could be botanically (morphologically) very similar, but
chemically very distinct [240]. If the wrongly identified taxon con-
tains toxic constituents, this error could represent a serious health
risk. It is not just in rural, underdeveloped areas, that people often
collect medicinal plants and prepare botanical mixtures by them-
selves, but also it became an enjoyable practice among the more
urban populations.

Thus, a positive biological activity is just one of the necessary
prerequisites for substances to be applied as pharmaceutics. A lot of
other data on its properties has to be accessible and beneficial as
well. Among these, mechanisms of action and pharmacokinetic
profiles are of special importance. For the majority of PSMs these
are unknown, however, a significant number of natural products
were studied in this sense. We will try to systematize the general
current general knowledge available on the topic.

4. CONCLUSIONS

During the extensive survey of the literature [1-240] we under-
took, which focused on the studies dealing with PSMs as potential
antimicrobial agents, several important points emerged. First of all,
if we are to use plant secondary products as antimicrobials, the
most effective way to do that appears to be to do it in the very same
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manner plant species do it, and that means that we should use PSMs
mixtures rather than individual compounds. Plants do not rely on
single compounds in their biochemical warfare with pathogens.
Instead of trying to use a “single golden bullet”, they use a whole
arsenal of different PSMs, each aimed at more different targets [7,
9]. If we want to develop an antibiotic based on a single PSM, in a
way, we would be ignoring the evolutionary advantage that plants
may have developed to overcome emerging resistance via the vari-
ous metabolic mechanisms for the production of structurally and
functionally diverse compounds. There is also a great chance that
we will fail in our quest. And again, one should bare in mind that
only a limited number of cases are known of microorganism resis-
tance developed to compounds of plant origin (PSM) (e.g. reser-
pine, a plant alkaloid produced by Rauwolfia serpentina, Apocyna-
ceae) [39]. However, the only reason for this may lie in the fact that
they are not nearly as exploited in the treatment of microbial borne
infections in humans as commercial antibiotics. Thus, human
pathogens are not extensively exposed to these agents, and perhaps
still had not had the need or chance to develop an adaptive mecha-
nism in their combat with PSMs. Common antibiotics are exten-
sively utilized and frequently even misused. If some PSM (indi-
vidually or in a combination) is to be repeatedly utilized as, for
example, penicillins are/were, there is a great chance that bacteria
or fungi will quickly “learn” how to fight these new, at the moment,
still promising, medicinal weapons. For example, there is proof that
bacteria can adapt in such a way as to maintain their membrane
functionality in the presence of subinhibitory concentrations of
thymol, a PSM that possesses verified significant antimicrobial
properties [77, 241]. This perhaps means that in the future, bacteria
might develop some type of resistance to thymol (or other PSMs).
Yet again, it is much harder for microorganisms to simultaneously
shield themselves against all these different PSM-bullets and one
must not forget the fact, corroborated by numerous studies on syn-
ergistic interactions of PSMs, that these “bullets” tend to cooperate
[9].

But then, if a mixture (botanical drug) is better than a monosub-
stance, how to acquire such a mixture? Isolation from plant material
provides a relatively easy access to these highly diverse and specific
structures, and this is certainly a big bonus. Synthesis could be costly,
difficult and sometimes even impossible on a large scale, and simple
combining of different pure PSMs would never result in mixtures as
complex as nature has to offer. However, the uniformity of a PSM
profile could be, and usually is, highly susceptible to external factors
(geographical, climatic, and ecological) that (in) directly influence
plant metabolism. Perhaps it is possible to solve this by a combina-
tion of controlled breeding and hybridization experiments performed
with the selected, most promising species.

Some other problems with PSMs as potential antibiotics, that
have to be addressed, are those mainly related to the non-
equivalence of their in vitro and in vivo activity, their active win-
dow, and the possible toxicity and specificity of the routes of appli-
cation. Irrespective of the importance of traditional medicine in
developing countries and their growing popularity in the industrial-
ized West, the therapeutic potential of botanical drugs has to be
scientifically addressed. More rigorous studies on the bioavailabil-
ity, pharmacodynamics and mechanism of action of PSMs, as well
as understanding of pharmacological synergies and potential net-
work pharmacology of complex mixtures, are needed to make real
progress in this area [7]. Probably the best way of corroborating the
pharmacological efficiency of botanical drugs would be to
reengineer the mixtures, Fig. (7). By taking apart (separating, isolat-
ing) and reassembling the mixtures of all bioactive constituents, one
would be able to determine which natural products contribute to the
pharmacodynamics of a given pharmacological effect, either indi-
rectly (i.e. by modulating solubility and bioavailability) or directly
(by interacting with particular targets) [7]. New techniques, such as
metabolomics and the dual application of chemometric data analy-
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Fig. (7). Ways of assessing the mechanism of action of a botanical drug. Fragmentation of PSM mixture (comprised of n different individual constituents
(ICs)) and subsequent reassembling of all bioactive constituents would result in a high number (m) of groups of compounds (PSM submixures comprised of
(different number of) ICs). Assay of biological/pharmacological activity of PSM (sub)mixtures and 1Cs could provide insight into the pharmacodynamics and

the role of different ICs.

sis methods, are providing the researcher with new tools with which
to explore such fascinating phenomena which will undoubtedly
become increasingly important in our continued quest to understand
the mechanism of action of complex herbal preparations. Elucidat-
ing mechanisms of action of bacteriostatic and bactericidal com-
pounds, as well as those behind the resistance to antibacterial agents
is certainly going to be a boost for basic microbiological research,
and provide especially useful information on the regulation of fun-
damental cellular processes.

In the end, we must keep constantly on our minds the well
known evolutionary adaptive capabilities of microorganisms. Thus,
the only conclusion possible is that antibiotics themselves have to
evolve. Although the era of synthetic and microorganism-derived
antibiotics is not nearly over, we desperately need a new approach.
Despite a number of shortcomings, plant secondary metabolites
seem to be an excellent starting point in the search for/design/ de-
velopment of new antimicrobial agents. It is now up to medicinal
chemists, pharmacologists, phytochemists and researchers from
many other related fields to find the way how to use this enormous
potential hidden in and provided by Plantae. There is a lot of work
to be done, but although the stakes are high, so are the rewards.
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